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Journal of Marine Research, 49, 727-761,1991

The kinetics of organic matter mineralization in anoxic
marine sediments

by David J. Burdigel

ABSTRACT
The kinetics of sulfate reduction and inorganic nutrient production (~C02' ammonium, and

phosphate) were examined in the sediments at five sites in the southern Chesapeake Bay,
using long term (> 200 d) sediment decomposition experiments. Average first order rate
constants for these processes (at 25°C) decreased from 8.2 to 3.7 yr-I in the surface sediments
(0-2 em), to 2.1 to 0.2 yr-I at 12-14 em. The C/N and C/P ratios of the organic matter
undergoing decomposition also increased with depth at these sites. Taken together, these
results indicate that the reactivity of the organic matter undergoing mineralization decreases
with depth in these sediments.

A model based on the multiple-G model for organic matter decomposition (hereafter
referred to as the mixture model) was developed to examine the observed kinetics of all of
these processes. As in the multiple-G model, the mixture model is based on the mineralization
of organic matter in sediments occurring from distinct fractions of organic matter with
differing reactivities. However here, differences in reactivity are indicated by differences in
both the intrinsic rate constants for decomposition as well as the C/N or C/P ratios of the
organic matter in the fractions. The mixture model was useful in interpreting the results of
these experiments, and provided explanations for differences in the reactivity of organic
matter in the surface sediments at these sites. It also appeared to provide information on the
nature of the organic matter undergoing remineralization in these sediments, based on the
predicted C/N or e/P ratios of these apparent fractions. The data from this study was also
examined using the recently presented power model of Middelburg (1989). This analysis
indicated the importance of pre-depositional decomposition in affecting the reactivity of
sedimentary organic matter.

While all of these models provided insights into organic matter remineralization in marine
sediments, they also all had mixed successes in describing (in a unified fashion) sulfate
reduction and inorganic nutrient production in these southern Chesapeake Bay sediments.
This observation indicates that care must be taken in interpreting information (e.g., rate
constants, elemental ratios or apparent initial ages of the sedimentary organic matter) on
organic matter in sediments, based on model derived parameters such as those that have been
presented here. The ability to independently verify these model derived parameters of the
sedimentary organic matter undergoing mineralization will likely be important in further
refining these models and improving their usefulness in describing (and predicting) the factors
controlling organic matter mineralization in marine sediments.

1. Department of Oceanography,Old DominionUniversity,Norfolk,Virginia,23529-0276, U.S.A.
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1. Introduction
The mineralization of organic matter in marine sediments has a significant impact

on numerous biogeochemical processes in sediments and the water column. Since
both the quantity as well as quality (or reactivity) of the sedimentary organic matter
have been shown to affect the rates of these reactions (e.g., Westrich and Berner,
1984, 1988; Henrichs and Doyle, 1986; Emerson and Hedges, 1988; Middelburg,
1989; Murray and Kuivala, 1990), there is continuing interest in further elucidating
the factors controlling these mineralization processes.

Efforts in this area have taken several approaches. Organic geochemical studies
have begun to characterize sedimentary organic matter at the molecular or com-
pound level (e.g., lipids, carbohydrates, amino acids; see Ertel and Hedges, 1985;
Henrichs and Farrington, 1987; Haddad and Martens, 1988; Hamilton and Hedges,
1988; Burdige and Martens, 1988; Haddad, 1989; Martens et al., 1991). Such
information is of interest here since different biopolymers are known to have
different reactivities with regards to their decomposition (Henrichs and Doyle,
1986). Several of these studies have also been able to quantify the mineralization of
specific classes of organic compounds, and examine their decomposition in the
context of overall sedimentary carbon and nitrogen cycling (Henrichs and Far-
rington, 1987; Burdige and Martens, 1988; Haddad and Martens, 1988). However in
terms of understanding the controls on the mineralization of sedimentary matter
such studies are generally limited by the lack of specific information on the types of
macromolecules (or matrix) in which these individual compounds reside (e.g., see
the discussion in Henrichs, 1991).

The mineralization of organic matter in marine sediments has also been studied by
directly measuring the rates of processes such as sulfate reduction, methanogenesis,
ammonium and phosphate production, as well as the turnover of small organic
molecules such as acetate and amino acids (see Klump and Martens, 1983, Ree-
burgh, 1983, Skyring, 1987, and Capone and Kiene, 1988, for recent reviews). Rates
of these processes have also been estimated using diagenetic models applied to both
pore water and solid phase sedimentary profiles (Berner, 1980). These models often
assume that there are two types of organic matter in marine sediments: a labile (or
reactive) fraction, and a refractory fraction which appears to be essentially nonreac-
tive on early diagenetic time scales. This formalism is based on a paper by J0rgensen
(1978) in which he proposed that organic matter in marine sediments is actually
composed of various groups of compounds that have different reactivities with
regards to mineralization (in all further discussions this model will be referred to as
the multiple-G model). Although other views of organic matter in sediments suggest
that organic matter may better be described as a continuum with regards to its
reactivity (see Middelburg, 1989, and the discussion below), the multiple-G model
has in general proven quite successful in the study of the mineralization of sedimen-
tary organic matter.
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In an attempt to further examine the validity of the multiple-G model, Westrich
and Berner (1984) carried out a series of long term decomposition experiments with
Long Island Sound sediments in which they examined changes over time in particu-
late organic carbon concentrations and rates of bacterial sulfate reduction. Their
results suggested that in these sediments organic matter mineralization by sulfate
reduction was first order with respect to the organic matter undergoing decomposi-
tion, and that this organic matter was composed of two reactive fractions and one
refractory fraction. There was an approximate order of magnitude difference in the
reactivity of the two labile fractions of organic matter, based on the observed first
order rate constants of 8 ± 1 and 0.94 ± 0.25 yr-1 for the decomposition of these two
classes of sedimentary organic matter.

Similar rate constants for sulfate reduction and inorganic nutrient production
have been determined in other nearshore and continental margin sediments (Nixon
and Pilson, 1983; Westrich and Berner, 1984; Martens and Klump, 1984; Klump and
Martens, 1987; Burdige and Martens, 1988; Jahnke, 1990; Murray and Kuivala, 1990;
and others), using both diagenetic models and short term (several hour to up to -1
week) whole sediment incubation techniques. Significantly lower rate constants for
organic matter oxidation have also been observed in environments of these types, as
well as in deep sea sediments (e.g., Emerson and Hedges, 1988; Murray and Kuivala,
1990; Middelburg, 1989). This then suggests that in the context of the multiple-G
model that there are also higher order (i.e., less reactive) fractions of organic matter
whose decomposition is significant (or observable) only on time scales longer than
those of early diagenetic processes in most nearshore sedimentary environments.

In this paper, results will be presented from a series of long term anoxic sediment
decomposition experiments using samples collected at five sites in the southern
Chesapeake Bay and tributaries. The data from this study will be examined using
both the multiple-G model and the recently presented power model of Middelburg
(1989). The multiple-G model, as previously described for organic carbon oxidation
and sulfate reduction, will be expanded here to examine nitrogen and phosphorus
regeneration. These models and data will then be used to examine the kinetics of
organic matter mineralization in these sediments and the factors controlling this
process both in these and other anoxic marine sediments.

2. Materials and methods
a. Field sites. The sediments used in this study were collected at five sites in the
southern Chesapeake Bay (see Fig. 1). Bottom water salinities at these site at the
time of collection (August, 1988) ranged from < 10%0 (s1. 23) to >30%0 (s1. 26).
None of these stations showed evidence of bottom water anoxia at the time of sample
colIection, although station 17 in the Rappahanock River did have low bottom water
oxygen concentrations (43 ~M). A brief description of the physical and geochemical
characteristics of the sediments at these five sites is listed in Table 1 and is primarily
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Figure 1. A map of the southern Chesapeake Bay and tributaries indicating the sites
examined in this study. Additional information on the geochemical characteristics of these
sites can be found in Table 1 and Burdige (1989a).

based on results reported in Burdige (1989a). These data are summarized here to aid
in interpreting the results presented in this paper.

b. Experimental procedures. Sediment were collected by box core aboard the R/V
Linwood Holton. These cores were sub-cored on the ship and returned to the lab
(with water overlying the cores) where they were kept at 4°C until processed (approx.
four weeks). Sediments slurries (sediment:seawater ratios of approx. 1:3 by weight)
were prepared by mixing sediments from discrete 2 cm intervals of several cores with
0.2 11mfiltered bottom water. For the station 23 experiments, the bottom waters were
amended with sodium sulfate to a final sulfate concentration of approx. 20 mM, to
avoid sulfate depletion. Slurry aliquots (10-15 ml) were dispensed into 20 ml serum
bottles under N2 in a Coy Anaerobic Chamber, crimp sealed, removed from the
chamber and then incubated in the dark at 25°C in a constant temperature incubator.
Bottles were periodically shaken by hand (every 3-4 days) to manually re-mix the
slurries. Experiments are reported here by station number and '-1' to indicate
experiments with the 0-2 cm sediments, '-2' for experiments with the 5-7 cm
sediments and '-3' for experiments with the 12-14 cm sediments.

Sampling over the 230 day time period of the experiments was accomplished by
analyzing one set of bottles (one per station and depth interval) for each time point.
The bottles were returned to the anaerobic chamber, and the slurry transferred from
the serum bottle to a screw cap centrifuge tube. The samples were then centrifuged
and the supernatant filtered through a 0.45 11mpolycarbonate filter. The pH of the
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Table 1. Geochemical characteristics of the sediments examined in this study.

BW Sediment
Station" salinitiesb porosities' TOct TNd C/Nd TSd Tpd Sediment description

17

21

23

25

26

18.9
(15.2)

27.3
(24.1)

9.7
(6.9)

25.6
(19.7)

30.4
(27.2)

0.85-0.92 3.10 3.69 9.8 11.9 0.72 fine silts; black color
below 1 cm; these sed-
iments are highly re-
ducing with complete
sulfate reduction oc-
curing within 10 cm of
the sediment-water
interface.

0.45-0.64 0.66 0.39 19.8 2.45 0.62 silty clays; greenish grey
at the surface (0-2
cm) becoming grey/
black to black with
depth"

0.73-0.82 1.74 1.38 14.7 1.04 0.90 silty, clays; greenish/
grey (0-7 cm) becom-
ing grey/black with
depth.

0.38-0.50 0.44 0.26 17.2 0.47 0.24 tan sands at the surface
(0-3 cm), becoming
grey/green to black
with depth; with
depth the sediments
contain less sand and
more silts and clays!

0.48-0.63 0.60 0.40 19.3 1.53 0.52 silty clays; brown/grey at
the surface (0-2 cm)
becoming grey /black
with depth"

"See Figure 1 for a map showing the locations of these sites.
bBottom water salinities (1 m off the bottom) measured in August, 1988. Salinities measured

at these stations in April, 1988 are listed below these values in parentheses.
'Porosity ranges over the upper 20 em.
dTOC = Organic Carbon (%); TN = Total Nitrogen (mg N/gdw); TS = Total Sulfur (mg

S/gdw); TP = Total Phosphorus (mg P/gdw). These values are based on surface (0-1 cm)
measurements made in cores collected at the same time as the sediments used in these
experiments. The C/N ratios are molar ratios.

"Evidence for bioturbation is seen in these cores, based on visual observations (e.g., snails,
tube worms, faunal debris and/or animal sediment mounds found on the surfaces of the
sediment cores).

waters was then determined. Samples for the analysis of ammonium and phosphate
were acidified and frozen (- 20°C) for later analysis. Samples for ~C02 analyses were
stored in crimp-seal vials with no head space and refrigerated (4°C) until analyzed,
while samples for sulfate determinations were acidified and stored refrigerated until
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analyzed. A portion of the residual sediment from the slurries was collected at the
beginning and end of the experiments, frozen, and later analyzed of particulate (solid
phase) organic carbon and total nitrogen.

c. Analytical procedures. Ammonium was determined colorimetrically using the
phenol hypochlorite method, while phosphate was determined colorimetrically using
the molybdate blue method (Gieskes and Peretsman, 1986). Sulfate was determined
turbidemetrically (Tabatabai, 1974; Burdige, 1989b). ~COz was determined by
acidifying a sample with 1 N HCI to convert all of the inorganic carbon to COz(g), and
then stripping this CO2out of the acidified sample with N2into the infrared detector
of an Oceanography International Total Carbon Analyzer (Burdige, 1989b). Total
carbon, nitrogen and sulfur in sediment samples were determined using a Carlo Erba
NA 1500 Elemental Analyzer.

3. Results
The results of these experiments are shown in Figures 2 through 6. In general it

can be seen that the concentrations of sulfate decreased, and ammonium, phosphate
and ~COz increased in exponential-like fashions. At any given station, concentration
changes were greatest in the surface sediments (0-2 em) and smallest in the deeper
sediments (12-14 em).

To examine the kinetics of these processes the rates of sulfate reduction, and
nutrient and ~COz production were assumed to be proportional to the amount of
metabolizable carbon, nitrogen or phosphorus in the sediments. This assumption is
discussed in part in the Introduction, and will also be discussed below in further
detail. Given this assumption the, following equation can be written,

dC; kiF
dt = 1+ K Gm,;

I

(1)

where: C; is the concentration of ~C02' ammonium or phosphate in solution (i = c, n
or p respectively); t is time; k; is the first order rate constant; Gm,i is the concentration
of metabolizable carbon, nitrogen or phosphorus; Kj is the reversible, equilibrium
adsorption constant (ammonium and phosphate only); and F is a factor used to
convert particulate concentrations (mg/L) to dissolved concentrations (e.g., ~M).
This last factor was determined using the porosity of the sediments and the amounts
of water and wet sediment used in preparing the slurries. For sulfate, equation [1] is
modified slightly to yield,

(2)

where a is the stoichiometric ratio of moles of sulfate reduced per mole of carbon
oxidized, or :seo2produced (generally equal to Y2; see Eq. (6». These equations can
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Figure 2. The results of the experiments carried out with sediments collected at station 17.
The four figures represent the changes with time in either sulfate or inorganic nutrients in
slurries prepared with sediments from the depths of 0-2 cm (17-1; filled squares), 5-7 cm
(17-2; open circles) or 12-14 cm (17-3; filled triangles). The best fit curves through the data
have been calculated with Eqs. (3)-(5) and the resulting best fit parameters are listed in
Tables 2 and 3.

be solved by assuming C; = Co,; at t = 0, yielding for leOz,

Cc = Co.c + FGm,c(1 - e-k<,)

for ammonium and phosphate,

(3)

FG .
C C m,1 (1 -k")

i = 0,; + 1+ K. - e '
I

(4)

and for sulfate,

(5)

The data from these experiments were fit to these equations using the Simplex
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Figure 3. The results of the experiments carried out with sediments collected at station 21.
The four figures represent the changes with time in either sulfate or inorganic nutrients in
slurries prepared with sediments from the depths of 0-2 cm (21-1; filled squares), 5-7 cm
(21-2; open circles) or 12- 14 cm (21-3; filled triangles). Note the different concentration
axes used for the ammonium and phosphate data from the 21-1 and the 25-2 and -3
experiments. The best fit curves through the data have been calculated with Eqs. (3)-(5) and
the resulting best fit parameters are listed in Tables 2 and 3.

algorithm (Caceci and Cacheris, 1984) and the best fit k; and Gm.i values are listed in
Tables 2 and 3. In all of the calculations in this paper, an ammonium adsorption
coefficient (Kn) of 1.3 was used (Mackin and Aller, 1984) while a value of 1.2 was used
for the phosphate adsorption coefficient (Kp; Krom and Berner, 1980).

In the experiments with sediments from stations 17,21 and 23 it can be seen that in
any given experiment all four rate constants were approximately equal (± ~ 30%; see
Table 2). In contrast, stations 25 and 26 appeared to show a different type of
behavior. Here (particularly in the surface sediments) the rate constants for ammo-
nium and phosphate were generally significantly greater (up to an order of magni-
tude) than those for sulfate and ~C02' Neglecting for now these differences, it was
also observed at all five stations that the average rate constants decreased with depth
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Figure 4. The results of the experiments carried out with sediments collected at station 23.
The four figures represent the changes with time in either sulfate or inorganic nutrients in
slurries prepared with sediments from the depths of 0-2 cm (23-1; filled squares), 5-7 cm
(23-2; open circles) or 12-14 cm (23-3: filled triangles). The best fit curves through the data
have been calculated with Eqs. (3)-(5) and the resulting best fit parameters are listed in
Tables 2 and 3.

by about an order of magnitude (see Fig. 10). Lastly, it can be seen in Table 3 that the
calculated, best fit values of metabolizable carbon, nitrogen and phosphorus (Gm,;)

generally represented <50% of the measured organic carbon and total nitrogen and
phosphorus in these sediments.

4. Discussion
The trends observed in these experiments are indicative of organic matter mineral-

ization (ICOz, ammonium and phosphate production) occurring with bacterial
sulfate reduction as the predominant "terminal" process. However, the use of the
results of sediment slurry experiments such as these to quantify in situ parameters of
organic matter mineralization in sediments depends on several factors. One is the



736 Journal of Manne Research [49,4

24 600 (-1) ('2,·3)• • 150

S
20, N0 H 400 100

4 4

m 16
2;-1 ~

11 50M 200
25-2 ~

M

0 •12 0 0
0 60 120 180 240 0 60 120 180 240

Time (days) l1me (days)

0 400 (-1) (·2,·3)
20 80

25-1 • •
I.

)~C p
0 0 •2 4 l( 25-2 0 0 4010 200

m
MM j.!l .•.••ll~,>;.0

•
0 0

60 120 180 0 60 120 180 240
Time (days) Time (days)

Figure 5. The results of the experiments carried out with sediments collected at station 25.
The four figures represent the changes with time in either sulfate or inorganic nutrients in
slurries prepared with sediments from the depths of 0-2 cm (25-1; filled squares), 5-7 cm
(25-2; open circles) or 12- 14 cm (25-3; filled triangles). Note the different concentration
axes used for the ammonium and phosphate data from the 25-1 and the 25-2 and -3
experiments. The best fit curves through the data have been calculated with Eqs. (3)-(5) and
the resulting best fit parameters are listed in Tables 2 and 3.

observation that while slurrying decreases the measured rates of microbial processes
(e.g., Jl/Irgensen, 1978; Alperin and Reeburgh, 1985; Burdige, 1989b), the overall
patterns (or pathways) of the microbial mineralization of sedimentary organic matter
do not appear be affected by the slurrying procedure (Sl/Irensen et at., 1981;
Christensen, 1984; Alperin and Reeburgh, 1985). In a study of sulfate reduction and
ammonium production in mid-Chesapeake Bay sediments (Burdige, 1989b) it was
also shown that the rates of these processes in sediment slurries were mathematically
related to in situ rates in undisturbed sediments by a dilution factor which corrects
the slurry rates for the dilution of the wet sediment with seawater. Based on these
results it would therefore appear that slurrying should affect kinetic equations such
as Eqs. (1) and (2) primarily by decreasing the values of Gm,i , and should not affect
the rate constants (k) determined with the results from these experiments.
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Figure 6. The results of the experiments carried out with sediments collected at station 26.
The four figures represent the changes with time in either sulfate or inorganic nutrients
versus time in sediment slurries prepared with sediments from the depths of 0-2 cm (26-1;
filled squares), 5-7 cm (26-2; open circles) or 12-14 em (26-3; filled triangles). Note the
different concentration axes used for ammonium and phosphate data from the 26-1 and the
26-2 and -3 experiments. The best fit curves through the data have been calculated with Eqs.
(3)-(5) and the resulting best fit parameters are listed in Tables 2 and 3.

The average rate constants for organic matter mineralization in these sediments
ranged from - 8 yr-I in the surface sediments to < 0.2 yr-1 at 12-14 cm (see Table 2).
These values agree well with other rate constants for organic matter mineralization
in nearshore, coastal and estuarine sediments (e.g., Nixon and Pilson, 1983; Westrich
and Berner, 1984; Martens and Klump, 1984; Klump and Martens, 1987; Burdige
and Martens, 1988; Middelburg, 1989), particularly when the rate constants deter-
mined here (at 25°C) are corrected to typical in situ sedimentary temperatures. This
observation provides further evidence that the kinetic parameters determined in
these sediment slurry experiments are likely accurate estimates of their true in situ
values.

The importance of bacterial sulfate reduction in these experiments can be seen in
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Table 2. Rate constants for organic matter remineralization in Southern Chesapeake Bay
sediments. *

Depth
Expt. (cm) ks kc kp kn Average

17-1 0-2 3.76 2.01 5.66 3.39 3.70 ± 1.30
17-2 5-7 1.72 0.77 2.34 2.88 1.93 ± 0.79
17-3 12-14 0.22 0.17 0.69 0.47 0.39 ± 0.21

21-1 0-2 5.13 2.42 9.86 8.40 6.45 ± 2.89
21-2 5-7 2.07 1.46 4.60 4.27 3.10 ± 1.36
21-3 12-14 0.37 0.16 0.09 0.30 0.23 ± 0.11

23-1 0-2 4.89 8.10 5.29 14.64 8.23 ± 3.90
23-2 5-7 5.11 3.18 5.07 6.68 5.01 ± 1.24
23-3 12-14 3.10 1.13 2.81 1.46 2.13 ± 0.84

25-1 0-2 0.80 0.51 8.40 6.42 4.03 ± 3.45
25-2 5-7 0.18 0.18 1.10 3.03 1.12 ± 1.16
25-3 12-14 0.35 0.39 1.64 0.00 0.80 ± 0.60

26-1 0-2 1.17 0.70 12.05 6.79 5.18 ± 4.63
26-2 5-7 0.49 0.28 2.70 2.77 1.56 ± 1.18
26-3 12-14 0.58 0.24 1.88 0.47 0.79 ± 0.64

All rate constants are yr-'.
*These rate constants were obtained by fitting the data from these experiments to Eqs.

(3)-(5).

Figure 7, where the concentrations of ICOz and sulfate in the experiments at each
station are plotted against one another. Based on Eqs. (1) and (2) the slope of the
line through these data (dCc IdC.) should equal -l/a (assuming for now that kc and
ks are equivalent; see next section). As can be seen in this figure and in Table 4, the
value of tJ.ICOzl tJ.S04

Z
- (= -l/a) for these experiments are all 2 (within experimen-

tal error), the value expected if bacterial sulfate reduction predominates organic
matter mineralization (and hence ICOz production; see Eq. (6) below). The
occurrence in these experiments of sub-oxic respiratory processes that would be
thermodynamically and kinetically favored over sulfate reduction (e.g., denitrifica-
tion, iron or manganese reduction) could lead to tJ.ICOzl tJ.SO/- ratios greater than
2. However dissolved nitrate, iron and manganese data from these experiments
suggests that ICOz production from sub-oxic processes would affect this ratio by at
most - 1% in the station 23 and 25 experiments and by <0.3% in the other
experiments (data not shown here).

a. The elemental composition of organic matter undergoing decomposition in these
sediments. Stoichiometric models for nutrient regeneration under anoxic conditions
(i.e., by sulfate reduction) assume that this process can be described by a simple
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Table 3. Calculated values of metabolizable carbon, nitrogen and phosphorus, and measured
values of total organic carbon, nitrogen and phosphorus in the sediments from these
experiments.

Gm.c Gm.c TOC TOC Gm,n TN TN Gm.p TP Gm.c Gm,n Gm,p
Expt. (a,b) (a,c) (a,d) (a,e) (a,f) (a,d) (a,e) (a,f) (a,e) (g) (g) (g)

17-1 7.79 5.39 32.00 32.11 1.02 4.05 3.89 0.16 0.79 21% 26% 20%
17-2 10.84 5.99 29.94 33.19 0.44 3.56 3.90 0.10 0.82 27% 12% 12%
17-3 24.25 23.07 26.26 28.77 0.02 2.94 3.08 0.15 0.63 86% 1% 24%

21-1 0.47 0.36 18.59 6.49 0.06 1.92 0.42 0.01 0.62 3% 5% 1%
21-2 0.81 0.61 7.49 7.00 0.05 0.56 0.45 0.01 0.60 10% 9% 2%
21-3 2.77 1.34 14.50 7.25 0.02 1.02 0.42 0.02 0.53 19% 3% 5%

23-1 0.35 0.37 21.72 18.70 0.06 1.89 1.49 0.04 0.90 2% 4% 5%
23-2 0.52 0.49 23.34 21.39 0.03 1.92 1.71 0.02 0.85 2% 2% 3%
23-3 1.99 1.28 21.47 14.23 0.03 1.55 0.97 0.07 0.56 9% 2% 13%

25-1 3.05 1.70 15.16 3.85 0.07 0.75 0.27 0.10 0.23 25% 13% 43%
25-2 3.78 4.87 20.49 4.75 0.01 0.80 0.22 0.01 0.18 34% 3% 5%
25-3 1.68 2.29 23.38 3.72 0.00 0.90 0.14 0.01 0.21 15% 0% 3%

26-1 3.11 2.06 5.85 5.82 0.14 0.36 0.39 0.07 0.48 44% 38% 14%
26-2 6.33 4.38 7.81 5.98 0.06 0.59 0.41 0.01 0.50 78% 13% 2%
26-3 4.87 2.15 9.29 6.99 0.14 0.61 0.44 0.01 0.45 43% 26% 1%

(a) mg C/ gds, mg N/gds or mg P/gds, as appropriate.
(b) Metabolizable organic carbon, based on fitting the ~COz data to Eg. (3).
(c) Metabolizable organic carbon, based on fitting the sulfate data to Eg. (5).
(d) Measured total carbon or nitrogen in the sediments from the first time point of this

experiment.
(e) Measured total carbon, nitrogen or phosphorus in sediment cores collected at the same

time the sediments used in this study were collected (from Burdige, 1989a).
(f) Metabolizable organic nitrogen or phosphorus (as appropriate), based on fitting the

ammonium or phosphate data to Eq. (5).
(g) Gm,; as a percentage of TOC, TN or TP (as appropriate).

'Redfield' type reaction (Richards, 1965),

2(CHzO).(NH3>r(H3P04), + x S04-z

~ 2x HC03 - + x HzS + 2y NH3 + 2z H3P04 (6)

although for several reasons this equation is clearly an oversimplification of this
process. The majority of the ammonium and phosphate regeneration in anoxic
environments likely does not directly occur during bacterial sulfate reduction, but
rather appears to result from hydrolytic and/or fermentative processes that eventu-
ally produce Hz and a small number of low molecular weight molecules such as
acetate from complex sedimentary organic matter (Laanbroek and Veldkamp, 1982;
Jacobsen et al., 1987; Capone and Kiene, 1988; Burdige, 1991). The utilization of
these compounds by sulfate reducing bacteria then results in the complete mineral-
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Figure 7. le02 versus sulfate for the data from these experiments. For each station, the data
from the three experiments have been plotted together (-1 experiments, filled squares; -2
experiments, open circles; -3 experiments, filled triangles). Also shown here are the best fit
lines through the data, the slopes of which are listed in Table 4.

ization of sedimentary organic matter, with the sum of all of these processes being
approximated by Eq. (6).

At the same time sedimentary C/N ratios generally increase with depth in many
surfacial coastal, marine and estuarine sediments (e.g., Klump and Martens, 1987).
This is usually taken as an indication of preferential mineralization of more nitrogen-



1991] Burdige: Organic matter mineralization 741

(7)

Table 4. 6.IC02/6.S0/- (= 1/C() from the experiments of this study.

Station 6.IC02/6.S0/-*

17 -2.24 ± 0.07
21 -2.11 ± 0.08
23 -1.90 ± 0.23
25 -2.36 ± 0.13
26 -2.27 ± 0.12

*For each station, this value is the slope of the best fit line determined from linear least
squares fitting of the sulfate and IC02 data for all three experiments (see Fig. 7).

rich organic matter in sediments. In the context of the multiple-G model, this would
also seem to imply that the more labile fractions of sedimentary organic matter have
lower C/N ratios than that of bulk sedimentary organic matter (e.g., see Billen and
Lancelot, 1988). Analogous arguments should hold for phosphorus mineralization
and sedimentary C/P ratios, although processes such as authigenic mineral forma-
tion and adsorption of phosphate to iron oxides complicates the interpretation of
sedimentary phosphorus profiles in this context (Berner, 1980; Krom and Berner,
1981; Klump and Martens, 1987).

To begin to further examine the relationships between sulfate reduction and
inorganic nutrient production in anoxic sediments, the data from these experiments
have been used to determine the elemental (C:N:P) ratios of the organic matter
undergoing mineralization in these sediments. These elemental ratios have been
estimated here in two ways. The first approach involves the use of the calculated Gm.i

values (i = c, n or p) obtained from fitting the experimental data to Eqs. (3)-(5) (see
Table 3). These ratios were also determined using concentration vs. concentration
plots that are similar to those used above to determine the molar ratios tJ.'£COzl
tJ.S04

Z- from these experiments (e.g., Berner, 1977; Martens et al., 1977; Elderfield et
ai., 1981; Klump and Martens, 1987). These plots are shown in Figures 8 and 9 along
with the linear least squares fit lines through the data. Based on Eqs. (1) and (2) and
the assumption that kc = ks =kn = kp (see paragraph below), these best fit slopes are
then equal to,

dC; - 1 1 Gm.; -1 1 1
dCs = -;; 1 + K; Gm•c = -;; 1 + K;R;

where Ri is the C/N or C/P ratio of the organic matter undergoing mineralization. Rj
values were calculated with this equation using dC;!dCs (the best fit slopes of the
lines shown in Figs. 8 and 9), the values of -l/a listed in Table 4, and the previously
discussed ammonium and phosphate adsorption coefficients.

Eq. (7) is also based on the assumption that all of the rate constants for these
processes are equal (i.e., ks = kc = kp = k,.) and therefore cancel one another out in
the derivation of this equation. While this assumption appears to be true at stations
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Figure 8. Ammonium and phosphate versus sulfate for the data from the station 17, 21 and 23
experiments (-1 experiments, filled squares; -2 experiments, open circles; -3 experiments,
filled triangles). Also shown are the best fit lines through the data from each experiment.
These slopes were used (as discussed in the text) in calculating the C/N and C/P ratios of
the organic matter undergoing decomposition in these experiments (see Table 5).

17,21 and 23, it does not appear so at stations 25 and 26 (see Table 2), particularly in
the surface sediment. Since the kinetics of organic matter decomposition in the
sediments of stations 25 and 26 are likely more complicated than that expressed by
Eqs. (1)- (5) (see below), strictly speaking this also implies that the analysis of the
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Figure 9. Ammonium and phosphate versus sulfate for the data from the station 25 and 26
experiments (-1 experiments, filled squares; -2 experiments, open circles; -3 experiments,
filled triangles). Note the different concentration axes used for the phosphate data from the
-1 and the -2 and -3 experiments. Also shown here are the best fit lines through the data
from each experiment. As discussed in the text apparent changes in the C/N and C/P ratios
of the organic matter undergoing remineralization in the -1 experiments have been
estimated here by fitting this data to two straight lines. All of these slopes were used (as
discussed in the text) in calculating the C/N and e/p ratios of the organic matter
undergoing decomposition in these experiments (see Table 5).

data from these experiments with these equations is not correct. However in the
following sections it will be shown how the equations presented here can be
expanded to examine data from such experiments. .

The elemental ratios calculated for each experiment are shown in Table 5. As can
be seen in this table, the ratios calculated in the two manners described above
generally agree quite well with one another. For station 17,21 and 23 sediments the
C/N or C/P ratios of the organic matter undergoing decomposition are generally
constant in any given experiments (see Fig. 8 and Table 5). This would be expected if
the mineralization of organic matter in a given sediment section occurs from one
fraction of organic matter (an assumption that is actually implicit in Eqs. (1)-(5)). In
contrast, it can also be seen in Figure 9 that these elemental ratios apparently change
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Table 5. Elemental ratios of the organic matter undergoing remineralization in Southern
Chesapeake Bay sediments.

Station/ Depth C/P C/P C/N C/N
expt. (em) (cone. plot)t (curve fit)tt (cone. plot)t (curve fit)tt

17-1 0-2 81.0 ± 9.4 103.9 ± 18.9 6.7 ± 0.3 7.6 ± 1.4
17-2 5-7 129.2 ± 9.3 213.4 ± 61.4 12.0 ± 0.7 22.2 ± 6.4
17-3 12-14 271.1 ± 69.3 397.8 ± 9.9 1,840 ± 44,915 1,199 ± 30

21-1 0-2 117.8 ± 34.2 116.4 ± 16.2 6.1 ± 0.5 8.0 ± 1.1
21-2 5-7 119.5 ± 10.3 190.2 ± 26.5 11.5 ± 1.4 17.7 ± 2.5
21-3 12-14 578.0 ± 58.5 224.5 ± 78.2 117.8 ± 41.1 96.6 ± 33.6

23-1 0-2 69.2 ± 41.1 21.4 ± 0.4 6.7 ± 1.4 6.5 ± 0.1
23-2 5-7 56.5 ± 9.5 58.3 ± 1.9 17.1±9.0 20.4 ± 0.723
23-3 12-14 48.6 ± 9.9 59.1 ± 12.8 181.8 ± 337.8 75.1 ± 16.3

25-1 0-2 12.3 ± 3.5i 61.2 ± 17.5 8.7 ± 2.0i 40.5 ± 11.6
38.4 ± g.7! 24.7 ± 12.g!

25-2 5-7 297.7 ± 27.1 1,112 ± 140 56.5 ± 5.1 640.6 ± 80.92
25-3 12-14 396.7 ± 61.8 920 ± 142 10,921 ± 11,532

26-1 0-2 14.5 ± 2.6i 100.5 ± 20.4 3.5 ± 0.7i 20.9 ± 4.2
157.7 ± 33.8f 41.0 ± 7.61

26-2 5-7 295.3 ± 43.5 1,147 ± 209 20.1 ± 3.4 77.5 ± 14.1
26-3 12-14 600.8 ± 88.9 1,938 ± 751 51.7 ± 5.1 59.4 ± 23.0

All ratios are molar ratios.
tThese ratios were calculated using Eg. (6) as discussed in the text (also see Figs. 8 and 9).

For the surface sediment experiments at stations 25 and 26 (25-1 and the 26-1), 'i' and 'f'
denote the ratios calculated with the initial and final slopes of the best fit lines shown in Figure
9.

ttThese ratios were calculated with the best fit values of Gm,c' Gm,n and Gm,p (see Table 3)
obtained by fitting the data from these experiments to Eqs. (3)-(5).

over the course of the 25-1 and 26-1 experiments. In these experiments it appears as
if there are two fractions of organic matter undergoing successive decomposition, the
latter fractions having higher C/N or C/P ratios. It is also in these experiments that
the rate constants for phosphate and ammonium production are greater than those
for either sulfate reduction or kC02 production (see Table 2 and the discussion
above). The relationship of these observations to one another will be discussed below
in greater detail. It is also interesting to note that the 25-2 and 26-2 experiments
appear to show similar inequalities among rate constants (i.e., kp and kn > kc and ks)'
yet plots of ammonium or phosphate versus sulfate are linear.

In the discussions in this paper it has also been assumed that the processes
responsible for the observed concentration changes in these experiments are micro-
bial, and related to the anoxic mineralization of sedimentary organic matter by
bacterial sulfate reduction. However for phosphate the possibility also exists that
some fraction of its observed production is also related to the release of adsorbed
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phosphate during the reductive dissolution of iron oxides (see for example, Krom
and Berner, 1981, and Klump and Martens, 1987, for a discussion of the effect of this
process on phosphate cycling in nearshore marine sediments). Iron oxides are known
to be strong adsorbers of phosphate (e.g., Krom and Berner, 1980), and in oxic
sediments phosphate adsorption coefficients are significantly larger (K > 50) than
values in anoxic sediments (K:::::: 1 to 2).

It is not possible with the data presented here to unequivocally determine the
relative roles of desorption versus microbial mineralization in causing the observed
increases in phosphate concentrations. However several lines of evidence suggest
that organic matter mineralization is primarily responsible. This conclusion is
primarily based on observed similarities in nitrogen and phosphorus regeneration in
these experiments, and the fact that ammonium adsorption and desorption, unlike
phosphate, is not affected by changes in redox chemistry (i.e., dissolution of iron
oxides).z At the same time, dissolved iron data from these experiments (data not
shown here) suggest that the majority of the iron remobilization (or reduction)
occurred in the first 20-30 days of these experiments, while changes in dissolved
phosphate and ammonium occurred continuously during the 230 days of these
experiments.

b. The reactivity of sedimentary organic matter with depth at these sites. It can be seen in
Figure 10 and Table 5 that the elemental ratios of the organic matter undergoing
decomposition generally increase with depth in these sediments. In the surface
sediments the material undergoing decomposition appears to be close in composi-
tion to 'Redfield' -like organic matter (C/N = 6.6 and C/P = 106), while at depth this
material becomes increasingly depleted in both nitrogen and phosphorus, leading to
higher C/N and C/P ratios. At the same time, average rate constants for organic
matter mineralization decrease with depth in these sediments (see Fig. 10). Taken
together these observations provide evidence for the relationship between increasing
C/N and C/P ratios and decreasing reactivity of organic matter.

Assuming that the deposition of organic matter has been constant at each of these
sites over the age of the upper"" 15-20 cm of sediments, these changes in k, C/N and
C/P are likely related to mineralization processes occurring in the sediments.3 As

2. Specifically, this can be seen in the similarities in the kp and kn values (see Table 2), and in the trends
with depth in the C/N and C/P ratios of the organic matter undergoing decomposition (see Table 5 and
Fig. 10). These trends are also evident in the results of the 25-1 and 26-1 experiments, where both the
phosphate and the ammonium data suggest that there were two fractions of organic matter undergoing
decomposition in both experiments, with the second fractions having higher C/P and C/N ratios.

3. Variability with depth in the values of the ammonium and phosphate adsorption coefficients could
also possibly lead to these observed changes with depth in the C/N and C/P ratios (e.g., see Eq. (7)).
However given the Kvalues used here, changes in Klead to roughly equivalent changes in elemental ratios
(i.e., a :!:25% change in K approximately translates into a :!:25% change in either ratio). Given this
observation, and the assumption that sedimentation patterns (i.e., sedimentation rates and sediment
types) have been roughly constant at these five sites over the age of the upper 15-20 cm of sediments, it
seems unlikely that the large changes with depth in the C/N and C/P ratios observed at all five sites are
related to depth dependencies in the K values.
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Figure 10. The C/N and C/P ratios and kavg values of the organic matter undergoing
decomposition, alI versus depth, at stations: 17, open diamonds; 21, solid squares; 23, open
squares; 25, filIed triangles; 26, open triangles. Note the logarithmic scales for the C/N and
kavg axes and the linear scale for the C/P axis. Also shown on these figures (as dashed lines)
are the Redfield C/N and C/P ratios. The rate constants shown here are taken from Table 2.
The elemental ratios are those in Table 5 that are based on the values obtained from the
concentration vs. concentration plots in Figures 7-9. The solid lines on each figure are
included here solely to further illustrate the observed trends with depth in the data.

discussed above, the more labile organic matter in the surface sediments is appar-
ently relatively enriched in Nand P. As this material is consumed, mineralization
processes at depth are fueled by increasingly less reactive organic matter which is
also depleted in Nand P. In the rest of this paper, two models that have previously
been used to examine organic matter mineralization in sediments (i.e., the power
model and the multiple-G model) will be used to further examine these transforma-
tions.

The exponential-like decrease with depth in the average rate constants in these
sediments (Fig. 10) appears to be consistent with the power model for organic matter
decomposition (Middelburg, 1989). This model is based on the assumption that there
is a continuous decrease in the reactivity of sedimentary organic matter with time (or
with depth in a sedimentary sequence). Using data ranging from laboratory experi-
ments with "fresh" organic matter (e.g., recently collected plankton or algae) to field
data from coastal, continental margin and pelagic sediments, Middelburg (1989)
observed an empirical, inverse log-log relationship between the first order rate
constant for organic carbon oxidation and time. This relationship appeared to be
valid over eight orders of magnitude of time and rate constants. Unfortunately in the
absence of quantitative information on sediment accumulation rates and mixing
processes at these five sites in the southern Chesapeake Bay it is not possible to make
a more explicit connection between sedimentary depths and the ages of the sedi-
ments used in this study. As such it is not possible to more carefully examine the
depth dependence in the k values from this study with the power model.

These changes with depth in the reactivity of sedimentary organic matter at these
sites can also be examined in the context of the multiple-G model. This analysis will
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begin by examining these average rate constants from this study in the context of the
results of Westrich and Berner (1984). In their experiments with Long Island Sound
sediments, they obtained a kJ of 8.0 ± 1.0 yr-] for the most reactive fraction (G1) of
organic matter undergoing anoxic decomposition via sulfate reduction, and a k2 of
0.94 ± 0.25 yr-l for the next most reactive fraction (G2). They also noted the
existence of a third fraction of sedimentary organic matter (GNR) which was nonreac-
tive on the time scale of their experiments. In their paper Westrich and Berner
(1984) suggested the possibility that their k] and k2 values may be appropriate for
describing the kinetics of organic matter oxidation by sulfate reduction in other
marine sediments. With the results of the studies presented here, this hypothesis can
be tested. In the analysis presented below differences in the sets of k's for a given
experiment (i.e., k, and kc vs. kn and kp) will initially be neglected. These differences
will, however, be incorporated into the discussions in the next section.

Since the average rate constants for organic mater mineralization in these Chesa-
peake Bay surface sediments (0-2 cm) fall between the k, and k2 values reported by
Westrich and Berner (1984), one interpretation of these observations is that organic
matter mineralization in these surface sediments occurs from mixtures of G]- and
G2-type organic matter. The equation describing the production of~C02 from such a
"mixture" of organic matter is then based on a modified form of Eq. (3).

(8)

where k I is assumed to be greater than k2• As can be seen in the example in Figure 11,
mixtures of G1- and G2-type organic matter undergoing decomposition have
"apparent" rate constants which are intermediate in value to the end-member kl and
k2 values. The magnitude of this apparent rate constant depends on the rate
constants of the two end member fractions and the relative amounts of each fraction
that are present. In such mixtures one does not necessarily observe the sequential
utilization of each fraction, and to some extent both can be used simultaneously.
However one may see the apparent sequential utilization of these fractions of
organic matter if k] »k2 and/or Gm•c•1 »Gm•c•2' Re-examining the results of Westrich
and Berner (1984) in the context of the mixture model (Eq. (8» also suggests that
their value of kl could possibly be an underestimate of its true value, if in their
experiments they were also observing the decomposition of some mixture of G1- and
G2-type organic matter. Evidence for this can be seen in the results of Klump and
Martens (1987) as well as in the results presented here (see Table 2), in which rate
constants greater than 8 yr-I have been observed for the decomposition of sedimen-
tary organic matter.

In the context of the mixture model and the k values of Westrich and Berner
(1984) it would appear that with depth in these southern Chesapeake Bay sediments
that G]-type material is eventually completely mineralized and that the decomposi-
tion of G2-type organic matter then appears to predominate. Finally, in the deeper
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Figure 11. The production of~C02 versus time from organic matter with decomposition rate
constants of: 8 yr-1 (upper short dashed line), 0.9 yr-I (lower short dashed line) and 3 yr-I

(long dashed line). All were calculated using the single k model (i.e., Eq. (3)). Also shown is
the production of ~C02 versus time for the decomposition of a mixture of two types of
organic matter (solid line) based on the mixture model Eq. (8). This mixture contains Gl-
and G2-type organic matter in a 1:2 ratio with the sum of these two fractions equalling the
amount of organic matter in the three single k model examples. The kl for G)-type organic
matter is assumed to be 8 yr-I while the k2 for G2-type material is 0.9 yr-I•

sediments there is organic matter undergoing decomposition that appears to have a
rate constant for mineralization that is lower than that reported by Westrich and
Berner (1984) for G2-type organic matter. This suggests that in these sediments there
is also a third fraction of organic matter that plays a role in the mineralization of
sedimentary organic matter. Based on the results in Table 3 the rate constant (k) for
this fraction is less than ~ 0.2 yr-!. Only an upper limit for k) can be established here,
since it cannot be determined whether the observed kinetics of organic matter
mineralization in the deep (12-14 cm) sediments is driven solely by the oxidation of
G3-type material or a mixture of G2- and G3-type material.

This G3-type material is likely some fraction of the nonreactive organic matter
(GNR) in the experiments of Westrich and Berner (1984). The ability here to
determine an upper limit for the rate constant of this apparent G)-fraction is based
on differences in the experimental design of this study and that of Westrich and
Berner (1984). Their study was performed with sediments from shallow depths
(maximum depths of 6 cm) in which there was apparently significant amounts of
labile (i.e., G!-type) organic matter. The almost two orders of magnitude difference
in the rate constants for G!- and G3-type material would then preclude the ability to
observe the kinetic of G3-type organic matter decomposition in the time of their
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experiments. In contrast, the experiments performed here also used deeper sedi-
ments (12-14 em) in which the more labile fractions of sedimentary organic matter
had been removed (via mineralization) during the time of burial. This then allowed
for the observation of the kinetics of decomposition of this more refractory sedimen-
tary organic matter.

Although Westrich and Berner (1984) were not able to examine the kinetics of
decomposition of this GJ fraction, they discuss the fact that in many deeper anoxic,
sediments sulfate reduction is supported by organic matter that is less reactive than
G2-type material. The existence of such material is also expected based on observed
rate constants for organic matter oxidation in certain nearshore, continental margin
and deep-sea sediments (see the Introduction). The results presented here verify the
occurrence and reactivity of this material.

c. The application of the mixture model to sedimentary nitrogen and phosphorus
mineralization. While previous studies (e.g., Westrich and Berner, 1984; Middelburg,
1989) have begun to examine the factors controlling the reactivity of sedimentary
organic matter, they have generally addressed this problem using information on
sulfate reduction rates and/or rates of organic carbon mineralization. In contrast,
the processes of nitrogen and phosphorus mineralization have not been examined
using models such as the multiple-G model and/or the power model. Sedimentary
nitrogen and phosphorus mineralization are usually modelled by assuming that the
rate constants for sulfate reduction, and organic carbon, nitrogen and phosphorus
mineralization are equivalent to one another and constant with depth in a given
sedimentary environment (Berner, 1980). However this assumption may not always
be true in all sediments (see, e.g., Table 2 and Klump and Martens, 1987). In light of
these observations, the relationship between sulfate reduction, and lC02, ammo-
nium and phosphate production will be further examined using the results from this
study and the mixture model described above.

This analysis will begin with the results of the experiments with surface sediments
from stations 25 and 26 (experiments 25-1 and 26-1), in part because they yielded
results which appeared to be very different from those of the other experiments of
this study. First, the values of kn and kp in these experiments were significantly larger
than those of ks and kc from the same experiments (see Table 2). Concentration vs.
concentration plots also suggested that there were two 'fractions' of organic matter
undergoing sequential decomposition in these experiments (see Fig. 9). Taking these
differences in the rate constants at face value implies that the rates of nitrogen and
phosphorus mineralization in these sediments are faster than the rates of sulfate
reduction (or lC02 production). Such a situation would then lead to changes in the
"apparent" C/N or C/P ratios of the organic matter undergoing decomposition over
the course of an experiment with these sediments (see Fig. 12). Unfortunately, this
"explanation" of the observed differences of these rate constants is somewhat
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Figure 12. Ammonium versus sulfate for the data from the 26-1 experiment (filled circles).
The two dashed straight lines are the same as those shown in Figure 10 for this data. The
solid curve represents the plot of the best fits to the ammonium and sulfate data (versus
time; see Fig. 6), here ploUed against one another. As is discussed in the text, differences in
the rates of ammonium production and sulfate reduction in this experiment (expressed here
as differences in the best fit kc and k. values) lead to the observed apparent changes in the
C/N ratio of the material undergoing remineralization.

incomplete, as it does not provide a sufficiently mechanistic explanation (in the
context of the previous discussions) for the coupling of nitrogen and phosphorus
mineralization to sulfate reduction and organic carbon oxidation in these experi-
ments.

To quantify this coupling, the mixture model (Eq. (8)) has been expanded here by
assuming that the two different fractions of organic matter undergoing mineraliza-
tion also have different C/N or C/P ratios. In light of the previous discussion the
more reactive fraction of organic matter is assumed to have both a larger k value as
well as a lower C/N and C/P ratio. For ammonium and IC02 production Eq. (8) can
be re-written,

(9)

(10)

where k1 is greater than k2 and (C/N), [= Gm~.l /Gml1" ] is also less than (C/N)2
[== Gm,c,2 /Gm,ll,2 ]. For brevity, future discussions will only present the application of
this model to sedimentary carbon and nitrogen mineralization, although analogous
relationships also exist for carbon and phosphorus. It should also be noted that in
developing this model to examine the results of the surface sediment (0-2 cm)
experiments, the potential importance of G3 and other higher order (i.e., lower
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Figure 13. The production of ammonium (above) and ~C02 (below) versus time from organic
matter having a kc of 1.5 yr-I, a kn of 5 yr-I and a C/N ratio of 13 (solid line). These curves
were calculated using the single k model equations (i.e., Eqs. (3) and (4). Also shown is the
production of ammonium and ~C02 from a mixture of two fractions of organic matter
having the following properties: kl = 8 yr-I, (C/N)I = 3, k2 = 0.9 yr-I and (C/N)2 = 40
(dashed line). These curves were calculated using the mixture model equations (9) and (10).
The amounts of metabolizable carbon and nitrogen in these two examples were chosen such
that the amounts of either quantity in the single k model example were equal to their sums in
the two fractions used in the mixture model example.

reactivity) fractions of organic matter has been neglected. On the time scales of these
experiments, this material can be considered to be 'nonreactive' and therefore does
not likely affect (to any significant extent) the kinetics of organic matter mineraliza-
tion in surface sediments.

An example of the production of ammonium and ~C02 from such a mixture of
sedimentary organic matter is shown in Figure 13. As in the example in the previous
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section (Fig. 11, where the mixture model was applied solely to organic carbon
oxidation), nutrient production from such mixtures can also be approximately
described by equations based on the single k model (e.g., Eqs. (3)-(5)). The apparent
average C/N ratio of the organic matter undergoing decomposition in this single k
model example (based on the Gm.n and Gm,c values) is also intermediate between the
C/N ratios of the two fractions in the mixture model. In addition plots of ammonium
versus sulfate using either of these examples show curvature as in Figure 12. Such
trends can also be seen in the data from the 26-1 and perhaps in the 25-1 experiments
(see Table 5), in that the C/N and C/P ratios based on the curve fitting parameters
Gm,i are intermediate between the ratios predicted by fitting the concentration vs.
concentration plots to two straight lines.

In this example in Figure 13, as in the previous example in Figure 11, the k values
here from the single k model (now bothkc and kn) are again intermediate between the
end-member rate constants of the two fractions undergoing decomposition. However
now because of differences in the C/N ratios of the two fractions of organic matter
undergoing decomposition, it is also observed that kn is not equal to, and is actually
larger than, kc' Ammonium production in this example occurs mostly from the
decomposition of G1-type material, since G1 nitrogen is 73% of the total (G1 + G2)

metabolizable nitrogen. This then results in kn being closer in magnitude to k. than to
k2• Conversely, since carbon mineralization occurs predominantly from this G2-type
material, kc is therefore closer to k2 than to k1 (in this example 83% of the total
metabolizable carbon is found in the G2-type material).

In summary then, in the single k model (i.e., Eqs. (3)-(5)), kc and ks are assumed to
be linked by stoichiometric (or redox) considerations, based on the oxidation of
sedimentary organic carbon being coupled ultimately to sulfate reduction. However
in a sediment where there are two types of organic matter undergoing decomposi-
tion, kn and kp need not equal kc and k". Using the mixture model to examine these
systems, such differences in rate constants (i.e., kll, kp , kc and ks) appear to be caused
by two factors: differences in the intrinsic rate constants (k1 and k2) of the two
fractions; and differences in the relative amounts of the total C, Nand P mineraliza-
tion occurring from each of the fractions undergoing decomposition (which is
dependent in part on both the amounts of each fraction present and the C/N [or
C/P] ratios of each fraction).

d. The factors controlling organic matter mineralization in southern Chesapeake Bay
sediments. In this section the mixture model presented above and the power model of
Middelburg (1989) will be used to begin to examine the factors controlling organic
matter mineralization in the surface sediments of these five sites.

To carry out this analysis, the data from the 25-1 and 26-1 experiments were
initially re-fit to the mixture model equations (Eqs. (9) and (10)) as follows. The C/N
ratios of the two fractions were assumed to be those determined by the concentration
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vs. concentration plots in Figure 9 (also see Table 5), while the amount of metaboliz-
able nitrogen in the first fraction (Gm.n.1) was determined from the difference between
the initial ammonium concentration in the experimental slurry and the ammonium
concentration at which the two straight lines in the ammonium versus sulfate plots in
Figure 9 cross one another. This approach is based on the assumption that this slope
break is indicative of a change (from G 1 to Gz) in the fraction of organic matter which
predominates the overall mineralization process. Given these three values (C/N1,

C/Nz and Gm.II•1), the ammonium and lCOz data from the 25-1 and 26-1 experiments
were then fit to Eqs. (9) and (10) using the Simplex algorithm to obtain best fit values
of k" kz and Gm.n•Z (note that by fixing the C/N ratios of the two fractions of organic
matter, the two Gmot.; values can be calculated using these ratios and the Gm.n.i values).

The sulfate and the ammonium data from these experiments were also fit in this
way to Eq. (10) and a modified form of Eq. (9), where [lCOz]o was replaced by
[SO/-]o and the two FGm,c.i parameters replaced by -aFGm.t.i• The errors listed in
Table 6 for the k1 and kz values are then based on the averages of the two sets of best
fit parameters obtained from fitting the data of each experiment. Also listed in Table 6
are the value of Gm,n,; and Gmot.; as percentages of Gm.;./ + Gm';o2' The reasons for
presenting these values in this fashion will be discussed below.

In Table 5 it can be seen that the C/N ratios of the two apparent fractions of
organic matter undergoing decomposition in the 25-1 and 26-1 experiments are
slightly different. The extent to which these differences are real, and their effect on
the interpretation of these calculations, will be discussed below. However in using
Eqs. (9) and (10) to examine the data from these experiments the two set of C/N
ratios were also averaged and the average ratios then used in fitting the data from the
25-1 and 26-1 experiments to the mixture model. In this second case all of the other
relevant parameters (Gmon.i' Gmot.!> ki) were determined as discussed above.

The results of fitting the data from the 25-1 and 26-1 experiments to the mixture
model equations are summarized in Table 6. The best fit to the data from 26-1
experiment with the mixture model is also shown in Figure 14, along with the fit to
the data using the single k model (Eqs. (3)-(5)). Reasonably good fits to the data are
obtained using both models. As in the example in Figure 13, the kn values from the
fits to the 25-1 and 26-1 data with the single k model (see Table 2) are both closer in
magnitude to k1 than kz (see Table 6). Again, this occurs because the majority of the
metabolizable nitrogen in the surface sediments of stations 25 and 26 is in the G 1

fraction ( ~ 70%). Similarly, since the majority of the metabolizable carbon in these
sediments is in the G2 fraction, the apparent kt or ks values from the single k model
are closer in magnitude to k2 than k1• It is also interesting to note that the best fit k
values determined here for the G1 and G2 fractions (k1 ~ 7.3 yr-1 and kz ~ 1.1 yr-I

)

agree very well with analogous values (8 ± 1 and 0.94 ± 0.25 yr-') determined by
Westrich and Berner (1984). This then suggests that their rate constants may indeed
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Table 6. A summary of the results obtained from fitting the data from the surface sediment
experiments to the mixture model equations.

C/N, C/N2 kl k2 Gm.<, , Gmll•1

Station (molar) (molar) (yr-I) (yr-I) (a) (a)

25-1 (b) 8.7 24.7 6.2 ± 0.6 2.0 ± 0.7 30% 55%
26-1 (b) 3.5 41.0 8.2 ± 0.3 0.69 ± 0.02 18% 72%
(avg. values) 6.1 32.9 7.2 ± 0.5 1.3 ± 0.7

25-1 (c) 6.1 32.9 7.7 ± 0.4 1.1 ± 0.02 24% 64%
26-1 (c) 6.1 32.9 7.3 ± 1.1 0.62 ± 0.08 39% 78%

7.5 ± 1.0 0.86 ± 0.28
17-1 (26-1 values, d) 15% 67%

(average values, e) 48% 83%
21-1 (26-1 values, d) 25% 80%

(average values, e) 41% 88%
23-1 (26-1 values, d) 24% 78%

(average values, e) 54% 86%

(a) Gm,;" as a percentage of Gm,;,1 + Gm,;.2'

(b) The C/N values used here were based on the best fits to the data from these experiments
shown in Figure 10. The values of k" k2, Gm,•.I' Gm",.2' G•..<,! and G•..<,2 were then determined as
discussed in the text.

(c) The C/N values used here were based on the averages of the C/N ratios for the GI and
G 2 fractions observed in the 25-1 and 26-1 experiments. All of the other parameters were then
determined as discussed in the text.

(d) The data from these experiments were fit using the C/N; and k; values obtained from
fitting the data from the 26-1 experiment. All of the other parameters were then determined as
discussed in the text.

(e) The data from these experiments were fit using the average C/N ratios (6.1 and 32.9)
and k values (7.5 and 0.86 yr-I) obtained from fitting the data from the 26-1 and 25-1
experiments. All of the other parameters were then determined as discussed in the text.

be appropriate for the two most reactive fractions of organic matter in anoxic, coastal
marine sediments.

An examination of the C/N ratios of the G1- and G2-type organic material
predicted by these experiments (- 3 to 8 and - 25 to 40, respectively) also allows for
an estimation of the types of organic compounds which comprise these fractions of
sedimentary organic matter. Material in the GI-fraction with this low C/N ratio could
be indicative of proteinaceous material, since the more 'commonly' occurring amino
acids in nature (e.g., aspartic acid, glutamic acid, serine, glycine, alanine, valine and
leucine) have C/N ratios of 2 to 6. Proteins and hydrolyzable amino acids in natural
samples (marine sediments or particulate material in the oceans) also have C/N
ratios ranging from 3.7 to 4.2 (Lee and Cronin, 1982; Burdige and Martens, 1988).
The G2-type organic matter could be composed of vascular plant materials, as they
generally have C/N ratios that are greater than 20 (e.g., Ertel and Hedges, 1985;
Haddad, 1989). While this discussion is not meant to imply that only these biochemi-
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Figure 14. Sulfate reduction, and ammonium and lC02 production versus time in the 26-1
experiment. The dashed lines in the figures are the fits to the data with the single k model
(Eqs. (3)-(5)), using the best fit parameters listed in Tables 2 and 3 (note that these curves
are also shown in Fig. 3). The solid lines are the best fits to the data using the mixture model
equations (9) and (10) assuming: k1 = 8.2 yr-\ (C/N)I = 3.5, k2 = 0.69 yr-] and (C/N)2 = 41.
The procedures used to determine these parameters are discussed in the text. It should also
be noted that similar agreements were also obtained for the 25-1 data using the 25-1 C/N
ratios, and for both data sets (25-1 and 26-1) using the average C/N ratios (see Table 6).

cals make up G]- and G2-type organic matter in these (or any other) marine and
estuarine sediments, previous studies of the geochemistry of these compounds in
marine sediments do appear to be qualitatively consistent with these suggestions.
This discussion is also presented here in part to indicate a possible linkage between
studies of the organic geochemistry of sediments (see the Introduction) and studies
of organic matter diagenesis based on inorganic nutrient data and diagenetic models.

Using the two sets of k and C/N values from the 25-1 and 26-1 experiments, the
data from the three other surface sediment experiments were also re-fit using the
mixture model. These data were fit to the mixture model equations in two ways: (1)
using the C/N ratios and the k values determined from fitting the data from the 26-1
experiment; and (2) using the average C/N ratios and k values obtained with both the
25-1 and 26-1 data. Using either set of parameters there were then two quantities
(Gm•n•1 and Gm•n•2) obtained in fitting these data to the mixture model equations. Gm•c•1

and G"',C.2 were then determined with these G""n,; values and the appropriate C/N
ratios. The results of fitting these data with the mixture model equations is summa-
rized in Tables 6 and 7. Examining the fitting parameters from the single k model and
the mixture model suggests that for these five sites there is a positive correlation
between %Gm.c.1 and kcs (r = 0.82 for the simple linear regression). In contrast the
%Gm,".1 and kn values from these sites are much less strongly correlated (r = 0.36).

Given these observations it appears that the relative amounts of carbon and
nitrogen in the G] or G2 fractions plays an important role in determining the
apparent rate constants (kc, ks [or kcs] and k,,) for the mineralization of organic matter
in the surface sediments at these sites. When %Gm.".1 and %Gm,C.l values are high (i.e.,
stations 17, 21 and 23), the observed rate constants kcs and kn for these mixtures are
both approximately equal, although they intermediate between the end-member k,
and k2 values (see Tables 2 and 7). It also appears that in the ranges of %Gm.c,l and
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Table 7. A comparison of selected parameters obtained from fitting the data from the surface
sediment experiments to the three models for organic matter remineralization discussed in
the text

Single k model! Mixture model!! Power model*

Station k" k" k.vg %Gm.e•1 %Gm ••• 1 a (yr-I)

23-1 6.50 ± 1.60 14.64 8.23 54% 86% 0.05 ± 0.01
21-1 3.78 ± 1.36 8.40 6.45 41% 88% 0.13 ± 0.07
17-1 2.89 ± 0.88 3.39 3.70 48% 83% 0.23 ± 0.12
26-1 0.94 ± 0.24 6.79 5.18 39% 78% 0.96 ± 0.16
25-1 0.66 ± 0.14 6.42 4.03 24% 64% 1.13 ± 0.38

!The ke, values are based on the averages of the ke and k, values listed in Table 2. The k. and
k.,g values here are taken from Table 2.

!!%Gm.i,lis Gm,i.las a percentage of Gm,i,l+ Gm,i.2' These values are taken from Table 6 and
are based on fits to the data using the 25-1 and 26-1 average C/N and ki values.

*a (the apparent initial age of the sedimentary organic matter) was calculated as discussed
in the text using the sulfate and IC02 data from these experiments. The values (and errors)
reported here are based on the averages of the two a values determined for each experiment.

%Gm•n,! found in these surface sediments (24 -54% and 64 -86% respectively) that
the keJ values are more strongly correlated to %G m,e,1 than the kn values are to %G m •• ,!

(see discussion above). This then leads to an apparent "uncoupling" of carbon and
nitrogen mineralization in the sediments with the lowest %Gm,e.l values (i.e., stations
25 and 26; see Table 7).

The ability to obselVe these differences in kcs and k. values, or the C/N ratios of the
two fractions of organic matter undergoing mineralization, also depends on the
overall length of the experiment. For example if the 26-1 experiment had only been
run for'" 60 days (at which point sulfate would only have decreased to '" 20 mM) the
importance of the mineralization of G2-type organic matter would not have been
seen in these experiments (see Figs. 6 and 9). Similarly if the 17-1,21-1 and 23-1
experiment had been run for longer time periods (increasing the overall importance
of G2 mineralization in the latter portions of these experiments) it is likely that the
concentration vs. concentration plots shown in Figure 8 would have shown the type
of curvature seen in Figure 9.

Differences in the reactivity of organic matter in these surface sediment may also
be examined using the power model of Middelburg (1989). In the development of his
model Middelburg (1989) defines a parameter "a" called the apparent initial age of
the sedimentary organic matter. This parameter is meant to quantify the extent to
which sedimentary organic matter has undergone pre-depositional mineralization.
In his analysis of literature data, a was found to vary from 0.09 d in fresh plankton, to
0.26 yr in the sediments of Cape Lookout Bight to 14-35,000 yr in pelagic sediments
of the central Pacific.

Using the sulfate and ~C02 data from the experiments reported here, the
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Figure 15. The apparent initial age (a) of the organic matter undergoing remineralization in
the surface (0-2 cm) sediments of the five sites of this study versus ke" the average of the rate
constants for sulfate reduction (k,) and :£C02 production (kJ in these surface sediments.
The ke, and a values were calculated as discussed in the text and are listed in Table 7. The
best fit line through this log-log transformation of the data is included here to indicate the
negative correlation between the two parameters, and is not meant to imply any functional
relationship.

apparent initial ages of the organic matter in the surface sediments at these sites
were calculated using a modified form of Eg. (11) in Middelburg's (1989) paper. As
can be seen in Table 7 and Figure 15, a strong negative correlation is observed
between kes and a (r = 0.98 for the log-log plot shown in Fig. 15). Longer apparent
initial ages leads to lower rate constants for sulfate reduction and IC02 production
in surface sediments of the southern Chesapeake Bay. This result is consistent with
other observations in the literature that the reactivity of sedimentary organic matter
is strongly affected by the nature and extent of pre-depositional degradation of this
organic matter (e.g., Martens et al., 1991). It is also interesting to note that a negative
correlation exists between the apparent initial ages of the surface sedimentary
organic matter at these sites and the relative percentages of either metabolizable
carbon and nitrogen in the G1 fraction (see Table 7). In this context it appears (as
would be expected) that pre-depositional degradation also leads to preferential
mineralization of G,-type organic matter, causing the relative percentage of this
fraction to decrease as the length of pre-depositional degradation increases.

e. Concluding Remarks. At five sites in the southern Chesapeake Bay and tributaries,
average rate constants (at 25°C) for sulfate reduction, and IC02, ammonium and
phosphate production decreased from 8.2 to 3.7 yr-t in the surface sediments
(0-2 cm), to 2.1 to 0.2 yr-I at 12 -14 cm (see Table 2 and Fig. 10). The C/N and C/P
ratios of the organic matter undergoing decomposition also increased with depth
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(see Table 5 and Fig. 11). Assuming that the deposition of organic matter at each of
these sites has been constant over the age of the upper - 20 cm of sediments these
results indicate that the reactivity of organic matter undergoing mineralization in
these sediments decreased with depth, presumably as the more reactive components
are selectively utilized.

A model based on the multiple-G model (the mixture model) was developed to
examine the observed kinetics of sulfate reduction and inorganic nutrient production
in these sediments. With the mixture model it was seen that when two apparent types
of organic matter are undergoing decomposition in a sediment, the observed kinetics
of sulfate reduction or inorganic nutrient production from such a mixture are similar
to that predicted by the decomposition of a single fraction of organic matter whose
characteristics are intermediate to those of the two end-members. In the mixture
model differences in the reactivity of each fraction are expressed by differences in the
k and C/N (or C/P) values for each fraction. This model was shown to be useful in
interpreting the results of the experiments with surface sediments, and suggested
that observed differences in the reactivity of organic matter in these sediments was a
function of the relative amounts of the two types of organic matter undergoing
decomposition. It was also shown how the mixture model might provide information
on the nature of the organic matter undergoing mineralization in these sediments,
based on the predicted C/N or C/P ratios of the two fractions of organic matter
undergoing decomposition.

The data from this study were also examined using the power model of Middelburg
(1989). This analysis indicated the importance of pre-depositional decomposition in
affecting the reactivity of sedimentary organic matter. Unfortunately it is not
currently possible to apply the power model to the examination of nitrogen and
phosphorus mineralization in sediments, as the parameters in the power model
equations reported by Middelburg (1989) were derived primarily using organic
carbon concentration and sulfate reduction rate data. In light of this observation, it
would be interesting to carry out an analysis similar to that described by Middelburg
(1989) for nitrogen and phosphorus diagenesis.

While all of these models provided insights into the process of organic matter
mineralization in marine sediments, they also all had mixed successes in describing
(in a unified fashion) sulfate reduction and inorganic nutrient production in these
southern Chesapeake Bay sediments (and other sedimentary environments as well).
For example, at the present time it is not possible to determine whether differences
in the sets of k and C/N values for G\- and G2-type organic matter at stations 25 and
26 are indeed real. Resolution of questions such as this one are important for many
reasons, in part because they relate to the issue of whether it is indeed possible to
uniquely define common G1- and G2-types of organic matter for these and/or other
anoxic marine and estuarine sediments (based on their intrinsic rate constants and
C/N, or C/P, values). This observation further reinforces arguments put forth by
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Middelburg (1989) that care must be taken in interpreting information (e.g., rate
constants and elemental ratios) on different fractions of organic matter in sediments,
based on model fit parameters such as those that have been presented here.

As discussed above, organic geochemical studies of the major biochemicals found
in marine sediments may in part continue to provide information that will be useful
in making more substantive connections between such "apparent" rate constants,
elemental ratios, and ages, and their true values, based on the more direct observa-
tion of the biochemical composition of the organic matter actually undergoing
mineralization in a sediment. With such information, along with more detailed
information Onthe rates and mechanisms of these mineralization processes, it should
then be possible to continue to refine these models and improve their usefulness in
describing (and predicting) the factors controlling carbon, nitrogen and phosphorus
mineralization in marine and estuarine sediments.
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