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ABSTRACT 

This study addresses the decomposition of dissolved organic carbon (DOC) in 

highly permeable coastal sand sediments. DOC fluxes from shelf sediments (~180 Tg C 

yr-1) are significant, roughly equal to the DOC flux from rivers (~200 Tg C yr-1) and to 

the rate of carbon burial in marine sediments (~160 Tg C yr-1) (Burdige et al., 1999).  

DOC thus plays an important role in the global cycles of carbon and nitrogen (Hedges, 

1992) and understanding the processes that control DOC dynamics is critical to clarify 

this role.  The small concentrations of lignin in the ocean and the 13C-enriched 

composition of marine DOC suggest relatively rapid degradation of terrestrial DOC, 

however, the mechanisms by which the large volumes of DOC released to coastal waters 

are rapidly degraded following discharge are poorly understood (Hedges, 1992).  

Photooxidation can decompose DOC to low molecular weight substances (Kieber et al., 

1989; Mopper et al., 1992), and this process may account for the removal of 20 to 30% of 

DOC in coastal waters (Mopper and Kieber, 2002).  Microbial activity in the water 

column and shelf sediments degrades DOC, but the importance of these processes are not 

well constrained.  Approximately 70% of the shelf sediments are relict sands (Riggs et 

al., 1996), and in the shallow coastal zone a large fraction of these sands are highly 

permeable and permit circulation of water through the interstitial space (Marinelli et al., 

1998; Huettel et al., 1996; Huettel and Gust, 1992).  In this shallow environment, strong 

boundary currents caused by wind, waves, and tides force bottom water loaded with DOC 

through the sediment ripples and upper surface layers of the sand.  Abundance and 

diversity of microbes in permeable sediments exceed that of the overlying water column 

(Hunter et al., 2006), and the question arises whether the filtration through the sediment 

affects the decomposition of DOC and water column DOC dynamics.  I tested the 

working hypotheses that rapid DOC transport along relatively short pathways through the 

sand significantly enhances the degradation of the DOC and that the sedimentary flushing 

tightly links sedimentary and water column DOC concentrations.  The main objectives of 

the research were: 

1) To measure degradation rates of DOC in percolated permeable sediment and to 

compare the rates to those in the water column; 
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2) To assess the magnitude and variability of DOC concentrations in water and pore 

water at two nearshore environments of the northeastern Gulf of Mexico with 

permeable sediments, and to determine the links between the sedimentary and water 

column DOC dynamics; 

3) To investigate the processes that control the DOC distribution in the surface layer of 

the permeable bed. 

 I combined time series and chamber experiments conducted in-situ with 

laboratory column reactor and flume experiments.  While the laboratory experiments 

were designed to assess DOC degradation rates and processes controlling DOC 

distribution under well-defined conditions, the field experiments were conducted to gain 

insight on DOC fluxes and seasonal trends at two coastal sites differing in their DOC 

input and hydrodynamic characteristics.   

 The flume experiment examined the distributions of DOC resulting from 

degradation of phytoplankton deposited on permeable sediments exposed to 

unidirectional flow.  The results show that DOC from algal cell degradation in the 

sediment surface layer is rapidly transported deeper into the sediment by advective pore 

water flows and concentrated in specific zones dictated by the pore water flow field.  The 

DOC profiles showed highest concentrations in the upper 2 cm of the sediment, lower 

concentrations below that layer and in some cases increasing DOC concentrations in the 

layers below the flushing zone, resulting in a concave profile shape.  

 The laboratory column reactor experiments demonstrate that fresh DOC 

originating from phytoplankton, as well as older DOC from terrestrial sources, is rapidly 

degraded (2.15 to 124.04 µmol l-1 h-1) while passing short distances through permeable 

sands by the microbial community and that degradation rates in the sediment exceeded 

those in the water column, approximately 7-fold for my experimental settings.  

The measurements of water column and pore water DOC concentrations at St. 

George Island produced the first DOC time series for two shallow Gulf of Mexico coastal 

environments showing DOC ranges and temporal dynamics.  These time series indicate 

that during the winter season, when hydrodynamic forcing is strongest, water column and 

sedimentary DOC concentrations are coupled, while no such link could be recorded 

during the calmer periods of the year.  The similarity between the in-situ DOC profiles 
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and those measured in the laboratory flume suggest that plankton deposition, combined 

with advective pore water transport processes and slow upward diffusion of refractory 

DOC from deeper layers, shape the concave DOC concentration profiles.  The field 

measurements with advection chambers reveal seasonal variation of the magnitude and 

direction of DOC fluxes and showed that the permeable coastal sands can act as a sink 

(winter) or a source (summer) for DOC.  
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INTRODUCTION 

 

The study of dissolved organic carbon (DOC) has greatly expanded over the past 

century, and its importance to the field of oceanography is now undisputed.  DOC 

supports the bottom of the food chain, affects water quality and eutrophication, transports 

contaminants, is important to chemical processes in the ocean, plays a major role in 

global biogeochemical cycles, can affect climate change, and contains traceable 

information in its isotopic signatures and composition.  Research in this field is critical 

for the understanding of the global cycles of carbon, nutrients, and contaminants.   

 

DOC and the Global Carbon Cycle 

Escalation of atmospheric carbon dioxide levels has caused increased awareness 

to the global carbon cycle (Keeling et al., 1995).  Because dissolved organic carbon in the 

ocean has the potential to influence CO2 in the atmosphere (Hedges, 1992; Hansell, 2002) 

understanding the dynamics of DOC is essential to gain a clearer picture of how carbon 

behaves globally.   

Carbon is constantly being cycled throughout the oceans as a result of biological 

and physical processes (Carlson et al., 1994).  The partial pressure of carbon dioxide in 

the ocean depends on photosynthesis, respiration, temperature, and alkalinity, and can 

influence the CO2 concentration in the atmosphere (Hedges, 1992).  Surface mixing and 

the difference between atmospheric and oceanic carbon dioxide concentrations influence 

the exchange of CO2 from air to water and vice versa.  The cycling of carbon throughout 

the oceans can be described by the biological pump model (Azam, 1983).  Uptake of 

atmospheric carbon dioxide by marine primary producing microorganisms results in the 

formation of organic carbon, the base of the marine food web.  Much of this organic 

material is converted back to CO2 via consumer respiration, while the unused fraction is 

exported to the oceans interior and bottom, where it is buried in sediments for years or 

eventually remineralized by bacteria.  Consequently, a net flux of CO2 from the 

atmosphere to the ocean exists (Quay et al., 1992).  About 38 x 1018g of carbon is stored 

in the oceans (Hedges and Keil, 1995). 
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Dissolved organic matter in the oceans is a major global reservoir of reduced 

carbon and thus has the potential to influence the Earth’s carbon cycle.  Concentrations of 

DOC in ocean (~700 x 1015 g) and the amount of carbon dioxide in the atmosphere (~750 

x 1015 g) are approximately equal (Williams and Druffel, 1987; Siegenthaler and 

Sarmiento, 1993; Hedges and Keil, 1995).  Consequently, a large CO2 flux could be 

generated by oxidation of a relatively small amount of DOC and the dynamics of DOC 

cycling (degradation, mineralization, and preservation) could affect the oceanic-

atmospheric CO2 balance.  DOC cycling is affected by its production, including 

photosynthesis, bacterial release, and cell lysis, and by its removal, including 

biodegradation, photolysis, and sorption (Carlson, 2002), and is thus, difficult to quantify.  

The assumption that oceanic DOC is at a steady state is questionable (Hansell, 2002; 

Carlson, 1994; Hedges et al., 1997).  

Heterotrophic bacteria are well known as consumers and recyclers of marine 

DOC.  This study aims to clarify how sediment-colonizing bacteria influence the 

breakdown of DOC in marine permeable sands and consequently fluxes from these 

sediments.  A “microbial loop” from DOC to bacteria, to primary and secondary 

producers makes up a large percentage of the carbon fixation rate (Mann, 1988).  Rapid 

cycling of DOC is necessary to feed this loop, and calculations of this respiration flux 

show that the entire oceanic DOC pool could be turned over in less than 100 years 

(Hansell, 2002).  The 14C signature, however, dates deep sea DOC as thousands of years 

old.  This discrepancy can be explained by differences in reactivity of DOC molecules.  

The availability of DOC to microbes depends upon the biological lability of the 

compounds forming the matter.  The entire DOC pool is made up of various sized 

molecules with turnover times from minutes to thousands of years (Williams and Druffel, 

1987; Carlson, 2002).  The molecular size of DOC influences the availability of DOC to 

bacteria.  High molecular weight DOC is thought to be more bioreactive and cycle faster 

than low molecular weight DOC (Amon and Benner, 1994; Amon and Benner, 1996).   

So, a relatively small fraction of DOC is rapidly recycled in the surface ocean, while the 

less readily reactive molecules accumulate.  The bulk DOC pool consists of low 

molecular weight compounds that are relatively resistant to microbial degradation (Amon 

and Benner, 1994).  Other factors affecting the availability of DOC to heterotrophic 
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bacteria is the chemical composition of the DOC.  Amon and Benner (2001) measured a 

loss of neutral sugars and amino acids during microbial degradation of algal-derived 

DOC, indicating that these substances were preferentially consumed and may be 

indicative of the bioavailability of DOC.   

Photodegradation is also a significant mechanism of breaking down DOC.   

Sunlight is responsible for photochemically degrading aquatic humic substances into 

labile or volatile organic compounds.  This pathway may be a rate-limiting step for the 

removal of a large portion of marine DOC (Mopper et al., 1991).   

Despite its importance, the distribution, composition, and reactivity of marine 

DOC remains poorly defined.  In fact, less than 20% of it has been characterized.  A 

reason for this relative lack of knowledge is the refractory nature of DOC (Benner et al., 

2002).   Once labile DOC enters the water column, it is quickly broken down by 

decomposers and is therefore difficult to identify and quantify.  Water samples from the 

field contain mostly the refractory components of DOC.  Isolation is difficult; direct 

biochemical analyses of DOC from seawater generally account for less than 15% of the 

total (Benner et al., 1992).  Specific carbohydrates, amino acids, and lipids have been 

identified with molecular analyses and degradative techniques.   The newer method of 

tangential-flow ultrafiltration, which concentrates organic molecules primarily by size, 

has been used to identify complex heteropolysaccharides as major components of DOC 

(Benner et al., 1992), as well as carboxyl-rich alicyclic molecules (Hertkorn et al., 2006). 

 

The Coastal Zone 

The coastal zone is a disproportionately important area in terms of DOC.   The 

shelf areas make up about 8% of the world’s oceans, however approximately one third of 

total oceanic primary production takes place on the continental margins (Jørgensen, 1996; 

Walsh et al., 1991).  In addition, these areas receive an input of about 0.4 Gt of organic 

carbon per year from rivers, about 0.03% of the total marine DOC reserve (Hedges et al., 

1997; Cauwet, 2002).  These high concentrations of DOC and POM, along with a sharp 

salinity gradient seen in most estuaries, make these areas extremely dynamic.  Mixing in 

coastal zones is an important phenomenon influencing the particulate and dissolved 

organic matter distributions and rapid carbon turnover has been demonstrated in 



 4 

nearshore areas (Peterson et al., 1994; Middleburg et al., 2000).  Processes such as 

adsorption, desorption, flocculation, and deflocculation influence the behavior of DOC 

(Cauwet, 2002).  The most labile portion of DOC is usually also the youngest (Raymond 

and Bauer, 2001). Younger fractions are quickly degraded, while older ones accumulate.  

Thus, coastal zones appear to have a strong influence on the apparent age of exported 

DOC. 

 

The Role of Sediments 

Recent observations have shown that permeable sediments rapidly recycle organic 

matter (Huettel and Rusch, 2000; Jahnke et al., 2000; Marinelli et al., 1998): 

approximately half of the organic material produced on the shelf is degraded within the 

benthic layer by microbes, releasing nutrients and DOC to the ocean’s food chain (Jahnke 

et al., 2005). The role of sediments in carbon cycling depends on the physical and 

biogeochemical characteristics of the sands.  Transport of DOC through the surface layer 

of sediment beds occurs in permeable coastal sands and is caused by boundary layer 

flows over sediment topography (Huettel and Rusch, 2000).  Microbes remineralize 

dissolved organic carbon (DOC) by consuming some carbon as biomass, transforming 

organic molecules to CO2 via respiration, and leaving behind the biologically unreactive 

fraction.  This reminerilization process occurs both in water and in sediment.  Rates have 

been reported for carbon degradation in the water column (Hopkinson et al., 2002; 

Arnosti and Jorgensen, 1996) and range from time scales of hours to thousands of years, 

but reminerilization processes due to filtration through marine sediment are not well 

known.  

This study compares a dynamic coastal area in which hydrodynamic mixing, 

deposition of phytoplankton and filtration influence DOC to a protected estuarine area 

where riverine input affects the dissolved organic matter concentration in the water 

column.  Major world rivers have an estimated total water discharge of about 35 x 103 

km3 y-1 (Cauwet, 2002).  Contributions of DOC from rivers are estimated to be around 

0.25 × 1015 g C y-1, while the average particulate organic carbon (POC) flux is about 0.15 

× 1015 g C y-1 (Hedges et al., 1997; Cauwet, 2002).  These amounts are significant; 

without degradation, the former is enough to support turnover of the whole oceanic DOC 
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pool, while the particulate portion could make up all the carbon stored in marine 

sediments (Hedges et al., 1997).  The chemical composition of this matter is dependent 

on the type of watershed and climatic region representative to each river contributing to 

the total flux.  Terrestrial organic matter is comprised of both higher vascular plants and 

aquatic life in freshwater.  Exactly how much of the total river discharge is quickly 

degraded or stays in the ocean is unknown.  Organic matter delivered to the ocean by 

rivers is made up of highly refractory components but displays a trend of rapidly 

decreasing concentration away from the coast.  Only a small amount of the total organic 

matter in the oceans has been measured as land-derived (Benner et al., 1992, Opsahl and 

Benner, 1997).  Evidence suggests that terrestrial-derived dissolved and particulate 

organic matter is rapidly remineralized in the ocean (Hedges et al., 1997).   

The source of DOC affects its availability for degradation and determining 

sources provides information on DOC pathways and turnover time (Fry et al. 1998; 

Peterson et al. 1994).  The source of DOC in the water column can be identified by 

several methods.  The stable carbon isotope ratio (δ13C) of the organic matter can be used 

to distinguish marine and terrestrial DOC.  Stable carbon isotope ratios are expressed 

using the delta (δ) notation that represents deviations from the standard reference 

material, where δ13CVPDB (‰) = [(Rsample/Rstandard) – 1] × 1000, and R is the ratio 13C/12C 

(Sharp, 2007).  δ13C is expressed relative to the standard Vienna-Pee Dee Belemnite 

(RVPDB = 0.0111797).  Phytoplankton has a different δ13C signature from terrestrial plants 

and ranges from -28 to -18‰ (-23 to -18‰, excluding lower temperature polar latitude 

waters) (Sharp, 2007).  Furthermore, grasses and marsh plants can be distinguished from 

other vascular plants because they use the C4 pathway during photosynthesis.  δ13C values 

of these plants typically range from -9 to -23‰ (Smith, 1972; Rounick and 

Winterbourne, 1986).  As a result, grasses and algae are more enriched in 13C than woody 

plants.  Vascular plants contain lignin, which is present in the secondary cell walls of 

most plant tissues and is one of the most abundant organic compounds on earth.  The 

lignin polymer can be broken down into 11 characteristic phenols, is refractory in nature, 

and is another good tracer of terrestrial DOC in coastal waters.   

Most particulate organic matter deposited on the sediment surface is eventually 

remineralized to CO2 by benthic organisms (Henrichs, 1992), and a large fraction of this 
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organic matter is converted to DOC prior to mineralization (Bauer, 2002; Bianchi et al., 

1997; Burdige et al., 2000).  Pore water concentrations of DOC are often higher than 

bottom water column values (up to an order of magnitude), suggesting a net production in 

the sediment due to accumulation of unreactive molecules (Burdige et al., 1999; Burdige, 

2001; Papadimitriou, 2002).  Low-molecular weight DOC comprises much of the total in 

pore water and seems to be refractory (Burdige and Gardner, 1998; Burdige, 2001).  

Anoxic marine sediments show a general increase in pore water DOC concentrations with 

depth, whereas concentrations in bioturbated or bioirrigated, and thus oxic sediments, are 

more constant with depth (Burdige, 2001; Alperin, 1999).  Furthermore, DOC 

compounds are intermediates in sediment carbon remineralization and possibly 

preservation (Burdige, 2001).  The magnitude and fate of DOC fluxes at the sediment 

water interface are therefore important for understanding carbon cycles and budgets both 

in sediments and in the water column.  

Marine sediments are sites for DOC degradation, preservation, and inorganic 

nutrient regeneration from organic matter (Jahnke et al., 2005).  In coastal sediments, 

benthic production of organic matter due to light reaching the seafloor and increased pore 

water exchange indicate that sediments contribute to both the burial and production of 

DOC.  Jahnke al. (1999) measured oxygen and total inorganic carbon (TIC) fluxes in 

light and dark in situ benthic flux chambers to examine the effect of light.  Oxygen fluxes 

increased, while TIC fluxes decreased, suggesting that the shelf sediments acted as a sink 

for carbon.  In the dark chambers, reverse trends were observed, and the sediments were a 

source of carbon.  Burdige et al. (1999) measured fluxes of DOC from continental margin 

sediments that ranged from ~0.1 mmol m-1 d-1 to ~2 mmol m-1 d-1, showing a net loss of 

organic carbon from these sediments.  They calculated a net DOC flux of approximately 

180 Tg C y-1 from sediments less than 2,000 meters that is a significant source to the 

oceans.  These fluxes and others (Alperine et al. 1999; Burdige et al., 1992; Burdige and 

Homstead, 1994) were measured in nonbioturbated estuarine and coastal sediments.  My 

research is conducted in permeable coastal sediments that are flushed by advective flows, 

which are relatively uncharacterized in terms of their contribution to DOC cycling.   
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Advective Transport 

The seafloor of the shelf is, to a large extent, shaped by physical interactions.  

Marine processes such as tidal pumping, currents, waves, and density changes induce 

exchange of solutes and particles between the water column and the sediment (Huettel 

and Gust, 1992a; Burnett et al., 2003).  Tidal currents reach maximum velocities in 

coastal waters, where tidal ranges are greatest.  Likewise, wind-driven currents are 

effective in regions shallow enough for the currents to reach the bottom.  Pressure and 

motion from waves reach a depth corresponding to approximately half the wavelength.  

Deep ocean waves traveling into coastal regions can be a major source of hydrodynamic 

energy in these shallow environments.  The wave, wind, and tide generated bottom 

currents produce pressure gradients at the sediment-water interface when the water flows 

are deflected by seabed topography (e.g. sediment ripples) (Huettel and Gust, 1992b).  

Such gradients push water, solutes, and fine particulate matter through pore space in 

sandy sediments causing advective pore water exchange.  In addition, strong salinity and 

temperature variations in the nearshore and estuarine environment cause unstable density 

gradients at the sediment-water interface that lead to convection and pore water 

exchange.  

Advective and convective pore water exchange transport DOC into, through, and 

out of permeable sediments.  Part of this research examines how advection determines the 

distribution of DOC in shelf sediments and how flows in these deposits influence 

degradation.  Transport of organic matter, oxygen and nutrients, elements essential for 

biological processes, stimulates microbial metabolism in the sands.  The rates of this 

exchange may control biological communities both in the sediment and at the sediment 

surface (Reimers et al., 2004).  

Key sediment characteristics influencing the pore water flows are porosity and 

permeability. The proportion of sediment that is interstitial space is referred to as porosity 

and varies depending on sediment type.  Sediments such as sands with low organic 

contents have a porosity of about 0.4, whereas silts and flocs with high organic contents 

may have a porosity of over 0.9.  Permeability is a measure of the tendency for a fluid to 

travel through a porous medium and is a function of grain size, packing, shape, and 
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distribution.  The Kozeny-Carman equation estimates the permeability of a well-sorted 

sediment with grain diameter, ds, and porosity, ϕ, (Huettel and Webster, 2001): 

          

 As seen from the equation, natural coarse sediments are likely to have a higher 

permeability than fine sediments.  Coarse sediments usually occur in areas of high 

hydrodynamic energy, i.e. coastal zones.  Permeability and fluid viscosity determine 

whether advective flows within sediments are important for transport of solutes and 

particles.  Advective transport is important in coastal zones where permeability and 

pressure gradients caused by hydrodynamic energy are greatest (Huettel and Webster, 

2001).  Darcy’s law states that the rate of flow of a fluid through a porous medium is 

proportional to the pressure gradient and the permeability of the medium.  This can be 

expressed as 

            

where up represents the interstitial velocity vector, k is the sediment permeability, ϕ is the 

sediment porosity, µ is water viscosity, ∇p is the spatial gradient of pressure, ρ is the 

water density, and g is gravitational acceleration.  This equation can be used to calculate 

advective flow through sediment (Huettel and Webster, 2001). 

 

The Study Region for This Research: Apalachicola Bay 

The Apalachicola Bay is an important region of Florida’s coastline, both 

ecologically and economically.  Freshwater flows from the Apalachicola River into the 

bay at an average rate of 690 m3 s-1 (Livingston, 1997), where the presence of a barrier 

island string inhibits mixing of bay water with the surrounding marine waters of the Gulf 

of Mexico.  The combined river input and topographical characteristics, as well as 

precipitation rate, are responsible for the low-salinity and nutrient enriched estuarine 

waters (Livingston, 1997).  

River input to the Apalachicola Bay is an integral part of the estuary system, 

affecting both the water quality and the stability of the benthic community.  Apalachicola 

wetlands produce 360,000 metric tons of fallen organic matter per year, which is 
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mobilized in the water shed through river flooding. In this way, organic matter and 

nutrients are brought to the estuary and nearby coastal zones (Livingston, 2000).  These 

particulate and dissolved river components, determined by the quantity of freshwater into 

the estuary, are major factors affecting life processes.  Labile organic matter in sediments 

and in the water column are broken down by bacteria and used as a source of energy.   

 

Open Questions 

As previous research shows, the shelf environment is a key zone for the global 

cycle of DOC; terrestrial input and high productivity lead to the DOC maximum in the 

coastal zone while mineralization, burial, and sorption processes remove most of this 

DOC before it reaches the deep ocean.  However, both the processes that lead to the high 

concentrations and to the removal of DOC in the coastal zone are not fully understood. 

Riedl and coworkers estimated that globally approximately 95,700 km
-3

 y
-1 water are 

pumped through the permeable shelf sediments; assuming a conservative DOC 

concentration in the shelf water of 12 µM or 1 µg C l-1, about 100 Pg C y-1 are flushed 

through the sediment or about 500 times the amount that is released from the shelf to the 

deep ocean.  This filtration and associated DOC degradation could have significant 

implications for the global carbon cycle.  This research investigated the role of 

sedimentary filtration on the DOC degradation and fluxes in permeable coastal 

sediments.  Specifically, the goals of the project were:  

1) To determine the degradation rates of DOC while passing short distances through 

permeable sediment (simulating pumping through ripples) and compare these rates to 

those found in the water column.  Laboratory experiments with reactor columns were 

conducted to show the degradation of DOC while flowing at realistic pore water 

velocities through the sediment and to assess the factors that affect the degradation 

rates.  Variables included DOC sources/quality (diatom-derived, estuarine, glucose) 

and percolation velocity.  Stable isotope tracers were used to quantify the pathways 

and decomposition of DOC through the production of DI13C via microbial respiration; 

2) To determine seasonal changes of DOC in the water column and in the pore water and 

DOC fluxes in an exposed and a sheltered site at St. George Island. The time series 

was designed to assess the ranges and the temporal dynamics of DOC at the study sites 
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in the northern Gulf of Mexico and the coupling between permeable sediment and 

water column DOC pools; 

3) To assess the transport and the distribution of DOC resulting from the degradation of 

phytoplankton deposited at the surface of permeable sediment.  The DOC distribution 

was investigated in a natural sediment core incubated in a laboratory flume with 

unidirectional flow.  This experiment was initiated to investigate the process that leads 

to the concave DOC concentration profiles observed at the study sites. 

 

Research addressing the first goal is reported in Chapter 1, and that addressing goals 2 

and 3 in Chapter 2.  

 

The research produced the following results: 

1) The first time series values for DOC concentration in the nearshore zone of the 

northeastern Gulf of Mexico (NEGOM) showing the magnitude and variability of 

these concentrations.  

2) DOC fluxes between the permeable sediments at the study sites and the overlying 

water column for realistic current-related pressure gradients at the sediment-water 

interface. 

3) Data on the degradation rates for labile and less labile DOC in the permeable 

NEGOM sediments and comparison to water column degradation rates.  

4) Information on the processes that control the distribution of DOC in permeable 

sediment exposed to flow and the deposition of labile particulate organic matter, i.e. 

sedimented phytoplankton. 

 

The results of the measurements and experiment indicate that the filtering shelf 

sediment functions as an effective biocatalytical converter for DOC that is flushed 

through the surface layers of the bed.  Sedimentary filtration, thus, should be included 

when assessing the fate of DOC in the shelf environment.  

 

 

 



 11 

 

CHAPTER 1 

 

QUANTIFYING DEGRADATION RATES OF DISSOLVED ORGANIC CARBON 

FLUSHED THROUGH PERMEABLE COASTAL SEDIMENTS 

 

 

Introduction 

The physical and chemical characteristics of sediments are important modifiers to 

diagenetic processes (Henrichs, 1992); e.g. sediment permeability affects transport rates 

of oxygen and particulate matter in the surface layer of coastal sea beds (Huettel, 2000; 

Zeibis, 1996).  Most particulate organic matter (POM) deposited on the sediment surface 

is eventually remineralized to CO2 by benthic organisms (Henrichs, 1992), and a large 

fraction of this organic matter is converted to dissolved organic matter (DOM) prior to 

mineralization (Bauer, 2002; Bianchi, 1997; Burdige, 2000).  Dissolved organic carbon 

(DOC) fluxes from shelf sediments (~180 Tg C yr-1) are roughly equal to that of the 

dissolved organic carbon flux from rivers (~200 Tg C yr-1) and to the rate of carbon burial 

in marine sediments (~160 Tg C yr-1) (Burdige et al., 1999).   

Approximately 70% of the shelf sediments are relict sands (Riggs et al., 1996) 

and in the shallow nearshore zone a large fraction of these sands are highly permeable 

and flushed by tide, wind, and wave generated bottom currents (Marinelli et al., 1998; 

Huettel et al., 1996; Huettel and Gust, 1992).  With this flushing, dissolved organic 

matter is pumped through the ripples and surface layer of these permeable shelf beds and 

for typical coastal topography, the path lengths of water flow through the sediment are in 

the order of a few to tens of centimeters.  Abundance and diversity of microbes in 

permeable sediments exceeds that of the overlying water column (Hunter et al., 2006), 

suggesting that higher decomposition activity and different enzymatic reactions may 

promote DOM degradation while pumped through the porous sediment.   

Removal of organic carbon due to microbial respiration in sediments has been 

measured in sandy aquifers and in hyporheic sediment (Långmark et al., 2004; Findlay et 

al., 1993; Mermillod-Blondin et al., 2005).  Incubation experiments have demonstrated 
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differences in polysaccharide hydrolyzing enzyme activity between marine sediments and 

bottom water: several polysaccharides were found to have rapid hydrolysis rates in 

sediment whereas the same carbohydrates had near-zero hydrolysis rates in bottom water 

(Arnosti, 2000).  However, the flushing of bottom water through the ripples and surface 

layer of coastal sands beds typically carries DOM only a few to tens of centimeters 

through the sand (Figure 1.1).  The question arises whether this relatively short path 

length has an influence on the DOM degradation and if so, how important this process is 

for DOM cycling in the coastal zone.  The main goal of this process was to assess 

whether diatom-derived and riverine DOM is degraded when transported over short 

distances through permeable coastal sand and to determine the decomposition rates for 

typical natural settings.  Because DOM passes through pores lined with biofilms, I 

hypothesize that a fraction of this DOM is degraded while passing through the sediment 

and that the sedimentary degradation differs from that in the water column, in magnitude 

and also in the components that are degraded.  This hypothesis was tested with a series of 

laboratory column reactor experiments using natural coastal sediments and DOM derived 

from diatoms, riverine water, and 13C-labeled substrates.  

 

Methods 

Site description 

Sediment for the experiments was collected from a water depth of 1.5 m on the 

exposed Gulf side of St. George Island, a barrier island in the northeastern Gulf of 

Mexico (Figure 1.2).  Salinity here ranges from 32 to 36, water temperature from 14-

35°C, and mean tidal range is approximately 60 cm.  Tidal currents are weak (< 30 cm s-

1) and the main currents near the sediment surface are caused by wave orbital motion 

reaching the bed in this shallow area, causing wave ripples on the sediment surface (0.5 

to 2 cm amplitude, 7 to 18 cm wavelength).  Surface sediment in the Gulf site consists of 

well sorted quartz sands with median grain size of the upper 5 cm of 223 ± 43 µm and 

permeability of 2.38 × 10
-11

 ± 1.05 × 10
-11

 m
2
.  Sediment organic matter content of the 

uppermost layer of sediment is low, 0.10 ± 0.02 %.  Wave action oxidizes the sand down 

to at least 6 cm in the summer and 25 cm in the winter. 

Column Experiments 
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The effect of pore water flow on DOM degradation in permeable surface sediment 

was quantified by pumping DOM-containing water through sediment-filled column 

reactors and measuring concentration differences between entry and exit samples.  Such 

columns, which reproduce pore water flow through a volume of sediment, enable the 

observation of processes in sediment under realistic flow conditions (Mermillon-Blondin 

et al., 2005).  The columns represent a volume of sediment that is aligned with the 

streamlines of benthic advective pore water flows.  In permeable sediment, bottom 

currents interacting with surface topography (e.g. ripples) induce advective flow in the 

upper sediment layers with upwelling beneath sediment crests and downwelling in the 

ripple troughs (Huettel and Gust, 1992).  The columns mimic the flow through the 

sediment in a section of this flow pattern.  This study included four columns reactor 

experiments using different DOC sources and column lengths: 

 

Experiment I tested whether filtration of DOC (derived from fresh diatoms and river 

water) at realistic flushing velocities through a sediment layer, comparable in thickness to 

the flushed sediment surface layer at the study site, causes degradation of the DOC.  10.6 

cm (Part A, Figure 1.3) and 50 cm long sediment columns (Part B, Figure 1.4) were used 

and 50 cm columns (Part C, Figure 1.5) with extraction ports in 10 cm intervals.  

 

Experiment II (Figure 1.6) determined whether percolation of DOM through 5.8 cm of 

coastal sediment results in measurable degradation of 13C-labeled DOM.  This short 

pathway simulates the flow path through the upper section of sand ripples on coastal sand 

beds.  The labeled substrate permitted a quantifiable link between DOM input and 

dissolved inorganic carbon (DIC) production. 

 

Experiment III (Figure 1.7) assessed whether DOC degradation in percolated coastal 

sands differed from degradation rates in coastal water.  Highly degradable 13C-labeled 

glucose was used in order to obtain the maximum decomposition rates.  Two different 

flow velocities were tested to determine the effect of the flushing rate on DOM 

decomposition. 
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Experiment I.  The experimental set-up consisted of four reactor columns, 10.6 

cm in length and 5.7 cm inner diameter (270.5 cm3 total volume, porosity = 0.35, pore 

water volume = 94.7 cm3) and four columns of 50 cm length (5.7 cm inner diameter, 

1276 cm3 total volume and 383 cm3 pore water volume), two of which had extraction 

ports spaced at 10 cm intervals.  The columns simulated a typical range of pore water 

pathway distances (10 to 50 cm), as found when water is forced through the upper surface 

layer under common coastal ripple topographies.  The columns and lids closing the 

columns were fabricated from transparent acrylic material.  Frits made of porous Teflon 

prevented sediment from penetrating into the draining grooves and holes in the lids.  

Fittings mounted to the holes in the lids were connected to Tygon tubing of 3.1 mm inner 

diameter.  The tubing connected to the column entries was guided through a peristaltic 

pump (Dynamax model RP-1) to a glass bottle containing the DOC solution, while the 

tubing mounted to the column exits was connected to 24 ml glass vials for sample 

collection. Throughout the experiment the columns remained in a water bath at a constant 

temperature of 22 ± 0.5 ºC in the dark.  Conditions in the columns were kept anoxic 

because free oxygen in these sediments typically penetrates only 2 cm into the bed in 

natural coastal settings.  Prior to the experiment, the experimental system was cleaned 

with dilute hydrochloric acid and rinsed with B-pure water.  DOC release from the 

system was tested by pumping DOC-free water through the empty columns at the rate 

later used for the experiments.  The test revealed negligible release rates of DOC (<26 

µmol 1-1, which is equal to 31 µmol l-1 at the experimental flushing speeds). 

Part A.  Two of the 10.6 cm columns were filled with sieved, acid-washed, and 

combusted sediment (8 h at 500ºC) from the study site, free of organic matter and 

biological activity.  The other two 10.6 cm columns were filled with sediment that was 

sieved (1 mm, to remove macrofauna and large organic debris), homogenized, and rinsed 

with DOC-free salt water.  To obtain blank values, low-DOC (< 50.0 µM) saltwater of in-

situ salinity (32) was pumped through one of the sterile columns and one of the natural 

columns.  Through the remaining sterile and natural columns, saltwater containing labile 

DOC was pumped.  This DOC was produced from diatom cells (Thallassiosira sp.) that 

were crushed using ultrasound applied to a diatom/saltwater/glass bead mixture.  5 ml of 

diatom cells was separated into 6 centrifuge tubes and combined with 4 ml of 32‰ 
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artificial salt-water and a few glass beads.  A sonicator was used at 50% amplitude for 2 

min in each tube.  The saltwater with the DOC was extracted from the mixture through 

filtration (0.7 µm) and then this solution was added to 2.5 L of saltwater to produce a 

solution with a final DOC concentration of 2,554 µM.  This concentrated stock was kept 

frozen until needed for the experiment.  For the experiment, the DOC stock solution was 

diluted with 32‰ artificial saltwater to a DOC concentration of 500 µM.  During the 

experiment, the solution was kept in 2 liter glass bottles at the same temperature as the 

reactor columns and was pumped at a rate of 50 ± 3 ml h-1 or about 2 cm h-1 (fluid front 

progression) through the sediment cores.  Variability of the flushing rate between cores 

was < 3 ml h-1 due to pump adjustments and wearing of the tubing.  The columns were 

flushed for 48 h with the DOC solution or with low-DOC salt water in order to achieve a 

quasi steady state, then sampling was initiated with samples collected from the entry and 

exit of each column every 30 min over a 6 h time period.  Analysis for DOC, dissolved 

inorganic carbon (DIC), and total nitrogen (TN) was performed on a Shimadzu total 

carbon analyzer (TOC-VCPH/CPN) with nitrogen analysis capability.  Differences between 

entrance and exit concentrations were calculated to determine the amount and rate of 

DOC degradation, CO2 accumulation, and total nitrogen loss. 

Part B.  One of the 50 cm columns was filled with sterile (combusted for 8 h at 

500 °C) sediment and another was filled with natural sediment (rinsed and sieved through 

1 mm mesh).  Prior to the experiment, blank values of DOC were measured by pumping 

low-carbon salt water ([DOC] = 16 ± 6 µM) through the columns at a rate of 46 ± 4 ml/h 

for 10 h and measuring the DOC released.  For this part of the experiment, water 

collected from the St. Marks river estuary 50 miles east of our St. George Island study 

site that had a DOC concentration of 615 µM was pumped for 48 h through the columns.  

Following this flushing time, samples were taken from the entry (0 cm) and exit (50 cm) 

of each column every 2 hours for 8 h.  The samples were collected in clean 24 ml glass 

vials and acidified to a pH of 2 with HCl.  This sampling procedure was repeated for 4 

consecutive days.  DOC and TN concentrations were measured in the samples from both 

columns.  Using these values, we calculated the difference in DOC and TN 

concentrations between entry and exit to determine the loss or production of DOC and 

TN.   
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Part C.  This last part of the experiment, examined the degradation of a DOC 

solution made from a mixture of diatom lysate (see Part A) and estuarine water (Part B).  

The final concentration of this mixture was 616 ± 43 µM.  The two 50 cm columns with 

multiple exit ports were filled with natural sediment (rinsed and sieved through 1 mm 

mesh).  One of the columns served as a parallel blank and was pumped with low DOC 

salt water ([DOC] = 17 ± 6 µM) at a rate of approximately 55 ml h-1 (fluid front 

progression).  The other column was pumped with the DOC solution at the same rate.  

The exit ports were distributed at four points, 10 cm apart, along the longitudinal axis of 

the column, and consisted of hypodermic needles, which penetrated into the center of the 

core.  Samples were collected every two hours from the one entrance and from one of the 

exits in consecutive order- closest (10 cm) to furthest (50 cm)- over ten hours.  This 

procedure was repeated on three consecutive days.  The samples were then measured for 

DOC concentrations and the DOC loss was calculated over the total length of the column 

and between each 10 cm interval. 

 

Experiment II.  This experiment quantified degradation of 13C-labeled DOM 

caused by percolation through sterile and non-sterile sediment.  The use of diatom-

derived labeled DOC permitted direct linkage of the produced DI13C to the labeled 

substrate.  We used 4 columns with 5.8 cm length and 5.7 cm inner diameter (148.0 cm3 

total volume, porosity = 0.35, pore water volume = 51.8 cm3), containing combusted (4 h 

at 900 °C) Gulf sand and four columns with natural Gulf sand (sieved through 1 mm 

mesh and rinsed with artificial salt water).  Percolation velocity was 40 ± 5 ml h-1 (4.5 cm 

h-1 fluid front progression).  The system was flushed with low-carbon artificial salt water 

for 48 hours prior to sample collection.  Blank samples (13C-DIC, total DOC and DIC 

release) were collected before and after the experiment with low-carbon artificial salt 

water.  After the first blank samples were collected, the columns were flushed for 12 

hours with the 13C-labeled DOC solution.  The latter was made by adding 235 mg of 

freeze-dried, 13C-labeled (labeling efficiency ~ 20%) diatoms to 35 ml of Nano-pure 

water and sonicating the mixture (50% intensity) in 7-ml portions for 5 min each.  The 

sonicated mixture was allowed to leach for 30 min and then was filtered through 0.7 

micron glass fiber filters.  The filtrate was diluted to 12 l with artificial, low-DOC salt 
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water.  After flushing the columns with this DOC solution, samples were collected in 

three sets.  Entry samples from the DOC solution were taken first and then samples from 

the exit of each column were taken after a time period corresponding to the travel time of 

the fluid.  The tubing from the exit ends of the columns was connected to air-tight glass 

syringes in which the samples were collected.  The samples collected in the syringes were 

transferred into 12 ml air-tight Exetainer vials for DIC samples.  DOC samples were 

collected in 24 ml glass vials and acidified to pH 2 with HCl.  The system was flushed 

again with low-carbon salt water before the final blank samples were taken.  Samples 

were analyzed for 13C-DIC and total DIC concentration with a mass-spectrometer and for 

DOC concentration with a Shimadzu total carbon analyzer (TOC-VCPH/CPN).  The 

mineralization of 13C-labeled DOC generates excess 13C in the DIC produced.  Release of 

13C was expressed in terms of total release in µmoles of 13C per ml h-1.   The fraction of 

13C is calculated as 13C /(13C + 12C), which expressed as the carbon isotope ratio R reads 

R/(R+ 1).  The carbon isotope ratio is calculated from the measured δ13C values as R = 

(δ13C /1000 + 1)×RPDB, where RPDB = 0.0112372.  The differences in DI13C and DOC 

concentrations between the entry points and the exit points revealed the loss or 

production of DI13C and DOC during travel through the sediment. 

 

Experiment III.  In this experiment, the decomposition of 13C-labeled glucose in 

sediment columns was measured in order to assess the effect of pore water flow velocity 

on the mineralization of a traceable degradable substrate in permeable sediment and to 

compare these degradation rates to those measured in natural sea water not passing 

through sediment.  The experiment used two set-ups, one with sediment-filled columns 

and a second one with water-only filled columns.  Highly degradable 13C-labeled glucose 

was used in order to achieve high degradation rates and best separation between two 

velocity settings and between sediment and water decomposition rates. 

  Six 5.8 cm-long columns filled with natural, sieved (1 mm) sediment from the 

study site at St. George Island received a steady input of artificial salt water (S = 32 ) 

amended with 13C6-D-glucose (Spectra stable isotopes) to a DOC concentration of 500 

µmol 13C l-1.  Three columns were flushed at a rate of 21 ± 5 ml h-1 and the other three at 

55 ± 5 ml h-1.  Entry samples were taken first, followed by exit samples after the time 
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interval needed to travel the length of the columns.  Samples were collected in airtight 

Exetainer vials and the δ13C value that resulted from the degradation of the labeled 

glucose was determined using a Finnigan MAT delta PLUS XP isotope ration mass 

spectrometer connected to a Finnigan MAT TC/EA and Finnigan MAT Gas Bench.  In 

order to compare the sedimentary DOC degradation rates to water column degradation 

rates, sea water (34) with the same 13C6-D-glucose concentration (500 µmol C L-1) was 

pumped through 6 water-only filled columns at the same rates as for the sediment 

columns.  Each of these columns had a volume equal to the pore water volume calculated 

for the 5.8 cm sediment-filled columns (51.8 ml pore water volume) and was built from 

tygon tubing with 12.5 mm inner diameter.  Sampling and analyses proceeded as 

described for the sediment-filled columns.  The differences in DI13C concentrations 

between the entry points and the exit points were calculated to determine the loss or 

production of DI13C during travel through the sediment and through the water column. 

 

 

Results 

 

 The results from the column experiments show that 1) diatom-derived DOM and 

riverine DOM are degraded while passing short distances through permeable marine 

sediment, 2) DOM degradation in the sediment is faster than in the water column under 

dark conditions (no photodegradation), and 3) the degradation rate is not significantly 

affected by the pore water flow velocity in the tested flow range. 

 

Experiment I 

Part A. Diatom-derived DOM was removed from pore water that was pumped 

through the sterile and natural sediment and the rate of DOC removal from the natural 

columns was significantly higher than in the sterile columns (t-test, p<0.05, n=10) 

(Figure 1.8).  The average rate of DOC loss in the sterile sediment column was 36.05 ± 

3.70 µmol l-1 h-1, while in the natural column the average rate reached 85.76 ± 4.26 µmol 

l-1 h-1, 2.4-times higher than in the sterile column.  While the sterile column removed 
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approximately 25% of the total DOC that was filtered through the sediment, the live 

column removed 47%, about twice as much (Figure 1.9).   

DIC production in the columns supported the results from the DOC 

measurements.  The rate of DIC production in the natural sediment columns was 

significantly higher than that produced in the sterile sediment columns (t-test, p<0.05, 

n=10).  The average rate of DIC production in the water released from the sterile columns 

was 23.69 ± 1.18 µmol l-1 h-1, compared to 47.16 ± 1.29 µmol l-1 h-1 in the natural 

sediment (Figure 1.10).   

Based on these values and a pore water volume of 94.7 ml in the columns, the 

sterile column lost 3.41 µmol organic C h-1 and produced 2.24 µmol DIC h-1.  The live 

column lost 8.12 µmol organic C h-1 and produced 4.46 µmol DIC h-1, revealing that 

approximately twice as much DOC was lost as DIC was produced. 

Significantly more nitrogen was removed from the natural columns (Figure 1.11).  

4.95 ± 0.52 and 8.11 ± 0.81 µmol N h-1 were removed in the sterile and natural sediment 

columns, respectively, a significant difference of a factor 1.6 (t-test, p<0.05, n=10). 

 

Part B.  The results from the 50 cm columns percolated with riverine DOM 

supported the results obtained with the short columns and showed that riverine DOM is 

degraded when passing a distance through permeable sediment that corresponds to the 

length of deep flow paths observed under sediment ripple topography.  DOC was lost in 

both columns, but there was a significant difference between the rate of DOC degraded in 

sterile and natural sediment (t-test, p<0.05, n=15).  In the sterile columns, the rate of 

DOC loss was 16.68 ± 8.29 µmol l-1 h-1; in the natural column the rate was 36.63 ± 4.29 

µmol l-1 h-1 (Figure 1.12), and thus slower than in the short columns despite the column 

length.  The rate of degradation in the natural sediment was faster by a factor of 2.20.   

The rate of total nitrogen loss in the natural column, 41.21 ± 0.50 µmol l-1 h-1, was 

significantly higher than the rate in the sterile column, 7.18 ± 0.31 µmol l-1 h-1 (t-test, 

p<0.05, n=15) (Figure 1.13).   

Part C.  There was an overall increase in the percent of DOC degraded due to 

transport through the sand over time (Figure 1.14).  Since measurements were taken from 

different exit ports (every 10 cm) over the length of the column, we can see how the DOC 
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concentrations change as the fluid travels through the sediment column.  A general 

observation is that the total percentage of DOC that was degraded increased as the fluid 

traveled further along the column (and as the fluid spent more time exposed to the 

sediment bacteria).  The rates of DOC degradation calculated from the beginning to each 

exit (10 to 50 cm, respectively) were -97.87 ± 185.37, 52.31 ± 23.85, 76.36 ± 25.18, 

93.96 ± 28.35, and 62.80 ± 41.05 µmol l-1 h-1.  High variability in DOC concentrations at 

the some of the exits may be from natural sources of carbon already in the sediment, and 

from clogging of the needles, causing slower flow rates.  If we divide the column into 

five 10 cm and calculate the rates in over each individual pathlength, we obtain rates of -

97.87 ± 185.37, 101.26 ± 100.83, 41.48 ± 9.81, 36.68 ± 14.41, and -12.37 ± 62.47 µmol l-

1 h-1 (Figure 1.15).  

 

Experiment II 

 The labeled substrate revealed that percolation of diatom-derived DOM through 5 

cm of coastal sand results in enhanced degradation.  DI13C production was significantly 

higher in the natural sediment columns than in the sterile sediment columns (t-test, 

p<0.05, n=12).  The difference in DI13C concentration between the entry and exit points 

was 0.001 ± 0.045 µM in the sterile columns and 2.83 ± 0.58 µM in the natural columns.  

Calculated average rates of DI13C production were 0.001 ± 0.035 µmol l-1 h-1 in the sterile 

columns and 2.15 ± 0.47 µmol l-1 h-1 in the natural columns.  If the 20% labeling 

efficiency is accounted for, the rates translate to 0.005 ± 0.035 µmol l-1 h-1 in the sterile 

columns and 10.75 ± 0.47 µmol l-1 h-1 in the natural columns.  The average rate of DOC 

loss in the natural columns (124.04 ± 23.26 µmol l-1 h-1) was significantly higher than that 

in the sterile columns (70.28 ± 24.42 µmol l-1 h-1) (Figure 1.16).   

 

Experiment III 

Flow velocity did not significantly affect the degradation of 13C-labeled glucose at 

the two tested percolation rates (21 ± 5 ml h-1 and 55 ± 5 ml h-1) in the sediment-filled or 

in the water-filled columns.  The average decomposition rate in the sediment columns set 

at the slow pumping speed was 30.82 ± 3.28 µmol l-1 h-1; at the faster flushing speed the 

average rate was 37.77 ± 15.14 µmol l-1 h-1.  The corresponding rates in the water-only 
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were 3.55 ± 1.44 µmol l-1 h-1 and 6.68 ± 3.79 µmol l-1 h-1 (Figure 1.17).  In the water-filled 

columns, DI13C production was significantly less compared to the production in the 

sediment-filled columns (t-test, p<0.05, n=9).  The average (both pumping conditions) 

rate of DI13C production due to travel through the sediment columns was 34.30 ± 11.06 

µmol l-1 h-1 and due to travel through the water columns was 5.12 ± 3.19 µmol l-1 h-1 

(Figure 1.18).  The water columns thus produced 6.7-times less DI13C compared to the 

sediment columns.  Approximately 9.8% of the carbon from the glucose solution was 

mineralized in the sediment, whereas about 1.7% was mineralized in the water column.  

 

Discussion 

 

DOC degradation in sterile versus natural sediment 

The column experiments demonstrate that filtration of labile DOC along pathways 

as short as 5 cm through permeable marine sand leads to substantial degradation of the 

DOC passing through the sediment, exceeding the DOC decomposition in the water 

column by far (here ~7-fold, photodegradation excluded).  Such a scenario is typical 

when bottom water flows, loaded with DOC (e.g. from a phytoplankton bloom), are 

forced through ripples of a permeable sand bed (Huettel, 1992).  All column reactor 

experiments used realistic pore water velocities and typical pathlengths of topography-

related pore water flows (Huettel, 2000).  Sands with the natural microbial community 

showed higher decomposition rates of DOC as compared to the rates in previously 

sterilized sediment, where loss of the DOC was caused only by microbes transported into 

the column by the flushing fluids or sorption to the grain matrix.   

In the two experiments that directly measured DOC loss (Experiments I and II), 

the rate of DOC loss in the natural columns exceeded that in the sterile columns by 

similar factors, 2.38 (Experiment 1- Part A), 2.20 (Experiment I- Part B), and 1.77 

(Experiment II), despite differences in column lengths (Exp. I: 10.6 cm and 50 cm; 

Experiment II: 5.8 cm).  Differences in the chemical structures and diagenic states of the 

DOM solutions used in these experiments account for the differences in the degradation 

rates measured.  The DOC produced from crushed diatom cells in Experiment I (Parts A 

and C) and in Experiment II had a higher degradability than the riverine DOC used in the 
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50 cm columns of Experiment I (Part B).  Bacteria selectively consume bioreactive 

components of DOM, such as neutral sugars and amino acids (Amon et al., 2001).  Since 

the fresh diatom solution probably contained more of these bioreactive components, the 

microbes were able to consume more of the DOC.  This supports the idea that microbes 

have a strong influence on the composition of DOM (Amon et al., 2001).     

A loss of DOC was measured in the sterile columns, despite the sterile conditions 

of the sediment.  DOC may have been lost due to adsorption and introduction of bacteria 

into the column from the flushed DOC solutions (which were not sterile).  The rates of 

degradation found in these experiments were relatively high.  Comparable rates for DOC 

degradation caused by filtration through marine sands are limited, so we compare them to 

some rates found for hyporheic sediments (Mermillod-Blondin et al., 2005), sand aquifers 

(Långmark et al., 2004), and marine sediment incubations (Arnosti, 1995).  Mermillod-

Blondin et al. (2005) measured DOC consumption rates in hyporheic sediment ranging 

from approximately 42 µmol l-1 h-1 in the upper 1 cm of sediment to about -14 µmol l-1 h-1 

in the lower sediment layers (10-25 cm).  Långmark et al. (2004) measured about a 10% 

loss of total organic carbon, which we calculated as a rate of 3.5 µmol l-1 h-1 using their 

values for retention time and initial concentration.  Incubations of carbohydrates in 

homogenized muddy marine sediments have demonstrated rapid potential hydrolysis 

rates for some types of monosaccharides (6-1390 nmol glucose cm-3 h-1; King 1986) and 

polysaccharides (FLA-pullulan: 6270 cuts nmol glucose cm-1 h-1; Arnosti 1995).  We can 

expect higher rates of total DOC degradation.  

 Using a non-labeled solution does not permit a clear separation of DOC pumped 

into the column and the DOC that is generated by the natural sediment (e.g. through 

microbial degradation of organic particles contained in the sand).  The values used as 

blanks (measured from parallel columns in Experiment I (Part A and C) and from the 

same columns in Experiment I (Part B) Experiment II) were intended to assess the 

background DOC production, but could not be exact because they were either obtained 

from different columns or at different times.  The relatively high background DOC 

concentrations diluted the 13C-label flushed through the columns, causing the DOC-loss 

rates to be elevated over the DI13C production rates measured in Exp. II.   
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Using a 13C-labeled DOC source permits distinguishing between the degradation 

of amended DOC and DOC generated in the sediment through decomposition of 

particulate organic matter (e.g. organic coating on sand grains).  Since virtually no 13C-

labeled DOC was degraded in the sterile sediment, it is clear that microbial activities in 

the natural sediment were responsible for breaking down the organic matter.  The 

mineralization rate in natural sediment (2.15 ± 0.47 µmol l-1 h-1) measured in Experiment 

II with 13C-labeled diatom extract as the DOC source was lower than the average rate 

measured from the natural sediment columns in Experiment III (34.30 ± 11.06 µmol l-1 h-

1) where 13C-labeled glucose was the DOC source.  The DOC solution made from 

crushed, freeze-dried, 13C-labeled diatoms and had a lower initial concentration (~200 

µM) and had less bioreactive components compared to the 13C-labeled glucose that also 

had a higher initial concentration (500 µM).  Mermillod-Blondin et al.’s (2005) values 

were obtained with potassium acetate as the predominant source of carbon at a 

concentration of 167 µM.  Their DOC consumption value of 42 µmol l-1 h-1 in the upper 1 

cm of sediment is comparable to our value obtained in Experiment III, 34.30 ± 11.06 

µmol l-1 h-1. 

 

DOC degradation in natural sediment versus seawater 

 DOM is degraded in the water column and rates have been measured in previous 

studies.  Hopkinson et al. (2002) grouped DOM into 3 pools of biodegradeability: very 

labile, labile, and recalcitrant and measured decay coefficients for each based on a multi-

G model using a Marquardt fitting routine.  The decay coefficients for the very labile and 

labile pools of DOM were 0.219 d-1 and 0.018 d-1, and the half-lives of DOC for these 

pools were 4 days and 54 days, respectively.  We hypothesized that the degradation rate 

in the sediment would exceed that of the water column.  Arnosti (2000) measured 

hydrolysis rates for dissolved carbohydrates in bottom water and in sediments.  

Hydrolysis rates in sediment ranged from approximately 190 to 10 nmol monomer cm-3 h-

1 for 6 different polysaccharides.  The rates found for hydrolysis in bottom water ranged 

from about 0.01 to 0.25 cm-3 h-1 for the same six molecules.  These differences may be 

due to differences in microbial communities, as well as differences in ionic composition, 

redox state, or liquid/solid ratios of bottom water and sediments.  Though the highest 
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hydrolysis rate is only about a tenth of the lowest rate found in this study, we measured 

total DOC degradation as opposed to only single polysaccharides, so higher rates would 

be expected. 

13C-labeled glucose allowed us to effectively compare degradation of a highly 

labile substance in the water column and in the sediment.  The results from Experiment 

III revealed that the rate of DOC loss in sediment pore water was on average 6.7 times 

faster than in the water column.  The large surface area of sand grains provided a 

substrate for bacterial colonization, allowing more microbes to exist in sediment than in 

water (2 to 4 orders of magnitude).  Filtering water carries DOC through pore spaces 

where it is exposed to bacterial exoenzymes.  Different biogeochemical reaction zones in 

the sediment (oxic, suboxic, and anoxic) exist with depth and reflect different microbial 

metabolisms.  The passage of DOC through the permeable bed therefore resulted in 

accelerated decomposition; the large differences between degradation rates in sediment 

and in water show the effect of sediment on the decomposition of DOC. 

Percolation flow velocity did not have a significant effect on DOC degradation in 

Experiment III.  When normalized to time, columns at both speeds had the same rate of 

DI13C production suggesting that the lower pore water velocity had already led to 

saturation of the microbial substrate demand.  However, the velocities used in the 

experiment varied by only 1 cm h-1 (fluid front velocity), whereas natural percolation 

velocities in permeable sediments range over a wide spectrum (Huettel and Rusch, 2000; 

Precht and Huettel, 2003).  Substrate limitation may occur at lower velocities, and this 

point needs further attention. 

 

The relative contribution of sediments to the mineralization of DOC 

The average percolation rate (50 ml h-1) of the columns represents the lower end 

of the range of values for advective flow through coastal sediment (100-1000 l m-2 d-1).  

The degradation rates found in this study were 10.75 ± 0.47 µmol l-1 h-1 and 34.30 ± 

11.06 µmol l-1 h-1 for the natural sediment columns in experiments II and III, respectively.  

In both experiments an artificial DOC substrate was used, so we can expect values from 

these experiments to be different than expected in the natural environment.  DOC in 

coastal seawater is a mix of reactive and nonreactive molecules from both marine and 
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terrestrial sources.  Typical natural DOC concentrations in surface coastal waters are 

around 100 µM (Fry et al. 1998), though riverine and estuarine concentrations can reach 

over 1,200 mM due to high inputs of upland organic matter (Peterson et al. 1994).   Using 

our most conservative rate value and a DOC concentration of 250 µM in the water 

flushed through the sediment, we can estimate that about 7.3 mol C m-2 y-1 are degraded 

in coastal sediments due to DOC pumping through the bed.  This estimate is for a labile 

DOC substance and a refractory substance may degrade much slower.  

 

Conclusions 

 Our column experiments show that flushing of DOC through layers of permeable 

coastal sediment as thin as 5.8 cm, significantly promotes the degradation of DOC.  

Degradation rates in natural sediments were significantly higher than in sterilized 

sediment.  Filtration through the sediment caused greater degradation rates than in the 

water column due to the higher microbial abundances in the sediment.  The bioreactivity 

of DOC depends on the concentration of carbon dissolved in the water as well as type of 

organic material in terms of chemical characteristics and diagenetic state. Our rates 

calculated from these experiments vary because of these factors but are comparable to 

DOC degradation rates found in hyporheic sediments (Mermillod-Blondin et al., 2005) 

and sand aquifers (Långmark et al., 2004), and are larger than rates calculated for 

individual polysaccharides (Arnosti, 1995).   

Despite the variations in rates found in this study, it demonstrates that filtration 

through permeable marine sediments removes DOC from pore water flushed through the 

bed.  However, marine sediments including sand beds are considered sources of DOC 

due to the release of dissolved organic matter produced during the decomposition of 

buried organic particles.  This does not contradict our results: the DOC diffusing upwards 

from deeper layers is the refractory molecules that remain after the sedimentary microbial 

degradation process and, thus, this material undergoes little degradation when moving 

upwards through the sediment and in to the water column.  In contrast, the more labile 

DOC derived from decaying phytoplankton blooms that is pumped through the ripples 

and surface layer of permeable beds is a substrate for the sedimentary microbial 

community and is rapidly degraded when it is flushed through the sand.  Coastal sand 
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beds, therefore, act at the same time as a sink for labile DOC and a source for refractory 

DOC.  The sink function is important for the recycling of nutrients in the labile DOC. 
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CHAPTER 2 

 

THE DYNAMICS OF DISSOLVED ORGANIC CARBON IN A PROTECTED AND 

AN EXPOSED SITE IN THE NORTHEASTERN GULF OF MEXICO  

 

 

Introduction 

The coastal zone is a disproportionately important area in terms of dissolved 

organic matter (DOM).   The shelf areas make up about 8% of the world’s oceans, 

however approximately one third of total oceanic primary production takes place on the 

continental margins (Joergensen, 1996; Walsh et al., 1991), resulting in the high 

concentrations of particulate and dissolved organic carbon (POC and DOC) in the shelf 

environment.  Contributions of dissolved organic carbon from rivers are estimated to be 

around 250 x 106 tg y-1, while the average particulate organic carbon flux is less, about 

176 x 106 tg y-1 (Hedges et al., 1997).  Without degradation, riverine input would be 

enough to support turnover of the whole oceanic DOC pool (Williams and Druffel, 1987; 

Hedges et al., 1997).  The make-up of tiverine DOM is dependent on the type of 

watershed, the climatic region, and the distance traveled.  DOM from terrestrial organic 

matter contains substances from vascular plants, soil componenets, terrestrial and 

freshwater animals, fungi, and bacteria. 

Heavily mixed coastal zones exhibit rapid carbon turnover (Peterson et al., 1994; 

Middleburg et al., 2000) and the high concentrations of DOM and POM, along with sharp 

salinity gradients, make these areas extremely dynamic.  Physical, geochemical, and 

biological processes drive the DOC dynamics; e.g. mixing with seawater causes 

flocculation and removal from the water columns, and photooxidtion leads to rapid 

decomposition in the photic zone (Cauwet, 2002).  The most labile portion of DOM is 

present in water column and sediment surface layers, is usually the youngest, and 

degrades rapidly (Raymond and Bauer, 2001), while less labile material is exported to the 

deep ocean and builds up in deeper sediment layers (Hedges and Keil, 1995).  

Consequently, rivers, estuaries, and coastal zones appear to have a strong influence on the 

apparent age of DOM exported to the deep ocean. 
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Our study compares a dynamic coastal area, where hydrodynamic mixing and 

phytoplankton blooms influence water column DOM, to a protected estuarine area where 

riverine inputs affect the DOM concentration, and investigates benthic-pelagic coupling 

dominated by these two different environmental settings. 

Deposition of particulate organic carbon leads to DOM production, preservation, 

and degradation in marine sediments.  Pore water concentrations of DOM are usually up 

to an order of magnitude higher than bottom water column values, suggesting a net 

production in the sediment (Burdige et al., 1999; Burdige, 2001).  Low-molecular weight 

compounds comprise much of the total DOM in pore water and seems to be refractory 

(Burdige and Gardner, 1998; Burdige, 2002).  Fine-grained marine sediments (“muds”) 

show a general increase in pore water DOC concentrations with depth (Burdige, 2001).  

In contrast, DOM concentrations in bioturbated or bioirrigated sediments often are more 

constant within the depth interval of the mixing (Burdige et al., 1998; Alperin, 1999). 

Remineralization of pore water DOC is conducted by microbes, which colonize 

sediment particles.  In fine-grained sediments, molecular diffusion transports DOM and 

electron acceptors (e.g. oxygen, nitrate, sulfide) to the bacteria and removes metabolic 

products (e.g. CO2, ammonium, sulfide).  In the surface sediment layers of permeable 

sandy sediments, advective pore water exchange dominates solute transport.  In the 

nearshore environment, this pore water exchange is driven by bottom currents and wave 

orbital motion, which are deflected by sediment surface topography (Huettel, 1992).  

Ensuing pressure gradients at the sediment-water interface drive DOC and oxygen 

containing water into the sand.  This inflow is balanced by pore water release carrying 

decomposition products out of the sea bed (Huettel, 1998).  The rates of the pore water 

exchange, thus, can control biological communities both in the sediment and at the 

sediment surface (Reimers et al., 2004).  Although coastal DOC concentrations reach 

peak values in the nearshore environment where most of the seafloor is blanketed by 

permeable sand beds (Emery, 1968), the exchange of DOC between the sediment and 

overlying water column and the effect of this pore water exchange on sedimentary DOC 

is not understood.  This study was designed to elucidate the role of permeable sand 

sediment in the nearshore zone of the northern Gulf of Mexico in the DOC cycle. The 

main objectives were to determine: 
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1. Whether DOC concentrations in the water column and in the surface layer of 

permeable sediments are linked in the shallow nearshore environment of the Northern 

Gulf of Mexico; 

2. Whether permeable nearshore sediments in the Northern Gulf of Mexico act as a 

source or sink of DOC; 

3. How deposition of a phytoplankton bloom on permeable Gulf of Mexico sediment 

affects the DOC concentrations in the pore water. 

 

To access the effect of benthic-pelagic coupling on DOC, we measured seasonal changes 

of DOC in the water column and in the pore water at an exposed and a sheltered site at St. 

George Island, in the northeastern Gulf of Mexico.  In-situ advection chamber 

incubations were conducted to determine the flux of DOC during different seasons and 

finally, a sediment core from the Gulf study site was incubated in a laboratory flume to 

investigate the development of DOC pore water profiles after particulate organic matter 

deposition on the sediment surface.  

 

Methods 

 

Site description 

Samples were collected from two sites at St. George Island in the northeastern 

Gulf of Mexico (Figure 2.1).  This barrier island is exposed to both open ocean on the 

southeast side and sheltered bay waters on the northwest side.  Site 1, the Gulf site, was 

located on the ocean side of the island and is thus more exposed, whereas Site 2, the Bay 

site, was located on the Bay side of the island, near the bridge to the main land and, thus, 

protected from the open ocean.  

Surface sediments at both sites consist of well-sorted quartz sands, with a median 

grain size of 223 ± 44 µm and 211 ± 16 µm, a permeability of 2.4E-11 ± 1.0E-11 m2 and 

1.3E-11 ± 5.3E-12 m2, and an organic content of 0.10 ± 0.02% and 0.19± 0.11% for the 

Gulf and Bay sites, respectively.  At the Bay site, the sediment was partly overgrown by 

seagrass (Halodule wrightii).  Salinities ranged from 33 to 36 (Gulf) and 17 to 32 (Bay), 

and water temperatures from 13 to 30 o C (Gulf) and 11 to 31o C (Bay).  The mean tidal 
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range is approximately 60 cm.  Tidal currents are weak (< 30 cm s-1) and the main 

currents near the sediment surface are caused by wave orbital motion reaching the bed in 

this shallow area.  These oscillating flows generate ripples and advective pore water 

exchange in the permeable sediment. 

 

Time series of DOM in the sediment and in the water column 

Monthly samples of DOC, DIC and TN in the water column and DOC samples in 

the sediment pore water were collected in the nearshore zone (water depth ~1.5 m) on the 

bay and gulf sides of St. George Island, over a period of one year.  Water column data 

was collected for 12 consecutive months and pore water data for 9 months.  All DOC, 

TN, and DIC samples were collected in sterilized glass vials.  The DOC and TN samples 

were acidified to pH 2 with hydrochloric acid and filtered through 0.7 µm glass fiber 

filters.  Sediment cores were taken in 20 cm acrylic core-liners at approximately 1.5 m 

water depth.  The cores were cut into 2 cm intervals and the pore water from each interval 

was pushed out with nitrogen gas.   

  DOC, DIC, and TN concentrations in the water samples were measured using a 

Shimadzu total carbon analyzer (TOC-VCPH) with nitrogen analysis capability.  The 

method employed by this instrument, “oxidative combustion-infrared analysis”, measures 

organic carbon through infrared absorption of carbon dioxide gas.  After being purged of 

inorganic carbon by acidification to pH < 2, the remaining carbon is measured to 

determine total organic carbon (TOC) or non-purgeable organic carbon (NPOC), the 

amount that is present in a non-volatile form.  TOC and NPOC are close but not always 

the same.  If the sample contains purgeable organic substances, they can be lost during 

the sparging process.  TOC refers to the difference between TC and IC.  Generally, the 

amount of purgeable organic carbon in the environment is small, so we can employ the 

NPOC method and refer to it as TOC.  The remaining sample passes through a 

combustion tube, where the organic carbon is heated and reacted with a platinum oxidant 

catalyst to generate CO2, which is then detected and measured by a nondispersive 

infrared analyzer.  This method of TOC measurement is widely used and has been 

approved for many international standards. 
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 Isotopic analyses were performed at the Stable Isotope Laboratory of the National 

High Field Magnetic Laboratory at Florida State University.  Organic carbon isotopic 

composition of sediment samples was measured with a Carlo Erba Elemental Analyzer 

coupled to a stable isotope mass spectrometer (Finnigan MAT delta PLUS XP), which 

measures the isotopic composition of a sample gas relative to that of a reference gas.  

Sediment samples were ground to a powder prior to analysis and acidified with 

hydrochloric acid.  Water samples for dissolved inorganic carbon isotope composition 

analysis were collected in gas-tight vials and analyzed using a Finnigan MAT Gas Bench 

coupled to the mass spectrometer.  Stable carbon isotope ratios are expressed using the 

delta (δ) notation that represents deviations from the standard reference material, where 

δ13CVPDB (‰) = [(Rsample/Rstandard) – 1] × 1000, and R is the ratio 13C/12C (Sharp, 2007).  

δ13C is expressed relative to the standard Vienna-Pee Dee Belemnite (RVPDB = 

0.0111797).  

 

Flux measurements 

In order to gain more detailed information on the exchange of DOM between the 

sediment and the overlying water column, we conducted a seasonal series of advection 

chamber experiments at the St. George island field sites to examine the influence of 

advective pore water exchange rate on DOM flux under the influence of advective pore 

water exchange.  Because the latter is the dominant process in the surface layer of 

permeable sediments (Huettel and Webster 2000), advective pore water exchange must 

be taken into account when measuring sediment-water DOM exchange in such 

environments.  The advection chamber is a device that generates a defined radial pressure 

gradient at the sediment-water interface, and thus, produces advective pore water 

exchange in permeable sediments comparable to that caused by bottom flows interacting 

with sediment topography (Huettel and Gust, 1992).  During each of the experiments, we 

deployed seven chambers simultaneously at the study sites.  Three of these chambers 

were transparent, permitting benthic photosynthesis, three were covered with opaue black 

foil, measuring dark fluxes, and one transparent chamber did not contain sediment and 

measured water column activity.  A set of dark bottles, incubated in-situ, were used to 

measure DOC production in the water under dark conditions.  The stirrer motors of two 
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chambers of each set (light and dark) and the chamber filled with water only were set to 

cause water column mixing but no pressure gradient (slow stirrer rotation with reversal of 

stirring direction every 15 s) and thus generated a scenario where molecular diffusion 

was the dominate solute transport process.  In the other chambers, the stirring was set to 

generate a pressure gradient simulating natural pressure gradients effective at the study 

sites (0.7 to 1 Pa cm-1) that were inferred from bottom current measurements using an 

acoustic Doppler Velocimeter and sediment topography dimensions (Huettel and Rusch 

2000; Huettel and Webster 2000).  During each chamber deployment, DOC samples were 

collected from the chambers every hour for about six hours.  Samples were collected in 

24 mL clean glass vials, acidified with HCl to a pH of 2, and kept on ice.  DOC 

concentrations were measured using a Shimadzu total carbon analyzer (TOC-VCPH).       

 

Flume experiment 

To study processes that generate the DOC concentration profiles we observe at 

the study sites, we incubated a sediment core (60 cm length × 30 cm width × 10 cm 

height) from the Gulf site in a recirculating laboratory flume.  Phytoplankton cells 

(Rhodomonas) were added to the water column of the flume once a week for a period of 

four weeks (approximately 100 x 105 cells corresponding to 200 mg C with each 

addition) to reproduce the effect of a phytoplankton bloom settling on the permeable 

sediment.  Unidirectional flow with a free stream velocity of 20 cm s-1 (measured 10 cm 

above the sediment surface) deflected by three small mounds (1 cm height, 10 cm 

diameter) on the surface of the sediment core, produced pressure gradients that forced 

water through the upper layers of the sediment.  This setup simulated pre water flows that 

occur at the study site at sediment ripples.  The experiment ran for a total period of 59 

day, then pore water samples were taken at 1 cm depth intervals at 5 different positions 

along three transects cutting in the flow direction through the 3 mounds, respectively.  

We analyzed the samples for DOC and TN using the Shimadzu total carbon analyzer and 

integrated the depth profiles to produce 2-dimensional distributions of DON and TN 

under each surface mound. 
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Results 

 

Time series 

Over the one year study period, the concentrations of DOC at the sheltered Bay 

site (263.83 ± 15.13 µM) were on average 1.54-times higher than those at the exposed 

Gulf site (171.87 ± 47.19 µM) (Figure 2.2).   However, seasonal variations were similar 

and showed three peaks during the study period, with maximum concentrations in 

June/July, October/November, and January/Febuary at both study sites.  Total nitrogen 

concentrations (Figure 2.3) were also generally higher at the Bay site (17.88 ± 3.25 µM; 

Gulf: 13.15 ± 1.15 µM), but the correlation of the seasonal fluctuations was not as clear 

as for the DOC.  In contrast, DIC concentrations were higher on the Gulf (1.99 ± 0.07 

mM) than on the Bay side (1.54 ± 0.18 mM) (Figure 2.4).  

The pore water DOC concentrations were about 2.6-times (Gulf site) and 4.8-

times (Bay site) higher than the associated water column concentrations (Figures 2.5, 

2.6).  Seasonal comparisons of the DOC concentrations integrated over the upper 12 cm 

of the sediment show a correlation between the two study sites (r2 = 0.68) with 

oscillations on a two-month time scale (Figure 2.7).  The general shape of the profiles at 

both sites showed a maximum concentration in the surface layer, a minimum at 6 to 7 cm 

depth, and increasing concentrations below that depth.  

The concentration of total organic carbon in the upper 1 cm of Gulf-side sediment 

was on average 0.10 ± 0.02 %, with a stable carbon isotope composition, δ13CPDB, of -

22.12 ± 0.62 ‰.  Corresponding values at the Bay site were 0.19 ± 0.11 % and -18.65 ± 

2.03 ‰. 

 

Flux measurements 

 The flux measurements from the advection chambers revealed that permeable 

sediments can act as a sink and a source of DOC (Figure  2.8).   At the Gulf site during 

winter months, DOC fluxes were relatively low and similar in the dark and light 

chambers, ranging from 25 to -25 mmol m-2 d-1.  Positive values represent a flux directed 

from the sediment into the water.  In the spring, fluxes were directed into the sediment 

and ranged from -50 to -70 mmol m-2 d-1 in the dark chambers and from -40 to -140 mmol 
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m-2 d-1 in the light chambers.  During the summer, fluxes ranged from -40 to -155 mmol 

m-2 d-1 in the dark chambers and from 40 to -40 mmol m-2 d-1 in the light chambers.  At 

the Bay site, the sands acted as a source of DOC in the late winter and spring in both the 

light and dark chambers, with rates of about 50 to -20 mmol m-2 d-1.  In the summer and 

early winter, the Bay sands acted as a sink for DOC with rates of about 0 to -100 mmol 

m-2 d-1, with the exception of the diffusive chamber in the summer which had a rate of 

about 130 mmol m-2 d-1.   

 

Flume experiment 

Intitial pore water DOC concentrations in the Gulf sediment used for the flume 

incubation ranged between 0.4 mM near the surface (0-2 cm) and 0.2 mM between 2 and 

6 cm depth.  The sedimentation of phytoplankton onto the permeable sediment caused an 

increase of DOM concentrations in pore water over the sampled depth range (0-5 cm), 

with pronounced increases in the surface layer between 0 and 2 cm depth (Figure  2.9).  

The relatively steep concentration gradient between the surface layer (0-2 cm) and the 

deeper sediment layers indicate that DOM resulting from the degradation of the deposited 

algal cells was transported into and through the sediment by advective pore water flows.  

Therefore, the spatial distribution of the total dissolved nitrogen in the pore water was 

similar to that of the DOC, with a similar concentration drop below 2 cm (Figure 2.10).  

DOC and TN both showed highest concentrations in the downstream slope of the mounds 

where the pore water that had entered through the upstream and downstream intrusion 

zones converged and was released from the sediment. 

 

Discussion 

 

Time Series 

The time series demonstrates that different DOM concentrations exist between the 

exposed Gulf site and the protected Bay site, as a consequence of different organic matter 

input and different physical and biogeochemical characteristics between the two sites.  

The influx of DOM-rich water from the Apalachicola River, which feeds into the bay, 

contributes to the higher DOC and TN concentrations measured at the Bay site.  
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Abundant seagrass at this site may add to the DOC when decaying.  Riverine dissolved 

organic matter consists of remains of terrestrial organic matter that is already highly 

degraded.  This matter, once thought to be resistant to bacterial degradation, may actually 

undergo rapid regeneration in the ocean (Hedges et al., 1997).  Some estuarine 

environments have demonstrated dynamic DOC cycling; in several estuaries on the east 

coast of the United States, riverine DOC was removed and marine-derived carbon 

became dominant further from the river source (Peterson et al. 1994).  Thus, DOC 

distributions in estuaries are not always the result of conservative mixing between high 

and low salinity endmembers.   

The Bay side sediment has a higher POC content that is enriched in 13C relative to 

the Gulf side sediment.  The stable carbon isotope composition of Bay side sediment is 

close to that of plants that use the C4-dicarboxilyc acid pathway, i.e. sea grasses and salt 

marsh plants (δ13C values ranging from -9 to -23‰) (Smith, 1972; Rounick and 

Winterbourne, 1986).  Thus, we can conclude that the salt marshes and seagrass beds 

contribute a large fraction of the POC in the Bay sediment.  This particulate matter 

settling onto the bare sand sediment is degraded and flushed into deeper layers and 

contributes to the pore water DOC.  Marine phytoplankton has a relatively narrow range 

of δ13C values, -28 to -18‰ (-23 to -18‰, excluding lower temperature polar latitude 

waters) (Sharp, 2007); and the composition of organic carbon in Gulf side sediment falls 

within this range, indicating the primary source of carbon here is from marine 

phytoplankton. 

Production and consumption in the estuarine mixing zone have a strong influence 

on the DOC dynamics.  At our Bay site, riverine input, decaying debris of salt marsh 

plants and seagrass contribute to the POC and DOC pools as well as marine organic 

matter that is carried into the Bay with the tidal currents.   Despite these diverse factors, 

the “baseline” DOC concentration in the Gulf water was relatively constant during the 

study period (130-150 µM) and about a factor of 0.61 lower than the baseline 

concentrations at the Bay site (240-270 µM).  Superimposed to the baselines we 

measured three distinct peaks in June/July 2006, September/October 2006, and 

January/February 2007.  These peaks were recorded at both sites, suggesting that they 

were caused by large-scale processes, e.g. storm events (summer and fall 2006) and 



 36 

increased river discharge (winter 2007).  Peak values exceeded baseline values by factors 

of 1.65 (Gulf) and 1.24 (Bay) suggesting that the episodic events boosting DOC had a 

stronger influence on the Gulf site ecosystem.  The 2006 Bay DOC peaks preceded the 

Gulf DOC peaks by two to three weeks suggesting a terrestrial origin of the processes 

causing these maxima.  In mid-June 2006, tropical storm Alberto hit our study sites, and 

in mid-August 2006, Hurricane Ernesto affected the northeastern Gulf of Mexico.  Both 

storms caused heavy rainfall, which flushed nutrient-rich water into the coastal zone, 

triggering phytoplankton blooms (Laschet et al., in prep).  The DOC peaks occurred at 

both study sites approximately one month after the precipitation peaks, reflecting the 

decay patterns of the phytoplankton blooms following the storms.  The pronounced DOC 

peak we observed at the Gulf and Bay sites in winter 2007 is interpreted as a consequence 

of enhanced river discharge and associated plankton growth.  The discharge of the 

Apalachicola River, the main source of fresh water for Apalachicola Bay, reaches a 

maximum during winter/early spring (maximum January 2007: 17,000 m3 s-1), and the 

high discharge increases nutrient concentrations in the Bay and adjacent waters, fueling 

phytoplankton growth.  Seasonal DOC variations corresponding with river discharge is a 

common phenomenon (Cauwet et al., 2002), however at our study sites, water discharge 

appears to have influenced DOC concentrations mostly by indirect effects, i.e. by 

triggering plankton blooms.  This hypothesis is supported by the average C/N ratios in 

the Bay and Gulf (15.46 ± 2.93 and 13.97 ± 3.64), which reveal a relatively nitrogen-rich 

or labile composition of the DOM, as would result from the decay of recently produced 

organic matter.   Further evidence for this hypothesis is provided by the overlap of the 

water column total nitrogen and DOC maxima indicating again a DOC source originating 

from decaying plankton.  However at the Gulf site, the June/July 2006 peak was not 

supported by the TN, and that DOC peak was also proportionately much higher than the 

corresponding peak at the Bay site, suggesting that an additional DOC source, low in 

nitrogen, contributed to this peak.  Because this peak coincided with a major storm, 

refractory DOC release from sediment is a likely cause.  This would also explain why this 

peak was more pronounced at the Gulf site, as this exposed site was more affected by the 

storm waves compared to the protected Bay site. 
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Average DOC concentrations in the pore water at our study sites exceed those in 

the water columns by factors of 2.60 (Gulf site) and 4.82 (Bay site), as is consistent with 

other observations in both estuarine, continental margin, and deep-sea sediments (Alperin 

et al., 1999; Burdige et al., 1999; Papadimitriou et al., 2002).  The concentrations at the 

Bay site are on average 1.85-times higher than at the Gulf site due to (1) a higher organic 

content in the Bay sediment and (2) a lower pore water flushing rate at that site.  The 

average organic carbon content in the Bay sediment (0.19%) was twice as high as that in 

the Gulf sediment due to higher terrestrial input and ensuing higher productivity in the 

Bay.  Greater hydrodynamic forcing at the Gulf site from exposure to the open ocean 

causes more intense flushing of the upper sediment layers, leading to the removal of 

DOC diffusing upwards from deeper sediment layers, and to enhanced degradation of 

labile water column DOC pumped through the sediment surface layer by benthic 

microbes.  Stronger surf action and the consequent enhanced oxygen transport into the 

bed support aerobic microbial communities that catalyze a rapid degradation processes.  

This enhanced sedimentary decomposition activity, coinciding with a lower primary 

productivity at the Gulf site, resulted in higher DIC concentrations (on average a factor of 

1.3) at the Gulf site (Figure 2.4). 

Differences in transport processes and biogeochemical reactions cause variations 

in DOC pore water concentrations.  For example, DOC profiles from anoxic sediments, 

in which diffusion dominates transport and sulfate reduction dominates organic matter 

remineralization, are often seen to increase exponentially with depth (Alperin et al., 1999; 

Burdige, 2001; Burdige, 2002).  Oxic sediments that are mixed by bioturbation and 

bioirrigation tend to maintain constant DOC concentrations in the mixed upper sediment 

layers (Burdige, 2001; Burdige, 2002).  At the Gulf site, the average (all months) DOC 

pore water concentrations ranged from 395 µM (minimum at 5 cm depth) to 685 µM 

(maximum at 11 cm depth).  At the Bay site, the average concentrations ranged from 975 

µM (minimum at 7 cm depth) to a maximum of 1843 µM at 11 cm depth.  The general 

shape of the profiles was similar with the occurrence of a minimum at approximately 5 to 

7 cm depth and increased concentrations in the surface layer (0 to 2 cm) and in the deeper 

layers.  The shape of these profiles suggests two sources of DOC: the deeper sediment 

layers and the sediment surface layer flushed by the overlying water column.  Plankton 
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deposition and benthic primary production increase DOC at the sediment surface.  

Flushing of the surface layer down to approximately 5 cm depth, as indicated by the pore 

water nutrient concentration profiles (Higgs, in prep), and associated increased microbial 

activity in the sediment causes the minimum at 5 to 7 cm depth.  Below that layer, 

concentrations increase due to refractory DOC diffusing upward from deeper sediment 

layers.  

The rate of organic matter decay is largely influenced by the sedimentary 

environment (Henrichs, 1992).   The decay rates affect pore water DOC concentrations 

and can thus vary with sediment type. Arnosti (1995) showed that polysaccharide 

hydrolysis rates were higher in surface mud samples (0-2 cm) and in black-banded sands 

(5-10 cm) than in sandy muds (10-14 cm).  Comparison of the two sites in this study 

demonstrates that the different sediment environments result in different pore water DOC 

concentrations caused by differences in organic matter deposition, interfacial transport, 

and the sedimentary biogeochemical environment. 

Pore water DOC concentrations that are elevated over water column DOC 

concentrations lead to sediment-water fluxes in shallow and deep-sea areas (Burdige et 

al., 1999; Papadimitriou et al., 2002).  Since the pore water DOC concentrations are 

greater than that in the water column at both our sites and exchange occurs between the 

water column and the sediment, it is expected that pore water fluxes contribute to the 

pool of DOC in the water column.  At our study sites, we observed a coupling between 

pore water and water column DOC concentrations in the winter (Figures 2.11, 2.12) when 

hydrodynamic mixing was strongest.  During the summer, pore water and water column 

DOC concentrations were not correlated, suggesting that during this calmer period the 

reduced hydrodynamic flushing led to a decoupling of sediment and water column DOC. 

 

Flux measurements 

Our advection chamber measurements demonstrated that permeable sands can act 

as a source and a sink for DOC.  While during spring, summer, and winter, the Gulf 

sediment acted as a sink for water column DOC, DOC efflux from the sediment was 

recorded during our light chamber measurements in August.  The Bay sediment, which is 

less permeable than the Gulf sediment, acted primarily as a source of DOC in the late 
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winter and spring and as a sink for DOC in the summer and early winter.  In general, 

fluxes were lowest in the chambers where diffusion dominated transport in the sediment 

surface layer and highest in the chambers where the largest pressure gradient was applied 

at the sediment-water interface.  Highest rates of DOC uptake (-40 to -140 mmol m-2 d-1) 

occurred at the Gulf site during the spring, reflecting high benthic organism activity.  In 

contrast, we observe DOC fluxes into the Gulf water from the light chambers at moderate 

and high advective settings during summer.  Under nutrient-limited conditions, 

phytobenthos can produce large quantities of DOM that may have caused positive DOC 

fluxes in late summer during the day.  At the Bay site during the summer, we observed 

high production of DOC in the light diffusive chamber, which was probably due to an 

organism enclosed inside the chamber that released DOC.  In fall/early winter, when 

water column nutrient concentrations increased again (Higgs et al., in prep), the 

sediments (both Gulf and Bay) acted again as sinks for DOM.  These results suggest that 

these sands contribute to the degradation of labile DOC in the coastal zone.  

The uptake of DOM is observed in the sediment regardless of the upwelling of 

DOM that is produced in deeper sediment layers during the degradation of POC.  During 

the slow upward diffusion of this DOC, the labile components are degraded and the 

material that reaches the sediment surface layers is mostly refractory.  For instance, 

Alperin et al. (1999) measured a DOC flux from continental slope sediments of 2.2 ± 1.9 

µM d-1 during 10 day shipboard incubations in flux chambers, and these flux values 

indicated that only 2% of the DOC escapes remineralization and was transported out of 

the sediment.  In contrast, fresh DOC produced by phytoplankton cells in the shallow 

water column is highly labile and can be readily degraded as it is forced into and through 

the upper sediment layers.  In the Gulf sediments, influx and degradation of this labile 

DOC overwhelmed the diffusion of refractory DOC from deeper layers, resulting in the 

observed net uptake of DOC. 

Burdige et al., 1999, measured an average coastal sediment carbon oxidation rate 

of 14.7 mmol m-2 d-1 and an average benthic DOC flux from coastal sediments of 0.91 

mmol m-2 d-1, showing that sediments are efficient in oxidizing DOM.  These relatively 

small fluxes represent release of DOC from organic-rich muddy sediment, while we 

measured DOC uptake in organic-poor sandy sediments that experience greater flushing 
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with DOC-containing bottom water.  Laboratory column experiments showed that labile 

DOC is rapidly degraded when passed through only a few centimeter-thick layers of 

permeable sediment (Chapter 1).  Bioreactive components of DOC flushed with the 

advective pore water flows through the surface layer of the sand, thus, can be effectively 

removed and can turn filtering sand beds into net sinks of DOC.  The refractory portion is 

stored in the sediment and eventually released (Hedges and Keil, 1995).  From these 

results, we see that permeable sediments contribute to the degradation of DOC in the 

coastal zone. 

The sediment carbon oxidation rates from our experimental studies with column 

reactors (Chapter 1) can be used to estimate the magnitude of the DOC flux.  Degradation 

rates of riverine and diatom-derived DOC flushed through column reactors with lengths 

corresponding to the pathlengths of flow through the sediment surface layer and filled 

with sediment from the Gulf site, ranged from -20 mmol C m-2 d-1 to -323 mmol C m-2 d-1.  

These rates are comparable to those measured with the in-situ advection chambers (Table 

2).  While others have measured releases of DOC from sediment (Burdige et al., 1999; 

Alperin et al., 1999; Jahnke, 2001), these studies primarily looked at muddy sediments 

from the continental margin.  The permeable sediments examined in this research have 

the potential to act as sinks because interstitial flows permit rapid transport of bottom-

water DOC into the sediment.  The flume experiment demonstrates how sedimentation of 

phytoplankton can lead to a large increase of DOC concentrations in permeable sands due 

to the pumping of water through the surface layer.   

 

Flume experiment 

The flume experiment simulated the effect of the deposition of a phytoplankton 

bloom on the surface of permeable sediment (retrieved from the Gulf site).  Flume 

currents flowing over the topography on the incubated sediment core drove water into the 

sediment at high-pressure areas up and downstream the mounds, while pore fluid was 

upwelled in low-pressure areas on the downstream slope of the mounds (Precht and 

Huettel, 2003).   Benthic primary production and the decomposition of the sedimented 

algae cells produced DOM at the sediment surface.  Microscopical analysis revealed that 

algal cells and benthic diatoms penetrated with the pore water flows down to 1 cm into 
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the sediment.  The interfacial water flows associated with the mounds transported DOC 

evolving from the degradation of this particulate organic matter deeper into the sediment.  

The analysis of DOM in the pore water revealed the spatial distribution of the dissolved 

organic carbon and dissolved nitrogen in permeable sediment affected by this pore water 

exchange.  Highest DOM concentrations were measured in the uppermost sediment 

layers (0-2 cm, Figures 2.9, 2.10) and concentrations decreased towards the deeper 

layers.  These pore water profiles resembled the pore water profiles measured in situ and 

contrast with the typical DOC profiles reported from muddy estuarine and coastal 

sediments that consistently show an increase of the DOC concentration with sediment 

depth.   The similarities between the in situ and experimental pore water profiles suggest 

that this process is also affecting the DOC distribution in the permeable sublittoral sands 

investigated in this paper.  DOM produced from the degradation of particulate matter that 

settled onto the permeable sediment is flushed into the sand where the labile components 

are effectively degraded.  This subsurface degradation combined with the flushing of the 

surface layer results in the observed DOC minimum between 3 and 9 cm sediment depth 

at the Gulf and Bay study sites.  Below this layer, the upward diffusion of refractory 

DOC causes an increase of DOC.  

 

Conclusions 

Our study reports DOC concentrations and dynamics in two coastal environments 

characterized by permeable sediments.  During the winter season when strong waves and 

currents produce highest advective pore water exchange, water column and sediment 

DOC concentrations were coupled, while during the rest of the year, no direct link 

between water column and sedimentary DOC could be detected.  With advection 

chambers that simulate the natural advective pore water exchange, I show for the first 

time that these permeable sediments can act as sinks for DOM by filtering seawater 

through pore spaces lined with microbial biofilms.  DOC pore water profiles in a 

sediment core from the Gulf site incubated in a laboratory flume showed that the 

sedimentation and ensuing degradation of phytoplankton can produce DOC pore water 

profiles with maximum concentrations in the surface layer and dropping concentrations 

below as observed in situ.  This research demonstrates that permeable coastal sediments 
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have the potential to influence the fate of DOC in the coastal zone and thereby the 

composition of organic carbon in the oceans. 
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CONCLUSIONS 

 

This research reveals the importance of permeable sediments to the cycling of carbon 

in the coastal ocean.  Laboratory column experiments showed that (1) degradation of 

DOM derived from diatoms and river water was significantly increased when passing 

through thin layers of sandy surface sediments, (2) sedimentary decomposition rates in 

the sediment exceeded those in the water column by a factor of 7 for our column settings, 

and (3) DOC mineralization rates remained unchanged when pore water velocity was 

increased from 2 to 5 cm h-1 pore water fluid front velocity.  The short pathways of DOM 

through the ripples and the surface layer of coastal sands leads to rapid decomposition of 

dissolved organic matter (2.15 to 124.04 µmol l-1 h-1) by the microbial community present 

in the sediment.  A rough estimate suggests that this biocatalytical filtration may 

mineralize 7.3 mol C m-2 y-1. 

The measurements of water column and pore water DOC concentrations at St. 

George Island produced the first DOC time series for two shallow Gulf of Mexico coastal 

environments showing DOC ranges and temporal dynamics.  Water column DOC 

concentrations ranged between 129.6 µM and 334.6 µM, and total nitrogen (TN) between 

7.9 µM and 26.8 µM.  DOC and TN were 1.54 and 1.36-fold higher at the sheltered Bay 

site compared to the exposed Gulf site.  In contrast, dissolved inorganic carbon (DIC) 

concentrations were higher at the Gulf site with a range of 1.3 mM to 2.1 mM, suggesting 

less DIC consumption at the exposed site.  Although pore water DOC concentrations 

integrated over the upper 12 cm were approximately twice  (Gulf site) and 5-times (Bay 

site) higher than the respective water column concentrations, measurements with in-situ 

advection chambers indicated that the permeable sediment acted as a sink for labile water 

column DOC except during the summer.  Seasonal water column and pore water DOC 

maxima correlated during the winter season but not in the summer.  This correlation is 

due to the rapid exchange and DOM mineralization in the surface layer relative to the 

slow upward diffusion of refractory DOC from deeper layers.  Incubation of a sediment 

core in a laboratory flume showed degradation of a settled phytoplankton bloom can 

reproduce the DOC pore water profiles observed in the field. 
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These results contribute to the understanding of DOC dynamics in coastal zones.  

Coastal sand beds can both as a sink for labile DOC and a source for refractory DOC and 

therefore have the potential to influence the fate of DOC in the oceans.  
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TABLES 

 

Table 1.1: Summary of the experimental settings and measured rate values for all of the 
experiments. 
 

Experimental Settings Rate of DOC consumption  
(µmol l-1 h-1) 

Rate of DIC/ DI13C 
production  
(µmol l-1 h-1) 

# Flow 
speed 
(ml h-1) 

DOC 
source 

Initial 
[DOC
] 
(µM) 

Sterile  Natural Sterile Natural 

I-A 50 ± 3 Diatoms  370 36.05 ± 

3.70 

85.76 ± 4.26 23.69 ± 

1.18 

47.16 ± 

1.29 

I-B 45 ± 5 Riverine 
water 

615 16.68 ± 

8.29 

36.63 ± 4.29   

I-C 55 ± 10 Diatoms 
and 
riverine 
water 

616  -97.87 ± 185.37 

(10 cm) 
52.31 ± 23.85  

(20 cm) 
76.36 ± 25.18 

(30 cm) 
93.96 ± 28.35 

(40 cm)  
62.80 ± 41.05 

(50cm) 

  

II 40 ± 5 13C-
labeled 
algae 

200 70.28 ± 

24.42  

124.04 ± 23.26 0.008 ± 

0.035 

2.15 ± 

0.47 

III 21 ± 5/ 

55 ± 5 

13C-
labeled 
glucose 

500    34.30 ± 

11.06 
5.12 ± 

3.19 * 
(*in 
water) 
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Table 2.1: Comparison of DOC fluxes at the sediment-water interface measured from my 
experiments to other research. 
 

Flux measured 
 

Rate Reference 

DOC flux from continental 
slope sediments  

2.2 µM d-1 Alperin et al., 1999 

Sediment carbon oxidation 
in coastal sediments 

14.7 mmol m-2 d-1 Burdige et al., 1999 

Benthic DOC flux in coastal 
sediments 

0.91 mmol m-2 d-1 Burdige et al., 1999 

Benthic fluxes near Atlantic 
shelf break 

1-2.5 mol m-2 y-1 Jahnke (in jorgenson, 2001) 

Benthic DOC fluxes in 
permeable Gulf of Mexico 
sediment (light chambers- 
spring) 

40 - -140 mmol m-2 d-1 Chapter 2 

Dark- spring -50 to -70 mmol m-2 d-1 Chapter 2 

Benthic DOC fluxes in 
permeable Gulf of Mexico 
sediment (light chambers- 
summer) 

40 - -40 mmol m-2 d-1 Chapter 2 

Dark- summer 40 to -155 mmol m-2 d-1 Chapter 2 

Light and dark- winter 
 

25 to -25 mmol m-2 d-1 Chapter 2 

DOC degradation in 
sediment columns 

-20 to -323 mmol C m-2 d-1 Chapter 1 
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FIGURES 

 

 

Figure 1.1: Simulation of advective pore water flows under a rippled sand bed by a 
column reactor.  The yellow cylinder indicates the sediment represented by the column 
reactor.  The pore water velocity is constant along the streamline. 
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F 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2: Study site at the Gulf side of St. George Island. FL.
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Figure 1.3: Experimental set-up of Experiment I- Part A. 
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Figure 1.4: Experimental set-up of Experiment I- Part B. 
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Figure 1.5: Experimental set-up of Experiment I- Part C. 
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Figure 1.6: Experimental set-up of Experiment II. 
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Figure 1.7: Experimental set-up of Experiment III. 
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Figure 1.8: The rate of DOC loss measured in sterile and natural sediment columns from 
Experiment I- Part A.  The standard deviations refer to the average of ten replicate 
measurements.  
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Figure 1.9: The percent of DOC lost from sterile and natural sediment columns in 
Experiment I- Part A.
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Figure 1.10: The rate of DIC production measured in Experiment I- Part A. 
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Figure 1.11: The rate of TN removal measured in Experiment I- Part A. 
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Figure 1.12: The rate of DOC loss measured in Experiment I- Part B.  The standard 
deviations refer to the average of 15 replicate measurements taken over 4 days. 
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Figure 1.13: The rate of TN loss measured in Experiment I- Part B.
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Figure 1.14: DOC loss as a percent of the total, measured in Experiment I- Part C. 
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Figure 1.15: Rates of DOC loss over each 10 cm interval measured in Experiment I- Part 
C. 
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Figure 1.16: Rate of DI13C production measured in Experiment II.  Standard deviations 
refer to 2 measurements taken from 6 replicate columns, total n = 12.



 63 

 
 
Figure 1.17: The rate of DI13C production measured in Experiment III in sediment and 
water flushed at 2 different flow velocities.
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Figure 1.18: The average rate of DI13C production measured in Experiment III in 
sediment and water. 
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Figure 2.1: The study sites at the Gulf and Bay sides of St. George Island Florida.  The 
Gulf side is exposed to the open ocean and experiences more hydrodynamic energy, 
whereas the Bay faces the main land and is more protected.
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DOC Time Series 2006-2007
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Figure 2.2: DOC concentrations in the water column at the Gulf and Bay sites from 
February 2006 through April 2007.
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TN Time series 2006-2007

0

5

10

15

20

25

30

J F M A M J J A S O N D J F M A

Month

C
o

n
c
 (
!

M
)

Gulf

Bay

 
 
Figure 2.3: TN concentrations in the water column at the Gulf and Bay sites from May 
2006 through April 2007.
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DIC Time Series 2006-2007
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Figure 2.4: DIC concentrations in the water column at the Gulf and Bay sites from 
February 2006 through April 2007.
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Figure 2.5: DOC concentrations in the top 12 cm of pore water at the Gulf site over 9 
months (July 2006 through March 2007).
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Figure 2.6: DOC concentrations in the top 12 cm of pore water at the Bay site over 9 
months (July 2006 through March 2007).
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Figure 2.7: DOC concentrations integrated over the top 12 cm of the sediment cores 
from the Gulf and Bay sites (July 2006 through March 2007).  R2 = 0.68. 



 72 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8: Benthic DOC fluxes resulting from measurements with advection chamber 
experiments at the Gulf and the Bay study sites. 
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Figure 2.9: DOC distribution underneath a sediment mound exposed to unidirectional 
flow. The concentrations represent an average of samples taken from 3 mounds. 
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Figure 2.10: TN distribution underneath a sediment mound exposed to unidirectional 
flow. The concentrations represent an average of samples taken from 3 mounds. 
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Figure 2.11: DOC concentrations in the water column and in the top 12 cm of pore water 
at the Gulf site from July 2006 through March 2007. 
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Figure 2.12. DOC concentrations in the water column and in the top 12 cm of pore water 
at the Bay site from July 2006 through March 2007. 
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