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ABSTRACT

Sediments and pore waters from two urban estuaries ranging in sediment mixing energy
were studied to evaluate the potential release of contaminants from particles during sediment
diagenesis. Two sites in Elizabeth River, VA and two tributaries in the Hudson River Watershed
were sampled for polycyclic aromatic hydrocarbons (PAHs)- a suite of compounds comprised of
known and suspected carcinogens. To test the hypothesis that in estuarine sediments,
compositional variables of sedimentary organic matter are of primary importance in redistributing
and mobilizing particle-associated PAHs deposited to the sediment bed, sediment age (inferred by
219pp and '*'Cs activity), total organic carbon content, carbon to nitrogen (C/N) ratios, and
particle surface area were also sampled at these sites. These results reveal that both sediment
geochemistry and depositional environment are significant factors controlling PAH distributions in
urban estuarine sediments.

In the Elizabeth River, 2'°Pb activity was uniform and low (~1 dpm/g) while '*'Cs activity
was not detectable, implying that both sites have been non-depositional for the past 70 y or are
comprised of old dredge spoil. Pore water concentrations of PAHs were similar at both sites in
Elizabeth River despite significantly higher sediment PAH concentrations at one site across the
channel from a creosote wood treatment facility (Site 2). Organic carbon normalized
sediment/pore water distribution coefficients for PAHs (K’ ocS) were significantly higher at Site 2
compared to Site 1. Taken together, these results would indicate a different type of particle-PAH
association at each site independent of the amount of total sediment organic carbon. At Site 1
K’ ocs decreased with sediment depth by 2-3 orders of magnitude, far in excess of the 0.5 log unit
maximum range in K’ o suggested in the literature. Decreasing down-core K’¢s at Site 1 in the
Elizabeth River are hypothesized to be a function of the coincident down-core decrease in
particulate organic matter accessible for PAH binding at this site. At Site 2 in the Elizabeth River,
high and uniform K’ os with depth are hypothesized to result from particles coated with organics
which sequester PAHs within the particle matrix.

Depth profiles of 2°Pb activities were uniform and generally ranged from 4 -6.5 dpm/g in
East River, NY sediments and 1 - 4.4 dpm/g in Newark Bay, NJ sediments. Deposition rates in
the East River and Newark Bay were estimated using *’Cs and were calculated to be ~27 cm/y
and ~ 2 cm/y, respectively. Sediment PAH concentrations were significantly higher in the East
River than Newark Bay; a fact coincident with the higher amounts of organic carbon and particle
surface area in East River sediments. However, low molecular weight PAHs were not detectable
in East River sediments and PAHs were not detectable in East River pore waters. Coupled with
the sediment accumulation history at this site, and sediment geochemistry, the East River seems to
be a site of intense physical mixing where PAHs are not able to equilibrate between sediments and
pore waters. In contrast, PAHs in Newark Bay sediments are able to attain equilibrium due to
lower intensity of physical mixing.

PAH-dissolved organic carbon (DOC) binding accounts for observed two phase
disequilibria between sediments and pore waters for the more hydrophobic PAHs. However,

vi
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binding to pore water DOC accounts for no more than an order of magnitude decrease in K’
with depth in sediments. In Newark Bay sediments, which are subject to lower energy mixing
events, the results of a three-phase model indicated K’ ocs were controlled by pore water DOC
concentrations. In high energy areas such as the East River, pore water PAHs possibly bound to
DOC are continuously mobilized out of the seabed.

These resuits suggest that PAH distributions in areas that are subject to high energy
physical disturbances, may be controlled by the physical energy affecting the system rather than
compositional aspects of particulate or pore water dissolved organic matter. In contrast, aspects
of sediment geochemistry such as the occlusion of particulate organic carbon for PAH binding,
particle porosity, and amount of pore water DOC seem more likely to affect PAH distributions in
areas which the physical forces “allow” preservation of sedimentary structure.

vii
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1-1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) have been studied extensively due to their
potential harmful effects on organisms and persistence in the environment (Neff, 1979; NRC,
1983). Large quantities of PAHs are released into the environment as a result of incomplete
combustion of fossil fuels and other anthropogenic events such as oil spills (LaFlamme and Hites,
1978). PAHs may also be formed naturally in recent sediments by diagenetic and anthropogenic
processes (Wakeham and Farrington, 1980). PAHs vary in structure from 2 to 6 ring aromatic
compounds (Figure 1-1), with associated variations in their physical-chemical properties (Lee et
al., 1981). Toxic effects of PAHs generally result from activation and transformation along an
organism's metabolic pathway, often to mutagenic intermediates (Gelboin, 1980; Vollhardt,
1987).

PAH behavior in the envi-onment has been demonstrated to vary as a result of each
compound’s differing hydrophobicity as represented by the compounds’ octanol-water partition
coefficient (K,w) (e.g. Karickhoff et al., 1979; Schwarzenbach, et al., 1993). In aqueous systems,
the association of PAHSs with organic matter is thermodynamically favorable (Schwarzenbach ez
al., 1993). Consequently, marine and freshwater sediments which contain large pools of organic
matter, both particulate and interstitially dissolved, can represent the primary repository for
PAHs.

PAHs in sediments exist in three phases: sorbed to particulate organic matter (POM), and
sorbed to dissolved organic matter (DOM), or freely dissolved. PAH-organic matter associations
strongly influence the bioavailability of these compounds, in turn determining their ecological risk

(e.g. DiToro et al., 1991). As the aqueous solubility of a hydrophobic organic contaminant

—_— C e —— —
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Figure 1-1. Selected polycyclic aromatic hydrocarbon (PAH) structures and molecular weights.
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(HOC) such as a PAH is inversely related to its surface area (Hermann, 1972), larger PAHs tend
to be less water soluble, more lipophilic, and associate to a greater degree with hydrophobic
moieties such as organic matter. Nonetheless, the specific compositional aspects of organic
matter which control its association with PAHs, are not well defined (e.g. Schwarzenbach et al.,

1993).

1-2. Sorption Theory

Sorption of PAHs to particles can entail adsorption of the PAH to the particle surface
and/or partitioning into the particle's matrix (i.e., absorption). PAHs will adsorb to the surface
sites of a particle until saturation. As PAHs sorb to all available surface sites of a particle,
additional sorption can continue to occur at slower rates by multilayer sorption of the PAHs and
partitioning into the particle's matrix (Karickhoff, 1980), or possibly intra-aggregate diffusion
through pore spaces if the particle is an aggregate (Wu and Gschwend, 1986).

In a simple two phase system, the equilibrium distribution of a chemical between the

particle phase and the surrounding aqueous media can be expressed as:

Ce=Kp*Cy 1-1)
where C; is the concentration of the chemical associated with the particle phase (mg/kg dry
weight particles), Cy, is the freely dissolved concentration of the chemical (mg/L), and K, is the

particulate-water equilibrium distribution coefficient for the chemical (L/kg). Thermodynamically,

this equilibrium distribution can be defined as the condition under which chemical fugacities or

= — e —
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"escaping tendencies” in the sorbed and freely dissolved phases are equal. For given particle
sizes, K, for PAHs has been implied to be directly related to organic carbon content of the
sorbent (Lambert er al., 1965;Karickhoff et al., 1979) with higher fractions of organic carbon in
sediments leading to greater binding by the particles. This relationship modifies equation (1-1) to

the following:

Ce=foc * Koc * Cw 1-2)

where f, is the fraction organic carbon for a given particle size, and K is the particulate organic
carbon normalized equilibrium distribution coefficient (L/kg). In natural systems, this term is
referred to as the apparent organic-carbon normalized distribution coefficient (K’ o).

The affinity of a PAH for organic matter is directly related to the compound's Ky
(Karickhoff et al., 1979). K, for a given sorbate can be related empirically to its K,y in the

following manner:

log,e Koc = & logye Kow + P 1-3)

where @ and B are curve fitted coefficients (Karickhoff, 1984). Theoretically, a should equal one
and B zero, if PAHs partition to sediment organic carbon in exactly the same manner and degree
as their distribution between n-octanol and water. However, resultant curves diverge from
theoretical expectations (e.g. Karickhoff et al., 1979). Specifically, the degree of sorption is often

observed to be less than predicted for PAHs with high K,ys, presumably due to factors which

4
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kinetically hinder thermodynamic equilibrium in natural systems (Karickhoff, 1984), or
experimental artifacts such as: incomplete separation of dissolved and colloidal phases of organic
matter (Gschwend and Wu, 1985); volatilization of dissolved HOCs, or sorption to container
surfaces (Schrap and Opperhuizen, 1992). Further, for chemicals with low K values, or for
sediments with < 0.1% organic carbon, experimental K,.s are greater than expected supposedly
due to non-hydrophobic contributions (i.e. adsorption to mineral surfaces) allowing for additional
sorption (e.g. Karickhoff, 1984). Thus, a general form of equation (1-3) cannot be used to
predict PAH distributions to particulate matter a priori.

Equation (1-2) assumes that a PAH will associate identically with all types organic carbon.
However, for numerous PAHs, the POM-associated concentrations predicted by equation (1-2)
do not agree with the measured concentrations despite normalization to the amount of organic
carbon (e.g. Garbarini and Lion, 1986; Weber et al., 1992). Specifically, K, and Kpoy values
for the same PAH are observed to vary by as much as a factor of ten for different sediment/soil
types (Weber, et al., 1983; Garbarini and Lion, 1986; Gauthier, et al., 1987; Gratwohl, 1990
Weber et al., 1992). McGroddy and Farrington (1995) have observed K’ s to be ~ 2 orders of
magnitude higher than predicted by equilibrium partitioning for PAHs in Boston Harbor
sediments. Eadie et al. (1990) reported measured distribution coefficients for two PAHs to be
four times higher than those predicted by equation (1-2). Such discrepancies in aqueous systems
have been attributed to the varying nature (i.e. molecular composition) of the sedimentary or soil
organic matter or the dissolved organic matter (e.g. Gauthier, et al., 1987; Smets and Rittman,

1990; Rutherford et al., 1992).

- — e e me - =
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PAH and DOM Binding

In addition to distributing between particles and the surrounding aqueous media, PAHs
can also associate with DOM. This operationally defined fraction constitutes a significant portion
of the organic matter in interstitial water (Burgess et al., 1996), and must be considered in the
distribution of PAHs in sediments (Di Toro et al., 1991). The expression for a PAH's affinity for

DOM is analogous to equation (1-2):

Coom = Mpom * Kpom * Cw 1-4)

where Cpop is the concentration of PAH associated with DOM (mg/L), my,, is the DOM
concentration (kg/L), and Kpqy, is the DOM normalized equilibrium distribution coefficient for a
PAH (L/kg). Inconsistencies have also been noted in the affinity of PAHs for DOM, again being
attributed to the qualitative nature of the organic matter (Morehead et al., 1986; Gauthier et al.,
1987). McCarthy et al. (1989) suggest that PAH binding to DOM depends on the existence of an
open structure in the DOM as well as its hydrophobicity. These results suggest that any approach
to predicting bioavailable concentrations of organic matter-bound PAHs must take into account

the composition of the POM and DOM.

PAH and POM Binding
One possible reason for such discrepancies between predicted and actual distributions of
HOC:s is the notion that different regions of a soil or sediment matrix may contain different types

and amounts of surfaces and soil organic matter (Figure 1-2). Weber et al.(1992) have addressed
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Figure 1-2. Hypothetical sediment aggregate in the seabed. Organic matter associated with the
aggregate is expected to be extremely heterogenous and variable in age and degree of
condensation.
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this concept with their Distributed Reactivity Model (DRM) suggesting that environmental solids
are intrinsically heterogenous and that sorption processes in environmental systems are comprised
of a spectrum of reaction mechanisms. Each organic and inorganic component of this
soil/sediment heterogeneity has its own energy and sorptive properties. Thus the overall sorption
isotherm for a natural solid is the sum of the sorption isotherms for each active component
(Weber and Huang, 1996). Gratwohl (1990) has suggested that low sorption of nonionic
compounds to natural organic matter in soils and sediments is proportional to high amounts of
oxygen-containing functional groups. Young and Weber (1995) and Xing and Pignatello (1997)
further propose natural organic matter is diagenetically transformed from loose amorphous
(“soft™) natural organic matter to older more aromatic (“hard”) organic matter consisting of
condensed polymers with increasing micro- and nanometer sized holes. Differences in HOC
sorption across different soils/sediments are attributed to heterogeneity of sorption energies of
these sub-particle microenvironments differing in their affinity for HOCs. Thus “older”organic
matter is said to have a higher sorption capacity and contribute to a greater extent to sorption
isotherm non-linearity relative to “younger” organic matter.

One such condensed aromatic particle matrix which has been suggested to be responsible
for high K’ oS, is pyrogenic soot carbon; a highly porous particle matrix comprised of condensed
aromatic carbon (Gustafsson et al., 1997). Specific densities of soot range from 1.8-2.1 g/cm’,
similar to that of pure graphite and specific surface areas are ~100 m’/g (Gustafsson and
Gschwend, 1997). As soot originates from pyrogenic processes, it is hypothesized to contribute
significantly to PAH loading in urban estuaries. Moreover, the bioaccumulation potential of

PAHs associated with highly porous particle matrices such as soot carbon is expected to deviate

— . —— e -t JE—
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greatly from that predicted by equilibrium partitioning of PAHs between sediments and pore

waters.

PAH Distributions in Sediments

PAH distributions within sediments have been studied in numerous environments
(Karickhoff et al. 1979; Means et al. 1980; Wakeham and Farrington 1980; McGroddy and
Farrington, 1995). Because anoxic degradation of PAHs occurs at negligible rates relative to
their oxic degradation (Capone and Bauer, 1992), PAH distributions are expected to vary as a
function of changing organic matter concentration and composition which occur during sediment
burial and diagenesis. Changes in PAH sediment distribution are also expected to be a function of
the contaminants physicochemical properties, with relatively soluble compounds preferentially
partitioning into pore water and diffusing out of the sediment column.

The factors responsible for changing distributions of PAHs in estuarine sediments have
not been extensively evaluated. In the Chesapeake bay and its tributaries, various researchers
have predominantly characterized surface sediment concentrations of PAHs, PCBs,
polychlorinated terphenyls (PCTs), and kepone (Huggett et al. 1980; Bieri et al. 1986; Hale et al.
1990). However, it is anticipated that trends in the sediment distributions of PAHs are a function
of the natural organic matter composition, the sedimentological regime (i.e.the extent of mixing
and accumulation rates) (Olsen ez al., 1982), and the PAHs' physicochemical properties.

Parameters such as molecular weight of the HOC, available surface area, lipid
composition, and aromatic content of the organic matter have been proposed to influence HOC

distribution coefficients (Beller and Simoneit, 1986; Gauthier et al., 1987; McCarthy et al., 1989).

— e e
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For example, Beller and Simoneit (1986) demonstrated that over 90% of total sedimentary PCBs
and petroleum hydrocarbons were recovered in the free lipid portion of their extracts. Likewise,
Gauthier et al., (1987) demonstrated a strong correlation between pyrene distribution coefficients
and the degree of aromaticity in 14 different humic materials as determined by three separate
analytical methods. Thus, to better understand bioavailability and fate of particle-associated
PAHs, it is necessary to identify the most significant geochemical factors affecting PAH

distribution and transport within sediments.

1-3. Hypotheses
Overall Hypothesis:

The fundamental hypothesis of this research is that in estuarine sediments,
compositional variables of sedimentary organic matter are of primary importance in
redistributing and mobilizing particle-associated PAHs deposited to the sediment bed
Working Hypothesis #1

PAH distributions will change with depth in sediments from the Elizabeth and
Hudson River estuaries, and will correlate with specific compositional changes in organic
matter which occur with burial.

Sediment characteristics such as organic matter concentration and composition change
with depth in the sediments due to microbial mineralization (Henrichs, 1993). Specifically,
characteristics of the sediments such as the carbon to nitrogen (C/N) ratio, degree of aromaticity,
total organic carbon, and particle surface area, may also display trends with depth in sediments. It
is proposed that changes in distribution of PAHs buried in estuarine sediments occur as a result of

decreased affinity of PAHs for geochronologically "older” POM and DOM, as well as by
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decreasing amounts of compositionally "attractive” organic matter available for association. A
decreased affinity of PAHs for sedimentary organic matter is hypothesized to be coincident with
a) decreasing hydrophobicity of sedimentary POM and DOM, and/or b) decreasing accessibility of

the POM and DOM for PAH sorption.

Working Hypothesis # 2 :

The role of pore water DOC in associating with PAHs leading to two phase
disequilibria can be estimated with a three phase equilibrium model.

Specifically , it is proposed that the amount of pore water dissolved organic carbon and its

binding affinity for PAHs can account for observed disequilibria in sediment/pore water K’ ocs.

Working Hypothesis # 3 :

Existing relationships between PAH distributions and organic matter compeosition
are, in general, predictive and can be used to model PAH distributions in other
sedimentary environments.

If specific variables of sediment composition influence PAH distributions in sediments,
these same compositional variables may be used to predict PAH distributions in other sites similar
in sedimentation regime. That is, sediment parameters found to control the sediment-pore water
distributions of PAHs in the Elizabeth River are hypothesized to control sediment-pore water

distributions of PAHs in the Hudson River. This hypothesis was tested directly by comparing

data from these two estuarine environments.
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1-4. Objectives
Objective 1

Determine and correlate in sifu PAH distribution coefficients with compositional
variables of associated organic matter as a function of depth in sediments from an urban

estuary.

Specifically, PAH distribution coefficients were measured as a function of depth in the
sediment bed in the Elizabeth River and related to amount and compositional aspects of
particulate and dissolved organic carbon (e.g. total organic carbon, C/N ratio, sedimentary soot
carbon and particle surface area). Compositional variables of sedimentary organic matter having

the most significant effect on PAH distribution coefficients were identified.

Objective 2

Propose and evaluate a three-phase model for the observed PAH distributions in
estuarine sediments.

Theoretical PAH-pore water DOC binding coefficients were calculated. Subsequently, the
role of pore water DOC as a third PAH-binding phase was compared to that of sediment

geochemistry, in affecting down-core trends in PAH K’ 5¢s.

Objective 3

Measure and correlate PAH distributions between sediments and pore waters in the
lower Hudson River with compositional variables of the sediments to determine if common
geochemical factors affect PAH distributions in urban estuaries.

The compositional variables of sedimentary organic matter which were found to affect

PAH distribution coefficients in Elizabeth River sediments were also measured in Hudson River

12
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sediments. PAH distributions between sediments and pore waters in the Hudson River were
compared to these geochemical variables to determine to what extent PAH distributions in urban

estuarine sediments are affected by similar variables pertaining to sediment geochemistry.
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Chapter 2. Polycyclic aromatic hydrocarbon (PAH) distribution coeficients in estuarine
sediments: The role of PAH source and sediment geochemistry.
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Abstract

Sediments and pore waters from two sites in the urbanized Elizabeth River, Virginia were
sampled for levels of polycyclic aromatic hydrocarbons (PAHSs). Pore water PAH
concentrations were similar between Sites 1 & 2, despite sediment PAH concentrations being
much greater at Site 2. Organic-carbon normalized distribution coefficients (K’ ocs) for all PAHs
were significantly higher at Site 2 compared to Site 1, but decreased substantially with depth in
the sediments at Site 1. Dilute sedimentary soot carbon and other geochemical factors potentially
affecting PAH distribution coefficients in these sediments, including their age, grain size, particle
surface area both before and after organic digestion, and organic carbon / nitrogen ratios were
also analyzed. Different factors were determined to control particle surface area at each site
offering the most insight to explaining observed PAH K’cs. At Site 1, increased mineral surface
area correlates with decreasing downcore PAH K’ s, overall lower K’ ocs, and sediment PAH
concentrations compared to Site 2. This suggests that sediment organic matter becomes
increasingly inaccessible with depth at Site 1. At Site 2, large and invariant K’ s may result from
sediments coated with organic matter sequestering PAHs within the particle matrix. PAH isomer
concentration ratios, indicators of differential PAH sources, mirrored trends in PAH distribution
coefficients. Our results indicate there is significant heterogeneity in PAH distribution coefficients

in estuarine sediments, which may be attributed to PAH source(s) and sediment geochemistry.
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2-1. Introduction

Major changes in both the concentration and composition of natural organic matter occur
in the upper layers of aquatic sediments (Henrichs, 1993). Mineralization of the various
components of this organic matter proceed at widely different rates (Westrich and Berner, 1984;
Henrichs and Doyle, 1986; Burdige, 1991; Henrichs, 1993). The majority of these
biogeochemical changes result from oxidation of labile sedimentary organic matter to reduced
inorganics (Berner, 1980). In aquatic systems, the majority of hydrophobic organic contaminants
(HOCs) are associated with this natural organic matter predominantly in sediments (e.g.
Wakeham and Farrington, 1980; Hites et al., 1980; Prahl and Carpenter, 1983). HOC
associations and cycling with natural organic matter therefore influence their fate, transport, and
bioavailability in aquatic environments.

In a two-phase aqueous system at equilibrium, the concentration of a chemical in the freely
dissolved phase (Cy, mg/l) relative to that in a sorbed phase (Cs, mg/kg), is described by a linear

equation:

Kp =CyJ/Cw 2-1)

where K, (Vkg) is the sediment/pore water distribution coefficient. The actual distribution of a
chemical in nature between its dissolved and particulate phases, can depend on several factors
such as the composition of the sorbent, hydrophobicity of the sorbate (Kqy), and sorption kinetics
(e.g. Karickhoff, 1984 ; Schwarzenbach et al., 1993). Since HOCs have a strong affinity for

organic carbon, one influential factor affecting their K, (for sorbents comprised of at least 1%
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organic carbon), is the fraction of organic carbon (foc) in the sorbent (Karickhoff ez al., 1979;

Means ez al., 1980; Brown and Flagg, 1981). Normalization to the amount of organic carbon

modifies equation (2-1) to:

Koc = Kpfloc 2-2)

where K, is the organic carbon-normalized two-phase distribution coefficient. Sedimentary
organic matter thus acts as a “solvent” for HOCs for which uptake is controlled by the amount of
organic carbon associated with the mineral matrix (Karickhoff et al., 1979; Brown and Flagg,
1981; Karickhoff, 1984). To that end, normalizing HOC distribution coefficients to f,. is
presumed to account for observed differences in their partitioning to different solids (Karickhoff,
1984). In most cases, this normalization step is said to predict a specific HOC’s association with
sedimentary and soil organic matter to within a factor of two (Schwarzenbach et al., 1993).

One important group of HOC:s in estuarine and coastal environments is polycyclic
aromatic hydrocarbons (PAHs), which include known carcinogenic compounds such as
benzo[a]pyrene (Gelboin, 1980; Denissenko, et al., 1996). PAHs are widely distributed in the
aquatic environment (Neff, 1979; NRC, 1983), and can be generated by anthropogenic or natural
processes such as pyrolysis and combustion or in situ rapid transformation of biogenic precursors
during sediment diagenesis (Blumer, 1976; Wakeham and Farrington, 1980). Estuarine
sediments that contain large pools of organic matter, both particulate and interstitially dissolved,
can be a significant repository for PAHs (Prahl and Carpenter, 1983). Thus compositional

changes in organic matter, which occur during deposition and burial of sediments, are
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hypothesized to alter PAH associations with both particulate and dissolved organic matter. The
objective of this research was to identify specific compositional and physical changes of
particulate and dissolved organic matter (that occur in the sediment column during burial)

responsible for controiling PAH K’ o¢s.

2-2. Factors Hypothetically Affecting PAH Field Distribution Coefficients (K’cS)

Several factors specific to both the sediments and pore waters can cause PAH K’ s to
appear higher or lower than their values predicted by compound Kgys (Table 2-1). Since K'qc is
the ratio of PAHs in the particulate phase to the dissolved phase normalized to the amount of
particulate organic carbon, any process depleting PAHs in pore waters would result in higher than
predicted K’ocs. For example, microbial respiration and oxidation of pore water PAHs would
deplete PAHs in pore waters. In a similar manner, pore water and associated PAHs may be
irrigated faster than the rate at which sediment-sorbed PAHs desorb and reequilibrate. In both of
these cases, K'ocs would appear higher than predicted. In contrast, increased PAH-pore water
dissolved organic carbon (DOC) binding would result in overall decrease in two phase K’ o¢s.

Factors specific to the particulate phase may also affect PAH K’cs. For example, K’ ocs
would be higher than predicted by Koy, for PAHs entrapped or slow to desorb from within the
particle matrix into surrounding pore water. As suggested by Young and Weber, 1995, organic
matter subject to a greater degree of diagenetic alteration may entrap PAHSs within the micropores
of the particle matrix (see Chapter 1). Alternatively, soot carbon, a highly porous and condensed
aromatic matrix (Gustafsson and Gschwend, 1997) may also sequester PAHs. An organic coating

around PAH enriched sediment particles may serve to constrain PAH desorption into pore water;
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Table 2-1. Factors affecting PAH apparent field distribution coefficients (K’o¢)

K'oc
Processes affecting dissolved phase PAHs
Increased microbial respiration or oxidation of pore water PAHs 1
Increasing concentrations of pore water dissolved organic carbon l
Advection or mobilization of dissolved phase PAHs 1
Processes affecting particulate phase PAHs
Slow desorption (e.g. soot particles) 1
Increasing amounts of organic matter not suitable for PAH binding Tl
1

Entrapment of PAHs in particle matrix

— e o -z

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




hence, elevated K’ocs. In these scenarios mentioned above, there is an inherent assumption
particles are enriched in PAHs relative to surrounding pore water. In contrast, PAHs may sorb
onto/into the particle matrix from a dissolved phase. In such a case, particles consisting of porous
dissolved organic matter, organic matter-coated particles, or particulate organic matter of low
PAH binding capacity (e.g. cellulose) depleted in PAHS, may be kinetically limited in their ability

to sorb PAHs; hence lower K’ s than predicted.

2-3. Sediment Heterogeneity

Sources of organic matter and associated pollutants as well as benthic biogeochemical
processes in estuarine sediments can vary spatially and temporally (Olsen ez al., 1982; Nichols and
Biggs, 1985; Olsen et al., 1993). For example, the seabed of the lower Chesapeake Bay region
exhibits a wide range of energy conditions, bottom lithology types and biological characteristics
(Wright et al., 1987). Estuarine sediments also exhibit a wide range of particle types from single
clay minerals to groups of porous flocs (Nichols and Biggs, 1985). Thus, the scale of spatial
heterogeneity can extend across adjacent areas in the same estuary or across microzones within
the same “aggregate” (Figure 1-2). Large scale spatial heterogeneity precludes the use of few
sediment cores to accurately extrapolate observations throughout an estuary. Similarly, empirical
interpretations of sorption data may be confounded by aggregate-scale heterogeneity (Weber ez
al., 1992). Results presented below represent select individual cores from sediments in the
Elizabeth River, Virginia, East River, New York, and Newark Bay, New Jersey. Admittedly,
without additional sampling and statistical interpretation of data, factors thought to be responsible

for PAH K’ s and geochemical profiles in sediments may not be common across estuaries or
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numerous particles. Nonetheless, this study presents a first approximation at assessing the role of
several geochemical factors (sedimentary C/N ratio, soot carbon, particle surface area) thought to
control observed trends in down-core distributions of sediment-associated PAHs within each

select core.

2-4. Site Background
The Southern Branch of the Elizabeth River (Figure 2-1), an urban tributary of lower

Chesapeake Bay, Virginia has been historically subject to severe anthropogenic inputs of
pollutants such as PAHs (Lu, 1982). Although three wood-preserving facilities known to use
creosote (a coal tar distillate enriched in PAHSs) have historically existed along the Southern
Branch, sediments are contaminated with hydrocarbons from both carbonized coal and petroleum
products (Merrill and Wade, 1985). In some areas of the Southern Branch, concentrations of
PAHs exceed thousands of parts per million (Huggett e al., 1984). In such narrow urban
waterways, resuspension of particle-associated and dissolved PAHs may occur due to natural
processes such as tides and storms or by anthropogenic processes such as dredging and shipping
traffic. As PAHs distribute between POC and DOC, urban harbors and estuaries can often serve
as a secondary source of elevated levels of PAHs into the water column from both the particulate
and dissolved phases. Although several researchers have reported the levels of PAHs in surface
sediments of urban estuaries (e.g. Huggett et al., 1984; Merrill and Wade, 1985; Adams, 1996),
this work focuses on the geochemical factors of particles within urban sediments which affect

PAH distributions between sediments and pore waters.
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Figure 2-1. Map of the Elizabeth River and sampling sites. Both sites were in the southern
branch of the Elizabeth River and situated within 1 km of each other along the eastern flank of the
main channel. The main channel has historically been subjected to considerable dredging to
support shipping traffic. An abandoned creosote wood-treatment facility is situated across the
main channel from Site 2.
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2-5. Methods
Sediment sampling

July 1994

Preliminary sampling of sediments in the southern branch of the Elizabeth River was
conducted in July of 1994 using a Grey-O’hara box core (Grey-O’hara, College Station , TX)
(26.5 cm x 26.5 cm x 60 cm). Sediments were subsampled using (60 cm x 7.5 cmid. x 0.6 cm
wall thickness) polyvinyl chloride tubing, which was sealed to maintain anoxic conditions. Site 1
(36°48.00 N, 76°17.39' W) was ~100 m southwest of a public boat launch in ~1.5 m of water.
Site 2 (36°48.68 N, 76°17.41' W) was located in about 1 m of water and situated across the main
channel from a former wood treatment facility, historically responsible for creosote spills to the
area. Upon returning to the lab, sediments were extruded at 2 cm depth intervals and samples
were analyzed for PAHs and particulate organic carbon as described below. Due to a 24 %
vertical core compression and the pore water content, only 22 cm of sediment were available to
be processed at this time.

September 1995

In this subsequent sampling expedition, sediment cores were taken from the same sites as
noted above, but were collected using both a spade box coring device (30 cm x 21 cm x 60 cm)
and a kasten corer (12.7 cm x 12. 7 cm x 3 m) (Kuehl et al., 1985). Two box cores and one
kasten core were collected at each site. Due to logistical constraints in resolving all analytical
parameters at a | cm depth interval and the number of analytical parameters involved (e.g. particle
and pore water PAHs, TOC, surface area), only data from one box core at each site will be

presented. Box cores were subsampled with galvanized aluminum tubing (15 cm dia. x 61 cm x
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0.1 cm). The subsampled cores were then sealed, wrapped in two plastic bags, and placed upright
in a large garbage pail with ambient seawater for transport back to the lab. A 28% core
compression occurred while returning to the lab. Note, minimizing core compression by
maintaining a vacuum in the overlying headspace while subsampling is only way to account for
core compression. However, onset of rapid phase PAH equilibration is thought to occur
immediately.

Within 72 h, the subcores were extruded at 1 cm depth intervals. For each depth interval,
the 0.5 cm outer edge was discarded to minimize cross-contamination and ~15 ml of sediment
was transferred to a plastic centrifuge tube for measurement of water content. These sediments
were dried at 60° C for several days until their weights stabilized for at least 48 h. Remaining
sediment from each depth interval was centrifuged in pre-ashed (400° C for 4 h) pint sized glass
jars at 1500 g for 25 min. Overlying water was pipetted off and vacuum filtered through a lym
nominal pore size Gelman Sciences Type A/E glass fiber filter (combusted 4h @ 450°C) to
separate particulate and pore water fractions. Thus, the pore water filtrates contained both freely
dissolved and dissolved organic carbon (DOC)-bound PAHs.

Filtered pore water was collected in pre-ashed 50 ml glass centrifuge tubes. A majority of
the filtered pore water from each depth interval was extracted with hexane (4 x 20 m! after
addition of surrogate standards) and analyzed for PAHs as described below. If a sufficient
volume of pore water was available, 5 to 10 ml was subsampled into pre-ashed vials for
measurement of DOC. The headspace of each DOC sample vial was purged with N, prior to
freezing (-80 ° C). DOC concentrations and associated PAH binding coefficients are presented in

Chapter 3. Sediment was transferred to pre-ashed vials and frozen (-80° C) prior to analysis for
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PAHs.
PAH Analyses: sediments and pore water

Sediment samples (~ 5 g wet wt) were transferred to pre-ashed 50 ml glass tubes, to
which a surrogate standard mixture containing deuterated PAHs (d,-naphthalene, d,,-anthracene,
d,,-benz(a]anthracene, d,,-benzo[a]pyrene, d,,-benzo[g.h.i]Jperylene) was added. Sediments were
extracted with acetone (1 x 20 ml) and methylene chloride (DCM) (4 x 20 mis) for all samples
except Site 2 (Sept. 1995), which were extracted with DCM only (4 x 20 mis), by sonicating 1 h
in a ultrasonic bath and shaking for 2 min. The extracts were filtered through pre-cleaned Pasteur
pipettes filled with solvent rinsed glass wool and pre-cleaned (Soxhlet extracted with DCM for 48
h) anhydrous Na,SO,, rotoevaporated and solvent exchanged with hexane. The hexane extracts
(sediments and pore water) were then cleaned-up by solid-liquid chromatography on silica to
remove organic polymers, aliphatic, and polar compounds (Dickhut and Gustafson, 1995).
Subsequently, the extracts were concentrated and an internal/recovery standard containing d -
acenaphthene, d,,-phenanthrene, d,;-chrysene, and d,,-perylene was added. PAHs were quantified
relative to deuterated surrogate PAHs by gas chromatography/mass spectrometry using selected
ion monitoring. Recoveries ranged from 64.4 + 12.3 % for naphthalene to 97.0 + 16.8 % for less

volatile PAHSs.

Radioisotope geochronology, x-radiographs, and grain size
Sediment samples for analysis of '*’Cs and "Be activites were taken from the kasten core
at 4 cm depth intervals. Sediments were homogenized and packed into 70 ml plastic petri dishes,

which were then sealed using electrical tape. Radioisotope activity was measured over 24 h using
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a semi-planar intrinsic Ge detector in conjunction with a multichannel analyzer. Net count rates
were converted to activities using efficiency factors specific to each gamma-ray energy level.
Sample geometry was identical for all petri dishes. Determination of 2°Pb content in sed%ments
was made by measuring the concentration of its granddaughter *'°Po (Nittrouer et al., 1979).
Briefly, dried and ground sediments were spiked with a **Po standard of known activity and acid
leached (HNO, and HCI). The leachate was plated onto silver planchets and activity measured
on an alpha detector.

To assess faunal activity in sediments, a 6 cm x 2 cm x 40 cm acrylic liner was vertically
imbedded into the box core from each site for X-radiography. Each acrylic liner was placed flush
on Kodak AA Industrex X-ray film and photographed using a Dinex 120-F X-ray unit set at 3 mA
and 60 kV. Exposure time varied between 45-120 seconds depending on sediment density and
grain size.

Grain size analysis was done on selected samples by soaking samples in 10% Calgon
detergent, and wet sieving to separate coarse grains (62.5 um) from fine grains (<62.5 pm), clays
and silts. The fine fraction was analyzed using a Micromeritics Sedigraph 5100 Automated

particle size analyzer.

Particulate organic carbon, nitrogen, soot carbon and dissolved organic carbon

Particulate organic carbon (OC), nitrogen, and soot carbon were quantified using a
CHNS-O (Fisons, EA 1108 - Beverly, MA) analyzer. Soot carbon has been operationally defined
as the residual carbon remaining after combusting acidified sediment at 375°C for 24 h

(Gustafsson et al., 1997). Pre-weighed samples of sediment and soot were each acidified with 6
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N HCl and dried to remove inorganic carbon. Each sample was then placed in the analyzer and

flash heated to 1020°C to convert organic matter to CO,, NO,, and H,0 (Verado et al., 1990).

Particle surface area

Measurement of the volume of N, adsorbed onto a solid at various partial pressures of
nitrogen are well correlated with intraparticle surface area (Gregg and Sing, 1982). Sediments
were freeze-dried for 24 h and then gently separated for surface area analysis. Freeze-dried
sediments were heated at 200°C under N, flow for ~ 60 min to remove any residual water.
Sediment surface area was determined by adsorbing N, at liquid nitrogen temperatures using a
Micromeritics Gemini III - 2375 Surface Area Analyzer. This technique for determining surface
area is referred to as the Brunnauer, Emmett, and Teller (BET) method (Gregg and Sing, 1982).
To better elucidate the role of organic matter sorption on particle surface area, organic matter in
these sediments was digested using a peroxide / sodium pyrophosphate procedure (Mayer, 1994).
For selected sediment samples, organic matter was removed by overnight incubation in 10 ml of
30% hydrogen peroxide + 40 ml of 0.1 M sodium pyrophosphate. Solutions were heated to ~
80°C and peroxide added in § ml aliquots until bubbling ceased. At this point, residual mineral
grains were washed in 10% acetone in water (to remove salt), centrifuged, and freeze-dried prior

to surface area analysis.
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2-6. Results and discussion
Geochronology and sediment characteristics
Kasten Core - Grain size and isotope profiles

Textural analyses revealed significant differences between the sampling sites in the upper
0.5 m of the seabed, particularly in terms of silt and sand content (Figure 2-2). Woody debris and
shell hash contribute to the relatively high abundance of sand at Site 2, as well as to the presence
of gravel in the upper seabed. Below about a meter depth in the seabed, both sites display low (<
2%) sand abundances and unequal amounts of silt and clay. Radiochemical analyses of sediments
from Sites 1 and 2 show low, relatively uniform 2°Pb (t,, = 22.3 y) activities throughout the
depth (~ 2.5 m) of each kasten core (Table 2-2). The observed activity levels (~1 dpm/g) are
consistent with that expected from decay of 2*Ra contained in the sediments. This suggests that
no excess 2'°Pb is present at either site. Further, measurements of Be (t,, = 53.3 d) and *'Cs (t,,
= 30.1 y) revealed no detectable activity in either core. Taken together, these observations
suggest the absence of recent sediment accumulation at either site. As the global introduction of
significant '¥Cs fallout from atmospheric weapons testing began in 1954, we can conclude that no
net accumulation of “new” sediment has occurred at either site since that time. Given the absence
of significant excess >'°Pb, it also appears likely the period of non-accumulation extends back even
further, perhaps the past 60-80 years. Although this interpretation is consistent with
radiochemical observations, the position of the sites with respect to a main shipping channel that
undergoes periodic dredging suggests another possible explanation. Dumping of dredge spoils
along channel flanks has been a common practice in the Elizabeth River as well as other areas

(Nichols, pers. comm.). The possibility exists that older sediment excavated through dredging,
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Figure 2-2. Grain size distribution profiles (% by weight) from kasten cores collected at each site
in the Elizabeth River (see Fig. 1). Greater amounts of woody debris and shell hash at Site 2 are
evidenced by relatively higher weights of particles in gravel and sand fractions in the upper layers
of sediment.
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which has not been in contact with the water column in the past 60-80 years, has been dumped at
Sites 1 and 2. Such rapid dumping of older sediment would likely preclude scavenging of
significant amounts of 2'°Pb or '*’Cs, thus confounding the interpretation of sediment
geochronology based on the radioisotope profiles.

With sediments comprised of old dredge spoil or situated in a non-depositional zone,
PAHs may have been introduced several decades by natural or non-industrial combustion sources
(e.g. forest fires, domestic heating). Alternatively, concentrated dissolved sources of PAHs may

have been rapidly scavenged by particles during deposition or resuspension.

Box core - X-radiographic and geochemical profiles

X-radiographic observations provide evidence that the depositional histories of Sites 1 and
2 were distinctly different, despite their relatively close proximity and similar water depths (Figure
2-3). The Site 1 core displays a mottled structure throughout, suggesting that relatively intense
reworking by benthic macrofauna characterized this depositional environment. A possible hiatal
(scour) surface is observed at ~15-20 cm depth (Figure 2-3), which indicates an erosional event
followed by the probable resumption of former depositional conditions. The amount of “missing
time” represented by this hiatus could not be determined as the short-lived tracers used in this
study (i.e. 2'°Pb and '*’Cs) were absent both above and below the scour surface. In contrast, Site
2 is characterized by coarse shell/wood hash in the upper ~15 cm, with physically laminated muds
below. The presence of physical laminations suggests that the associated depositional
environment was characterized either by absence of macrofauna, or by very rapid accumulation

that would preclude the development of biogenic structures (i.c. mottling). The relatively coarse
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Figure 2-3. Box core sediment X-radiograph positives of Site 1 and Site 2 indicating different
historical deposition environments for each site despite their close proximity. Site 1 radiograph
shows mottled sediments throughout the core with the exception of a scour surface at ~ 15-20 cm
depth representative of an erosional event. At Site 2, the radiograph depicts the presence of
coarse shell hash and woody debris in the top 15 cm of the core followed by the presence of
physically laminated muds below.
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shell/wood hash at the surface of this core likely represents a storm (lag) layer where coarse
material carried as bed load during an energetic event was deposited at the site.

Depth profiles of sediment %OC and C/N ratio indicate more heterogenous sources of
particulate organic matter at Site 2 relative to Site 1 (Figure 2-4). Specifically, depth profiles of
both %OC and C/N ratio vary at Site 2 to a greater extent than at Site 1. In addition, the C/N
ratio markedly decreases with depth at Site 2, consistent with the sediment grain size distributions
at this site. Wood and other terrestrial organic matter tends to be higher in C/N ratios relative to
marine plants and organisms (Meyers, 1994 and references therein). Deposition of this terrestrial-
derived organic matter as runoff or in-situ woody debris at the surface of Site 2 likely controls
the observed nonuniform sediment C/N profiles.

At both sites, total sediment surface area tends to increase with depth (Figure 2-5).
Calculations indicate that surface area changes with depth are independent of bulk changes in
grain size. Thus, increasing surface area may either be a function of increasing porosity of mineral
grains, greater sorption of porous organic matter with depth, or relatively greater amounts of a
smooth organic coating on the surface sediments relative to those deeper in the core. The
difference in surface area before and after organic digestion (Figure 2-5), is greater for sediments
at Site 2 compared to those at Site 1. Nonetheless, organic-free surface areas are ~40% lower
than those measured before digestion near the surface (0-11 cm) of both cores. This suggests the
presence of some porous organic matter in each core rather than a smooth organic coating.
Greater amounts of a porous organic coating with depth are likely responsible for the increasing
total sediment surface area with depth at Site 2, as evidenced by the contrast between total and

organic-free surface area (Figure 2-5). In contrast, increasing porosity of the mineral
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Figure 2-4. Geochemical profiles for Elizabeth River sediment cores (see Fig. 1). Site 1 (filled
symbols); Site 2 (open symbols). Percent organic carbon and C/N ratios support the notion that
sources of particulate organic matter have been more heterogenous at Site 2 relative to Site 1.
Similar amounts of soot carbon at both sites indicates variations in soot carbon are not responsible
for observed PAH distributions at these sites. The presence of woody debris or inputs of
terrestrial organic matter gradually decreasing in amount with depth at Site 2 is evidenced by
decreasing C/N ratios. Although not on the same depth scales, the more pronounced decrease in
water content with depth at Site 2 in the top few cm of sediment support the grain size profiles in
Figure 2-2.
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Figure 2-5. Particle surface area of Elizabeth River sediments before (total surface area) and after
digestion of organics (organic-free surface area): Site 1 (filled symbols); Site 2 (open symbols).
Total surface area increases with depth at both sites (independent of grain size). Organic-free
surface area varies from total surface area at Site 2 more so than at Site 1. Trends in total surface
area at Site 1 are likely a function of increasing porosity within each respective grain size class
(see Figure 2-2) with depth, whereas at Site 2, increasing total surface area with depth is a
function of greater sorption of porous organic matter with depth.
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grains with depth at Site 1 likely controls the trend in sediment surface area in this core since both

the mineral and total surface area profiles are similar.

PAH Concentrations and Distribution Coefficients

Data collected in July 1994 indicated that PAH sediment/pore water distribution
coefficients decreased with depth in the cores despite normalization to the amount of particulate
organic carbon at each depth interval (Figure 2-6). Additional sediment cores were collected at
the same sites in the Elizabeth River in the subsequent year to further investigate these findings.
In the sediment cores collected during Sept. 1995, K’os for PAHs were also observed to
decrease as much as three orders of magnitude with depth at Site 1, but not at Site 2 (Figure 2-7).
The lack of a decrease in K’ with depth at Site 2 compared to our earlier observations (Figure
2-6) likely indicates that our collection of sediment cores in Sept. 1995 was not in precisely the
same location as in July 1994. This indicates there is large spatial heterogeneity in sediment
deposition in this perturbed estuarine environment as discussed further below. The role of DOC
in affecting the observed distributions of PAHs in a two phase sediment/pore water system is
discussed in Chapter 3, whereas the role of particle geochemistry in affecting PAH K’ ocs is
discussed below.

In the Sept. 1995 cores, pore water PAH concentrations were similar between Site 1 and
Site 2 (Figure 2-8) although particle-associated PAH concentrations were substantially higher at
Site 2 (Figure 2-9). This reflects differential PAH-sediment binding at each site; despite
normalizing to the amount of sediment organic carbon, substantially higher K’ ocs for PAHs were

observed at Site 2 compared to Site | (Figure 2-7). In addition, sediment-associated PAH
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Figure 2-6. Relationship between K’ and K,y for selected PAHs in Elizabeth River sediments
sampled at Site 2 in July 1994 (O: 2-4 cm; [J: 18-20 cm). The curvature indicates that PAH
distributions between sediments and pore waters at this site were not at equilibrium between these
two phases (i.e. particle-associated and freely dissolved). The overall lower log K’ values at
18-20 cm compared to 2-4 cm implies that accounting for differences in particulate organic
carbon with depth does not explain differences in observed sediment/pore water distributions of
PAHs.
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Figure 2-7. Observed organic carbon-normalized sediment/pore water distribution coefficients of
selected PAHs in Elizabeth River sediments collected in Sept. 1995. Site 1 (filled symbols); Site 2
(open symbols). Selected PAHs were chosen to represent a range of molecular weights (ace -
acenaphthene; pyr - pyrene; b/a]p - benzo[a]pyrene; b[b]f - benzo[b]fluoranthene; if1,2,3-cd]p -
indeno(1,2,3-cd]pyrene; d[a,h]a - dibenz[a,h]anthracene). Log K’ s decrease by as much as
three orders of magnitude with depth in sediments at Site 1. In contrast, uniform log K’ profiles
with depth are evident at Site 2.
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Figure 2-8. Depth profiles of PAH concentrations in Elizabeth River pore waters. Site | (filled
symbols); Site 2 (open symbols). Selected PAHs were chosen to represent a range of molecular
weights (see Figure 2-7 for definitions of abbreviations). Similar pore water PAH concentrations
are evident between both sites for the range of compounds chosen.
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Figure 2-9. Depth profiles of PAH concentrations in Elizabeth River sediments. Site 1 (filled
symbols); Site 2 (open symbols). Selected PAHs were chosen to represent a range of molecular
weights (see Figure 2-7 for definitions of abbreviations). Higher sediment concentrations at Site 2
relative to Site 1 are possibly a result of the greater amounts of creosote treated woody debris at
Site 2.

42

—— o e —

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Q I LI ]
™ >
o —” DD
S T
- - »
= S, > P
g © > g»»’b»
la % .
- 1 l 1
S T ] o
g o :
o 02%°%0°
~ N -M. o
) °
£ - | & = aa e
= ° g% -
% © ®
o =
;,.- i |
o

le
] 44 ¢ q
ﬁ 3 < <
~ P <4

4
- - ﬁ;‘«',;,
- | | | 1
| ° 2 8 8 8

(wo) yrdag wswipas

-— — e e T

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



concentrations decrease with depth at both sites, but more so at Site 1 compared with Site 2
(Figure 2-9). The decreased sediment-associated PAH concentrations with depth could be due to
increased PAH inputs to the Elizabeth River estuary with time or diffusion of a single (e.g. non-
aqueous phase liquid) source of these contaminants downward from the sediment surface. As
demonstrated below, the PAHs at Site 1 are not derived from a single source. Secondly, although
it is likely that PAH inputs to the Elizabeth River have increased with time, this does not explain
the observed K’ profiles for PAHs. As stated earlier, normalization to the amount of
sedimentary organic carbon is expected to account for variability in K’ocs for a PAH to within a
factor of two. A three phase model was used to calculate the role of pore water DOC on PAH
binding. The results of the model indicate PAH-DOC binding contributes to a maximum one
order of magnitude change in down-core K’ ,cs (Chapter 3). Thus, both the decreasing sediment-
associated PAH concentrations and K’ s with depth are interpreted in terms of the properties of
the particles, which are also associated with the age of the sediment.

Although there are distinct differences in OC content and C/N ratio between sites (Figure
2- 4), trends in these data do not mirror PAH concentrations or distribution coefficients at each
site. For example, the C/N ratio of sediments at Site 1 varies little with depth (Figure 2-4), but
the PAH distribution coefficients (Figure 2-7) and particle-associated concentrations (Figure 2-9)
at the same site vary approximately three orders of magnitude. Likewise, sedimentary soot
concentrations, used to explain high sediment/pore water PAH distribution coefficients in Boston
Harbor (Gustafsson et al., 1997), are consistent between sites (Figure 2-4), in contrast to PAH
distribution coefficients and concentrations. Thus, sedimentary soot does not explain observed

differences in PAH distributions between sediments and pore waters at these sites. Finally, total
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surface area of the sediment particles increases in a similar manner with depth at both sites (Figure
2-5) in contrast to log K’ oc and sediment-associated PAH concentrations, but the organic-free
surface area of the sediment particles in each of the cores collected in Sept. 1995 (Figure 2-5)
reflects trends in measured particle-associated PAH concentrations (Figure 2-9) and log K’
values (Figure 2-7).

As noted above, at Site 1 the increase in total particle surface area with depth is likely due
to increased down-core mineral porosity, with some organic matter sorption to the sediments in
the top portion of the core. The organic carbon content of the sediments at this site increases
with mineral surface area (Figure 2-10). It is difficult to reconcile this fact with the decreasing
sediment-associated PAH concentrations and K,cs with depth at this site. We propose that the
accessible particulate organic matter for PAH partitioning decreases downcore at Site 1. This
decrease in accessible particulate organic matter with depth is evident from the surface area data
before and after digestion of organic matter associated with these particles. In the top ~11 cm of
the core, digestion of organic matter results in an ~ 40 - 60% decrease in surface area, whereas
between 16-31 cm depth, digestion of organic matter results in only a 0 - 10% decrease in surface
area. This suggests the presence of a porous dissolved organic matter coating on sediments in the
top 11 cm at Site 1 but not deeper in the core. Since the organic carbon content of the sediments
at this site increases in the sediment column in proportion to particle surface area (Figure 2-10), it
is evident that there is particulate organic matter deeper in the core at this site is inaccessible for
partitioning of PAHs (e.g. hard organic matter - Figure 1-2). Such occlusion of particulate
organic matter for digestion can result from the presence of iron oxides or humified organic

residues (Sequi and Aringhieri, 1977). Distribution of PAHs between particulate organic matter
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Figure 2-10. Percent organic carbon in sediments versus organic-free surface area. Site 1 (filled
symbols); Site 2 (open symbols). Organic carbon in sediments at Site 1 increases with mineral
surface area. In contrast, very little inter-dependance exists between the amount of particulate
organic carbon and organic-free surface area in sediments at Site 2.
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in sediments and pore water deep in the sediments at this site is therefore inhibited. PAHs may be
at equilibrium with respect to partitioning to available surfaces; however, the inaccessibility of the
particulate organic matter deep in the core implies that this distribution is between mineral
surfaces and pore water. Thus, distribution coefficients are low at Site 1, since mineral surfaces
are a less desirable matrix for hydrophobic contaminants (Schwarzenbach et al., 1993).
Moreover, organic carbon-normalization does not account for down core changes in PAH
distribution coefficients.

At Site 2, core profiles of particle-associated PAH concentrations and their respective
K’ oc values also may be explained by particle surface areas, which at this site are dictated by the
sorption of porous organic matter to the sediment surface. The relationships between PAH K’ ocs
and C/N ratios of the particulate matter at this site (Figure 2-11) indicate that the particles at this
site may consist of terrestrial runoff or possibly in-situ woody debris (e.g. pilings) coated with
porous dissolved organic matter which entraps PAHs within the particle matrix. Wood pilings
are pressure treated and thus infused with creosote (usually a concentrated mixture of PAHs and
other petroleum hydrocarbons) to minimize fouling and degradation. One may speculate that
remnants of such pilings may be responsible for PAH distributions at this site. Wood debris
and/or other particles originating from terrestrial runoff coated with natural organic matter will
act to sequester PAHs within the particle matrix such that they will not partition to pore waters
during sediment burial and diagenesis. In this case, K’ocs will remain high (i.e. PAHs stay on the
particles) throughout depth in the sediment as observed at Site 2 (Figure 2-7).

The notion of a single predominant source of PAHs that are bound within the particle

matrix at Site 2 can be inferred from the uniform PAH isomer ratio profiles at this site with depth
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Figure 2-11. Organic-carbon normalized PAH distribution coefficients (K’ ,s) in sediments at
Site 2 in the Elizabeth River as a function of sediment C/N ratios.
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in the core (Figure 2-12). Concentration ratios of structurally similar PAHs associated with
sediments may vary between sites or with time, due to differences in PAH source material
composition, transport pathways, and potentially, geochemical reactivity between isomers. Thus,
variable ratios of PAH isomers should be a tracer of PAH transformation during transport from
their origin to deposition and burial, or simply reflect differences in PAH sources between sites or
which occur with time (Sporstol ef al., 1983; Colombo et al., 1989; Zeng and Vista, 1997). The
PAH isomers that were selected for these analyses were: phenanthrene/anthracene,
fluoranthene/pyrene, and benzo(e)pyrene/benzo(a)pyrene (Figure 2-12). In each case, the
compound in the denominator is the more photoreactive isomer ( Mackay, 1992; Liu, 1996).
Note the similarity in isomer ratios between both sites in the top 15 cm of the sediments followed
by considerable variation in ratios of all three groups of compounds with depth at Site 1.
Additionally, the most reactive isomers are consistently depleted with depth below 15 cm at Site
1.

Coupled with information provided by X-radiographs (Figure 2-3), and *'°Pb
geochronology (Table 2-2), it would appear that at Site 1, particulate organic matter and
associated PAHs have been deposited at this site in a bimodal manner over the last 60-80 y.
PAHs deposited below the hiatal layer are depleted in reactive isomers indicating significant
geochemical loss of extractable PAHs presumably via degradation during transport and
deposition. Near the top 10-15 cm of the core, PAH sources at Site 1 appear to be similar to
those at Site 2 or alternatively, PAHs may be sequestered within the particle matrix by an organic
coating at both sites. At Site 2, ratios of PAH isomers are fairly uniform with depth, indicating

continued historical inputs from similar PAH sources and little photochemical degradation of
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Figure 2-12. PAH isomer concentration ratios with depth in sediments as indicators of source(s)
and geochemical reactivity of PAHs: phenanthrene/anthracene (top frame); fluoranthene/pyrene
(middle frame); benzo[e]pyrene/benzo[a]pyrene (bottom frame). Site 1(filled symbols); Site 2
(open symbols). The compound in the denominator in each case is the more reactive PAH isomer.
At Site 1, PAH isomer concentrations ratios are fairly uniform to a depth of ~ 15 cm indicating
similar PAH sources, transport pathways, and transformation mechanisms before and after burial
possibly the result of particles being surrounded by an organic coating. Below this depth, ratios
increase, indicating differential transformation between the isomers presumably prior to deposition
or a consistent change in PAH source(s) with time. The onset of this departure from uniform
isomer ratios at this site below ~ 15 cm depth corresponds to the hiatal layer in the sediments seen
in Figure 3. At Site 2, the relatively uniform isomer concentration ratios imply a consistent source
of PAHs throughout time and no preferential degradation of reactive isomers.

49

— e - —

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sediment Depth (cm)

Isomer Concentration Ratio

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 2-2. Total 3" Pb Activity (dpm/g dry wt.) in sediment cores from the Elizabeth River.

Depth In Sediment (cm) Site 1 Site 2
0-4 0.692 0.997
8-12 0.771 0.819
16-20 0.767 0.792
24-28 0.856 0.767
32-36 0.767 0.812
40-44 0.844 0.872
48-52 0.835 0.769
78-82 0.937 0.838
108-112 1.005 0.814
138-142 1.118 0.853
168-172 1.143 0.844
198-202 1.145 0.874
238-242 1.165 0.972
258-262 1.139 N/A
50
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reactive isomers prior to burial at this site. The lack of preferential depletion of the reactive
isomers could be explained by PAH sequestration within the particle matrix rendering them

unavailable for transformation both prior and subsequent to burial at this site.

2-7. Conclusions

Sediments and pore waters of the Elizabeth River estuary were sampled for PAHs and
selected geochemical variables. Both sites sampled have been in a non-depositional environment
for the past ~ 60-80 y. At Site 1, PAH distributions between sediments and pore waters (K’ ocS)
varied by several orders of magnitude from the surface to bottom of a core. This phenomena was
also observed in previously collected cores from these sites. In contrast, in a core from Site 2,
PAH K’ ;s were fairly uniform with depth, but larger than their respective Kgys (see Chapter 3).
Although dilute sedimentary soot has been invoked as an explanation for anomolously high PAH
K’ ocs relative to their Koy (Gustafsson, et al., 1997), these results indicate that neither
sedimentary soot nor specific geochemical variables of sediments (e.g. grain size), are directly
responsible for observed PAH concentrations and distribution coefficients in the Elizabeth River.
Rather, particle surface area of sediments before and after digestion of organics indicate that at
Site 1, large down core decreases in PAH K’ s may be the result of decreased accessibility of the
particulate organic matter with depth in the sediment column. Moreover, at Site 2, we speculate
that organic matter coating of terrestrial runoff or in-situ wood debris serves to sequester PAHs
within the particle matrix. Thus, photochemical degradation of PAHs prior to deposition, as well
as possible microbial access and subsequent degradation of PAHs are minimized, resulting in

elevated PAH K’ o relative to their Kqys in this core.
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Our results coupled with those of Gustafsson et al., (1997) indicate that there are cases
where PAH distributions between sediments and pore waters in harbor sediments will not be
accurately described by normalizing distribution coefficients to the amount of particulate organic
carbon. Large vertical and horizontal heterogeneity in sediment/pore water PAH K’ ocs over short
spatial scales is apparent in the urban Elizabeth River. Our data indicate that such wide-ranging
K’ ocs may result from PAH inaccessibility to the entire pool of organic carbon within the particle
matrix. Moreover, for PAHs as a suite of compounds, source(s) to sediments play a significant
role in determining their distribution, bioavailability, and biogeochemical cycling. PAHs
entrapped within particle matrices by substances such as creosote, and in the case of PAHs bound
with soot (Gustafsson et al., 1997), yielding high K’ ,cs and little distribution of PAHs to pore
waters. However, where PAHs have become associated with sediments from other presumably
diffuse sources (e.g. oil spills, atmospheric gas exchange), these carcinogenic compounds may be
readily associated with pore water during sediment diagenesis rendering them available for

exchange to overlying water and organisms.
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Chapter 3. Three Phase Modeling of Polycyclic Aromatic Hydrocarbon (PAH) Association
with Pore Water Dissolved Organic Carbon
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Abstract

Log-log plots of observed organic carbon-normalized sediment-pore water distribution
coefficients (K’ ocs) for several polycyclic aromatic hydrocarbons (PAHs) at two sites in the
Elizabeth River, Virginia versus their octanol-water partition coefficients (Kows) show large
deviations from linearity. K’ocs of these PAHs decreased by up to 3 orders of magnitude with
depth as well. The vertical profiles of PAH K’ ocs were found to predominantly result from
sediment geochemistry (i.e. the accessibility of sedimentary organic carbon for PAH binding). To
determine to what extent pore water dissolved organic carbon, including colloidal organic carbon,
was responsible for the PAH K’ s deviating from linearity, a three phase model was used to
estimate dissolved organic carbon binding coefficients (Kyoc). Partitioning of PAHs to DOC (i.e.
Kpoo) is estimated to acount for no more than one order of magnitude of the observed decrease in
K’oc with depth. The results of this study are consistent with a three-phase partitioning model for

PAHs between sediment organic matter, pore water DOC, and freely dissolved PAH.
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3-1. Introduction

Hydrophobic organic contaminants (HOCs) in sediments exist in three phases: sorbed to
particulate organic matter, sorbed to colloidal or dissolved organic matter, or unbound and freely
dissolved. Traditionally the distinction between each of these phases has been operationally
defined (Libes, 1992). Moreover, the concentration of a HOC in a sorbed phase relative to that in
the unbound, freely dissolved phase is described by a distribution coefficient (K;,). Distribution
coefficients can help to elucidate a HOC's potential bioavailability and relative mobility in benthic
systems.

In a two phase aqueous system at equilibrium, the concentration of a chemical in the freely
dissolved phase (Cy,, mg/l) relative to that in a sorbed phase (C;, mg/kg), can be ideally depicted

by a linear equation:

Kp=CJCw 3-1)

indicating that the concentration of the HOC sorbed to the solid phase is proportional to the freely
dissolved concentration. Thermodynamically, this equilibrium distribution describes the condition
under which chemical fugacities or “escaping tendencies” in the sorbed and freely dissolved
phases, are equal.

The actual distribution of a chemical in nature between its dissolved and particulate
phases, can be dependent on several factors (e.g. chemical composition of sorbate and sorbent,
and sorption kinetics) (Schwarzenbach et al. 1993). For HOCs, one influential factor affecting K,

(for sorbents comprised of at least 1% organic carbon), is the fraction of organic matter in the
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sorbent (Karickhoff ez al., 1979; Means, et al., 1980). In aqueous systems, HOCs have a strong
affinity for carbon and other natural organic matter because they offer relatively non-polar,
thermodynamically favorable environments (Karickhoff, 1984) . The fraction of particulate
organic carbon (fo) in soils and sediments is often measured and used to explain the variance in
sorption for a given compound to different solids (Karickhoff ez al., 1979). Normalization to the

amount of organic carbon modifies equation (3-1) to:

Koc = Kpffoc (3-2)

where K is the organic carbon-normalized two-phase distribution coefficient. Thus it is
assumed that sedimentary organic matter acts as a “solvent” for HOCs and that their uptake is
proportional to the amount of organic carbon associated with the mineral matrix (Karickhoff et
al., 1979). In this manner, normalization of a HOC'’s distribution coefficient to the amount of
organic carbon should account for its variability within a factor of two or 0.3 log units
(Schwarzenbach et al., 1993).

Because the aqueous solubility of a HOC is inversely related to its molecular surface area
(Hermann, 1972), larger HOC:s tend to be less water soluble, more lipophilic, and associate to a
greater degree with hydrophobic moieties such as organic matter. Thus, K is directly related to

the compounds’ hydrophobicity (Karickhoff, 1984) by the following linear relationship:

log Koc =a * log Koy + b @3-3)
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where K, is the octanol-water partition coefficient of the chemical. Theoretically, a should
equal one and b, zero, if HOCs partition to sediment organic matter in exactly the same manner as
n-octanol; however, experimental curves diverge from theoretical expectations (Karickhoff,
1984). Values of b may vary due to differences in HOC affinity for various types of organic
carbon (Schwarzenbach et al., 1993). In addition, observed K s are often less than predicted for
HOCs with high Kyys. Presumably this is due to factors that kinetically hinder thermodynamic
equilibrium in natural systems (Karickhoff, 1984; Swackhamer and Skoglund, 1993), or
experimental artifacts such as incomplete separation of dissolved and colloidal phases of organic
matter (Gschwend and Wu, 1985), or volatilization of dissolved HOCs or sorption to container
surfaces (Schrap and Opperhuizen, 1992). Kocs can also be greater than expected due to kinetic
limitations on desorption (e.g. Connaughton ez al., 1993). Thus, a general form of equation (3-3)
cannot be used to predict HOC distributions to particulate matter a priori.

In natural systems, where organic carbon normalization does not account for observed
differences in equilibrium distribution coefficients, a third sorbing organic phase, or colloidal
phase has been suggested to control HOC partitioning (Morel and Gschwend, 1987). Colloids
are particularly important because of their high specific surface area (Hiemenz, 1986), and hence
their potential adsorptive capacity for HOCs in water. In estuarine sediments where colloidal
organic carbon in pore waters can contribute as much as 10% to 90% of the measured dissolved
organic carbon (Burgess et al., 1996a), HOC partitioning to pore water colloids is potentially an
important process affecting the contaminant distribution and bioavailability (McCarthy and
Jimenez 1985; Landrum et al., 1987; McCarthy, 1989; DiToro et al., 1991; Martin et al., 1995;

Burgess et al., 1996b).
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Three phase partitioning of HOCs between particles, colloids, and the freely dissolved

phase is described by the following (Morel and Gschwend, 1987):
K’p = Koc * foc/(1+Kcor, * Ceoc) (3-9)

where K'j, is the observed or apparent distribution coefficient for a HOC in a three phase system
in which colloid-associated HOCs are operationally defined as dissolved, K, is the colloid
binding coefficient (Vmg colloidal organic carbon), and Cco is the concentration of colloidal
organic matter (mg colloidal organic carbon/l). From eq 4, it is obvious that as Coc o Koor
increases, K’, decreases. Moreover, the affinity of a particular HOC for colloids is dependent in
part upon the hydrophobicity of the compound as well as the source of the dissolved or colloidal
organic matter (Di Toro et al., 1991). Thus, the magnitude of K¢ in addition to the DOC
concentration determiné the extent to which DOC complexation takes place.

The objectives of this paper were a) to determine if observed disequilibria in two phase
organic carbon normalized distribution coefficients (K’ocs) of polycyclic aromatic hydrocarbons
(PAHs) in the urban Elizabeth River estuary are consistent with the hypothesis of DOC binding,
and b) determine to what extent pore water dissolved and colloidal organic carbon contribute to

observed decreases in K’ s with depth in the sediments.

62

- — - e me

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3-2. Methods
Sediment sampling
Sediment cores were taken from selected sites in the Southern Branch of the Elizabeth

River estuary, an urban tributary of the lower Chesapeake Bay (Figure 3-1). Preliminary sampling
of sediments was conducted in July of 1994 using a box core (26.5 cm x 26.5 cm x 60 cm).
Sediments were subsampled using (60 cm x 7.5 cm i.d. x 0.6 cm wall thickness) polyvinyl chloride
tubing, which was sealed to maintain anoxic conditions. Site 1 (36°48.00 N, 76°17.39' W) was
~100 m southwest of a public boat launch in ~1.5 m of water. Site 2 (36°48.68 N, 76°17.41' W)
was located in about 1 m of water and situated across the main channel from a former wood
treatment facility, historically responsible for creosote spills to the area. Upon returning to the
lab, sediments were extruded at 2 cm depth intervals and processed as described below. Due to
24 % vertical core compression and the high pore water content, only 22 cm of sediment were
available to be processed at this time upon return to the lab. Samples were analyzed for
particulate organic carbon (POC) and pore water and sediment-associated PAHs as described
below. No DOC samples were collected from these cores.

In a subsequent visit to each site in September 1995, additional box cores were collected
from each site. Within 72 h, these subcores were extruded at 1cm depth intervals. Samples were
collected for POC, DOC, and PAH analyses as described in Chapter 2.

Separation of Particulate and Dissolved Phases

For each depth interval, the 0.5 cm outer edge was discarded to minimize cross-

contamination and sediment from each depth interval was centrifuged in pre-ashed (400 °C for 4

h) pint sized glass jars at 1500 g for 25 min. Overlying water was pipetted off and vacuum
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Figure 3-1. Map of Elizabeth River and sampling sites.
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filtered through a 1pm nominal pore size (Gelman Type A/E) glass fiber filter (combusted for 4h
@ 450° C) to separate particulate and pore water fractions. Thus, the pore water filtrates

contained both freely dissolved and DOC-bound PAH:s.

PAH and organic carbon analysis

Filtered pore water from each depth interval was extracted with hexane (4 x 20 ml after
addition of surrogate standards) and analyzed for PAHSs as described below. Sediment samples
(~ 5 g wet wt) were transferred to pre-ashed 50 ml tubes, to which a surrogate standard mixture
containing S deuterated PAHs (~1 ug PAH / g hexane) was added. Sediments were extracted
with acetone (1 x 20 ml) and methylene chloride (DCM) (4 x 20 ml) for all samples except Site 2
(Sept. 1995), which were extracted with DCM only (4 x 20 ml), by sonicating 1 h in an ultrasonic
waterbath and shaking for 2 min. The extracts were filtered through pre-cleaned Pasteur pipettes
filled with solvent rinsed glass wool and pre-cleaned (Soxhlet extracted with DCM - 48 h)
anhydrous Na,SO,, rotoevaporated and solvent exchanged with hexane. The sample extract was
then further purified by solid-liquid chromatography on silica to remove organic polymers,
aliphatic, and polar compounds (Dickhut and Gustafson, 1995). Subsequently, the extracts were
concentrated and an internal/recovery standard containing additional deuterated PAHs was added.
PAHs were quantified by gas chromatography/mass spectrometry using selected ion monitoring
relative to deuterated surrogate PAHs. Recoveries ranged from 64.4 + 12.3 % for naphthalene to
97.0 £ 16.8 % for less volatile PAHs.

Particulate organic carbon was quantified using a CHNS-O analyzer. Briefly, pre-weighed

sediment samples were acidified with 6 N HCI and allowed to evaporate to dryness to remove
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inorganic carbon. The sample was then placed in the analyzer and flash heated to 1020°C to
convert organic carbon to CO, (Verado et al., 1990). Pore water samples for measurement of
DOC were stored in pre-ashed vials and the headspace of each sample vial purged with N,(g)
prior to freezing (-80 ° C). Dissolved organic carbon was subsequently measured using a
Shimadzu TOC 5000 total organic carbon analyzer. Analysis was done by high temperature
oxidation of pore water samples after acidification with 1-3 drops of 6 N HCI per 10 mis of

sample (Sugimura and Suzuki, 1988).

3-3. Results and Discussion
Preliminary results for sediments collected in July of 1994 at Site 2 in the Elizabeth River

indicated that PAH distribution coefficients in these cores decreased with sediment depth despite
normalizing to organic carbon (Figure 3-2). The decrease in log K’o¢ with depth seen at Site 2
can be noted by the spread of the data points between the selected depth intervals. Further, PAH
log K’ ocs deviated from linearity when plotted against each PAH’s log Koy (Figure 3-2),
indicating that sediment pore water distributions of PAHs were not at two phase equilibrium
between sediments and freely dissolved in pore water.

In September 1995, PAH K’ s measured at Site | exhibited more than a two order of
magnitude decrease with depth and also deviated from linearity when compared with each PAH’s
Kow (Figure 3-3). Investigations into the sediment geochemistry at this site revealed that the
decreasing log K’ ocs at Site 1 are a function of greater amounts of inaccessible organic matter
precluding PAH binding with depth (Chapter 2). K’,cs fall consistently above the 1:1 line when

plotted against K,y at Site 2 for the 1995 sample. Several possible reasons may result in high
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Figure 3-2. Relationship between K’ o and Koy, for selected PAHs in Elizabeth River sediment
sampled at Site 2 in July 1994: (O: 0-2 cm; O: 18-20 cm).
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Figure 3-3. Relationship between K’ and Koy, for selected PAHs in Elizabeth River sediment
sampled in September 1995: Site 1- gray symbols (@: 0-1 cm; &: 17-18 cm); Site 2 - open

symbols (O: 0-1 cm; O: 19-20 cm).
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PAH K’ ocs in relation to their K,y (Chapter 2). Sediment-associated PAH:s in this core are likely
sequestered within the particle matrix. The differences in measured K’ocs at Site 2 between 1994
and 1995 (Figure 3-2 vs. Figure 3-3) likely reflects spatial heterogeneity in this perturbed
estuarine environment. These observations prompted us to investigate to what extent binding to
DOC is responsible for observed disequilibria in K’ oc vs. Kow by generating modeled PAH-DOC

binding coefficients.

Modeling of PAH-DOC binding

Since values of log K’ o for PAHs in Elizabeth River sediments do not increase linearly
with log Kow above a log Koy of ~ 5 (Figures 3-2 & 3-3), this chapter addresses the issue of a
third phase for PAH binding in pore water is influencing the PAH distributions, as proposed by
other reserachers (Oliver, 1987; Socha and Carpenter, 1987; DiToro et al., 1991). Assuming that
relatively hydrophilic PAHs bind minimally to DOC (Eadie et al., 1990; DiToro et al.,1991),
equation 3-3 was fit to the K’ data for compounds with log K,y < 6 to solved for the coefficient
b, which describes the relative affinity of the PAHs for sedimentary organic matter compred to n-
octanol. Thus, assuming thermodynamic equilibrium (a = 1) is valid for PAHs with log Koy <6,
values of b (the y intercept of equation 3-3), were determined from linear regressions of log K’ ¢
vs. log Koy for each depth interval (Table 3-1) for the 1995 data set. The relative standard error
for these estimates ranged from 7% to 53% and averaged 21%, indicating the validity of the
assumptions.

The bimodal distribution in down-core values of b at Site 1 (Table 3-1) are a measure of

the difference in PAH accessibility to sedimentary organic matter at this site; that is, the higher
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Table 3-1. Curve Fit Coefficients for eq 3 fitted to K', data for PAHs with log K,y < 6.

Site 1 Site 2
Depth Interval  max log K, used
(cm) for fit b £ SE, b £ SE,
0-1 52! 0.7461 £ 0.1858 1.588 +0.1086
4-5 5.78? 0.8006 +0.2100
5-6 52 1.644 £ 0.1882
6-7 5.2 1.230 £ 0.0900
7-8 5.78 0.7838+ 0.1398
8-9 5.2 1.401 £0.2125
12-13 5.78 0.7034 +0.1867
14-15 5.2 1472 £0.3317
5.78 0.2141 £0.0579
16-17 5.78 0.6521 +0.2956
19-20 5.2 1.396 + 0.1548
24-25 52 1.508 + 0.1606
26-27 5.2 1.270 + 0.6682
27-28 5.78 -1.403 £0.1391
30-31 5.2 2,030 £0.1901
5.78 -1.135 £0.4182
31-32 5.78 -1.212 £0.2083

1- fluoranthene; 2 - benzo(b)fluoranthene
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values of b in the top portion of the core are proportional to more accessible sedimentary organic
matter for PAH binding, and vice versa for negative values of b. Values of b at Site 2 are higher
than those at Site 1 and hence illustrate the greater affinity of PAHs for sediment organic carbon
at Site 2 compared to Site 1. To determine PAH binding coefficients to DOC, non-linear curve

fitting of the log transformed version of equation 3-4 :

log K’ = log [Koc * foc] - log (1+A*Kow*DOC) @3-5)

was used, substituting A * K,y for Koo, and the concentration of dissolved organic carbon (DOC
in mg carbon/l) for C¢q,. Theoretical or “expected” values of Ko were calculated by multiplying
corresponding Kqws by 10° (equation 3-3, Table 3-1). In equation 3-5, A, which describes the
relative affinity of PAHs for DOC, is the only unknown; all other variables were either measured
(K’p, foc, DOC, Kow) or estimated (i.e. Koo). Values of A determined from equation 3-5 (Table
3-2) had relative standard errors ranging from 20% to 75% (x = 36%), again supporting the
validity of the model assumptions.

Our three phase model was applied to July 1994 sediment/pore water PAH partitioning
data in order to verify its general applicability. Calculated values of Kpoc as well as known values
of K’p, ., Koc, Were applied to equation 3-5, to solve for pore water DOC concentrations.
Calculated DOC concentrations ranged from 2.5 - 55 mg/L at Site 1 and 4.8 - 34.6 mg/L at Site
2. All DOC concentrations derived from the 1994 PAH partitioning data, with the exception of
55 mg/L (Std Err. = 155 %) were within the range of pore water DOC concentrations at Site 1

and Site 2 from our September 1995 samples, further validating our three phase model.
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3-4. Conclusions

The three phase partitioning model, along with the assumptions that log K¢ and log Kpoc
are linearly related to log Koy, describe the observed distribution coefficients well (Figure 3-4).
Consequently, partitioning of PAHs to DOC appears to account for the lower than expected
values of K’ o for the high K, compounds (i.e. the curvature in Figures 3-2 & 3-3). Note
however, that A varies only by a factor of ~2-3 at both sites and at different depths (Table 3-2),
indicating Kpoc varies by less than one order of magnitude with depth (Figure 3-5). Thus, DOC
binding of pore water PAHs can account for no more than a one order of magnitude decrease in
K’ oc with depth in the sediment. Three phase partitioning to pore water DOC does account for
less-than-predicted values of K’ o for high molecular weight PAHs. However, binding to pore
water DOC only explains a fraction of the observed decreases in K’ o with depth in sediments
from the urban Elizabeth River estuary. Results presented in Chapter 2 indicate that sediment
geochemistry, including availability of particulate organic matter for PAH binding, is responsible
for the trends in observed PAH distribution coefficients with depth in these urban estuarine

sediments.
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Figure 3-4. Measured (symbols) and predicted (lines) log K’oc values for PAHs in Elizabeth River
sediments assuming DOC binding of PAHs with log Kqy, > 6.
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Table 3-2. Variables used in Three Phase Partitioning Model (eq 5) and Curve Fit Results

Site 1 Site 2

Depth (cm)  foc DpoC A * 107 £ SE, *10” foc DOC A * 107 + SE, *107
(mg/L)

0-1 0.0163 13.9 7.63 £291 0.0403  7.39 8.54 + 2.1
2-3° 0.0163 9.93 7.47 + 2.06
4.5 0.0137 9.89 5.29 +3.95
6-7 00237 8.97 15738
19-20 0.0311 315 4.6 £0.94
24-25 00179  10.32 7916
27-28 0.0222 21.6 3.17£1.85
30-31 00187  9.82 16.1 £5.2

* b interpolated between 0-1 cm and 4-5 cm
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Figure 3-5. Modeled pore water DOC binding coefficients, Kpoc (A * Kow): Site 1 (filled
symbols); Site 2 (open symbols).
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Chapter 4. Polycyclic aromatic hydrocarbon deposition and geochemistry in Hudson River
sediments
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Abstract

Sediments and pore waters from the East River, New York and Newark Bay, New Jersey
were sampled for polycyclic aromatic hydrocarbons (PAHSs) and other geochemical variables
including '°Pb specific activities. Despite what appears to be similar sources of PAHs to East
River and Newark Bay, as inferred by ratios of alkylated to non-alkylated PAHs and PAH isomer
ratios, sediments and associated PAHs have undergone distinctly different depositional processes
at each site. Sediments in the East River appear to have been subject to intense physically driven
resuspension, resulting in selective depletion of low molecular weight PAHs from the sediment
column due to processes such as from enhanced desorption and scouring of particle surfaces.
Although sediment PAH concentrations were higher at the East River Site than the Newark Bay
Site, pore waters were depleted of the majority of PAHs analyzed at the East River Site relative
to the Newark Bay Site. Geochemical variables of sediments (e.g. C/N ratio, BET surface area,
total lipid extract) were not releated to PAH concentration profiles or organic carbon normalized
PAH distribution coefficients (K'ocs). At the Newark Bay site, K’ ocs were influenced by
sediment mixing and pore water dissolved organic carbon (DOC). Our results indicate that the
physical factors influencing time scales of sediment resuspension and deposition determine

whether PAHs are able to equilibrate between estuarine sediments and pore waters.
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4-1. Introduction

Pollutants in coastal marine environments easily become associated with a wide variety of
particles (e.g. Olsen et al., 1982). Because of thermodynamic forcing in aqueous systems,
hydrophobic organic contaminants (HOCs) are particle reactive and tend to associate with organic
matter in and on particles and other surfaces (Karickhoff et al., 1979; Brown and Flagg, 1981).
Hence, HOC accumulation, transport, and removal processes are often dictated by the same
principles as those applied to fine particle dynamics (Olsen, et al., 1993).

Estuaries are complicated depositional systems varying widely in spatial and temporal
dynamics (Turekian et al., 1980; Dyer 1989; Olsen et al., 1993). As such, particle reactive HOC
accumulation can vary tremendously from location to location within the same estuary due to
variability in HOC sources, particle composition and reactivity, and short-term particle
deposition/erosion processes (e.g. Bopp et al., 1982; Schwarzenbach, et al., 1993).

Subsequent to deposition, HOC-organic matter associations are liable to change. For example,
the extent to which this association is reversible is determined by the amount, composition, and
availability of organic matter to which the contaminant is sorbed (Brownawell and Farrington,
1986; Schwarzenbach et al., 1993). Thus, because sediments and sedimentary organic matter
undergo transformation during burial and diagenesis (Berner, 1980; Westrich and Berner, 1984;
Burdige, 1991; Henrichs, 1993), it is hypothesized that contaminant associations with sedimentary
organic matter also change with depth.

Polycyclic aromatic hydrocarbons (PAHSs) are one important group of particle reactive and
ubiquitous contaminants in estuarine and coastal systems (Blumer, 1976; Neff, 1979; NRC,

1983). Many PAHs are known to be carcinogens (Gelboin, et al., 1980; Denissenko, et al.,
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1996). PAHs can be formed by pyrolytic (high temperature) processes or by low temperature
petrogenic processes (Wakeham and Farrington, 1980; Radke, 1987). As a result of elevated
concentrations of PAHs and polychlorinated biphenyls (PCBs) in sediments, portions of the East
River and Newark Bay are considered to be areas of environmental concern (Adams, 1996). In
this study, sediments and pore waters from these two sites in the tidal region of the Hudson River
watershed were sampled for PAHs as well as several geochemical markers. A previous study
conducted in the urban Elizabeth River, Virginia demonstrated compositional variables of
sediments were largely responsible for controlling sediment/pore water PAH distributions (see
Chapters 2 & 3). Our objective in sampling the East River and Newark Bay, was to determine if
similar factors were responsible for PAH deposition and distribution between sediments and pore

waters in this watershed.

4-2. Methods
Sediment sampling.

Sediments from one site southeast of the Williamsburg Bridge in the East River, NY and
one site immediately east of the main channel across from the Port Elizabeth Marine Terminal in
Newark Bay, NJ (Figure 4-1) were collected in August 1996 using a box core (24 cm x 24 cm x
50 cm) and a kasten corer (12.7 cm x 12. 7 cm x 3 m) (Kuehl ez al., 1985). Box cores were
subsampled using (60 cm x 15.2 cm i.d. x 0.6 cm wall thickness) polyvinyl chloride tubing, which
was sealed to maintain anoxic conditions. The East River Site (40°42.518' N, 73°58.250' W) was
located in water ~ 2 m deep along the flanks outside the main channel of the river, whereas the

Newark Bay Site (40°39.50' N, 74°08.43' W) was situated in ~ 4 m water approximately in the
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Figure 4-1. Map of East River and Newark Bay sampling sites in the Hudson River. Sediment
cores were collected from a location in Wallabout Cove in the East River and on the eastern side
of the main channel across from Newark Airport in Newark Bay.
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middle of the bay. At the time of sampling, salinity ranged ~20-22 psu in the East River and ~17-
20 psu in Newark Bay.

Upon returning to the lab (within 48 h), box core sediments were extruded at 2 cm depth
intervals and samples were collected for PAHs and other geochemical variables as described
below. Due to a 35 % core compression and the pore water content, only 26 cm of sediment
were available to be processed at this time. For each depth interval, the 0.5 cm outer edge was
discarded to minimize cross-contamination. Sediments were placed in pre-ashed (400° C for 4 h)
pint sized glass jars and homogenized before transferring approximately 15 ml to a plastic
centrifuge tube for measurement of water content. Sediments for water content were dried at 60°
C for several days until their weights stabilized for at least 48 h. Remaining sediment from each
depth interval was centrifuged at 1250 rpm for 40 min. Overlying water was pipetted off and
vacuum filtered through a 1pm nominal pore size Gelman Sciences (Ann Arbor, MI) Type A/E
glass fiber filter (combusted 4h @ 450°C) to separate particulate and pore water fractions. Thus,
the pore water filtrates contained both freely dissolved and dissolved organic carbon (DOC)-
bound PAHs. The remainder of the sediment was frozen (-20 ° C) until analysis of PAHs and
other geochemical variables.

Filtered pore water was collected in pre-ashed 20 ml glass scintillation vials. The majority
of the filtered pore water from each depth interval was transferred to a 50 ml glass centrifuge
tube, extracted with hexane (4 x 20 ml after addition of surrogate standards) and analyzed for
PAHs as described below. Pore water remaining in the scintillation vials was immediately
acidified with 1-2 drops 6N HCI and subsampled to analyze for DOC. The headspace of each vial

with the remaining pore water was purged with N, prior to freezing (-80 °C).
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PAH Analyses: sediments and pore water

Sediment samples (~ S g wet wt) were transferred to pre-ashed 50 ml glass tubes, to
which a surrogate standard mixture containing 5 deuterated PAHs in acetone (see Methods -
Chapter 2) was added. Sediments were then extracted with acetone (1 x 10 ml) and methylene
chloride (DCM) (4 x 20 mis) by sonicating 45 min and shaking for 2 min. All sample extracts
(sediments and pore water) were then further purified by solid-liquid chromatography on silica to
remove organic polymers, aliphatic, and polar compounds (Dickhut and Gustafson, 1995).
Subsequently, the extracts were concentrated and an internal/recovery standard containing
additional deuterated PAHs (see Methods - Chapter 2) was added. PAHs were quantified relative
to deuterated surrogate PAHSs by gas chromatography/mass spectrometry using selected ion
monitoring. PAHs were quantified relative to deuterated surrogate PAHs by gas
chromatography/mass spectrometry using selected ion monitoring. PAH recoveries for sediment
and pore water samples are shown in Table 4-1. PAH concentrations were not quantified if

deuterated standard recoveries were below 40%.

Radioisotope geochronology, x-radiographs, and grain size
Sediments for radioisotope analyses were taken from the kasten core at 5 cm depth
intervals. Determination of 2'°Pb content in sediments was made by measuring the concentration

of its granddaughter '°Po (Nittrouer ef al., 1979). Dried and ground sediments were spiked with
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Table 4-1. PAH recoveries (%) in East River and Newark Bay sediment and pore water

samples
Deuterated PAH recoveries (%)
d,-naphthalene  d-anthracene  d,,-benz[a]anthracene  d,,-benzo[a]pyrene
East River
Pore water 60.7 £9.6 89410 654 +8.2 63.6+ 10
Sediment 46.7 £3.4 114 £9.2 83.3+70 924 +£9.2
Newark Bay
Pore water 60.5+13 81914 65.1 £6.1 60.9 + 12
Sediment 500+7.1 114 £6.5 90.0+£9.8 99.7 £8.3
86
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a 2Po standard of known activity and acid leached (HNO, and HCI). The leachate was plated
onto silver planchets and activity measured on an alpha detector. Sediments for analysis of '¥'Cs
and "Be were homogenized and packed into 70 ml plastic petri dishes, which were then sealed
using electrical tape. Radioisotope activity was measured over 24 h using a semi-planar intrinsic
Ge detector in conjunction with a muitichanne] analyzer. Net count rates were converted to
activities using efficiency factors specific to each gamma-ray energy level. Sample geometry was
identical for all petri dishes.

To assess fabric and faunal activity in sediments, a 6 cm x 2 cm x 40 cm acrylic liner was
vertically imbedded into the box core from each site for X-radiography. Each acrylic liner was
placed flush on Kodak (Rochester, NY) AA Industrex X-ray film and photographed using a Dinex
120-F X-ray unit set at 3 mA and 60 kV. Exposure time varied between 45-120 seconds
depending on sediment density and grain size.

Grain size analysis was done on selected samples by wet sieving to separate coarse grains
(62.5 um) from fine grains (<62.5 pm), clays and silts. The 4¢ and 8¢ diameter fractions were

quantified by pipette analysis.

Particulate organic carbon, nitrogen, and dissolved organic carbon

Particulate organic carbon (POC), and nitrogen were quantified using a CHNS-O (Fisons,
EA 1108 - Beverly, MA) analyzer. Pre-weighed sediment was acidified with 6 N HCI and dried
to remove inorganic carbon. The sample was then placed in the analyzer and flash heated to
1020°C to convert organic matter to CO,, NO,, and H,0O (Verado et al., 1990).

Dissolved organic carbon was measured using a Shimadzu TOC 5000 (Columbia, MD)
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total organic carbon analyzer. Analysis was done by high temperature oxidation of pore water

samples after acidification (Sugimura and Suzuki, 1988).

Particle surface area

Measurement of the volume of N, adsorbed onto a solid at various partial pressures of
nitrogen are well correlated with intraparticle surface area (Gregg and Sing, 1982). Sediments
were freeze-dried for 24 h and then gently separated for surface area analysis. Freeze-dried
sediments were heated at 200°C under gentle N, flow for ~ 1 h to remove any residual water.
Sediment surface area was determined by adsorbing N, at liquid nitrogen temperatures using a

Micromeritics (Norcross, GA) Gemini III - 2375 Surface Area Analyzer.

4-3. Results
Sediment Accumulation

Radioisoto in size distributjo x-radio S

Sediment 2'°Pb activity in the East River and Newark Bay show disparate profiles (Figure
4-2). In the East River kasten core, excess sediment 2'°Pb activities range from ~ 4 dpm/g to ~
6.5 dpm/g with anomalously high activity of 12 dpm/g at 26 cm depth. Further, '’Cs was
detected at the bottom of the core collected from the East River. Due to spatial heterogeneity,
one core cannot delineate the geochronology of an entire estuary. Nonetheless, as '*’Cs does not
occur naturally on earth and was first introduced globally in large quantities by atmospheric
testing of nuclear devices in 1954 (Krishnaswami et al., 1971), the entire 1.8 m sediment column

sampled in the East River must have been deposited subsequent to that time. In contrast, 2'°Pb
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Figure 4-2. Depth profiles of 2!%Pb activity (total and excess) from kasten cores collected in East
River and Newark Bay sediments. '*’Cs was detected throughout the entire sediment column at
the East River site whereas '*’Cs was found at a maximum depth of 110 cm at the Newark Bay
Site.
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activity decreases with depth in the upper 40 cm of Newark Bay sediments from 4.4 dpm/g to 1.0
dpm/g (Figure 4-2). Excess activity then increases sharply to 3.4 dpm/g and then subsequently
drops to a mean activity of ~ 2 dpm/g down to 110 cm. The maximum depth of ”’Cs penetration
was found to be 110-112 cm in the Newark Bay core.

Textural analysis of each kasten core indicates that sediments in the East River are
comprised of relatively uniform down-core concentrations of sand, silt, and clay, with trace (< 5
%) amounts of gravel dispersed throughout the seabed (Figure 4-3). One exception to this trend
is the sharp increase in clay content of the sediments observed at 30-32 cm depth. However, this
increase in clay content does not correspond to the anomalously high 2'°Pb activity observed in
the East River core (Figure 4- 2).

X-radiographs of the top 30 cm of sediments from the East River (Figure 4-4) show fabric
bereft of any physical structure with the exception of possibly methane and dense-non aqueous
phase liquid (DNAPL) filled inclusions throughout the core. The surface of this core shows a
dense assemblage of shells from the small bivalve Mulinea lateralis in living position with a few
disarticulated M. lateralis shells distributed throughout the upper 15 cm of the core. Between 15-
30 cm depth in sediments at this site, there are abundant and pervasive 0.5 mm diameter
irregularly positioned worm burrows, probably the result of small polychaetes. These burrows
may have been present in the upper 15 cm of the core but the spatial density of the DNAPL
inclusions and the quality of the X-radiograph preclude their observations. The radiograph from
40-67 cm shows fewer gas and DNAPL inclusions and contains cm to mm scale laminations.
Beginning at 47 cm, the sediment is finely laminated. Below this layer, at 62 cm, there is another

layer of M. lateralis in living position. Although there is little evidence of larger diameter
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Figure 4-3. Depth profiles of grain size distributions in kasten cores collected in East River and
Newark Bay sediments. Highly variable grain size profiles with depth in Newark Bay sediments
(including a rapid increase in sand with depth from 30-45 cm) and uniform grain size distributions
in East River sediments, are coincident with the shape of 210Pb profiles in figure 4-2 for each site
respectively.
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Figure 4-4. X-radiograph positives of sediment box cores and kasten cores. Very little
preservation of sedimentary structure in East River sediments are representative of the high
degree of anthropogenic disturbance at this site. In contrast, at the Newark Bay Site, sediments in
the top 12 cm appear well mixed but seem to have undergone alternating cycles of
scouring/deposition below this depth interval with evidence of periodic biological mixing.
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burrows, 0.5 mm diameter burrows are present in sediment x-radiographs throughout the entire
length of the core.

The sediment grain-size distribution in the Newark Bay core is highly variable (Figure 4-
3). The most striking aspect of this grain size profile is the low sand content at 90 cm depth
(22%) followed by a 72% sand content in the next depth interval (130-132 cm). In general,
sediments are composed of sandy muds; however, in the upper 40 cm of the core, sand sized
grains represent < 20% of the total mass of sediment, whereas from 40 to 70 cm, sand sized
grains increase to 30 - 40%. Again, the excess *'°Pb minima measured in this core at 40 cm
(Figure 4-2) corresponds to a decrease in clay content.

X-radiographs of a box core from the Newark Bay site (Figure 4-4) depict sediments from
the surface to ~ 10 cm depth that have been intensely bioturbated and contain little evidence of
physical laminations. From 10-17 cm, sediments are finely laminated with little evidence of
bioturbation except the irregularities in the surface of this layer caused by worm burrows. The
remainder of this entire column of sediment is is comprised of similar packages of sediment
alternating between finely laminated and moderate to intensely bioturbated layers, each being 3-7

cm thick.

PAH Profiles and Distribution in Seabed

Despite different sediment geochronologies at each site, the PAH profiles in sediments
appear remarkably uniform with depth between sites (Figure 4-5). Additionally, except for the
lightest PAHs (molecular weight (MW) < 166 amu), sediment PAH concentrations are all higher

in the East River relative to Newark Bay (Figure 4-5). At both sites, sediment concentrations of
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Figure 4-5. Depth profiles of box core sediment PAHs collected at the East River (closed
symbols) and Newark Bay (open symbols). PAH concentrations are higher in the East River Site
relative to the Newark Bay Site, but are uniform at both sites. Despite overall higher PAH
concentrations at the East River Site, low molecular weight PAHs (naphthalene, 1-
methylnaphthalene, acenaphthene, acenaphthylene) were not detected in the sediments at this site
and PAHs were not detected in pore waters.
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the lightest PAHs (napthalene, acenaphthylene, fluorene and 1-methylfluorene) are one order of
magnitude lower than the remainder of the PAHs detected (data not shown). In contrast to depth
profiles of other PAHs, East River sediments are more depleted in these lower MW PAHs relative
to Newark Bay sediments. Although overall PAH concentrations are significantly higher in East
River sediments (Figure 4-5) and despite the fact that pore water is enriched in DOC at this site
relative to the Newark Bay Site (Figure 4-6), PAHs in East River pore water were not detectable
to any great extent. Rather, there was a greater abundance of detectable PAHs in pore water at
the Newark Bay site.

Down-core profiles of organic carbon normalized PAH distribution coefficients between
sediments and pore waters (log K’cs) in Newark Bay (Figure 4-7) vary at most by ~ one order of
magnitude for the range of PAHs shown. Thus, normalization of PAH distribution coefficients to
the amount of sedimentary organic carbon does account for differences in K’o¢s at these sites to
within a factor of two as suggested (Karickhoff, 1984; Schwarzenbach, et al., 1993). K’ycs for
the various 4-6 ring PAHs are similar, a trend that is indicative of the influence of DOC binding
on partition coefficients (Baker et al, 1991). Using a three phase (sediment/pore water
DOQC/freely dissolved in pore water) model (Chapter 3), the role of pore water DOC

concentration on PAH K’ s in the Newark Bay was calculated and found to range + 0.5 log units

(Figure 4-8).

PAH sources
Distinguishing among different sources of PAHs is of fundamental importance in assessing

their transport and bioavailability. Ratios of total methylphenanthrenes to phenanthrene in
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Figure 4-6. Depth profiles of pore water DOC in East River (closed symbols) and Newark Bay
(open symbols) sediments indicate higher amounts of DOC in East River pore waters until a depth
of ~14 cm. Note the onset of a rapid down-core increase in amounts of pore water DOC in the
Newark Bay at 14 cm coincident with decreasing down-core PAH K’ s (see Figure 4-7).
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Figure 4-7. Depth profiles of organic carbon normalized sediment/pore water PAH distribution
coefficients (K’ ocs) in Newark Bay sediments. Note the scattered K’ s for the top 14 cm of the
sediment column followed by uniform decreasing down-core K’ profiles. K’qcs from 0-14 cm
in the seabed are proportional to the depth of the mixed layer (Figure 4-4) at this site. Below 14
cm K’ ocs decrease as pore water DOC increases (Figure 4-6).
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Figure 4-8. Actual PAH K’ s (symbols) averaged through the sediment column and modeled
(lines) for various pore water DOC concentrations illustrating that the range in amount of DOC in
the Newark Bay contributes to a maximum 0.5 log unit change in K’ .
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samples can be used to infer sources of PAHSs as being pyrolytic or petrogenic (Laflamme and
Hites, 1978; Wakeham and Farrington, 1980; Prahl and Carpenter, 1983). For example, due to its
low formation temperatures (< 150°C) a high amount of monomethyl PAH derivatives are
preserved in petroleum relative to the parent PAH (Garrigues et al., 1995). Likewise, variable
ratios of PAH isomers can be a tracer of PAH transformation during transport from their origin to
deposition and burial, or simply reflect differences in PAH sources between sites or with time
(Sporstol et al., 1983; Colombo et al., 1989; Zeng and Vista, 1997). PAH isomer ratios such as:
phenanthrene/anthracene, fluoranthene/pyrene, and benzo(e)pyrene/benzo(a)pyrene with the more
reactive compound in the denominator have been indirectly used to infer differential transport
mechanisms of particle-associated PAHs (see Chapter 2; Liu and Dickhut, 1997). Down-core
ratios of PAH isomers and (1-methylphenanthrene + 2 methylphenanthrene) /phenanthrene

(Y methylphenanthrene/phenanthrene) are similar between the Newark Bay and East River sites

implying similar sources of PAHs to both areas (Figure 4-9).

Sediment Geochemistry and PAH Distribution

Total organic carbon concentrations were relatively uniform with depth at both the
Newark Bay and East River sites but higher in East River sediments (Figure 4-10). Sedimentary
soot carbon (Figure 4-10), as in the case of PAH concentrations (Figure 4-5), varies between sites
in the top 10 cm of the seabed and then is similar in concentration below 10 cm sediment depth.
C/N ratios, which are often used to distinguish between algal and plant origins of sedimentary
organic matter (Meyers 1994 and references therein), increase with depth at the Newark Bay site,

but remain constant in the East River core (Figure 4-10). Particle surface area of sediments is
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Figure 4-9. Depth profiles of PAH source indicators (East River - solid symbols; Newark Bay -
open symbols): 1-methylphenanthrene + 2-methylphenanthrene/phenanthrene;
phenanthrene/anthracene; fluoranthene/pyrene; benzo[e]pyrene/benzofa]pyrene. Values of (1+2)
methylphenanthrene/phenanthrene < 1 at both sites imply sources are predominantly pyrogenic,
whereas similar down-core ratios of phenanthrene/anthracene, fluoranthene/pyrene,
benzo[e]pyrene/benzo[a]pyrene with depth at both sites imply PAHs have undergone similar
modes of atmospheric transport prior to burial.
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Figure 4-10. Depth profiles of % sediment organic carbon, % sedimentary soot carbon,
carbon/nitrogen ratios, and particle surface area at the East River (solid symbols) and Newark
Bay (open symbols) sites. Higher amounts of organic carbon and uniform C/N ratios at the East
River site indicate that sediments at this site have not undergone any selective degradation of
labile nitrogen-rich substances with depth; possibly the result of the frequent physical disturbances
in this area. In contrast, increasing C/N ratios at the Newark Bay site imply that there has been
down-core mineralization of labile nitrogenous substances relative to bulk carbon. Lower C/N
ratios in the East River also indicate that sediments are more labile relative to Newark Bay
sediments. Higher particle surface area in the East River relative to Newark Bay is not due to
porous organic matter as digesting sediments with peroxide did not change surface areas at either
site. Sedimentary soot carbon varies between East River and Newark Bay in the top 10 cm,
below this soot carbon profiles are similar between sites. These profiles are similar to sediment
[PAH] (Figure 4-5). Thus, soot carbon may explain higher PAH concentrations in East River
sediments.
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also higher in the East River compared to Newark Bay (Figure 4-10). However digesting the
organic matter from these sediments did not appreciably change their surface areas (data not

shown). Thus, sediment surface area seems largely a function of grain size.

4-4. Discussion
Sediment Deposition

Uniform and high excess 2'°Pb activities in the sediments in the profile from the East River
Site (Figure 4-2) and the presence of '’Cs at the base of the core (~ 180 cm) suggest either deep
physical mixing or rapid deposition. The absence of any apparent sedimentary structure including
bioturbation signatures (Figure 4-4) and presence of undifferentiated silt and clay (Figure 4-3)
throughout the sediment column agrees with the deposition scenarios suggested above.

Physical mixing occurs through cycles of erosion and deposition of varying intensity, with
the net result being a high sediment deposition rate (Nittrouer and Sternberg, 1981; Dellapena, et
al., 1998). The excess ?'°Pb activity for the four samples in the top 20 cm in the East River core is
4.96 dpm/g while the mean ?'°Pb activity in bottom S0 cm of the 1.9 m core is 4.99 dpm/g (Figure
4-2), suggesting that '°Pb has not significantly decayed within the core. A minimum detectable
change in '°Pb specific activity of 1.0 dpm/g is proportional to ~7 y. The uniform 2'°Pb activity
profile in the East River core suggests that sediments at this site have been physically mixed and
deposited within the last 7 y, and probably more recently. A minimum deposition rate for a2 m
sediment core that is at most 7 y old is 28.5 cm/y. Because we assume a conservative estimate for
the age of the sediments for the bottom of the core and we do not know the maximum depth of

homogenized excess 2!°Pb, the actual deposition rate may be higher.
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Mulinea lateralis are considered an invasive species of filter feeding bivalve (Schaffner et
al., 1987). Their ability to survive at the sediment/water interface but not within the sediment bed
renders their presence in sediments a useful “biochronometer.” Based on their size, the M.
lateralis at the surface of the East River core (Figure 4-4) appear 1-3 months old, suggesting that
the sediment/water interface was stable for at least one month. The presence of M. lateralis in
living position in the seabed below a 65 cm thick layer of sediment would suggest that sediment
deposition at this site is episodic and has occurred in stages with extended periods of time
(months to years) between disturbances. The proximity of the East River Site to a shipping
channel, wharfs and other ship-loading facilities, the narrow width of the channel, and its shallow
water depth can cause the seabed at this site to undergo rapid, intense physically-driven high
energy resuspension events (e.g. ship and barge wakes, tidal energy).

The changes in excess !°Pb activity throughout sediments at the Newark Bay Site (Figure
4-2) appear to result primarily from coincident changes in clay and silt/sand content. The surface
area to volume ratio of fine grained sediments is much higher than for coarser sediments. Thus,
sand and silt are not as efficient at scavenging *'°Pb as clay sized grains with greater porosity. To
that end, the depressed excess #'°Pb activity at the bottom of these sediments (130 - 132 cm)
results from and increased (72%) sand content rather than decay of excess activity to supported
levels. Similarly, the excess 2'°Pb minima in the Newark Bay core at 40 cm is coincident with
both an increase in sand content and a decrease in clay content at this depth interval. Because of
these grain size effects and the lack of a measurable decrease in 2'°Pb activity , accumulation rates
cannot be determined using 2'°Pb geochronology. However, the elevated excess activities

throughout the cores (> 1dpm/g) suggest deep mixing or recent episodic deposition has occurred
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at both sites.

As stated above, the maximum depth of '*’Cs penetration in the Newark Bay core is 110
cm (Figure 4-2). Assuming sediments from the surface of the core to this horizon have been
accumulating since 1954, the maximum long-term sediment accumulation rate is 2.6 cny. This is
consistent with an approximate sedimentation rate of 2 cm/y estimated using 2'°Pb for the top 25
cm of sediments in the Newark Bay core where no grain size effects are evident (Figure 4-3).
Evidence of mixing from X-radiographs at this site and from the uniform excess 2'°Pb activity
profiles strictly between 45-110 cm of sediment suggest that this sediment accumulation rate is a
gross underestimation. Note, laminations in X-radiographs (Figure 4-4) suggest that short-term
deposition rates may be higher than 2.6 cm/y.

Although sedimentation rates cannot be estimated from the data available, a cyclic pattern
of short-term deposition is revealed at the Newark Bay site via alternating physically laminated
and moderately to intensely bioturbated layers. The finely laminated sediments from 10-17 cm
(Figure 4-4) alternate between light and dark laminae, resulting from aiternating fine-grained and
coarse-grained sediments. This resembles tidalite deposits and may reflect either a slack versus
flow or spring-neap signal, with coarse material being deposited during either flow/spring and fine
material being deposited during either slack/neap tides. Similar alternating fine and coarse grained
banding occurs throughout this core wherever physical laminations are preserved. Bioturbation
intensity whenever present in these Newark Bay sediments, ranges from completely obliterating
any physical laminations, to moderately obscuring them with macrofaunal burrows preserved in
some layers. The alternating layers of physical laminated and bioturbated sediments suggests a

depositional history of episodic disturbance, which may have involved erosion of the seabed,
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followed by relatively rapid deposition of finely laminated sediments over the course of either
numerous tidal cycles or spring-neap cycles. Finally, each sequence is stabilized for a duration of
time such that settiement of benthic organisms could occur and biological mixing could become
intense. Thus, this entire 1.5 m core contains depositional history that was developed over

multiple seasons and probably represents a few decades of record.

PAH Sources and Deposition

The uniform down-core ratios of ) methylphenanthrene/phenanthrene,
phenanthrene/anthracene, fluoranthene/pyrene, and benzo[e]pyrene/benzo[a]pyrene (Figure 4-9)
indicate historically similar PAH sources between the East River and Newark Bay sites.

Likewise, the consistent down-core methylphenanthrene/phenanthrene ratio of 0.5-0.7 in the top
25 cm of sediments at both sites indicates mostly pyrogenic PAH source inputs (Garriques et al.,
1995) to the East River and Newark Bay over the time course of deposition.

The uniform profiles in sediment PAHs at the East River site (Figure 4-5) in conjunction
with the evidence of recent physical mixing and rapid deposition, and lack of pore water PAHs
indicate that PAHs have not been able to attain true equilibrium distributions between the
sediments and pore waters at this site. For example, sedimentary soot carbon may be responsible
for limited PAH desorption from within the particle matrix. However, if porous soot carbon acts
as a “sink” for PAHs, low molecular weight PAHs should still be detectable in these particles. If
we apply the concept of an “equilibrium” surface for PAH deposition (Olsen et al., 1993), the site
in the East River can be classified as a “Type III” area: major fine-particle, organic carbonand -

contaminant sink subject to frequent anthropogenic disturbances. Sediment contaminant profiles
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in such areas tend to be well homogenized. In addition, East River sediments were slightly more
depleted in lower mass PAHs relative to Newark Bay sediments. This suggests greater removal
(e.g. desorption) of these compounds, during sediment transport or deposition.

In contrast, although sediment accumulation at the Newark Bay site alternates between
physical and biological mixing (Figure 4-4), uniform sediment PAH profiles (Figure 4-5), similar
source(s) of PAHs as in the East River (Figure 4-9), and the presence of detectable quantities of
PAHs in pore water, indicate that for at least some of the time sediments at this site were
deposited in a “Type II” equilibrium area (Olsen et al., 1993): particle and contaminant deposition
in proportion to natural estuarine sedimentation processes. The time scale of this type of
sediment accumulation would allow for PAHSs desorbing from sediment to distribute into
surrounding pore water as evidenced by the observed down-core profiles of PAH sediment/pore

water distribution coefficients at this site (Figure 4-7).

PAH Distribution Coefficients

Sediment/pore water distribution coefficients of PAHSs can be a function of their source,
the compositional chemistry of the sediment associated carbon, and to a lesser extent, the amount
and composition of pore water DOC (see previous chapters). Since sources of PAHs are similar
throughout depth in the sediment column (Figure 4-9), variation in K’ ¢ profiles throughout the
sediment column in Newark Bay (Figure 4-7) must be a function of particle geochemistry or
binding of PAHs by pore water DOC. Variable log K’ s in Newark Bay sediments down to a
depth of 12 cm (Figure 4-7) correspond to the depth of the mixed layer (Figure 4-4) suggesting

the importance of deposition and mixing processes in establishing sediment/pore water equilibrium
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distributions of PAHs. Interestingly, at 11 cm, a local maxima in pore water DOC (Figure 4-11)
corresponds to a local minima in K’c, suggesting either less irrigation beginning at this depth or
relatively higher rates of localized microbial activity. Below 12 cm in the seabed, PAH K’ s in
Newark Bay decrease with depth in the core. Similarly, amounts of DOC in Newark Bay pore
waters increase with depth especially below 12 cm (Figure 4-6). Thus, down-core profiles of
PAH K’ ocs may be a function of increasing amounts of pore water DOC or decreased availability
of particulate organic matter with depth (see Chapter 2 for elaboration). This latter explanation
for decreasing PAH K’ s with depth is based on recent speculation that a great deal of
sedimentary organic matter from a wide variety of marine depositional environments cannot be
physically separated from its mineral matrix and hence is not bioavailable (Hedges and Kiel,
1995). Consequently, such an inaccessible sorbent, although consisting of natural organic matter,
may be limited in its binding capacity for PAHs. The similarity between down-core pore water
DOC concentrations profiles below 12 cm (Figure 4-6) and the results of our three phase model
for PAH-DOC binding (Figure 4-8) indicate that increasing amounts of pore water DOC may be

responsible for the 0.5 log unit decrease in PAH K’ s below 12 cm sediment depth in Figure 4-7.

4-5. Conclusions

On the basis of profiles of PAHSs and other geochemical variables in sediments of the East
River, New York and Newark Bay, New Jersey sediments, it would seem that each location
undergoes different particle and associated PAH deposition patterns. Despite this fact, PAH
sources and concentrations in sediments are reasonably uniform throughout depth at both sites.

Pore water PAH concentrations are most notably influenced by the depositional environment at
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each site. Although situated in areas of high amplitude physical disturbances, East River
sediments are higher in particle-associated PAHs, as expected for sediments higher in amounts of
organic carbon, sedimentary soot carbon, and particle surface area. Although the seabed at the
East River Site may be a more effective sink of fine particles and organic matter (Olsen et al.,
1993), PAH distributions between sediments and pore waters do not seem to be able to attain
equilibrium in such areas (i.e. pore water PAHs are depleted). In contrast, distributions of PAHs
may be more likely to attain equilibrium between sediments and pore waters from environments in
which physical disturbances are lower in energy (e.g. the Newark Bay Site). Down-core profiles
of sediment/pore water PAH K’ s from Newark Bay sites seem to be controlled by pore water
DOC concentrations rather than the amount of particulate organic carbon or the composition of
the particle. These results coupled with resuits from other work (McGroddy and Farrington,
1995; Gustafsson et al., 1997) indicate that any attempt at explaining equilibrium PAH
distributions between sediments and pore water must not only take into account the geochemistry
of the particle matrix (e.g. accessibility of PAHs to carbon within the particle matrix), but also the

depositional environment of the particles.
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Summary

Sediments and pore waters were sampled for polycyclic aromatic hydrocarbons (PAHs)
and geochemical variables (e.g. C/N ratio, sedimentary soot carbon) in two urban estuaries. The
central hypothesis being tested throughout these experiments was that changing down-core
geochemical variables pertaining to sedimentary organic matter, are of primary importance in
influencing observed trends in PAH distribution coefficients. The results presented in the
previous chapters indicate that in addition to sediment geochemistry, sediment/pore water
distributions of PAH:s can also be significantly affected by physical energy regime and frequency
of sediment mixing.

Sediments and pore waters were sampled from two locations in the Southern Branch of
the Elizabeth River, Virginia. In the case of the Elizabeth River, sediments from both sites have
been in a non-depositional zone for the past 70-80 y or consist of old dredge spoil. Sites are
within 1 km of each other yet differ in their PAH distribution coefficients as well as sediment
geochemistry. Down-core PAH distribution coefficients at Site 1 in the Elizabeth River decreased
by several orders of magnitude, despite normalizing to amount of sedimentary organic carbon.
Thus, at Site 1, it seems likely that the amount of organic carbon available for PAH binding varies
between the top and deeper in the core. A greater portion of total sediment organic carbon may
be available for PAH binding in sediments near the surface relative to deeper in the core; a finding
consistent with the Weber er al. (1993) Distributed Reactivity Model discussed in Chapter 1. At
Site 2, organic carbon normalized PAH distribution coefficients were higher than at Site 1 and
fairly uniform with depth. PAHSs seem to be entrapped within the particle matrix in sediments at

this site. These results demonstrate the degree of spatial heterogeneity which can exist in
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sediments from adjacent sites in the same watershed.

In sediments from a site in the Newark Bay, New Jersey x-radiograph profiles of the
seabed showing alternating light and dark laminae (possibly due to tidal scouring) with periodic
evidence of biological mixing (Chapter 4). Trends in down-core PAH distributions at this site
were most closely related to amount of pore water dissolved organic carbon (DOC). In contrast,
sediment x-radiographs, geochemistry, and geochronological information for a site in the East
River, New York, indicate that sediments in this area are subject to frequent resuspensions.
Although most sediment PAHs were higher in concentration at this site, pore water PAHs were
depleted. Low molecular weight PAHs were also not detectable at this East River Site. Thus,
PAH distributions at these sites in the Hudson River watershed seem representative of two
alternating sediment mixing processes.

Pore water PAHs seem to remain in the seabed in sediments from inner harbor areas which
are subject to low energy natural mixing processes or areas in which the seabed has been
sedentary for extended periods of time. In areas subject to lower energy physical mixing
processes, the potential for resident benthic organisms to bioaccumulate hydrophobic organic
contaminants, may depend greatly on compositional aspects of particulate and dissolved organic
carbon. In contrast, sediments in areas such as the site in the East River are subject to greater
physical disturbances from passing ship traffic or current regime resulting in greater transport and
mobility of pore water and colloidal-bound PAH:s relative to “low energy” sites. Thus, sediments
from such high energy mixing areas may have a greater capacity to act as potential secondary

sources of contaminants throughout the watershed.
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Geochemical Variables

(. %)
Site 1

: prvgl fom 9 ovgupvic openy 1% 909t Ogrpew pupge % OO0 CIIPON §g. 4 GVt  INeppr |
0-1 1.9 051 ost 1402 ~
1-2 NA D D 22.04|
2-3 1.83ND D 14.08) 47.88
3-4 1.29|n0 ND 10.87) Ly
4-5 1.37|ND ND 13.51 ax
5-6 159 24 240 2R @7
67 1.81|ND ND 1437 @73
7-8 122{n0 ND 1484 0.2
8-9 1.58|ND ND 142 43.00]
9-10 NA ND IND INA .18
10-11 1.9 0.08, 0.01 12.75 4128
11-12 1.75|ND IND 15.00 SR
12-13 2.08|ND IND 13.97) 4709
13-14 1.98|ND ND .78 .00
1415 1.98|ND D 474 S1.24
15-16 1.2 029 02# 14.80 «@aNn
16-17 1.87|ND ND 1473 s2.18
17-18 2.19[ND ND .08 53.40
18-19 1.98|ND ND 11.79 5258
19-20 Ina ND IND INA 54.92
20-21 240 0.11 002 1438 54.95
21-22 223|ND ND 14.14 54.39
22.23 231iND IND 1250 590
23-2¢ 2.19|ND ND 1207 §7.37]
24.25 2.20|ND ND 11.58 $5.98
25-26 22 021 mﬂ 14.07 s7.41
26-27 2.38|ND ND 14.38 $8.70
27-28 2.22|n0 ND 143 54.18
28-29 2.26|ND ND &N 57.52
29-30 INA ND ND INA $5.40
30-31 21 018 0.08 11.08 5594
31-32 NA ND ND NA 55.57|
32-33 2.38IND IND 598 $5.98
33-34 2.35|ND ND 11.88 5581
34-35 2.25|ND ND 1458 $3.90
35.36 » 0.1 .05 11,10 2.
Site 2
Sediment inteevel (cm,
0-1
1-2
2-3
34 NA ND
45 3ss5|ND
5-6 1.83
&7 2.37|ND
7.8 1.53|ND
89 1.38|ND
9-10 3.70|ND
10-11 187
11-12 2.42|ND
12413 4.61|ND
13-14 2.67|n0
14-15 1.67|ND
15-16 a7
16-17 1.82|ND
17-18 221|n0
18-19 6.04|ND
19-20 311|ND
20-21 384
21-22 2.41|N0
22-23 2.94|ND
23-24 2.32{ND
24-25 1.79[ND
25-26 1.85
26-27 1.65|ND
27-28 1.44]ND
28-29
29-30 .
30-31 1.80
31-22
32-33
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East River and Newark Bay
Pb-210 activity (dpm/g dry wt. sed)

East River

Sediment Depih interval (cm) | Total activity |Excess Activity |% Ermor
0-2 4.9823 45131 0.1914
4-8 6.0671 5.6203| 0.2347
10-12 5.7293 52756 02612
14-18 5.6571 52018 0.2931
20-22 5.7127 5.2585] 0.2017
24-28 12.613 12.3008] 0.4296
30-32 6.3215 5.8799] 0.2266
34-38 5.9188 5.4689 0.264
40-42 47129 4.2383] 0.1825
50-52 53112 4.8489 0.1884
60-62 5.8487 53974 0.2047
70-72 6.9431 6.5142] 0.2565
80-92 5.3816 4.9207] 0.3596
110-112 5.6042 5.1478] 0.2264
130-132 5.5135 5.0853] 0.2272
150-152 5.4535 4.9941 0.2612
170-172 5.299 4.8364 0.1869
190-192 5.5297 5.0719 02117
Newark Bay

Sediment Depth Interval (cm) | Total activity |Excess Activity |% Error
0-2 3.9518 34798 0.1402
4-8 4.7113 4.259 0.1576
10-12 3.6511 3.1713 0.1399
14-18 3.2855 2.7962] 0.1273
20-22 2.5371 2.0284 0.1014
30-32 2.1261 1.6067 0.0903
40-42 1.5747 1.041 0.0709
44-48 3.8323 3.3572] 0.1447
50-52 3.114 2.6203] 0.1116
70-72 2.6292 2.1229 0.1016
90-92 2.844 2.3433 0.1094
110-112 2.1143 1.5946| 0.0853
130-132 0.4034 -0.1607 0.036
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Esst River
Sedimant PAN Concentrations (nglg &ry wt. sed)
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Newark Bay
Sediment PAH Concentrations (ng/g dry wt. sed)

Sechment Depth srval
0-2 NQ . NG 3 S £34.00
N Fal . 0.2 - »7e

48 2107 1 «7.08 ®w.72 3007
6-8 1 182.74 0 . 47.82] 42447
8-10 o 304N 1.9 55.99 2728
10-12 N.o8 20151 N .4 $8.7¢ 43427
12-14 2008 .- $1.24 [ 14 @M 2802
14-18 204, 151.1 7.0 w2 . 529
18-18 2081 238.58 «an 7013 20058
1820 NQ Q . 0N S0.08 —
20-22 S07.08 101, . @an 130.80
224 NQ NQ NQ 3 32810
2428 NO NO NO 5841 5220
Sediment Depth ntsrval
0-2 0 [T - 3150 1225 [} Q
24 ”n 1 D [re 143 1210080
4-8 an 140.10 100.1§; S1.70ING
-8 104.73 11814 S00.22 18528/ HNQ
8-10 [~V 12254 41557 137.84| T148|NQ
1012 un 158.91 [V 204, 1313780
12-14 74.80| 140.64 0.0 My [ Wall -]
14-18 10051 1298 541.38 208.02 MI23INQ
16-18 . 140,18 511, 100.04 100.32INC
1820 M7 100.79 ma 207. X NG
20-22 5.0 10852 . 17743 11383{NO
22-24 10803 17208 590.48 198.65 1Z744|NQ
24.28 111.90 263.09 802.99 270.54 114.08{NO
Sediment Dep@ invterval

'Cm) | wsranthens - —_——— e — —
0-2 . 71948 57100 AT 2 98
24 1200.88 1504.08 o 81651
4-8 1167.00 127278 boif o03.81 40.11
68 129.73 1808.10 7872 601.51 0072
8-10 700.08| 1479.04 8162 47346 80398
1012 1200.58 0821 74520 657.79 1080.32
12-14 [V < 2335.98 47828 904.91
14-16 100128 1708.08| 619.44 304.17| 640.72
16-18 1556.04 1800.72} 780.01 585.48| 880.90
18-20 187925 2190.7 997.20 748.99) 084.39
20-22 2020.09 4220 1071927 981.08 914.99
22-24 2740.85 22N 1208.88 090.54 13
24-28 2543.98 29065391 1130.82 814.1) 97031
Sediment Depth interval

fem) 7.
0-2 NQ
24 NQ
48
68
8-10
10-12
12-14
1416
1618
18-20
20-22
2-24
24-28
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East River
Paore Water PAH Concentrations (ng/y pere water)

Seciment Depth ivtervel (om) _[agphihgione —_________osnapihtvyione |opengphtiuns | Sugren PAPRPASweN
-0 Q !

i

0-2 INQ
2-4 INQ
4-8 INOQ
&8 INOQ
8-10
10-12 INQ NQ
NQ
NQ
NQ
NG

&
»
e

12-14
14-18
1618
1820
20-22
22-24
24-28 0
26-28 0.152{NQ 0.16
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88 88 8 88 &
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Newark Bay
Pore Water PAH Concantratiens (ng/p pore water)

Sediment inerval (cm) |fuoranthens

10 NG NQ NG NG NG NG
0-2 0.174 0267 0.051 0.047 0233

24 NQ NO NQ NG 0.099

8 NQ NO NG NQ iNna Na
-8 NQ NQ NQ NQ 0.104
8-10 NQ 02800 NG 0.042
10-12 NQ 1.007 0.048 0.040f 0258
12-14 NQ 037 0.085
14-16 NQ 0.263]n0 NO 0.059
1618 0257 0297{NQ NOQ 0.075
18-20 0324 0.388|NG NO 0.095
20-2 0292 0.383 oo|Nna 0.129
22-24 NQ NQ NQ NO NG NQ
{24-26 0.584 0.804/NQ NO 0.167
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East River and Newark Bay Sites
Sedimentary Geochemical Variables

East River
Sediment Depth interval (cm % soot C (SD) |C/N ratio
Io-z mieral(em) 0.05] 9.37
24 10.50
4-6 10.57
68 9.92
8-10 9.38
1012 9.65
12-14 0.04 9.95|
14-18 9.73
16-18 10.04
18-20 10.13
20-22 9.79
22-24 1023
24-26 0.02 10.27
26-28 9.95
Newark Bay
Sediment Depth Interval (cm) |% OC (mean) |% OC (S. D.) |% soot C [mean) |% soot C (SD) |C/N ratio
0-2 1.62 0.01 0.21 003 112
24 1.84 0.06{ND ND 12.27
4-8 1.96 0.00 0.20|ND 11.84
68 1.7 0.08|ND ND 14.62
8-10 1.60 0.00 0.29{ND 14.18
10-12 1.65 0.16]ND ND 16.14
12-14 1.57 0.15 0.25 000] 1600
14-16 1.32 0.08{ND ND 13.81
16-18 1.66 0.06 1.60{ND 15.92
18-20 2,03 0.08]ND ND 16.44
20-22 1.96 0.01 0.24|ND 17.30
22-24 217 0.00]ND ND 16.77
24-26 2.14 0.00 0.25 0.07 14.34
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