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Abstract

Results of recent studies of dissolved organic matter (DOM) in Chesapeake Bay sediment pore waters are summar-
ized here, to gain further insights into the controls on the composition and reactivity of estuarine pore water DOM.
This analysis shows that much of the DOM accumulating in sediment pore waters appears to be refractory and of
relatively low molecular weight (less than ~3 kDa), consistent with recent water column DOM studies. Comparative
analyses of pore water DOM data from bioturbated/bioirrigated sediments versus anoxic (i.e. non-bioturbated/bio-
irrigated) sediments indicate that differences in the physical and biogeochemical processes in these sediments lead to
distinct differences in DOM concentrations and composition. The causative factors here appear to be both the pre-
sence/absence of macrofauna in the sediments, as well as differences in sediment redox conditions (more strictly anoxic
vs. “mixed” redox conditions). These observations further suggest that differences in DOM composition and reactivity
as a result of varying sediment redox conditions might also play a role in how sediment redox conditions affect overall

sediment carbon preservation. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Dissolved organic matter (DOM) plays a major role
in many biogeochemical processes in estuarine sedi-
ments. Many DOM compounds are produced and con-
sumed during sediment particulate organic matter
(POM) remineralization (e.g. Henrichs, 1995; Burdige
and Gardner, 1998), and nutrient (N and P) regenera-
tion during sediment POM remineralization can provide
a significant amount of the nutrients required to fuel
estuarine primary productivity (Klump and Martens,
1983; Cowan and Boynton, 1996). Estuarine, coastal
and continental margin sediments also represent the
major sites of carbon remineralization and burial in the
oceans (Berner, 1989; Hedges and Keil, 1995; Middel-
burg et al., 1997), and pore water DOM is an important
intermediate in several proposed models for sediment
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carbon preservation (Welte, 1973; Krom and Westrich,
1981; Mayer, 1994; Collins et al., 1995; Hedges and
Keil, 1995; Burdige et al., 1999).

Biogeochemical processes in estuarine sediments have
the potential to show great variations due to several
factors, including: differing contributions of marine
versus terrestrial organic matter to the sediments; sali-
nity variations and their effect on the occurrence of
anoxic sediment remineralization processes (e.g. the
occurrence of sulfate reduction versus methanogenesis);
the presence of benthic macrofauna in these sediments
and their effect on sediment redox conditions. As a
result, the concentrations, composition and reactivity of
pore water DOM likely vary along estuarine gradients.

For the past several years, we have been studying
pore water DOM at three sites along an estuarine
transect in the mainstem of the Chesapeake Bay. In this
article I will review our results, with reference to the
general controls on pore water DOM cycling in these
sediments. In particular, given the contrasting char-
acteristics of two of the sites that have been examined in
greatest detail, these results will be used to examine the
role that benthic macrofaunal processes and varying
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sediment redox conditions play in affecting pore water
DOM concentrations and composition.

1.1. Pore water size[reactivity model

Before beginning this discussion I want to briefly
describe a model for DOM cycling in sediments that will
be referred to throughout this paper. The pore water
size/reactivity model (PWSR), first described as a con-
ceptual model in Burdige and Gardner (1998), is based
on traditional models for carbon cycling in anoxic sedi-
ments and the size reactivity continuum model for water
column DOM cycling (Amon and Benner, 1996).

In the PWSR model the degradation of sediment
POM to inorganic nutrients through DOM intermediates
is thought of as a series of hydrolytic, oxidative, fermen-
tative and eventually respiratory processes that produce
and consume pore water DOM compounds with
increasingly smaller molecular weights. Although this
process likely leads to a continuum of DOM inter-
mediates (in terms of molecular weights), the model
assumes that there is an initial class of high molecular
weight DOM compounds (HMW-DOM) containing
biological polymers such as dissolved proteins and
polysaccharides which result from the initial hydrolysis
or oxidative cleavage (depolymerization) of sediment
POM (see discussions in Laanbroek and Veldkamp,
1982; Capone and Kiene, 1988; Henrichs, 1992; Alperin
et al., 1994; Arnosti et al., 1994; Burdige et al., 2000).
Most HMW-DOM is further hydrolyzed and fermented
to monomeric low molecular weight DOM compounds
(mLMW-DOM) such as acetate, other small organic
acids, and individual amino acids, that are then utilized
in terminal respiratory processes in sediments such as
denitrification or sulfate reduction.

In addition to these processes, some small fraction of
the HMW-DOM pool is also broken down to a group of
“polymeric” low molecular weight compounds (pLMW-
DOM) that are proposed to be much less reactive than
the HMW-DOM compounds. The pool of pLMW-
DOM is believed to be recalcitrant because structural
and/or chemical changes decrease its bioreactivity (see
Santschi et al., 1995, and Amon and Benner, 1996, for
discussions of similar phenomena in the water column).
The accumulation of DOM with sediment depth in pore
waters then occurs predominantly in the form of
pLMW-DOM, since both HMW-DOM and mLMW-
DOM represent reactive DOM pools that turn over
rapidly.

The existence of these different DOC pools (with dif-
ferent reactivities) is consistent with our DOC molecular
weight data discussed in Section 3.1 (Burdige and
Gardner, 1998) and our recent DOM fluorescence data
described in Section 3.3 (Burdige et al., 2001). It also
explains pore water concentration data for acid volatile
and nonvolatile DOC in the anoxic sediments of Cape

Lookout Bight, NC (Alperin et al., 1994) and is con-
sistent with the results of polysaccharide (Arnosti et al.,
1994) and lignocellulose degradation studies (Hodson
and Moran, 1995). Finally, the PWSR model and the
proposed production of refractory pore water pLMW-
DOM may also help explain the fact that colloidal (> 1
kDa) organic matter desorbed from continental margin
sediments is substantially older than the bulk sediment
organic matter (~3000 vs. 700 years, respectively; Guo
and Santschi, 2000). This is based on the fact that recent
studies have shown that sorption of DOC to sediment
particles plays some role in affecting pore water DOC
concentrations (e.g. Hedges and Keil, 1995), and that
pore water DOC concentrations may be “buffered” by
reversibly-sorbed DOC in equilibrium with the pore
waters (Thimsen and Keil, 1998). If this is indeed the
case, the relatively refractory nature of the bulk pore
water DOC pool (*pLMW-DOC) would then aid in the
ageing process of this sorbed organic matter.

2. Chesapeake Bay field sites

The geochemical characteristics of the sediments from
the three contrasting sites in Chesapeake Bay that will
be discussed here are summarized below and in Table 1
(data taken from Kemp et al., 1990; Schaffner, 1990;
Burdige and Homstead, 1994; Burdige et al., 1995, 2000,

Table 1

General site characterisitics

Parameter/site® N3 M3 S3
Average water depth (m) 10 15 12

Bottom water salinity (psu)® <0.1-10 10-20 20-30
Sfc. Sediment POC (mg C/gdw) ~20-40 >30 6-8
Sediment C/N ratio 12-22 6-10 12-16
PCHOs (% of POC)® 8+2% 94+2%  6+1%
Cox (mol C/m?/year)? 0.840.4 7.240.7 4.4£1.0
Pore water DOC (uM)® 200-900 400-2500 200-500
Pore water DON (uM)*© 10-50 30-160  10-50
Pore water DCHO (uM)*f 30-50 40-150  30-80

4 See Fig. 1 for a map showing site locations.

® Seasonal ranges.

¢ Average particulate (sediment) carbohydrate concentra-
tions (as a percentage of sediment POC).

d Depth-integrated sediment carbon oxidation rates. Values
for sites S3 and M3 are based on integrated annual averages of
measured Y CO, benthic fluxes made during temporal studies
at these sites (time period 3/95-10/96; data in Burdige and
Zheng,1998). The value at site N3 is based on modeling of
3"CO, pore water profiles, using procedures described in Bur-
dige and Homstead (1994).

¢ Ranges for the upper ~20-30 cm of sediment.

f Concentrations of DCHOs are expressed on a per-mol-
carbon basis, allowing for a direct comparison with DOC con-
centrations (see Burdige et al., 2000, for further details).
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2001; Cowan and Boynton, 1996; Skrabal et al., 1997;
Burdige and Gardner, 1998; Burdige and Zheng, 1998;
Marvin-DiPasquale and Capone, 1998; also see the map
in Fig. 1). Site N3 is in the northern Bay near the mouth
of the Susquehenna River, one of the major sources of
fresh water to the Bay. Site M3 is in the mesohaline
portion of the Bay where seasonal anoxia (or low oxy-
gen conditions) generally occurs in the bottom waters
during summer months. Site S3 is in the southern Bay
and is well-oxygenated year-round.

The sediments at site M3 are fine-grained, organic-
rich and sulfidic, with sulfate reduction dominating
organic matter remineralization. Redox potentials are
very negative in the upper 10 cm of these sediments
(Eh~—120 mV). Bioturbation is virtually absent,
although a few bivalve spat and polychaete worms
inhabit the upper ~5 cm of sediment in the early spring.

The sediments at site S3 are silty sands that are bio-
turbated and bioirrigated by large tube worms and
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other benthic macrofauna. Site S3 sediments have a
lower organic matter content than site M3 sediments,
and have what can be considered mixed (or oscillating)
oxic/anoxic sediment redox conditions (e.g. Aller, 1994).
Evidence for this includes: minimal pore water sulfate
gradients compared to site M3 (Fig. 2) in spite of mea-
sured sulfate reduction rates at site S3 that are ~60% of
those measured at site M3; positive (oxidizing) redox
values in the upper 10 cm of sediment (Eh~113 mV)
along with the presence of significant (~10-100 pM)
pore water concentrations of reduced constituents such
as ammonium and Mn?™".

The sediments at site N3 are clay dominated, iron-
rich, and contain a diverse community of polychaetes
and bivalves. The upper 10 cm of sediments have posi-
tive Eh values (= 71 mV), and the organic matter here
appears to be largely terrestrially-derived, based on its
high C/N ratio (~12-22) and low 8'3C value (less than
—25%o at site N3, compared to ~—21 to —22%o at the
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Fig. 1. Map showing the three Cheseapeake Bay field sites (from Burdige and Gardner, 1998).
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Fig. 2. Comparative inorganic and DOM pore water profiles collected in October 1995 at the three Chesapeake Bay sites. Symbols on
the upper x-axes represent bottom water samples collected by hydrocasts (data and figure from Burdige and Zheng, 1998).

other two sites; J. Cornwell, unpub. isotope data cited in
Marvin-DiPasquale and Capone, 1998). At the same
time, there appear to have been recent temporal changes
in organic matter deposition to site N3 sediments, as
inferred by a decrease with depth in the sediment C/N
ratio and an increase with depth in absolute particulate
carbohydrate concentrations (Burdige et al., 2000,
2001).

In these sediment pore waters we have examined total
DOC and DON (Burdige and Homstead, 1994; Burdige
and Zheng, 1998), DOC and DON molecular weights
(Burdige and Gardner, 1998), dissolved carbohydrates
(Burdige et al., 2000) and DOM fluorescence (Burdige et
al., 2001). We have also examined DOC, DON and
fluorescence benthic fluxes at two of these sites (M3 and
S3). Analytical and sampling methodologies are descri-
bed in these papers and will not be repeated here. In this
paper I will also present new data on pore water dis-
solved urea concentrations and urea benthic fluxes.
Urea concentrations were measured colorimetrically
using diacetyl monoxime (Rahmatullah and Boyde,
1980).

3. The composition of Chesapeake Bay pore water
DOM

3.1. General trends

Pore water DOM concentrations at these sites are
elevated over bottom water values, and generally
increase with sediment depth (Fig. 2). Concentrations of
DOC and DON are higher at site M3 than they are at
the other two sites (Table 1). At site M3 DOM con-
centrations increase in an exponential-like fashion with
depth and show the largest concentration gradients;
much smaller concentration gradients are seen at sites
S3 and N3. The C/N ratio of pore water DOM ([DOC]/
[DON] = C/Nypowm) is generally higher at site N3 than
at the other two sites, which could reflect the source of
organic matter to these upper Bay sediments (i.e. nitro-
gen-poor, terrestrially-derived material).

At site M3 pore water DOM concentrations (both
DOC and DON) grow in and out seasonally, pre-
sumably in response to sediment temperatures and rates
of sediment POM remineralization (Burdige and Zheng,
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1998). This suggests that on seasonal time scales DOM
concentrations in these sediments are controlled by a
balance between DOM production and consumption
(see similar discussions in Alperin et al., 1994). Average
C/N,powm values at this site also vary seasonally and are
out of phase with changes in DOM concentrations.
Summer/fall cores with higher DOM pore water con-
centrations show lower C/N,pom values (less than
~14), while winter cores with lower DOM concentra-
tions have higher average elemental ratios (greater than
~16). This inverse relationship between average pore
water DOM concentrations at site M3 and C/N,pom
values (also see Fig. 3) suggests that the net ““selectivity”
of DOM remineralization processes in these sediment
varies with the overall rates of sediment POM reminer-
alization. During periods of low remineralization, DOM
consumption appears to be more selective, leading to
the preferential net utilization of N-rich DOM (and thus
to an increase in values of C/Nypom). In contrast, the
opposite appears to be the case during periods when
remineralization rates are more rapid, leading to the
accumulation of higher concentrations of N-rich DOM.

Compared to site M3, DOM concentrations at site S3
are lower, show much smaller concentration gradients
with depth and no obvious seasonal variability (Fig. 4).
In individual cores the small-scale variability in DOM
concentrations with depth may be a function of the
heterogeneous distribution of macrofauna within the
sediments. Values of C/N,powm at site S3 also show little
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Fig. 3. Depth-weighted average DOC and DON concentra-
tions versus depth-weighted average values of C/Nypowm. all for
the upper 20 cm of sites M3 and S3 sediments (data from Bur-
dige and Zheng, 1998, and recent unpublished results from
these sites). The line shown here through the site M3 results is
meant to indicate the inverse relationship between average
DOM concentrations and the average value of C/Nypom.
Symbols: O =site S3 pore water DOC; @ =site S3 pore water
DON; A =site M3 pore water DOC; A =site M3 pore water
DON.

coherent spatial or temporal variability, and (within a
broad envelope) are similar to those of bottom water
DOM.

At site N3, pore water DOC profiles show variability
in the upper ~5-10 cm of sediment (Fig. 5) that may be
related to the bioturbation of these surficial sediments.
Below these depths there is some evidence of seasonal
variations that are consistent with the trends seen at site
M3 (i.e. higher DOC concentrations when sediment
temperatures are warmer). Unfortunately, the limited
number of pore water DOC profiles at site N3 precludes
a more detailed seasonal analysis of these results. Values
of C/Nppom increase with depth in these sediments
from ~6 to 15 near the sediment surface to ~18-27
below 20 cm (e.g. see Fig. 2). While this was initially
interpreted as being due to the accumulation of refrac-
tory DOM with an increasing terrestrial signature (Bur-
dige and Zheng, 1998) recent pore water DOM
fluorescence studies at this site do not necessarily sup-
port this suggestion (Burdige et al., 2001). Given this
observation, and evidence for non steady-state deposi-
tion of organic matter to these sediments discussed in
Section 2, more detailed comparative analyses of site N3
results do not seem appropriate here.

Finally, DOM molecular weight studies show that the
vast majority (~80-90%) of the DOC and DON in
these sediment pore waters has a molecular weight less
than ~3 kDa, and that this low molecular weight mate-
rial (also referred to as DOC3) accumulates in an abso-
lute sense with sediment depth (Burdige and Gardner,
1998; Burdige and Zheng, 1998). Therefore, the accu-
mulation of pore water DOM with depth in these sedi-
ments results from the net production of refractory low,
and not high, molecular weight DOM. In these Chesa-
peake Bay sediments as well as well as other coastal
marine sediments (Chen et al., 1993; Skoog et al., 1996;
Burdige et al., 2001), DOM “humic’’-like fluorescence is
also strongly correlated with total pore water DOC (also
see Section 3.3). Given that the properties of DOC;
appear to be consistent with what is referred to as
pLMW-DOM (see Burdige and Gardner, 1998, for fur-
ther details), and that DOC; represents the vast major-
ity of the bulk DOC in sediment pore waters, these
observations support the notion that pLMW-DOM is
likely what is often referred to as dissolved humic
substances.

3.2. Dissolved carbohydrates

Concentrations of dissolved carbohydrates (DCHOs)
in these sediment pore waters range from ~30 to 150
UM (Table 1), and increase with depth in a manner
similar to total DOC (Burdige et al., 2000). Relative
DCHO concentrations (DCHOs as a percentage of total
DOC) range from 5 and 20% and decrease slightly with
depth. These percentages may be slightly higher in site
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Fig. 4. Pore water DOM profiles at site S3 (data from Burdige and Zheng, 1998, and recent unpublished results). Cores were collected
in 6/95 (@), 10/95 (<), 3/96 (M), 8/96 (A), 10/96 (), 8/97 (W), and 11/97 (O). Symbols on the upper x-axes represent bottom water

samples collected by hydrocasts.
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Fig. 5. Pore water DOC profiles at site N3. Cores were col-
lected in 10/91 (@), 3/92 (M), 7/92 (O), 10/95 (A), and 3/96
(). Symbols on the upper x-axes represent bottom water
samples collected by hydrocasts.

S3 sediments (Table 2) although the limited number of
samples analyzed at this site (in comparison to site M3)
makes such a comparison equivocal. In the analysis of a
selected number of samples, individual aldoses (neutral
sugars) were observed to account for ~30-50% of the
total DCHOs. Dissolved glucose was the predominant
aldose in these samples (29%), with the following order

Table 2
Distribution of DOC in Chesapeake Bay sediment pore waters
Parameter/site N3 M3 S3
[DCHOJ? 9+4% 8+2% 17+7%
[DOC.amidel*® 20+4% 28+3% 40+10%
(224+9%) (29+4%) (38+6%)
[DOCoher]? 71£8% 65+3% 46+14%
Number of samples® 3 29 12
Number of cores® 1 3 2

2 All as a percentage of [DOC]io in the pore waters.

b The absolute concentration of DOC,qc Was calculated
using the formula [DON]ioia X (C/N)pon (see the text for fur-
ther details). The values in parentheses were determined using
the larger set of DOC and DON pore water concentration
measurements reported in Burdige and Zheng (1998).

¢ The numbers of cores/samples in which DOC, DON and
DHCOs were all determined on the same samples.

of abundance for the remaining aldoses: xylose (16%);
fucose, rhamnose and galactose (each average value
between 12 and 14%); mannose and arabinose (each
average value between 8 and 9%).

3.3. DOM fluorescence

Using fluorescence excitation-emission matrix spec-
troscopy, 3-dimensional spectra of fluorescence intensity
versus excitation and emission wavelengths can be used
to examine some of the characteristics of DOM found in
natural waters (e.g. see most recently Coble, 1996).
Applying this technique to the study of Chesapeake Bay
sediment pore waters the fluorescence peaks observed in
these pore waters were similar to those observed in the
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water column, and include peaks ascribed to the fluo-
rescence of humic-like materials as well as protein-like
peaks that appear to result from the fluorescence of the
aromatic amino acids tryptophan and tyrosine (Burdige
et al., 2001). Humic-like fluorescence generally increased
with sediment depth and, as noted above, was closely
correlated with pore water total DOC concentrations
(i.e. DOC-normalized humic-like fluorescence intensities
were roughly constant with sediment depth). At site M3,
humic-like fluorescence was sufficiently strong that pro-
tein-like fluorescence peaks were often obscured by the
larger and broader humic-like peaks. At site S3, where
humic-like fluorescence was lower, protein-like fluores-
cence was easier to observe. In benthic flux studies at
these sites, fluxes of both humic-like and tryptophan,
protein-like fluorescent DOM components were
observed. Thus, while pore water profiles at both sites
show equivocal evidence of tryptophan fluorescence,
benthic flux studies demonstrated that compounds with

Table 3

this type of protein fluorescence are indeed produced in
the sediments.

3.4. DOM benthic fluxes

Measured DOC fluxes from site M3 sediments range
from ~0.7 to 3 mmol/m?/d, and from essentially zero to
0.9 mmol/m?/d at site S3. Values of measured DON
fluxes at these sites range from ~0.08 to 0.2 and essen-
tially zero to 0.4 mmol/m?/d, respectively (Burdige and
Homstead, 1994; Burdige and Zheng, 1998; Burdige et
al., 2001). Both sets of fluxes vary seasonally along with
temperature and rates of overall sediment POM remi-
neralization. The C/N ratio of the DOM leaving these
sediments as a benthic flux generally ranges from ~4 to
6 at site M3, and ~2 to 5 at site S3 (Burdige and Zheng,
1998; also see Table 4). These values are substantially
lower than C/N,pom values in the pore waters at these
sites (which are greater than ~10). This implies that

Pore water urea and DOM concentrations in Chesapeake Bay sediments

Date Urea Urea-N Urea-C C/Nppom® C/N (non-urea DOM)
(LM) (% of DON) (% of DOC) (mol/mol) (mol/mol)

Site M3

Aug 97* <0.2-2.7 2.4+£2.9% 0.1£0.1% 14.2 14.5

Nov 97 0.3-3.1 1.7£1.1% 0.1£0.04% 11.3 11.5

Site S3

Oct 95-Oct 96° 10.1-12.7 9.6-12.0

Aug 97 0.5-1.5 5.6+1.9% 0.33+0.1% 7.9 8.3

Nov 974 <0.2 1.7£1.1% <0.04% 10.6 10.7

2 In these cores, pore water urea concentrations in several samples were below detection (~0.2 uM). Relative urea concentrations
were therefore calculated assuming that these samples had urea concentrations equal to 0.2 uM. Thus these average relative con-

centrations are upper limits of the actual value.

® Results from several cruises, reported in Burdige and Zheng (1998). The C/N ratio of the non-urea DOM was estimated by
assuming that Urea-C was 0.33% of the pore water DOC and Urea-N was 5.6% of the DON. This calculated range is therefore an

upper limit of its true value.
¢ The C/N ratio of the total DOM pool.

Table 4
Urea and DOM benthic fluxes from Chesapeake Bay sediments
Date DOCP DONP C/N¢ Urea® Urea Urea C/N¢
(total DOM) (% of DON) (% of DOC) (non-urea DOM)
Site S3
Aug 96* 0.85+0.15 0.184+0.08 47422 49+£15 54+29% 6+£2% 9.6+10.1
Oct 96% 0.34+£0.32 0.42+0.13 0.9+0.8 26+19 13+£10% 7+8% 1.0£1.0
Nov 97 0.254+0.04 0.131+0.04 1.94+0.6 11+£10 17£16% 5+4% 2.24+0.9
Site M3
Nov 97 1.1+£0.4 0.184+0.05 6.3+2.8 2+£5 245% 0.1£0.4% 6.4+29

4 DOC and DON benthic fluxes from Burdige and Zheng (1988).

® DOC and DON fluxes are mmol/m?/d and urea fluxes are pmol urea/m?/d. Positive fluxes are out of the sediments.

¢ mol/mol.
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DOM accumulating in these sediment pore waters is
carbon-rich relative to the more N-rich DOM that
either escapes the sediments as a benthic flux or is
remineralized near the surface sediments (assuming that
the C/N ratio of the sediment POM undergoing remi-
neralization in the surface sediments is close to the
Redfield ratio, 6.6; e.g. Burdige, 1991a).

At site M3 most calculated, diffusive DOC benthic
fluxes were equivalent to measured benthic fluxes on any
given sampling date (ratio=1 in the upper panel of
Fig. 6), and the average value of their ratio for the time
period shown here was 1.1£0.2. In contrast, on all
sampling dates the ratio of measured to calculated DON
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benthic fluxes was greater than 1, and was greater than
that for the DOC benthic flux on each date. The average
value of this DON flux ratio at site M3 for the entire
data set in Fig. 6 was also slightly greater than 1
(2.440.7).

These observations imply that either pore water DON
concentration gradients near the sediment—water inter-
face are steeper than those predicted by the resolution of
our sampling techniques (generally 0.5-1 cm resolution),
or that there is DON production at the sediment surface
in addition to within the sediments. Regardless of which
phenomena explains these observations they are con-
sistent with the observed differences discussed above
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Fig. 6. The ratio of measured to calculated, diffusive benthic DOC (@) and DON ([1J) fluxes versus time at sites M3 (top panel) and
S3 (bottom panel). Also shown in each panel is the 1:1 line (- - -) for these flux ratios. Note the logarithmic y-axis for the site S3 results.
Calculated diffusive fluxes were determined as discussed previously (Burdige et al., 1995; Burdige and Zheng, 1998) and measured
fluxes come from these references and recent unpublished results. For DON fluxes the ratios shown here differ slightly from the values
originally reported in Burdige and Zheng (1998) due to an error in the choice of diffusion coefficients used in these earlier calculations.
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between C/N ratios in DOM benthic fluxes and bulk
pore waters, and imply that there is enhanced produc-
tion of N-rich DOM at or near the sediment-water
interface (see Blackburn et al., 1996, and Landén et al.,
in press, for similar results from other sediments).

At site S3, measured DOM benthic fluxes were gen-
erally greater than calculated, diffusive benthic fluxes
(Fig. 6), consistent with the fact that these sediments are
bioturbated/bioirrigated. The ratios of measured to cal-
culated benthic fluxes were also larger for DON than
they were for DOC (average values of 40+13 and 541,
respectively), implying preferential production of N-rich
DOM in the upper sediments at site S3 as well.

A comparison of benthic DOM fluxes with inorganic
nitrogen and carbon fluxes shows that benthic DOM
fluxes are a small fraction (less than 10%) of sediment
carbon oxidation and nitrogen remineralization in these
Chesapeake Bay sediments (Burdige and Zheng, 1998;
also see Burdige et al., 1999, for a more global perspec-
tive of this problem). These observations imply that net
sediment DOM production is small in comparison to
gross DOM production, since under steady state condi-
tions the former is balanced by the benthic DOM flux
(e.g. Berner, 1980), and the latter is approximately equal
to gross DOM consumption or inorganic nutrient pro-
duction (which then results in inorganic nutrient benthic
fluxes). These trends are consistent with discussions in
Section 1.1 regarding carbon and nitrogen flow through
DOM intermediates during sediment POM reminer-
alization and the role of different types of DOM com-
pounds as intermediates in the remineralization process.

3.5. Dissolved urea and urea benthic fluxes

In past work (Burdige and Zheng, 1998), we sug-
gested that urea cycling could be an important compo-
nent of carbon and nitrogen cycling in the bioturbated
site S3 sediments, and might help explain the observed
discrepancy between values of C/N,pom in the pore
waters and the C/N ratio of DOM benthic fluxes at this
site (also see discussions in Lomstein et al., 1989). To
examine this suggestion pore water urea concentrations
and benthic urea fluxes at both sites S3 and M3 were
determined using archived samples from the studies
described in Burdige and Zheng (1998) and samples
collected in subsequent studies at these sites (Burdige et
al., 2001).

These results are summarized in Tables 3 and 4. In
sediment pore waters at both sites urea concentrations
ranged from below detection (0.2 uM) to ~3 uM, and
constituted a small fraction of the total pore water DOC
and DON (less than 0.3 and 6% respectively). Similarly,
benthic urea fluxes were an insignificant component of
the DOM fluxes at site M3. At site S3 benthic urea
fluxes constituted higher percentages of both the DOC
and DON benthic fluxes, with perhaps some seasonal

variability. However, urea benthic fluxes did not appear
to substantially alter the C/N ratio of the DOM benthic
fluxes at this site.

3.6. Other components of the DOM pool

Much of the biologically-produced organic matter in
natural systems can (at least somewhat operationally) be
categorized as carbohydrates, proteins (amino acids),
lipids or hydrocarbons. In the water column, however,
such an approach accounts for less than 15% of the
measured DOC (e.g. Williams and Druffel, 1988; Bauer
et al., 1992). Furthermore, traditional techniques used
to isolate humic substance generally do not account for
this large component of uncharacterized material.

To examine this problem in Chesapeake Bay sediment
pore waters I have estimated the concentration of
uncharacterized DOC with our data using the following
equation,

[DOClype = [DOClig1 —[DCHO] — [DONJ;o15 X (C/N)pon

M

total

where [DOC] o and [DON]J;oa1 are the total pore water
DOC and DON concentrations, [DCHO] is the con-
centration of dissolved carbohydrates (on a per-mole-
carbon basis) and (C/N)pon is the C/N ratio of the
specific organic compounds in the DON pool.

There are several assumptions made in this calcula-
tion. The first is that by analogy to water column studies
(e.g. Thurman, 1985; Williams and Druffel, 1988), pore
water concentrations of dissolved lipids are low in com-
parison to those of other DOM pools. A second
assumption is that the concentrations of low molecular
weight organic acids such as acetate or propionate are
also low, since given the way this calculation is carried
out these compounds are accounted for as [DOC],,c. In
most sediments these compounds generally represent a
small percentage of the total DOC pool (Michelson et
al., 1989; Alperin et al., 1994; Albert and Martens, 1997,
Simjouw and Burdige, unpub. data), suggesting that this
assumption many not be inappropriate. Furthermore, in
anoxic, organic-rich sediment where these organic acids
are a major fraction of the DOC pool this usually occurs
in the region of these sediments where there is a transi-
tion from sulfate reduction to methanogenesis (Alperin
et al., 1994; Albert and Martens, 1997). This might be
expected to occur at depth at site M3 (e.g. see Fig. 2),
although for the most part in our work we sampled the
upper sediments where dissolved sulfate was still present
and sulfate reduction therefore dominated. Finally, in
assigning a C/N ratio to the material in the DON pool it
was assumed that most of this nitrogen is amide nitro-
gen, based on studies of DON in the water column
(McCarthy et al., 1996) and particulate organic nitrogen
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in recent marine sediment (Patience et al., 1992). A C/N
ratio of 4 was, therefore, used here, based on past stu-
dies of sediment pore water amino acids (Henrichs and
Farrington, 1987; Burdige and Martens, 1990; Lomstein
et al., 1998).

The results of these calculations are shown in Table 2,
where it can be seen that DOC,,,. represents ~50-70%
of the total DOC in these sediment pore waters. Depth
profiles of DOC,,,. are similar in shape to those of total
DOC, consistent with the fact that the percentages in
this table show no depth trends (data not plotted here).
At two of the three site (M3 and N3) the percentage of
DOC,,c (~70%) is similar to, though slightly lower
than, the percentage of the DOC; in the pore waters
(~80-90%; Burdige and Gardner, 1998). This similarity
is consistent with recent thoughts about humification, in
which it is now thought that humification initially leads
to the production of increasingly oxidized, low mole-
cular weight DOM molecules (i.e. pPLMW-DOM) from
sediment POM (Hatcher and Spiker, 1988; Amon and
Benner, 1996). This pLMW-DOM is presumably
refractory because, as a result of how it is produced
during sediment POM remineralization, it now contains
carbon structures that are not recognizable by the
degrading biota (see discussions in Amon and Benner,
1996, for further details). The fact that relative con-
centrations of DOC,,. are slightly lower than those of
DOC; may be due to the fact that not all of material
found in the DON or DCHO pools represents “origi-
nal”, sediment POM-derived biochemicals such as free
monomeric amino acids or sugars, or peptides or poly-
saccharides. Thus some fraction of the chemically-mea-
sured DON or DCHOs is likely to be found in the
pLMW-DOM (humic) pool, leading to this possible
underestimation of DOC,,. concentrations.

The results of these calculations also show that rela-
tive concentrations of DOC,,,. at site S3 are lower than
those observed at the other two sites, while relative
concentrations of DOC,,;qc are slightly higher (Table 2).
Higher levels of DOC,qe at site S3 may be related to
an increasing importance of bacterial sources of organic
matter to the pore water DOM pool in these sediments.
Lower relative concentrations of DOC,,. at site S3
could imply that there is less effective preservation of
refractory DOM in the bioturbated/bioirrigated sedi-
ments at site S3, depending on what DOC,,,. represents
and its relationship to pPLMW-DOM and/or dissolved
humic substances. Both of these suggestions will be fur-
ther discussed in later sections.

Finally, the results of DOC,,, calculations at sites M3
and S3 are consistent with results presented by Otsuki
and Hanya (1972a,b) in which they examined DOM
production from decaying algal cells under aerobic and
anaerobic conditions. In their studies they observed that
what they termed “other” DOC (i.e., non-protein and
non-carbohydrate DOC, roughly equal to the quantity

[DOClune calculated here) was higher in anaerobic
experiments than it was in aerobic experiments (~60—
80% versus <35%, respectively). They also observed
that total DOC concentrations were higher in anaerobic
experiments (as is seen in the pore water data from these
sites).

4. The role of sediment redox conditions in controlling
pore water DOM concentrations and cycling

It is well documented that macrofaunal activity in
estuarine sediments can have a significant impact on
sediment biogeochemical processes (see, for example,
discussions in Rhoads, 1974; Aller, 1982, 1988; Berner
and Westrich, 1985; Kristensen, 1988). Many past stu-
dies have focussed on the effects that bioturbation and
bioirrigation can have on benthic fluxes of inorganic
constituents. However recent studies have also exam-
ined the effects of benthic macrofauna on sediment
redox conditions, with an emphasis on better under-
standing the role that sediment redox conditions may
have on the “efficiency” of sediment POM reminer-
alization (see the references cited above as well as Aller,
1978; Kristensen and Blackburn, 1987; Aller and Aller,
1998; Hulthe et al., 1998; Hedges et al., 1999).

In this section I will use our Chesapeake Bay results
to examine the effects of sediment redox conditions on
DOM cycling in estuarine sediments. This effort will
focus on data collected at sites M3 and S3, in part
because several lines of evidence suggest that similar
types of organic matter are undergoing remineralization
in the sediments at these two sites. This evidence
includes similarities in the C/N ratio of the sediment
POM that has been remineralized (based on pore water
modeling and the results of long-term sediment decom-
position experiments; Burdige, 1991a, and unpub. data)
along with similarities in the relative carbohydrate con-
tent of the remineralized sediment organic matter at
both sites (Burdige et al., 2000). Stable carbon isotope
values also suggest that there are similar, predominantly
phytoplankton sources for the sediment POM at the two
sites (J. Cornwell, unpub. isotope data cited in Marvin-
DiPasquale and Capone, 1998). Thus in comparing the
effects that anoxic (site M3) vs. mixed redox (site S3)
conditions have on sediment DOM cycling factors rela-
ted to differences in the “quality” of the organic matter
undergoing remineralization at the two sites should be
minimized.

In beginning this discussion, I note that the results of
past studies suggest that molecular diffusion and sedi-
ment remineralization processes control pore water
DOM concentrations and DOM benthic fluxes at site
M3 (see discussions in Burdige and Homstead, 1994,
and Burdige and Zheng, 1998). In contrast, bioturbation
and bioirrigation, along with sediment remineralization
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processes, play the dominant roles in controlling sedi-
ment DOM cycling at site S3. In the former case, this
occurs as a result of the mixing of bottom waters into
the pore waters due to macrofaunal processes. In the
latter case at least three lines of evidence support this
observation. First, although gradients are small, con-
centrations of DOC, DON, DCHOs and humic-like
fluorescence are all slightly higher in site S3 pore waters
than they are in bottom waters (e.g. see Fig. 4). Second,
benthic flux studies show that there are generally non-
zero fluxes of DOC, DON and humic- and protein-like
fluorescent material out of these sediments. And finally,
DOC-normalized humic-like fluorescence values are
slightly higher in site S3 pore waters than they are in
bottom waters. All of these observations imply that
there is net DOM production in site S3 sediments, pre-
sumably due to sediment remineralization processes.

4.1. Bulk DOM concentration differences

Pore water DOM concentrations are higher at site M3
than they are at site S3 (e.g. see Fig. 2), and based on
observations in the literature (Otsuki and Hanya,
1972a,b; Hansen and Blackburn, 1991; Enoksson, 1993;
Sloth et al., 1995). Burdige and Zheng (1998) suggested
that higher inputs of organic matter to site M3 sedi-
ments or a greater degree of sediment anoxia at this site
could explain these observations (as discussed above, a
third possible explanation, differences in the “quality”
of the organic matter undergoing remineralization in
these sediments, appears to be of secondary importance).
The extent to which reactive organic matter quantity
versus sediment oxic/anoxic effects explain these differ-
ences in pore water DOM concentrations will be exam-
ined here with the model shown in Fig. 7. Parameters
used in the model are defined in this figure and in Table 5.
This effort will take a box-model approach to sediment
DOM dynamics, and assume uniform concentrations in
this surface sediment box. I will also assume that under
steady-state conditions net pore water DOM production
in the sediment box is balanced by its benthic flux out of
the sediments (e.g. Berner, 1980). Although this
approach neglects other sediment and pore water trans-
port processes, it allows for a slightly easier examination
of sediment DOM dynamics.

Given available information on the composition and
reactivity of these different DOM pools in sediments,
several other simplifying assumptions have been made
here regarding the quantification of processes in the
model. The first is that the production and consumption
of HMW-DOM (=1) is relatively rapid and tightly
coupled, and that the rate of POM loss (= HMW-
DOM production) approximates the rate of HMW-
DOM consumption. This assumption is based on argu-
ments presented elsewhere (Burdige and Gardner, 1998;
Burdige et al., 2000) that in estuarine sediments fer-

mentative or perhaps respiratory processes affecting
lower molecular weight DOM intermediates appear to
exert a greater overall control on sediment carbon
remineralization than do hydrolytic, oxidative or fer-
mentative processes affecting higher molecular weight
intermediates (also see discussions in Arnosti et al.,
1994; Kristensen et al., 1995). A second assumption
made here is that remineralization processes through
mLMW-DOM intermediates are more rapid than those
through pPLMW-DOM components, and can be quanti-
fied as a fraction (=a) of the total POM remineraliza-
tion rate.

Based on these assumptions, the equation for the time
rate of change of pPLMW-DOM in the sediment box is
given by,

i—f =aJ — gLkP — Bp Q)

where P is the concentration of pLMW-DOM, k is the
first order rate constant for pPLMW-DOM consumption,
¢ is the sediment porosity, L is the thickness of the
sediment box and Bp is the benthic flux of pLMW-
DOM out of the sediments. Assuming that pLMW-
DOM is a constant fraction (=f) of the total DOC in
sediment pore waters (D,), the steady state solution of
Eq. (2) expressed in terms of total DOC concentrations
is,

o — Bp
D = e 3)

In working with this equation I assume that Bp can be
expressed as a fraction (y) of the total DOC benthic
flux, which is itself a fraction (B) of the total, depth-
integrated sediment carbon oxidation rate. This then
implies that Bp equals yBJ. This formalism is based in
part on our recent results (Burdige et al., 1999) which
show that there a positive, but non-linear relationship
between total benthic DOC fluxes and sediment carbon
oxidation rates (based on a compilation of benthic DOC
fluxes and sediment carbon oxidation rates from more
than 20 coastal and continental margin sediments,
including sites S3 and M3). In the context of this model,
this then implies that 8 is a non-linear function of J.
This observation and past work at sites M3 and S3 then
allows me to estimate values of B at these two sites.
Constraining values of y at the two sites will be dis-
cussed below.

Based on this discussion, Eq. (3) can be re-written as,

aJ—yBl A

D=~ gy @

where A=a — yB. With this equation, the ratio of
average DOC concentrations in bioturbated (B; i.e. site
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Fig. 7. A schematic box model of DOM remineralization in estuarine sediments based on the PWSR model. See the text and Table 5

for the definitions of these symbols.

Table 5

Parameters used in the sediment DOM box model

Parameter Description

P the concentration of pPLMW-DOM

J total POM remineralization rate
(=production rate of HMW-DOM)

o fraction of HMW-DOM remineralization
that passes through pPLMW-DOM
intermediates

Bp the benthic flux of pPLMW-DOM out of the
sediments

f the ratio of pore water concentrations
of pPLMW-DOM to total DOC

k the first-order rate constant for pPLMW-DOM
consumption

0 sediment porosity

L the thickness of the sediment box

Dy the concentration of total DOC in the
sediment pore waters

B the ratio of the total benthic DOC flux to
the sediment carbon oxidation rate

y the ratio of the pPLMW-DOM benthic flux
to the total DOC benthic flux

A =a—py (see the text for further details)

R (subscript)  the ratio of a given parameter in
bioturbated (B) versus non-bioturbated

(N) sediments (i.e. kr =kg/kn)

S3) versus non-bioturbated sediments (N; i.e. site M3)
can then be expressed as,

Dy JB <

_Js Ap/AN )
Dn o JIN

(k) Ui 1) @ ) ©)

where the two equivalent values of L (=20 cm; see
below) cancel one another out. Using the subscript “R”
to define each of these ratios (e.g. Jr =Jp/J/n) allows Eq.
(5) to be re-written as,

¢rDr _ Ar
Jr krfr

(6)

Pore water and benthic flux data from these sites can
then be used to define several of these ratios, to begin to
examine the relative values of the rate parameters in
these two sediment types.

Before continuing though, I note that strictly speak-
ing this model applies only to pore water DOM that is
produced and consumed during sediment remineraliza-
tion processes. However, the DOM found in sediment
pore waters originates from both this source, as well as
bottom waters entrained in the sediments during sedi-
ment deposition and also transported into the sediments
by benthic macrofaunal processes. If we assume that
this bottom water DOM component is “inert” in sedi-
ments on early diagenesis time scales, then the value of
D, in Eq. (6) should actually be the average pore water
DOC concentration minus the bottom water concentra-
tion.

Taking all of this into account, depth-integrated
average DOC concentrations in the upper 20 cm of
these two sediments (corrected for bottom water con-
centrations) yield a Dy value that ranges from ~0.05 to
0.3, with an average value of 0.13 (based on a site M3
pore water DOC concentration range of ~900 to 2000
UM, a site S3 range of 250 to 400 uM, and bottom water
DOC concentrations at both sites of ~150-200 puM).
Without this bottom water correction Dy is slightly lar-
ger, ranging from 0.13 to 0.4 with an average value of
0.24. Assuming that Jg can be obtained from measure-
ments of depth-integrated sediment carbon oxidation
rates (Burdige and Homstead, 1994; Burdige and Zheng,
1998), this ratio then varies from ~0.4 to 0.8, while ¢r
varies between ~0.5 and 0.7 (based on a site M3 ¢ range
of 0.9-0.95 and a site S3 ¢ range of 0.5-0.6). Thus, a
reasonable estimate of prDr/Jg is ~0.03-0.5 (or 0.1-0.6
without the above-discussed bottom water correction to
DgR). However, in the rest of this discussion it will simply
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be assumed that these results imply that this ratio (and
therefore the ratio Agr/krfr as well) is less than 1.

In a broad sense, these results imply that the pre-
sence/absence of bioturbation and bioirrigation and/or
differences in sediment redox conditions are more
important than reactive organic matter quantity in
explaining these differences in pore water DOM con-
centrations. Given these differences in sediment carbon
oxidation rates, if organic matter quantity alone
explained the differences in DOC concentrations, the
ratio ¢r Dr/Jr wWould be expected to be essentially equal
to one, which does not appear to be the case.

These results therefore indicate that changes in sedi-
ment redox conditions alter the pathways of sediment
DOM remineralization and lead to the enhanced
buildup of DOC under anoxic conditions. A further
examination of how this anoxic build-up of DOC might
occur can be done by looking at the inequality

Ar /krfr[=rDr/Jr] < 1 N

in slightly greater detail. In doing so, I first take the
observation that DOC; is a near constant fraction of the
total pore water DOC pool in both sediments (Burdige
and Gardner, 1998) to imply that the value of fis similar
in both sediments, and that fg=1. At the same time
though, the results in Section 3.6 might lead one to
conclude that fr~0.7 (based on the relative concentra-
tions of [DOC]y, in Table 2). However, regardless of
which value of fr is more appropriate, both imply that
the ratio Ag/ky is also less than 1.

This analysis next requires evaluating the parameters
y and B. Based on directly measured benthic DOC
fluxes and sediment carbon oxidation rates at these two
sites (Burdige and Zheng, 1998) values of p are
0.04+0.01 at site S3 and 0.05+0.01 at site M3, leading
to a Br value of 0.7540.24. Similarly, an initial estimate
of y might be that it is equal to the relative amount of
pLMW-DOM in the pore waters (=f), implying that y,
(along with fr) might range from 0.7 to 1. Overall then,
these observations imply that Bryr <1.

In examining the ways in which the ratio Ag/kr can
be less than 1, two end-member situations can be con-
sidered. In the first case we assume that oy equals 1,
which would imply that carbon flow through mLMW-
DOM intermediates is unaffected by sediment redox
conditions (consistent with the results of water column
studies of these processes reported by Lee, 1992). As is
shown in the Appendix this then leads to kg being
greater than 1, implying that kg must be greater than
kn. Therefore in this case refractory pLMW-DOM is
less effectively decomposed under anoxic conditions,
leading to both its higher absolute concentrations as
well as that of total DOC.

In the second end-member situation it is assumed that
kr is equal to one, implying that pLMW-DOM

consumption is unaffected by sediment redox condi-
tions. In this case, results in the Appendix show that
here ag must be less than 1 and that o> . Looking
at this inequality from the standpoint of how it effects
carbon flow through mLMW-DOM intermediates, this
implies that 1-apT is greater than 1-anpt. The inference
here is that a greater percentage of carbon flow occurs
through mLMW-DOM intermediates under oxic condi-
tions, and that pLMW-DOM (or total DOC) con-
centrations increase under anoxic conditions because of
a change in the relative importance of these two general
remineralization pathways.

Regardless of which of these end-member situations
exists (or more likely, that there is some continuum of
the two), these results suggest that changes in sediment
redox conditions alter the pathways of sediment DOM
remineralization, leading to the buildup of refractory
low molecular weight pPLMW-DOM (=~ [DOC],) under
anoxic conditions. It also seems likely that these differ-
ences in k or o might actually /ead to By being less than
Bn (and Bgr then being less than 1), consistent with the
[DOC]uye calculations in Table 2. These phenomena
may also play a role in how sediment redox conditions
possibly affect overall sediment carbon remineralization
and preservation (e.g. see discussions in Aller, 1994;
Cowie et al., 1995; Hedges et al., 1999). In the latter case
this could be particularly important if pore water DOM
is indeed an important intermediate in sediment carbon
preservation (see recent discussions in Mayer, 1994;
Hedges and Keil, 1995; Burdige et al., 1999). However
more work will be needed to understand how (or even
if) this occurs.

4.2. Differences in DOM elemental (C/N) ratios

In examining C/N,pom values at sites M3 and S3
Burdige and Zheng (1998) observed that DOM at site
S3 is generally enriched in nitrogen as compared to that
at site M3. These data are plotted in Fig. 3 along with
more recent data from these sites. Assuming that the
data from site S3 should fall along the site M3 trend line
shown here, these results clearly show an apparent
nitrogen enrichment in site S3 pore water DOM, given
its relatively low concentrations.

To explain these data Burdige and Zheng (1998)
suggested that the occurrence of benthic macrofauna
might lead to the presence (production) of specific low
C/N ratio organic compounds such as urea (C/N=0.5;
also see similar discussions in Lomstein et al., 1989).
However the results discussed in Section 3.5 (Table 3)
suggest that urea is not a significant component of the
DOM pool in these Chesapeake Bay sediment pore
waters.

In addition to macrofaunal sources of low C/N ratio
pore water DOM compounds, another possibility not
originally considered by Burdige and Zheng (1998) is



500 D.J. Burdige | Organic Geochemistry 32 (2001) 487-505

bacterial sources. Bacteria have C/N ratios that range from
~3 to 5 (Saunders et al., 1983; Fenchel et al., 1998) and
grazing of bacteria by higher organisms (Kemp, 1990; Lee,
1992) could lead to the production of low C/N ratio DOM
in bioturbated/bioirrigated sediments. The absence of such
bacterial grazing in anoxic sediments such as those at site
M3 would then explain the observed differences in C/
Nppom values among the two sites (see discussions in Lee,
1992, for further details).

To examine such possible bacterial sources of DOM
to site S3 sediment pore waters a simple mass balance
model was constructed. In this model pore water DOM
at the site was assumed to have three potential compo-
nents: a bottom water component, input to the sedi-
ments by macrofaunal irrigation and/or bioturbation; a
sediment ‘‘remineralization” component that has a
relatively “high” C/N ratio (similar to that of site M3
pore waters; C/Ny = 13-18); a “low” C/N ratio compo-
nent, consistent with either a urea or bacterial source
(i.e. C/NL=0.5-6).

The results of these calculations are shown in Fig. 8.
Consistent with the observed urea concentrations in site
S3 sediment pore waters (Table 3), these results further
show that urea alone cannot likely explain the observed
C/Nppowm values in site S3 sediment pore waters. At the

30%

same time model results could explain the site S3 C/
Nppowm values if ~2-10% of the pore water DOM at
this site was material with a C/N ratio consistent with a
bacterial source. Since much of this low C/N ratio bac-
terial material would likely be composed of amino acids,
comparative studies of amino acids in strictly anoxic
versus mixed redox sediments might prove useful in
further examining this suggestion. Similarly, if some
significant fraction of the pore water DOM at site S3 is
indeed derived from such bacterial sources, it might
then also explain why the relative concentrations of
DOC, mige in Table 2 are slightly higher at site S3 than
they are at site M3.

4.3. Relationship between the composition of pore water
DOM and DOM benthic fluxes

At both sites S3 and M3 there is an apparent uncou-
pling between the chemical composition of the DOM
that escapes the sediments as a benthic flux and that of
the DOM in the pore waters. The causes of this appear to
differ slightly at each site, further indicating the effects of
sediment redox conditions on sediment DOM cycling.

As discussed in Section 3.4, DOM accumulating in
these sediment pore waters is carbon-rich (C/Nypom > 10)
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Fig. 8. Results of a three component pore water DOM mixing model for site S3 sediment pore waters. Shown here are the relative
concentration of the low C/N ratio DOM component (i.e. urea or bacterial DOM) as a function of its C/N ratio, for three different
values of the C/N ratio of the high C/N ratio component (i.e. site M3-like DOM). As discussed in the text, bottom water DOM is the
third component in this model. In the results shown here the total pore water and bottom water DOC concentrations and DOM C/N
ratios are fixed, and mass balance equations are then used to determine the curves shown here for the differing values of the C/N ratio
of the site M3-like DOM component. For the results shown here it was assumed that bulk pore water had a DOC concentration of 330
uM and a DOM C/N ratio of 10.9 (based on results shown in Fig. 3). The analogous bottom water values were 170 uM and 10.4 (D.
Burdige, unpub. data). Also shown here is the upper limit for the relative concentration of urea (C/N=0.5) in site S3 pore waters,

taken from Table 3.
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relative to the more N-rich DOM that either escapes the
sediments as a benthic flux (generally ~4-6 at site M3,
and ~2-4 at site S3). At the same time, there is evidence
of benthic fluxes of both humic-like and tryptophan,
protein-like fluorescent material at both sites, in spite of
the lack of strong evidence for the occurrence of tryp-
tophan-like fluorescent material in the bulk pore waters
(Burdige et al., 2001).

Similar trends in DOM elemental ratios have been
observed in other sediments (Blackburn et al., 1996;
Landén et al., in press), and were explained as being due
to diffusional loss of low C/N ratio DOM produced
during the initial hydrolysis of fresh (i.e. low C/N ratio)
detrital organic matter near the sediment surface. This
explanation is consistent with the comparison of mea-
sured versus calculated DOC and DON benthic fluxes at
these sites (particularly site M3; see Fig. 6) and with the
fluorescence data discussed above, since several lines of
evidence suggest that tryptophan-like fluorescence can
be considered a tracer for relatively “fresh” (or “reac-
tive”’) dissolved proteinaceous-like material (Lakowicz,
1983; Mayer et al., 1999; Burdige et al., 2001).

All of these observations also further reinforce dis-
cussions in Burdige and Gardner (1998) regarding the
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spatial separation in sediments between hydrolytic or
oxidative processes that produce the initial high mole-
cular weight intermediates of sediment POM remineral
ization, and processes responsible for the production of
refractory DOM in sediment pore waters (i.e. pPLMW-
DOM). Building on these observations, Burdige et al.
(2001) modified an advection/diffusion/reaction model
for dissolved amino acid cycling in sediments (Burdige
and Martens, 1990) to begin to quantify the cycling of
the different DOM pools defined in the PWSR model
(also see Burdige, 2001, for a discussion of this model).
This model was then used to produce pore water repre-
sentative profiles of these DOM pools, and model
results were also linked to observed sediment distribu-
tions of pore water DOC and DOM fluorescence.
Model-derived profiles were similar in shape to those
seen for sediment pore water profiles of total DOC as
well humic-like and protein-like fluorescent DOM (see
Fig. 9). In this analysis it was assumed that humic-like
fluorescence is a tracer for the refractory pLMW-DOM,
while protein-like, tryptophan fluorescence represents a
component of the reactive HMW-DOM pool. Model
results also demonstrated that net production rates of
HMW-DOM and pLMW-DOM have different depth
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Fig. 9. The results of an advection/diffusion/reaction model for HMW-DOM and pLMW-DOM cycling in sediments. The model is
described in Burdige et al. (in press) along with the rate parameters used in these calculations (also see Burdige, 2001, for a description
of the model). [Left panel] Pore water profiles for protein-like (or HMW-) DOM and humic-like (or pPLMW-) DOM predicted by the
model equations. Shown as an insert are the same curves on an expanded scale, indicating the similarity in concentration gradients for
both types of DOM near the sediment-water interface. [Right panel] Net production rates of HMW-DOM and pLMW-DOM versus
depth in these model calculations. Note the expanded depth scale in this figure and the different rate scales for each type of DOM.
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distributions. Net production of HMW-DOM was
highest at the sediment-water interface and decreased
very rapidly with depth. In contrast, net production
rates of pLMW-DOM, while lower than those of
HMW-DOM, initially increased with sediment depth,
reached a maximum just below the sediment surface and
then decreased slowly with depth. Interestingly, in spite
of the fact that concentrations of HMW-DOM were
significantly lower than those of pLMW-DOM, their
pore water gradients near the sediment surface were
similar in magnitude (see the insert to Fig. 9). In sedi-
ments where benthic fluxes are controlled by molecular
diffusion, this would then lead to fluxes of these two
types of DOM that are similar in magnitude.

Relating these model results back to our pore water
data, they show that if production and consumption
rates of different DOM fractions are balanced in such a
way as to lead to low concentrations of HMW-DOM
(or protein-like tryptophan fluorescence) as compared
to pPLMW-DOM (or humic-like fluorescence), one could
have difficulty observing protein-like fluorescent DOM
in pore waters, in spite of an observed benthic flux of
this material (as is seen at Chesapeake Bay site M3).
Furthermore, this spatial separation of HMW-DOM
and pPLMW-DOM net remineralization rates can also
explain the uncoupling between DOM that effluxes from
sediments and that which accumulates in pore waters if
one assumes that the C/N ratio of humic-like, pPLMW-
DOM is greater (i.e. more carbon-rich) than that of this
reactive HMW-DOM (which does not appear to be an
unreasonable assumption).

The spatial separation of sediment remineralization
processes predicted by these model results explains
many of the site M3 results and, to some extent,
explains some of the results at site S3. At the same time
however, the very low C/N ratios (~2-4) of site S3
DOM benthic fluxes requires additional examination.
Such low ratios could occur if sediment macrofauna
excrete low C/N compounds such as urea directly into
the overlying bottom waters bypassing the pore water
DOM pool, or if production of these compounds occurs
in such a way that they are input into the waters these
organisms use to irrigate their burrows, again by-pas-
sing the pore waters. The results in Tables 3 and 4 pro-
vide some evidence for such processes in that urea as
percentage of either the pore water DOC or DON pools
(>0.1 and ~2% respectively) is lower than its similar
percentage of either the DOC and DON benthic fluxes
(~6 and ~10-50% respectively). However, the results in
Table 4 also suggest that the importance of benthic urea
fluxes in explaining these low C/N ratios are equivocal
(i.e. compare the C/N ratios for the benthic flux of total
DOM versus non-urea DOM). Thus as described above,
bacterial sources of DOM (i.e. as a result of bacterial
grazing by higher organisms) may also play some role in
explaining low C/N ratios of the DOM escaping site S3

sediments as a benthic flux. Again, however, such inputs
of bacterially-derived DOM must at least partially
bypass the sediment pore waters to explain these obser-
vations.

5. Closing thoughts

It goes without saying that this summary leads to as
many new questions for future research as it does pro-
vide answers to the questions posed here. The fact that
much of the DOM in sediment pore waters appears to
be refractory and is uncharacterized to date (at least in
terms of known biochemicals) suggests that “‘structural”
approaches, similar to those used in water column
DOM studies, may prove useful here as well.

Implicit in much of the discussion here is that the C/N
ratio of pore water DOM is not necessarily a good
indicator of its reactivity (also see Kristensen and
Blackburn, 1987, for similar discussions regarding sedi-
ment POM reactivity and its C/N ratio). Thus, further
studies linking DOM composition and reactivity will
clearly be required to further examine such problems. It
is also interesting to note that many of these questions
could be addressed in carefully conducted sediment
incubation experiments (e.g. Burdige, 1991a,b; Pease et
al., 1999).

Another observation that comes out of this work is
the fact that studies at site N3 in the northern Bay have
provided us with equivocal results on the effects of ter-
restrial sediment POM sources on sediment DOM com-
position and cycling. Since both terrestrial and marine
POM sources play roles in sediment DOM cycling in all
estuarine sediments (as well as in coastal and con-
tinental margin sediments in general), studies of DOM
cycling in such an “end-member” sediments would be of
great use.

Comparative analyses of data from sites S3 and M3
indicate that differences in the physical and biogeo-
chemical processes in anoxic vs. bioturbated/bioirri-
gated sediments lead to distinct differences in the
composition of the pore water DOM found in these
sediments. In part this may result from the presence of
macrofauna in the sediments, although it also appears
that differences in sediment redox conditions (e.g.
strictly anoxic vs. mixed redox conditions) are also
important. As discussed above, DOM compounds are
important intermediates in sediment carbon reminer-
alization and perhaps sediment carbon preservation as
well. Therefore, these observations suggest that differ-
ences in DOM composition and reactivity due to differ-
ences in sediment redox conditions might play a role in
how sediment redox conditions affect overall sediment
carbon preservation in these different sediment types
(e.g. see discussions in Aller, 1994; Kristensen et al.,
1995; Hulthe et al., 1998; Hedges et al., 1999). Again,
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however, future studies will be needed to examine how
(or even if) this occurs.
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Appendix. Derivation of the inequalities in the sediment
model

If ,BRJ/R <1 then

BNYN = PrYB (A1)
and
BNyN — BBy =0 (A2)

In the first case discussed in the text it is assumed that
ar =1, or ag=ay. Multiplying Eq. (A1) by —1 switches
the inequality sign, and then adding these «’s to both
sides of the equation leads to Ag > Ay or
Ar =1 (A3)

Since Ar/kr <1 [see Eq. (7) in the text] this implies
that

kR > AR (A4)

and combining Eqs. (A3) and (A4) leads to kg > 1.

In the second case discussed in the text I assume that
kr=1. Combining this with Eq. (A4) implies that
Ar <1 or

AB < AN (AS)

This can be re-expressed as

ag—Peys < an—PnwN (A6)
or
an —oap > Byyn—Beys (A7)

Combining Eq. (A7) with Eq. (A2) implies that
aN—OB >0 or,

N > OB (A8)

and ag <1.

References

Albert, D.B., Martens, C.S., 1997. Determination of low-mole-
cular weight organic acid concentrations in seawater and pore-
water samples via HPLC. Marine Chemistry 56, 27-37.

Aller, R.C., 1978. Experimental studies of changes produced by
deposit feeders on pore water, sediment and overlying water
chemistry. American Journal of Science 278, 1185-1234.

Aller, R.C., 1982. The effects of macrobenthos on chemical
properties of marine sediments and overlying water. In:
McCall, P.L., Tevesz, M.J.S. (Eds.), Animal-sediment Rela-
tions, The Biogenic Alteration of Sediments. Plenum Press,
New York, pp. 53-102.

Aller, R.C., 1988. Benthic fauna and biogeochemical processes
in marine sediments: the role of burrow structures. In:
Blackburn, T.H., Serensen, J.S. (Eds.), Nitrogen Cycling in
Coastal Marine Environments. John Wiley and Sons, New
York, pp. 301-338.

Aller, R.C., 1994. Bioturbation and remineralization of sedi-
mentary organic matter: effects of redox oscillation. Chemi-
cal Geology 114, 331-345.

Aller, R.C., Aller, J.Y., 1998. The effect of biogenic irrigation
intensity and solute exchange on diagenetic reaction rates in
marine sediments. Journal of Marine Research 56, 905-936.

Alperin, M.J., Albert, D.B., Martens, C.S., 1994. Seasonal
variations in production and consumption rates of dissolved
organic carbon in an organic-rich coastal sediment. Geo-
chimica et Cosmochimica Acta 58, 4909-4929.

Amon, RM.W., Benner, R., 1996. Bacterial utilization of dif-
ferent size classes of dissolved organic matter. Limnology
and Oceanography 41, 41-51.

Arnosti, C., Repeta, D.J., Blough, N.V., 1994. Bacterial degra-
dation of polysaccharides in anoxic marine sediments. Geo-
chimicaea et Cosmochimica Acta 58, 2639-2652.

Bauer, J.E., Williams, P.M., Druffel, E.R.M., 1992. '“C activity
of dissolved organic carbon fractions in the north-central
Pacific and Sargasso Sea. Nature 357, 667-690.



504 D.J. Burdige | Organic Geochemistry 32 (2001) 487-505

Berner, R.A., 1980. Early Diagenesis, A Theoretical Approach.
Princeton University Press, Princeton, NJ.

Berner, R.A., 1989. Biogeochemical cycles of carbon and sulfur
and their effect on atmospheric oxygen over Phanerozoic time.
Paleogeography, Paleoclimatology, Paleoecology 75, 97-122.

Berner, R.A., Westrich, J.T., 1985. Bioturbation and the
early diagenesis of carbon and sulfur. American Journal
of Science 285, 193-206.

Blackburn, T.H., Hall, P.O.J., Hulth, S., Landén, A., 1996.
Organic-N loss by efflux and burial associated with a low
efflux of inorganic N and with nitrate assimilation in Arctic
sediments (Svalbard, Norway). Marine Ecology Progress
Series 141, 283-293.

Burdige, D.J., 1991a. The kinetics of organic matter miner-
alization in anoxic marine sediments. Journal of Marine
Research 49, 727-761.

Burdige, D.J., 1991b. Microbial processes affecting alanine and
glutamic acid in anoxic marine sediments. FEMS Micro-
biology Ecology 85, 211-231.

Burdige, D.J., 2001. Dissolved organic carbon in marine sedi-
ment pore waters. In: Hansell, D., Carlson, C. (Eds.) Aca-
demic Press. Manuscript in prep. for Biogeochemistry of
Marine Dissolved Organic Matter.

Burdige, D.J., Berelson, W.M., Coale, K.H., McManus, J.,
Johnson, K.S., 1999. Fluxes of dissolved organic carbon
from California continental margin sediments. Geochimicaea
Cosmochimica Acta 63, 1507-1515.

Burdige, D.J., Chen, W., Kline, S.W., 2001. The cycling of
fluorescent dissolved organic matter in contrasting marine
sediments. Manuscript in prep. for Marine Chemistry.

Burdige, D.J., Gardner, K.G., 1998. Molecular weight dis-
tribution of dissolved organic carbon in marine sediment
pore waters. Marine Chemistry 62, 45-64.

Burdige, D.J., Gardner, K.G., Skoog, A., 2000. Dissolved and
particulate carbohydrates in contrasting marine sediments.
Geochimicaea et Cosmochimica Acta 64, 1029-1041.

Burdige, D.J., Homstead, J., 1994. Fluxes of dissolved organic
carbon from Chesapeake Bay sediments. Geochimicaea et
Cosmochimica Acta 58, 3407-3424.

Burdige, D.J., Huang, C.M., Krishna, N., Scully Jr., F.E.,
1995. Aliphatic amines in Chesapeake Bay sediments. Mar-
ine Chemistry 51, 45-54.

Burdige, D.J., Martens, C.S., 1990. Biogeochemical cycling in
an organic-rich marine basin — 11. The sedimentary cycling
of dissolved free amino acids. Geochimicaea et Cosmochi-
mica Acta 54, 3033-3052.

Burdige, D.J., Zheng, S., 1998. The biogeochemical cycling of
dissolved organic nitrogen in estuarine sediments. Limnology
Oceanography 43, 1796-1813.

Capone, D.G., Kiene, R.P., 1988. Comparison of microbial
dynamics in marine and freshwater sediments: contrasts in
anaerobic carbon catabolisms. Limnology Oceanography 33,
725-749.

Chen, R.F., Bada, J.L., Suzuki, Y., 1993. The relationship
between dissolved organic carbon (DOC and fluorescence in
anoxic marine porewaters: implications for estimating
benthic DOC fluxes. Geochimicaea et Cosmochimica Acta
57, 2149-2153.

Coble, P.G., 1996. Characterization of marine and terrestrial
DOM in seawater using excitation-emission matrix spectro-
scopy. Marine Chemistry 51, 325-346.

Collins, M.J., Bishop, A.N., Farrimond, P., 1995. Sorption by
mineral surfaces: rebirth of the classical condensation path-
way for kerogen formation? Geochimica et Cosmochimicaea
Acta 59, 2387-2391.

Cowan, J.L.W., Boynton, W.R., 1996. Sediment-water oxygen
and nutrient exchanges across the longitudinal axis of Che-
sapeake Bay: seasonal patterns, controlling factors and eco-
logical significance. Estuaries 19, 562—580.

Cowie, G.L., Hedges, J.I., Prahl, F.G., deLange, G.J., 1995.
Elemental and biochemical changes across an oxidation front
in a relict turbidite: an oxygen effect. Geochimicaea et Cos-
mochimica Acta 59, 33-46.

Enoksson, V., 1993. Nutrient recycling by coastal sediments:
effects of added algal material. Marine Ecology Progress
Series 92, 245-254.

Fenchel, T., King, G.M., Blackburn, T.H., 1998. Bacterial
Biogeochemistry: The Ecophysiology of Mineral Cycling.
Academic Press, San Diego.

Guo, L., Santschi, P.H., 2000. Sedimentary sources of old high
molecular weight dissolved organic carbon from the ocean
margin nepheloid layer. Geochimicaea et Cosmochimica
Acta 64, 600-651.

Hansen, L.S., Blackburn, T.H., 1991. Aerobic and anaero-
bic mineralization of organic material in marine sedi-
ment microcosms. Marine Ecology Progress Series 75,
283-291.

Hatcher, P.G., Spiker, E.C., 1988. Selective degradation of
plant biomolecules. In: Frimmel, F.C., Christman, R.C.
(Eds.), Humic Substances and their Role in the Environment.
John Wiley and Sons, New York, pp. 59-74.

Hedges, J.1., Hu, F.S., Devol, A.H., Hartnett, H.E., Tsamakis,
E., Keil, R.G., 1999. Sedimentary organic matter preserva-
tion: a test for selective degradation under oxic conditions.
American Journal of Science 299, 529-555.

Hedges, J.I., Keil, R.G., 1995. Sedimentary organic matter
preservation: an assessment and speculative synthesis. Mar-
ine Chemistry 49, 81-115.

Henrichs, S.M., 1992. Early diagenesis of organic matter in
marine sediments: progress and perplexity. Marine Chem-
istry 39, 119-149.

Henrichs, S.M., 1995. Sedimentary organic matter preserva-
tion: an assessment and speculative synthesis — a comment.
Marine Chemistry 49, 127-136.

Henrichs, S.M., Farrington, J.W., 1987. Early diagenesis of
amino acids and organic matter in two coastal marine sedi-
ments. Geochimicaea et Cosmochimica Acta 51, 1-15.

Hodson, R.E., Moran, M.A., 1995. Comparative biodegrada-
tion kinetics of simple and complex dissolved organic carbon
in aquatic ecosystems. In: Zepp, R.G., Sonntag, C. (Eds.),
Role of Non-Living Organic Matter in the Earth’s Carbon
Cycle. John Wiley and Sons, New York, pp. 47-64.

Hulthe, G., Hulth, S., Hall, P.O.J., 1998. Effect of oxygen on
degradation rate of refractory and labile organic matter in
continental margin sediments. Geochimica et Cosmochimica
Acta 62, 1319-1328.

Kemp, P.F., 1990. The fate of benthic bacterial production.
Reviews in Aquatic Sciences 2, 109-124.

Kemp, W.M., Sampou, P., Mayer, M., Henricksen, K., Boy-
ton, W.R., 1990. Ammonium recycling versus denitrification
in Chesapeake Bay sediments. Limnology and Oceanography
35, 1545-1563.



D.J. Burdige | Organic Geochemistry 32 (2001) 487-505 505

Klump, J.V., Martens, C.S., 1983. Benthic nitrogen regenera-
tion. In: Carpenter, E.J., Capone, D.G. (Eds.), Nitrogen in
the Marine Environment. Academic Press, New York, pp.
411-457.

Kristensen, E., 1988. Benthic fauna and biogeochemical pro-
cesses in marine sediments: microbial activities and fluxes. In:
Blackburn, T.H., Serensen, J. (Eds.), Nitrogen Cycling in
Coastal Marine Environments. John Wiley and Sons, New
York, pp. 275-300.

Kristensen, E., Ahmed, S.I., Devol, A.H., 1995. Aerobic and
anaerobic decomposition of organic matter in marine sedi-
ments: which is fastest? Limnology and Oceanography 40,
1430-1437.

Kristensen, E., Blackburn, T.H., 1987. The fate of organic car-
bon and nitrogen in experimental marine systems: Influence
of bioturbation and anoxia. Journal of Marine Research 45,
231-257.

Krom, M.D., Westrich, J.T., 1981. Dissolved organic matter in
the pore waters of recent marine sediments: a review. In:
Biogéochemie de la matiére organique a I'interface eau-sédi-
ment marin. Colloques Internationaux du C.N.R.S., pp.
103-111.

Laanbroek, H.J., Veldkamp, H., 1982. Microbial interactions
in sediment communities. Philosophical Transactions of the
Royal Society of London B 297, 533-550.

Lakowicz, J.R., 1983. Principles of Fluorescence Spectroscopy.
Plenum Press, New York.

Landén, A., Hall, P.O.J., Hulth, S., in press. Seasonal variation
of dissolved organic matter and of carbon and nitrogen
recycling rates in a coastal marine sediment. Journal of
Marine Research

Lee, C., 1992. Controls on organic carbon preservation: the use
of stratified water bodies to compare intrinsic rates of
decomposition in oxic and anoxic systems. Geochimica et
Cosmochimica Acta 56, 3233-3335.

Lomstein, B.A., Blackburn, T.H., Henricksen, K., 1989.
Aspects of nitrogen and carbon cycling in the northern
Bering Shelf sediments. I. The significance of urea turnover
in the mineralization of NH4+. Marine Ecology Progress
Series 57, 237-247.

Lomstein, B.A., Jensen, A.-G.U., Hansen, J.W., Andreasen, J.B.,
Hansen, L.S., Berntsen, J., Kuzendorf, H., 1998. Budget of
sediment nitrogen and carbon cycling in the shallow water of
Knebel Vig, Denmark. Aquatic Microbial Ecology 14, 69-80.

Marvin-DiPasquale, M.C., Capone, D.G., 1998. Benthic sul-
fate reduction along the Chesapeake Bay central channel. 1.
Spatial trends and controls. Marine Ecology Progress Series
168, 213-228.

Mayer, L.M., 1994. Surface area control of organic carbon
accumulation in continental margin sediments. Geochimi-
caea et Cosmochimica Acta 58, 1271-1284.

Mayer, L.M., Schick, L.L., Loder, T.C.I., 1999. Dissolved
fluorescence in two Maine estuaries. Marine Chemistry 64,
171-179.

McCarthy, M., Hedges, J., Benner, R., 1996. Major biochem-
ical composition of dissolved high molecular weight organic
matter in seawater. Marine Chemistry 55, 281-297.

Michelson, A.R., Jacobsen, M.E., Scranton, M.I., Mackin,
J.E., 1989. Modeling the distribution of acetate in anoxic
estuarine sediments. Limnology and Oceanography 34, 747—
757.

Middelburg, J.J., Soetaert, K., Herman, P.M.J., 1997. Empiri-
cal relationships for use in global diagenetic models. Deep-
Sea Research 44, 327-344.

Otsuki, A., Hanya, T., 1972a. Production of dissolved organic
matter from dead green algal cells. I. Aerobic microbial
decomposition. Limnology and Oceanography 17, 248-257.

Otsuki, A., Hanya, T., 1972b. Production of dissolved organic
matter from dead green algal cells. II. Anaerobic microbial
degradation. Limnology and Oceanography 17, 258-264.

Patience, R.L., Baxby, M., Bartle, K.D., Perry, D.L., Reiss,
G.W., Rowland, S.J., 1992. The functionality of organic
nitrogen in some recent sediments from the Peru upwelling
region. Organic Geochemistry 18, 161-169.

Pease, T.K., Hee, C., Alperin, M., Martens, C., 1999. Biogeo-
chemical effects on phytoplankton and seagrass carbon
remineralization: a laboratory degradation experiment. Pre-
sented at the 1999 ASLO Aquatic Sciences Meeting, Santa
Fe, NM.

Rahmatullah, M., Boyde, T.R.C., 1980. Improvements in the
determination of urea using diacetyl monoxime; methods
with and without deproteinisation. Clinica Chimica Acta
107, 3-9.

Rhoads, D.C., 1974. Organism-sediment relations on the
muddy sea floor. Oceanography and Marine Biology Annual
Review 12, 263-300.

Santschi, P.H., Guo, L., Baskaran, M., Trumbore, S., Southon,
J., Bianchi, T.S., Honeyman, B., Cifuentes, L., 1995. Isotopic
evidence for the contemporary origin of high-molecular-
weight organic matter in oceanic environments. Geochimi-
caea et Cosmochimica Acta 59, 625-631.

Saunders, E.W., Roberts, C.E., Lidstrom, M.E., Pearsall,
N.N., Nester, M.T., 1983. Microbiology. Saunders College
Publishing, Philadelphia.

Schaffner, L.C., 1990. Small-scale organism distributions and
patterns of species diversity: evidence for positive interac-
tions in an estuarine benthic community. Marine Ecology
Progress Series 61, 107-117.

Skoog, A., Hall, P.O.J., Hulth, S., Paxéus, N., Rutgers van der
Loef, M., 1996. Early diagenetic production and sediment-
water exchange of fluorescent dissolved organic matter in the
coastal environment. Geochimicaea et Cosmochimica Acta
60, 3619-3629.

Skrabal, S.A., Donat, J.R., Burdige, D.J., 1997. Fluxes of
copper-complexing ligands from estuarine sediments. Lim-
nology and Oceanography 42, 992-996.

Sloth, N.P., Blackburn, T.H., Hansen, L.S., Risgaard-Petersen,
N., Lomstein, B.A., 1995. Nitrogen cycling in sediments with
different organic loading. Marine Ecology Progress Series
116, 163-170.

Thimsen, C.A., Keil, R.G., 1998. Potential interactions
between sedimentary dissolved organic matter and mineral
surfaces. Marine Chemistry 62, 65-76.

Thurman, E.M., 1985. Organic Geochemistry of Natural
Waters. Martinus Nijhoff/Dr. W. Junk.

Welte, D., 1973. Recent advances in organic geochemistry of
humic substances and kerogen. A review. In: Tissot, B.,
Bienner, F. (Eds.), Advances in Organic Geochemistry. Edi-
tion Technip, Paris, pp. 3-13.

Williams, P., Druffel, E., 1988. Dissolved organic matter in the
ocean: comments on a controversy. Oceanography Magazine
1, 14-17.



