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ABSTRACT OF THE DISSERTATION

Sorptive dynamics and fluorescence properties of

organic carbon within coastal sedimentary environments

by TOMOKO KOMADA

Dissertation Director:

Clare E. Reimers

Sorptive behavior and fluorescence characteristics of organic carbon (OC) were
examined in Hudson River Estuary and Inner New York Bight sediments, with the
overall goal of understanding the nature and biogeochemical role of the fraction of
particulate OC (POC) that readily exchanges with dissolved OC (DOC). In two studies,
the significance of sorption and fundamental properties of the readily-exchangeable POC
fraction were investigated under laboratory conditions simulating bottom resuspension.
In the third study, the role of sorption in controlling pore-water DOC cycling was
evaluated within the sediment column.

In order to simulate resuspension, surface sediments were dispersed in bottom

water from the same locations for 30 seconds to 2 hours. After resuspension, DOC
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concentration generally exceeded the value predicted by conservative mixing of pore and

bottom waters, indicating net release of OC from POC. Regression analyses between the

amount of OC released and the POC content of sediment density fractionates suggest that
< 0.3 % of the mineral-bound POC pool may be readily releasable into solution across the
estuarine gradie

In the second study, chemical characteristics of the OC released into solution
during the resuspension experiments were explored through excitation-emission matrix
(EEM) fluorescence spectroscopy. Examination of EEMs revealed that relative to values
predicted by conservative mixing, resuspension resulted in: (1) more intense humic-like
fluorescence; and (2) proportionally greater fluorescence in the longer wavelength region
of the electromagnetic spectrum. Trends in the literature data strongly suggest
fluorophores that emit at longer wavelengths to be increasingly degraded. The data
therefore imply that resuspension results in net release of degraded, mineral-bound
organic matter from the sediment matrix into solution.

In order to evaluate the significance of sorptive processes within the sediment
column, a diagenetic model was applied to DOC profiles determined within the study
area. OC was assumed to undergo linear equilibrium adsorption, with a coefficient that
was estimated from the results of the first study. Model calculations show that sorption is
unlikely to be a major factor controlling pore-water DOC accumulation patterns. Rather,
redox-dependent microbial processes and sediment mixing most often dominate DOC

cycling within the benthos.

iii
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CHAPTER 1: INTRODUCTION

Organic carbon (OC) found in the marine environment is chemically
heterogeneous, ranging from identifiable biochemicals to compounds that are not readily
characterized at the molecular level using currently available analytical techniques
(Henrichs, 1992; Hedges et al., 2000). Naturally occurring OC is also physically
heterogeneous, ranging in size, density and shape. The different components that
comprise this complex and heterogeneous pool may originate from diverse sources and
be subjected to varying modes of transport and reaction conditions (Mannino and Harvey,
1999, 2000a; Benner and Opsahl, 2001). Therefore, in order to study the dynamics of
OC in the marine environment, it is necessary to identify biogeochemically meaningful
ways of characterizing and following discrete fractions of the OC pool, either by size,
specific chemical compounds/elements, isotopic composition, or lability (e.g., Alperin et
al., 1994; Amon and Benner, 1996; Wang et al., 1998; Raymond and Bauer, 2001¢). This
dissertation examines the dynamics of OC in a coastal environment through

investigations of its sorptive behavior and fluorescence characteristics.

BIOGEOCHEMICAL SIGNIFICANCE OF SORPTION

Similar to many dissolved constituents found in the aquatic environment, natural
assemblages of OC partition between solid and solution phases through adsorption and
desorption. As expected from the heterogeneity of the OC pool as well as the
physicochemical nature of mineral surfaces, the strength of associations between OC and

mineral surfaces can vary widely. For example, the amount of OC preserved in marine
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(18]

sediments increases with increasing mineral surface area, indicating that OC is associated
with mineral particles (Mayer, 1994a,b; Keil et al., 1994b), and that such associations are
strong enough to last over geologic time scales (Henrichs, 1995).

In contrast, several lines of evidence also point to the presence of a much more
dynamic fraction of the sorbed OC that can be desorbed over shorter time scales.
Laboratory studies directly examining the sorptive behavior of dissolved OC (DOC)
present in pore waters along with extracts of sediment particulate OC (POC) demonstrate
that OC partitions between these two phases in the sediment column through adsorption
and desorption (Thimsen and Keil, 1998; Arnarson and Keil, 2000). These findings,
along with a previous report that 20-50 % of the POC preserved in marine sediments can
be desorbed (by repetitive extractions with UV-oxidized seawater, KCl, and distilled
water; Keil et al., 1994) led to the hypothesis that sediment POC can buffer pore-water
DOC concentrations through phase partitioning (Hedges and Keil, 1995; Thimsen and
Keil, 1998). Meanwhile, the results of several field-oriented studies suggest that
resuspended particles in the bottom nepheloid layer release OC that may be
diagenetically altered, and/or of terrigenous origin (Bianchi et al., 1997; Guo and Santchi,
2000; Mitra et al., 2000). Therefore, in contrast to surface estuarine and oceanic waters
that are relatively enriched in fresh and labile DOC (Kirchman et al., 1991; Santschi et
al., 1995, 1998), the benthic nepheloid layer may serve as a source of degraded DOC to
the ocean’s interior (Guo and Santschi, 2000).

All of the above findings imply that the boundary between the operationally
defined POC and DOC pools is elastic, and that mass transfer across these pools may

play a significant role in the marine OC cycle. Furthermore, because the majority of the
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OC preserved in sediments is of marine origin (Emerson et al., 1987; Emerson and
Hedges, 1988) while mineral particles origirate in large part from continental erosion,
some strong OC-mineral associations must form in the marine environment, presumably
through the more active, or loosely-sorbed pool of the mineral associated OC. However,
the nature and dynamics of the loosely-sorbed pool, in particular, the relationship
between this dynamic fraction and the more strongly-sorbed pool that persists over

geologic time, are unknown.

GOALS AND STRUCTURE OF THIS DISSERTATION

The overall objective of this dissertation was to better understand the nature and
the biogeochemical role of the loosely-sorbed POC pool and how it impacts DOC cycling
in a coastal environment, with the long-term goal of understanding how and when strong
OC-mineral associations form. In addition to investigating short-term adsorption-
desorption behavior of DOC, fluorescence measurements were also conducted as a means
to track the behavior of, and distinguish gross compositional variations in, the humic-like
component of the DOC pool. The coastal ocean was an ideal setting for this research
mainly for the reason that exchanges between particulate and dissolved OC are likely to
be high relative to other oceanic regions; the active biological and physical processes
superimposed on high input rates of (both terrigenous and marine) POC and DOC results
in extensive alteration and degradation of the source material.

[ assessed the sorptive behavior of OC and its biogeochemical significance using
sediment and water samples collected within the Hudson River Estuary and the Inner

New York Bight under two contrasting physical settings: in Chapters 2 and 3, I evaluate
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the significance of sorptive processes under conditions meant to simulate bottom
resuspension; whereas in Chapter 4, I examine the role of sorptive processes on DOC
dynamics within the sediment column. The goal of Chapter 2 was to determine the size
of the loosely-sorbed fraction of the sediment POC relative to the more tightly-sorbed
fraction, and also to identify the source within the sediment matrix that releases OC to
solution during resuspension events. The goal of Chapter 3 was to investigate the
chemical characteristics of the humic component of the loosely-sorbed POC pool through
fluorescence measurements, and thereby further advance a conceptual model that was
formulated based on the results of Chapter 2. Humic-like substances were targeted for
several reasons: first for their abundance in natural waters (typically 30-50 % of the total
DOC pool; Thurman, 1985) and in coastal sediments (~30 % of total POC;
Romankevich, 1984); second for their tendency to undergo phase partitioning (Rashid et
al., 1972; Preston and Riley, 1982); and third, because the fluorescent nature of humics is
readily detectable by standard spectrofluorometry (Coble, 1996).

The focus of Chapter 4 was to test the hypothesis that POC-DOC interactions are
quantitatively significant within the sediment column, such that pore water DOC is
controlled in large part by physicochemical in addition to microbial processes (Hedges
and Keil, 1995; Thimsen and Keil, 1998). In order to test this hypothesis, it was first
necessary to develop a pore-water DOC model that accounts for the impact of linear
equilibrium adsorption in addition to reaction, diffusion, and advection. Of the currently
existing pore-water DOC models (Alperin et al., 1994; Burdige, in press), I adopted the
model developed by Burdige (in press) which is the first to take into account the potential

effects of varying redox conditions and bioturbation/irrigation that are commonly
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encountered in coastal sediments. To this model, I further included the effects of linear
adsorption (using a partition coefficient estimated by interpreting the data from Chapter 2
in the context of linear equilibrium adsorption), and dissolved inorganic carbon (DIC) as
an additional variable. The latter modification not only allowed for an additional check
on the model fit to the pore-water data, but also made it possible to constrain some
unknown parameters solely based on the DIC data.

The three studies outlined above are discussed in detail in the following pages
(Chapters 2-4). In Chapter 5, I summarize the main findings of each study and discuss

their implications in the broader context of the marine C cycle.
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CHAPTER 2: RESUSPENSION-INDUCED PARTITIONING OF ORGANIC

CARBON BETWEEN SOLID AND SOLUTION PHASES FROM A RIVER-

OCEAN TRANSITION!

ABSTRACT

Laboratory experiments were conducted to evaluate the net exchange of organic
carbon (OC) between sediments and overlying water during episodes of resuspension.
Surface sediment samples collected from six locations within the Hudson River Estuary
and the Inner New York Bight were resuspended in their respective bottom waters for
periods ranging from 30 seconds to 2 hours. Afier resuspension, dissolved organic
carbon (DOC) concentration generally reached levels greater than that predicted by
conservative mixing of pore-water and bottom water, indicating net release of OC from
the sediment particles. The amount of OC released during the extractions comprised <
0.3 % of the total sediment pool, but correlated positively (R? = 0.65, P<0.052) with the
amount of particulate organic carbon (POC) found in the high-density fraction of the
sediment matrix. This suggests that the mineral-bound fraction of sedimentary OC was
the major source for the excess DOC released into solution, and that across various
sedimentary environments, only a small (but fairly constant) fraction of the total

sedimentary POC may be poised for rapid transfer to the water column.

! Komada, T., Reimers, C. E., 2001. Marine Chemistry 176, 155-174.
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1. INTRODUCTION

Much of the particulate organic carbon (POC) found in soils, river suspensions, as
well as marine sediments is sorbed to mineral grains (Keil et al., 1994b, 1997,
Mayer,1994a,b; Bergamaschi et al., 1997; Ransom et al., 1998). However, variation in
the ratio between organic carbon and mineral surface area across different aquatic
environments (Hedges and Keil, 1995; Keil et al., 1997; Hedges et al., 1999) and
reversible adsorption observed in a variety of laboratory sorption experiments (Henrichs
and Sugai, 1993; Wang and Lee, 1993; Gu et al., 1995, 1996; Thimsen and Keil, 1998)
indicate that natural organic matter-mineral associations are rarely permanent. Non-
permanent adsorption implies that organic compounds once disassociated from particles
in aquatic environments may be subject to more rapid degradation or greater dispersal
compared to adsorbed counterparts (Keil et al., 1994a; Hedges and Keil, 1999). If these
differences in fate are significant it becomes important to understand what aquatic
processes may undo natural organic-mineral associations.

The objective of this study was to examine the partitioning behavior of organic
carbon (OC) between natural sediment particles and water in riverine and coastal marine
surface sediments under simulated resuspension conditions. Resuspension-deposition
cycles - an ubiquitous process in the coastal ocean (Naudin and Cauwet, 1997) - subject
particles to abrupt changes in surroundings due to the large gradients in chemical and
physical properties which exist at the sediment-water interface. Previous sorption studies
of OC sources collected from the marine environment have focused on bulk behavior, or

identifying reaction mechanisms under experimental conditions that were approaching
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steady-state (e.g., Rashid et al., 1972; Tomaic and Zutic, 1988; Thimsen and Keil, 1998;
Armarson and Keil, 2000). For example, Thimsen and Keil (1998) determined adsorption
isotherms for organic-free minerals mixed with seawater solutions of dissolved organic
carbon (DOC) that originated from the pore-water of a coastal sediment and from extracts
of sediment POC. The similarity in the bulk sorptive behavior of the two OC fractions
led to the conclusion that there exists in the sedimentary POC, an easily extractable
fraction which may ordinarily undergo reversible exchange with DOC present in pore
solutions. Their findings, if viewed in a context of sorption models and theory (Stumm,
1992), suggest that fluctuations in environmental conditions (such as pH, solute
concentration, redox potential, nature and availability of surface area) must significantly
influence the partitioning of OC between POC and DOC, and possibly the composition of
the POC and DOC pools. To our knowledge, however, no studies have been conducted
to investigate the influences on the partitioning of OC of natural processes that abruptly
change environmental conditions. Further, the size of the readily extractable POC pool
has not been rigorously constrained.

We conducted laboratory experiments and field work to determine the amount of
POC that is easily extracted by brief resuspension of suboxic to anoxic surface sediment
into oxic bottom water; and secondly, to identify the possible source within the sediment
matrix that releases OC to solution. We use our experimental results to consider whether

or not resuspension-induced OC partitioning is an important aspect of the marine C cycle.
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2. MATERIALS AND METHODS

2.1. Sample Site Description

Six locations along an estuarine gradient were selected as sediment sources for
resuspension studies and a seventh end member was also characterized. These sites
ranged from the freshwater reaches of the Hudson River to the Raritan-Lower New York
Bay complex and the Inner New York Bight (Fig. 2.1, Table 2.1). At all stations, bottom
water was at least 50 % saturated with atmospheric levels of oxygen. The Hudson River
is generally characterized as a net heterotrophic system fueled by non-phytoplanktonic
allochthonous organic matter (Findlay et al., 1991b; Howarth et al., 1996). The river
bottom is frequently resuspended by both tidal and freshwater flow, and exhibits an
average turbidity of 30 mg L™ within the entire tidal portion of the river (between the
Battery and the dam at Troy, Fig. 2.1a) (Bokuniewicz and Armnold, 1984). The dominant
source of freshwater to the Bay complex is the Hudson River, whose annual mean
discharge is an order of magnitude greater than that of the Raritan River (Duedall et al.,
1979). The Bay complex is currently accumulating sediment supplied by fluvial (Hudson
River) and marine sources (Bokuniewicz and Ellsworth, 1986), mainly in the recurrently
dredged shipping channels (Olsen et al., 1984). All sediment samples were collected
away from the dredged channels where little sedimentation is occurring (1.5 mm yr') as
a result of continuous resuspension (Olsen et al., 1984).

The shelf stations chosen for this study were located at the head of the Hudson

Shelf Valley on the eastern boundary of a former dredge spoil dumpsite (closed in 1997;
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Shelf-1), and in the axis of the Hudson Shelf Valley (Shelf-2; Fig. 2.1c). Although there
is rapid sediment accumulation in the Hudson Shelf Valley (Bopp et al., 1995),
distributions of near-bottom suspended particulates show evidence for bottom

resuspension of fine particles from this area (Meade et al., 1975; Biscaye and Olsen,

1976).

2.2. Sample Collection

Short cores (8.5 cm in diameter) of surface sediment were collected for
resuspension experiments by subcoring from a Peterson grab sampler. At least three
cores were collected at each station from multiple grabs, and bottom water was renewed
over the sediment surface. The cores were then placed over ice, and the overlying water
was gently bubbled with air until transported back to the laboratory in New Brunswick,
NJ. Additional bottom water samples (3-5 L) were collected by a Niskin bottle and
stored in the dark over ice in pre-combusted glass jugs.

Once in the laboratory, the cores from site Riv-2 were frozen whereas all others
used in resuspension experiments were incubated (Table 2.2). When incubated, cores
were stored up to 16 days in the dark at laboratory temperatures of 22-24 deg.C. The
overlying water was gently bubbled at all times and the water level was adjusted
periodically for evaporation by addition of distilled water. Bottom water samples were
filtered (0.45 um polysuifone) and stored at 4 deg.C in the dark.

Sediment cores were also collected to determine pore-water profiles of various

dissolved species. These data are presented in this study as a measure of site to site
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variability and used to estimate molecular diffusive fluxes of DOC across the sediment-
water interface for comparison with exchange rates associated with resuspension. The
pore-water cores were collected using either a push corer (mounted on a ROV; Luther et
al., 1999), gravity corer, or a Peterson grab sampler as described above. These cores
were sectioned (at intervals of 0.5, 1 cm, or greater) within 12 hours of retrieval under a
N, atmosphere. Pore solution was collected both by centrifugation (at 1500 g for 10
minutes at 4 deg.C) and by gentle suction using sippers modified after Alperin et al.
(1999). Sippers were employed to avoid pressurization during centrifugation which can
artificially elevate pore-water DOC concentration (Martin and McCorkle, 1993; Alperin
et al., 1999). However, in this study there was no significant difference in DOC
concentrations in samples retrieved by sipper versus centrifuging from the same
sediments. Extracted pore-water was immediately filtered through 0.45 pm polysulfone
membrane filters that were pre-rinsed with deionized distilled water. The first I to 2 mL
of the filtrate was discarded. Aliquots for DOC were frozen immediately in pre-
combusted glass vials with Teflon-lined caps. Samples for NH, and other analyses of
nutrients (not reported here) were acidified to pH of about 2 and refrigerated. DIC

samples were poisoned with HgCl, and sealed in 1.5 mL serum bottles and refrigerated.

2.3. Resuspension Experiments

Prior to each experiment, the uppermost 2 cm of three cores from each site were
extruded in a N,-filled glove bag. Shells and visible plant/faunal remains were removed

with forceps, and the three sediment aliquots were combined and homogenized.
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Approximately 3.5 g of the homogenized sediment were then placed into 8 acid-cleaned
50 mL polyethylene centrifuge tubes. The remaining homogenized sediment was set
aside for further solid phase analyses (section 2.4.2.). The tubes were capped, removed
from the glove bag, and weighed.

These sediment aliquots were subjected to two types of resuspension-mimicking
extractions: continuous and series. By design these treatments were much milder than
previously reported procedures in which sorbed organic matter was extracted by
repetitive desorption using UV-oxidized seawater, 2N KCIl and distilled water (Keil et al.,
1994a). Here, 35 mL of filtered air-saturated bottom water were added to each tube of
sediment (resulting in particle concentrations of approximately 100 g L), and the
slurries were vortex mixed for a few seconds. In the continuous extraction, the sealed
tubes were shaken continuously in air for 30 seconds, 10 minutes, 1 hour, or 2 hours
(Table 2.2). At the end of each extraction period, two tubes were centrifuged and the
supernatant removed and filtered (0.45 um polysulfone) for analyses. The 10-minute
treatment tubes were further subjected to series extraction. At the end of the first 10-
minute extraction, a fresh aliquot of bottom water was added back into the tubes and the
procedure was repeated up to 3 times. In all experiments, the supernatant was analyzed
for DOC. When extracting sediment from the bay and shelf stations, NH4, NO;, PO4 and
total dissolved Fe were also analyzed to supply evidence for processes other than OC
desorption (Table 2.2).

Controls containing either only bottom water or sediment were run in duplicate in
all extractions; the results for DOC are shown as an example in Fig. 2.2. DOC

concentrations varied little with time, but those in sediment controls were generally
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higher than what was observed in the cores sectioned within 12 hours of retrieval to
derive pore-water depth-distributions (Fig. 2.2a; see also Fig. 2.6). These differences
were most likely due to effects of storage or the homogenization step, and storage by
freezing was discontinued after observing the first control samples from Riv-2 were
exceptionally high (Fig. 2.2a).

In extraction samples, the amount of OC released from the solid phase was
calculated by comparing the DOC concentration detected in the supernatant to that which
would have been obtained if pore-water and seawater had mixed conservatively. The
latter value was predicted from the average DOC concentrations in the seawater and
pore-water control tubes (Fig. 2.2) and the respective volumes present in the sample tube.
The pore-water volume initially present in the sample tube was estimated from porosity
and wet sediment density (section 2.4.2.), and the mass of sediment placed in the tube.
The volume of residual solution present in the tube at the end of each series extraction
was determined by weight difference.

To verify the establishment of solution and sediment mass, a check experiment
was conducted using chloride as a tracer. Sediment from station Bay-1 and bottom water
diluted five fold with distilled water were mixed for 30 seconds using the same procedure
as described above. Chloride was determined using a AgNOj titration method after
Gieskes and Peretsman (1986) with precision of 1 % or better. Measured and predicted
chloride concentrations from triplicate runs agreed generally within analytical precision
(data not shown), demonstrating that mass balance was established for the solution phase.
Comparison of sediment mass at the beginning and at the end of 4 extractions also

showed less than 2 % loss in the solid phase.
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2.4. Analyses

2.4.1. Aqueous phase samples

DOC was determined by high-temperature catalytic oxidation (Sugimura and
Suzuki, 1988) using a Shimadzu S000A TOC Analyzer according to Sharp et al. (1993).
When required, samples were diluted up to 10 times with distilled deionized water prior
to analysis. DOC reference materials prepared in the laboratory of Dr. J. H. Sharp, Univ.
of Delaware, were used on each day of analysis (n = 39). The average value for the blank
reference was 0.2 + 1.6 :M (assigned value 0.0 £ 1.5 :M) and for the deep ocean reference
48 + 4 :M (assigned value 44.0 = 1.5 :M). Precision was typically within 5 %. Pore-
water DIC was quantified by flow injection analysis (Hall and Aller, 1992), with
precision of about 3 %. NHs, NO; and PO, were determined with an automated analyzer
(Quick Chem AE, Lachat Instruments) with precision of 3 % or better. Total dissolved

Fe was determined by a modified method of Stookey (1970).

2.4.2. Solid phase samples

The fraction of sedimentary organic carbon associated with the mineral phase was
determined by density fractionation using saturated CsCl (having density of 1.9 g mL™)
(Mayer et al., 1993). Approximately 4 g of wet sediment was vortex mixed in 10 mL of
the CsCl solution. The slurry was then centrifuged (7000 g for 30 minutes at 10 deg.C)
and the supernatant containing the low-density particles removed with a Pasteur pipette.
This wash cycle was repeated up to five times until the supernatant became free of visible

suspended particles. The low-density fraction was pooled, filtered onto a pre-weighed
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polysulfone membrane (0.45 pm), rinsed thoroughly with distilled water, and dried in air.
The high-density fraction was rinsed four times with 1:10 seawater-distilled water
mixture and freeze-dried.

OC, inorganic carbon and total nitrogen content of bulk as well as the low- and
high-density fractions were determined using a Carlo Erba CNS Analyzer following the
method of Hedges and Stern (1984). Precision was typically within 3 %. All reported
values have been corrected for salt content. Mineral surface area was determined by 5
point BET method (Brunauer et al., 1938) using a Coulter SA 3100 surface area analyzer.
Samples were outgassed for 15 minutes at 250-350 deg.C according to Mayer (1994b).
Prior to surface area analysis, organic matter was removed from the sediments by gentle
heating according to Keil et al. (1997). Porosity and wet sediment density was calculated
from the wet and dry masses and the pore-water salinity of a known volume of sediment.

Four replicate determinations gave better than 2 % precision.

2.5. Diffusive Flux Calculations

Molecular diffusive fluxes of DOC, DIC, and NHj across the sediment-water
interface were calculated using pore-water gradients and the Fick’s First Law as
described in Berner (1980). The concentration gradient of the dissolved species across
the sediment-water interface was approximated by the concentration change between the
bottom water and the uppermost pore-water value divided by the mid-depth of the
interval (0.25 or 0.5 cm depth in sediment). Sediment diffusion coefficients were

calculated according to the modified Weissberg relation (Boudreau, 1997) using porosity

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



16

and the molecular diffusion coefficient for each species corrected for temperature and
salinity (Li and Gregory, 1974). The molecular diffusion coefficient for DOC
(approximately 2x10°® cm? sec™) was estimated from the Stokes-Einstein relationship
with an assigned average molecular weight of 5000 Da (Burdige et al., 1992; Alperin et
al., 1994).

Theoretically, if a system is at steady-state and molecular diffusion and burial are
the only solute transport mechanisms that operate, the diffusive flux across the sediment-
water interface is equal to the depth-integrated production rate of that solute, less its loss
through burial (Berner 1980). However, benthic fluxes may also be enhanced by
bioturbation and bioirrigation which were not determined in this study. Therefore,
diffusive fluxes calculated as given above will be considered minimum estimates for the

total benthic fluxes of DIC and DOC.

3. RESULTS

3.1. Biogeochemical Characterization of the Study Area

3.1.1. Organic matter content and distribution

POC content of the homogenized surface sediment varied from less than 2 wt %
to greater than 4 wt %, with the three Bay stations and Shelf-2 having relatively higher
values (Table 2.3). The OC of the sediments from stations Riv-2, Bay-1 and Bay-2 was
nearly inseparable from the high-density phase, indicating that it existed predominantly in

the sorbed form (Table 2.3). In contrast, 10 to 40 % of the total OC in samples from the
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remaining stations could be separated into a low-density phase (Table 2.3). Compared to
the high-density fractions, the low-density fractions were enriched in both OC and total
nitrogen (TN; Table 2.3). Large particles in the low-density material tended to be
fibrous, but otherwise morphologically unrecognizable by the naked eye. Wood
fragments were abundant within the sediment from Riv-1.

OC to TN ratio of the bulk sediment and high-density fractions (expressed as
atomic ratios) were similar across stations (between 10 and 16), but with slightly higher
values at stations Riv-1 and Riv-2 (Fig. 2.3). In contrast, the OC to TN ratio of the low-
density fraction varied by a factor of 3 across stations, and was notably enriched in C
compared to the high-density fraction (13-42; Fig. 2.3). Particulate inorganic carbon
content was less than 1 wt% in all samples, and inorganic N (sorbed ammonia) may have

been lost in the density separation process.

3.1.2. Specific mineral surface area and OC content

High-density POC and specific mineral surface area (SA) of surface sediment
correlated strongly (Fig. 2.4). However, a decrease in OC:SA was observed in a
downcore profile of high-density phase POC and SA at station Bay-3 (the only station
analyzed for these parameters downcore) (Fig. 2.5). In agreement with the work of
Mayer (1994b), these OC:SA ratios appeared to approach with depth the levels
commonly reported for riverine particles and continental margin sediments (0.5 to 1.1 mg
OC m%; Keil et al., 1994b, 1997; Mayer, 1994a,b; Fig. 2.5). These results indicate that

OC-mineral associations established by the time particles settle to become surface
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sediments are still subject to dissociation, either by microbial degradation and/or by

desorption.

3.1.3. Estimates for benthic fluxes of dissolved carbon

Pore-water profiles from all stations revealed elevated concentrations of DIC,
NH,4 and DOC compared to overlying water, indicating that the sediments of the Hudson
River-Lower New York Bay and the Inner New York Bight should support a net efflux of
such species into the water column (Fig. 2.6). Oxygen microelectrode profiles obtained
in situ at the Bay stations (Reimers, unpublished data) as well as those measured in the
cores recovered from the freshwater stations (Komada, unpublished data) show
penetration depths of 5 mm or less. Therefore, suboxic to anoxic processes can be
assumed to have dominated the OC remineralization in the analyzed-surface and deeper
sediments from the sampled sites.

Calculated diffusive fluxes of DOC varied from < 0.5 to about 3 mmol m?2 d™!
(Table 2.4) and were greatest at stations with high bulk POC values (Table 2.3). At
stations where pore-water DIC profiles were determined, calculated DIC fluxes ranged
from about 10 to 60 mmol m? d”, similar in range, and in ratio to DOC, as has been
reported for other coastal sediments (e.g. Reeburgh, 1983, Alperin et al., 1999; Burdige et
al., 1999).
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3.2. Resuspension Experiment Results

Net conversion of POC to DOC was observed in both continuous and series
extractions although losses occurred in three of the shorter term experiments involving
Bay and Shelf sediments (Fig. 2.7). Net release rates during continuous and series
extractions were similar, and ranged from about -1 to 6 pmol OC g dry sediment™ (Fig.
2.7) which is equivalent to approximately 0.3 % or less of the bulk POC (Table 2.3).
During continuous extraction, the amount of OC released tended to increase with
extraction time, but appeared to level off after the first 1 hour (Fig. 2.7a). Series
extraction results also show that DOC concentration in the supernatant quickly
approached values similar to those found in the bottom water control tubes (Fig. 2.8).
Based on these observations, we conclude that the majority of the readily extractable OC
pool was extracted in these experiments, and that this extractable pool is not likely to be
more than 0.5 % of the bulk POC. These results also indicate that the readily extractable
pool is not replenished on the time scale of minutes to hours.

OC release from Riv-2 showed a smaller dependence on extraction time, and rose
to a relatively higher cumulative release in the 10-minute series extractions compared to
the marine sediments (Fig. 2.7). This greater pool of readily releasable OC may be a
unique characteristic of the Riv-2 sediment or an artifact of freezing and thawing (Table
2.2). The duplicate extraction series run in bay water suggests the difference in release
was not because the primary extractions were run in freshwater (Fig. 2.7).

An explanation for the net losses observed in three of the 10-minute continuous

extractions of marine sediments despite measurable release in the 30-second treatment
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(Fig. 2.7a) is that a delayed adsorption of DOC to newly precipitated Fe hydroxides
occurred on a timeframe of minutes. In all treatments, dissolved Fe and PO4 were both
abundant (on the order of 10-100 uM) in the pore-water, but were low or undetectable
immediately after resuspension (data not shown). This was likely a result of Fe
hydroxide formation and co-precipitation or rapid scavenging of PO; Because Fe
hydroxides can also sorb DOC (Tipping, 1981), it is possible that a fraction of the DOC
may have been removed from solution by adsorption to Fe hydroxides.

During the continuous extractions using marine sediments, NH4 concentrations
did not increase as a function of extraction time, but they did rise to a level higher than
that predictable from conservative mixing (Fig. 2.9). This result is assumed to be a
consequence of rapid desorption similar to observations of Simon (1989) and Morin and
Morse (1999). NOs, on the other hand, mixed conservatively throughout the experiments
(Fig. 2.9). The lack of any significant change in NO; or NH4 with prolonged extraction
time suggests that oxidation reactions involving organic or inorganic N did not occur to

any significant extent. Thus, we assume any oxidation of OC was also minor during the

resuspension experiments.

4. DISCUSSION

4.1. Sources for the OC released during resuspension

Any sediment is comprised of a complex mixture of particles and associations of

particles with different sources, physicochemical characteristics, and diagenetic histories
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(Thompson and Eglinton, 1978; Prahl and Carpenter, 1983; Keil et al., 1998). Because
all of these particles are subject to resuspension, the source of OC released during
resuspension is a question. Our density fractionation results showed the presence of both
mineral-associated as well as low-density organic particles at all stations (Table 2.3).
The observed OC to TN ratios of the density fractionates (Fig. 2.3) as well as the
morphological characteristics (section 3.1.1.) are consistent with enrichment of vascular
plant remains in the low-density fraction, and a more diagenetically altered, soil-like
material in the mineral-bound fraction (Oades, 1972; Turchenek and Oades, 1979; Prahl
and Carpenter, 1983; Keil et al., 1998).

In order to determine the sources for the released OC, the measured release rates
were regressed against the amount of POC present in the bulk, high- and low-density
fractions (calculated as the total mass of POC in each fraction normalized to dry bulk
sediment mass). For this purpose (and due to data availability), the 1-hr continuous
extraction results (Table 2.4) were adopted as the representative values. Results of the
regression analysis show that the level of OC released was best predicted by the amount
of POC found in the high-density fraction phase (Fig. 2.10; Table 2.5). Bulk POC
content was a weaker predictor for OC release, and POC in the low-density fraction
exhibited a non-significant relationship with release despite this fraction’s greater
tendency to remain in solution and its high OC content (Table 2.3). These results
therefore are interpreted to indicate that OC released during resuspension is likely to
originate from the mineral-bound OC pool rather than from discrete organic particles.

The data also imply that in various sedimentary environments having different levels and

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



sources of POC, a small but fairly uniform fraction of the sorbed OC may exist in a

readily extractable form (Fig. 2.10, Table 2.4).

4.2. Geochemical significance of resuspension-induced OC release

The results of our experiments indicate that resuspension alters the partitioning of
OC between the mineral-sorbed fraction of a sediment and solution, resulting in a net
release of OC to solution. The amount of OC released however is small and much less
than what has been considered desorbable based on harsher extraction procedures (Keil et
al., 1994a). In order to assess the geochemical significance of organic matter desorption
during resuspension, we extrapolate the laboratory results to field conditions and ask the
following questions. (1) Could resuspension-induced release of OC ever be a
quantitatively significant source of DOC to the water column? (2) Is there a link between
the readily extractable and the more strongly sorbed pools of OC? In other words, does
resuspension-induced release of OC to solution have the potential to impact the OC

content/composition of the particulate phase prior to burial?

4.2.1. Bottom resuspension as a source of DOC to the water column

Several factors must be kept in mind when extrapolating laboratory resuspension-
experiment results to in situ conditions. First, whether or not resuspension-induced OC
release is a significant source of DOC to the water column must depend on the extent of
resuspension within the system of interest. This in turn is a function of the intensity and

duration of resuspension events, the frequency of occurrence, and the cause (e.g., by
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currents, dredging, fishing activities or bioturbation). Second, resuspension experiments
in this study were conducted in a sealed tube at a solid concentration of 100 g L™ which
is much greater than levels usually observed in the water column of coastal environments
(order of 10 mg L™"). If the conversion of POC to DOC is driven by desorption, then our
results are likely to underestimate the rates due to the accumulation of DOC in the
solution phase; i.e. greater particle dilution under natural conditions is expected to induce
greater release. Third, our experiments only document partitioning behavior during a
short period of suspension (< 2 hours). They do not provide information on whether or
not the released OC remains in solution, is oxidized, or re-sorbed onto particulate phases
over time. However, if OC release is driven by desorption of loosely sorbed material,
then re-adsorption onto similar particles in suspension seems unlikely, considering the
lower DOC concentration in the water column relative to that in the pore-water. Keeping
in mind these limitations, we present first order estimates for rates of OC release
occurring in situ in the Hudson River-Bay, river-ocean transition zone (Table 2.6).
Release rates were computed using published sediment resuspension rate
estimates for the brackish portion of the Hudson (Achman et al., 1996). For the
freshwater reaches of the Hudson and the Bay complex, resuspension rates were
estimated from observed turbidity ranges and inferred particle-settling rates (Duedall et
al., 1979; Bokuniewicz and Amold, 1984). Note that this approach assumes all
suspended solids originate from the bottom, which is a reasonable assumption at least for
the freshwater reaches of the Hudson (Findlay et al., 1991a). All three regions exhibit a
range in POC content (Table 2.6), and hence according to our results (Fig. 2.10), are

expected to release a range of OC per mass of sediment. However, for simplicity, we

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



24

adopted a modest estimate for the extractable pool size of 1 umol g™ for all regions. We
further assumed that the extractable pool is regenerated daily.

Calculated resuspension-induced OC release rates (expressed as fluxes per unit
area of estuarine floor) range by four orders of magnitude, being highest in the turbid,
brackish portion of the Hudson River, and lowest in the Bay (Table 2.6). The release
rates obtained for the Bay complex are about 3 orders of magnitude smaller than the
diffusive DOC fluxes calculated in this study (Table 2.4). These values are further
dwarfed against the estimated DOC loading from the Hudson River (40 mmol d' per m?
of bay bottom; calculated from the average annual discharge at the Battery reported by
Abood et al. (1992), and assuming a riverine DOC concentration of 250 uM). It
therefore appears unlikely that resuspension-induced release of OC is a significant source
of DOC to the water column of the Bay complex.

Similar conclusions can be drawn for the freshwater portion of the Hudson River
Estuary. The calculated release rates (Table 2.6) amount to less than 1 % of
allochthonous inputs of total OC (dominant sources for reduced C to the estuary;
Howarth et al., 1996), and therefore are not likely to be a quantitatively important source
for OC to the water column. Nevertheless, resuspension-induced release rates are of the
same order of magnitude as the calculated diffusive fluxes of DOC at stations Riv-1 and
Riv-2 (Table 2.4).

In contrast, resuspension-induced fluxes may be significant sources for DOC to
the turbid, brackish portion of the Hudson River Estuary. The calculated release rate
(Table 2.6) is equivalent to approximately 8 % of the total OC loading from the

freshwater reaches of the estuary (Howarth et al., 1996). It is also comparable to the
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highest rates of benthic DOC fluxes reported for marine sediments (Alperin et al., 1999;
Burdige et al., 1999).

Resuspension-induced release rates can also be estimated for shelf sediments.
Based on %!°Pb data, Bacon et al. (1994) obtained a resuspension rate of 0.08 g m>d" for
fine particulates trapped in the sandy shelf sediments of the Middle Atlantic Bight
(MAB). The POC content of these fine particulates (0.5 to 5.3 %; Bacon et al., 1994) is
comparable to those encountered at stations Shelf-1 and 2 (Table 2.3). If we extrapolate
our results to the MAB by making the same assumptions as stated earlier, we obtain a
resuspension-induced release rate of 8 x 10" mmol m d’!. This is roughly three orders
of magnitude smaller than the benthic DOC fluxes reported for the MAB and other
continental margins (Alperin et al., 1999; Burdige et al., 1999), and hence appears
quantitatively insignificant. In contrast to our estimate, Guo and Santschi (2000) suggest
that DOC is produced within the benthic nepheloid layer of the MAB by desorption from
resuspended bottom sediments, and that the lateral export of this DOC may be a
quantitatively important source to the open ocean. They further argue that the 14C age of
released OC is significantly older than the 14C ages of the resuspended POC (Guo and
Santschi, 2000). This debate suggests that additional work is needed to rigorously

quantify the role of bottom resuspension in the benthic exchange of DOC in energetic

continental margin environments.
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4.2.2. Resuspension-induced release as a mechanism for altering the content and
composition of OC in the particulate phase

The positive correlation of OC preserved in marine sediments with available
mineral surface area has been interpreted to indicate that sorbed OC is not readily
available for microbial breakdown (Mayer, 1994a,b; Hedges and Keil, 1995). If we
assume that the POC that could not be extracted in our experiments was held in a strongly
sorbed pool, then this pool comprises over 99.5 % of the mineral-associated POC (section
3.2., Table 2.4). Conversely, existing data show that the ratio of OC to SA as well as
chemical composition of the sorbed OC vary significantly across different oceanic
environments (Hedges and Keil, 1995; Keil et al., 1997; Hedges et al., 1999; Keil and
Fogel, 2001), and with depth in sediment (Fig. 2.5; Mayer, 1994b). These findings
indicate that even the more strongly sorbed components of POC are ultimately subject to
removal.

Our study shows that, in addition to diagenetic processes that degrade OC within
the sediment column (Fig. 2.5), sediment resuspension can induce net loss of sedimentary
POC by releasing OC that is loosely bound to the mineral surface. The results also show
that the size of the extractable fraction is equal to a small but roughly constant fraction of
the mineral-associated POC (Fig. 2.10, Table 2.4). Whether or not the dynamics of this
loosely-sorbed pool has the potential to impact the abundance and chemical composition
of the much greater reservoir of the more strongly sorbed pool hinges on the nature and
origin of this extractable fraction. Under the assumption that most of the loosely-sorbed
fraction is released into solution during each resuspension event, this pool must be

repeatedly regenerated during the particle’s residence in the sediment column. If it is re-
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supplied solely from the DOC pool, then release of loosely-sorbed material into solution
has no net effect on the content/composition of bulk POC. However, if some degree of
exchange takes place between the tightly- and loosely-sorbed fractions, then a periodic
loss of loosely-sorbed material to solution could potentially impact the bulk POC
content/composition over repeated resuspension-deposition cycles (Fig. 2.11).

Although ad/desorption have been identified as important processes that take
place between the loosely-sorbed POC and DOC (Thimsen and Keil, 1998), conversions
between the tightly- and loosely-sorbed fractions are less well understood (Collins et al.,
1995; Henrichs, 1995). We expect processes that contribute to the net loss of the tightly-
sorbed fraction (either by direct oxidation or transformation into the loosely-sorbed pool)
to be primarily microbial, because strong adsorption predicts little desorption. Bottom
resuspension and turbulence have been found to enhance microbial activity (Wainright,
1987; Findlay et al., 1990). Fluctuations in redox potential, as well as increased mixing
with fresher detritus in the water column - both of which likely accompany resuspension
events - have also been found to enhance degradation of organic matter (Graf, 1987,
Aller, 1994). Therefore, the loss of the tightly-sorbed POC fraction, and possibly
transformation into the loosely-sorbed pool, may be enhanced by bottom resuspension.
Further supporting evidence comes from appreciable levels of dissolved lignin phenols
found in the benthic nepheloid layer of shelf and slope waters, most likely due to
desorption from resuspended bottom particles of terrigenous origin (Bianchi et al., 1997,
Mitra et al., 2000). These findings are consistent with the idea that the tightly-sorbed
fraction is gradually lost to solution. Further work is needed to determine the conversion

processes between the tightly- and loosely-sorbed fractions of POC.
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Table 2.1. Summary of station locations and bottom characteristics.

28

s o T [ 55 [ o |
Riv-1' | SL0% |3 17 | 89 | 10 | o7 . 19 1 octi997
Riv-2 | 25 | 2 17 | so | a7 | 36 | L% | Oct1997
Bay-1 | uon | 21 83 | 16 | 05 2 Jun 1998
Bay-2* | oot | 8 9 | 28 | 67 | 43 27 Jun 1998
Bay3 | 4% | 6 20 72 | 26 | 27 23 Jun 1998
Shelf-l | 422 | 24 | 13 | 86 | 13 | 10 31 Sep 1998
shelf-2 | 282 | 58 | a2 | 88 | n | 13 32 Sep 1998

1. Sediment from station Riv-1 was analyzed for biogeochemical characterization only.

Resuspension experiment results are not reported for this site.

2. Located in an area that was previously dredged for sand (operations terminated in 1973)
(Kastens et al., 1978).

3. In situ temperatures are not available for these stations. Listed data are from Bowman and

Wunderlich (1977).
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Table 2.2. Summary of resuspension experiment conditions.

Sediment | Water Sediment Duration of Continuous . .

Source | Source' | Storage? Extraction (hr) Species Monitored
Riv-2 bw Frozen 30 sec, 10 min, 1 hr DOC

Riv-2 Bay-3 Frozen 30 sec, 10 min, I hr DOC

Bay-1 bw Incubated 1 hr only’ DOC, NH,, NOs, POy, Fe'
Bay-2 bw Incubated 30 sec, 10min, 1 hr,2 hr | DOC, NH,, NO,, PO,, Fe
Bay-3 bw Incubated 30 sec, 10min, 1 hr, 2 hr | DOC, NH,, NO,, PO, Fe
Shelf-1 bw Incubated 30 sec, 10min, | hr, 2 hr | DOC, NH,, NO,, PO,, Fe
Shelf-2 bw Incubated 30 sec, 10min, | hr, 2 hr | DOC, NH,, NO;, PO,, Fe

1. bw denotes bottom water collected from the corresponding station. Sediment from station

Riv-2 was resuspended in water from the bay as well as in Hudson River water.

2. Frozen cores were stored up to 6 months prior to running the experiment. [ncubated cores

were processed within 16 days of collection.

Data from other extractions were lost due to container leakage.
4. Total dissolved Fe.
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Table 2.3. Particulate organic carbon (POC) and total nitrogen (TN) content and specific
mineral surface area (SA) of homogenized surficial sediments

Bulk High Density | Low Density Fraction SA
Station | (Wt%)' (W1%)' (W1%)' Sorbed’ | (mg
POC| TN |POC|{ TN [ POC| TN | POC | TN 7
Riv-1 1.85 | 0.13 120 | 0.09 | 362 1.02 0.6 0.7 6.3
Riv-2 230 | 0.21 | 259 | 0.21 | 37.8 1.19 | >0.9 1.0 124
Bay-1 3.73 | 044 | 3.76 | 040 | 38.1 [ 3.41 | >09 0.9 12.3
Bay-2 | 402 | 048 | 426 | 0.46 | 36.0 | 1.99 | >0.9 1.0 21.7
Bay-3 | 3.28 | 034 | 2.89 | 0.28 | 358 1.72 0.9 0.8 17.0
Shelf-1 | 2.45 | 0.23 1.88 | 0.16 | 42.7 | 1.67 0.8 0.7 11.5
Shelf-2 | 4.44 | 0.53 | 3.71 | 042 | 30.7 1.80 0.8 0.8 18.5

1. Percent weight within each fraction.
2. Calculated as: [(W1% POC,p)*(g dry sedimentyp)])/[(wt% POCgk)*(g dry sedimentgk)],
where subscripts HD and BK are high-density and bulk, respectively.
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Table 2.4. Calculated molecular diffusive fluxes by sediment diagenesis and measured
net DOC releases during sediment resuspension experiments.

Calculated Diffusive Fluxes' O&ll‘{gllIeua;:: l?x l:]r:;g;:r
Station DIC DOC
(mmol m?d") | (mmolm2d") | (mmolm?d") | (umolg')* | (%POCyp)
m) (n) (n)
o 13;1 0.2(4_;:).1 3.2(12;)0.3 - -
Riv-2 f,‘;’ 0'29(’;')0-03 > 2.03:0.05 | 0.09
Bay-1 fz 2-05)0" %‘ 26 0.08
Bay-2 s 3"‘2)0-4 '(3,)3 3.7+0.5 0.10
Bay-3 9(?)5 °-3(§)°-4 0-925)0-07 0.7+0.3 0.03
Shelf-1 o o f;j’ 1.1:0.4 0.07
Shelf-2 " 2(1)7 ‘2}5 3.8420.04 | 0.12

1. Fluxes were calculated from measured pore-water profiles (Fig. 2.6) and as described in
Section 2.5. Uncertainties are standard deviations of replicate determinations from multiple
profiles (n = number of profiles).

2. Uncertainties are +1 standard deviation of duplicate determinations, except for station Bay-1
where only one value is available.

3. Amount of OC released expressed as percent of POC found in the high-density fraction.
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Table 2.5. Linear regression coefficient R? and P value (in parentheses) among various
environmental parameters. Those significant at the 95% level are indicated in bold.

Low- High-
CI;llglgtu;d dens® dens® Bulk POC SA’
POC POC
Release’ +0.61 -0.027 +0.65 +0.54 +0.34
(0.068) 0.75) (0.052) (0.095) 0.22)
Calculated -0.24 +0.45 +0.46 +0.35
DIC flux (0.26) (0.098) (0.094) (0.16)
Low-dens -0.58 0.67 0.71
POC (0.046) (0.025) (0.018)
High-dens +0.84 +0.71
POC (<0.01) (0.017)
+0.69
Bulk POC (0.020)

1. Amount of OC released per unit gram of dry sediment during 1-hr continuous extraction as
given in Table 2.4.

2. Mass of POC found in the low-or high-density fraction normalized to bulk dry sediment
mass (wt %).

3. Specific mineral surface area as given in Table 2.3.
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Table 2.6. Derivation of estimated sediment resuspension rates and associated release of
OC into Lower New York-Raritan Bay complex and the Hudson River Estuary (HRE).
Underlined values were derived from published parameters listed in the upper portion of

the column. Values in brackets are for illustrative purposes only and not used directly in
the derivation of fluxes.

HRE HRE

Bay Complex | 1yja) Fresh Brackish

Bulk Sediment
POC Content 1.7-4 ~2@ 3.8+1.49
(wt %)
Water Volume
(L)
Surface Area
(m’)
Suspended Solids
(mgL™")
Estimated Particle
Settling Time 0.17® 0.3® -
(d)
Estimated Sediment
Resuspension Rate 0.3-1.1 380-1199 7800
(gm=d")
Resuspension-Induced
OC Release 03-1.1x10° 0.4-12
(mmol m?d™)

2x10°® 1x102® -

318 x 106 114 x 10°® [108 x 10°¢)]

9-30% 13-419 [0-800")

(-]

Sources: (1) Adams et al. (1998) and this study; (2) this study; (3) Achman et al. (1996); (4)
Metzger et al. (1992); (5) Duedall et al. (1979); (6) from Bokuniewicz and Armnold (1984)
assuming that 20 % of suspended matter is discrete organic debris; (7) Geyer (1995); (8)
calculated by assigning an average depth in the Bay of 5.9 m, and a particle settling rate of 4x10°
2 ¢m sec” as reported by Bokuniewicz and Arnold (1984); (9) Bokuniewicz and Arnold (1984).
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Figure 2.1. Sampling region (a) and station locations (b), (c). The asterisk in panel (a)
indicates the approximate northern limit of the salinity intrusion in the Hudson River
(Limburg et al., 1986), which is tidal as far north as the Troy Dam (a). Sediment from
station Riv-1 (b) was analyzed only for biogeochemical characterization; resuspension
experiment results are not available for this site.
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Figure 2.2. DOC concentrations observed in (a) pore water and (b) bottom water control
tubes. Error bars are standard deviations of two determinations. The expected ranges in
pore-water and bottom water under field conditions are shown to the right of the dashed
lines (pore-water values are derived from core sectioning (Fig.2.6), and bottom water by
analysis of freshly collected sample).
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Figure 2.3. Organic carbon (OC) to total nitrogen (TN) ratios (expressed as atomic
ratios) of the different density fractionates of surface sediments. Error bars are smaller
than the symbols.
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Figure 2.4. Plot of POC content in the high-density fraction (note that the result is
essentially the same using bulk POC content) against corresponding specific mineral
surface area (SA) of surface sediments. Linear regression result is shown with a solid
line. Dashed lines show the boundaries of commonly observed OC:SA relationships in

coastal sediments and soils (Mayer 1994a,b; Keil et al. 1994b, 1997).
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Figure 2.5. Depth profiles of measured and expected high-density phase POC for station
Bay-3. Diamonds are measured values from two different cores (shown in white and
gray). Horizontal bars show the expected range of POC based on the existing SA at each
depth and the common OC:SA proportionality given by Mayer (1994a,b) and Keil et al.

(1994b, 1997) (0.5 to 1.1 mgOC m?).
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Figure 2.6. Pore-water profiles of dissolved inorganic carbon (DIC) (a), DOC (b), and
NH;" (c). Data points at depth of 0 cm indicate bottom-water concentrations.
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Figure 2.7. Net amount of OC released over the course of each extraction period
(normalized to dry sediment mass) in (a) continuous and (b) series extractions. Series
extraction results in panel b are given as the sum of four consecutive 10-minute
extractions. Results for station Riv-2 resuspended in Bay-3 water are given as Riv2Bay.
Only the 1-hr continuous extraction datum is available for station Bay-1 (no duplicate).
For the remaining stations, error bars represent + 1 standard deviation of duplicate
determinations.
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Figure 2.8. DOC concentration in the supernatant during 10-minute series extractions.
Error bars are + 1 standard deviation of duplicate determinations. The average (£ 1
standard deviation) DOC concentrations in the bottom-water control tubes are shown for

comparison in the right panel.
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Figure 2.9. Differences between the observed and predicted concentrations of NH;" and
NOjs’ in the supernatant during continuous extractions. The NOj results for all stations
overlapped near zero (i.e., near-conservative), and are collectively presented with one

symbol.
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Figure 2.10. Correlation between OC released during 1-hr continuous extractions (Table
2.4) and POC present in the high-density fraction (normalized to dry bulk sediment
mass).
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Figure 2.11. A proposed model of the interrelationships among different reservoirs of
dissolved and particulate C (separated by dashed vertical line), applicable to both the
sediment and water column. Discrete organic particles include both live and dead. The
DOC pool represents either DOC in the bottom water or pore water of sediments. Solid
arrows represent transfer processes among organic C pools including (1, 2) ad/desorption
(Thimsen and Keil, 1998), aggregation/precipitation (Chin et al., 1998), hydrolysis,
exudation, dissolution, uptake (Valiela, 1995); (3) microbial degradation, condensation,
increase in number of attachments between polymer and mineral surface (Collins et al.,
1995; Henrichs, 1995). All dashed arrows indicate loss by oxidation to DIC.
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CHAPTER 3: FLUORESCENCE CHARACTERISTICS OF ORGANIC
MATTER RELEASED FROM COASTAL SEDIMENTS DURING
RESUSPENSION!

ABSTRACT

Excitation-emission matrix (EEM) fluorescence spectroscopy was employed to
study the chemical nature of organic matter readily released into solution from sediment
particles during episodes of resuspension. Surface sediment samples collected from five
locations within the Hudson River Estuary and the Inner New York Bight were
resuspended in their respective bottom waters for periods ranging from 30 sto 2 h. In
most cases, fluorescence characteristics of the sample after resuspension differed from
those predicted by conservative mixing of bottom and pore waters. Examination of
excitation-emission matrices (EEMs) revealed that resuspension resuited in: (1) more
intense humic-like fluorescence (Ex/Em 310/420 nm), and (2) proportionally greater
fluorescence in the longer wavelength region of the spectrum (Ex/Em 360/460 nm)
relative to the predicted values. Trends in the positions of excitation-emission maxima
reported in the literature strongly suggest that fluorophores emitting at longer
wavelengths are increasingly degraded. Thus, the data imply that resuspension of
estuarine and coastal marine surface sediments causes net release of degraded, mineral-

bound organic matter from the sediment matrix to the surrounding bottom waters.

! To be submitted to Marine Chemistry
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1. INTRODUCTION

Organic matter of aquatic and terrigenous origin is subject to extensive alteration
and destruction through biological and physicochemical processes as it passes through
the hydrosphere. In coastal waters, these changes are especially dynamic and comprise
an important component of the marine C cycle (Smith and Hollibagh, 1993; Hedges,
1992; Hedges et al., 1997). Previous investigations of organic matter cycling in estuaries
and in continental margins have highlighted the multiple sources and fates of particulate
and dissolved organic matter (e.g., Mannino and Harvey, 1999, 2000a,b; Benner and
Opsahl, 2001; Raymond and Bauer, 2001a), re-distribution of organic matter between
solid and solution phases through flocculation (Sholkovitz, 1976; Sholkovitz et al., 1978;
Fox, 1983), and the possible importance of adsorption/desorption (Bianchi et al., 1997;
Mannino and Harvey, 1999; Guo and Santschi, 2000; Mannino and Harvey, 2000a; Mitra
et al., 2000). In the present study, the chemical nature of organic matter released as a
consequence of resuspension-induced desorption is examined.

In a preceding study (Komada and Reimers, 2001), the effects of resuspension on
organic carbon (OC) partitioning between surface sediments from estuarine and coastal
marine environments and their respective bottom waters were evaluated under laboratory
conditions. The results showed that a small (< 0.3 %) but reasonably constant fraction of
the mineral-bound particulate organic carbon (POC) is readily available for release upon
resuspension, whereas the remainder appeared strongly sorbed over time scales of
minutes to hours. While the small size of the loosely-sorbed POC pool indicates that the

impact of a single resuspension event on OC dynamics is minimal, it was speculated that
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over repeated resuspension-deposition cycles, OC release may become geochemically
significant. This is particularly true if the strongly-sorbed fraction of the POC re-supplies
OC to the loosely-sorbed pool as a consequence of microbial degradation or
transformation (Komada and Reimers, 2001). Such a partitioning scheme also seems
consistent with geochemical evidence showing losses and alteration of mineral-sorbed
OC across various environments (Keil et al., 1997; Hedges et al., 1999; Keil and Fogel,
2001). In this study, this model is tested further by characterizing the chemical nature of
the OC released from the solid phases using excitation-emission matrix (EEM)
fluorescence spectroscopy.

EEM fluorescence spectroscopy has been applied to various aquatic environments
as a means to investigate the humic-like component of dissolved organic matter (e.g.,
Coble et al., 1990; Coble, 1996; Matthews et al., 1996; Moran et al., 2000). Humic-like
compounds dominate dissolved OC (DOC) fluorescence and typically represent 30-50 %
of the total DOC of natural waters (Thurman, 1985). The molecular structure of the
humic-like organic matter is not fully understood (Hedges et al., 2000), therefore, the
mechanism responsible for fluorescence is currently unknown. However, unlike single
excitation scans, construction of an EEM allows the detection of the position of
maximum emission at maximum excitation (Ex’Em-max). This unique information has
been used to distinguish and track water masses (Coble et al., 1998; Del Castillo et al.,
1999), infer the source character of the fluorescent matter (Coble, 1996; Coble et al.,
1998; McKnight et al., 2000), and to investigate the impact of degradative processes on

the fluorescent component of dissolved organic matter (Moran et al., 2000; Partlanti et

al., 2000).
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Based on the results of greater than 60 freshwater and marine, as well as sediment
pore-water samples, Coble (1996) reported the Ex’Em-max of the humic-like peaks that
are stimulated by visible light (visible humic-like peaks) to vary significantly across
different environments (Table 3.1). A variety of samples, ranging from riverine to open
ocean deep waters fluoresce in the spectral region Ex’Em 320-360/420-460 nm (region
C), while those that fluoresce in the shorter wavelength region Ex/Em 290-310/370-410
nm (region M) appear to be limited to surface marine waters harboring moderate to high
phytoplankton production (Coble, 1996; Coble et al., 1998). Based on these
observations, the relationship between peak position and organic matter source (i.e.,
terrestrial or marine) appears equivocal. However, in the present study, an alternative
interpretation linking peak position and the degree of organic matter degradation and
humification is proposed based on additional literature data.

The following questions were addressed. (1) What are the fluorescence
characteristics of the OC released from the solid phases during resuspension? (2) How
do they differ from the fluorescence characteristics of bottom waters and pore waters that
the particles are immersed in? (3) Based on evidence from the literature, what can be
said about the chemical nature of the released OC and its ultimate source? Based on the
findings, the role of resuspension-induced OC partitioning in the marine C cycle is

further evaluated.
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2. MATERIALS AND METHODS

2.1. Sample collection

Sediment cores and bottom water samples were collected from five locations
along an estuarine gradient: station Riv-2 in the tidal freshwater reaches of the Hudson
River, stations Bay-2 and Bay-3 in the Raritan-Lower New York Bay complex, and
stations Shelf-1 and Shelf-2 in the Inner New York Bight. Site description and details of
the sampling procedures are given in Komada and Reimers (2001). Briefly, sediment
cores for resuspension experiments were collected by subcoring from Peterson grabs,
transported back to the laboratory in New Brunswick, NJ, and incubated in the dark at
ambient temperatures prior to further processing (section 2.3.). The only exceptions were
cores collected from station Riv-2 which were frozen. Sediment cores used to determine
pore-water profiles of DOC and fluorescence (section 2.2.) were collected using a push
corer, gravity corer, or a Peterson grab sampler, and ranged in length from <10 cm to 70
cm. These cores were processed under a N, atmosphere within 12 hours of retrieval.
Bottom water was collected by a Niskin bottle and filtered (0.45 um). Samples intended
for DOC and fluorescence analyses (section 2.2.) were frozen immediately. Additional
bottom water samples for resuspension experiments were refrigerated in the dark in glass

jugs.
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2.2. Analyses

Fluorescence measurements were made on bottom and pore waters from the study
region, and samples collected during the resuspension experiments (section 2.3.) using an
AMINCO-Bowman Series 2 Luminescence Spectrometer equipped with a continuous
wave 150W xenon lamp. In order to make the results comparable to those collected from
different instruments in other laboratories, both excitation and emission spectra were
fully corrected for distortions that arise from wavelength-dependent efficiencies of the
instrument (Parker, 1968; Miller, 1981). Excitation correction factors were obtained
from excitation spectra (Ex 200-600 nm; Em at 625 nm) of 5 g L™' rhodamine B (Fluka,
fluorescence grade) in ethylene glycol (Fluka, 99.9 % purity) placed in a triangular quartz
cuvette. Emission correction factors were provided by the manufacturer. Emission
spectra of quinine sulfate dihydrate (NIST) in 0.105 M HClO4 agreed to generally within
3 % of values given by NIST (Velapoldi and Mielenz, 1980).

Immediately prior to conducting the fluorescence measurements, optical density
of the sample was measured using a spectrophotometer. To avoid inner filter effects,
samples exhibiting high absorbances were diluted with distilled de-ionized water so that
absorption at 260 nm was reduced to 0.02 (Parker, 1968). To construct excitation-
emission matrices (EEMs), 40 emission spectra were obtained following the method of
Coble et al. (1993). Scan rate was 4 nm sec”, integration time was 0.5 sec, and excitation
and emission bandpasses were both 4 nm. All measurements were made in ratio mode,
and at a fixed photomultiplier voltage. The sample cell compartment was maintained at

25 °C.
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In order to remove Raman scatter peaks, an emission spectrum of either distilled
de-ionized water (in the case for non-experimental bottom and pore waters), or
experimental blanks (in the case for experiment samples; section 2.3.) was subtracted
from each sample spectrum. In most cases, remnant peaks (both positive and negative)
centered about the Raman line maximum were visible after subtraction. The presence of
these peaks did not interfere with the fluorescence associated with the humic-like
component of the organic matter, therefore, they are present in the final EEMs.
Following the method of Coble et al. (1993), the peak intensity of the Raman line of
distilled de-ionized water (at Ex/Em 275/303 nm) was monitored daily to account for
small day-to-day changes in the overall signal intensity. All fluorescence intensities are
expressed in units of ppbQSE, where 1 ppbQSE is equivalent to the fluorescence
intensity of a solution of 1 ppb quinine bisulfate in 0.05 M H,SO4 at EXEm 348/449 nm.

At excitation wavelengths of 310 and 370 nm, peak positions of 5 replicate
emission spectra agreed to within 4 nm (bandpasses), and the intensities generally within
2 %. In contrast, reproducibility at shorter excitation wavelengths was poor due to the
lowered lamp intensity in this region of the spectrum. For this reason, quantitative
discussions are limited only to the region of Ex >290 nm and the visible humic-like peak
(Table 3.1). Peak positions in the EEMs (Ex’Em-max) could generally be determined to
within + 10 nm Ex/Em. Effects of salinity on fluorescence intensities were not tested in
this study. However, previous work by Mobed et al. (1996) indicate minimal impact of
varying ionic strength (between 0-1 M KCI) on the EEM of humic substances.

DOC was determined by high-temperature catalytic oxidation (Sugimura and

Suzuki, 1988) using a Shimadzu 5000A TOC Analyzer following recommendations by

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



52

Sharp et al. (1993). Precision was typically within 5 %. DOC values of reference

materials prepared by the laboratory of Dr. J. H. Sharp generally agreed to given values
(Komada and Reimers, 2001).

2.3. Resuspension experiments

Details of the experiments mimicking resuspension are given in Komada and
Reimers (2001). Briefly, the uppermost 2 cm of the sediment core was homogenized
under an N, atmosphere, and mixed with air-saturated, filtered bottom water from the
same site (to make slurries having solid concentrations of approximately 100 g L") for 30
seconds, 10 minutes, 1 hour, or 2 hours (continuous extractions). At the end of each
extraction period, samples were centrifuged and the supernatant analyzed for DOC
concentration and fluorescence (section 2.2.). The 10-minute treatments were further
subjected to series extractions, where additional bottom water was added to the sediment
pellet after centrifugation, and the same cycle was repeated 3 times. An additional set of
experiments identical to the above was conducted using sediment collected from station
Riv-2, but with water collected from station Bay-3 instead of Riv-2. This experiment is
referred to as Riv-2Bay.

Control samples containing only sediment or bottom water were also prepared
and processed in parallel with the experimental samples. The DOC concentration and
fluorescence intensities of the supernatant of the extraction samples were compared to
those that can be predicted from linear combinations of the corresponding values of the

bottom- and pore-water controls assuming conservative mixing. Similar to what was
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observed previously for DOC (Komada and Reimers, 2001), fluorescence intensity at
Ex/Em-max changed little in the control tubes with time, but the fluorescence intensities
of pore-water controls were in several cases greater than values observed in newly
collected cores (Fig. 3.1).

In addition to controls, blanks containing distilled deionized water were also
processed in duplicate for a given set of experiments. DOC concentrations at the end of
the run were less than 14 uM and generally exhibited EEMs that were indistinguishable
from those of unprocessed distilled deionized water. Control blank values were
subtracted from all experimental sample data.

Establishment of sediment and solution mass balance during these experiments
has been verified previously (Komada and Reimers, 2001). To determine if mass balance
is also attained for fluorescence intensity, a test experiment was conducted where bottom
and pore waters from stations Riv-2 and Shelf-2 were mixed (for 30 seconds and 2 hours)
under conditions identical to those encountered during the resuspension experiments, but
in the absence of sediment. EEM of the resultant mixtures were compared to those
predicted from the linear combinations of the parent pore- and bottom-water EEMs.
Subtraction of the predicted EEMs from the measured EEMs of the mixtures are flat and
featureless for Ex > 300 nm (Fig. 3.2), demonstrating good agreement (within about 2
ppbQSE) between measured and predicted EEMs, and conservative mixing of

fluorophores.
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3. RESULTS

3.1. Fluorescence characteristics of non-experimental bottom and pore waters

All bottom and pore waters collected from the study area exhibited similar EEMs
with a broad peak spanning the two visible humic-like regions C and M, as well as the
UV humic-like region (Table 3.1., Fig. 3.3). Protein-like peaks were also observed in
many pore-water samples, as well as in some bottom waters (Fig. 3.3). However, as
stated earlier (section 2.2.), the remainder of this paper will focus primarily on the peaks
found in the vicinity of the visible humic-like regions, for they were common to all
samples and could be detected with greater precision.

The humic-like peak (from here on, the word “visible” will be dropped) of the
bottom and pore waters generally clustered near Ex’Em 310/420 nm, in between regions
C and M (Fig. 3.4, Table 3.1). The clustering of the peaks suggests that similar
fluorophores were present along the salinity gradient as well as within bottom and pore
waters (as deep as 68 cm in sediment) of this region. The humic-like peaks of the pore-
and bottom-water controls employed in the experiments also fell in the same region (Fig.
3.4), showing that the experimental handling alone had little or no impact on the Ex/Em-
max of the humic-like fluorescence of the bottom and pore waters.

Fluorescence intensities of both the bottom and pore waters correlated positively
and linearly with DOC concentration with a slope of approximately 0.2 ppbQSE uM
DOC! (Fig. 3.5). Linear relationships between DOC and fluorescence have been

reported previously for estuarine to continental margin waters (e.g., Laane and Koole,
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1982; Vodacek et al., 1995; Chen, 1999), and sediment pore waters (Chen et al., 1993;
Chen and Bada, 1994). The results presented in Fig. 3.5 indicate that carbon-normalized
fluorescence intensity did not vary significantly between pore and bottom waters, or
across the estuarine gradient of this region. Carbon-normalized fluorescence intensities of
most experimental controls overlapped with those of the non-experimental water samples
(Fig. 3.5), again indicating little alteration of humic-like fluorescence during the
experiments.

Clear departures from the above trend were observed for pore-water controls from
stations Riv-2 and Shelf-1which exhibited attenuated carbon-normalized fluorescence
intensities (data points enclosed in ellipses in Fig. 3.5(b)). These samples exhibited
strong protein-like fluorescence (ratio of protein-like peak to humic-like peak = 4-10)
compared to their corresponding counterparts that fell along the main regression line
(ratio of protein-like peak to humic-like peak = 1-2; data not shown). This suggests that
these samples were contaminated by protein-like organic matter most likely introduced
by the lysis of living biomass. For station Riv-2, freezing and thawing the sediment prior
to the experiment may have led to this deviation. For station Shelf-1, it appears that
centrifugation may have been the cause. While a pore-water sample collected from the
upper 2 cm of the sediment column using a sipper fell along the main regression line,
pore water collected from the same sediment aliquot by centrifugation exhibited lower C-
normalized fluorescence intensity similar to the control samples (Fig. 3.5(b)). Shelf-1 is
also the only station where DOC concentrations of pore-water samples collected by the

two devices do not agree (Komada, unpublished data). These data further emphasize the
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importance of minimizing sediment disturbance when collecting DOC samples (Martin

and McCorkle, 1993; Alperin et al., 1999).

3.2. Fluorescence characteristics of organic matter released from the solid phase

3.2.1. Humic-like peak intensity

During the resuspension experiments, there was a net release of OC into solution
during both continuous and series extractions (Fig. 3.6, 3.7; Komada and Reimers, 2001).
Near-conservative mixing and net losses of OC were also observed in the Bay and Shelf
stations during 30-second and the first cycle of the 10-minute treatments. Otherwise, the
amount of OC released tended to increase with extraction time (Fig. 3.6), and either
decreased or changed little with each cycle of the series extractions (Fig. 3.7). Overall,
the amount of readily releasable OC from a given sediment was best predicted by the OC
content of the high-density fraction of the sediment matrix, implying that OC was
released from the mineral-bound POC (Komada and Reimers, 2001).

The EEM of the supernatant after extraction was similar to the predicted value
(calculated from EEMs of pore- and bottom-water controls; section 2.3.), but with
different humic-like peak intensities (Fig. 3.8(a),(b),(d),(e)). To determine the net change
in humic-like fluorescence during the extractions, the difference between the humic-like
peak intensities of measured (Fig. 3.8(a),(d)) and predicted (Fig. 3.8(d),(e)) EEMs were
determined and normalized to the sediment mass in each tube. In the Bay and Shelf
stations, humic-like fluorescence tended to intensify whenever OC was released into

solution (Fig. 3.6, 3.7). However, in experiments involving the River sediment, there was

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



57

a clear de-coupling of OC and fluorescence, where net losses of fluorescence intensity
accompanied net releases of OC into solution (Fig. 3.6, 3.7). The reason for this is
currently unclear. Excluding the cases where OC and fluorescence were de-coupled,
increase in fluorescence intensity correlated, albeit weakly, with OC release for both
continuous and series experiment results (Fig. 3.9(a)). This suggests that the released OC
included fluorophores similar to those found in the bottom and pore waters. Meanwhile,
the slope of this relationship was about a factor of 7 smaller than those observed for the
bottom and pore waters (Fig. 3.5), indicating that although the released OC may have

included similar fluorophores, its bulk characteristics were distinct.

3.2.2. Long-wavelength peak intensity

To determine if the released OC was composed of identical sets of fluorophores
as those encountered in the bottom and pore waters, an emission intensity ratio, R, was
computed for each pair of measured and predicted EEMs (Fig. 3.8) for a given sample
supernatant:

R = Imeas/Tpred
where

r = (maximum emission intensity at Ex 360 nm)/(maximum emission intensity at

Ex 310 nm)
and subscripts meas and pred represent measured and predicted EEMs, respectively. Ex
310 was selected as the average position of the humic-like peak, whereas Ex 360 is the
red-most boundary of the peak C region (Fig. 3.4; Table 3.1). If the released OC

included an identical set of fluorophores as those in the bottom and pore waters, then R =
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1; otherwise, R # 1. The value of R for replicate EEMs of an identical sample, as well as
measured and predicted EEMs determined in the test experiment to verify fluorophore
mass-balance (section 2.3.) averaged 1.03 £ 0.06 (n=6; P=0.05).

In both continuous and series experiments, R was in many cases greater than 1
(Fig. 3.10), indicating that briefly dispersing the sediment in bottom water tended to
result in a proportionally stronger fluorescence signal in the longer wavelength region of
the EEM. For the few cases where net losses in the humic-like signal were observed
(Fig. 3.6, 3.7), increases in R could also be driven by the weakening of the signal at Ex
310 nm. In cases where R > 1.1, subtraction of the predicted EEM from the measured
EEM resulted in the appearance of a distinct peak near Ex’Em 360/460 nm (Fig. 3.8c.f),
approximately 50/40 nm (Ex/Em) red-shifted from the visible humic-like peak cluster
(Fig. 3.4). The intensity of this long-wavelength peak became stronger with increasing
release of OC into solution (Fig. 3.9(b)), demonstrating that in addition to the humic-like
fluorophore (Ex’Em-max 310/420 nm), released OC included additional fluorophores
with distinct, red-shifted Ex’Em-max.

Further examination of Fig. 3.10 shows that the R values tended to be greater for
the Shelf than the Bay and River sediments; in both continuous and series experiments,
the two Shelf stations exhibited the highest values (R=1.1 to 1.3), while the Bay and
River stations gave moderate to low values (R=1.0 to 1.15). It is also interesting to note

that in the series experiments, Riv-2Bay exhibited much higher values (R > 1.1) than Riv-

2 (R=1) (Fig. 3.10(b)). This apparent dependence of R on region or salinity is in contrast
to trends in bulk OC release (Fig. 3.6, 3.7), which is driven more by the abundance of

POC associated with the mineral phase (Komada and Reimers, 2001).
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4. DISCUSSION

4.1. Nature of the long-wavelength peak fluorophore

The above results show that released OC included fluorescent matter, part of
which was most likely structurally similar to the compounds responsible for the humic-
like fluorescence observed in bottom and pore waters (Fig. 3.8, 3.9(a)). Relative to
bottom- and pore water DOC, released OC was also proportionally enriched in
fluorescent compounds that emit in the long-wavelength region (Ex/Em 360/460 nm; Fig.
3.8, 3.9(b), 3.10). These findings, along with the lowered carbon-normalized
fluorescence intensity of the released OC (Fig. 3.5, 3.9), are evidence for the unique
compositional character of the OC released from the solid phase relative to the DOC
pools in the bottom and pore waters.

As a means to investigate the chemical nature of the fluorophore responsible for
the long-wavelength peak, positions of ExX/Em-max observed in this study were compared
to those previously published for various organic matter samples of aquatic and soil
origin. In contrast to the humic-like peak whose Ex/Em-max fell well within the range of
peak positions previously reported for various aquatic samples, the long-wavelength peak
appeared within and to longer wavelengths of the peak C region (Fig. 3.4). To the best of
my knowledge, these are one of the few peak positions (derived from fully-corrected
spectra) reported in the literature that lies further towards the red than the C region (Table
3.2). The true nature of the fluorophores responsible for the humic-like fluorescence is

unknown, although products of oxidative crosslinking of polyunsaturated fatty acids
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(Harvey, 1984) and an imine-enamine (Laane, 1984) have been proposed. Without
knowing the structure of the fluorophores, it is impossible to understand the meaning of
the relative peak positions at the molecular level. Nevertheless, some useful and
important insight at the bulk OC level can be drawn.

While many riverine and coastal waters have been found to fluoresce in the C
region (e.g. Coble, 1996; Moran et al., 2000), open ocean waters fluoresce in both M and
C regions: surface waters supporting high primary productivity commonly exhibit peaks
in the M region, and deeper waters fluoresce increasingly more into the C region (Coble,
1996; Coble et al., 1998). Therefore, for marine dissolved organic matter, progression of
the peak position from region M to C has been proposed to be the result of increased
aging and degradation (Coble et al., 1998). Similar conclusions have been drawn by
Partlanti et al. (2000) who observed a red-shift in the humic-like peak position (from
region M to C) during 2-month long degradation experiments of macro-algae.
Furthermore, this trend does not appear to be limited to marine organic matter. For
example, Zsolnay et al. (1999) compared the position of the emission maximum of three
different extracts of a soil sample: (1) fulvic acid; (2) CaCl, extract; and (3) CaCl; extract
after fumigation with CHCI; to induce cell lysis. Their results show that the position of
the emission maximum shifted to longer wavelengths with increasing level of
humification: fumigated-CaCl, < CaCl; < fulvic acid. Senesi et al. (1991) compared
excitation and emission spectra of humic acid extracts of various soils, sludge and
compost, and soil fungi, and found their Ex’Em-max to differ from one another across a
range of 80/80 nm. The peak position shifted increasingly to longer wavelengths in the

order: fungi, compost and sludge < various soils and peat < paleosol.
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All of the above literature data suggest that increased degradation of the organic
matter results in a progressive red-shift of the position of the Ex’Em-max. A possible
explanation for this phenomenon is increased conjugation and condensation that may take
place during the process of humification (Stevenson, 1994). Compared to soils,
condensation may not be an important process in the marine environment (Hedges et al.,
2000), but concentration of the more polymeric and increasingly crosslinked components
during the course of degradation is possible (Hatcher et al., 1983; Tegelaar et al., 1989;
Hedges et al., 2000). A well-documented phenomenon for aromatic compounds is that
with increased linear conjugation - which de-localizes the n-electron systems and hence
reduces the energy separation between the ground and excited states - absorption and
fluorescence shift to longer wavelengths (Berlman, 1965). Furthermore, compared to a
free molecule, polymerization of multiple fluorophores enhances the probabilities for
bimolecular processes such as radiative eneryy transfer and excimer/exciplex formations
that also increase the wavelength of emission (Phillips, 1985). The red-shift may also be
the result of the addition or increased relative abundance of certain functional groups
during the humification/degradation process. For example, addition of carboxyl, nitro,
and hydroxyl groups to aromatic compounds have been shown to shift fluorescence to
longer wavelengths (Berlman, 1965; Guilbault, 1973; Seitz, 1981).

Based on the above, it is concluded that released OC was proportionally enriched

in an increasingly degraded form of organic matter compared to bottom- and pore-water

DOC.

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



62

4.2. Possible source for the long-wavelength peak fluorophore

As discussed by Komada and Reimers (2001), the amount of readily-releasable
OC is a very small (< 0.3 %) fraction of the total POC content of the sediment; the
majority of the POC is tightly associated with the mineral phases, and hence not readily
available for release. Despite the limited size of the loosely-sorbed pool, resuspension-
induced OC release has the potential to be a geochemically significant process when one
takes into consideration the fact that resuspension-deposition cycles (triggered by forces
such as tidal motion, storms, and dredging) tend to be repetitive. Upon re-deposition, if
the readily-releasable pool of the sediment particle is solely replenished by re-adsorption
of DOC, then the observed release of OC has zero net impact on either the dissolved or
the solid OC reservoirs. If, on the other hand, some OC mass-transfer takes place
between the loosely-sorbed and the more tightly-sorbed fractions (perhaps through
microbial hydrolytic activity), then repeated OC release over multiple resuspension-
deposition cycles has the potential to impact the bulk OC content/composition of the
particulate phase prior to permanent burial and diagenesis (Komada and Reimers, 2001).

The results of this study show that relative to the bottom and pore waters which
exhibited similar fluorescence characteristics, the loosely-sorbed fraction of the POC is
enriched in what appears to be increasingly degraded fluorescent organic matter. In a
recent study, Raymond and Bauer (2001b) presented radiocarbon signatures of DOC and
suspended POC of North Atlantic rivers showing POC to be in general older than DOC
of the same site. In the freshwater reaches of the Hudson River, suspended POC had an

average radiocarbon age of greater than 4500 years BP, more than 3000 years older than
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corresponding DOC. Raymond and Bauer (2001b) argued that the old radiocarbon age of
POC is in part due to the presence of refractory organic matter that aged within the soil
horizons, whereas the more recent age of DOC reflects greater contribution from younger
and hydrolyzable soil/litter leachates. Therefore, considering the coastal setting of the
study sites, the relatively degraded fluorescent organic matter detected in the loosely-
sorbed fraction of the sediment POC likely originated from a relatively old fraction of the
POC that is tightly associated with the mineral surface than from bottom-water DOC (via
adsorption). The data presented in this study are then consistent with the idea that at least
a part of the readily-releasable POC is re-supplied from the older and more degraded OC

reservoir that is strongly associated with the mineral phase.

4.3. Geochemical implications

Correlations between available mineral surface area and OC in marine sediments
and soils suggest that OC is adsorbed strongly to mineral surfaces, and that it is not
readily available for microbial degradation (Mayer, 1994a,b; Hedges and Keil, 1995,
Henrichs, 1995). Meanwhile, large variations have been documented in the OC loading
per unit mineral surface area, as well as the chemical composition of the sorbed OC
across different oceanic environments (Hedges and Keil, 1995; Keil et al., 1997; Hedges
et al., 1999; Keil and Fogel, 2001). The corollary is that organic-mineral associations are
rarely permanent, and that even strong associations are eventually subject to destruction.

If, as the results of this study suggest, there is indeed transfer of OC from the
strongly-sorbed to the loosely-sorbed pool, then the loosely-sorbed fraction — despite its

small size within the total POC pool (Komada and Reimers, 2001) — may function as a
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dynamic link between the bulk of the sediment POC and the surrounding environment.
One implication of this hypothesis is that resuspension-induced OC releases over
repeated resuspension-deposition cycles can potentially impact the content/composition
of the strongly-sorbed OC pool prior to permanent burial of the particle (and subsequent
diagenesis) in the sediment column. Additionally, net transfer of OC from the strongly-
sorbed pool to the water column via the loosely-sorbed pool may enhance overall OC
remineralization by increasing the likelihood of photochemically-mediated losses (Miller
and Zepp, 1995; Amon and Benner, 1996; Miller and Moran, 1997), and perhaps
microbial degradation (Gordon and Millero, 1985; Henrichs and Sugai, 1993; Keil et al.,
1994).

Resuspension-induced release may be particularly important in estuaries and the
coastal ocean where microbial activities, as well as OC loading per unit mineral surface
area are high (Mayer, 1994a,b), and strong physical forcings (tides, bottom currents) are
commonplace. Further studies of resuspension-induced partitioning of OC and its
consequences may prove fruitful in increasing our understanding of the role of estuaries

and the coastal ocean in the marine C cycle.
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Table 3.1. Fluorescence peak types and corresponding ranges in Ex’Em-max as reported

by Coble et al. (1998).

Type of Peak Ex-max (nm) Em-max (nm)
UV Humic-like 260 400-460
Visible Humic-like; M 290-310 370-410
Visible Humic-like; C’ 320-360 420-460
protein-like” 275 305, 340

1. Collectively referred to as “visible humic-like” or “humic-like” peak in the text.
2. Attributed to tyrosine- (Em 305 nm) and tryptophan- (340 nm) like fluorescence.
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Table 3.2. Fluorescence peak positions that lie to the red of the visible humic-like region

C.
Sample Description E’(;:Sx Et(n[;:ll)ax Reference
Melanoidin (made from 1:1
ixture of glycine and lysine) 363 458 Coble, (1996)
humic acid extract from corals,
solid corals, untreated seawater
(collected near coral reef), 390 490 Matthews et al., (1996)
Aldrich and Fluka humic acid
Aldrich and Fluka humic acid 460 540 Matthews et al., (1996)
Readily-releasable OC of surficial 340-380 | 445-470 | this study

coastal sediments
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Figure 3.1. Visible humic-like peak intensities observed in (a) bottom-water and (b)
pore-water control tubes (left panels). The expected ranges in pore water and bottom
water under field conditions are shown on the right (pore-water values are derived from
core sectioning, and those of bottom water by analysis of freshly collected sample).
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sediment. See Table 3.1 for peak identification.
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Figure 3.4. Peak positions (Ex’Em-max) observed in various EEMs. Data points clustered
around Ex/Em 310/420 nm are bottom- (white) and pore-water (gray) EEMs of experimental
controls (larger symbols that are dotted or crosshaired; see legend) and those collected and
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wavelength peaks observed in the extraction supernatants after subtraction of predicted EEMs.
Dashed square regions are peak M and C areas as given by Coble et al. (1998) (Table 3.1).
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Figure 3.5. Fluorescence intensity of the visible humic-like peak plotted against DOC
concentration of (a) bottom and (b) pore waters. Note differences in scale in both axes (the
shaded box in (b) indicates the data-range of (a)). Larger symbols (corsshaired or dotted) are
experimental controls (see legend). Smaller symbols are samples collected and analyzed
independently of the experiments (upwards triangle = river; circle = bay; downwards triangle =
shelf). Regression analyses include all data points except in (b) where those enclosed in ellipses
were excluded (see text). In (b), the two horizontal bars near 100 ppbQSE represent data for

centrifuged (in ellipse) and sipped (along main regression line) pore water from a core collected
from station Shelf-1 (see text).
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Figure 3.6. Net changes (positive is net increase) in DOC concentration and humic-like

peak intensity (Ex’Em near 310/420 nm) in the sample supernatant during continuous
extraction experiments. Results have been normalized to the mass of dry sediment that

was present in each sample tube. OC data are from Komada and Reimers (2001) and are
averages (+ 1 S.D.) of two replicate runs. Fluorescence intensities are single

determinations. 2-hour extraction results are not available for experiments Riv-2 and

Riv-2Bay (Riv-2 sediment resuspended in Bay-3 water).
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Figure 3.7. Net changes (positive is net increase) in DOC concentration and humic-like
peak intensity (Ex/Em near 310/420 nm) in the sample supernatant during series
extraction experiments. Results have been normalized to the mass of dry sediment that
was present in each sample tube. OC data are from Komada and Reimers (2001) and are
averages (£ 1 S.D.) of two replicate runs. Fluorescence intensities are single
determinations.
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CHAPTER 4: FACTORS AFFECTING DISSOLVED ORGANIC MATTER

DYNAMICS IN SUBOXIC TO ANOXIC COASTAL SEDIMENTS

ABSTRACT

Suboxic to anoxic marine sediments from the Raritan — New York Bay complex
and the Inner New York Bight of the eastern U.S. were studied to investigate the factors
controlling the vertical accumulation patterns of pore water dissolved organic carbon
(DOC). DOC concentrations increased with depth at each of six study sites, but the rate
of accumulation was generally lower in the oxic/suboxic relative to anoxic sediment
zones. The slope of a correlation between humic-like fluorescence intensity of the pore
solutions and DOC concentration also differed between oxic/suboxic and anoxic zones of
the sediment (P = 0.05), such that anoxic pore solutions were relatively enriched in
fluorescent, humic-like compounds.

A modified version of a pore water DOC model developed by Burdige (in press)
was applied to aide in the explanation of these geochemical patterns. Model results for a
heavily irrigated, and a non-bioturbated site are both consistent with the idea that
accumulation of DOC in pore waters is suppressed in the oxic/suboxic compared to the
anoxic zones of the sediment due to enhanced oxidation and/or lowered production. An
assessment of sorptive behavior of DOC in the surface sediments of the study area further
confirms that redox-dependent microbial processes and sediment mixing most often

dominate DOC cycling within the benthos. DOC fluorescence appears to match model
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distributions of the less labile component of the total DOC pool that accumulates as a

function of sediment depth because of low oxidative reactivity and little adsorption.

1. INTRODUCTION

Dissolved organic carbon (DOC) in the pore waters of marine sediments
represents a small but dynamic fraction of the total sedimentary organic carbon (OC)
pool. DOC is also typically found at concentrations higher than that in the overlying
bottom water (e.g., Starikova, 1970; Krom and Sholkovitz, 1977; Martin and McCorkle,
1993; Alperin et al., 1994), indicating net production of DOC within the sediment
column. Understanding the reaction and transport processes that produce observed
distributions of DOC in sediment pore waters is important, considering the fact that DOC
is an intermediate in the overall remineralization of sedimentary OC (Henrichs, 1992).
Additionally, because DOC produced in the sediments can be transported into the
overlying water (e.g., Burdige et al., 1992; Alperin et al., 1999; Holcombe et al., 2001),
understanding pore water DOC cycling will also help better assess the role of
sedimentary OC dynamics in the oceanic C cycle.

DOC in pore waters is a heterogeneous pool comprised of various types of
compounds (e.g., Henrichs and Farrington, 1979; Barcelona, 1980; Saliot et al., 1988;
Burdige et al., 2000) exhibiting a range of molecular weights (Chin and Gschwend, 1991,
Burdige and Gardner, 1998) and reactivities (e.g., Sansone, 1986; Burdige and Martens,
1990; Alperin et al., 1994; Arnosti and Holmer, 1999). The accumulation of pore-water

DOC is therefore the integrated and complex result of reaction and transport processes
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influencing each of these DOC components. Despite this complexity, Burdige (in press)
receniiy demonstrated that a first order understanding of the factors that influence DOC
distribution and cycling in sediments may be gained by modeling total DOC as a mixture
of high-molecular-weight (HMW) DOC (labile component), and polymeric low-
molecular-weight (pLMW) DOC (less reactive component). In this model, the labile
pool of HMW-DOC is initially produced from sediment POC by microbial hydrolytic
activity. Of the HMW-DOC thus produced, a large fraction (~0.9) is rapidly oxidized to
dissolved inorganic carbon (DIC) via monomeric, low-molecular-weight (mLMW) DOC.
Meanwhile, the remaining fraction of the HMW-DOC is converted into pPLMW-DOC
which subsequently accumulates in the pore waters due to its limited reactivity.

One important prediction of this model is that the majority of the DOC
accumulating in sediment pore waters consists of relatively non-reactive pPLMW-DOC,
while the more labile HMW-DOC is quantitatively significant only near the sediment
surface where the remineralization rate is usually at a maximum (Burdige, in press).
Based on biogeochemical data from two locations within the Chesapeake Bay, Burdige
(2001) further reasoned that the accumulation of pPLMW-DOC should be suppressed
under suboxic, or oscillating redox conditions relative to anoxic conditions, due to
enhanced oxidation and/or lowered production. The model output agrees with trends in
general (Burdige, in press), but how it reflects reality has not yet been fully tested.

The objective of this study was to test and further advance the conceptual and
numeric model of DOC cycling formulated by Burdige (in press) in order to permit
comparative treatment and interpretation of data covering a range of sedimentary

environments found in the Hudson River Estuary and the Inner New York Bight. This
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was conducted first by modifying the model so as to explicitly predict DIC in addition to

the two DOC pools, HMW-DOC and pLMW-DOC. Specific questions addressed were:

1. Can measured pore water DOC and DIC profiles be predicted with the DOC model
developed by Burdige (in press)? Is there evidence that much of the DOC
accumulating in sediments is refractory, and that the cycling of this relatively
refractory material is significantly affected by redox conditions?

2. Adsorption and desorption were not considered in Burdige’s model, but the potential
of these processes to influence DOC as well as POC distribution and dynamics has
been stated previously (Hedges and Keil, 1995; Thimsen and Keil, 1998). Thus, we
also use Burdige’s model to consider the role of adsorption and desorption in pore

water DOC cycling.

2. DEVELOPMENT OF A COUPLED DOC-DIC MODEL

The original steady state, advection/reaction/diffusion model for pore water DOC
developed by Burdige (in press) portrayed labile HMW-DOC as a reactive intermediate
produced from sediment POC at a rate that decays exponentially with depth to a constant,
positive value. Most of the HMW-DOC thus produced was then quickly remineralized
via mLMW-DOC, but a small fraction (@ = 0.1) was converted into pPLMW-DOC. In the
current version of the model (Fig. 4.1), the separation of HMW-DOC into two pools is
maintained, but the reactivity patterns of OC are modified so that the production of
HMW-DOC from sediment POC is assumed to decrease exponentially with depth

towards zero (process (a) in Fig. 4.1). In response, the consumption rate of pLMW-DOC
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decreases exponentially with depth as well (process (f) in Fig. 4.1; see Table 4.1 for
explanation of symbols). Under these conditions, pore water DOC and DIC
concentrations settle to asymptotic values as both production and consumption approach
zero with depth.'

Adopting these modifications and further adding the effects of linear equilibrium
adsorption of DOC to the model, one-dimensional diagenetic equations assuming steady
state, no compaction, and constant porosity can be written for HMW-DOC (H), pLMW-

DOC (P) and DIC (C) as (Berner, 1980):

d[ dH dH .
ZL[(1+K)DB+DS];]—(I+K)wI—a(H-H°)+R -k, H=0 (1)
df dP dP .
E-[(HK)DB+DS]I]—(H-K)mz—a(P—P°)+akHH—k,. P=0 Q)
d[ dcC dcC '

z-(D‘B +Ds)z]*w-‘z--a(c—co)+(l—a)k”H-Pkp P=0 (3)

where x is the depth below the sediment-water interface, Dg and D; are biodiffusion and
whole sediment diffusion coefficients, K is the non-dimensional linear adsorption
constant for both forms of DOC (see section 3.3.), o is the sedimentation rate, a is the
bioirrigation constant (Emerson et al., 1984), R* is the net sediment POC reaction rate, a
is the fraction of H converted to P, ky and kp" are rate constants for the degradation of H
and P, and the superscript 0 represent values at the sediment-water interface (Table 4.1).
The parameters kp* and R* are both defined to decrease exponentially with depth

with an attenuation constant A:

! In our study area, the near-Redfield ratio of calculated DIC to NH; flux ratio (see section 3.2.
and Fig. 7) suggests that processes that may consume DIC (carbonate precipitation and
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k,* =k, exp(-ix) 4)
R* = R® exp(-— Ax) )
where R° and kg° are values at the sediment-water interface (Table 4.1). In addition, a
and kp" are allowed to differ above and below a depth horizon (L) that marks the onset of
permanently anoxic conditions (Fig. 4.2) in order to account for the redox dependence of
consumption and production rates of pLMW-DOC. Above L, a is reduced by a factor a,,
and the average kp* above horizon L is enhanced by a factor ke, (see Appendix-1 for
handling depth-dependence of kp*). For the coastal sites examined here, L is defined as
extending to 3 cm below the depth horizon where dissolved Fe disappears and free
sulfide begins to accumulate. The reason for this definition is that it is assumed that
critical microbial communities that are responsible for organic matter cycling are
established by seasonally oscillating redox conditions (Aller, 1994). In which case, not
only the redox condition at a particular time but how it has varied in the past few months
will also affect reactivity patterns. It is fully expected that the suboxic-anoxic boundary
at each of our stations oscillates due to factors such as spring pulses of phytodetritus and
seasonal temperature changes. Therefore, since most cores were collected in summer
(see Table 4.2) the observed suboxic-anoxic boundary was probably not at its deepest
extent (Fig. 4.2).

Model solutions are determined numerically using the boundary conditions:
H=H’P=P° C=C"at x=0;and

dH/dx = dP/dx =dC/dx =0 as x => .

methanogenesis) are insignificant. Therefore, only DIC production is predicted by the model and
assumed to approach zero with depth.
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The first and second order differentials are discretized using the centered-differencing
scheme, and the resulting algebraic equations are solved by Gaussian elimination
(Boudreau, 1997) using a step size of 0.05 cm. DOC profiles are computed by summing
the calculated profiles of HMW and pLMW-DOC pools. While developing this version
of the model, the numerical solution to Eq. 3. was verified against the analytical solution
of its simplified form (no bioturbation, constant irrigation with depth), and the results
agreed well. The numerical solution was also insensitive to variation in step size. The

numerical solutions to Eq, 1 and 2 have been verified previously (Burdige, in press).

3. DATASET

3.1. Station locations, sampling, and analyses

Sediment samples were collected from eight stations in the Raritan -New York
Bay complex (stations Bay-1 to 5) and the Inner New York Bight (stations Shelf-1 to 3;
Fig. 4.3) for down-core profiling (conducted at all 5 Bay stations and Shelf-3), and
evaluation of DOC partition coefficients (conducted at stations Bay-1 to 3 and Shelf-1, 2;
Fig. 4.3, Table 4.2). Station locations are listed in Table 4.2; additional general
characteristics of this region have been given elsewhere (Komada and Reimers, 2001). In
1997, the significance of bioturbation/irrigation was assessed for cores collected from
stations Bay-3 and Shelf-3. An x-radiograph image of a core from station Bay-3 showed
the presence of deep (> 25 cm) burrow structures (M. Buchholtz ten Brink, personal

communication). In contrast, x-radiograph images, infaunal abundance, and 21%p and
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137Cs profiles all indicated negligible rates of bioturbation and irrigation at station Shelf-3
(M. Buchbholtz ten Brink, personal communication). The importance of
bioturbation/irrigation was not directly assessed for the remaining stations (Table 4.2).
Bottom water samples were collected using a Niskin bottle; sediment coring
methods and pore water extraction procedures are listed in Table 4.2. Analysis methods
applied to pore waters (DIC, nutrients, DOC, total Fe and Mn, total sulfide, and humic-
like fluorescence) and sediment solids (Fe oxyhydroxides and acid volatile sulfide) are

summarized in Appendix-2.

3.2. Pore water and solid phase profiles

3.2.1. DIC and NH,; accumulation and redox regime

High rates of organic matter remineralization were indicated by large pore water
DIC, NH,4 and PO, gradients at each of the stations (Fig. 4.4-4.6). DIC and NHj profiles
tended to co-vary, and generally increased steadily with depth (Fig. 4.4-4.6). At the Bay
stations, the occasional presence of inversions in the concentration gradient within the
uppermost ~10 cm of the sediment suggests that bioturbation/irrigation was occurring at
these sites (Fig. 4.4-4.6). Consistent with the x-radiograph images (section 3.1.), Bay-3
(particularly 6/97 and 8/99) appeared strongly impacted by bioturbation/irrigation based
on a distinct subsurface minima in the NH4 and DIC profiles (Fig. 4.4, 4.6).

Oxygen penetration depths at the Bay stations were measured by microelectrodes
in situ, and were generally 2-4 mm (Luther et al., 1999; Reimers, unpublished data).

Aerobic respiration was therefore not the major pathway of organic matter
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remineralization in these sediments. At the Bay stations where pore water Mn and Fe
concentrations were determined, these metals were present at high levels over a depth
interval of several centimeters indicating the occurrence of extensive suboxic diagenesis
in the upper 5-10 cm of these sediments (Fig. 4.4). The accumulation of acid volatile
sulfide (AVS) at the Bay stations (Fig. 4.4, 4.6) demonstrates that sulfate reduction was
also significant. However, free sulfide was not detectable at station Bay-3 (one of 2
stations where this analysis was conducted; Appendix-2) in both 7/99 (to a depth of 30
cm) and 8/99 (to a depth of 10 cm; Appendix-2). The mirror image distributions of AVS
and Fe oxyhydroxides (Fig. 4.4) suggest that oxidized iron (enhanced near the surface by
bioturbation) reacted rapidly with free sulfide to form AVS. In contrast, free sulfide was
present at levels as high as 1.5 mM at Shelf-3 (Fig. 4.6).

In the following paragraphs, the depth where dissolved Fe disappears, or in the
case for Shelf-3, the depth where free sulfide begins to accumulate, will be used as a

reference for the suboxic-anoxic boundary (Fig. 4.2).

3.2.2. Depth-integrated production rates and accumulation patterns of DOC

In the deeper, anoxic regions of the sediment column, DOC concentration
increased steadily in parallel to DIC and NH; (Fig. 4.6), similar to trends reported
previously for anoxic coastal sediments (e.g., Alperin et al., 1994; Burdige and
Homstead, 1994). DOC also increased steadily with depth in the suboxic zones of the
sediment at station Bay-2 (Fig. 4.4). Otherwise, DOC clearly deviated from DIC and
NH, and appeared to remain constant (at a concentration greater than that of the

overlying water) throughout and several cm beyond the suboxic-anoxic boundary (Fig.
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4.4-4.6). This apparent lack of accumulation with depth, which has also been observed in
other suboxic marine sediments (e.g., Sholkovitz and Mann, 1984; Martin and McCorkle,
1993; Bauer et al., 1995), appears consistent with the hypothesis put forth by Burdige
(2001) that suboxic (or oscillating redox conditions) result in greater consumption and/or
lower production of the more refractory pPLMW-DOC relative to anoxic sediments.
These patterns were not observed in the apparently heavily bioturbated/irrigated cores
from Bay-3 (8/99 and 6/97), where DIC, NH4 and DOC closely paralleled each other
throughout depth (Fig. 4.4, 4.6).

In spite of these departures of DOC accumulation patterns compared to DIC and
NHL,, calculated diffusive fluxes of DOC correlated positively with those of DIC and NH4
(Fig. 4.7), and comprised approximately 3 % of the DIC flux. The ratio of DIC to NH,4
flux was ~7, close to the Redfield ratio. These resuits are in agreement with previous
findings (Alperin et al., 1999; Burdige et al., 1999) and support the notion that microbial
remineralization of organic matter is an important factor affecting the net production of

DOC in sediments.

3.2.3. Fluorescence profiles

Excitation-emission fluorescence spectroscopy was employed as a means to
investigate the variations in the abundance and chemical composition of the humic-like
components of the DOC pool with depth in sediment. When excited with UV light,
naturally occurring organic matter commonly exhibits broad, featureless fluorescence
attributed to humic-like substances in the visible region of the spectrum (e.g., Coble,

1996). Based on the tendency for humic-like fluorescence to closely parallel pore water
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DOC concentrations (Chen et al., 1993; Chen and Bada, 1994), it has been suggested that
pLMW-DOM and humic-like substances may be synonymous (Burdige, 203G1).
Humic-like peaks were observed at all stations and depths, and were all
positioned near Ex’Em 310/420 nm well within the previously reported humic-like peak
positions (see Chapter 3.). The close agreement of the peak positions across samples
suggests that chemically similar humic-like substances were present in these sediment
pore waters. The intensity of the peaks increased with depth in the sediment, and in
general co-varied with bulk DOC concentration (Fig. 4.4, 4.6), similar to what has been
reported for other marine sediments (Chen et al., 1993; Chen and Bada, 1994).
However, a plot of humic-like fluorescence intensity versus total DOC
concentration revealed distinct correlations between these two properties above and
below the suboxic-anoxic boundary (Fig. 4.8). In agreement with a previous report
(Chen and Bada, 1994), the fraction of the total DOC that is composed of fluorescent
humic-like DOM was greater in the anoxic than in the oxic/suboxic zones of these
sediments (P=0.05), suggesting that the chemical composition of pore water DOC can
vary between these two zones. Furthermore, if humic-like fluorescence is indeed
representative of pLMW-DOC, then these resulits are consistent with the model concept
that pPLMW-DOC is a quantitatively significant fraction of pore water DOC, and that its
accumulation is suppressed in the suboxic relative to anoxic zones of the sediment

column.
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3.3. Partitioning of OC between pore water and sediment particles

In a related study of a subset of the sediments discussed here, we determined that
approximately 0.1 % of the surface (< 2 cm deep) sediment POC was readily releasable
into solution when suspended in bottom water for 1 hour (Table 4.3; Komada and
Reimers, 2001). A positive correlation between the amount of OC released and the POC
content of the high-density phase (p>1.9) of the sediment matrix further suggested that
OC adsorbed to the mineral particles was the major source for the released OC (Komada
and Reimers, 2001).

To further interpret these results in the context of linear equilibrium adsorption,

non-dimensional partition coefficients, K, were calculated as:

1-¢
K=p| —%|K 6

where p; is the specific gravity of dry sediment (2.5), ¢ is the sediment porosity, and Kags
is the partition coefficient with dimensions of L g”' (Berner, 1980; Table 4.3). Kq4s was
determined for the surface sediments by dividing the readily-desorbable fraction of the
sedimentary POC (umol OC gdry sediment™) by the DOC concentration of the
surrounding pore solution (uM) (Table 4.3). This approach assumes that the sorptive
behavior of pore water DOC can be represented with a single representative K, which is
likely to be an oversimplification (Thimsen and Keil, 1998; Arnarson and Keil, 2000).
Also, because these experiments were conducted in air, the results may not be fully
applicable to anoxic sediments; previous sorption studies using model compounds have
generally shown lower K’s under anoxic compared to oxic conditions (Wang and Lee,

1993; Montlugon and Lee, 2001). Despite these limitations, we present these results to
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provide a first order estimate for equilibrium adsorption as included in our model (Eq. 1,
2) in order to predict its effect on pore water DOC distributions.

The resulting values of K were similar across stations and ranged from 0.8 to 1.3
(Table 4.3). In order to compare these results to previously published values, the
adsorption coefficients reported (in L g™') by Thimsen and Keil (1998) and Arnarson and
Keil (2000) (determined under oxic conditions) were converted to non-dimensional form
according to Eq. 6 using reported porosities of the experimental slurries and assuming dry
sediment densities of 2.5 g cm™. The resulting K of Thimsen and Keil (1998) and
Arnarson and Keil (2000) are 0.04-6.4 and 0.4-0.9, respectively, and overlap with our
estimates. These values of K are also similar to non-dimensional partition coefficients
reported for melanoidin in oxic coastal sediments (~2; Montlugon and Lee, 2001).
Together, these observations indicate a value of K=1 is a good estimate for our pore

water DOC model.

4. MODEL APPLICATION AND DISCUSSION

Profiles of pore water DOC (Fig. 4.4-4.6) clearly show that the rate of DOC
accumulation can be lower in the oxic/suboxic zone compared to the majority of the
deeper, permanently anoxic portions of the sediment column. Fluorescence data further
indicate differences in the chemical composition of DOC between the two zones such
that anoxic pore waters tend to be relatively more enriched in the humic-like component
(Fig. 4.8). Combined, these observations appear consistent with the hypothesis put forth

by Burdige (2001) that the accumulation of the more refractory component of pore water
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DOC is suppressed in the oxic/suboxic relative to anoxic regions of the sediment due to
enhanced consumption and/or lowered production.

To further test this hypothesis, the coupled DCC-DIC model (section 2.) was
applied to the DOC and DIC profiles encountered in this study. As borne out in the
model equations (Eq. 1, 2), DOC profiles encountered in nature are expected to reflect
the composite effects of diffusion, reaction (including any possible redox effects), burial,
as well as any impacts from bioturbation/irrigation. In order to test the effects of redox
potential on pLMW-DOC cycling without the added complication of
bioturbation/irrigation, the model was first fit to the profiles from station Shelf-3 where

macrofaunal activity has been shown to be negligible (section 3.1.).

4.1. Model fit to a non-bioturbated/irrigated site (Shelf-3)

The overall fitting procedure was to first constrain the sediment POC reaction
rate, R (process (a) in Fig. 4.1), using the pore water DIC data. The factors affecting
DOC accumulation patterns were then investigated by adjusting a, a,, kpr, and L (Table
4.1). As a starting condition, it was assumed that the reactivity of pPLMW-DOC was not
redox dependent, such that a, =kp; = 1, and L =0 cm. Thus, the model parameters that
needed to be constrained were: a, H, ky, ke* (through ke and A; Eq, 4), and R* (through
R® and A; Eq. 5) (Table 4.1). Of these parameters, best estimates for R® and A (129,000
uM yr', and 0.21 cm™, respectively) were determined by independently modeling the
DIC profile (Appendix-3). The remainder, however, were unknown, therefore the values

that were adopted by Burdige (in press) were also used here (a=0.1, H’=5uM, ky =
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3650 yr', ke’ = 1.22 yr'"). Of these, a ky of 3650 yr' is of similar magnitude as
degradation rate constants measured for dissolved free amino acids, while kg® of 1.22 yr™*
lies within range of rate constants reported for POC of coastal sediments (0.02-11 yr™';
Henrichs, 1992). Setting a = 0.1 is purely an assumption, but may be reasonable if the
acid-volatile DOC pool comprises most of the mLMW-DOC pool in this model (Fig.
4.1). Alperin et al. (1994) determined that 97 % of the DOC produced annually in Cape
Lookout Bight sediments was in the form of acid volatile DOC.

The DOC and DIC profiles predicted using these parameter values (Case-1; Table
4.4) are given in Fig 4.9(a,b). Under these conditions, the model slightly underestimated
DIC concentration and clearly overestimated DOC. Prior to fine-tuning the model to fit
the DOC profile, R® was increased to 141,000 uM yr™' to produce an improved fit for the
DIC data (Case-2; Table 4.4, Fig 4.9(a)). This approach is justified, because DIC profiles
are more sensitive to variations in R’ and A than to variations in a, ky and kp° (data not
shown). The resulting ~10 % increase in R? from the value obtained by independently
modeling the DIC profile (Appendix-3) makes logical sense when one considers the fact
that a fraction of the DOC escapes oxidation to DIC through diffusion to the bottom
water and burial (Fig. 4.1).

Under this new setting, the model reproduced the interfacial gradient and the
depth-attenuation of DOC concentration reasonably well (Case-2; Fig. 4.9(b)), but the
overall predicted DOC concentrations were still too high by at least | mM. The model
also failed to reproduce the break in the DOC profile within the upper 6 cm of the

sediment. Increasing kp’ and decreasing a both had the effect of lowering the overall
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DOC concentration without impacting the DIC profile; however, it was impossible to
explain the break in the DOC curve by adjusting these parameters alone (data not shown).

In order to test if the break in the DOC profile can be explained as being the result
of enhanced consumption and/or lowered production of pPLMW-DOC induced by suboxic
or oscillating redox conditions, a and kp* were allowed to vary across a depth horizon L
(section 2., Fig. 4.2). L was set to 6 cm, 3 cm below the depth at which free sulfide
appeared (Fig. 4.6). a, was then arbitrarily set to 0.1 while kp; was maintained at 1 (Case-
3; Table 4.4). Doing so decreased the overall DOC concentration, but did not reproduce
the break in the profile (Fig. 4.9(b)). The result was similar when kp; was arbitrarily set
to 10 while a, = 1 (Case-4), although in this case, a small break in the curve appeared near
6 cm depth (Fig. 4.9(b)). Overall, because a, <1 and kp; >1 both resulted in decreases in
the DOC concentration across the sediment-water interface, it was impossible to
reproduce the observed DOC profile using this model setting.

Nevertheless, it was possible to produce pPLMW-DOC profiles which agreed
reasonably well with the depth trends in the humic-like fluorescence intensity by setting
ar = 0.1 and ke, = 10 and further adjusting a (Case-5) and also L (Case-6; Table 4.4, Fig.
4.9(d)). If humic-like fluorescence intensity is indeed proportional to the concentration
of pPLMW-DOC, then these results can be interpreted to mean that the coupled DOC-DIC
model can predict with reasonable accuracy the depth distribution of the more refractory
component of the DOC pool. These results are also consistent with the hypothesis that
reduced production (a,<1) and enhanced loss (kp~1) of the more refractory fraction of
pore water DOC occurs in the oxic/suboxic parts of the sediment column. Furthermore,

the inability of the current version of the model to fully account for the large DOC
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gradient across the sediment-water interface points to the possibility that HMW-DOC is
being produced at high rates (and possibly under non-steady state conditions) in the
uppermost parts of the sediment column. This scenario is in accord with previous reports
suggesting enhanced production of labile dissolved organic matter near the sediment-

water interface (Burdige and Zheng, 1998; Burdige, 2001).

4.2. Application to an irrigated site (Bay-3)

In addition to the possible redox dependence of DOC reaction rates, DOC profiles
in the Bay sediments are most certainly further complicated by advective processes due
to macrofaunal activity (Fig. 4.4-4.6, section 3.1.). In order to test the significance of
redox-dependent DOC cycling under such conditions, the coupled DOC-DIC model was
applied to the core from Bay-3 collected in 6/97.

The broad inversion in the concentration profiles of DIC, NH4 and DOC to
approximately 20 cm depth (Fig. 4.6) indicate that this core was heavily irrigated. It is
possible that this core was also bioturbated, however, because neither bioturbation nor
irrigation rates are known for this site, and solute profiles are generally more sensitive to
variations in the irrigation than in the biodiffusion coefficient, it was assumed that this
core was impacted by irrigation only. Irrigation rates for this site were estimated by
fitting a finite series of possible solutions to the DIC profile using various combinations
of R’, a, and A. To reproduce the inversion in the DIC profile, any choice of R’ must be
counterbalanced by an appropriate o; larger R? requires larger a, and vice versa. Once a

pair of R® and a is selected, a unique A is easily obtained by fine-tuning the overall
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attenuation. Estimates for the lower and upper limits for R° (and o) are set by the
steepness of the interfacial gradient (increasing R® results in sharper gradients). The
higher limit can also be set by the size of a - increasing a enhances the mid-depth
concentration minima.

Setting the irrigated depth to 18 cm, three curves were fit to the DIC data with R°
ranging from 100,000 to 180,000 uM yr™', and o between 10 and 18 yr”' (Cases 7, 8, 9;
Table 4.4, Fig. 4.10(a)). The corresponding DOC profiles were then calculated by setting
H®, ky, and kp? as stated above (section 4.1.; Table 4.1), a=0.1, and a, = kp, = 1. The
resulting DOC profiles were similar to each other and clearly overestimated the measured
values (Fig. 4.10(b)), indicating that throughout the modeled sediment column, the model
overestimated the production rate or underestimated the consumption rate of pPLMW-
DOC. Taking Case-8 as a representative first order approximation, the DOC model
profile was adjusted by decreasing a to 0.04 (Case-10; Table 4.4), which resulted in a
good fit below ~20 cm, but still overestimated the measured values near the interface
(Fig. 4.10(d)). In order to reduce the production rate of pPLMW-DOC in the upper part of
the sediment column, L was then set to 21 cm (assuming that the irrigated depth oscillates
similar to the suboxic-anoxic boundary; section 2., Fig. 4.2) and a, to 0.6 (Case-11; Table
4.4), which improved the fit. Similar adjustments were necessary if Cases 7 and 9 were
used initially; the production rate of pLMW-DOC above L had to be reduced (a; = 0.6) to
obtain a reasonable fit to the data (results not shown). It was also possible to reduce the
overall modeled DOC concentration by increasing ke’ and ke, but doing so resulted in

strong concentration minima around 18 cm. Although a reasonable fit was obtained in
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this case by decreasing the production rate (by adjusting a and a,) alone; in reality, what
we may be observing is a net change in both production and consumption rates within L.
The above results are again consistent with the model concept that the
accumulation of DOC is suppressed within the oxic/suboxic zone of the sediment.
Combined with the results for station Shelf-3 (section 4.1.), these findings demonstrate
that redox-dependent production and/or consumption of pPLMW-DOC is likely an
important factor influencing DOC distribution and dynamics across a spectrum of heavily
irrigated to non-disturbed coastal sedimentary environments. The shorter cores collected
from the Bay (Fig. 4.4, 4.5) did not penetrate deep enough into the permanently anoxic
zone, therefore, it was not possible to test the significance of redox-dependent reactivity
using these profiles. However, the model resulits strongly suggest that the DOC profiles
and fluorescence characteristics in the surface sediments of the Bay stations are
integrated results of various combinations of redox-dependent reaction and transport

processes.

4.3. Significance of adsorption/desorption on sediment DOC cycling

As seen in Eq. 1 and 2, including the equilibrium partition coefficient, K, in a
steady state diagenetic equation under the conditions assumed in this study (section 2.)
results in an enhancement of the rate of burial and bioturbation by a factor (1+K).
Consequently, as stated by Berner (1978), when rates of burial and bioturbation are low
enough to be neglected, effects of sorption can also be neglected. This was the case for

station Bay-3 (6/97; section 4.2.) where the reported burial rates are low (0.15 cm yr™';
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Olsen et al., 1984), and it was assumed that biological mixing was limited to irrigation.
In this situation, the inclusion of K = 1 within each diagenetic equation has little or no
impact on the calculated DOC distributions (data not shown). Instead, these distributions
can be explained primarily as consequences of redox-dependent organic matter
degradation and irrigation.

Conversely, at station Shelf-3 where sedimentation rates are on the order of
several cm per year (Bopp et al., 1995), the inclusion of K in the model has greater
impact on the calculated DOC concentration. Varying the magnitude of K between 0 and
3 for Case-5 calculated earlier for Shelf-3 (Fig. 4.9) produces asymptotic pPLMW-DOC
concentrations that differ by approximately 1 mM, with larger K’s resulting in lower
DOC concentrations (Fig. 4.11). An accurate determination of K is therefore important
in order to correctly model pore water DOC under the condiiions encountered at station
Shelf-3. Furthermore, if K is indeed smaller in anoxic conditions as has been reported for
some model compounds (Wang and Lee, 1993; Montlugon and Lee, 2001), then K must
be modeled as a depth-dependent parameter. Future studies should focus on determining

the redox-dependence of K of pore water DOC.
4.4. Additional controls on pore-water DOC distribution: Potential role of Fe

So far in this study, it was assumed that pore-water DOC distribution and cycling
can be largely explained by incorporating the effects of redox-dependent microbial

reactions, various modes of advective transport, sorption, and diffusion into a diagenetic

model. While a combination of these factors appears reasonably adequate to explain the
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observed pore-water DOC distributions, additional factors are most likely at work in
nature; non-steady state processes and redox-dependent sorption are two of them, as
pointed out above (sections 4.1. and 4.3.).

Another process that was not incorporated in this model, but may help better
explain the observed pore-water DOC accumulation patterns is complexation and
subsequent precipitation of DOC with Fe above the depth horizon L. Fe dissolved in the
interstitial waters of sediments can exist as organic complexes in both redox states +II
and +III (Luther et al., 1996; Taillefert et al., 2000). Both Fe (II) and Fe (1II) organic
complexes have been found to precipitate out of pore solution under very low pH
conditions (< 3) in marsh sediments, indicative of humic complexes (Luther et al., 1996).
Fe (1II) complexed to a model ligand has also been found to precipitate at circumneutral
pH in synthetic seawater as the complex ages and aggregates (Taillefert et al., 2000).

Solid-state voltammetric profiles obtained at station Shelf-3 at the time our core
was collected (6/97) show that relatively freshly-produced Fe (III) organic complexes
were present in the uppermost 3 cm of the sediment column (Taillefert et al., 2000).
Although this depth interval does not fully overlap with the estimated depth of the
horizon L (approximately 6 cm; Table 4.4), it is possible that DOC loss through

aggregation of Fe (III) complexes contributed to the overall lowered accumulation of

DOC in the suboxic zone of this station.
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5. CONCLUDING REMARKS

The data presented in this study suggest that a quantitatively important fraction of
the DOC accumulating in the pore waters of coastal sediments is composed of
fluorescent, humic-like compounds. The results of the modeling exercises are also
consistent with the notion that most of the DOC that accumulates is of low reactivity,
especially if distributed within permanently anoxic sediment zones. The inferred
significance of redox conditions on the oxidation of refractory components of the DOC
pool is consistent with the potential effects of redox-oscillation (Aller, 1994) and oxygen
exposure time (Hartnett et al., 1998; Hedges et al., 1999) on overall sediment POC
remineralization. Our results further imply that the thickness of the oxidized/suboxic
layer in the sediment column may influence not only the quantity, but also the reactivity
of the DOC diffusing out of the sediment into the overlying bottom water. Additional
studies involving profile data from a greater number of sedimentary environments are

required to further test our conclusions.
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Table 4.1. List of symbols used in the coupled DOC-DIC model.

99

Symbeol Meaning Values used
KNOWN PARAMETERS
Ob d bott t
c Concentration of DIC in the bottom water (uM) serve K om water
concentration
Ds Whole sediment diffusion coefficient of DOC and DIC | 52.5 (P and H) and 160.8 (DIC)
(cm’ yr'") cm’ yr'!
Equilibrium linear partition coefficient for DOC
K c!m i n partition coefficient for I (section 3.3.)
(dimensionless)
o Sediment burial rate (cm yr'") See Table 4.4
UNKNOWN PARAMETERS
a Fraction of H that is converted to P See Table 4.4
a, Attenuation factor for a above L See Table 4.4
D Biodiffusion coefficient within the bioturbated zone 2
B 1 . Ocm yr
(cm” yr')
H° Concentration of HMW-DOC in the bottom water L.
5 uM (Burdige, in press)
(M)
Ku Degradation rate constant for H (yr'") 3650 yr"' (Burdige, in press)
ke !)egradation.:'ate constant for P at the sediment-water 122 yr' (Burdige, in press)
interface (yr)
Ker Enhancement factor for k" above L (see Appendix-1) | See Table 4.4
Deptl.l horizon below which sediment is permanently Suboxic-anoxic boundary plus 3
L anoxic (cm); cm (section 2., Fig. 4.2)
above L, k21 and/or a,<1 ~ g
p° Concentration of pLMW-DOC in the bottom water Observed DOC concentration
(uM) minus concentration of H°
RO Net rez-lction rate of secﬁmem POC at the sediment- See Table 4.4
water interface (uM yr'')
a Bioirrigation constant within the bioturbated zone (yr') | See Table 4.4
A Depth attenuation constant for R* and kp" (cm™) See Table 4.4
VARIABLES
C Concentration of DIC (uM)
H Concentration of HMW-DOC (uM)
P Concentration of pPLMW-DOC (uM)
X Depth below the sediment-water interface (cm)
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Table 4.2. Summary of station locations and general characteristics.

. Bioturbation/ .
. Lat (N) Depth Date of - Bottom T. . 1 | PW sampling L Determination
Station Lon (W) m) Sampling Salinity ) Coring Method method® Bm:;legsajuon of K*
40.596 .
Bay-1 74,002 5 6/26/98 24 21 Grab Slice n.a +
Bay-2 -%2?)46?1 8 6/28/98 27 19 Push core Slice na. +
6/27/97 27 20 HGC Squeeze High
40.458 6/25/98 23 20 Grab Slice na,
Bay-3 6 . . +
-74.074 7/22/99 28 n.a. Gravity Slice na.
8/3/99 28 n.a. Grab Slice n.a,
40.451
- 6 6/28/98 20 Sl A, -
Bay-4 -74.066 23 Grab lice na
40.486
- 6/29/98 Sli A -
Bay-$§ 74.186 7 / 23 21 Push core lice na
40.389 s
Shelf-1 73832 24 10/12/98 31 13 Grab n.d. n.a, +
40,282
- ’ 10/12/98 12° d. a, +
Shelf-2 73787 58 / 32 Grab nd na
40.317 .
Shelf-3 73,791 50 6/26/97 32 9 HGC Squeeze Negligible -

B

the U.S Geological Survey; Gravity = conventional gravity corer.

deck using a squeezer similar to that reported by Jahnke (1988). n.d. = not determined.

Rates are based on x-radiograph images, 210pp, 137Cs profiles, and infaunal abundance (section 3.1.).
Plus and minus signs indicate that the analysis was or was not conducted, respectively.
In situ temperatures are not available from these stations. Listed are data from Bowman and Wunderlich (1977).

.a.= not available.

Grab = Peterson grab sampler; Push core = a push core mounted on an ROV; HGC = hydrostatically-damped gravity corer

built by

Sliced cores were processed in a N, atmosphere as described in Komada and Reimers (2001). Squeezed cores were processed on

001



Table 4.3. Estimated equilibrium partition coefficients of DOC in surficial (uppermost 2

cm) sediments.

Experimental Data® Core Sectioning Data
(uppermost 2cm)
. Mass- Fraction of Kas )
Station nglz) normalized | HD-POC w:;} Soc | A | aoLm? K
OC release released porosity
W% | (umol g") %) M

Bay-1 3.76 2.58 0.08 1310 0.84 1.6 0.9
Bay-2 4.26 3.73 0.11 1443 0.84 1.2 1.2
Bay-3 2.89 0.71 0.03 405 0.77 1.0 1.3
Shelf-1 1.88 1.14 0.07 1164 0.69 0.9 1.1
Shelf-2 3.71 3.84 0.12 1678 0.88 1.2 0.8

1. Data from Komada and Reimers (2001)
2. POC content in the high-density (p>1.9) phase of the sediment matrix
3. Non-dimensional partition coefficient derived using Eq. 6.
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Table 4.4. Parameter values used to calculate DOC-DIC model outputs for stations Shelf-3 and Bay-3 (6/97).

Case Ds Kp L MLD"" R® a A o®
Model fit to: a a, 2 . " r 4 "
No. (em”yr’) (cm) (cm) (kM yr’) or) (cm™) | (cmyr’)
1 Shelf-3 0.1 1 0 1 0 0 129,000 0 0.21 2
2 Shelf-3 0.1 l 0 l 0 0 141,000 0 0.21 2
3 Shelf-3 0.1 0.1 0 i 6 0 141,000 0 0.21 2
4 Shelf-3 0.1 1 0 10 6 0 141,000 0 0.21 2
5 Shelf-3 0.14 0.1 0 10 6 0 141,000 0 0.21 2
6 Shelf-3 0.16 0.1 0 10 7 0 145,000 0 0.21 2
7 Bay-3 (6/97) 0.1 1 0 | 0 18 100,000 10 0.11 0.15
8 Bay-3 (6/97) 0.1 ] 0 ] 0 18 150,000 15 0.119 0.15
9 Bay-3 (6/97) 0.1 | 0 1 0 18 180,000 18 0.124 0.15
10 | Bay-3(6/97) 0.04 1 0 | 21 18 150,000 15 0.119 0.15
11 Bay-3 (6/97) | 0.043 0.6 0 | 21 18 150,000 15 0.119 0.15

1. MLD = mixed layer depth (depth to which sediment is impacted by bioturbation/irrigation). All other symbols are explained in

Table 1.
2. Sedimentation rates are from Bopp et al., (1995) and Olsen et al. (1984) for Shelf-3 and Bay-3, respectively.
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Sediment
POC

(a) R*= R? exp(-Ax)

HMW-DOC J

(H)

(b) kyH

(c) (1-a) kyH

mLMW-DOC

(e) fast

—

_—
pLMW-DOC EJ

P)

(d) a kH

DiC J

Figure 4.1. A diagrammatic representation of the coupled DOC-DIC model modified
after the pore-water DOC model developed by Burdige (in press). Dissolved carbon
species that were explicitly modeled are indicated in bold. Upward- and downward-

(f) ke* = [ke” exp(-Ax)]P

103

facing box arrows represent losses of the dissolved species from the system by diffusion
into the bottom water and pore water burial, respectively. Symbols used to describe the
processes (a) to (f) are explained in Table 4.1.
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Redox _ = Position
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Figure 4.2. A schematic describing the relative positioning of the suboxic-anoxic

boundary and L in the sediment column.
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-74E 15’ -T4E 00' -73E 45’

New York Bay
40E 30'

-74E 15' -74E 00' -73E 45°

Figure 4.3. Sampling locations in the Raritan Lower New York Bay complex and the Inner New York Bight.
pw and K in parentheses indicate stations where down-core profiles and DOC partition coefficients were

determined, respectively.
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.5 | Bay-2

Figure 4.4 (continues on to next page). Short (<15 c¢m) pore-water and solid-phase profiles from stations Bay-1 and Bay-2. Note
differences in the scale in the y-axes. Humic-like fluorescence is the intensity of the peak in the excitation-emission matrix
(Appendix-2) positioned near EX’Em 310/420 nm. AVS = acid volatile sulfide. The horizontal lines indicate the estimated locations

of the suboxic-anoxic boundary.
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Figure 4.4 (continued). Continuation of Profiles-1, but for station Bay-3 (6/98 and 8/99) and using different scales for the x-axes.
The suboxic-anoxic boundary is not indicated for the core collected in 8/99, because of the likelihood that dissolved Fe depletion is

due to irrigation (oxidation) rather than due to anoxia.
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NH, (mM) DOC (mM) PO, (mM)
0.0 0.1 02 0.0 02 0.4 06 0.00 0.05 0.10
o _{—\ o a Iy} "
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©
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Figure 4.5. Short (<7 cm) pore-water profiles of NHy, DOC, and POy for stations Bay-4 and Bay-5. Other dissolved species and
solid phase data (Fig. 4) are not available for these stations.
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Figure 4.6 (previous page). Longer (>15 cm) pore-water and solid-phase profiles from
stations Bay-3 (7/99 and 6/97) and Shelf-3. Humic-like fluorescence is the intensity of
the peak in the excitation-emission matrix (Appendix-2) positioned near Ex/Em 310/420
nm. AVS = acid volatile sulfide. Note that total dissolved sulfide is shown instead of
AVS in the right-most column for station Shelf-3. Dissolved sulfide was determined for
Bay-3 in 7/99, but was not detectable (Appendix-2). Data from the short core collected
in 8/99 are shown in smaller symbols along with the 7/99 Bay-3 data. The horizontal
lines indicate the estimated locations of the suboxic-anoxic boundary.
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Figure 4.7. Diffusive fluxes of DIC, NH4 and DOC calculated using the Fick’s first law as described in Berner (1980) and the
concentration difference between the bottom water and the uppermost pore water value. Solid lines indicate best-fit linear regressions.
Due to the effects of irrigation and bioturbation (section 3.1.), these fluxes most likely underestimate total fluxes.
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Figure 4.8. Maximum intensity of humic-like fluorescence versus DOC concentration of
pore waters. White and black symbols are those collected from above and below the
suboxic-anoxic boundary (see section 3.2. for definition), respectively. The boxed area
contain data points that may have been influenced by bioturbation/irrigation.
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Figure 4.9. Measured profiles of DIC, DOC, and humic-like fluorescence (replication of
those given in Fig. 4.6) and model-derived profiles of DOC, pLMW-DOC, and DIC
(shown with curves) for station Shelf-3. Dotted and dashed horizontal lines indicate the
suboxic-anoxic boundary and the position of L, respectively. (a,b): Model outputs for
DIC and DOC calculated under 4 different settings (Cases 1-4; sce Table 4.4). In (b),
humic-like fluorescence profile (dlownwards triangle) is superimposed on the DOC
profile for reference. (c,d): Model calculations of DIC and pLMW-DOC for Cases 5 and
6 (see Table 4.4).
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Figure 4.10. Measured and model-derived profiles of DIC and DOC for station Bay-3
(6/97). Dash-dot and dashed horizontal lines indicate the depth of irrigation, and position
of L, respectively. (a,b): Model outputs for DIC and DOC calculated under three
different conditions (Cases 7-9; Table 4.4). DOC reactivity is assumed to be uniform
with depth. (c,d): Additional fitting parameters (a;, L) are introduced to Case-8 to
improve the fit to the DOC profile (Cases 10, 11; Table 4.4).
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profiles of pPLMW-DOC for station Shelf-3. pPLMW-DOC profiles were calculated using
K’s ranging between 0 and 3. The curve indicated with a bold line (K = 1) is Case-5
(Table 4.4) as presented in Fig. 4.9(d).
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APPENDICES

Appendix-1

kp® is defined to decrease exponentially with depth at all times:

k,* =k,’ exp(-Ax). (AD)
Under this setting, one possible way to enhance kp* above the horizon L by a factor kg, is
to simply multiply the right hand side of Eq. Al by ke when x < L. However, this results
in preferential enhancement closer to the sediment-water interface. An alternative is to
enhance the average value of kp" above horizon L by ke, such that the final effect is to
add a constant, g, to kp*. This results in enhancing ke evenly throughout the depth
interval 0 <x <L.

The enhancement constant, g, is calculated as follows. Let function f(x) be the

equation describing the depth-variation of ke above L after enhancement:

f(x)=k,’ exp(-Ax)+g (A2)
It then follows that:
ff(x)dx=Axk,,, (A3)

where A is the area under the curve given in Eq. Al in theinterval 0 <x < L:

A=k, [ expl- Ak =~ (expl- AL)-1) (A%

Solving Eq. A3 for g gives:

g =2 [ ko )< xpl- 22)- 1) (a5)
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Appendix-2
Stations' .
Analyte Method Precision References and Comments
Bay-1 T Bay-2 l Bay-3 I Bay-4 J Bay-5§ l Shelf-3
DISSOLVED PHASE
flow-injection and
DIC + (+] + . . 3% Hall and Aller (1992)
conductivity analysis
. , Determined using a Shimadzu 5000A TOC
high-temperature catalytic . .
DOC + + + + + + e 5% Analyzer following recommendations by Sharp et
oxidation
al. (1993)
Determined using an automated analyzer (Quick
NH,, PO, + + + + + + Spectrophotomet 3%
v pectiop i ° Chem AE, Lachat Instruments)
Determined using the method of Stookey (1970)
tot. Fe + + [+] Spectrophotometry 2% with modifications described by Luther et al.
(1996),
graphite furnace atomic . . .
tot. Mn + + [+] . 3% Determined using the method of standard additions.
absorption spectrometry
humic-like + 4 [+] . excitation-emission 2% Coble et al. (1993) with modifications as described
fluorescence matrix spectroscopy ° in Komada Chapter-2.
tot, H,S @ + Spectrophotometry n.a. Cline (1969)

(Continued on next page.)
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Appendix-2 (continued)

Stations' .
Analyte Method Precision References and Comments
Bay-) l Bay-2 I Bay-3 l Bay-4 l Bay-$ l Shelf-3
SOLID PHASE
ascorbate and dithionite L . .
. Determined in duplicate according to Kostka and
Fe oxy- extractions followed by generally . .
: + + +] L Luther (1994). Dissolved Fe was determined
hydroxides determination of total <10% .
. according to Stookey (1970).
dissolved Fe
. ) Determined in triplicate according to Cutter and
acid volatile acidification followed by . P . & .
. . generally | Oatts (1987) with modifications to the trapping and
sulfide + + {+] trapping and quantitation e .
<20% | quantification procedures of H,S as described by
(AVS) of H,S
Luther et al. (1991).

&

Stations where the analysis was conducted are labeled with a + sign. At station Bay-3 where a total of 4 cores were collected, not

all analyses were conducted on all cores. Those cases are indicated with a [+].
Analysis for total dissolved sulfide was conducted for the cores collected on 7/22/99 and 8/3/99, but was not detectable (to as deep

as 30 cm in the 7/22/99 core, and throughout the 8/3/99 core). Detection limit of this method is 1 uM (Cline, 1969). Therefore,

these data are not shown in Fig. 6.
Data courtesy of Dr. A. Draxler, NOAA, NMFS.

€21



124

Appendix-3

Because the majority of the POC converted to HMW-DOC is rapidly
remineralized to DIC via mLMW-DOC (Fig. 1), the rate of DIC production and its
attenuation with depth should closely reflect the net reaction rate of POC and its
attenuation with depth. Therefore, to determine A and R’ in Eq 5, an exponential curve
was fit directly to the DIC profile:

C* = (C™-C™)*exp(-gx) + C* (A6)
where C is the DIC concentration (with superscripts 0 and « representing bottom water
concentration and the asymptotic pore water concentration, respectively), and g is a
depth-attenuation constant. By fixing C° to the measured bottom water value, the best-fit
(least squares) of Eq.A6 to the observed profile was obtained when ¢ = 0.21 cm™ and C®
= 18 mM. The production rate of DIC at the sediment-water interface, Rpic’, was then
determined by differentiating Eq. A6 and substituting the results to a diagenetic equation

of the form:

d*C dC ,
DSF—(UZ'FRD,C =0 (A7)

and solving for Rpc* at x = 0 (setting Ds and  as given in Table 1). The result of this

computation yielded Rpic” = 129,000 uM yr' (0.35 mM d™).
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