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Abstract

Fluorescent dissolved organic matter (FDOM) in sediment pore waters from contrasting sites in the Chesapeake Bay and
along the mid-Atlantic shelf/slope break was studied using three-dimensional fluorescence spectroscopy. Benthic fluxes of
FDOM were also examined at the Chesapeake Bay sites. The major fluorescence peaks observed in these pore waters
corresponded to those observed in the water column. These included peaks ascribed to the fluorescence of humic-like
material (peaks A, C and M), as well as protein-like peaks that appear to result from the fluorescence of the aromatic amino
acids tryptophan and tyrosine. In these pore waters we also observed a fourth humic-like fluorescence peak (A’). These four
humic-like peaks appeared to occur in pairs (peaks A and M in one pair and peaks A’ and C in another pair) with near
identical emission maxima but different excitation maxima. Peaks A’ and C were red shifted relative to peaks A and M.

Humic-like fluorescence increased with sediment depth at almost all stations, and was closely correlated with total
DOC. This fluorescence appeared to be a tracer for the refractory, relatively low molecular weight pore water DOM that
accumulates with depth during sediment diagenesis. Fluorescence—DOC relationships indicated that larger relative amounts
of humic-like FDOM were seen in anoxic sediments versus sub-oxic or mixed redox sediments. By extension, these
observations suggest that refractory humic-like compounds (in general) are preferentially preserved in sediment pore waters
under anoxic conditions. A simple conceptual model is presented here which proposes that different types of organic matter
(e.g., marine vs. terrestrial) as well as internal transformations of DOM or FDOM may lead to the occurrence of these
humic-like fluorophores. This model is consistent with a wide range of data on FDOM in marine as well as freshwater
systems. Protein-like fluorescence showed no coherent depth trends in sediment pore waters, other than the fact that pore
water fluorescence intensities were greater than bottom water values. Protein-like fluorescence in pore waters may be
associated with refractory DOM, although this observation is somewhat equivocal. In contrast, the results of benthic flux
studies suggested that here protein-like fluorescence was associated with reactive DOM intermediates of organic matter
diagenesis (e.g., dissolved peptides and proteins) produced near the sediment—water interface. Furthermore, the interplay
between transport processes and the depth zonation of DOM cycling in bioirrigated sediments leads to molecular diffusion
(rather than bioirrigation) playing a much more important role in transporting protein-like fluorescence out of the
sediments. In contrast, bioirrigation dominates sediment—water exchange of humic-like fluorescence (and therefore most
DOC in general). Finally, benthic flux studies indicated that sediments represent a source of chromophoric DOM to coastal
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waters, although further work will be needed to quantify their significance in terms of other known sources of this material

(e.g., riverine input, phytoplankton degradation products).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The fluorescence of dissolved organic matter
(DOM) is a property of the material that may reveal
important information about its composition and bio-
geochemical cycling. Several studies have been un-
dertaken of DOM fluorescence in marine sediment
pore waters (Lyursarev et al., 1984; Chen and Bada,
1989, 1994; Chen et al., 1993; Benamou et al., 1994;
De Souza Sierra et al., 1994; Coble, 1996; Skoog et
al., 1996; Sierra et al., 2001; and others), although in
most studies fluorescence was measured only at a
single set of excitation and emission wavelengths
(generally /7.,=325-350 nm, A.,=450 nm) thought
to represent the fluorescence of dissolved humic
materials. Thus, only limited information about the
composition and properties of fluorescent DOM in
pore waters was obtained in these studies.

In contrast, fluorescence excitation—emission ma-
trix spectroscopy provides more detailed information
about the fluorescence properties of DOM. With this
technique, a three-dimensional picture is generated of
fluorescence intensity as a function of excitation and
emission wavelength. This technique has been applied
to the study of DOM in seawater (Coble et al., 1990,
1993, 1998; Mopper and Schultz, 1993; De Souza
Sierra et al., 1994, 1997; Green and Blough, 1994;
Coble, 1996; Mopper et al., 1996b; Del Castillo et al.,
1999; Parlanti et al., 2000; and others), and several
types of DOM fluorescence have been observed with
unique excitation/emission wavelength maxima
(Exmax/EmMpax). The occurrence of specific fluores-
cence “peaks” in such 3-d fluorescence spectra, along
with shifts in the position of EX./Emy ., values for
these peaks, appear to provide some information on the
composition and sources of DOM in the water column.

Studies to date have generally observed peaks
associated with what has been termed humic-like
fluorescence (defined as peaks A, C and M) and
protein-like fluorescence (defined as peaks T and B).
Protein-like fluorescence results from the fluorescence

of the aromatic amino acids tyrosine and tryptophan,
either in their monomeric forms or, more likely,
incorporated into reactive dissolved protein/peptides
or more refractory humic-type materials (e.g., Mopper
and Schultz, 1993; Mopper et al., 1996b; Mayer et al.,
1999). As a result of the characteristics of the fluo-
rescence behavior of these amino acids, differences in
their observed fluorescence in natural waters may be
indicative of the occurrence of proteins that are either
reactive (i.e., fresh) or refractory (degraded or incor-
porated into humic structures; Mayer et al., 1999).

Past studies have suggested that humic-like peak M
may have a marine source (Coble, 1996), while peaks A
and C have been suggested as having terrestrial sources
(e.g., Coble et al., 1993). It has also been proposed that
peak M may simply be a blue-shifted version of peak C,
implying that the fluorophore(s) responsible for peak C
fluorescence is a diagenetically altered form of that
responsible for peak M fluorescence (Coble, 1996; also
see related discussions in Komada et al., 2002).

In this paper, we present results of 3-d fluorescence
spectroscopy studies of pore waters from contrasting
sites in the Chesapeake Bay and along the mid
Atlantic shelf/slope break. We also examined the
benthic flux of fluorescent dissolved organic matter
(FDOM) from these Bay sites. The purpose of this
study was to characterize FDOM in marine sediment
pore waters and its flux to overlying waters. These
results will allow us, in part, to examine the role of
sediments as a source of FDOM to coastal waters. In
addition, this fluorescence data will be used to further
examine a model for DOM cycling in sediments.

2. Sample sites and methods
2.1. Sample sites
Samples were collected at two contrasting estua-

rine sites in Chesapeake Bay (stations M3 and S3) and
at three sites along the shelf/slope break of the mid-
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Atlantic continental margin (stations AI, WC4 and
WC7; see map in Burdige and Gardner, 1998). The
biogeochemical characteristics of these sediments are
described in detail elsewhere (e.g., Burdige et al.,
2000), and will only be briefly summarized below.

Sediments at sta. M3 in the mid-Chesapeake Bay
are fined-grained and sulfidic, and contain >3% total
organic carbon (TOC). Sediment organic matter remi-
neralization occurs mainly through sulfate reduction,
and bioturbation appears to be insignificant. The
sediments at sta. S3 in the southern Bay are silty
sands with a lower TOC content (~0.5%). They are
bioturbated and bioirrigated by large tube worms and
other benthic macrofauna. These sediments have what
can be considered mixed (or oscillating) oxic/anoxic
sediment redox conditions (sensu Aller, 1994). Depth-
integrated rates of sediment carbon oxidation (C,y) are
7.240.7 mol C m 2 year ' at sta. M3 and 4.1£1.0
mol C m > year ' at sta. S3 (integrated annual
averages; Burdige and Zheng, 1998).

The mid-Atlantic shelf/slope break stations
(MASSB) are located approx. 100 miles southeast of
the mouth of Delaware Bay at water depths of
~400-750 m. The sediments here are grey/green
silty clays and contain ~ 2% TOC. Some bioturbation
(Dg=1.5-5.0 cm?*/year) occurs in the upper 20—30
cm of these sediments (Ferdelman, 1994). Pore water
profiles suggest that sub-oxic remineralization domi-
nates the upper 20—30 cm of these sediments (Bur-
dige, unpublished data). Linear sulfate gradients
(A[SO3]=1 mM over 25 cm) also imply that anoxic
remineralization (sulfate reduction) occurs at depth in
these sediments. Average C,, values at the three
MASSB sites range from 0.7 to 1.7 mol C m ™ year '
(Burdige et al., 2000).

2.2. Pore water collection

All sediments were collected by box core and sub-
cored for further sampling. Sub-cores at sta. M3 and
the MASSB sites were processed under N, and pore
waters were obtained by centrifugation (Burdige and
Zheng, 1998). Pore waters were extracted from sta. S3
sediments without exposure to air using a modified
pressurized core barrel technique (Burdige and Gard-
ner, 1998). This procedure was used to avoid possible
artifacts associated with collection by centrifugation
of pore water samples for DOM analyses from heavily

bioturbated sediments (Martin and McCorkle, 1993;
Alperin et al., 1999). Regardless of the method of
sample collection, all samples were filtered through
0.45 pm Gelman Nylon Acrodisc filters and stored
frozen (—20 °C) in amber glass vials until analyzed.

2.3. Benthic flux studies and diffusive flux
calculations

Sediment cores used for benthic flux studies at
Chesapeake Bay sta. S3 and M3 were collected in 11/
97 (cruise CH XX) as described above. Benthic fluxes
were determined with these cores using incubation
techniques described in detail in Burdige and Zheng
(1998).

Using pore water data from parallel cores collected
on this date, diffusive fluxes of DOC and FDOM from
these sediments were calculated as done previously
(Burdige et al., 1999b) using Fick’s first law of
diffusion (J=—¢@,Ds dC/dz,). In this calculation we
assumed that the DOC and FDOM concentration
gradients across the sediment—water interface (dC/
dz,) could be approximated by AC/Az, where AC is
the concentration difference between the bottom
waters and the first sediment sample, and Az is the
depth of the midpoint of this sediment sample (e.g.,
0.25 cm for a 0—0.5 cm sediment sample). The free
solution diffusion coefficient (D°) for DOC and
FDOM used here was 0.157+0.065 cm?/day, based
on: the assumption that the average molecular weight
of pore water DOM is between 1 and 10 kDa (Burdige
and Gardner, 1998); an observed inverse cube root
relationship between molecular weight and the free
solution diffusion coefficient (D°) for an organic
compound (Burdige et al., 1992; Alperin et al.,
1994); a bottom water temperature of 15 °C at the
time of core collection. This value of D° was cor-
rected for sediment tortuosity and converted to a bulk
sediment diffusion coefficient (Dg) as described in
Burdige et al. (1999b).

2.4. Fluorescence measurements

All the samples were analyzed using a Spex
Industries FluoroMax-2 spectrofluorometer, with
scans controlled by DataMax spectroscopy software.
Three dimensional excitation—emission fluorescence
spectra were obtained by collecting individual emis-
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sion spectra (290—560 nm) over a range of excitation
wavelengths (200—440 nm), and then merging the
data together into a single three-dimensional multifile.
The scan increments for excitation and emission
wavelengths were 5 and 2 nm, respectively, and the
data integration time was 0.1 s. Data acquisition was
carried out in the S/R (signal/reference) mode, which
normalizes the fluorescence emission signal with the
intensity of the excitation light, and thus accounts for
variations in the intensity of the excitation lamp over
the excitation wavelengths used. A long pass filter
(Corion, CG-431-01, wavelength cut-off: 290 nm)
was placed in the emission light path to remove
signals from second order Rayleigh and Raman scat-
tering. Signals from first order Rayleigh scattering
were removed from emission spectra by instrumental
software.

Samples such as the ones we examined here are
highly fluorescent, and can be subject to inner filter
effects during analysis. These effects are caused by
the absorption of either the initial excitation light or
the light emitted by the fluorophore, by components
of the solution matrix (Harris and Bashford, 1987).
Inner filter effects can therefore be a major cause for a
non-linear relationship between fluorescence intensity
and concentration. Dilution of the sample usually
reduces the overall light absorption of the solution
and in most cases the expected linear relationship
between fluorescence intensity and concentration, as
derived from the Beer-Lambert Law, is then observed.
Harris and Bashford (1987) suggest that to preserve
this linearity the overall absorbance (a) of a sample at
a given excitation wavelength should not exceed 0.05
cm . For these reasons, we developed the following
procedure to analyze our samples. Fluorescence spec-
tra and UV—Vis absorption spectra (200—800 nm)
were initially obtained with undiluted samples to
provide us with initial information on peak locations,
to determine the necessary sample dilutions for later
analyses of these samples, and to provide a check for
contamination of diluted samples. Samples with ab-
sorbance values exceeding 0.05 cm ™' at 220 nm (the
lowest excitation wavelength of peaks observed in this
study) were then diluted accordingly with UV photo-
oxidized seawater of similar salinity, and then re-
analyzed for fluorescence and absorbance. Inner filter
effects in undiluted samples can also be corrected
mathematically (Holland et al., 1977; Yappert and

Ingle, 1989; Tucker et al., 1992), and in selected
samples we compared fluorescence values in diluted
and undiluted samples as an internal check for con-
tamination during sample processing (dilution).

All post-collection data manipulation was per-
formed using Grams/32 software (Galactic Industries).
Raw fluorescence files were corrected for wavelength-
dependent instrumental variation in both the excita-
tion (200—600 nm) and emission (290—750 nm)
directions. Excitation correction factors were created
utilizing a solution of Rhodamine B inl,2-dipropanol
as the quantum counter (Lakowicz, 1999). Emission
correction factors were provided by Spex Industries
and were created utilizing a standard Xenon lamp
source, as described by Lakowicz (1999). Instrument-
corrected spectra were then blank corrected using a 3-
d fluorescence spectrum of UV photo-oxidized sea-
water of similar salinity to the sample, which was run
each day of measurements. Instrument- and blank-
corrected spectra were then interpolated (4 point
spline) four times in the excitation direction and two
times in the emission direction and smoothed utilizing
a 25-point Savitsky-Golay routine.

The positions and intensities of individual fluores-
cence peaks (determined by their Ex,,,./JEm,,,, val-
ues) were determined by visually examining these
corrected 3-d fluorescence spectra. These intensities
were converted to units of ppb quinine sulfate using
the slope of a quinine sulfate standard curve, which
was run daily using the constant wavelength acquisi-
tion Mmode (Lexcir=350 nm, Aemiss=450 nm). Standards
used here ranged from 1 to 50 ppb quinine sulfate
dihydrate (Fluka, Switzerland, cat. no. GA11338) in
0.1 N sulfuric acid. The normalization of fluorescence
intensities to quinine sulfate fluorescence converts all
of our measured fluorescence values to a constant set
of units (ppb QS), and factors outs day-to-day fluctu-
ations (e.g., lamp intensity) in the operation of the
spectrofluorometer. This approach also allows our
results to be more easily compared with fluorescence
measurements made by other workers that are simi-
larly calibrated to this (or any other independent)
standard. While this approach gives one quantitative
information about the magnitude of the fluorescence
from a particular type of fluorophore (e.g., humic-like
vs. protein-like) it is also important to remember that
little is known about the specific compounds respon-
sible for the observed fluorescence signals, and their
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quantum yields or the number of fluorophores per
mole carbon (or per mole FDOM “compound”).
Thus, the use of this fluorescence data in certain types
of comparisons is limited.

2.5. Additional measurements

Dissolved organic carbon (DOC) was determined
by high temperature catalytic oxidation methods (Bur-
dige and Gardner, 1998). Absorption spectra (UV—
VIS) of selected samples were determined with a
Hewlett Packard 8453 UV—Visible spectrometer in a
l-cm quartz cuvette. Spectra were recorded from
200—800 nm, and measured absorbances (4) were
converted to absorption coefficients with the equation
a(4)=2.3034(A)/r, where r is the cell path length.
Absorption spectra from most natural waters generally
show a simple exponential-like decrease with increas-
ing wavelength (e.g., Blough and Green, 1995), and
we therefore fit our data to the commonly used
equation, a(A)=a(A)e S**_ In this equation A, was
taken to be 290 nm, and S (also referred to as the
spectral slope) is a quantitative indication of how
rapidly a given absorption spectrum attenuates with
increasing wavelength. In fitting the data we first used
the average absorption coefficient from 700 to 800 nm
to correct the spectra for refractive index effects
(Green and Blough, 1994). Using corrected absorp-
tion data from 290 to 450 nm we then fit In a(2)
versus /A by linear-least-squares fitting. Based on this
latter equation the slope of the best-fit line through
this natural log-transformed data is S (see Mopper et
al., 1996a for further details).

3. Results
3.1. Fluorescence properties of pore water DOM

Fluorescence spectra such as those we have
obtained contain a number of distinct peaks that are
generally ascribed to either humic-like or protein-like
fluorescence (see Fig. 1). As in other studies, peaks
were identified based on observed fluorescence max-
ima in three-dimensional plots of fluorescence inten-
sity versus excitation and emission wavelength (note
that while Fig. 1 shows two-dimensional contour
plots, such 3-d plots can be seen in, e.g., Coble,

1996, or Coble et al., 1998). The excitation and
emission wavelengths of the major fluorescence peaks
observed in this study are listed in Table 1.

In some cases, the overlap of neighboring peaks
led to one peak appearing as a shoulder on the tail of
a larger adjacent peak. This often occurred because of
the overlap of a broad humic-like peak with a
narrower protein-like peak. As discussed in Matthews
et al. (1996) the deconvolution of such complex
spectra is more complicated than that described
above. In their examination of this problem, Mat-
thews et al. (1996) attempted to simulate the observed
3-d fluorescence spectrum of a coral extract with a
series of Gaussian elliptical peak. The resulting syn-
thetic peaks that best characterized the original spec-
tra agreed reasonably well with peaks seen in the
actual spectra, and had Ex,,,, and Em,,, values that
were very similar to those we observed (Table 1).
Furthermore, calculations we have done (by mathe-
matically adding together two Gaussian peaks over a
range of peak widths and peak separations) also
support these observations. These calculations sug-
gest that spectral shifts in Ex;,x or Em,,,, values in
such additive spectra as a result of peak overlap (as
compared to values in the initial individual spectra)
are ~10 nm or less, and therefore are within the
range of uncertainties for Ex.., or Emp,, values
listed in Table 1. At the same time, intensities of
the individual peaks in such additive spectra (as
compared to those in the initial individual spectra)
are virtually unchanged for broad peaks, and increase
by less than ~40% for narrow (i.e., protein-like)
peaks that fall on the shoulder of a broad (i.e.,
humic-like) peak. Therefore, while more sophisticated
peak deconvolution techniques (such as those de-
scribed by Matthews et al., 1996) would provide
somewhat better resolution of the peaks in our spec-
tra, the observations discussed here also suggest that
our approach is sufficient for quantifying fluorescence
peaks in our pore waters.

Past studies have reported two protein-like fluores-
cence peaks: peak B (Ex;,,=270—-280 nm, Em,,,=
300—305 nm) due to tyrosine (tyr) fluorescence, and
peak T (Expax=270—280 nm, Em,,,,=340-350 nm)
due to tryptophan (try) fluorescence (e.g., Coble,
1996; Lakowicz, 1999). Based on the examination
of fluorescence spectra for individual amino acid
solutions and a solution of the protein bovine serum
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Fig. 1. Representative EEMS contour plots for pore water samples from sta. M3 (11/97) and S3 (11/97) in the Chesapeake Bay and sta. Al
(6/97) on the mid-Atlantic shelf/slope break. Spectra A—C are for undiluted pore water samples while spectrum D is for a sample that was
diluted approximately 1:5 with UV-oxidized seawater (see Section 2.4 for further details). Note the occurrence of apparent humic-like
fluorescence peak pairs (peaks A and M and peaks A’ and C) with near identical Em,,.x values and different Ex,,x values. Contour intervals in
each spectrum (ppb QS/contour line) were: (A) 11.05; (B) 2.29; (C) 2.01; (D) 0.81. The maximum fluorescence in each spectrum (ppb QS) was:
(A) 809 (peak A); (B) 92 (peak A); (C) 72 (peak A’ ); (D) 92 (peak A" ).

albumin (BSA), we have also confirmed the exis-
tence of two additional protein-like fluorescence
peaks at lower excitation wavelengths (EX;,,=220—
230 nm) and similar emission wavelengths (see
published spectra in Mayer et al., 1999, that are
similar to those we have observed). These are a
tryptophan peak which we call peak R and a tyrosine

peak which we call peak S. These low excitation
wavelengths protein-like peaks have generally not
been seen in other studies because these studies
typically did not use excitation wavelengths that
were low enough to detect this type of fluorescence
(see Mopper and Schultz, 1993, as an exception to
this general observation).
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Table 1
Fluorescence peaks observed in the sediment pore waters of this
study

Peak EXmax (nmM)

Emmax (nm)

Humic-like fluorescence

A 239+10 (220-257) 429+4 (419-438)
M 328410 (302-357) 42246 (410-436)
A 24849 (224-261) 461+4 (449-466)
C 36044 (348-369) 460+3 (450-467)

Protein-like fluorescence
SR 224+4 (220-250)
BT 274+2 (268-279)

The values in parentheses are the observed ranges in our data set for
the excitation and emission wavelengths for each peak. Although
some of the ranges shown in this table can be quite large (up to 50
nm), this is generally due to one or two “flyers” in the data sets, as
can be seen in the relatively small standard deviations (less than 10
nm) of the average Ex,.x and Em,, values for each peak.

32448 (304-345)
324+8 (306-339)

In our initial work identifying protein-like fluores-
cence peaks in our spectra, we attempted to differen-
tiate between tyr and try peaks at high and low EX.«
values (e.g., peaks B and T at ~270—280 nm and
peaks S and R at ~220-230 nm). However, a variety
of practical considerations (e.g., spectral interferences
such as those discussed above), as well as the com-
plexity of the fluorescence response of these amino
acids when combined in proteins and peptides (e.g.,
see discussions in Mayer et al., 1999; Lakowicz,
1999) made such differentiation between tyr and try
peaks (at a given Ex,x value) equivocal at best.
Therefore, here we have chosen to simply quantify
protein-like fluorescence in terms of high and low
energy excitation “peaks” (i.e., combined peaks BT
and SR) without any specific indication of the poten-
tial amino acid source of the fluorescence (e.g., see
Table 1).

Humic-like fluorescence peaks A, C and M oc-
curred at Em,,,, and Ex,,,, values that were similar to
those observed in previous studies (see references in
Section 1). In assigning names to peaks in our spectra,
we made the assumption that peak M was a distinct
peak blue-shifted relative to peak C and for humic-
like peaks with Ex .« values greater than 300 nm we
used an emission wavelength cut-off of 440 nm to
differentiate between these two peaks.

In our work we have also detected a previously
unreported peak that we have designated peak A’ (see
Fig. 1). In conjunction with the other three humic-like

fluorescence peaks (A, C, and M) these four peaks
appeared to exist in pairs (peaks A and M and peaks
A’ and C) with near-identical Em,,,, values and
different Ex,,,x values for each pair. This peak pairing
shows some similarity to emission bands often ob-
served in 3-d fluorescence spectra for single chromo-
phore systems, such as that seen with peaks T and R
for tryptophan fluorescence and peaks B and S seen
for tyrosine fluorescence (e.g., see discussions in
Blough and Green, 1995).

An examination of the Ex,,,, and Em,,,, values in
Table 1 indicated that there was little variation in these
values in the pore waters we studied. At a given site
there also did not appear to be consistent depth trends
in Ex,.x and Emy,, values (results not plotted here),
nor did there appear to be any significant differences
in these values in estuarine versus shelf/slope break
sediment pore waters.

The peak intensity ratios for the humic-like peaks
were constant across these differing sites (Table 2) as
well as with depth at a given site (results not plotted
here). Similar constancy was also seen for protein-like
fluorescence peak ratios. Within their uncertainty
these protein-like peak ratios in pore waters (~2)
were similar to those observed in authentic amino
acids standards or in the protein BSA (results not
shown here).

3.2. Distribution of pore water fluorescence

Given the constancy of the peak ratios for humic-
like fluorescence in these pore waters, we have chosen
to simply plot depth distributions of peak M humic-
like fluorescence for the five sites we studied (Fig. 2).
The shapes of the depth profiles for any of the other
humic-like peaks will then be similar to those shown
here, scaled by the ratios in Table 2.

Table 2
Humic and protein-like peak ratios
Region A/M A/C M/C

Chesapeake Bay 2.1+03 2.1+0.2 1.1+0.1 (n=49)*
Shelf/slope Break  1.9+04  1.8+0.3 1.0+£0.1  (n=46)"
SR/BT

Chesapeake Bay 2340.6  (n=33)
Shelf/slope break 1.8+£0.6  (n=48)

# For all three peak ratios.
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Fig. 2. Pore water depth profiles of the intensity of humic-like peak M. (left panel) Cores collected at mid-Chesapeake Bay sta. M3 in 8/96
(cruise CH XVII; A), 8/97 (cruise CH XIX; @), and 11/97 (cruise CH XX; W). (center panel) Cores collected at southern Chesapeake Bay sta.
S3 in 8/97 (cruise CH XIX; W) and 11/97 (cruise CH XX; A). (right panel) Cores collected at shelf/slope break sta. Al in 8/96 (cruise CH XVII;
O) and 8/97 (cruise CH XIX; @); sta. WC7 in 8/96 (CH XVIIL; O) and in 8/97 (CH XIX; W); and at sta. WC4 in 8/97 (CH XIX; A).

In sta. M3 pore waters humic-like fluorescence
increased with depth, and depth profiles on different
sampling dates did not show significant differences.
These pore waters were extremely fluorescent, with
pore water fluorescence values over an order of
magnitude higher than that seen in the bottom waters.
In contrast, at sta. S3 humic-like fluorescence was
much weaker than that at sta. M3, and only increased
by a factor of ~2 over the upper 20 cm of sediment.
At the MASSB stations (Al, WC4 and WC7), humic-
like fluorescence depth profiles were similar to one
another, with pore water gradients more similar to sta.
S3 than to M3.

Depth profiles of protein-like fluorescence peak
BT are shown in Fig. 3. As was the case for humic-
like fluorescence, depth profiles of peak SR fluores-
cence will have a similar shape as these profiles,
again scaled by the ratio in Table 2. An examination
of these results indicates that protein-like fluores-
cence was generally higher at sta. M3, with values
at sta. S3 and the MASSB stations again being more
similar in magnitude. Like humic-like fluorescence,
protein-like fluorescence was generally higher in pore
waters than in bottom waters. At sta. M3 there may
also be a slight increase with depth in both types of
protein-like fluorescence. However at the other sta-
tions there appeared to be little coherent depth struc-
ture in these pore water profiles beyond an overall
increase in pore water values relative to bottom water
values.

3.3. Fluorescence—DOC relationships

Concentrations of DOC increase with depth in
these sediments, often times in an exponential-like
fashion (see the DOC profiles for many of the cores
discussed here in Burdige and Gardner, 1998; Bur-
dige and Zheng, 1998; Burdige et al., 2000). The
shapes of these profiles are similar to those seen here
for pore water humic-like fluorescence. Profiles of
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Fig. 3. Pore water depth profiles of the intensity of protein-like peak
BT. (left panel) Cores collected at mid-Chesapeake Bay sta. M3 in
8/96 (cruise CH XVII; A) and 8/97 (cruise CH XIX; @), and cores
collected at southern Chesapeake Bay sta. S3 in 8/97 (cruise CH
XIX; O) and 11/97 (cruise CH XX; O). (right panel) Cores collected
at shelf/slope break sta. Al in 8/96 (cruise CH XVII; O) and 8/97
(cruise CH XIX; @), sta. WC7 in 8/96 (CH XVII; O) and in 8/97
(CH XIX; W), and sta. WC4 in 8/97 (CH XIX; A).
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pore water peak M fluorescence intensities normal-
ized to DOC concentrations are shown in Fig. 4
(again similar plots for other humic-like peaks would
have the same shapes and would be scaled by the
ratios shown in Table 2). In general, normalized pore
water fluorescence values were higher than bottom
water values and with the exception of perhaps sta.
S3, showed no significant increase with sediment
depth. These ratios were also higher in sta. M3
Chesapeake Bay sediments (>200 ppb QS/mM) than
they were in the sta. S3 or MASSB sediments
(generally 50—100 ppb QS/mM).

Another way to view this data involves using
property—property plots of pore water DOM fluores-
cence versus DOC concentrations. Such plots for
humic-like fluorescence are shown in Fig. 5 for peaks
A and M, and the best-fit values for the property—
property plots for all humic-like peaks are listed in
Table 3. As these results indicate, there appear to be
separate and distinct trend lines for the Chesapeake
Bay (estuarine) and the MASSB (off-shore) sediment
pore waters. These relationships are highly significant
(p<0.01 for all but one peak/site pair) and for the most
part the slopes of these lines are consistent with the
values in the depth plots in Fig. 4. They demonstrate
that on a per mole carbon basis, DOM from these
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Fig. 4. Depth profiles of pore water peak M humic-like fluorescence
intensity normalized to DOC concentrations. (left panel) Cores
collected at mid-Chesapeake Bay sta. M3 in 8/96 (cruise CH XVII;
A), 8/97 (cruise CH XIX; @), and 11/97 (cruise CH XX: W), and at
southern Chesapeake Bay sta. S3 in 8/97 (cruise CH XIX; O ) and
11/97 (cruise CH XX; 0O). (right panel) Cores collected at shelf/
slope break sta. Al in 8/96 (cruise CH XVII; O) and 8/97 (cruise CH
XIX; @), sta. WC7 in 8/96 (CH XVII; O) and in 8/97 (CH XIX; W),
and sta. WC4 in 8/97 (CH XIX; A).
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Fig. 5. Peaks A and M fluorescence intensity versus DOC
concentration in Chesapeake Bay and shelf/slope break sediment
pore waters. Also shown here are the best-fit lines through each of
the data sets. Symbols: Chesapeake Bay, sta. M3 (m; data from
CHXVII, CH XIX and CH XX ); Chesapeake Bay, sta. S3 (®; data
from CH XIX and CH XX); MASSB stations (O; data from sta. Al
CH XVII and XIX, sta. WC7 CH XVII and XIX, and sta. WC4 CH
XIX).

estuarine sediment pore waters is more fluorescent
than that from these continental margin sediments.

Although we have chosen here to fit the sta. S3
data along with the sta. M3 data (Fig. 5), the sta. S3
fluorescence:DOC ratios shown in Fig. 4 are actually
more similar to values seen in MASSB sediments.
This result is perhaps not surprising since the slopes of
the Chesapeake Bay plots shown in Fig. 5 are mainly
controlled by the sta. M3 data, hence the similarity
between the slopes of these lines and the fluorescence
to DOC ratios for sta. M3 sediments shown in Fig. 4.
Furthermore, a careful examination of Fig. 5 indicates
that the sta. S3 data fall in the cross-over region
between the two best-fit lines, and in fact may actually
“belong™ on the shelf/slope break line (consistent
with the results in Fig. 4). The significance of this
latter observation will be discussed in further detail in
Section 4.5.
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Table 3
Summary of fluorescence/DOC relationships®

Peak A® Peak C° Peak A’  Peak M
Chesapeake bay
slope (ppb QS/mM)  416+22  205+9  375+15  240+11
” 0.89 0.92 0.94 0.92
ANOVA® p<0.001  p<0.001 p<0.001  p<0.001
n 47 45 45 47
Shelfislope break

105434 63416 88427  38%17
0.19 0.24 0.20 0.11
ANOVA® p<0.01  p<0.001 p<0.002  p<0.05
n 45 49 45 46

# All of these fluorescence—DOC relationships have small, non-
zero y-intercepts, although the values are all indistinguishable from
zero and are therefore not listed here.

® See Fig. 5.

¢ Analysis of variance results indicating the probability that the
observed relationship between fluorescence and DOC occurred
simply by chance.

slope (ppb QS/mM)
2

Protein-like fluorescence was also positively cor-
related with DOC concentrations (Fig. 6), with both
correlations being significant (p<0.01). In contrast
however with humic-like fluorescence, there did not
appear to be the same intra-site differences between
correlations of protein-like fluorescence and DOC
concentrations (compare Figs. 5 and 6).

3.4. UV-Vis absorbance and fluorescence/absor-
bance ratios

Average S values were slightly higher in Ches-
apeake Bay pore waters (16.8+3.1x10> nm™') than
they were in shelf/slope break sediment pore waters
(13.04£2.2x10° nm™'"). Chesapeake Bay sediment
pore water S values showed no significant depth
variations in the sediments and were slightly lower
than bottom water values (~20x10° nm™'; results
not plotted here). Shelf/slope break pore waters
showed no apparent gradient with sediment depth
or across the sediment—water interface. The spectral
slopes reported here are within the range of S values
observed by Seretti et al. (1997) for pore waters
from Adriatic Sea sediments. They are also inter-
mediate between S values observed for terrestrial
humic acids (that can be as low as ~ 10x10* nm™")
and open ocean CDOM (S=20-30x10° nm™ "),
and are similar to reported values for coastal waters

influenced by riverine inputs (Blough and Green,
1995).

For a given fluorescence peak, its fluorescence:ab-
sorbance ratio (i.e., the fluorescence intensity of the
peak divided by the measured absorption at the peak
EXnax value) is an indicator of the apparent fluores-
cence efficiency or DOM fluorescence quantum yield
(Green and Blough, 1994; Mopper et al., 1996a). For
the four humic-like peaks, this ratio showed no
significant differences among sites or with depth at
a given site (results not shown here).

3.5. Benthic fluxes of DOC and FDOM

The results of benthic flux studies carried out at
Chesapeake Bay sta. S3 and M3 with cores collected
in 11/97 are listed in Table 4. The benthic DOC fluxes
reported here are similar to previous values deter-
mined at these sites (see Burdige, 2001 for a recent
summary). Fluxes of humic-like FDOM (peaks C and
M fluorescence) agreed well with FDOM fluxes
determined by Skoog et al. (1996) in seasonal studies
in the sediments of Gullmar Fjord, Sweden (their
range: —3 to ~170 pg QS m 2 day '). However,
we also note that this comparison is not entirely
straightforward since Skoog et al. (1996) examined
fluorescence at 4.,=350 nm and A.,=450 nm, and
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Fig. 6. Peak BT fluorescence intensity versus DOC concentrations in
Chesapeake Bay and shelf/slope break sediment pore waters. Also
shown here are the best-fit lines through each of the data sets.
Symbols: Chesapeake Bay, sta. M3 (B; data from CHXVII and CH
XIX); Chesapeake Bay, sta. S3 (®; data from CH XIX and CH XX);
MASSB stations (O; data sta. Al CH XVII and XIX, sta. WC7 XVII
and XIX, and sta. WC4 XIX). Note that similar trends are seen in a
plot of peak SR fluorescence intensity versus DOC concentrations in
these pore waters.
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Table 4
Results from Chesapeake bay benthic flux studies
sta. M3 sta. S3 M3/S3?

DOC (Measured)” 1.10£0.36  0.27+0.05 4.1+1.9
(Calculated)®™®  0.96+0.40  0.02+0.01

Peak A (Measured)b 3144144 6216 5.1+£2.4
(Calculated)™®  484+202 13+5

Peak M (Measured)” 166168 43+4 39+1.6
(Calculated)™®  254+106 542

Peak A’ (Measured)b 328+151 5547 6.0£2.9
(Calculated)™®  484+202 13£6

Peak C (Measured)” 171+89 4543 3.84£2.0
(Calculated)™® 218491 542

Peak BT (Measured)” 89+41 39+11 23+1.7
(Calculated)™®  390+163 1245

Peak SR (Measured)b 112+48 53+£149 2.1%6
(Calculated)™®  nc? 35+15

Humic peaks 4.7+23

Protein peaks 22431

Cox’ 31.34£9.0 48+1.0 6.6%23

Protein/Humic ~04 ~0.9

Peak A/DOC# 2824157  228+46

Peak M/DOC® 149477 158431

Peak A/DOC# 294+164  200+44

Peak C/DOC® 154494 165431

 The ratio of measured fluxes at station M3 to those at station
S3.

® DOC fluxes are in units of mmol/m?/day. Fluxes of fluorescent
material are ug QS/m*/day. Positive fluxes are out of the sediments.

¢ Diffusive fluxes were calculated as discussed in the text.

4 Not calculated due to a lack of detectable peaks in pore water
samples.

¢ Cox is the depth-integrated rate of sediment carbon oxidation
determined with ¥CO, benthic flux measurements (see Burdige and
Zheng, 1998, for further details).

The range of measured benthic fluxes of protein-like FDOM
over humic-like FDOM, based on averages of the high energy (A,
A’, and SR) and low energy (M, C, and BT) humic-like and protein-
like FDOM peaks.

€ Units of pg QS/mmol DOC (equivalent to ppbQS/mM DOC,
the units used to express DOC-normalized pore water fluorescence
values).

based on the results in Table 1, this DOM fluores-
cence falls in-between the Ex,,,./Em... values for
these two humic-like peaks.

At both sites, fluxes of humic-like FDOM were
generally greater than fluxes of protein-like FDOM,
although the difference was greater at sta. S3 than it
was a sta. M3 (Table 4). The ratios of FDOM fluxes at
stations M3 versus S3 were essentially identical to
that for total DOC (4.7£2.3 versus 4.1+1.9), and
were similar to the same ratio for C,, values
(6.612.3). These ratios for protein-like fluorescence,

however, may have been lower (2.2+3.1). Measured
benthic fluxes and calculated, diffusive fluxes of DOC
and humic-like FDOM were essentially identical at
sta. M3 (R=1 in Fig. 7), while at sta. S3 measured
benthic fluxes of total DOC and humic-like FDOM
were significantly larger than calculated, diffusive
fluxes (R=8-10). In contrast, at sta. S3 measured
benthic fluxes and calculated, diffusive fluxes of
protein-like FDOM appeared to be more similar to
one another (R=2).

Although it is difficult to quantify it as a benthic
flux, S values in the waters overlying benthic flux
cores decreased with time during benthic flux deter-
minations (data not shown here). These results dem-
onstrate that the CDOM effluxing out of these
sediments had S values that were lower than bottom
water values, consistent with the S value pore water
gradients in Chesapeake Bay sediments discussed in
Section 3.4.

4. Discussion

4.1. Humic-like fluorescence of pore water DOM—
general considerations

As noted above, past studies of DOM fluorescence
have observed many of the protein-like and humic-
like fluorescence peaks we observed in these sediment
pore waters. At the same time, other workers have
reported peaks in 3-d fluorescence spectra that we do
not see evidence for in these pore waters.

Matthews et al. (1996) discuss a low energy peak
with an ExX a./Emp,a of 480/540 nm that is typical of
terrestrial (lignin-derived) humic acids. Since our fluo-
rescence scans end at excitation wavelengths of 440
nm, we are unable to state definitively that this peak is
not observed in our samples. However, in our spectra
we see no evidence for the tail of this peak in the upper
ends of our spectra. Thus, either this peak is not found
in our samples or it is relatively small and obscured by
the large tail of peak C. Coble et al. (1998) observed a
peak N in Arabian Sea waters with an Ex,,./Em,,, of
280/370 nm, which they argue is associated with
biological activity in surface ocean waters. Again, in
our pore waters we see no evidence of this peak.

More importantly though, in our samples we have
observed a new humic-like peak, peak A’ . Along with



300 D.J. Burdige et al. / Marine Chemistry 89 (2004) 289-311

12
& ol :
K . .
T . sta. S3 (DOC + humics) g =]
° 1 ®=78+16) -
:é 8 - ______ I [, -{-L
= . N sta. S3 (protein)
A : - (R=2.5+1.9)
g 6f 2 ]
8 - L
=] L= N
k)
-] sta. M3 (all)
Q 4r ] (RE1.420.5)
3 o iy o | [
2 - = o] 1 [ - N R
g 2r - S I = I == I =
i BN R W il
C

A

A M BT SR

Fig. 7. The ratio of measured to calculated, diffusive benthic fluxes of DOC, humic-like FDOM (peaks A, C, A’ and M) and protein-like FDOM
(peaks BT and SR). Measured benthic fluxes are listed in Table 4 and calculated, diffusive fluxes were determined as discussed in the text.
Station M3 results are black bars and sta. S3 results are stippled bars. The absence of a bar for protein-like peak SR at sta. M3 is due to our
inability to detect this peak in pore water samples at this site on this sampling date. Also shown here are average R values for all sta. M3 benthic
fluxes and for sta. S3, separated into two groups (DOC+humic-like fluorescence benthic fluxes and protein-like fluorescence benthic fluxes).

previously observed humic-like peaks A, C, and M,
these four peaks appeared to occur in pairs that had
near-identical Em,,,, values and different Ex,,,, val-
ues (see Table 1). With the caveats discussed below
we refer to these peak pairs as “apparent’ emission
bands, since their behavior has some degree of sim-
ilarity to that seen in emission bands for simple single
chromophore systems. By making this analogy
though, we do not wish to suggest that there are
simply two different fluorophores responsible for
humic-like DOM fluorescence, since neither our data
(nor any other data in the literature) would support
this suggestion. Results in Boehme and Coble (2000)
further show that this is not the case (see the dis-
cussion below for further details). Rather, we believe
that these apparent peak pairs may represent two
broad classes of fluorophores, each of which is
composed of some unknown group of individual
fluorophores with similar fluorescence properties.
Furthermore, the sources and diagenetic behavior of
each of these two groups of fluorophores are also
likely sufficiently linked (also see Section 4.2) such
that in 3-d fluorescence spectra these peak pairs show
this broad similarity to emission bands seen in simple
chromophores.

This description of humic-like fluorescence is
consistent with a model presented by De Souza Sierra

et al. (1994) for humic-like fluorescence. Using single
wavelength excitation (4,,=445 nm) and emission
(Aex=250, 313 and 370 nm) spectra and synchronous
scan excitation—emission spectra, they proposed a
model in which humic-like fluorescence could be
explained by two chromophore classes (termed o
and ) that occur in apparent emission bands that
are similar to those discussed here. Based on the
proposed properties of these fluorophores our results
are consistent with this model if one assumes that
chromophore class « leads to fluorescence peaks A’
and C, and that chromophore class p leads to fluo-
rescence peaks A and M (see Table 5). De Souza
Sierra et al. (1994) also argue that the B-type chro-
mophores are likely of marine origin while the a-type
chromophores may be terrestrially derived (also see
Sierra et al., 2001). The significance of this suggestion
will be discussed below.

An examination of Table 5 indicates that there is
not an exact correspondence between the maximum
excitation and emission wavelengths for the proposed
a and B chromophore classes and the Exp.. and
Em,,,, for fluorescence peaks A, A’, C and M (Table
1). This most likely occurs because defining the
fluorescence properties of these proposed chromo-
phore classes is constrained by the limited number
of excitation and emission spectra used in the study by
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Table 5

A comparison of the properties of the a and P chromophores
described by De Souza Sierra et al. (1994) with the fluorescence
peaks observed in this study

Excitation or Excitation and Peak assignment
emission emission based on this
band® characteristics® study®

Peaks based on excitation spectra

o A EXmax<250 nm /=445 nm A (248/461)
o A EXmax =340 nm Zo,=445 nm C (360/460)
N EXax<250 nm /=445 nm A (239/429)
N EXmax =370 nm Zop=445 nm M (328/422)

Peaks based on emission spectra
aF (Fa”s)  Aex=370 nm Emy,.x =500 nm C (360/460)
Br(=P"A) Zex=370 nm Emy.x =440 nm M (328/422)

The values in parentheses are the average EX.x and Emy,,, values
for these peaks from Table 1 (also see Fig. 1).

# From De Souza Sierra et al. (1994). Note that o and p are the
symbols of the two proposed sets of chromophores, the single and
double prime superscripts represent the two main absorption bands
for these proposed chromophores, and the subscript “F” represents
the emission (fluorescence) of the proposed chromophores with
Jex=370 nm. Also note that with 4,=370 nm it is impossible to
observe the fluorescence of peaks o/ 4 (A") or &” 5 (A).

® The values of Jex and /o, are the excitation and observation
(emission) wavelengths used by De Souza Sierra et al. (1994) in
determining excitation and emission spectra of their samples. Emyax
and Ex,, are the emission and excitation wavelengths of maximum
fluorescence, respectively, for the a and B chromophores, based on
these emission and excitation spectra.

° The values in parentheses are the average ExXp.c and Emy,,
values for these peaks from Table 1 (also see Fig. 1).

De Souza Sierra et al. (1994). Nevertheless, the ability
to make this analogy between our fluorescence data
and two proposed chromophore classes in this model
provides important evidence in support of our sug-
gestion that the four humic-like peaks we observed in
our samples may indeed be paired together as we have
described here.

At the same time, results presented in Boehme and
Coble (2000) also appear to be consistent with our
suggestion of this pairing of humic-like peaks. Start-
ing with riverine and estuarine waters that showed
broad peak A and M fluorescence® they used high

2 Although Boehme and Coble (2000) refer to these peaks as
peaks A and C, using the terminology defined in the beginning of
this paper we would refer to these peaks as peaks A and M.
Furthermore, the appearance of the spectra in this paper suggest to
us that these two broad peaks may also tail into peaks A’ and C.

energy laser fragmentation (HELF) to show that the
spectra of these samples were composed of at least
eight more specific (though still unidentified) fluoro-
phore groups. Interestingly, many of the fluorophore
groups they detected existed as pairs of peaks with
near identical Em,,,, values and different Ex,.
values. In these peak pairs one peak was always
excited by high energy UV light (1,<~280 nm)
and the other by lower energy UV light (/.. between
~300 and 380 nm).

An examination of the Ex,,,, and Em,,,, values of
all of the peaks observed by Boehme and Coble
(2000) indicates that the Ex,,,x values of these high
energy UV peaks are roughly in the range of our
peaks A and A’ . Similarly the low energy UV peaks
are in the range of our peaks M and C. Finally, the
~ 60 nm range in Em,,,, values of these HELF peaks
also spans the range observed in our samples. Thus, it
is not difficult to see how combinations of these eight
peaks could form four distinct humic-like peaks, as
we see in our samples. Furthermore, since many of
these HELF peaks appear to exist as peak pairs it is
also not difficult to envision that combinations of
these peaks might roughly behave as peak pairs in
apparent emission bands.

Finally, one might ask why these pairs of four
humic-like peaks have not been observed in previous
3-d fluorescence studies of marine DOM. Although
past worker have observed peaks A, M and C (e.g.,
Coble, 1996; Coble et al., 1998; Del Castillo et al.,
1999; Parlanti et al., 2000), the occurrence of peak A’
has not been previously reported. We believe that
there are at least three possible explanations for this.
First, almost all other past studies have examined
water column FDOM, where fluorescence intensities
are generally lower than those observed here. In such
situations, it may be difficult to resolve two distinct,
but relatively close peaks (in terms of Exp.. and
Em,,,, values). Such spectra may therefore simply
have what appears to be one broad peak in each region
of the spectrum. Second, 3-d fluorescence spectra tend
to be quite noisy in the low excitation wavelength
region (below ~ 250 nm) further making it difficult to
separately detect and quantify both peaks A and A’ at
low fluorescence intensities. In contrast, distinct peaks
at these low excitation wavelengths may be easier to
visualize in 3-d fluorescence spectra of these highly
fluorescent pore waters. And third, the use of a long
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pass filter in the emission light path to remove signals
from second order Rayleigh and Raman scattering
(which was not often used in previous studies) allows
for better visualization of fluorescence peaks in the
region of peak A’.

4.2. Sources of humic-like fluorescence

Assuming that humic-like fluorescence from these
apparent peak pairs (peaks A and M and A’ and C)
represent fluorescence from different groups of sim-
ilar fluorophores, we can use this suggestion to
further examine the possible sources of these fluo-
rophores. In this discussion we will build on past
results that have primarily focused on examining the
relationship between peaks M and C. Although these
studies generally only report the occurrence of peak
A in conjunction with either peak M, C, or M and C,
we will assume here that the apparent absence of
peak A’ is a result of the analytical difficulties out-
lined above.

Some evidence to date suggests that peak M may
be of marine origin (see discussions most recently in
Coble et al., 1998) although analyses we have carried
out of pore waters from glacial Lake Agassiz peat-
lands (Burdige et al., 1999a; Chasar et al., 2000)
indicates that this peak is observed in this freshwater
system. The origin of peak C is also not well con-
strained. Coble et al. (1993) suggest that peak C is of
terrestrial origin, and studies by Parlanti et al. (2000)
in the Bay of Frenaye, France, support this sugges-
tion. In this study peak C is only observed in
freshwater (riverine) samples, while marine samples
contain both peaks M and C. However studies in the
Arabian Sea by Coble et al. (1998) suggest that here
peak C does not originate from riverine inputs. These
observations are consistent with other suggestions
(Coble, 1996) that peak M is a blue-shifted version
of peak C, implying that the fluorophore(s) responsi-
ble for peak C fluorescence is a diagenetically altered
form of that responsible for peak M. Such observa-
tions are consistent with macro-algae degradation
experiments (Parlanti et al., 2000) in which the
transient production of both protein-like and peak M
fluorescence was initially observed in these experi-
ments, followed by the eventual decline of both of
these types of fluorescence and the net accumulation
of peak C fluorescence.

Finally, in examining the sources of peaks M and C
we consider recent work by McKnight et al. (2001),
who observed that the ratio of the fluorescence
emission intensity at 450 nm to that at 500 nm (with
excitation at 370 nm) serves as an index that distin-
guishes between autochthonous fulvic acids (in their
study microbially derived fulvic acids from Antarctic
dry valley lakes) versus those that are allocthonous in
origin (e.g., terrestrially derived Suwanee River fulvic
acids). With this approach, fluorescence index (FI)
values of ~ 1.9 are indicative of these autochthonous
sources, while values of 1.4—1.5 are indicative of
allocthonous sources. There is also a non-linear in-
verse relationship between FI and % Aromaticity, with
end-member autochthonous fulvic acids (FI=1.7—19)
having lower aromaticities than allocthonous fulvic
acids (FI=1.3—1.4). In the context of this discussion,
if we look at the FI in terms of the 3-d fluorescence
spectra we have observed (i.e., see Fig. 1), we see that
the 370 nm excitation line cuts across the upper parts
of peaks M and C. Therefore, higher values of FI
imply a larger relative importance of peak M versus
peak C fluorescence.

Putting all of this information together, we suggest
that rather than strictly focusing on questions of
marine versus terrestrial sources of the fluorophores
responsible for humic-like fluorescence peaks, a more
unifying approach that incorporates all of the results
discussed above addresses this question in terms of
the diagenetic state of these fluorophores. In this
formalism then, we consider the fluorophores respon-
sible for peak M as being relatively “fresh” and those
responsible for peak C as being more diagenetically
altered. Thus peak M fluorophores would result from
the remineralization of relatively fresh particulate
organic matter (as suggested by Coble et al., 1998),
and peak C fluorophores from either less reactive
particulate organic matter or through diagenetic alter-
ation of DOM or other FDOM intermediates of
organic matter remineralization. In this conceptual
model, it is important to note that the peak C
fluorophores produced by these two different path-
ways are not necessarily identical. Rather, it simply
implies that their fluorescence properties are suffi-
ciently similar that they lead to similar types of
fluorescence.

In the absence of additional information about
these humic-like fluorophores and the processes af-
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fecting their diagenetic cycling it is difficult to exam-
ine this model in further detail. However, we believe
that in a qualitative sense the model explains much of
the above-discussed data (both ours and that in the
literature). At the same time though, further work is
needed to critically examine its validity (i.e., while the
model appears to be consistent with these data, it also
may not actually be the correct explanation of these
results). Similarly, while the discussion in Section 4.1
regarding the pairing of humic-like fluorescence peaks
is consistent with the data presented here (both in our
work and in the studies cited above), more work is
again needed to identify the specific fluorophores
responsible for this fluorescence.

Regardless of any diagenetic relationship between
peaks M and C (or peaks A and A’), the A’/C peak
pair is red-shifted (occurs at longer wavelengths),
most strongly in emission wavelengths, relative to
the A/M pair. A red shift in fluorescence emission is
caused by a decrease in the energy difference between
the ground state and the first excited state of a
molecule. This may result from structural changes in
a fluorescent molecule that increase the extent of its -
electron system. Examples of this include an increase
in the number of aromatic rings, an increase of
conjugated bonds in a chain structure, or the conver-
sion of a linear ring system to a nonlinear system
(Berlman, 1971; Senesi, 1990). Similarly, the addition
of certain functional groups (such as carbonyl, hy-
droxyl and amino groups) can also lead to fluores-
cence red shifts (Murrel, 1963; Senesi, 1990).

In light of this observation, the possibility then
exists that in situ transformations could lead to peak A
and M fluorophores being altered to peak A’ and C
fluorophores (e.g., Coble et al., 1998). Such processes
are, for example, consistent with both classical views
of humification (Hedges, 1988) as well as general
observations in the literature that degradation and/or
“aging” of organic matter leads to progressive red
shifts in Ex,,,x and Em,,,,values (see Komada et al.,
2002, and references therein). At the same time
though, terrestrial organic matter is generally rich in
aromatic components (e.g., from the occurrence of
lignocellulose in vascular plant materials; Hedges et
al., 1988), consistent with the possibility of the direct
production of peak A’ and C fluorophores from this
material. Since the fluorescence observed for these
peaks almost certainly results from multiple fluoro-

phores, it is also not unrealistic to consider the
possibility that the production of peak A’/C fluoro-
phores occurs by both mechanisms.

Finally, we can briefly examine this conceptual
model in the context of past general observations that
terrestrial FDOM excitation and emission spectra are
red-shifted relative to those for marine FDOM (e.g.,
Donard et al., 1989; De Souza Sierra et al., 1994,
1997; Coble, 1996). Similar spectral shifts presum-
ably lead to a decrease in the McKnight et al. (2001)
fluorescence index, which they interpret as resulting
from a greater proportion of allocthonous (terrestrial)
versus autochthonous (microbial) fulvic acids. How-
ever as discussed above, many of these observations
are based on single wavelength excitation or emission
scans as opposed to 3-d fluorescence scans. With this
former approach we believe that it is difficult to
differentiate between production of independent sets
of fluorophores (from, e.g., marine versus terrestrial
organic matter) versus diagenetic alteration of a single
set of fluorophores. Thus, the model presented here is
not inconsistent with these observations.

4.3. Pore water fluorescence and its relationship to
models of sediment DOC cycling

In this section we will examine the relationship
between pore water DOM fluorescence and a concep-
tual model for pore water DOM cycling in marine
sediments, the pore water DOM size/reactivity
(PWSR; Burdige and Gardner, 1998). Additional
details about the model can be found in Burdige
(2002) along with the presentation of a quantitative
advection/diffusion/reaction model for pore water
DOM dynamics based on the PWSR model. The
discussion in this section will focus on examining
humic-like fluorescence in the context of the PWSR
model, while the relationship between protein-like
fluorescence and the PWSR model will be discussed
in Section 4.7 after a more complete discussion of our
benthic flux results.

In the PWSR model the remineralization of sedi-
ment organic matter (SOM) to inorganic nutrients is
proposed to occur through the production and con-
sumption of DOM intermediates of increasingly
smaller molecular weights. The model assumes that
the initial hydrolysis or depolymerization of SOM
produces a class of reactive high molecular weight
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DOM compounds (HMW-DOM) that contains mate-
rials such as dissolved proteins and polysaccharides.
Along with the remineralization of the HMW-DOM to
inorganic nutrients there is also proposed to be some
small net production of refractory, relatively low
molecular weight DOM, referred to in this model as
polymeric low molecular weight DOM, or pLMW-
DOM. This pLMW-DOM is presumed to be much
less reactive than other high and low molecular weight
DOM intermediates produced and consumed during
SOM remineralization. This then leads to an imbal-
ance between sediment DOM production and con-
sumption, and to a first order, the accumulation of
refractory low, and not high, molecular weight DOM
with depth in sediment pore waters. These observa-
tions about pLMW-DOM production are consistent
with recent thoughts about humification, in which it is
now thought that the production of dissolved humic
substances initially occurs via the production of in-
creasingly oxidized, low molecular weight DOM
molecules from particulate organic matter (Hatcher
and Spiker, 1988; Amon and Benner, 1996; also see
carlier discussions in Waksman, 1938).

Looking at our fluorescence data in the context of
the PWSR model we see that humic-like fluorescence
generally increased with sediment depth, and was
closely coupled with total DOC concentrations (Fig.
5) in a way that is similar to that observed by other
workers (Chen et al., 1993; Skoog et al., 1996; Sierra
et al., 2001; Komada et al., 2002). Based on this
discussion we therefore propose that humic-like fluo-
rescence represents a tracer for this relatively low
molecular weight refractory pLMW-DOM produced
during SOM diagenesis/remineralization that repre-
sents the majority of the DOC (and DON) in marine
sediment pore waters.

4.4. Fluorescence of pore water DOM—comparison
of sites

Pore water DOC concentrations and humic-like
fluorescence were tightly coupled in these sediments
(e.g., see Fig. 5 and Table 3), as has been observed
previously in other marine sediments (see references
above). Pore water humic fluorescence and DOC and
DON concentrations were also all much higher at sta.
M3 than in the other Chesapeake Bay site (sta. S3)
and in the MASSB sediments. Higher inputs of

organic matter to sta. M3 sediments and a greater
degree of sediment anoxia both likely play a role here
(Burdige and Zheng, 1998; Burdige, 2001). The near-
constant depth profiles of humic-like fluorescence at
sta. S3 (Fig. 2) are consistent with DOC and DON
profiles at this site which show little seasonal or depth
variability in the upper ~ 20 cm of sediment (Burdige,
2001). This is likely related to the extensive bioturba-
tion and bioirrigation of these sediments, and associ-
ated changes in sediment redox conditions (also see
Burdige, 2002 and Section 4.5 for further details).

In light of the discussions above, it is perhaps
surprising that the peak M/peak C ratio showed such
constancy both with depth at any given site and among
the different sites (Table 2). In recent work by Sierra et
al. (2001) using single wavelength emission scans of
sediment pore waters (4.,=313 nm) they observed an
emission blue shift in surface sediment pore waters
(0—2 cm) as they moved out into the Gulf of Biscay
(France) from water depths between 400 and 3040 m.
Such blue shifts were interpreted by these workers as
implying that as one moves offshore there is a greater
input of marine (vs. terrestrial) organic matter to the
sediments, contributing to an increasing marine fluo-
rescence signature of the surface sediment pore waters.
They also observed a red shift in fluorescence emission
with depth in many of these cores (upper 30 cm). As
discussed in Section 4.2 these red shifts could either be
interpreted as being indicative of the importance of
less reactive terrestrial organic material undergoing
remineralization at depth, or of diagenetic transforma-
tions of marine-derived fluorophores (e.g., transforma-
tion of peaks A/M fluorophores to peaks A’ /C
fluorophores).

Using the conceptual model in Section 4.2 to
explain the constant peak M/peak C ratio seen in
our sediment pore waters leads to two possible
explanations. The first is that marine and terrestrial
(autochthonous and allocthonous) sources are both
responsible for the production of humic-like fluoro-
phores, and that their production and consumption are
both balanced in such a way as to lead to this constant
fluorescence ratio. Alternately, there may be only a
single initial source of these fluorophores and diage-
netic transformations lead to the production of both
classes of fluorophores.

Unfortunately, attempts to distinguish between
these two interpretations using other data from these
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sediments yields contradictory results. While the fluo-
rescence peaks observed here are consistent with the
possible occurrence of both autochthonous and
allocthonous sources, the McKnight et al. (2001) FI
index for these pore waters is more similar to an
autochthonous rather than allocthonous end-member
(Burdige and Hu, unpublished data). Furthermore,
organic matter at all of these sites appears to be largely
marine-derived, based on a limited number of o3¢
analyses of the SOM at sta. M3, S3 and WC7 (ap-
proximately —21%o to —22%oJ. Cornwell, unpublished
isotope data cited in Marvin-DiPasquale and Capone,
1998; Burdige, unpublished data). However, in these
Chesapeake Bay sediments and at other sites along the
mid-Atlantic shelf/slope break there is also evidence
for the occurrence of some terrestrially derived organic
matter in the bulk SOM pool and/or in the SOM
undergoing remineralization (Burdige, 1991; Harvey,
1994). Finally, pore water DOC and DON data from
these sites suggests that terrestrial sources could be
important sources of this DOM, since the C/N ratios of
the pore water DOM in these sediments are generally
greater than the value of 6.6 for marine, Redfield-like
organic matter (Burdige and Zheng, 1998; Burdige,
2002).

In the absence of further information about the
pathways of sediment organic matter remineralization,
it is difficult to more critically discuss these observa-
tions in any further detail. More information is clearly
needed on the relationship between FDOM cycling
and overall pathways of sediment organic matter
remineralization and the production of refractory
DOM in sediment pore waters to further examine
these observations.

4.5. Fluorescence—DOC relationships

The observation that the fluorescence of the four
humic-like peaks is strongly correlated with DOC
concentrations (Fig. 5 and Table 3) is not surprising,
based on the results of past studies (Chen et al., 1993;
Skoog et al., 1996; Seretti et al., 1997; Sierra et al.,
2001). What is perhaps more interesting about the
observations in Fig. 5 is that different slopes were
observed for these DOC—fluorescence relationships
in estuarine versus shelf/slope break sediments. Giv-
en the apparent similarities in the humic-like fluoro-
phores found in these sediments, the simplest

explanation for these different slopes is that there is
greater dilution of FDOM in the total DOC pool in
shelf/slope break sediments than there is in estuarine
sediments.

In further examining these observations we note
that Komada et al., (2004) observed similar differ-
ences for humic-like fluorescence that roughly corre-
sponds to peak M in the fluorescence—DOC
relationship for nearshore anoxic versus oxic/sub-oxic
sediments. However, in contrast to our results they
observed slopes for these contrasting sites that differed
by only ~25% (versus the factor of >4 differences
seen here). In light then of these observations, we
suggest that these differences in DOC—{fluorescence
relationships are likely controlled by sediment redox
conditions, with larger relative amounts of humic-like
FDOM seen in anoxic sediments (i.e., the sta. M3
sediments) versus that observed in sub-oxic or mixed
redox sediments (i.e., the sta. S3 and MASSB sedi-
ments). This suggestion then builds on the observation
discussed in Section 3.3 which suggests that the sta.
S3 DOC-normalized fluorescence values are actually
more similar to MASSB values than they are to sta.
M3 values (e.g., see Figs. 4 and 5).

By extension, these observations also suggest that
refractory humic-like compounds (in general) are
preferentially preserved in sediment pore waters under
anoxic conditions. Independent evidence in support of
this idea comes from calculations initially presented in
Burdige (2001), in which uncharacterized pore water
DOC ([DOClyne) was estimated with pore water
DOC, DON and dissolved carbohydrate data. These
calculations indicated that [DOC],,. was a higher
percentage of the total DOC in the anoxic sta. M3
sediments (~70%) than it was in the mixed redox
sediments at sta. S3 (~45%). Similar calculations
carried out for the MASSB sediments (using unpub-
lished DON data, and DOC and carbohydrate data
presented in Burdige et al., 2000) yields percentages
of [DOClJyyn in MASSB sediments (~40%) that are
similar to that observed at sta. S3.

As discussed in Burdige (2001) this [DOC],,,c may
represent dissolved humic substances that are appar-
ently preferentially preserved under anoxic condi-
tions. This suggestion was further explored in
Burdige (2002) using an advection/diffusion/reaction
pore water model for DOC in marine sediments that
explicitly incorporates bioturbation, bioirrigation and



306 D.J. Burdige et al. / Marine Chemistry 89 (2004) 289-311

enhanced remineralization of humic-like pore water
DOC under mixed redox (and oxic/sub-oxic) sedi-
mentary conditions (also see similar modeling results
in Komada et al., 2004). All of these results (including
the DOC-normalized fluorescence values presented
here in Figs. 4 and 5) are consistent with this assump-
tion that sediment redox conditions alter the pathways
of DOM remineralization, and lead to higher concen-
trations of refractory humic-like DOM in anoxic
sediments. As discussed in Burdige (2001, 2002) this
suggestion also has implications for how DOM cy-
cling and sediment redox conditions may affect sed-
iment carbon burial and preservation.

4.6. Benthic fluxes of FDOM

At sta. M3 there was good agreement between
measured and calculated, diffusive DOC and FDOM
benthic fluxes (Table 4 and Fig. 7), as has been
observed in other benthic flux studies at this site
(see Burdige, 2001, for a summary). Such observa-
tions imply that diffusion is the dominant transport
process for dissolved constituents across the sedi-
ment—water interface at this site. Consistent with this,
the DOC-normalized fluxes of humic-like fluoro-
phores at sta. M3 were similar to the corresponding
fluorescence/DOC ratios in the pore waters at this site
(compare Tables 3 and 4).

At sta. S3 measured benthic fluxes of both total
DOC and humic-like FDOM were significantly
larger than calculated, diffusive fluxes, presumably
due to the bioturbation and bioirrigation of these
sediments (e.g., Burdige, 2001). The similarity of
values of R at sta. S3 for DOC and humic-like
fluorophores (Fig. 7) is also consistent with discus-
sions in Section 4.3 in which we suggested that
humic-like fluorescence is a tracer for the relatively
refractory pPLMW-DOM.

In contrast though, measured and calculated, dif-
fusive fluxes of protein-like FDOM were more similar
to one another at sta. S3. Possible explanations for this
observation comes from modeling results presented in
Burdige (2002) which were used to examine sediment
DOM cycling in mixed redox sediments such as those
at sta. S3. These model results indicate that the net
production of reactive, HMW-DOM is concentrated in
the upper ~ 1 cm of sediment while net production of
refractory, pPLMW-DOM extends to depths >4 cm.

Furthermore, because rates of HMW-DOM cycling
near the sediment—water interface are rapid relative to
typical rates of bioturbation or bioirrigation, these
macrofaunal processes have minimal effects on depth
profiles of reactive DOM intermediates. Therefore
pore water profiles of reactive HMW-DOM are much
less affected by the occurrence of either bioturbation
or bioirrigation than are pore water profiles for total
DOM (= refractory pLMW-DOM). This then leads to
differences in the effects of bioirrigation on both pore
water profiles for different DOM fractions as well as
their benthic fluxes.

These observations therefore suggest that at least
for benthic fluxes, protein-like fluorescence may trace
reactive DOM intermediates of sediment organic
matter remineralization (such as dissolved proteins
and peptides) that are produced near the sediment—
water surface and (some of which) escape the sedi-
ments as a benthic flux (see related discussions in
Burdige, 2002). Thinking about this in the context of
the controls on benthic FDOM fluxes, we also see the
effects here of the interplay between transport pro-
cesses and the depth zonation of DOM cycling. For
humic-like fluorescence (and therefore refractory
pLMW-DOM and most DOC in general) bioirrigation
dominates sediment—water exchange of this material
at sites such as sta. S3, as might be expected. In
contrast though, molecular diffusion plays a much
more important role in controlling the benthic flux of
the much smaller sub-set of the total DOM pool
responsible for protein-like fluorescence.

Interestingly, these observations are also consis-
tent with discussions in Aller (2001) regarding the
relationship between benthic fluxes, bioirrigation and
the depth-distribution of sediment processes. Based
on the results of studies of inorganic pore water
solutes and their sediment—water exchange, he notes
that bioirrigation has differing effects on benthic
fluxes of pore water solutes whose reactivity occurs
close to the sediment—water interface (i.e., here
protein-like fluorescence or HMW-DOM), versus
those whose production occurs ‘“‘deeper” in the
sediments (i.e., here humic-like fluorescence or
pLMW-DOM). Furthermore, based on the discussion
in Aller (2001), R values for either total DOC or
humic-like fluorescence would also be expected to
be larger than those for protein-like fluorescence, as
is observed in Fig. 7.
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4.7. Protein-like fluorescence revisited

When compared with model calculations in Bur-
dige (2002) the results of benthic flux studies in (Fig.
7) are consistent with the suggestion that protein-like
fluorescence near the sediment—water interface
results from reactive DOM intermediates of SOM
remineralization. However the same may not be the
case for protein-like fluorescence in sediment pore
waters.

Protein-like fluorescence in these sediment pore
waters co-varied with total DOC concentrations (Fig.
6) in a manner similar to that seen for humic-like
fluorescence. This suggests that in sediment pore
waters protein-like fluorescence might be more asso-
ciated with refractory pLMW-DOM. At the same time
though, spectral interferences with the broad humic-
like peaks (Mayer et al., 1999) could also play a role
in explaining the observations in Fig. 6, because of the
tight coupling between DOC and humic-like fluores-
cence. However discussions and model calculations in
Burdige (2002) indicate that reactive DOM intermedi-
ates in sediments pore waters are generally less than a
few percent of the total DOC, except just below the
sediment surface. Thus if protein-like fluorescence in
pore waters results from reactive DOM intermediates
then it should be masked (overwhelmed) by the more
intense humic-like fluorescence associated with the
bulk of the pore water DOM.

Therefore these observations suggest that the
fluorophores responsible for protein-like fluorescence
may occur in both reactive and refractory DOM
intermediates and that their relative importance dif-
fers in sediment pore water DOM versus that which
escapes the sediments as a benthic flux. This
“uncoupling” of the linkage between protein-like
fluorescence and DOM pools with widely different
degrees of reactivity is not necessarily surprising,
and is in fact consistent with conclusions reached in
Burdige (2001) for the DOM pool in general, based
solely on bulk DOC and DON pore water concen-
trations and benthic fluxes. Additional work is
however needed to better resolve the source(s) of
protein-like fluorescence in natural systems to more
definitively interpret these fluorescence signals in
terms of organic matter diagenesis and DOM cy-
cling. At the same time, better discrimination be-
tween peaks associated with tryptophan and tyrosine

fluorescence would also aid in addressing this prob-
lem, based in part on suggestions in Mayer et al.
(1999) that the tyrosine:trypotophan intensity ratio
might be a useful indicator of the degradative state
of dissolved proteins and peptides.

4.8. Sediments as sources of FDOM to coastal water

The presence of colored and fluorescent DOM
(CFDOM) in the water column significantly affects
the optical and photochemical properties of marine
waters. Past studies have identified riverine transport
(e.g., Blough et al., 1993) and phytoplankton degra-
dation products (e.g., Carder et al., 1991; Rochelle-
Newall and Fisher, 2002) as sources of CFDOM to the
water column. The results of our study further suggest
that sediments represent an additional source of
CFDOM to the water column (also see Fox, 1991;
Mayer et al., 1999; Boss et al., 2001).

Table 6
The impact of sediment-derived FDOM on water column FDOM
pools

Station/peak  Flux Average water % water column

(ug QS m2 column conc. FDOM derived
day ™'y (ppb QS)° from sediments®
Station M3
peak A 314 28 25-33%
peak M 166 16 24-32%
peak A’ 328 25 29-39%
peak C 171 12 32-43%
Station S3
peak A 62 25 6—-8%
peak M 43 12 8—11%
peak A’ 55 21 6—-8%
peak C 45 9 11-14%
Average values
peak A 15-20%
peak M 16-21%
peak A’ 17-23%
peak C 21-29%

# From Table 4.

® Based on water column samples collected during cruises CH
XVII, XIX and XX.

¢ Assuming a water residence time in the Bay of 9—12 months
(Skrabal et al., 1997), the concentration of FDOM ( F) added to the
Bay during this time period is given by F=Bt/h, where B is the
benthic flux, 7 is the water residence time and / is the average depth
of the Bay (=12 m). The ratio of F to the average water column
concentration at each site then yields the percentages shown here.
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Past work examining benthic fluxes of total DOC
have shown that these fluxes are small in comparison
to oceanic DOC recycling rates (e.g., Chen et al.,
1993), although integrated DOC fluxes from estua-
rine, coastal and continental margin sediments are
significant in comparison to net sources of DOC to
the oceans such as riverine DOC transport (see most
recently Burdige et al., 1999b). Thus, in such regions
where riverine inputs of CFDOM likely have their
greatest impact on water column optical properties,
benthic fluxes of CFDOM should also be of impor-
tance as compared to riverine CFDOM sources. Fur-
thermore, pore water DOM is enriched in
chromophoric material as compared to water column
DOM (Fig. 4; also see Chen et al., 1994), and the
importance of benthic fluxes of CFDOM may accord-
ingly be increased as compared to riverine sources of
this material.

To examine this problem more quantitatively for
the Chesapeake Bay, we have used the approach
described in Skrabal et al. (1997) to estimate the
fraction of water column fluorescence that could be
derived from sediments as a result of the benthic
fluxes reported in Table 4. The results of these
calculations are shown in Table 6, and indicate that
benthic fluxes could supply ~ 15—-30% of the FDOM
in Chesapeake Bay waters. While more detailed
studies will be needed to further quantify all of these
processes that affect the cycling of CFDOM in the
marine environments, this simple calculation points to
the importance of sediment CFDOM sources in some
marine settings.

5. Summary and conclusions

1. The major fluorescence peaks observed in pore
waters from sites in the Chesapeake Bay and along
the mid-Atlantic shelf/slope break were similar to
those observed in the water column. These
included peaks ascribed to the fluorescence of
humic-like material (peaks A, C and M), as well as
protein-like peaks that appear to result from the
fluorescence of the aromatic amino acids trypto-
phan and tyrosine.

2. In these pore waters we also observed a fourth
humic-like fluorescence peak (A’). These four
humic-like peaks appeared to occur as pairs of

peaks (peaks A and M in one pair and peaks A’ and
C in a second pair ) with near identical Emy,
values but different Ex,,., values for each pair.
Peaks A’ and C was red shifted relative to the peaks
A and M.

. Humic-like fluorescence generally increased with

sediment depth, and was closely correlated with
pore water total DOC concentrations. This fluo-
rescence appeared to represent a tracer for the
refractory, relatively low molecular weight pore
water DOM that accumulates with depth during
sediment organic matter diagenesis.

. Fluorescence—DOC relationships indicated that

larger relative amounts of humic-like FDOM were
seen in anoxic sediments (i.e., the sta. M3
sediments) than in sub-oxic or mixed redox
sediments (i.e., the sta. S3 and MASSB sediments).
By extension, these observations suggest that
refractory humic-like compounds (in general) are
preferentially preserved in sediment pore waters
under anoxic conditions.

. Protein-like fluorescence showed no coherent

depth trends in sediment pore waters, other than
the fact that pore water fluorescence intensities
were greater than bottom water values. Based on
the results of benthic flux studies, it appeared that
protein-like fluorescence was associated with
reactive DOM intermediates of organic matter
diagenesis (e.g., dissolved peptides and proteins)
produced near the sediment—water interface. In
contrast, in sediment pore waters protein-like
fluorescence may be associated with amino acids
(peptides ?) incorporated into refractory, humic-
like structures, although this suggestion will
require further verificiation.

. Based on a simple conceptual model for FDOM

cycling, structural differences in FDOM that lead
to red shifts in peak A’/C fluorophores (relative to
the peak A/M fluorophores) may be the result of
several processes. These include in situ trans-
formations producing peaks A’/C fluorophores
from peaks A/M fluorophores, as well as direct
production of peak A’/C fluorophores from
terrestrial organic matter.

. In bioirrigated sediments the interplay between

transport processes and the depth zonation of DOM
cycling leads to a situation in which molecular
diffusion (rather than bioirrigation) plays a much
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more important role in transporting protein-like
fluorescence (i.e., reactive HMW-DOM) out of
these sediments. In contrast, bioirrigation domi-
nates sediment—water exchange of humic-like
fluorescence (and therefore more refractory
pLMW-DOM and most DOC in general) in such
sediments.

8. Benthic flux studies indicated that sediments
represent a source of chromophoric DOM to
coastal waters, although further work will be
needed to quantify their significance in terms of
other known sources (e.g., riverine input, phyto-
plankton degradation products).
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