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by 

William G. Reay 

George M. Simmons, Jr., Committee Chairman 

(ABSTRACT) 

Utilizing field and modeling methodology, the effects of benthic micro- 

communities and physical transport mechanisms on sediment nutrient flux were 

investigated for two nearshore sediment types on Virginia’s Eastern Shore. Subtidal 

sandy mineral sediments were conducive to water transport and subsequently 

influenced by groundwater discharge to a greater degree than less permeable organic 

silt-clay sediments. Sediment ammonium and dissolved inorganic phosphorus (DIP) 

fluxes were strongly dependent on benthic aerobic respiration rates for silt-clay 

sediments as compared to sandy substrates. Jn situ studies indicated a significant 

decrease in ammonium and DIP fluxes as a result of nutrient uptake by benthic 

microalgal communities. 

The importance of advective solute transport mechanisms within nearshore 

sediments was demonstrated by a one-dimensional, steady-state model for a 

conservative substance. By incorporating dispersive and advective transport



mechanisms, model predictability for chloride sediment flux was significantly 

improved as compared to a diffusion based model. Model results indicated that 

velocity associated transport of solutes, driven by elevated upland hydraulic heads, are 

significant and can dominate over diffusive flux in sandy sediment. In contrast, silt- 

clay sediment solute fluxes were dominated by dispersive processes. 

The importance of sedimentary nutrient flux in a shallow coastal embayment 

was demonstrated by short water column DIN and DIP turnover times with respect to 

sediment nutrient fluxes, by the significance of ammonium and DIP sediment nutrient 

fluxes with respect to phytoplankton nutrient assimilation demands, and by the relative 

importance of benthic respiration with respect to water column primary productivity. 

In order to evaluate water quality impacts of groundwater discharge on a larger 

scale, a surface, groundwater, and in situ groundwater discharge water quality survey 

was conducted in a shallow estuarine embayment. Sediment inorganic nitrogen fluxes 

were elevated adjacent to agricultural fields without benefit of a vegetative buffer. 

Nitrogen contributions from direct groundwater discharge and groundwater derived 

creek inputs appear to be of significant importance in terms of water quality and 

phytoplankton nitrogen assimilation demands. 

In summary, this study highlights the importance of nearshore sediments with 

regards to estuarine nutrient water quality and ecological processes. Neglecting 

groundwater discharge as a nutrient source and transport mechanism and potential 

biotic effects occurring at the sediment-water interface may lead to serious 

misinterpretation of data and error in water quality strategies.
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1. Introduction and Study Objectives 

1.1 Introduction 

The excessive amounts of nutrients entering the Chesapeake Bay system are a 

primary cause of eutrophication and other adverse impacts that affect the Bay and its 

tidal tributaries (U.S. EPA, 1982). Other contaminants such as pathogens, heavy 

metals, and synthetic substances compound the situation. Although considerable 

research has been devoted to defining and quantifying material input into the 

Chesapeake Bay system, efforts have focused primarily on point source and nonpoint 

source surface runoff contributions. Recent evidence, however, suggests that sediment 

sources and groundwater transport of solutes is significant in many coastal regions. 

Of the research dedicated to the conservation of Chesapeake Bay and even to 

the specific problem of nutrient loading, relatively little attention has been focused on 

nearshore sediments and the direct contribution of groundwater. Overlooking 

nearshore sediment processes and groundwater discharge as both a source and 

transport mechanism of pollutants may lead to misinterpretation of data, which could 

compromise the effectiveness of water quality management strategies. 

1.2 Study Objectives and Experimental Design 

This research addresses pertinent issues of concern to coastal water quality 

restoration efforts. In particular, the work examined the influence of physical and



biological processes on benthic solute exchanges with the overlying water column, and 

the importance of benthic-pelagic interactions in nearshore estuarine waters. There 

were four major research objectives of the study: 

1. To examine the influence of benthic microautotrophic and 

microheterotrophic communities on nutrient exchange across the sediment- 

water interface (Section 5); 

2. To differentiate and quantify the relative importance of advective and 

dispersive transport mechanisms in solute exchange across the sediment-water 

interface for two principal Chesapeake Bay sediment types (Section 6); 

3. To quantify the degree of benthic-pelagic interactions with respect to water 

column nutrient turnover times, phytoplankton nutrient assimilation demand, 

and aerobic decomposition of pelagic primary productivity products (Section 

7); and 

4. To assess the degree of coupling between shallow groundwater quality and 

nearshore sediment nutrient flux (Section 8). 

In order to address these research objectives, a multidisciplinary approach 

employing field and modeling techniques was used. The basic experimental approach 

is outlined in Figure 1.1. Field efforts were concentrated in four basic areas of 

interest: 1) upland groundwater quality and basic hydrology, 2) nearshore sediment 

solute exchanges with the overlying water column, 3) pelagic and benthic productivity



studies, and 4) surface and groundwater discharge surveys. In addition to field 

exercises, a sediment solute transport model was developed to quantify the importance 

of physical processes affecting the direction and magnitude of solute flux across the 

sediment-water interface. 

Field experiments were conducted at two sites from May 1990 to July 1991. 

Sites were differentiated by sediment type and water discharge rates across the 

sediment-water interface. Sediment types were characterized as to physical properties 

and consisted of sandy substrates conducive to water transport and silt-clay substrates 

with decreased abilities for water transport. Each site consisted of two sampling 

stations located adjacent to either agricultural or forested land.
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2. Literature Review 

The purpose of this literature review is to show the importance and influence 

of groundwater with respect to the aquatic properties and processes of the Chesapeake 

Bay and its tidal tributaries. The review begins with a presentation of background 

information followed by a review of pertinent literature on the following topics: 

Groundwater discharge in similar aquatic systems 

Geohydrologic characteristics of the mid-Atlantic coastal plain 

Coastal aquifer classification and interfaces 

Solute transport and fate considerations 

Groundwater quality within the Chesapeake Bay system 

Signiticance of groundwater discharge into the Chesapeake Bay system 

2.1 Groundwater Discharge and Aquatic Systems: Related Research 

The magnitude of groundwater input into Chesapeake Bay and its tidal 

tributaries, in terms of both volume and solute concentration, is currently unknown. 

Several studies, however, have documented that groundwater contributions of fresh 

water to lacustrine (Brock et al., 1982; Belanger and Mikutel, 1985; Shaw et al., 

1990; Cherkauer and McKereghan, 1991) and estuarine systems (Bokuniewicz, 1980; 

Simmons, 1989) can be substantial. Nonpoint source nutrient contributions to surface 

waters through groundwater discharge have also been found to be significant and in



some cases to exceed that of surtace water inputs to lacustrine (Shaw et al., 1990), 

estuarine (Johannes, 1980: Seweil, 1982; Johannes and Hearns, 1985; Capone and 

Bautista. 1985; Lee and Olsen. 1985; Zimmermann et al., 1985: Simmons. 1989: 

Giblin and Gaines, 1990) and marine environments (Marsh, 1977: D’Elia et al., 1981: 

Lewis, 1987: Simmons and Netherton, 1987, Simmons, 1992). Researchers have 

found that groundwater contributes a large percentage of the nutrient requirements 

necessary to support estuarine and marine pelagic and benthic primary production 

(Marsh, 1977; Johannes and Hearns, 1985: Valiela et al., 1990). In addition, 

groundwater nutrient inputs have been implicated in the eutrophication of surface 

waters (Sewell, 1982) and subsequent changes in food chains (Lee and Olsen, 1985; 

Valiela et al.. 1990). 

Submarine groundwater discharge and advective transport of water and solutes 

across the sediment-water interface also have been demonstrated in offshore 

environments. Regions of localized submarine groundwater discharge have been 

identified along the southeastern Atlantic continental slope (Manheim, 1967; Zektzer, 

1973). Riedl et al. (1972) discussed the importance of subtidal pumping of water 

through sediment in the continental shelf region of southeastern United States and 

extrapolated from various sources to predict such effects on a global scale. Using 

estimates of coastal shelf area, sediment profile characteristics, and wave conditions, 

the authors postulated that approximately 96,000 km’ of seawater per year are 

exchanged across the sediment-water interface by subtidal pumping on a global scale.



Given this volume. the entire ocean could be filtered through the sediment over a 

period of 14,000 years - 25% of the time required for the same volume of water to 

enter by rivers. 

Groundwater discharge has also been linked to biological zonation in coastal 

regions. Research has demonstrated a direct relationship between biological zonation 

of organisms and the discharge of less saline water across the sediment-water interface 

(Kohout and Kolipinski, 1967; Williams et al., 1991). This finding could have far 

reaching repercussions, potentially affecting such biotic and abiotic factors as species 

diversity and distributional patterns, and biomass and energy transfers. Other studies 

have implicated groundwater seepage as a marker in the detection and recognition of 

breeding grounds for sea turtles (Koch et al., 1969) and teleosts (Harden Jones, 1980). 

2.2 Geohydrologic Characteristics of the Mid-Atlantic Coastal Plain 

A basic knowledge of regional geologic formations is necessary to understand 

the process of groundwater movement to the Bay system and aquifer vulnerability to 

contamination. The mid-Atlantic coastal plain is characterized by a seaward- 

thickening wedge of unconsolidated sediments overlying a crystalline rock basement. 

The fall line represents the western boundary of these sediments. Unconsolidated 

sediments primarily consist of mineral gravels, sands, silts, clays, biogenic material, 

and minor amounts of indurated shell; these sediments vary in age from Lower 

Cretaceous to Quaternary. The rock basement is believed to be similar to Piedmont



complexes. which consist primarily of igneous and metamorphic rocks ranging in age 

trom Precambrian to Lower Paleozoic (Siudyla et al.. 1977: Daniels and Leo. 1985: 

Meng and Harsh. 1988). The depth to the crystalline basement rock generally 

increases trom zero meters at the fall line to 2.100 meters at the shoreline (Spangler 

and Peterson. 1950). 

Formations and sediment characteristics determine the tvpes of aquifers, if any, 

that are present. An aquifer 1s a geologic formation characterized by its capacity to 

transmit or vield a significant amount of water (Bouwer. 1978: Bear. 1979). Whether 

such a formation is defined as an aquifer is determined by the adequacy of its yield, 

which is relative to the need. Hydraulic conductivities within the aquifers and 

confining units range trom 3 to 30 meday” and from 3 X 10° to 3 x 10% meday" , 

respectively (Silka. 1984). 

Aquiters may be classified as either unconfined or confined. The water table 

marks the upper boundary of an unconfined aquifer, which interacts directly with the 

atmosphere through the open pore spaces of the sediment. Contined aquifers are 

constrained above and below by less permeable or impervious formations, typically of 

clay or crystalline rock. Thus. direct contact between confined aquifers with the 

atmosphere occurs only within recharge zones - areas of unconfined outcrop or 

subcrop where the aquifer is exposed to the surface or lies under shallow soil surfaces. 

In general. recharge of confined aquifers within the Bay area occurs in narrow 

subcrops and outcrops that are approximately parallel to the fall line (Figure 2.1).



The unconsolidated sediments mav be classified as belonging to several 

lithostratigraphic tormation groupings based upon the age and mode of deposition 

(Table 2.1). Straugraphic formations and hydrogeologic units of Virginia and 

Marvland’s coastal plain are classified according to Regional Aquifer-System Analysis 

classification (Meng and Harsh. 1988; Vroblesky and Fleck. 1991). The oldest 

sediments overlving the basement complex are of early Cretaceous age. These 

sediments are of nonmarine origin and constitute the Lower Potomac and Middle 

Potomac aquifers. Overlving these sediments are fluvial-marine deposition, which 

include the Upper Potomac aquifer in Virginia and the aquifers lying between and 

including the Patapsco and Severn aquifer in Maryland. Marine sediments of 

Paleocene and Eocene age encompass the Brightseat aquifer upward through the 

Chickahominy-Piney Point aquifer. These deposits are overlain by another group of 

marine-deposited sediments of Miocene and Pliocene age, which include the St. 

Marys-Choptank (or Lower Chesapeake) and Yorktown-Eastover (or Upper 

Chesapeake) aquifers. Above these units are the sediments. Pliocene to Holocene in 

age, of the unconfined surficial Columbia aquifer, a principal aquifer for the 

Chesapeake watershed. Contining units may not be laterally continuous. thereby 

allowing contact between aquifers at particular points. It should be noted that the 

actual dimensions of formations vary throughout the Bay's watershed. and some 

aquifers may not extend into certain regions. 

Marine transgressive and regressive sequences (changes in sea level driven by



glacial activity) and tectonic acuvity have been the primary tactors responsible for the 

morphology and depositional sequences within the mid-Atlantic coastal plain (Meng 

and Harsh. 1988). Given the multiple transgressive and regressive sequences of the 

ocean and the various depositional environments. the sediment profile of most coastal 

regions is not homogeneous. These conditions also tend to vield sediments that are 

anisotropic, aS opposed to isotropic sediments in which honzontal and vertical water 

flow can occur at equal rates. The combination of heterogeneous and anisotropic 

sediment conditions greatly complicates efforts to understand and simulate 

groundwater movement. 

Most of the aquifers and confining units in the Chesapeake area have been 

incised by streams or rivers at some point, which has increased the amount of contact 

between surtace-water resources and the underlying groundwater. Aquifer and 

confining-unit sediments that are eroded away are replaced with materials that are 

generally less permeable than the original aquiter materials. but more permeable than 

those of the original confining units (Harsh and Laczniak, 1990). The potential for 

interaction between an individual aquifer and the Bay or its tidal tributaries is related 

to the proximity of the aquifer to mean sea level (Figure 2.1). 

The Columbia water table aquifer is generally in direct contact with surface 

waters throughout the Delmarva Peninsula and lower lying regions of the Bay’s 

western shore. Similarly, the Yorktown-Eastover aquifer 1s in close association with 

the tidal tributaries in the southern portion of the Chesapeake Bay. In Virginia. the 
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' potential for interaction between surtace water resources and the deeper 

Chickahominy-Piney Point. Aquia. and Potomac aquifers is generally limited to the 

upper tributaries. whereas in Marviand. the upper boundaries of these aquifers 

potenuallv represent a direct connection to the Chesapeake Bav proper. 

2.3 Coastal Aquifer Classification and Intertaces 

Water within coastal aquifers flows in the general direction of adjacent surface 

waters. These flow patterns are in response to elevated hydraulic heads originating in 

upland regions. Intertaces between coastal aquifers create three typical configurations: 

(1) unconfined or phreatic aquifers: (2) confined aquifers; and (3) island freshwater, 

or Ghyben-Herzberg, lenses (Figure 2.2). Aquifer systems are replenished primarily 

by direct precipitation on unconfined outcrops/subcrops or through surface-water 

recharge. Underlying or overlying leaking aquifers also contribute to aquifer 

recharge. 

Groundwater discharge from unconfined aquifers occurs along the shoreline- 

water interface, in the intertidal zone. and offshore across the sediment-water 

intertace. Because tresh groundwater and interstitial seawater are miscible fluids, the 

boundary between these water masses is not a sharp intertace but better described as a 

zone of dispersion (Figure 2.2)(Cooper, 1959; Glover, 1959; Henry, 1964: Bear. 

1979). Consequently, submarine groundwater discharge in coastal environments is 

either a mixture of freshwater and seawater. or it is recycled seawater. As a result, 
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salinitv varies in the area of seepage. 

In addition to horizontal tlow. the introduction ot groundwater into estuarine or 

marine sediment produces a vertical flow component attributable to tresher water 

overriding the denser seawater. Seawater recirculation through the sediments 

resupplies interstitial seawater that is entrained and subsequently discharged across the 

sediment-water intertace (Cooper, 1959). Morphological dimensions of the zone of 

dispersion are determined by salinity differences between the groundwater and 

overlying surface water. the groundwater discharge rate. and tidal action (Cooper, 

1959: Glover, 1959). Depending on aquifer characteristics (i.e., if they occur in or 

adjacent to carbonate sediments or between confining units), groundwater discharge 

may occur in very localized settings such as submarine springs, or at great distances 

offshore. Major historical advances in saltwater/freshwater relationships in 

groundwater systems have been documented by Reilly and Goodman (1985). 

Spatial variations in groundwater discharge patterns have been observed in lake 

and estuarine systems. Groundwater discharge rates from unconfined aquifers 

generally decrease exponentially with increasing distance offshore (Lee, 1977; Lock 

and John, 1978: Lee et al.. 1980: Bokuniewicz, 1980; Erickson, 1981; Simmons, 

1988 and 1989). This observation is consistent with theoretical predictions for 

sediment displaying relatively homogeneous and isotropic conditions. However, 

anisotropic conditions (i.e.. variations occurring between horizontal [K,] and vertical 

[K.] sediment hvdraulic conductivities) can alter the spatial dimensions of areas where 
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groundwater enters surtace waters. K,:K. ratios have been reported to varv greatly, 

from 100 to 1000 within lake svstems (Winter. 1976). Anisotropic conditions develop 

trom variations in sedimentation and compaction. Particle orientation also atfects 

amisotropic conditions. as does the presence of solution channels in the case of 

carbonate sediments (Bear, 1979). Researchers have found that heterogeneous 

sediment conditions force groundwater to discharge further offshore than theoretically 

predicted (Kohout. 1964: Johannes and Hearns, 1985; Lee et al., 1980; Barwell and 

Lee. 1981: Simmons et al.. 1991). The dynamics of groundwater flow in relation to 

patterns of diagenesis. in particular, dolomitization of carbonate plattorms, has also 

received considerable attention (Hanshaw et al., 1971; Simms, 1984). 

Temporal variations in groundwater discharge rates display seasonal and 

diurnal patterns. As expected. elevated discharge rates coincide with the seasonal 

recharge of upland aquifers. Diurnal tluctuations in seepage rates have been attributed 

to vegetative evapotranspiration demands (Lee and Hynes. 1978). In addition, 

researchers have observed a direct relationship between seepage velocity and water 

surtace elevation changes over a tidal cycle (Lee, 1977; Lewis, 1987; Reay and 

Walthall. 1991). 

2.4 Solute Transport and Fate Considerations 

To describe the transport and fate of solutes within subsurface environments, 

consideration must be given to hydrodynamic. abiotic. and biotic processes. 
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Hvdrodvnamic processes affecting solute transport generally are subcategorized into 

advective and dispersive components. Advection is the displacement of solutes owing 

to mass tlow of a fluid. In addition to advective transport with water tlow. solutes are 

also moved by dispersive processes that result in the spreading ot solutes within a 

sediment matrix. Hydrodynamic dispersion embodies both molecular diffusion (the 

thermally induced. random movement of solutes across a concentration gradient) and 

mechanical dispersion (caused by differential flow velocities and directions within 

sediment media)(Bear. 1979). 

Darcy's Law provides the basic empirical toundation for the transport of a 

fluid through a porous media: 

=K( 2 O=K( ai 

where: 

Q = Flow rate (m’ehr’) 

K = Hydraulic conductivity (mehr’) 
dh/d| = Hydraulic gradient (mem) 
A = Cross sectional area at a right angle to the flow direction (m°*) 

Hydraulic conductivity (K) is a measure of the permeability of a porous 

medium to a fluid, and it is a function of both the porous medium and interstitial 

fluid. Hydraulic head (h), which consists of elevational and pressure components, 

describes the total energy of a moving unit mass of water at a particular point 

(Hubbert. 1940). The change in hydraulic head per unit distance is defined as the 

hydraulic gradient (dh/dl). Groundwater flow is in the direction of decreasing 
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hvdraulic head. Reactions between the water and aquifer medium. and frictional drag 

of water particles moving past each other and through the porous medium. result in a 

resistance tO water movement through the aquifer. This resistance is responsible tor 

the decrease in hvdraulic head along the flow path. 

The tollowing is the governing one dimensional transport equation which 

relates changes in pore water solute concentration at a fixed position to dispersive and 

advective transport and solute supply and removal reactions (Lerman, 1988): 

6c A} _ op 
sc Gale Gz] az PY *F 

where: 

C = Aqueous phase solute concentration (umoleliter') 

t = Time (sec) 

z = Depth. increasing downwards (cm) 

@ = Porosity 

D = Hvdrodvnamic dispersion coefficient (cm“esec’') 
v = Average linear velocity (cmesec’), negative if flow from sediment to the 

overlying water column 

R = Solute supply and/or removal reactions 

Advective solute transport is in the direction of water flow, whereas dispersive 

transport is in the direction of decreasing concentration. Detailed and comprehensive 

descriptions of subsurface hydrology are given in standard texts (Hubbert, 1940; 

Bouwer, 1978: Bear. 1979; Freeze and Cherry, 1979: Fetter. 1988). In addition to 

elevated upland hydraulic heads, interstitial water advective transport mechanisms 

include convective tlows caused by thermal (Kohout 1965 and 1967: Sayles and 

Jenkins. 1982) and salinity (Simms. 1984) density differences in water, the processes 
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of sedimentation (Tzur. 1971: Lerman. 1988) and sediment resuspension (Bovnton et 

al.. 1981: Simon. 1989). benthic boundary currents (Thibodeaux and Boyle. 1987), 

spatial variations in Sea state (1.e.. subudal pumping)(Riedl et al., 1972), ebullition of 

gas (Klump and Martens. 1981), and benthic macrofaunal irrigation (Callender and 

Hammond. 1982). In addition to bioadvection, benthic biological communities have 

been shown to influence vertical solute pore water gradients and solute flux by altering 

sediment geometry (Aller. 1978 and 1980; McCaffrey et al., 1980; Kristensen, 1984) 

through bioturbation. and by secretion of organic substances (Yamada and Kayama, 

1987). Diaz and Schaffner (1990) provide a literature review concerning the effects 

of benthic organisms on chemical diagenesis and nutrient flux across the sediment- 

water interface. 

The availability of pollutants and their abiotic regulation in groundwater are 

affected by a variety of physiochemical reactions that are dependent upon a 

compound’s solubility and equilibrium vapor pressure, the oxidation-reduction state of 

the environment, and the octanol/water partition coefficient. In addition to a 

pollutant’s properties, chemical and physical characteristics of the soil matrix and 

interstitial water play a functional role in the adsorption and transformation of a 

pollutant. Important properties of the sediment and soil include the nature and 

quantity of clay and organic matter, and the pH level and ionic exchange capacity ot 

the sediment. Biotic processes, in particular microbial mediated reactions, are 

critically important for directing contaminant degradation and altering subsurface 
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environmental conditions. 

The fate of nitrogen illustrates the importance of abiotic and biotic regulation 

of groundwater pollutants. Nitrogen fertilizers are highly soluble. compared with 

phosphorus tertilizers. Solubilities of anhydrous ammonia. urea. and ammonium 

nitrate are 90. 100. and 118 grams per 100 milliliters. respectively (Hay, 1981). 

Nitrate (NO, ) is the dominant inorganic nitrogen species in an oxidized environment. 

This anion does not readily bind to soils, owing to the negative outer charge of clay 

particles. and is theretore highly mobile in well-drained. sandv loam soils of the mid- 

Atlantic coastal plain. Denitrification, the microbial mediated reduction of nitrate to 

dinitrogen (N,) and nitrous oxide (N,O) gases, represents a loss of nitrogen from the 

groundwater flow system. Environmental conditions conducive to denitrification 

include low oxygen in combination with the availability of dissolved organic carbon as 

a microbe energy source. and nitrate as the terminal electron acceptor. Because of the 

complexity of groundwater flow systems and abiotic and biotic reactions, pollutant 

transport and fate determinations are extremely difficult and expensive to ascertain. 

2.5 Groundwater Quality within the Chesapeake Watershed 

The shallow. unconfined aquifers in the mid-Atlantic coastal plain display 

characteristics that are conducive to groundwater contamination and its subsequent 

transport into aquatic habitats. These characteristics include shallow water table 

depth; highly permeable. sandy substrates: and low elevation and topographic relief of 
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the surface. which reduce surtace water runotf and promote water infiltration. 

The inherent geophysical features of the mid-Atlantic coastal plain render the 

groundwater system particularly susceptible to the impact of the large and growing 

population (approximately 12.5 million) within the watershed. Intensive agricultural 

land use and stresses associated with an expanding human population greatly increase 

the potential for aquifer degradation. Because coastal aquifers are in intimate contact 

with surface water resources. the potential exists tor nearshore sediment solute fluxes 

to be associated with adiacent land use practices. 

Fortunately, groundwater quality within the Chesapeake watershed receives 

research attention because a large percentage of the regional population depends on the 

water for domestic uses. Dissolved iron (Fe), sulfate (SO,’), chloride (CI), and 

nitrate (NO,;) are commonly measured to determine water quality, and thus the 

suitability, of groundwater for such applications as domestic. industrial, and irrigation 

uses. Drinking water standards for NO,-N, Cl. and SO,” have been set at 10 mg, 250 

mg, and 500 mg per liter. respectively, to protect health and control water taste. 

To provide a general indication ot aquifer water quality, mean concentrations 

for several ions from published data sets have been compiled for the western and 

eastern shores of Virginia and Maryland (Tables 2.2 and Table 2.3). Two basic 

points can be drawn trom the results regarding aquifers within the coastal plain. 

First, because chloride concentration increases with depth, water sources for domestic 

use on the Delmarva Peninsula (Eastern Shore) are generally limited to the unconfined 
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and uppermost contined aquifers (Table 2.3). Elevated levels ot chloride within an 

aquifer can result from a variety of processes. including the incomplete flushing of 

marine deposits. the presence of concentrations of salts resulting from irrigation 

practices. the dissolution of evaporite deposits. the infiltration of aerosols (i.e., 

saltwater spray), and seawater intrusion owing to natural or induced pumping (Larson. 

1981: Meisler. 1989). Second, elevated nitrate levels within the unconfined Columbia 

aquifer suggest nitrogen contamination by anthropogenic activities (Tables 2.2 and 

2.3). At least for the present. the potential for groundwater contamination appears to 

be limited to the surticial Columbia aquifer, which is strongly influenced by land use — 

practices on the overlying surface. It should be noted, however, that because 

confining units are not continuous, the potential exists for vertical leakage to occur. 

Research has shown that a direct relationship exists between land use and the 

quality of shallow groundwater within the Chesapeake watershed. Compared with 

forested regions. unconfined groundwater underlying agricultural and urban regions 

where septic tank systems are used showed elevated levels of inorganic nitrogen 

(Figures 2.3a and 2.3b). In addition, elevated levels of dissolved inorganic 

phosphorus has been associated with urban land use (Figure 2.3c). Fertilization 

practices have resulted in elevated inorganic nitrogen levels in well drained 

agricultural soils. whereas the decomposition of organic matter is responsible for 

elevated groundwater inorganic nitrogen and phosphorus levels associated with onsite 

wastewater disposal systems. Forested regions. which are generally not affected by 
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human activities. demonstrate relatively low inorganic nitrogen and phosphorus 

concentrations as a result of in simu denitrification, vegetative uptake, soil-groundwater 

interactions, and dilution with rain water. 

Organic compounds such as pesticides are another group of groundwater 

contaminants receiving growing attention. Ironically, certain conservation tillage 

practices initiated to reduce agricultural runoff have contributed to the need for more 

pesticides in some cases. Nationwide, a significant number of biocides have been 

found in groundwater of 23 states. Of these contaminants, many have been detected 

in the groundwater resources of the six states included in the Chesapeake watershed 

(Cohen et al., 1986; Mostaghimi et al., 1989; Hamilton and Shedlock, 1992). They 

include the herbicides alachlor, atrazine, cyanazine, DCPA, dinoseb, metolachlor, 

paraquat, and simazine; the insecticides aldicarb and carbofuran; and the nematicides 

aldicarb, carbofuran, DBCP, 1,2-dichloro-propane, and Oxamyl. Groundwater 

concentrations of atrazine and paraquat, for example, have been found as high as 25 

and 70 ppb, respectively, in Virginia’s coastal plain area (Mostaghimi et al., 1989). 

Researchers are currently studying the input of synthetic organic chemicals in the mid- 

Atlantic coastal plain by monitoring and modeling pesticide loading of groundwater 

(Mostaghimi et al., 1989; Pionke et al., 1988; Shirmohammadi et al., 1989). 
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2.6 Significance ot Sediment Nutrient Flux and Groundwater Discharge for the 

Chesapeake Bay Svstem 

2.6.1 General Features of the Bay System. The Chesapeake Bay watershed drains 

approximately 166.000 km” of surtace area. including areas within New York, 

Pennsylvania, West Virginia, Delaware, Maryland, and Virginia (Cronin. 1971). The 

Bay receives treshwater input trom 8 major rivers and over 150 tidal creeks. Inflow 

from the Susquehanna, Potomac. James, Rappahannock. and York rivers accounts for 

90% of this treshwater. Chesapeake Bay and its tidal tributaries have an approximate 

volume of 60.5 billion cubic meters and a shoreline length of over 7,400 km (Gillelan 

and Macknis, 1983). The fresh groundwater flow system within Virginia’s and 

Maryland’s coastal plain is defined by natural boundaries. The water table marks the 

upper boundary. Chloride differences of the water (10,000 mgeliter’ isochlor) and/or 

the basement rock complex denote the lower boundary. The 10,000 mgeliter’ 

isochlor creates a boundary because density differences in water inhibit movement 

across the interface. Similarly, the freshwater-saltwater interface (10,000 mgeliter’ 

isochlor) creates the eastern boundary. The fall line is the western boundary (Harsh 

and Laczniak, 1990: Vroblesky and Fleck. 1991). 

The U.S. Environmental Protection Agency estimates that the overall land use 

pattern within the Chesapeake watershed is 54% forests, 36% agricultural lands, 7% 

urban areas, and 3% wetlands (U.S. EPA, 1988). It should be noted that land uses 
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vary significantly within individual tributary watersheds. Percentages ot point and 

nonpoint source nutrient loadings vary depending upon freshwater intlow 

contributions. Based on averages, however, it is estimated that 61% of the annual 

loading of phosphorus is trom point sources and the remaining 39% is from nonpoint 

sources, whereas 33% of the nitrogen loading comes from point sources and 67% 

from nonpoint sources (U.S. EPA, 1983a). 

2.6.2 Sediment Nutrient Fluxes. The importance of sediment as a nutrient source to 

the Chesapeake Bay and its tidal tributaries has received considerable attention (Bray 

et al., 1973; Bricker and Troup, 1975; Boynton et al., 1980; Phoel et al., 1981; 

Callender, 1982; Callender and Hammond, 1982; Kemp and Boynton, 1984; Boynton 

and Kemp, 1985; Seitzinger, 1987; Simon, 1988 and 1989; Rizzo, 1990; Reay and 

Gallagher, 1991; Simmons, 1988 and 1989; Simmons et al., 1991; Zimmermann, 

1991). Sediment (i.e., inorganic and organic material) deposition is responsible for 

the accumulations of nitrogen and phosphorus in the mainstem of the Chesapeake Bay 

(Smuilen et al., 1982; Nixon, 1987). The Environmental Protection Agency’s 

Chesapeake Bay Program initial modeling efforts have identified sediment flux of 

nutrients as a dominant controlling factor operating within the Bay system 

(HydroQual, 1987). The significance of sediment nutrient flux is highlighted by 

Boynton et al. (1991), who have reported that the ratio of sediment nutrient release to 

external nutrient inputs ranges from about 0.7 to 4.1 for nitrogen and 1.3 to 7.0 for 
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phosphorus in the northern mainstem regions and tidal tributaries. In addition, they 

have estimated that surficial sediments (top 5 cm) contain quantities equivalent to 2 to 

10 years of nitrogen and 3 to 30 years ot phosphorus entering from external sources. 

However. relatively few studies have incorporated the influence of groundwater 

discharge (Simmons, 1988 and 1989; Reay, 1990; Simmons et al., 1991; 

Zimmermann, 1991; Reay and Gallagher, 1991; Reay et al., 1992). 

Measurements of sediment nutrient fluxes taken in Chesapeake Bay proper and 

its tributaries are given in Tables 2.4 and 2.5. Detailed work regarding solute 

exchange across the sediment-water intertace indicates that theoretically derived 

predictions of diffusive fluxes of solutes significantly underestimate in situ sediment 

solute fluxes (Callender, 1982; Callender and Hammond, 1982). Flux enhancement, 

the ratio of in situ solute flux to theoretically derived diffusive flux, varied in those 

Studies from 1.5 to 11.6 for ammonium and 3.3 to 7.0 for inorganic phosphorus. The 

increase of in siru nutrient flux measurements may be attributed to a variety of 

processes. including (1) physical mixing of sediments by currents and waves (Boynton 

et al., 1981; Callender and Hammond, 1982; Simon, 1989), (2) the irrigation of 

sediment by benthic macrofauna (McCaffrey et al., 1980), (3) ebullition of gas 

bubbles (Klump and Martens, 1981), (4) increased rates of decomposition at the 

sediment-water interface (Kemp and Boynton, 1984), and (5) advective transport 

through subsurface groundwater discharge (Zimmermann et al., 1985; Simmons, 1988 

and 1989: Reay and Gallagher, 1991; Reay et al., 1992). 
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It is widely believed that a large percentage of pelagic primary productivity is 

supported by benthic remineralization of organic matter and the subsequent release of 

inorganic nutrients. This concept, termed benthic-pelagic coupling (Rowe et al., 

1975), may be summarized as a succession of four principal events: (1) spring 

phytoplankton blooms, typically fueled by allochthonous inputs of nutrients; (2) the 

settling and sedimentation of plankton and their by-products; (3) decomposition of 

organic matter, primarily at the sediment-water interface; and (4) the subsequent 

transport of dissolved inorganic nutrients into the water column, which potentially 

fuels pelagic primary productivity (Zeitzchel, 1979; Nixon, 1981). Garber (1987) has 

provided a comprehensive review of benthic-pelagic coupling within Chesapeake Bay. 

A number of studies have shown that interactions between sediment and the 

water column greatly influence the Bay system (Callender and Hammond, 1982; 

Kemp and Boynton, 1984; Boynton et al., 1991). Of particular importance is the 

nutrient flux that occurs when concentrations of inorganic nutrients in the water 

column are low and biological demand high. These conditions, with particular 

reference to nitrogen, are common in the Chesapeake Bay system during the summer 

months, when nitrogen appears to be a limiting factor for pelagic primary productivity 

(D’Elia et al., 1986). 

Furthermore, sediment denitrification represents an important mechanism of 

nitrogen elimination in the Bay and its tidal tributaries. The direct effects of nitrogen 

loss include the reduction of nitrogen:phosphorus ratios within surface waters and the 
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potential reguiation of benthic and pelagic primary productivity owing to nitrogen 

limitation. Denitrification studies have been conducted in localized areas within the 

Bav (Jenkins and Kemp, 1984: Twilley and Kemp, 1987). Expanding results on a 

Baywide scale, Twillev and Kemp (1987) estimated that denitrification could remove 

68.7 x 10° kg of nitrogen per day. This value represents about 40% of the estimated 

nitrate loadings to the Bay. In addition to denitrification processes, benthic microalgal 

communities have been shown to reduce nitrogen and phosphorus exchange across the 

sediment-water interface (Rizzo, 1990; Reay et al., 1992). 

2.6.3 Groundwater Discharge Solute Loads. Although significant effort has been 

invested in studying surface and groundwater quality in the Chesapeake Bay 

watershed, it is only recently that attention has been called to the potential importance 

of groundwater discharge and its associated solute load on the Bay system. To 

comprehend the potential effects that groundwater discharge may have on surface 

water resources. one must have an understanding of groundwater flow patterns and 

residence times. In general, water that enters the groundwater system far from the 

discharge point will follow a flow path deeper than that of water that enters near the 

discharge point. Residence time in the subsurtace environment may be substantially 

longer; years versus days, for water following a deeper flow path. A review of 

unconfined groundwater flow and discharge patterns in coastal plain sediments was 

given by Staver and Brinsfield (1991). To date, most of the research that has directly 
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measured groundwater discharge and associated nutrient loadings into the Chesapeake 

Bay system have focused on the unconfined, or surficial, aquifer. 

Simmons (1989) estimated that submarine groundwater discharge to the 

nearshore Bay and its tidal tributary environments would range from 7.8 X 10° to 1.4 

x 10’ m’eday’. This estimate is based on a range of discharge rates calculated from 

several sites (11.1 to 19.0 litersem’eday"), incorporating a discharge zone of 

approximately 30 meters in width, and a value of 7,400 km of shoreline. Although 

this result is preliminary in that it represents only a few nearshore sites, it does 

suggest that submarine groundwater discharge 1s quite substantial and approximates the 

average discharge of several major tributaries into the Chesapeake Bay: the James 

River at Richmond, Virginia (1.8 < 10’ m’eday"), and the Rappahannock River at 

Fredricksburg, Virginia (3.9 x 10° m’eday')(WA. Dept. of Cons. and Econ. Dev., 

1970). It should be noted that this volume represents a mixture of seawater and 

freshwater crossing the sediment-water interface. Based on data trom 10 sites, fresh 

groundwater accounted for approximately 4% of the total measured discharge 

(Simmons et al., 1992). Adjusting Simmons’ (1989) data, fresh groundwater flow 

from the unconfined aquifers to the Bay system is on the order of 3.1 to 5.6 x 10° 

m’eday". 

Simmons (1989) also estimated the significance of submarine groundwater 

discharge in terms of nutrient flux on a Baywide scale. Ammonium and dissolved 

total phosphate influx were projected to be on the order of 68,000 and 2,450 kgeday’, 
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respectivelv; these values are approximately 30 percent of those reported by 

HydroQual. Inc. (1987) for sediment flux for the entre Bay. Simmons et al. (1991 

and 1992) showed a direct relationship between land use patterns and groundwater 

discharge quality. In comparison with sediment nutrient fluxes adjacent to forested 

regions. nutrient tlux from well flushed sediments adjacent to agricultural areas 

displayed elevated levels of nitrate, whereas urban areas displayed elevated levels of 

ammonium and inorganic phosphorus. 

Libelo et al. (1991) used the James River estuary to demonstrate the 

importance of groundwater influx as a potential nutrient source. Using data from 

various studies, they evaluated several factors, including apparent discrepancies in 

modeling efforts, which explain salt balance in the James River (Cerco, 1982); 

groundwater nutrient quality associated with various land uses; and estimates of the 

amount of shoreline represented by each land use. Based on these observations, 

Libelo et al. (1991) proposed that groundwater delivers approximately 6.6 x 10° kg of 

nitrogen per year. This value approximates surface nitrogen loadings at the fall line 

on the James River at Richmond, Virginia. The authors further suggested that 

groundwater inputs of nutrients may represent 30% of the total nitrogen flux into the 

Bay system. Simulating groundwater resource demands within the southern 

Chesapeake Bay region, Harsh and Laczniak (1990) estimated that groundwater tlow 

into streams and coastal water bodies from confined aquifers is on the order of 3.4 x 

10* m’sday'. The values reported by Simmons (1989), Libelo et al. (1991), and 
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Harsh and Laczniak (1990) are not presented as absolutes but as examples to highlight 

the potential significance of groundwater discharge as a vehicle to transport nutrients 

and synthetic chemicals into Chesapeake Bay and its tidal tributaries. A recent 

submarine groundwater discharge survey that incorporated 10 stations located in the 

southern portion of the Bay showed a mean discharge rate of approximately 26 

litersem’eday', with values ranging from zero to 197 literse**day' (Simmons et al., 

1991). Discharge rates as high as 330 litersem*eday’ have been reported within the 

Chesapeake Bay region (Zimmermann, 1991). 

On a broader scale, the potential importance and impact of groundwater with 

respect to the Bay system can be assessed by examining pore water chloride 

concentrations. The depth to the upper portion of the freshwater/saltwater transition 

zone (in which chloride concentrations range from 250 to 1,000 mgeliter’) is 

relatively shallow on the Delmarva Peninsula and the southern portion of Chesapeake 

Bay and its tidal tributaries, compared with more northern regions (Larson, 1981; 

Meisler, 1989). Conversely, groundwater of lower chloride content (5,000 mgeliter’’) 

extends farther offshore (~48 km) in the northern portion than in the southern Virginia 

portion (~3-5 km). The depth to the transition zone is dependent, in part, on the 

natural flow pattern of fresh groundwater and on variations in sea level over time. 

Regions in which freshwater/saltwater transition zones are relatively shallow 

frequently coincide with areas of major groundwater discharge (Meisler, 1989). 

These findings suggest that groundwater-associated processes and solute loadings may 
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potentially influence the Delmarva Peninsula and nearshore lower Bay environments to 

a greater degree than the northern portions of the Bay. 

2.7 Summary 

Research has shown that groundwater discharge is an important component of 

the hydrologic cycle in coastal ecosystems, and any attempt to understand and manage 

such ecosystems should consider its influence. The shallow, unconfined aquifers in 

the mid-Atlantic coastal plain display characteristics that are conducive to groundwater 

contamination and its subsequent transport into aquatic habitats. Signs of degrading 

groundwater quality, especially heightened nitrate levels, indicate that unconfined 

groundwater resources have been impacted by anthropogenic activities, primarily in 

the form of agricultural practices and domestic sewage disposal. Because of the 

combination of elevated groundwater nitrogen levels, high groundwater discharge 

rates, and the extensive shoreline of the tidal Bay system, the potential is high for 

significant nutrient enrichment of water resources on a local and perhaps regional 

scale. Recent research from several laboratories has shown that a direct relationship 

exists between land use patterns and nearshore groundwater discharge quality. It 

should be stressed that this source of nutrients is geographically widespread, diffuse, 

and continuous in nature, and will contribute to the system over a long period of time, 

despite the implementation of many current Best Management Practice applications. 

The importance of subtidal sediments as a nutrient source to the Chesapeake 
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Bay and its tidal tmbutaries has been demonstrated. This source of nutrients is 

believed to contribute a large percentage of the phytoplankton nitrogen and phosphorus 

assimilation demand. Past research etforts have tocused on diffusive transport and 

enhanced organic matter remineralization at the sediment-water interface. It is only 

recently that the role of groundwater as a transport mechanism and/or nutrient source 

has received attention. At present. the lack of data makes it difficult to evaluate the 

relative importance of groundwater discharge to the Bay and its tidal tributaries in 

terms of contaminant budgets and ecological significance. However, as aquifer 

contamination and public awareness increase, further research on the interactions 

between land margins and coastal waters are likely to increase in scope and 

importance. 
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Table 2.1. General description of aquifer and confining units in Virginia and Maryland’s 

coastal plain. Summarized from Vroblesky and Fleck (1991) and Meng and Harsh 

(1988). Sequence of units in table reflect actual stratigraphic layering. Unshaded areas 

are aquifers; shaded areas are confining units. 

  

  

  

  

  

  

  

  

  

  

  

  

  

          
  

  

  

  

  

  

  

  

          

Regional Hydrogeologic Units Lithology and Hydrologic Characteristics 

Virginia Maryland 

Cokumbia Surficial Unconfined aquifer. Thickness: (40-140ft.) Sandy surficial sediments. Interbedded with thin 
silt/clay layers. Age: Holocene to Pliocene. Importamt aquifer east of Chesapeake Bay. 

Yorktown - - Upper Chesapeake. - Fine sand to silty clays. Vertical leakage can be high and is spatially variable. Thickness: (0- 

: : 150ft}. Age: Miocene. 

Confined aquifer can be exposed in regions intertayered shelly sands separated by thin leaky clay 

Yorktown-Eastover Upper Chesapeake beds. Thickness: (0-240ft.). Age: Miocene. 

St. Marys St. Marys. . laterhedded silty and sandy/clay with varying amounts of shell. Thickness: (0-250ft}. Age: 

Miocene. 

St. Marys-Chopunk Lower Chesapeake Medium to coarse silty sand. Thickness: (~40-140ft.) Age: Miocene. 

Calvert ~ Lower Chesapeake: Interbedded shelly sandy and silty clays, diatomaceous earth. Thickness: (0->200ft). Age: 

Chickahomuny-Pincy Pomt Piney Point-Nanjemoy Fine to coarse, glauconitic quartz sands interbedded with thin clays and caicareously cemented 

sand and shell beds. Thickness: (0-240ft). Age: Eocene. 

._ Nanjemoy-Mariboro Nanjemoy-Malboro Predominately clayey deposits. Thickness: (0- > 700ft). Age: Paleocene to Eocene. 

Aquia Aquia-Rancoacas Fine to coarse grained glauconitic and quartz sands, with some carbonate shell material. 

Thickness: (0-250ft). Age: Paleocene. 

Brighseat © Upper Brighseat: Glauconitic silty clays interbedded with thin sands and sandy clays. Thickness: (0- > 60ft}. Age: 

Brighseat Brighseat Fine to coarse sand, with glauconite, lignite and shelly material. Thickness: (60-160ft). Age: 

Paleocene. 

Lower Brighseat Marine silts and clays. Thickness: (0- > 200ft). Age: carly Paleocene. 

Severn Silty or clayey fine grained sand. Relatively poor aquifer. Thickness: (1-150ft). Age: Upper 

Cretaceous. 

Beds Missing Severn: Clay-silt sediments. Thickness: (0-80ft). Age: Upper Cretaceous. 

Matawan Micaceous silty or clayey sands. Thickness: (1-50ft). Age: Upper Cretaceous. 

Matawan Glauconitic clay and silt. Thickness: (0- > 100ft). Age: Upper Cretaceous. 

Magothy Fine to coarse sand, in regions interbedded with quartz gravel and ieaky clay layers. Thickness: 

(50-200ft). Age: Upper Cretaceous. 

Upper Potomac Patasco’ Clays. Thickness: (0-400ft). Age: Upper Cretaceous. 

Upper Potomac Micaceous, very fine to medium quartz sand. Contains carbonaceous material. Thickness: (0- 

425ft.) Age: Upper Cretaceous. 

. Middle Potomac - Patapsco Mixed kaolinite and expandable illite/smectite multi-colored and mottled clays. Thickness: (0- 

> 200ft). Age: Upper/Lower Cretaceous. 

Middle Potomac Fine to medium well graded quartz sands. Thickness: (0- > 900ft). Age: Lower Cretaceous. 

Lower Patomac - Potomac - interiensing clayey deposits. Thickness: (0- > 200ft). Age: Lower Cretaceous. 
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Table 2.2. Groundwater quality characteristics of Virginia’s and Maryland’s western Bay 
shore. Concentrations expressed as mgeliter'. Standard deviation and sample number 

References: (Siudyla et al., 1977; Chapelle and 

Drummond, 1983; Macintyre et al., 1989; Libelo et al., 1991). 

are presented parenthetically. 

  

  

Aquifer Fe SO, Cl NO,-N 

Virginia 

Columbia 0.1 13 29 6.9 
(0.1,8) (6,4) (47,9) (4.6,30) 

Yorktown-Eastover 2.9 16 163 0.1 
(8.5,28) (38,41) (549,49) (0.4,30) 

Chick-Piney Pt. 0.2 7 3 <0.1 
(0.2,8) (-,1) (4,18) (<0.1,17) 

Aquia to Potomac 0.5 29 136 0.1 
(1.9,130) (42,124) (406, 164) (0.2,121) 

Maryland 

Aquia 0.2 8 2 0.1 
(0.2,4) (2,49) (2,50) (0.4,46) 

Piney Point 0.2 11 3 0.1 
(0.1.8) (7,63) (1,63) (0.1,55) 
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Table 2.3. Groundwater quality characteristics of Virginia’s and Maryland’s eastern Bay 
shore. Concentrations expressed as mgeliter’. Standard deviation and sample number 
are presented parenthetically. References: (Sinnott and Tibbitts, 1968; Fennema and 

Newton, 1982; Bachman and Wilson, 1984; Otton and Mandle, 1984; Simmons et al., 
1991; Reay et al., 1991). 

  

  

Aquifer Fe SO, Cl NON 

Virginia 

Columbia 4.0 12 26 4.5 

(§.5,22) (12,7) (28,34) (6.5,57) 

Yorktown-Eastover 0.9 1 43 0.1 

(1.2,25) (0.3,9) (114,36) (0.2,28) 

St. Marys 0.3 4 43 0.3 

(0.3,19) (3,9) (72,44) (0.3,42) 

Choptank 1.7 4 788 0.2 

(2.8, 18) (-,1) (1551,19) (0.2,18) 

Maryland 

Columbia 2.7 5.2 14 3.9 

(4.6,54) (9.2,96) (18,114) (7.7,65) 

Potomac 19.5 15 566 0.2 

(30.4,5) (8,8) (810,9) (0.1,2) 
 



Table 2.4. Sediment nutrient flux rates in the northern Chesapeake Bay and it’s tidal 
tributaries. Positive values denote solute movement trom the sediment to the overlying 
water column. 

  

Nutrient Flux (mg¢m*eday ‘) 

  

Study Site Sediment Method NH,-N NO,-N PO,-P 

Type 

Bay Mainstem 3 2.4 to 43.0 0.0 to 7.3 
HydroQuai 1987 

l 16.0 to 224.0 0 to 29.8 

Patuxent River 

Boyan et al. 1980 Silt-clay l -35 to $32 Q.1 to 219.5 

Potomac River 

Senzinger 198? 7 (p=) 0.3 to 12.1 -67 to -16 1.5 to 16.4 

T (pH=10) 5.0 to 97.4 -71 to 4 22.3 to 84.1 

Corea 1985 - 7 111 -141 -2.1 

(73 to 135) (-300 to -14) (-5.9 to 3.7) 

teat Oe on Sand-mud l 95.2 6.2 
Caheader sed Hammond Tidal rrver 3 63.0 1.9 

Fluid mud l 113.4 15.5 

Fluid mud l 116.2 43.4 

‘aw emery 3 37.8 6.2 

Simon 1988 Sand 3 0.1 -2.4 

(-1.5 to 2.0) (-9.7 to 0.3) 
  

Sampling methods: (1) opaque chambers, (2) transparent chambers, (3) pore-water analysis and Ficks Law of Diffusion, 

(4) seepage meters, (5) opaque advective flux chambers, (6) transparent advective flux chambers, and (7) core 
incubations. 
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Table 2.5. Sediment nutrient flux rates in the southern Chesapeake Bay and it’s tidal 
tributaries. Positive values denote solute movement trom the sediment to the overlying 
water column. 

  

Nutrient Flux (mgem’eday’) 

  

Study Site Sediment Method NH,-N NO,-N PO,-P 
Type 

York River - - 7.4 to 171.7 -16 to 315 
Phoel et a 1981 

Raza 1990 sand l 37.6 0.7 6.7 

2 (7 to 122) 1.7 (-2.2 to 56.5) 

9.4 6.7 

(-54 to 82) (-4.5 to 59.5) 

James River - | 274 -46.0 -20.2 
Corco 1985 (-67 to 862) (-107 to 10) (-144 to 42) 

Appomatox River | 60.0 -30.8 6.2 
Cerca 1985 (-72 to 201) (-51 to 2.4) (-33 to 82) 

Eastern Shore 

Chincoteague - 4 787.7 15.8 
Summons 1988 

Magothy Bay Sand-clay 4 5.7 0.6 
Simmons 1988 aad 1989 

Cape Charles Sand 4 22.7 16.9 
Sumspoms et ai 1991 

Brownsville Sand 4 6.7 26.1 3.5 
Summons ct al 1991 

Cherrystone Sand 5 45.2 -2.2 4.4 

Thas report 6 (-20 to 239) (-31 to 17) (-7.9 to 62.4) 

12.2 -3.8 2.4 

(-30 to 159) (-9 to 12) (-8.0 to 23.7) 

Silt-clay 5 106.5 -4.1 11.7 

6 (-14 to 412) (-25 to 12) (-3.0 to 53.1) 

63.4 -4.3 7.1 

(-21 to 223) (-28 to 16) (-5.0 to 29.4) 

  

Sampling methods: (1) opaque chambers, (2) transparent chambers, (3) pore-water analysis and Ficks Law of Diffusion, 

(4) seepage meters, (5) opaque advective tlux chambers, (6) transparent advective flux chambers, and (7) core 
incubations. 
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Chesapeake Bay 
Region 

      
  

Figure 2.1. Major aquifers within Chesapeake Bay region. Thick layer on map mark 
presence of the aquifer at elevation of 0 meters (mean sea level), or upper boundary, in 
Virginia and Maryland’s coastal plain. Recharge generally occurs on or slightly to the 

west of these lines (Chapelle and Drummond, 1983; Otton and Mandle, 1984; Meng and 

Harsh, 1988; Vroblesky and Fleck, 1991). Note: The Columbia aquifer (labeled but not 

marked on map) is generally in direct contact with surface waters throughout the 

Delmarva Peninsula and lower lying regions of the Bay’s western shore. 
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Figure 2.2. Generalized schematic of upland freshwater aquifers and interface between 

aquifers and coastal water bodies. 
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Figure 2.3. Groundwater ammonium (A), nitrate (B), and inorganic phosphorus (C) 
concentrations by principal land use. In each land use category, each bar represents the 

results of one or more studies (Peterjohn and Correll, 1984; Hershner, 1987; Simmons, 
1988; MacIntyre et al., 1989; Mostaghimi et al., 1989; Parkin et al., 1988; Libelo et al., 

1991; Reay et al., 1991; Simmons et al., 1991 and 1992; Simmons and Reay, 1992). 
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3. Study Site Description 

The study was conducted in Cherrystone Inlet located in the southern tip of the 

Delmarva Peninsula (Fig. 3.1). Cherrystone Inlet has a surface area of 6.4 km’ and 

maximum depths of three to four meters. The inlet is a polyhaline system with water 

column salinities on the order of 20 %o. Mean tidal range is 0.7 meters with spring 

ranges of 0.85 meters (NOAA, 1990). The inlet receives freshwater inflow from 5 

principal creeks. Annual rainfall for 1990 and 1991, monitored at Painter, Virginia 

(~30 kilometers north of the inlet), was 116.6 and 89.5 centimeters, which was 108 

and 83 percent of the 50 year average, respectively (Va. Agric. Ext. Service, pers. 

comm.). Intertidal and nearshore subtidal sediments within the main stem of 

Cherrystone Inlet are predominately sandy substrates, whereas the more protected 

coves and upper creek reaches are a silt-clay mix. 

Study site selection was based on nearshore sediment type, land use, and 

upland groundwater flow direction (Fig. 3.2). The Eyreville site (Stations 1 and 

2)(37°19'N, 75°59 W) represented a relatively high energy sandy-substrate 

environment, whereas the Scott study site (Stations 3 and 4)(37°18N, 75°59 W) was 

characteristic of an intertidal/subtidal mudflat. Each site consisted of two sampling 

stations located adjacent to either agricultural or forested land. Nearshore sampling 

stations were situated 30 to 40 meters offshore. Although below the mean low tide 

mark, sampling stations were periodically exposed during extreme low water events. 
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Upland agricultural soils adjacent to the nearshore aquatic sampling stations are 

well drained Bojac fine sandy loams, which demonstrate moderately rapid (5-15 

cmehr’) infiltration rates (Cobb and Smith, 1989). Soils within the forested regions 

of the Eyreville site are classified as moderately well drained Munden sandy loams 

with moderate (2-5 cmehr') infiltration rates. Soils within forested areas at the Scott 

study site are classified as Bojac Fine sandy loams. Surface soils are underlain by 

pleistocene-holocene sediments (Richardson, 1992) which exhibit rapid (15-50 

cmehr') infiltration rates. These soils exhibit surface slopes ranging from 0 to 2 

percent. Varying with surface topography, water table depth is on the order of one to 

two meters. The shallow unconfined groundwater system is designated by the 

Columbia aquifer, which is underlain by the Yorktown confined aquifer approximately 

25 meters below sea level (Meng and Harsh, 1988). 

Agriculture and forest comprise 40 and 50%, respectively, of the land use on 

Virginia’s Eastern Shore (U.S. EPA, 1988). Agricultural fields located next to 

Cherrystone Inlet were planted in soy beans, corn, and winter wheat. Annual 

applications of nitrogen for grain crops were 120 kilograms per hectare (Eyreville 

Farms, Cheriton, VA., pers. comm., 1992). The mesic coastal plain forests adjacent 

to the Scott and Eyreville forest sampling stations were approximately 80 and 180 

meters wide, respectively. Loblolly pine (Pinus taeda) and black gum (Nyssa 

sylvatica) were dominant canopy species along with an early seral community of 

devils walking stick (Aralia spinosa) at the Eyreville site. Loblolly pine (Pinus 
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taeda), black gum (Nyssa sylvatica), and sweet gum (Liquidamber styraciflua) were 

dominant canopy species at the Scott study site. 
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   Cherrysatone 
Intet 

Figure 3.1. Location ot Cherrystone Iniet on the Delmarva Peninsula. 
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Figure 3.2. lEyreville (agricultural: #1, forested: #2) and 

forested: #4)study site locations in Cherrystone Inlet. 
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4. Geohydrologic Characterization and Upland Groundwater Quality 

4.1 Introduction 

A basic knowledge of upland groundwater hydrology is fundamental to our 

understanding of nearshore solute transport processes. The Columbia water table 

aquifer is a principal aquifer for domestic and agricultural use throughout the 

Delmarva Peninsula. The Columbia aquifer is predominantly sandy pleistocene 

sediments varying in depth from 0 to 45 meters (Meng and Harsh, 1988; Richardson, 

1992). The Columbia aquifer is recharged locally by precipitation on the Delmarva 

Peninsula. Twenty to 35 percent of the annual rainfall (1.1 meters) recharges the 

Columbia aquifer (Cushing et al., 1973). Water table elevations are approximately 9 

meters above sea level and 4.5 meters below the land surface at the center of the 

peninsula. Water table depth varies with upland topography and approaches sea level 

near the upland-nearshore interface. Lateral groundwater flow is from the center of 

the peninsula (groundwater divide) westward towards the Chesapeake Bay and 

eastward to the Atlantic ocean (Richardson, 1992). Groundwater flow rates within the 

Columbia aquifer range between 0.08 and 0.60 meters per day (Hamilton and 

Shedlock, 1992). The Columbia aquifer is underlain by the Yorktown-Eastover 

confined aquifer which is approximately 25 meters below sea level within the 

Cherrystone Inlet region (Meng and Harsh, 1988). 

Soils under agricultural practices on Virginia’s Eastern Shore can broadly be 
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classified as sandy loams with relatively rapid infiltration rates. For example, two 

dominant soil types surrounding Cherrystone Inlet are Bojac fine and Munden sandy 

loams which have infiltration rates varying from 1.5 to 50.8 cmehr’ (Cobb and 

Smith, 1989). Surface elevational gradient is a principal factor that influences both 

infiltration (Romkens et al., 1990) and overland flow (Gerits et al., 1990). Upland 

soils surrounding Cherrystone Inlet exhibit slopes on the order of zero to two percent. 

These low slopes tend to enhance infiltration and reduce overland flow rates and their 

relative frequency. 

In conjunction with shallow water table depths and low surface elevation relief, 

the hydrophysical properties of the upland sandy loam soils and underlying sandy 

pleistocene sediments create high risk conditions for surficial aquifer contamination on 

the Delmarva Peninsula. In addition to the geohydrologic characteristics, the potential 

for anthropogenic aquifer contamination is increased by the intensive agricultural 

practices which account for 48 percent of the total land area on the Delmarva 

Peninsula (Hamilton et al., 1991). A recent peninsula-wide survey showed 

approximately 15 percent of the sampled wells contained nitrate levels that exceeded 

10 milligrams per liter (Hamilton and Shedlock, 1992). Given geohydrologic 

characteristics and elevated nitrogen levels, groundwater movement represents a 

potentially significant nutrient source and transport mechanism to nearshore regions of 

Delmarva peninsula. 
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The major objectives of this aspect of the project were: 

1. To provide basic geohydrologic descriptions of the study sites; 

2. To characterize upland terrestrial and nearshore aquatic sediments with 

respect to physical properties; 

3. To determine shallow upland groundwater quality with respect to inorganic 

nitrogen and phosphorus species; 

4. To show that groundwater provides a connective link between terrestrial 

and nearshore aquatic regions; and 

5. To describe geophysical processes responsible for spatial variations in 

groundwater discharge and sediment solute flux. 

4.2 Methodology 

4.2.1 Subsurface Hydrology. Monitoring wells were established at two general 

locations adjacent to Cherrystone Inlet for the purpose of collecting water samples and 

measuring water table elevations (Fig. 4.1). Wells were constructed of 5.1 cm PVC 

piping with 0.6 meters of well screening (0.025 cm slot width). Well screens were 

gravel packed and sealed with bentonite to eliminate vertical infiltration next to the 

wells. Wells were hand-augered (8.25 cm o.d.) and penetrated approximately one 

meter into the Columbia aquifer. In order to determine groundwater flow direction, 

three upland groundwater monitoring wells were established, logged and surveyed to a 

common reference point at the Eyreville and Scott study sites. Groundwater flow 
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direction was determined using an equipotential contour and assuming flow to be 

perpendicular to the contour in the direction of decreasing hydraulic head (Heath, 

1983). Samples for chemical analysis were taken after three well volumes of water 

were removed by a peristaltic pump in order to allow replenishment with fresh 

groundwater. 

Seepage meters and modified sediment flux chambers were used to directly 

measure the discharge of water across the sediment-water interface at the four 

sampling stations. Seepage meters were constructed of nalgene and transparent 

plexiglass and followed the basic design of Lee (1977). Seepage meters enclosed 0.25 

m’ of sediment with a head space of 6 liters. Discharge rates were calculated by 

water volume changes within collection bladders per unit time and area. Discharge 

rates (litersem**hr’) of water across the sediment-water interface were corrected for 

anomalous short-term influx of water into the collection bladders (Shaw and Prepas, 

1989). Descriptions and methodology of modified flux chambers are given in Section 

5.2.2. In order to address spatial variations in discharge rates, replicate (N=6) 

seepage meters were placed in a transect extending offshore at the Eyreville 

agricultural site. Incubation time periods ranged from three to six hours. Sediment 

nutrient fluxes and porewater profiles were determined as described in Sections 8.3.3 

and 6.3.2, respectively. Hydraulic potentiomanometers were used to determine 

hydraulic head differences between the water column and nearshore sediments. 

Manometers and minipiezometers (1.2 cm o.d.) followed the basic design and 
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installation of Winter et al. (1988) and Lee and Cherry (1978), respectively. 

4.2.2 Sediment Characterization. Physical and hydrophysical properties were 

determined on surficial (upper 20 cm) sediments at each sampling station in order to 

understand nearshore sediment structure and water transmission characteristics. 

Measured sediment properties included: (1) porosity, (2) dry bulk density, (3) percent 

organic matter, (4) grain size mass ratios, and (5) vertical hydraulic conductivity (K,). 

Upland soils and underlying sediments at the study sites were characterized as to (1) 

general visual description, (2) grain size mass ratios and (3) percent organic matter. 

Nearshore sediments were collected by manual coring (4.4 cm i.d.), whereas upland 

sediments were collected by hand-augering at monitoring well locations. 

Nearshore sediment porosity, dry bulk density and percent organic matter were 

determined at one centimeter intervals on replicate (N=4) cores. Upland sediment 

properties were determined at 0.3 meter depth intervals. Sediment porosity was 

determined by weighing saturated sediment samples, followed by oven drying at 

105°C to a constant weight. Porosity was expressed as weight loss of the saturated 

sample per field condition volume of the sample (Boelter and Blake, 1964). Dry bulk 

density was determined from oven dried samples and was expressed as dried mass per 

field condition volume. Sediment organic matter was determined by combusting dried 

samples at 500°C for 5 hours followed by reweighing (Dean, 1974). Organic matter 

was expressed as a percentage weight loss from combustion of the dried sample. 
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Grain size mass ratios tor nearshore sediments were determined for the 1 to 5, 10, 15 

and 20 centimeter depth intervals on replicate cores (N=3) by wet sieving and pipet 

analysis (Folk, 1980). The Wentworth grain scale was used to separate sediment into 

gravel, sand, silt and clay size classes. 

Vertical hydraulic conductivities (K,) of surficial sediments were determined on 

undisturbed replicate cores using a falling head permeameter and methodology 

described by Klute (1965). In addition to each sampling station, replicate (N=3) core 

measurements of vertical hydraulic conductivity were taken along a transect extending 

from the low tide mark to 50 meters offshore at the Eyreville agricultural site. 

Vertical E, profiles were used as an indicator of oxidation-reduction potentials 

of nearshore sediments (Whitfield, 1969). Sediment cores were collected at the low 

tide mark, five, and ten meters offshore at the Eyreville agricultural site. Sediment E, 

measurements were determined by the technique of Bailey and Beauchamp (1971) and 

referenced to a standard hydrogen cell at 20° C. 

4.2.3 Analytical Chemistry. Water samples were filtered with prerinsed 0.45 um 

membrane filters and analysis of inorganic nutrients, except for nitrate, was begun 

within three hours of collection. Nitrate samples were frozen and analyzed within two 

days of collection. Ammonium (NH,") was determined by a modified phenate method 

(Stickland and Parsons, 1972). Nitrite (NO,) was determined by diazotizing with 

sulfanilamide and coupling with N-(1-naphthyl)-ethylenediamine to form an azo dye 
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(U.S. EPA, 1983b; Method 354.1). Nitrate (NO;) was determined after reduction to 

nitrite by use of Cu-Cd columns (U.S. EPA, 1983b:; Method 353.3). Dissolved 

inorganic phosphorus (DIP) was determined by a single combined reagent ascorbic 

acid method (U.S. EPA, 1983b; Method 365.2). An azide modification of the 

standard iodometric method was used to determine dissolved oxygen levels (APHA, 

1989; Method 4500-O). The pH of water samples was determined with an Orion 

Model 601-A pH meter and Fisher Microprobe combination electrode. 

4.3 Results 

4.3.1 Upland Groundwater Hydrology and Quality. Groundwater directional flow 

patterns for the Eyreville and Scott sites generally followed surface elevational relief 

towards the shoreline (Fig. 4.1). Mean upland lateral hydraulic head gradients were 

on the order of 0.001 and 0.003 mem’ at the Scott and Eyreville sites, respectively. 

As an unconfined aquifer approaches a body of open water, the development of a 

seepage face generally occurs resulting in elevated hydraulic gradients near the upland- 

water interface. A seepage face can be defined as the boundary between the upland 

water table and the water level in the adjacent surface water (Bear, 1979). To 

illustrate this point, nearshore horizontal hydraulic gradients varied from 0.001 to 

0.023 mem’ at the Eyreville agricultural site. 

Representative well logs for the Eyreville and Scott sites are given in Tables 

4.1 and 4.2, respectively. In general, both the agricultural field and forest buffer soil 
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profiles may be described as a thin veneer of relatively sandy loam soil underlain by 

sandy mineral sediments. Increased silt and clay content at a depth of ~1.5 meters 

was a common feature at the Eyreville and Scott sites. 

Saturated sediment horizontal hydraulic conductivities (K,) were estimated from 

a model developed by Campbell and Campbell (1982) which incorporates grain size 

fractions: 

K, = 180 exp[-4.26(x, +.x,)] 

where K, is expressed in cmeday”, and x, and x, are silt and clay mass fractions, 

respectively. Calculated K, values for the sandy sediment underlying the agricultural 

fields and forest at the Scott study site were approximately 100 cmeday” and 140 

cmeday' for the Eyreville site. 

Descriptive statistics of groundwater nutrient chemistry for representative wells 

at the Eyreville site are given in Table 4.3 and Table 4.4 for the Scott site. A Mann- 

Whitney test was used to test for differences in groundwater quality between 

agricultural and forest land at each study site. Nitrate was the dominant inorganic 

nitrogen species found in groundwater under agricultural fields, representing greater 

than 99 percent of the DIN at Eyreville and 90 percent at the Scott site. Nitrate and 

total dissolved inorganic nitrogen levels in shallow groundwater underlying the forest 

stations were significantly lower as compared to agricultural areas. While 

groundwater dissolved inorganic phosphorus levels (DIP) were generally low at all 
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sampling stations (mean: < 0.50 umoleliter'), concentrations were significantly higher 

at the Eyreville agricultural site. Dissolved oxygen levels in shallow groundwater at 

the Eyreville agricultural site shoreline was, on average, 82 percent saturated as 

compared to five percent for the forested station. Following a similar trend as 

inorganic nutrients and dissolved oxygen, groundwater underlying the Eyreville forest 

site had lower pH values as compared to the agricultural field. These general patterns 

suggest that anaerobic respiration, in particular, nitrate dissimilatory reduction are 

occurring at a greater rate in the forested region as compared to the agricultural field. 

4.3.2 Sediment Characterization. The offshore study sites were representative of 

relatively high and low wave energy environments and characterized by inorganic 

sandy and organic silt-clay sediments, respectively. Descriptive statistics for 

nearshore aquatic sediment characteristics by study site are given in Table 4.5. A 

Mann-Whitney test was used to test for differences in sediment characteristics between 

study sites. All measured parameters varied significantly between the Eyreville sandy 

and Scott silt-clay sites. Descriptive statistics for each sampling site are presented in 

Appendix I, Table A.1. Sand sized particles comprised 94 percent of the sediment’s 

mass at the Eyreville site, while silt-clay sized particles constituted 87 percent of the 

sediment’s mass at the Scott site. 

Organic matter contents of the silt-clay sediments were approximately seven 

times that measured in the sandy sediments. Sediment porosity were nearly two fold 
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greater for the silt-clay sediments as compared to the sandy sediments. While porosity 

is a controlling factor of hydraulic conductivity, its influence is not uniform across 

the spectrum of sediment types (Freeze and Cherry, 1979). Clay rich sediments, 

while having high porosities, do not demonstrate high water transport potential. This 

is a function of a clay’s small pore spaces. The sandy aquatic nearshore sediments 

were more conducive to water transport, by two orders of magnitude, as compared to 

the silt-clay sediments located in the more protected regions of Cherrystone Inlet. 

Vertical hydraulic conductivities did not vary significantly between sampling stations 

at the sandy (Eyreville) (Z33,= 1.069; p=0.285) and silt-clay (Scott) (Z3,=0.272; 

p=0.785) sites. As shown in Figure 4.2a, vertical hydraulic conductivities decreased 

with distance offshore at the Eyreville agricultural site, with mean values ranging from 

13.40 cmehr’ at the nearshore to 0.97 cmehr' fifty meters offshore. 

Vertical heterogeneity of physical sediment parameters was evident within the 

upper 20 centimeter profile at both the Eyreville and Scott sites. Vertical profile 

statistics for each station are provided in Appendix I, Tables A1.2 to A1.5. In 

general, sediment porosity and percent organic matter decreased with depth, whereas 

dry bulk density showed an inverse relationship. 

Vertical E, profiles for the nearshore sandy (Eyreville) sediments are presented 

in Figures 4.3a and 4.3b. In general, sediment reducing conditions increased with 

distance offshore. A sharp redox discontinuity occurred in surficial sediments (top 5 

cm) at all sampling stations during July. In contrast, December sediment conditions 
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were more oxic and the low tide sampling station displayed a relatively uniform Eh 

profile. December sediment Eh profiles could be the result of decreased microbial 

respiration due to colder temperatures and/or increased oxic groundwater discharge 

associated with winter and early spring seasons. Elevated interstitial nitrate levels 

were associated with nearshore regions where oxic sediments prevailed (Fig. 4.4b) as 

compared to the more reduced offshore sediments which were dominated by 

ammonium (Fig. 4.4c). In addition, pore water nitrate levels showed an inverse 

relationship to chloride levels, indicating the influence of high nitrate fresh 

groundwater discharge to the area (Fig. 4.4a). 

4.3.3 Seepage Patterns and Sediment Nutrient Flux. Positive hydraulic heads of 0.3 

to 0.5 centimeters (N=2) and 0.3 to 2.8 centimeters were measured between 

interstitial waters (~100 cm below the sediment-water interface) and the overlying 

water column at the nearshore silt-clay and sandy sediment sites, respectively. Tidal 

variations in potentiometric head differences between the sediment and the water 

column at the Eyreville agricultural site are shown in Figure 4.5. Hydraulic heads of 

the interstitial waters at the low tide mark were inversely correlated with tidal 

elevation. A similar, although greatly reduced, pattern was seen at ten meters 

offshore. Negative heads, indicating surface water flow into the sediments were 

observed at high tide for the nearshore site. Thus the observed seepage at the 

following low tide would be a mixture of both fresh groundwater and more saline 
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water from previous inflows. 

Descriptive statistics for nearshore discharge rates by sampling site are given in 

Table 4.5, and descriptive statistics by sampling station are given in Table Al.1. 

Discharge rates of water across the sediment-water interface for silt-clay sediments 

ranged from 0 to 440 mlem’ehr’, whereas elevated rates that ranged from 0 to 4170 

mlem*ehr' were measured at the sandy sediment site. Discharge rates did not differ 

significantly between agricultural and forested stations at both the sandy 

(Z3a39= -1.458; p=0.145) and silt-clay (Z353,= -1.207; p=0.227) sediment sites. 

Seepage discharge measurements and sediment nutrient flux values for a 

transect at the Eyreville agricultural site are given in Figures 4.2b and 4.2c, 

respectively. Results showed that discharge across the sediment-water interface 

decreased with distance offshore, following the same general pattern as the vertical 

hydraulic conductivities and potentiometric heads. These data indicated that 

groundwater discharge was a nearshore phenomenon with maximum rates expected 

during low tide. Figure 4.2c shows that the NO, flux decreased with distance 

offshore, while the NH.* flux increased. This was consistent with the E, profiles 

shown in Figure 4.3, which showed a more reducing environment offshore. 

Assuming the NO,-NO, couple stabilizes E, at about +100 to +200 mVolts (Bailey 

and Beauchamp, 1971), the transport of groundwater derived nitrate across the 

sediment-water interface would be relatively confined to narrow nearshore regions. 

More reduced forms of nitrogen, in particular ammonium, would dominate DIN 
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sediment flux further offshore where E, measurements are on the order of 0 to -100 

mVolts. 

4.4 Discussion and Summary 

Upland soils and the underlying substratum were indicative of the Coastal Plain 

Province. Upland soil profiles may be described as a thin veneer of relatively sandy 

organic loam soil underlain by sandy mineral sediments. Hydraulic conductivity 

estimates of sandy inorganic sediments indicated a moderately high ability to transmit 

water. Given field measured hydraulic gradients and estimated hydraulic 

conductivities, horizontal groundwater movement would be on the order of 0.001 and 

0.004 meday” at the Scott and Eyreville sites, respectively. It should be noted that 

these velocities were associated with low topographic relief upland regions. Elevated 

velocities would be expected near the boundary between the upland and surface 

waters. For example, groundwater movement up to 0.032 meday’ would be expected 

near the upland-water margin at the Eyreville agricultural station. Hamilton and 

Shedlock (1992) reported groundwater flow rates ranging from 0.08 to 0.60 meday’ 

for the unconfined aquifer in the Delmarva peninsula. 

Groundwater nutrient measurements showed a relationship with land use. 

Shallow groundwater under agricultural land had DIN levels two orders of magnitude 

greater than offshore surface waters and two to thirty times greater than groundwater 

under forested regions. Hamilton and Shedlock (1992) have shown that elevated 
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levels of DIN are not limited to shallow groundwater, but occur in the deeper (20 to 

30 meters below land surface) portions of the water table aquifer. Similarly, 

groundwater DIP levels under agricultural fields were approximately two fold greater 

than in forested regions. The reduction of nitrate in subsurface flow through low 

lying coastal plain forests has been documented (Lowrance et al., 1984; Peterjohn and 

Correll, 1984; Jacobs and Gilliam, 1985; Reay et al., 1991). Decreases of nitrate 

within the riparian forests have been attributed to denitrification (Lowrance, 1992) and 

vegetative uptake (Fail et al., 1986). Depending upon the hydrologic setting, deeper 

groundwater flow and associated solutes may by-pass the biological active zone of the 

forest community and travel relatively unaltered towards nearshore discharge zones 

(Hamilton and Shedlock, 1992; Reay and Simmons, unpub. data). Based on 

groundwater flow rates and nitrogen quality, contemporary agricultural practices can 

potentially influence surface water quality on both a short-term and long-term 

(decades) basis. 

The Eyreville and Scott study sites were represented by two extremely different 

sediment types. Based on dry bulk densities and grain size mass ratios, the sand and 

silty-clay sediments exemplified the dominant sediment types found within the 

Chesapeake Bay system (Hill and Halka, 1988). The sandy nearshore sediments were 

more conducive to water transport as compared to the silt-clay sediments located in 

the more protected regions of Cherrystone Inlet. The silt-clay sediments demonstrated 

hydraulic permeabilities over an order of magnitude less than adjacent upland 
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sediment, thereby effectively acting as a semi-confining unit which minimized 

advective water movement across the sediment-water interface. Given the ability of 

nearshore sandy sediments to transmit water and groundwater flow patterns observed 

in upland regions adjacent to Cherrystone Inlet, groundwater discharge represented a 

potentially significant transport mechanism for sandy sediments in this study. 

Moreover, groundwater was a significant nutrient source to nearshore sandy sediments 

that were adjacent to agricultural lands without benefit of a forested buffer. 

Nearshore discharge rates of water across the sediment-water interface were on 

the order of 0.03 litersem’shr’ for the silt-clay sediments as compared to 0.47 

litersem’shr’ for the sandy sediments. Applying Darcy’s Law in conjunction with 

mean discharge rates and nearshore vertical sediment hydraulic conductivities, vertical 

hydraulic gradients would only need to be on the order of 0.2 and 3.0 cmem’ for 

sandy and silt-clay sediment sites, respectively. Discharge rates varying from 0.0 to 

13.7 litersem’ehr’ have been reported within Chesapeake Bay environments 

(Simmons, 1989; Zimmermann, 1991). Sediment permeabilities, in situ measured 

seepage discharges, and hydraulic head differences showed that elevated rates of water 

discharge across the sediment-water interface occur near the shoreline and decreased 

with distance offshore. Theoretical predictions for homogeneous and isotropic 

sediments show that discharge would decrease exponentially with distance offshore; 

this has been demonstrated in lacustrine (Lee et al., 1980) and estuarine (Bokuniewicz, 

1980) environments. However, anisotropic sediment conditions, such as localized clay 
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lenses, could result in maximum discharges occurring further offshore than expected 

(Simmons et al., 1991). 

Surficial sediment oxidation-reduction potentials indicated a transition from an 

oxidizing environment to a reducing environment over relatively short distances 

offshore (i.e., meters). This pattern of sediment oxidation-reduction potential can 

strongly influence speciation of dissolved inorganic nitrogen within sediment pore 

waters. Nitrate would be expected to migrate through the immediate oxidized 

nearshore environment as compared to more reduced regions further offshore. This 

was demonstrated with sediment inorganic nitrogen profiles and fluxes, which showed 

elevated nitrate levels and fluxes within the low tide region as compared to similar 

sites further offshore which were dominated by ammonium. This pattern may vary 

seasonally as temperature and groundwater discharge rates vary. During late winter 

and spring, an aerial expansion of regions displaying elevated groundwater discharge 

and associated sediment nitrate fluxes would be expected. Conversely, a decrease in 

aerial extent would be expected during the summer and fall season due to increases in 

microbial respiration and decreases in groundwater discharge rates. Pore water nitrate 

levels showed an inverse relationship to chloride levels, indicating the importance of 

fresh groundwater discharge on nearshore sandy sediment nutrient dynamics. 

In summary, results of this research demonstrated: 

1. Upland geohydrologic characteristics were conducive for water transport 

into adjacent surface waters. 
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2. Upland groundwater quality showed a direct relationship with land use. In 

general, shallow groundwater under agricultural land was elevated in dissolved 

inorganic nitrogen and phosphorus as compared to forested regions. 

3. Nearshore subtidal surficial sediment properties at the study sites could be 

categorized into two broad classes: sandy, mineral sediments and relatively 

organic rich, silt-clay sediments. 

4. The ability of silt-clay sediments to transmit water was two orders of 

magnitude less than that of sandy sediments, with discharge rates of water 

across the sediment-water interface demonstrating a similar pattern. 

5. Sediment permeabilities, in situ measured seepage discharges, and 

hydraulic head differences showed that groundwater discharge is a nearshore 

phenomenon. 

6. Sediment oxidation-reduction potentials, pore water nutrient chemistry, and 

in situ sediment flux measurements, confirmed that change in speciation of 

DIN flux occurred within short distances offshore.



Table 4.1. Representative well logs for agricultural field and forest sampling stations at 
the Eyreville site. 

Agricultural Field Well (EV-1) 
  

  

  

    
  

  

  
  

  
      

  

  

  

  

  

  

  
  

  

Q.0-0.9 0.01 Gravel 1.6 ‘ 

0.65 Sand ' ' 
9.28 Silt ! 

! Clay 
_ 
' 
1 o.94k.e 

| 1,2-1.5 , Light brown sand | 0.02 Gravel ' 0.4 | 
/ 1 9.94 Sand | | 

: ' 9.03 Silt 
1 0,01 Clay 

$$ 

L.5ch.8 | 3.6 

1.8-2.1 Brown-aray, ' 0.00 Gravel 7.6 ‘ 
: | ancrease in sand 0.92 Sana . ' 
‘ grain size 1 9.06 Silt : 
' " 0.02 Clay ' 

| ae! — 

| 2,2-2.4 : J.5 

1 2,492.7 | 0.02 Gravel | 0.4 
| 0.91 Sand 

0.05 Silt 

9.02 Clay   
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' Depth i Description Grain Size | % 
j Interval ; : Mass Ratio | Organic j 
i qmeters) | ‘ | Matter | 

! 9.0-0.3 ' Dark brown 1oam 3.00 Gravel | 4.3 
‘ 2.05 Sana i ‘ 
: 2.50 Silt 
: 3.05 Ciayv 

9.3-0.6 | Lignt brown, ' 3.00 Gravel ; 0.9 ! 
: decreasea ordanic ‘ 2.61 Sand 

: matter © 3.30 Silt ! 
| 2.09 Clay , 

' 0.60.9 » Srown-red, , 2.00 Graveh , 1.3 
| increase in fine ' 3.43 Sand | ' 
\ qrainea sediment , 2240 Silt ' | 
4 ' 9.17 Clay ' : 

| 0.9-i1.2 . Light Brown 2.00 Gravel 1 2.6 I 
{ 1 , 3.69 Sana 

| ! | 9.230 Silt ' 
\ ’ 9.08 Clay ; 
———) SE 

L.cek.s | 25 
. 2.541.838 . Light brown, 0.00 Gravel | 0.2 | 

' ‘increase in sand | 9.91 Sand i 
content 2.96 Sarit 

: v.03 Clay i 
EEE! 4 
L.3e2.2 © 9,2! 

2.1°2.4 + Srown-aray, 3.00 Gravei | o.l 
' , ancrease in sand ‘ 0.394 Sana ' ‘ 

| grain s12e ; 9.04 Siit i 
0.02 Clav | 

2.92.7 d.2 

» 2,743.0 | ©-00 Gravel | 9.1 
{ 0.94 Sand 
» 204 Silt 

2.02 Clay 

Forest Well (EV-3) 

i Depth $j; Cescription i Grain $12ze s 
, Interval | | Mass Ratio ; Oraanic | 
1 ymeters) | ! | Matter | 
1 ‘ ! 
| 0.G-0.3 | Dark prown loam 0.00 Gravel 6.8 { 

! | 0.66 Sana 
: 1 0.32 Silt | 
\ 3.02 Clay ' ‘ 

0.3-0.6 | Brown-red,increase | ' oa. 
! , in fine grains, { { | 
1 ‘ decrease in | i 
{ organic material ! I |



Table 4.2. Representative weil logs for agricultural field and forest sampling stations at 
the Scott site. 

Agricultural Field Well (SC-1) 

  

  

    
  

    

  

  

        

  

  

  

      
  

  

  

  

    

i Depth | Description Grain Size % 
| Intervai | Mass Ratio Organic 

(meters) | Matter 

6.0-0.3 i Dark brown ioam {| 9.01 Gravel 4.1 
: 0.54 Sand 

, 0.41 Silt 

' 0.04 Clay 

| 9.3-0.6 ' Light brown, ij 0.00 Gravel 1.5 
i increase in fine | 0.36 Sand 

' ‘grained sediments [| 6.47 Silt | 
{| i; O.17 Clay i 

| 9.6-0.9 | ; 0.00 Gravel ! 1.5 
, 3.52 Sand 

| | 9.32 Salt 
| ! | 0.16 Clay 
J + 

} O.9-1.2 | Brown-red, mottled 0.00 Gravel ! 1.2 
| ; appearance, 0.62 Sand 
4 ' presence of iron ! 0.24 Silt 

' oxynydroxides » 9.146 Clay 

i.27i.S | Brown-red-aray, , 9.00 Gravel | 1.3 

; . increase in fine | O.32z Sand 

; | grained sediments, | 0.17 Silt ! 
i presence of iron | 0.51 Clay 
' oxynydroxides | 

’ ' T —t 

H 1.5-1.8 | 2.6 

| 1-8-2. | Brown-red, / 0,00 Gravel | 9.7 
! | increase in sand | 0.72 Sand 

| 9.18 Silt | 
‘ | 0.10 Clay 

Forest Well (SC-4) 

| Depth Description Grain Size % 
Interval | i Mass Ratio Organic | 
‘meters! | ' | Matter | 

0.0-0.3 °‘ Dark brown loam | 9.60 Gravel 1.9 

1 %.53 Sand | \ 

| 9.40 Silt 
: 9.37 Clay 

| 4 

0.3-0.6 | ; 51.6 
0.6-0.9 | Brown-red, | 9.00 Gravel =< 0.5 

; increase sand 0.74 Sand 

‘ content ; 9.16 Silt ‘ ' 
' 3.10 Clay 

OO \ 
' 9,9-1.2 - ' oo.g | 

' 1.2-2.5 Brown-rea-aqray, ' 0.00 Gravel | 1.5 
‘ | Presence of :ron | 0.31 Sand 
N | oxyhydroxides ; 3.45 Silt 
i | 0.24 Clay 

4 

| 2.5-1.8 |  i.o) 

| 1.8-2.1 ; Light red, 9.00 Gravel | 0.3 | 
1 | increase in sand 2.84 Sana ' ‘ 

| | content ( 9.10 Silt | 
' 3.06 Clay 

i 2.ieK2.4 0. » 3.00 Gravel 3.3 

| ' 9.85 Sand | 
‘ Bek Silt | 4 

1.04 Clay ' 
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Table 4.3. Groundwater quality descriptive statistics and statistical comparisons between 

groundwater nutrient quality of the Eyreville agricultural and forest sampling stations. 
Concentrations are expressed as umoleliter’ and BD signifies below detection limits. 

  

NH, NO, NO, DIN DIP O, pH Temp 

°C 
  

Agricultural Field Well (EV-1) 

Mean 2.2 602.8 0.2 606.3 0.45 261.8 6.16 16.7 

S. 0.3 30.1 0.1 33.0 0.09 14.1 0.11 1.2 

Min 0.6 274.5 BD 278.2 0.17 171.3 5.52 ~=10.5 

Max 5.8 881.5 1.6 884.2 1.4 448.1 6.66 20.5 

N 20 22 21 20 18 17 12 13 

Forest Well (EV-9) 

Mean 12.9 6.6 1.8 22.0 0.21 15.5 4.92 15.6 

S. 3.4 2.0 1.2 4.0 0.03 7.8 .030 1.1 

Min 2.7 0.1 BD 3.2 BD BD 3.55 8.5 

Max 52.6 28.3 20.2 55.3 38 103.7 6.67 22.0 

N 18 16 17 16 16 13 12 14 

Mann- 

Whitney p=<.01 p=<.01 p=.03 p=<.01 p=.01 

Test 
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Table 4.4. Groundwater quality descriptive statistics and statistical comparisons between 

groundwater nutrient quality of the Scotts agricultural field and forest sampling stations. 
Concentrations are expressed as umoleliter' and BD signifies below detection limits. 

  

NH, NO; NO, DIN DIP 

Agricultural Field Well (SC1) 

Mean 9.0 222.0 0.3 245.6 0.29 

S. 0.6 20.2 0.1 21.7 0.14 

Min 6.8 130.1 BD 172.6 BD 

Max 11.8 336.7 1.0 347.6 1.4 

N 8 10 9 8 9 

Forest Well (SC-3) 

Mean 5.5 81.8 1.7 106.9 0.15 

S. 1.5 30.5 1.6 38.2 0.03 

Min 3.2 6.6 BD 19.7 0.10 

Max 10.2 244.3 11.2 250.5 0.30 

N 5 7 7 5 6 

Mann- 

Whitney p=0.11 p=0.03 p=0.66 p=0.03 p=0.50 

Test 

 



Table 4.5. Sediment descriptive statistics and statistical comparisons between Eyreville 

sandy sediments and Scotts silt-clay sediment characteristics. Standard error of the mean 
and number of samples are presented parenthetically. 

  

  

Parameter Sediment Type Mann- 
Sand Silt-Clay Whitney Test 

Grain Size Mass Ratios 

Gravel 0.001 0.000 p= <0.001 
(0.000,48) (0.000,48) 

Sand 0.939 0.132 p= <0.001 
(0.005,48) (0.013,48) 

Silt 0.040 0.660 p= <0.001 
(0.003,48) (0.010,48) 

Clay 0.020 0.208 p= <0.001 
(0.002,48) (0.007,48) 

Bulk Density gecm” 1.65 0.63 p= <0.001 
(0.02, 144) (0.02,155) 

Porosity 0.46 0.84 p= <0.001 
(0.01,144) (0.01, 154) 

% Organic Matter 0.7 4.7 p= <0.001 

(0.6, 143) (0.1,155) 

K, cmesec™ 10°° 10*° p=0.004 
(10°*’,6) (10°*,6) 

Discharge mlem’ehr' 470 35 p= <0.001 
(100,73) (10,66) 

  

65



    

     

e Upland Wells 

| General Groundwaler 

Flow Direction ; 
@Eyreville 

  

  

         

  

Scotts 

Figure 4.1. General schematic of Cherrystone Inlet, upland sampling wells, general 
groundwater flow direction, and Eyreville sandy (Agricultural: 1; Forest: 2) and Scotts 

silt-clay (Agricultural: 3; Forest: 4) sampling stations. 
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Figure 4.2. Sediment vertical hydraulic conductivity (K,)(A), seepage discharge (B), and 

sediment nitrate and ammonium flux (C) with distance offshore of the Eyreville 

agricultural sampling site. Sediment nitrite fluxes represented only 2% of the sediment 

DIN fluxes. Sample date: March 22, 1992. 
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Figure 4.3. Nearshore aquatic sediment E, profiles for July 1991 (A) and December 
1990 (B) with distance offshore of the Eyreville agricultural sampling site. 
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surface waters and interstitial waters (1 meter in depth)(B) at the Eyreville agricultural 

site. Sample date: October 10, 1990. 
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5. Solute Fluxes Across the Sediment-Water Interface 

5.1 Introduction 

The importance of sediments in shallow marine and estuarine ecosystem 

nutrient dynamics has received considerable attention. The significance of sediment 

nutrient flux to the Chesapeake Bay was highlighted by Boynton et al. (1991) who 

reported the ratio of sediment nutrient release to external nutrient inputs ranged from 

0.7 to 4.1 for nitrogen and 1.3 to 7.0 for phosphorus in the northern main stem 

regions and tidal tributaries. In addition, the authors estimated that surficial sediments 

(top 5 cm) contained quantities equivalent to 2 to 10 years of nitrogen, and 3 to 30 

years of phosphorus entering from external sources. Comprehensive summaries of 

sediment nutrient flux studies conducted within the Chesapeake Bay and its tidal 

tributaries are given by Garber (1987) and Reay and Simmons (1992)(Tables 2.4 and 

2.5). 

The sediment-water interface represents a dynamic environment, where the 

regeneration and transport of nutrients across the sediment-water interface is controlled 

by hydrophysical, biological and geochemical factors. Several processes show 

temporal variations and operate in concert to enhance or decrease observed solute 

fluxes with respect to theoretical predictions based on concentration gradients and 

sediment physical properties. Jn situ benthic flux measurements integrate these 

processes to provide a net flux measurement. 
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Molecular diffusion is a tundamental transport mechanism of solutes within and 

across the sediment-water interface. However, in situ benthic nutrient flux studies 

have shown that theoretically derived predictions of diffusive solute flux can 

significantly underestimate actual sediment and water column solute exchanges. 

Processes shown to enhance flux measurements include: 1) increased degradation rates 

of recently deposited labile organic material at the sediment-water interface (Kemp et 

al., 1982), 2) bottom currents and sediment resuspension (Boynton et al. 1981; 

Callender and Hammond, 1982; Simon, 1989), 3) macrofaunal irrigation (McCaffrey 

et al., 1980; Callender and Hammond, 1982), 4) ebullition of methane (Klump and 

Martens, 1981), 5) subtidal pumping by surface wave action (Riedl et al., 1972), and 

6) convective flows caused by thermal (Kohout, 1967; Sayle and Jenkins, 1982) and 

salinity differences in pore water (Simms, 1984). More recently, investigators have 

begun to consider the influence of advective transport caused by elevated upland 

hydraulic heads (i.e., groundwater discharge) on benthic solute fluxes in lacustrine 

(Cornett et al., 1989; Shaw et al.. 1990) and coastal environments (Belanger and 

Mikutel, 1985; Capone and Bautista, 1985; Simmons, 1988 and 1989; Giblin and 

Gaines, 1990; Reay and Gallagher, 1991). 

Sediment nutrient flux studies in the Chesapeake Bay system have been 

concentrated in the relatively deep aphotic mid-Bay channel and main stem regions of 

the tidal tributaries (Garber, 1987). Microbial metabolism in these regions is 

dominated by aerobic and anaerobic heterotrophic activity. While the average depth 
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of the open Bay is 8.2 meters (Cronin, 1971), many shoal and nearshore regions are 

shallow and can support benthic micro-autotrophic communities. Murray (1983) and 

Rizzo (1986) have suggested that primary production by benthic microalgal 

communities approximates phytoplankton production on a square meter basis in the 

Chesapeake Bay. 

Review of literature has indicated a paucity of data concerning sediment solute 

fluxes in the shallow nearshore regions of Chesapeake Bay and its tidal tributaries. 

Sediments in these regions may be subjected to different hydrophysical (1.e., 

groundwater discharge) and biological (i.e., microailgal productivity) processes than 

deeper offshore sediments. This phase of the research focuses on sediment solute flux 

in photic nearshore regions. The major objectives were: 

1. To determine in situ sediment oxygen and nutrient fluxes for two nearshore 

sediment types (sand and silt-clay); 

2. To determine the influence of benthic micro-autotrophic and aerobic 

heterotrophic activity on nutrient exchange across the sediment-water interface; 

and 

3. To determine if adjacent land use (agricultural and forested), by means of 

groundwater discharge, had an effect on nearshore sediment nutrient fluxes. 
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5.2 Field Methodology 

5.2.1 In Situ Sediment Solute Flux. Bulk sediment solute flux, which incorporates 

all biotic and abiotic processes and transport mechanisms, was determined in situ by 

use of modified flux chambers which permitted the collection of displaced water due 

to seepage. Formalin or antibiotics were not used to separate biotic and abiotic 

sediment oxygen demand due to problems associated with rate determinations over 

time and potential interferences with nutrient analytical procedures (Propp et al., 

1980). Subtidal sediment solute flux measurements were conducted in early afternoon 

and under similar tidal conditions in order to minimize variations between sampling 

periods associated with these environmental parameters. Sampling sites were located 

~30 meters offshore where mean water depths were on the order of one meter. 

Light (transparent) and dark (opaque) flux chambers were constructed of 

acrylic plastic and enclosed 0.07 m’ of sediment and 14.4 liters of ambient surface 

water. Flux chamber bottoms were fitted with a sharpened rim that assured a water 

tight seal, uniform water volume within the chambers, and allowed for six centimeter 

penetration into the sediment. Specific discharges were determined from flux 

chambers following volume correction due to anomalous short-term influx of water 

into seepage collection bags (Shaw and Prepas, 1989). A volume correction of 75 

milliliters (S,= 4.0, N=10) was determined from laboratory testing in no-flow 

seepage tanks with sediment similar to that encountered at the study sites. 

In order to avoid anoxic stratification, water was gently recirculated in the 
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flux chambers. Water recirculation occurred at 15 minute intervals with a two-fold 

water volume exchange during the incubation period. Water circulation was 

controlled by a peristaltic pump and a programmable Grasslin Digital 127-9 clock. 

Flux chambers were deployed, allowed to equilibrate, and sampled following a three 

hour incubation period. Sample volumes of 50 milliliters were taken by syringe at a 

three-way valve located near the peristaltic pumps just prior to and after chamber 

incubations. Light and dark bottles were incubated next to chambers in order to 

correct for water column biotic effects. Bulk sediment solute fluxes were calculated 

according to the following equation which accounted for pelagic influences and 

volume changes due to seepage. 

  

_ (C; xV;) - (Cy x Vo) - (B; - B,) x Vi 

TxA 

Where: 

F, = Bulk sediment solute flux (umolem’ehr’) 
C.,C, = Solute concentration within chamber at 

time i and 0, respectively (umoleliter’) 
B,,B, = Solute concentration within blank bottle 

at time = i and 0, respectively (umoleliter’) 
V,,V, = Volume of water within chamber system at 

time i and Q, respectively (liter) 

T = Time interval (hr) 

A = Sediment surface area enclosed by chamber (m’) 

5.2.2 Analytical Chemistry. Dissolved oxygen samples were fixed when collected 

and nutrient samples were filtered with 0.45 um prewashed membrane filters and 
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placed on ice. Dissolved oxygen, inorganic nitrogen, and phosphorus analyses were 

generally completed within four hours of collection (see Section 4.2.3 for analytical 

methods). Chloride samples were sealed, refrigerated, and analyzed at a later date by 

titration with silver nitrate using a chromate end point (APHA, 1989; Method 

4500.B.). 

Total chlorophyll a (Chl a) and phaeophytin a concentrations were determined 

on sediment samples to estimate autotrophic standing stock and chlorophyll 

degradation product levels, respectively. Sediment photosynthetic pigment analysis 

was determined on the top one centimeter of manually collected cores (4.45 cm I.D.). 

Vertical profiles of Chl a and phaeophytin a were determined on replicate cores 

(N=2-3) at 1, 2, 3, 4, 5, 10, 15 and 20 centimeter depth intervals during the May 

and June 1991 sampling periods. Total Chl @ concentrations were determined by a 

90% alkaline acetone extraction procedure and use of trichromatic equations (Parsons 

et al., 1984). Phaeophytin a concentrations were determined by adding dilute (10 

percent) hydrochloric acid to the Chl a samples followed by light extinction readings 

at 665 and 750 nannometers. Functional Chl a was determined as the difference 

between total Chi a and phaeophytin pigment concentrations (Parsons et al., 1984). 

5.3 Results 

5.3.1 In Situ Sediment Solute Flux. Jn situ sediment solute flux measurements were 

conducted between May 1990 and April 1991 and in concert with the pore water 
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analysis studies (Section 6). A Mann-Whitney signed rank test was used to test for 

significant differences in solute fluxes between sediment types, light and dark 

conditions, and adjacent land use practices. A Spearman rank correlation (r,) 

procedure was used to assess the association between external factors that may regulate 

or influence sediment solute fluxes. 

Of 140 plus measurements conducted during the study period, only four 

chamber samples had dissolved oxygen levels less than 130 umoleliter’ 

(4.2 mgeliter') and only one below 60 umoleliter’ (1.9 mgeliter’). On several 

occasions, pH was monitored in the flux chambers. Resulting pH changes were on 

the order of 0.2 standard units below starting levels. These data indicate that 

enclosure of sediment and overlying water did not result in water column modified 

anaerobic and pH conditions, which have been shown to enhance nutrient release from 

the sediments (Belanger and Mikutel, 1985; Seitzinger, 1986). 

Sediment oxygen fluxes in light chambers provided a measure of benthic net 

community production (NCP) whereas dark chambers provided a measure of benthic 

community aerobic respiration. Mean sandy sediment (Eyreville site) oxygen flux in 

light and dark flux chambers were 547 and -1897 umolem’ehr', respectively, with 

values ranging from -4975 to 13188 and -9476 to 3642 umolem”’shr’. Negative 

values denote sediment uptake. Mean silt-clay sediment (Scott site) oxygen flux was 

-4155 umolem’ehr" in light chambers and -4664 umolem’ehr' in dark chambers 

with values ranging from -13,771 to 3961 and -12,132 to -313 umolem’ehr', 
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respectively. Mean sediment oxygen fluxes by sampling period and sediment type are 

shown in Figure 5.1 with descriptive statistics given in Tables A2.1 (Appendix IT) for 

sandy sediment stations and A2.2 for silt-clay sediment sampling stations. 

Mean sandy sediment NCP exceeded aerobic respiration during the winter and 

spring sampling periods. Although silt-clay sediment NCP was detected during winter 

and spring sampling periods, it never exceeded mean aerobic respiration rates. Water 

temperatures varied from 6.5 to 32.4 °C over the study period. Significant (a=0.05) 

inverse relationships were found between sediment oxygen fluxes and temperature for 

light (sand: r.=-0.36, N=38; silt-clay: r.=-0.73, N=36) and dark (sand: r,=-0.54, 

N=32; silt-clay: r,=-0.42, N=35) chambers. Incorporating all seasonal data, sandy 

sediment NCP was significantly higher (p= <0.001) than for silt-clay sediments, 

whereas aerobic respiration was significantly higher (p= <0.001) for silt-clay 

sediments as compared to sandy sediments. 

Ammonium fluxes accounted for approximately 75 percent of the inorganic 

nitrogen flux from sediments to the water column for sandy sediments and 88 percent 

for the silt-clay sediments. Sandy sediment ammonium fluxes ranged from -87.8 to 

471.7 umolem'shr' and -59.4 to 711.5 umolem”’ehr’, in light and dark chambers, 

respectively. Ammonium fluxes ranged from -61.2 to 664.7 umolem’ehr' in light 

chambers and -42.5 to 1224.5 umolem’ehr’ in dark chambers for the silt-clay 

sediment. Mean sediment ammonium fluxes by sampling date and sediment type are 

shown in Figure 5.2. Descriptive statistics for sandy sediment (Table A2.3) and silt- 
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clay sediment (Table A2.4) ammonium flux by sampling period and stations are given 

in Appendix II. The seasonal pattern of mean benthic ammonium fluxes were similar 

between light and dark chamber treatments for both sediment types, with elevated 

ammonium releases occurring in the late spring and summer sampling periods. 

Ammonium fluxes from silt-clay sediments were significantly greater than from sandy 

sediments for both light and dark chambers. Descriptive statistics for sediment 

nutrient fluxes and statistical comparisons between sediment types and light and dark 

chambers are given in Table 5.1. 

Sediment-water column nitrate exchanges were generally low and variable in 

direction. Mean sediment nitrate fluxes by sampling date and sediment type are 

shown in Figure 5.3. Descriptive statistics for sandy sediment (Table A2.5) and silt- 

clay sediment (Table A2.6) are given in Appendix II. A significant (a=0.05) 

relationship at was found between nitrate flux into the sediment and ambient water 

column nitrate concentrations at the silt-clay study site for both light (r,=0.45, N=36) 

and dark chambers (r,=0.40, N=35). No significant differences in nitrate fluxes 

were found between sediment types for either light or dark chambers (Table 5.1). 

Benthic nitrite fluxes were approximately 10 percent of those observed for 

nitrate. Mean fluxes by sampling date for the sandy and silt-clay sediments are 

presented in Figure 5.4. Descriptive statistics for sandy (Eyreville) sediment (Table 

A2.7) and silt-clay (Scott) sediment (Table A2.8) are given in Appendix II. No 

significant differences in nitrite fluxes were found between sediment types for both 
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light and dark chambers (Table 5.1). Mean sediment DIN fluxes by sampling date 

and sediment type are shown in Figure 5.5. Descriptive statistics for sandy sediment 

(Table A2.9) and silt-clay sediment (Table A2.10) stations are given in Appendix II. 

Benthic DIN flux rates from silt-clay sediments were significantly greater than from 

sandy sediments for both light and dark chambers (Table 5.1). 

Benthic exchange rates of DIP at the sandy sediment site varied from -10.56 to 

31.80 umolem”’ehr” in light chambers and -10.58 to 83.90 umolem”shr” in dark flux 

chambers. Sediment DIP flux rates ranged from -6.65 to 39.51 umolem*ehr' and 

-3.96 to 71.37 umolem’shr' for light and dark chambers, respectively, at the silt-clay 

sediment site. Mean fluxes by sampling date for the sandy and silt-clay sediments are 

presented in Figure 5.6. Descriptive statistics for sandy sediment (Table A2.11) and 

silt-clay sediment (Table A2.12) are given in Appendix II. The seasonal pattern of 

benthic DIP flux was similar to ammonium fluxes for the silt-clay sediments. 

Elevated fluxes occurred in summer with the direction of transport from the sediment 

to the water column. While sandy sediment DIP fluxes were low and variable in 

direction, elevated fluxes again occurred in summer. Flux rates of DIP from silt-clay 

sediments were significantly greater than from sandy sediments for both light and dark 

chambers. 

Descriptive statistics of sediment nutrient flux and statistical comparisons 

between light and dark chambers are presented in Table 5.1. Sediment oxygen fluxes 

were significantly different between light and dark flux chambers for the sandy 
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sediments, but not for the silt-clay sediments. Benthic exchanges of ammonium with 

the overlying water column were significantly different between light and dark 

chambers at both the sandy and silt-clay sediment sites. No significant differences in 

nitrate or nitrite fluxes were found between light and dark chambers at both the sandy 

and silt-clay sediment sites. While elevated for both sediment types, dark chamber 

benthic DIN fluxes were only significantly higher than light chamber fluxes for the 

sandy sediments. Sediment DIP fluxes were significantly different between light and 

dark chambers for silt-clay sediments but not for the sandy sediments. 

Sediment ammonium fluxes showed a significant positive relationship to 

benthic aerobic respiration for both sandy (r= 0.27, N=32, p=0.003)(Fig. 5.7a) and 

silt-clay (P= 0.52, N=35, p= <0.001)(Fig. 5.7b) sediments. A significant positive 

relationship was found between sediment DIP flux and benthic aerobic respiration 

(P= 0.73, N=35, p= <0.001)(Fig 5.8b) for the silt-clay sediments but not for the 

sandy sediments (P= <0.01, N=32, p=0.754)(Fig. 5.8a). Benthic ammonium and 

DIP fluxes showed a significant positive linear relationship (’°=0.56, p= <0.001) 

with a slope of 12.4 for the high organic matter, silt-clay sediments (Fig. 5.9b). No 

such relationship was observed for ammonium and DIP sediment fluxes for the sandy 

sediments (r =0.15, p=0.116)(Fig. 5.9a). Ammonium and DIP relationships were 

determined on paired data from dark chambers that exhibited positive sediment 

ammonium and DIP fluxes. 

Descriptive statistics of sediment solute flux and statistical comparisons 
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between adjacent land use (agriculture versus forest) are given in Table 5.2 for sandy 

sediments and Table 5.3 for silt-clay sediments. Results are presented separately for 

light and dark chambers since significant solute flux variation occurred between these 

two treatments. Benthic NCP was significantly higher adjacent to the agricultural 

field than the forested region at the sandy sediment (Eyreville) site, in contrast to 

benthic respiration rates which were significantly higher at the forested site. By 

comparison, benthic NCP and aerobic respiration rates did not significantly differ 

between silt-clay (Scott) aquatic sediments adjacent to agricultural and forested land. 

Ammonium, nitrate, nitrite, and DIN sediment fluxes were not significantly different 

between stations adjacent to agricultural and forested land for both sediment types. 

Although not significantly higher, DIN and ammonium sandy sediment fluxes were 

greater, 20 and 60 percent on average, respectively, adjacent to the agricultural field 

than the forest. Benthic DIP fluxes were significantly higher at the sandy sediment 

agricultural station as compared to the forest station for the light chamber. Although 

elevated at the agriculture station, variations in dark chamber DIP flux rates were not 

significant. Sediment DIP fluxes were not significantly different between silt-clay 

sediment stations adjacent to agricultural and forested land. 

5.3.2 Benthic Chlorophyll a Pigment Analysis. Mean seasonal total Chl a, functional 

Chl a, and phaeopigment concentrations for sandy and silt-clay sediments are 

presented in Figures 5.10 and 5.11, respectively. Descriptive statistics are given in 
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Tables A3.1 and A3.2 of Appendix 3. Mean total Chl a concentration was 172.0 

mgem”’ (S,=46.7, N=35) and monthly means ranged from 102.3 to 224.3 mgem” at 

the sandy agricultural site. The forested station had a mean total Chl a concentration 

of 167.0 mgem’ (S,=58.7, N=34) with monthly means ranging from 124.7 to 242.8 

mgem”. Elevated levels of Chi a generally occurred in the winter and spring months 

at the sandy sediments. Functional Chl a represented 81 percent of the total Chi a 

concentrations. Incorporating all sampling periods, significant differences in total Chl 

a levels were not found between the agricultural and forested stations at the sandy 

sediment (Eyreville) site (Z,3435,=-5.39, p=0.590). 

Mean total Chl a concentration was 102.4 mgem” (S,=6.1, N=27) and 

monthly means ranged from 55.0 to 135.0 mgm” at the silt-clay agricultural site. 

The silt-clay forested station had an overall mean total Chl a concentration of 88.4 

mgem”’ (S,=5.4, N=27) and mean monthly values ranged from 70.6 to 131.1 

mgem’. Elevated levels of total Chi a occurred during summer sampling periods. 

Functional Chi a represented 41 percent of the total Chl a concentrations. Benthic 

total Chi a levels were significantly higher at the agricultural site than the forest 

Station (Z272n=2.379, p=0.017). 

Vertical distribution of Chl a and phaeopigments showed that considerable 

amounts of pigments existed below the sediment-water interface at the silt-clay (Scott) 

and sandy (Eyreville) sediments (Fig. 5.12). Functional Chl a decreased uniformly 

with depth with negligible amounts found at depths greater than 3 and 10 centimeters 
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for silt-clay and sand sediments, respectively. 

5.4 Discussion and Summary 

Estimates of benthic NCP and aerobic respiration demonstrated pronounced 

seasonal fluctuations for both sandy and silt-clay sediments. Elevated benthic NCP 

occurred in the winter and early spring, whereas enhanced respiration occurred during 

late spring through fall. While sandy sediment benthic NCP exceeded aerobic 

respiration during winter and early spring sampling periods, mean silt-clay sediment 

NCP never exceeded aerobic respiration rates. Boynton et al. (1981) reported that 

chemical oxygen demand can represent a greater percentage of the sediment oxygen 

demand in silt-clay sediments (35%) as compared to sandy sediments (10%). This 

may partially explain the lack of oxygen production observed in the light chambers at 

the silt-clay sediment site. Elevated sandy sediment NCP coincided with heightened 

benthic total Chl a pigment levels and periods of maximum light penetration (Table 

7.1). 

Microalgal standing stock was greater year-round in surficial sandy sediments 

as compared to silt-clay sediments. Moreover, functional Chl a comprised a large 

fraction (~80%) of total Chl a levels for sandy sediments whereas degraded 

phaeopigment components dominated (~60%) total Chi @ concentrations for silt-clay 

sediments. In addition to surficial sediments, significant amounts of functional Chl a 

were detected to depths of 10 centimeters in sandy substrate as compared to 3 
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centimeters for the silt-clay sediments. Increasing phaeopigment concentrations with 

depth indicated that degradation of buried microalgal cells was occurring in both 

sediment types. Others have reported significant concentrations of functional Chl a at 

greater depths for both sandy and silt-clay substrates (Moul and Mason, 1957; Fenchel 

and Straarup; 1971; Joint, 1978; Leach, 1979). Based on metabolic rate estimates and 

benthic Chl a levels, silt-clay sediments can be considered heterotrophic in nature 

relative to sandy sediments which demonstrated autotrophic conditions on a seasonal 

basis. 

Reported in situ fluxes of ammonium and DIP are similar to reported values 

for other Chesapeake Bay environments having similar sediment characteristics (see 

Table 2.4 and 2.5). Ammonium was the dominant form of inorganic nitrogen 

released from the sediments. Elevated ammonium and DIP sediment fluxes were 

associated with silt-clay sediments as compared to sandy sediments. Sediment DIP 

fluxes were relatively low and frequently towards the sediment for sandy sediments. 

Inorganic phosphorus in oxic sediments is subject to geochemical reactions that result 

in its removal from interstitial water. Immobilization of phosphorus can be attributed 

adsorption reactions with iron complexes and precipitation of phosphate minerals such 

aS vivianite [Fe,(PO,).°8H,O], apatite [Ca,.(PO,).(F,OH).] and struvite 

[MgNH.PO.°6H,O](Bray et al., 1973; Martens et al., 1978). On a seasonal basis, 

enhanced ammonium and DIP fluxes to the water column occurred during summer 

months. 
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Silt-clay sediment ammonium and DIP fluxes were strongly dependent on 

benthic aerobic respiration rates which accounted for 52 and 77 percent of the 

observed variations, respectively. Similar relationships were not observed for sandy 

sediments, where benthic aerobic respiration accounted for only 27 percent of the 

variation associated with ammonium fluxes and less than 1 percent for DIP fluxes. 

These results suggest a strong dependence of ammonium and DIP flux on sediment 

aerobic decompositional processes for high organic silt-clay sediments. Due to 

increased benthic NCP and geochemical controls of phosphorus in sandy sediments, 

data based only on in situ flux chambers are more difficult to interpret. The 

relationship between silt-clay sediment ammonium and DIP fluxes is in relative 

agreement to a 16:1 DIN:DIP ratio expected from aerobic mineralization of marine 

phytoplankton. No such relationship was observed for the sandy sediments. These 

results indicate that a strong interaction is occurring at the sediment-water interface 

between autotrophic communities producing organic material and aerobic heterotrophic 

communities degrading the deposited or benthic derived organic matter in silt-clay 

sediments. 

Biological uptake of nutrients by benthic microalgal communities significantly 

altered ammonium and DIP fluxes across the sediment-water interface. Sandy 

sediment DIP and ammonium flux rates were reduced approximately 40 and 70 

percent, respectively, in light chambers as compared to dark chambers. Flux rates of 

ammonium and DIP were reduced 40 percent between light and dark chambers for the 

86



silt-clay sediments. Reduced ammonium and DIP benthic fluxes or sediment uptake 

of ammonium and DIP coincided with periods of enhanced benthic NCP. Propp et al. 

(1980) and Rizzo (1990) reported similar results regarding nitrogen uptake by benthic 

microalgal communities in sandy substrates. 

Characterized by low water transmitting ability, the silt-clay sites were not 

expected to be affected by groundwater influences. Ammonium, nitrate, nitrite, DIN, 

and DIP fluxes did not differ significantly between the agricultural and forested 

Stations at the silt-clay (Scott) site. In contrast, the sandy sediment (Eyreville) site did 

display observable discharge of water across the sediment-water interface (See Section 

4), thereby potentially being influenced by groundwater discharge. Ammonium, 

nitrate, nitrite, and DIN sediment fluxes did not differ significantly between land-use 

practices for the sandy sediments. However, the sandy agricultural site did exhibit 

significantly enhanced light dome chamber DIP fluxes over the forest station. 

Simmons et al., (1991, 1992) demonstrated a direct relationship between of the 

quality of groundwater discharge and adjacent land use practices. In general, their 

results showed that well flushed sediments adjacent to agricultural lands had elevated 

nitrogen fluxes, which were dominated by nitrate, compared to sediments adjacent to 

wetlands or forested lands. Results of this study showed that sediment inorganic 

nitrogen fluxes were dominated by ammonium adjacent to both agricultural or forested 

lands. Inconsistencies between these studies can be explained by sample site locations. 

Sampling locations of Simmons et al. (1991, 1992) were located within the intertidal 
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zone and immediately below low tide, whereas sampling sites for this study were 

located further offshore. Spatial variations of sediment nitrogen fluxes adjacent too 

agricultural lands, discussed in Section 4, show that with distance offshore, benthic 

nitrate fluxes decrease and ammonium fluxes increase. Although not significantly 

different, nearshore sandy sediment ammonium fluxes were 60 percent greater 

adjacent to agricultural land as compared to forested land. The ecological and water 

quality management significance of sediment nutrient fluxes are discussed in Sections 

7 and 8. 

In summary, results of this research effort demonstrated: 

1. Based on metabolic rate estimates and photosynthetic pigment 

concentrations, nearshore silt-clay sediments can be considered heterotrophic in 

nature relative to sandy sediments which demonstrated seasonal autotrophic 

conditions. 

2. Nutrient regeneration from silt-clay sediments showed a strong dependence 

on aerobic decompositional processes. 

3. Net community production reduced ammonium and DIP release from both 

silt-clay and sandy sediments. 

4. Sandy sediments adjacent to agricultural land use exhibited elevated 

ammonium and DIP fluxes as compared to a similar site with benefit of a 

vegetative forest buffer. 
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Table 5.1. Sediment nutrient flux descriptive statistics and statistical comparisons 

between sediment type, and light and dark chambers. Fluxes are expressed as 
umolem’ehr'. Negative values denote uptake by the sediment. Standard error of the 
mean and sample number are presented parenthetically. 

  

  

Solute/Chamber Sandy Silt-Clay Mann-Whitney 
Sediment Sediment Test 

NH, Dark 134.5 (30.7,35) 317.0 (55.1,36) p=0.020 

NH, Light 36.4 (17.1,38) 188.6 (34.8,36) p= <0.001 

Mann-Whitney Test p=0.008 p=0.007 

NO, Dark -6.6 (5.9,35) -12.1 (4.6,36) p=0.311 

NO, Light -11.3 (6.4,38) -12.8 (4.6,36) p=0.096 

Mann-Whitney Test p=0.682 p=0.567 

NO, Dark -1.0 (0.4,35) -1.8 (0.6,36) p=0.470 

NO, Light -0.8 (0.5,38) -1.9 (0.6,36) p=0.085 

Mann-Whitney Test p=0.594 p=0.399 

DIN Dark 99.0 (29.7,35) 300.5 (57.4,36) p=0.008 

DIN Light 11.9 (17.4,38) 161.2 (36.9,36) p= <0.001 

Mann-Whitney Test p=0.014 p=0.120 

DIP Dark 5.97 (3.41,35) 15.76 (3.41,37) p= <0.001 

DIP Light 3.29 (1.58,38) 9.49 (2.08,36) p=0.030 

Mann-Whitney Test p=0.692 p=0.013 
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Table 5.2. Sandy sediment oxygen and nutrient flux descriptive statistics and statistical 
comparisons between nearshore agricultural and forested sampling stations. Fluxes are 

expressed as umolem’ehr’. Negative values denote uptake by the sediment. Standard 
error of the mean and sample number are presented parenthetically. 

  

  

Solute/Chamber Agriculture Forested Mann- 

Station Station Whitney 

Test 

O, Dark -689 (616,18) -3456 (873,14) p=0.026 

O, Light 2010 (928,19) -911 (535,19) p=0.008 

NH, Dark 138.8 (49.5,19) 109.0 (30.9,16) p=0.974 

NH, Light 54.7 (29.0,19) 18.0 (18.0,19) p=0.237 

NO, Dark -2.0 (7.4,19) -13.0 (9.4, 16) p=0.128 

NO, Light -16.5 (12.2,19) -6.2 (4.2,19) p=0.737 

NO, Dark -0.6 (0.5,19) -1.5 (0.8,16) p=0.629 

NO, Light -2.0 (0.9,19) 0.2 (0.6,19) p=0.063 

DIN Dark 106.5 (49.6,19) 90.5 (31.3,16) p=0.537 

DIN Light 11.1 (30.0,19) 12.6 (18.7,19) p=0.549 

DIP Dark 11.13 (6.00,19) -0.17 (1.32,16) p=0.226 

DIP Light 8.11 (2.54,19) -1.31 (0.95,19) p= <0.001 
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Table 5.3. Silt-clay sediment oxygen and nutrient flux descriptive statistics and statistical 

comparisons between nearshore agricultural and forested sampling stations. Fluxes are 

expressed as umolem*ehr'. Negative values denote uptake by the sediment. Standard 

error ot the mean and sample number are presented parenthetically. 

  

  

Solute/Chamber Agriculture Forested Mann-Whitney 

Station Station Test 

O, Dark -4565 (717,19) -4442 (508,16) p=0.573 

O, Light -4332 (1128,18) -3978 (967,18) p=0.950 

NH, Dark 348.0 (89.5, 19) 282.3 (61.8,17) p=0.862 

NH, Light 231.9 (60.1,18) 145.3 (33.9,18) p=0.548 

NO, Dark -14.4 (5.0,19) -9.6 (8.0,17) p=0.326 

NO, Light -19.0 (7.7,18) -6.7 (5.0,18) p=0.862 

NO, Dark -2.1 (1.1,19) -1.5 (0.6,17) p=0.621 

NO, Light -2.5 (1.1,18) -1.7 (0.5,18) p= >0.999 

DIN Dark 335.9 (94.7,19) 261.4 (61.8,17) p=0.937 

DIN Light 199.4 (65.6,18) 123.1 (33.6,18) p=0.825 

DIP Dark 18.17 (6.00.19) 12.35 (2.74,18) p=0.395 

DIP Light 10.91 (3.42,18) 8.06 (2.44,18) p=0.975 
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Figure 5.1. Mean sediment dissolved oxygen flux for sandy (A) and silt-clay (B) 

sediments by sampling period. Negative values denote uptake by sediments. 
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Figure 5.2. Mean sediment ammonium flux for sandy (A) and silt-clay (B) sediments by 

sampling period. Negative values denote uptake by sediments. 
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Figure 5.3. Mean sediment nitrate flux for sandy (A) and silt-clay (B) sediments by 

sampling period. Negative values denote uptake by sediments. 
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Figure 5.4. Mean sediment nitrite flux for sandy (A) and silt-clay (B) sediments by 

sampling period. Negative values denote uptake by sediments. 
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Figure 5.5. Mean sediment DIN flux for sandy (A) and silt-clay (B) sediments by 

sampling period. Negative values denote uptake by sediments. 
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Figure 5.6. Mean sediment DIP flux for sandy (A) and silt-clay (B) sediments by 

sampling period. Negative values denote uptake by sediments. 
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Figure 5.7. Sediment ammonium fluxes versus benthic aerobic respiration for sandy (A) 

(NH, Flux = [-26 xX respiration] + 55.9, P=0.27, N=32, p=0.003), and silt-clay (B) 

(NH, Flux = [-90 x respiration] + 89.6, r=0.52, N=36, p=<0.001) sediments. 

Respiration is expressed in umolem”ehr”. 
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Figure 5.8. Sediment DIP fluxes versus benthic aerobic respiration for sandy (A) (DIP 
Flux = [-0 X respiration] + 3.83, r=0.003, N=32, p=0.754), and silt-clay (B) (DIP 

Flux = [-7 X respiration] - 13.84, r=0.73, N=35, p= <0.001) sediments. Respiration 
is expressed in umolem7ehr’. 
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Figure 5.9. Sediment ammonium versus DIP fluxes for sandy (A) (NH, Flux = [2.4 x 
DIP Flux] + 124.2, r°=0.15, N=18, p=0.116), and silt-clay (B) (NH. Flux = {12.4 
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Figure 5.10. Benthic photosynthetic pigment concentrations for the sandy sediment 

agricultural (A) and forested (B) stations by sampling period. 
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Figure 5.11. Benthic photosynthetic pigment concentrations for the silt-clay sediment 

agricultural (A) and forested (B) stations by sampling period. 
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Figure 5.12. Benthic vertical functional Chl a and pheopigment profiles for sandy (A) 

and silt-clay (B) sediments. Sampling date: May, 1991. 
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6. Pore Water Solute Transport Model 

6.1 Introduction 

Hydrodynamic processes affecting solute transport in sediment can be 

categorized into dispersive and advective components. Hydrodynamic dispersion 

embodies molecular diffusion and mechanical dispersion. Molecular diffusion results 

from the random movement of solutes across a concentration gradient. Mechanical 

dispersion is caused by differential flow velocities and directions within a sediment 

matrix. The spreading effect of a solute due to molecular diffusion and mechanical 

dispersion is difficult to distinguish, and therefore these processes are usually 

combined and described as hydrodynamic dispersion. Displacement of solutes due to 

mass flow of a fluid is referred to as advection. 

Traditionally, investigations regarding estuarine and offshore benthic-water 

column solute exchanges have dealt with diffusive flux (Krom and Berner, 1980), 

effects of sedimentation and resuspension (Tzur, 1971; Boynton et al., 1981, Simon, 

1989), and the influences of bioturbation (Schink et al., 1975; Aller, 1978). 

Processes involved in the exchange of nutrients across the sediment-water interface 

were reviewed in Section 2. Advective solute transport, particularly that driven by 

elevated upland hydraulic heads, has generally been neglected or assumed negligible. 

However recent evidence suggests that such transport mechanisms are significant and 

may dominate over conventional diffusive solute transport (Zimmermann et al., 1985; 
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Capone and Bautista, 1985; Simmons et al., 1992). 

Primary objectives for this aspect of research were: 

1. To develop a pore water solute transport model with the ability to quantify 

the relative importance of dispersive and advective solute transport across the 

sediment-water interface; and 

2. To examine the importance of dispersive and advective transport of 

chloride, ammonium and DIP in nearshore sand and silt-clay sediments. 

6.2 Pore Water Transport Model Description 

In general, vertical changes of interstitial water properties vary to a much 

greater degree than variations associated with the horizontal direction. Therefore, 

interstitial sediment processes are often described by one-dimensional models. 

Assuming a one-dimensional, steady-state conservative substance, the governing 

transport equation in sediments is (Lerman, 1988): 

ql?) - Gevo =o 

where 

z= depth, increasing downwards (cm) 
og = porosity 

D = hydrodynamic dispersion coefficient (cm’ssec’) 

vo= average linear velocity (cmesec’'), negative if flow from 
sediment to the overlying water column 

C = aqueous phase solute concentration (umoleliter”) 
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Hydrodynamic dispersion results in the spreading of a solute during transport 

and is caused by two mechanisms. The first is termed mechanical dispersion, which 

results from the mechanical mixing of solutes caused by velocity variations at the 

micro-scale level during fluid movement (Bear, 1979). The presence of sediment 

particles in the flow field results in fluid velocity variations due to particle boundary 

effects and directional flow changes. The second mechanism is a thermal/kinetic 

transport termed molecular diffusion. The hydrodynamic dispersion coefficient (D) 

can be written as the sum of these two mechanisms (Bear, 1979; Freeze and Cherry, 

1979): 

D=aq,v + D, 

where 

a, = longitudinal dispersivity (cm) 

v = average linear velocity (cmesec’) 
D, = sediment molecular diffusion coefficient (cm’*sec"') 

Pore water velocities used in the dispersive-advective transport model were derived 

from mean specific discharge rates observed in the sediment flux chambers. The 

average linear velocity is a function of the porosity and the specific discharge: 

v=v¢' 

where 

v = specific discharge (cmesec’”) 
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Specific discharge is the volume of water per unit time flowing through a unit cross- 

sectional area normal to the direction of flow (Bear, 1979). Average linear velocity is 

the microscopic velocity associated with actual water movement around sediment 

particles. 

Due to the presence of solids, diffusive transport of solutes in a saturated 

sediment matrix is reduced compared to water. Therefore, molecular diffusion 

coefficients must be corrected to reflect the tortuous nature of sediment pore spaces. 

Tortuosity defines the ratio of the actual path of ions around sediment particles to the 

straight-line distance (Li and Gregory, 1974). The relationship between the free 

solution and bulk sediment diffusion coefficient may be described as (Berner, 1980): 

Da = D,6” 

where 

D, = aqueous phase molecular diffusion coefficient (cm’ssec’') 

@ = sediment tortuosity (cmecm’) 

Because of difficulties associated with the direct measurement of tortuosity, 

formation resistivity factors (F)(defined as the ratio of bulk sediment electrical 

resistivity to interstitial water electrical resistivity) are generally determined (Andrews 

and Bennett, 1981). An empirical relationship between sediment porosity and 
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sediment molecular diffusion coefficients was provided by Archie (1942), resulting in 

the following relationship: 

D nm — D.o™ 

where 

D, = molecular diffusion in bulk water (cm’ssec”) 

m = empirical exponent to correct for tortuosity 

The dispersive-advective solute transport model incorporated m values of 2 and 

3 for sandy (¢<0.7) and silt-clay (¢~0.7-0.9) sediments, respectively (Krom and 

Berner, 1980; Andrews and Bennett, 1981; Ullman and Aller, 1982). Molecular 

diffusion coefficients of ions in seawater were provided by Li and Gregory (1974) and 

were corrected to field temperatures. Substituting specific discharge for average linear 

velocity, and aqueous phase molecular diffusion for sediment molecular diffusion 

gives the following relationship: 

D= ue + Do"? 

Substituting this for D in the transport equation and simplifying yields: 

  

d?c -1 a \ aC (av + Doo") = + Dymoet OP \\ ae 7° 
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In standard form: 

-1 ab D 1 _ 

dc , ( ome dz v] dc 
dz? (a, v+D, >" dz 
  

a , and C vary with depth. where @ , 

The above equation is solved as a two point boundary problem using the 

relaxation method of Press et al. (1989). The boundary conditions are: 

@z=0 C=G 

@z=L C=C 

where 

C, = the ambient concentration directly at the interface 

C, = the concentration measured at depth L 

Longitudinal dispersivity (a.) was the only model estimated parameter. The 

solution technique solved a system of simultaneous first order differential equations by 

a relaxation method with a grid distance of 0.5 centimeters. Sediment porosities were 

fit with a cubic spline. Nonlinear least squares parameter estimation of longitudinal 

dispersivity was accomplished using a Levenberg-Marquardt algorithm. Algorithms 
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were based on those given by Press et al. (1989). Evaluation of model performance 

was achieved by comparison of in situ determined and model simulated sediment 

solute fluxes. A root mean square error (RMSE) difference index provided an 

estimate of error between model simulated and in situ solute flux measurements 

(Willmott, 1982). Light chamber in situ flux measurements were used to evaluate 

model performance for ammonium and DIP. The units of RMSE are similar to 

sediment solute fluxes. 

N 

RMSE = [N'>° (P,-0,*]°° 
i=l 

where 

N = number of cases 

P = predicted solute flux (umolem’shr") 
O = observed in situ solute flux (umolem”shr’) 

Solute flux due to diffusion and mechanical dispersion is in the direction of 

decreasing solute concentration, whereas advective flux follows the direction of water 

movement. Total flux of solutes across the sediment-water interface was categorized 

into three components. The first was an advective flux, where the solute was carried 

along with the moving water. The remaining were treated as dispersive fluxes, with 

one component arising from spreading due to water movement, and the second 
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component due to simple molecular diffusion. Sediment solute fluxes across the 

sediment-water interface were determined by the following equations: 

Advection = @ vC 

Mechanical Dispersion = a, @ v (dC/dz) 

Diffusion = D,, 6" (dC/dz) 

6.3 Field Methodology 

6.3.1 Sediment Characteristics and Specific Discharges. Sediment porosity was 

determined at one centimeter depth intervals at each sampling station as previously 

described in Section 4.2.2. Average linear velocities were determined from specific 

discharges as measured in flux chambers described in Section 5.2.1. 

6.3.2 Pore Water Solute Concentrations. Diffusion controlled samplers, designed 

after Simon et al. (1985), were used to collect water samples in the lower water 

column (<3 cm above sediment), at the sediment-water interface, and interstitial 

pores to a depth of 25 centimeters. Samplers have a depth resolution of 1 centimeter 

and filter water in situ with a 0.2 um Millipore polycarbonate membrane filter. 

Pressure and temperature effects on solute concentrations are minimized as 

compared to alternative collection techniques (Simon et al., 1985). Diffusion 
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samplers were filled with a dilute salt solution which approximated 50 percent of that 

observed at the study sites. Salt solutions were made of reagent grade NaCl and 

deionized-distilled water. Following the addition of salt solutions, diffusion samplers 

were purged of oxygen with prepurified nitrogen gas for 12 hours. Oxygen levels in 

storage chambers were monitored with a YSI Model 57 dissolved oxygen meter. 

Diffusion samplers were allowed to equilibrate for 14 to 21 days prior to collection. 

Replicate (N=3) diffusion controlled samplers were deployed five meters apart at a 

distance of 30 to 40 meters offshore each sampling station. Immediately following 

retrieval (approximately 1 minute), diffusion samplers were placed, and maintained in 

an inert nitrogen gas environment in order to diminish gas exchange effects. Deeper 

pore water samples (>50 cm) were collected by mini-piezometers as described in 

Section 4.2.1. 

Removal of pore water samples from diffusion samplers was conducted in an 

inert nitrogen gas environment. Ammonium and DIP analyses were conducted within 

three hours of collection, whereas chloride samples were sealed and determined at a 

later date (see Section 5.2.2 for analytical method). In order to eliminate hydrogen 

sulfide interference, additional procedural steps were required prior to standard (see 

Section 4.2.3) ammonium and DIP analytical methods. Ammonium samples were 

acidified, purged with nitrogen gas, and readjusted with respect to pH prior to 

analysis. DIP samples were purged with nitrogen gas prior to analysis. 

Pore water solute studies were conducted in concert with in situ sediment 
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solute flux experiments. Locations of in situ solute flux experiments and diffusion 

samplers were immediately adjacent to one another. Diffusion controlled samplers 

were collected within hours of sediment flux studies. Field experiments were 

conducted from May 1990 to July 1991 and included ten separate sampling periods 

per sediment type. 

6.4 Results 

6.4.1 Sediment Characteristics and Specific Discharges. Nearshore sediments 

exhibited vertical heterogeneity with respect to physical properties (see Section 4.3.2). 

Sediment porosities decreased with depth at both sites and ranged from 0.54 at the 

surface to 0.35 at twenty centimeters depth for the sandy sediment and from 0.89 to 

0.65 for the silt-clay sediments, respectively. Descriptive statistics of sediment 

properties are given in Appendix I, Tables A1.2 to Al.5. Vertical profiles of mean 

sediment porosity are presented in Figure 6.1 for the Eyreville sandy sediment 

sampling stations and Figure 6.2 for the Scotts silt-clay sediment sampling stations. 

Specific discharges, by sampling stations, are presented in Figures 6.3a to 

6.3d. Specific discharges varied from 0.000 to 0.417 cmehr’ with an overall mean of 

0.047 cmehr* (S.=0.010; N=73) for the sandy sediments. The average specific 

discharge for silt-clay sediments was 0.004 cmehr' (S,=0.001; N=67) with values 

ranging from 0.000 to 0.088 cmehr"’. 
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6.4.2 Pore Water Solute Concentrations. Nearshore sandy sediment interstitial 

chloride profiles were variable at both the agricultural (Figs. 6.4a to 6.4c) and 

torested (Figs. 6.5a to 6.5d) sampling site between sampling periods. Both increasing 

and decreasing trends with depth were measured. Elevated interstitial chloride 

concentrations, for both the forested and agricultural stations, were observed during 

the September sampling period which coincided with periods of minimum discharge 

rates. Chloride profiles in nearshore silt-clay sediments were generally characterized 

by decreasing concentrations with depth at both the agricultural (Figs. 6.6a to 6.6e) 

and forested sampling stations (Figs. 6.7a to 6.7e). Chloride concentrations generally 

decreased from values greater than 300 mmoleliter’ near the sediment-water interface 

and approached 250 mmoleliter’ at a depth of 25 centimeters. Deeper pore water 

samples (> 50-100 cm) indicated the presence of fresher water at both sandy (~270 

mmoleliter’) and silt-clay (~240 mmoleliter’) sediment sites. 

Interstitial ammonium profiles, by sampling period, are presented in Figures 

6.8a to 6.8e for the nearshore sandy sediment (Eyreville) agriculture site, and 6.9a to 

6.9e for the sandy sediment forest site. Interstitial ammonium profiles for the 

nearshore silt-clay (Scott) agriculture and forest sampling stations are presented in 

Figures 6.10a to 6.10e and 6.11a to 6.1le, respectively. Within a few centimeters, 

pore water ammonium levels were | to 2 orders of magnitude greater than overlying 

surface waters at both the silt-clay (Scott) and sandy (Eyreville) sediment sites. Water 

column ammonium concentrations varied from 0.4 to 5.4 umoleliter'. Maximum 
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observed pore water ammonium concentrations were 990 umoleliter’ for the sandy 

sediments and 935 umoleliter’ for the silt-clay sediments. Elevated ammonium levels 

were associated with relatively high organic silt-clay sediments that were 

interdispersed approximately 10 centimeters below the surface at the sandy agricultural 

station. Elevated ammonium concentration gradients occurred near the surface (top 

five centimeters) in the sandy sediments. Gradients varied from 0.5 to 69.8 

umoleliter’*cm' with a mean of ~40 umoleliter'*cm’. In contrast to sandy 

sediments, the highest ammonium concentration gradients in silt-clay sediments 

generally occurred 5 to 10 centimeters below the sediment surface with values ranging 

from 11.8 to 55.9 umoleliter'*cm'. A possible explanation for the relative lower 

ammonium concentration gradients near the sediment-water interface is that the silt- 

clay surface sediments represent a fluidized mud or flocculent layer. 

Interstitial DIP profiles for the sandy agriculture and forested stations are given 

in Figures 6.12a to 6.12e and Figures 6.13a to 6.13e, respectively. Interstitial DIP 

profiles are presented in Figures 6.14a to 6.14e for the nearshore silt-clay sediment 

agriculture station, and 6.15a to 6.15e for the forest station. As with ammonium, 

DIP pore water concentrations in the upper few centimeters were | to 2 orders of 

magnitude greater than overlying surface waters at both the silt-clay and sandy 

sediment sites. Water column DIP concentrations ranged from below detection to 0.4 

umoleliter'. Maximum DIP pore water concentrations were 65 and 135 umoleliter’ 

for sandy and silt-clay sediments, respectively. As with ammonium, the highest DIP 
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linear concentration gradients occurred near the surface (top five centimeters) in the 

sandy sediments and were on the order of 3.0 umoleliter'scm’. In general, 

maximum DIP concentration gradients in the silt-clay sediments occurred lower in the 

sediment profile, usually between five and 15 centimeters in depth. Correcting for 

porosity, the upper five centimeters of sandy sediment contained 0.84 mmoles of DIP 

and 11.8 mmoles of ammonium per square meter. The silt-clay sediments contained 

1.86 mmoles of DIP and 18.3 mmoles of ammonium per square meter. 

6.4.3 Pore Water Model Results. In order to maintain model sensitivity near the 

sediment-water interface, the upper ten centimeter solute concentration profile was 

generally used in modeling exercises. This depth was chosen because of pore water 

solute concentration discontinuities that occurred below this region in many data sets. 

In some cases, this depth was decreased if sharp solute concentration discontinuities 

occurred closer to the sediment-water interface. Several data sets were not used in the 

analysis due to insufficient solute concentration resolution near the sediment-water 

interface or because model predicted dispersivities were greatly exaggerated. In 

general, concentration gradients conformed to either an exponential or linear 

relationship. On selected sampling periods, ammonium and DIP concentrations were 

relatively uniform with depth in the upper few centimeters. Best fit concentration 

gradient curves for chloride, ammonium and DIP for sandy sediments are presented in 

Figures 6.4 and 6.5, 6.8 and 6.9, and 6.12 and 6.13, respectively. Best fit 
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concentration gradient curves for chloride are presented in Figures 6.6 and 6.7, 

Figures 6.10 and 6.11 for ammonium, and Figures 6.14 and 6.15 for DIP within silt- 

clay sediments. It should be noted that best fit curves derived from the dispersive- 

advective model were superior than those produced by a purely diffusive model. 

Chloride was used to validate model predictions for an unreactive tracer. 

Given the high variability of observed interstitial chloride profiles and model 

constraints, only profiles that had a relatively consistent pattern near the sediment- 

water interface were used for analysis. Model predicted versus measured chloride 

fluxes for sandy and silt-clay sediments are depicted in Figures 6.16 and 6.17, 

respectively. Average longitudinal dispersivities (a,) and RMSE difference indices for 

chloride, ammonium and DIP are summarized in Table 6.1. RMSE difference indices 

were determined by pooling sampling stations of similar sediment type. Model 

predicted fluxes of chloride were in the correct direction and relative magnitude as in 

situ measurements. By incorporating both dispersive and advective transport 

mechanisms, model predictability was greatly improved for sandy sediments as 

compared to a strictly molecular diffusive flux model. 

Model predicted versus observed ammonium and DIP sediment fluxes for 

sandy sediments are presented in Figures 6.18 and 6.19, respectively. Total model 

(diffusion + mechanical dispersion + advection) predictions of ammonium and DIP 

sediment fluxes were elevated with respect to in situ measurements during the May 

and July sampling periods. These sampling periods coincided with elevated rates of 
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water discharge across the sediment-water interface. Similarly, model estimates of 

longitudinal dispersivities were elevated for these sampling periods as compared to 

other data set estimates. Elevated longitudinal dispersivities can be caused by large 

deviations in water velocity (Luckner and Schestakow, 1991). Elevated model 

predicted fluxes were also associated with sampling periods that demonstrated reduced 

sediment oxygen demand and nutrient uptake by the benthic microalgal communities. 

Exception to this general trend occurred during the September sampling period at the 

agricultural station when in situ nutrient fluxes were elevated with respect to model 

predictions. The enhanced solute fluxes observed during these sampling periods may 

have been associated with elevated benthic respiration rates. 

Theoretical predicted diffusive ammonium and DIP sediment fluxes occurred 

over a relatively narrow range and were generally much lower than in situ 

measurements for the sandy sediments. Sediment diffusive ammonium fluxes ranged 

from 6.3 to 14.1 umoleliter'shr’, and DIP fluxes ranged from 0.1 to 0.5 

umoleliter'shr'! for the sandy sediments. Benthic flux of ammonium due to advective 

transport varied from 0.2 to 45 umoleliter’*hr’ and DIP flux rates ranged from 0.1 

to 3.1 umoleliter'shr’. Model agreement with observed ammonium fluxes was 

slightly improved by incorporating advection in addition to molecular diffusion for the 

sandy substrates. Advective fluxes of ammonium and DIP were greater than 

molecular diffusive flux on approximately half the sampling periods. 

Ammonium and DIP in situ and model predicted sediment flux results for the 
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silt-clay sediments are presented in Figures 6.20 and 6.21, respectively. Overall, 

model predictions significantly under-estimated sediment nutrient flux as compared to 

in situ flux measurements for the silt-clay sediments. Evidence suggests that elevated 

rates of nutrient release were associated with enhanced remineralization rates of labile 

organic material at the sediment-water interface (See Section 5). Exceptions to this 

occurred during cooler sampling periods which were associated with decreased 

sediment oxygen demands. In all cases, model predictions showed that molecular 

diffusive transport dominated over advective transport of ammonium and DIP across 

the sediment-water interface in silt-clay sediments. As with the sandy sediments, 

theoretical diffusive fluxes of DIP and ammonium from the silt-clay sediments 

exhibited a relatively narrow range, and varied from 0.6 to 1.2 umoleliter'shr’ and 

3.8 to 35.8 umoleliter’*hr’, respectively. Model predictability did not increase with 

the incorporation of advective transport mechanisms since specific discharges were 

only on the order of 30 mlem*shr’. 

In order to determine the potential influence of benthic aerobic respiration and 

photosynthetic activity on ammonium and DIP dynamics, sediment nutrient flux was 

calculated based on benthic net community production measurements. Calculations 

assumed the following: RQ=1 (Nixon, et al., 1980) and PQ=1.25 (Wetzel and 

Lickens, 1991); chemical oxygen demand represented 10 and 35 percent of the 

sediment oxygen demand for sandy and silt-clay sediments (Boynton et al., 1981), 

respectively; and C:N:P atomic ratios of degrading organic matter were 106:16:1 
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(Redfield et al., 1963). While these calculations did depict the general trends 

measured in situ, the magnitude of ammonium and DIP fluxes were greatly 

exaggerated. The RMSE for the sandy sediments was 35.6 for DIP and 460.1 

umolem’ehr’ for ammonium. Calculated DIP and ammonium RMSE were 30.3 and 

424.7 umolem”’ehr’, respectively, for the silt-clay sediments. The predictability of 

sediment nutrient flux by this approach was far inferior to dispersive-advective 

modeling efforts. 

The average model predicted longitudinal dispersivity (a) for the chloride ion 

was 5.8 centimeters for the silt-clay sediments and 9.0 centimeters for the sandy 

sediments. Estimated dispersivities for ammonium and DIP ranged from 0.1 to 11.4 

centimeters for the sandy sediments and 0.6 to 7.4 centimeters for the silt-clay 

sediments. Some estimates of longitudinal dispersivity were considered high given the 

scale of the model (~10 cm.). Based on an empirically derived model (Luckner and 

Schestakow, 1991), estimates of dispersivity were expected to be on the order of one 

centimeter. In addition to indicating large heterogeneities associated with sediment 

media, high dispersivities may also be a function of biological and geochemical 

processes not incorporated into present modeling efforts. Such processes include 

autotrophic and heterotrophic biological activity, and chemical precipitation and 

adsorption-desorption mechanisms. 
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6.5 Discussion and Summary 

The sediments in Cherrystone Inlet represented a large reservoir of inorganic 

nutrients. In the upper tew centimeters of sediment, interstitial ammonium and DIP 

levels were | to 2 orders of magnitude greater than overlying surface waters at both 

the silt-clay and sandy sediment sites. Concentration gradients of pore water 

ammonium and DIP generally conformed to exponential or linear relationships with 

depth. Discontinuities in pore water nutrient profiles were apparent in several 

sampling periods for both sandy and silt-clay sediments. During periods when 

surficial sandy sediments are more oxidized (winter and early spring) due to increased 

benthic microalgal activity and decreased benthic heterotrophic metabolism (Fig. 

5.1a), interstitial DIP was generally low in the upper few centimeters. Possible 

explanations for this trend are benthic microalgal nutrient uptake and/or phosphorus 

sorption or precipitation reactions. Several silt-clay sediment pore water ammonium 

and DIP profiles showed reduced concentrations gradients near the sediment-water 

interface. This may be explained, in part, by an unconsolidated flocculent layer 

immediately above the highly porous (90% volumetric water content) silt-clay 

sediments; this would allow for a greater degree of ion exchange with the overlying 

water column. 

The importance of advective solute transport mechanisms in nearshore 

sediments was demonstrated by a one-dimensional, steady-state model for a 

conservative substance. By incorporating both dispersive and advective transport 
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mechanisms, model predictability for chloride sediment flux was improved as 

compared to a purely diffusive flux model. Advection was the dominant transport 

mechanism for chloride in a sandy sediment under the influence of groundwater 

discharge. The importance of advective transport was greatly reduced in the less 

permeable silt-clay sediments. 

Given the models ability to estimate chloride fluxes, predicted and observed 

sediment nutrient fluxes should be in agreement if biological and/or geochemical 

processes occurring near the sediment-water interface are negligible. Based on 

comparisons between in situ measurements and model predicted nutrient fluxes, it is 

clear that additional processes occurred that enhanced or decreased sediment 

ammonium and DIP flux aside from physical transport mechanisms. While the 

dispersive-advective model is based on steady-state and conservative substance 

assumptions, it does provide a better understanding of benthic nutrient transport than a 

purely diffusive model. 

Based on model results, dispersive transport dominated over advective 

transport of ammonium and DIP across the sediment-water interface at the silt-clay 

sediment site and accounted for approximately 90 percent of the predicted solute flux. 

While a dominant physical transport mechanism in silt-clay sediments, molecular 

diffusion underestimated nutrient transport to a great degree. DIP and ammonium 

flux enhancement, the ratio of in situ to predicted diffusive fluxes, averaged 20.9 and 

32.0, respectively. Given the high degree of correlation between benthic respiration 
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and nutrient fluxes (Figs. 5.3 and 5.4), evidence suggests that enhanced aerobic 

decomposition of labile organic matter at the sediment-water interface may help 

explain these observations. Callender and Hammond (1982) reported DIP and 

ammonium sediment flux enhancements on the order of 1 to 10 for a similar sediment 

type in the Potomac River estuary. The authors attributed the flux enhancement to 

macrofaunal irrigation of sediments. 

Based on model results, advective transport of ammonium and DIP dominated 

molecular diffusion on approximately half the sampling periods for the sandy 

sediments. Using in situ measurements that showed a nutrient flux from the sediment 

to the overlying water column, average diffusive flux enhancements were 13.6 for 

ammonium and 32.6 for DIP. By incorporating predicted advective flux with 

diffusive solute flux, flux enhancements were reduced 50 percent for DIP and 60 

percent ammonium. Given observed solute concentration gradients and physical 

sediment properties of the sandy sediments, specific discharges need only be on the 

order of 0.4 litersem’shr' for advective flux of ammonium and DIP to be greater 

than that caused by molecular diffusion. Discharge rates greater than 0.4 

litersem’shr’ are common in the nearshore environments of the Chesapeake Bay. 

Simmons et al. (1992) recently conducted a submarine groundwater discharge survey 

in the southern Chesapeake Bay which incorporated ten sampling stations. Their 

results indicated a mean discharge of 0.8 litersem’ehr’ (N=271) with rates that 

varied from 0.0 to 7.9 litersem’ehr'. Discharge values as high as 13.7 
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litersem”ehr’ have been reported in the northern portion of Chesapeake Bay 

(Zimmermann, 1991). Given these discharge rates, advective movement of solutes 

across the sediment-water interface may be the dominant physical transport mechanism 

operating in many nearshore environments of the Chesapeake Bay. Neglect of 

advective transport mechanisms may lead to serious misinterpretation of data and error 

in water quality management strategies. 

In summary, results of this research effort showed: 

1. The importance of diffusive and advective transport of solutes across the 

sediment-water interface varied between nearshore sediment types. Dispersive 

flux was the dominant physical transport mechanism for silt-clay sediments, 

whereas, advective transport played an important role in sandy sediments. 

2. Biological and geochemical processes occurring at or near the sediment- 

water interface can significantly alter and dominate over physical transport 

mechanisms of DIP and ammonium in nearshore sandy and silt-clay sediments. 

Two primary biological processes are benthic micro-autotrophic uptake and 

aerobic decomposition of labile organic matter. The relative importance of 

these processes is dependent on sediment characteristics. Benthic micro- 

autotrophic activity appeared to be a controlling factor for inorganic sandy 

sediments, whereas aerobic heterotrophic activity was a regulating factor for 

the organic rich (~5% on a dry weight basis) silt-clay sediments. 
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Table 6.1. Pore water solute transport model Root Mean Square Errors (RMSE) results 

and average longitudinal dispersivity (a) estimates. RMSE are in units similar to solute 
fluxes (Cl: mmolem’ehr’'; NH, and DIP: umolem”’ehr’). 

  

  

RMSE oy, 

Ton Sediment Diffusion Diff+ Adv Total (cm) N 

Silt-Clay 256.4 219.4 221.4 5.8 7 
Cl sand 364.9 131.1 148.2 9.0 4 

Silt-Clay 268.9 268.1 262.8 3.9 g 
NHy cand 120.0 103.1 262.3 5.7 7 

Silt-Clay 12.1 12.0 11.5 3.8 7 

DIP sand 11.0 10.9 20.0 6.1 8 
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Figure 6.1 Vertical sediment porosity profiles for sandy sediment agricultural (A) and 
forested (B) sampling stations. 
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Figure 6.2 Vertical sediment porosity profiles for silt-clay sediment agricultural (A) and 
forested (B) sampling stations. 
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Figure 6.6. Interstitial chloride profiles and best fit predictive curves for the May 1990 
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Figure 6.7. Interstitial chloride profiles and best fit predictive curves for the May 1990 
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Figure 6.8. Interstitial ammonium profiles and best fit predictive curves for the May 
1990 (A), July 1990 (B), September 1990 (C), January 1991 (D), and April 1991 (E) 

sampling periods at the sandy sediment agricultural station. 

133



  

  

  

  

  

  

  

  

  
  

  

  

  

May 1990 July 1990 

Oeoth om Depth cm 
om oe . 

2+ Ye 2 t : 

a | | 
4r a ar | 

c { | 
@r oN 8 @r : 

c s { 

@r os a at t 
5 a0 

wr c oO WE a 

saa oD 
we 2 0 2 @F c oo 

2m \ a 1 
“Fr a990 “4 t a 

coo | 2 a | 
wr mo 16 F aa 0 i 

x ao oa 
wr 1m . wr oo 0 

joa = : 
20 3 20-0 om i 

: | ao 

22} 2r 6m | 
y i oo ' 

24 24 - _ 
200 400 600 800 1900 0 200 400 800 800 1000 

NH, umol-liter’' NH, umol-(iter ' 

September 1990 January 1991 

Oepth cm Depth cm 

Oo@ 0a 1 

i “7 3 | 
4 

. a‘oa 
a 6 a 

a a 
a 8 o oo | 

oo aoa | 
ca 10 qaqa | 

goa | 
3 12 is a) Q d 

Qo oa 
9 “4 oo 600 
o ooo | 

S 16 a aa 
oa : oo 

| * 2 
a o @ 

Q a | 20 a. a9 
9 Q : | ao | 

a = 22 + Q i 

a —| 2 4 4 1 
400 800 800 1000 0 200 400 600 800 1000 

NH, umol-titer’' NH, umoi-liter ' 

April 1991 

Oepth cm 

o #— = 

2-oa | 
468 I 

c 
8 r = | 

ar ; 
c i 

ore ‘ 

mr s 
a 

“oF 2 
| 

eric ; 

, 2 ' 
far = 

a 1 

20 rG 2 ' 

a : 
ar oS i 

1 
245 

0 200 400 600 800 1000 

NH, umol-iiter * 

Figure 6.9. Interstitial ammonium profiles and best fit predictive curves for the May 

1990 (A), July 1990 (B), September 1990 (C), January 1991 (D), and April 1991 (E) 
sampling periods at the sandy sediment forested station. 
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Figure 6.10. Interstitial ammonium profiles and best fit predictive curves for the May 
1990 (A), August 1990 (B), October 1990 (C), February 1991 (D), and April 1991 (BE) 

sampling periods at the silt-clay sediment agricultural station. 
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Figure 6.11. Interstitial ammonium profiles and best fit predictive curves for the May 

1990 (A), August 1990 (B), October 1990 (C), February 1991 (D), and April 1991 (E) 

sampling periods at the silt-clay sediment forested station.
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Figure 6.12. Interstitial DIP profiles and best fit predictive curves for the May 1990 

(A), July 1990 (B), September 1990 (C), January 1991 (D), and April 1991 (E) sampling 
periods at the sandy sediment agricultural station. 
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Figure 6.13. Interstitial DIP profiles and best fit predictive curves for the May 1990 (A), 

July 1990 (B), September 1990 (C), January 1991 (D), and April 1991 (E) sampling 

periods at the sandy sediment forested station. 
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Figure 6.14. Interstitial DIP profiles and best fit predictive curves for the May 1990 
(A), August 1990 (B), October 1990 (C), February 1991 (D), and April 1991 (E) 

sampling periods at the silt-clay sediment agricultural station. 
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Figure 6.15. Interstitial DIP profiles and best fit predictive curves for the May 1990 (A), 

August 1990 (B), October 1990 (C), February 1991 (D), and April 1991 (E) sampling 
periods at the silt-clay sediment forested station. 
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Figure 6.16. Mode! predicted versus in situ sediment chloride fluxes for sandy 

sediments. Open bars represent + standard error of the mean for in situ fluxes. Model 

results are depicted as combinations of transport mechanisms. 
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Figure 6.17. Model predicted versus in situ sediment chloride fluxes for silt-clay 

sediments. Open bars represent + standard error of the mean for in situ fluxes. Model 
results are depicted as combinations of transport mechanisms. 
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Figure 6.18. Model predicted versus in situ sediment ammonium fluxes for sandy 

sediments. Open bars represent + standard error of the mean for in situ fluxes. Model 

results are depicted as combinations of transport mechanisms. 
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Figure 6.19. Model predicted versus in situ sediment DIP fluxes for sandy sediments. 
Open bars represent + standard error of the mean for in situ fluxes. Model results are 
depicted as combinations of transport mechanisms. 
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Figure 6.20. Model predicted versus in situ sediment ammonium fluxes for silt-clay 
sediments. Open bars represent + standard error of the mean for in situ fluxes. Model 

results are depicted as combinations of transport mechanisms. 
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Figure 6.21. Model predicted versus in situ sediment DIP fluxes for silt-clay sediments. 
Open bars represent + standard error of the mean for in situ fluxes. Model results are 

depicted as combinations of transport mechanisms. 
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7. Benthic-Water Column Interactions 

7.1 Introduction 

Sediment and water column interactions are of significant ecological and water 

quality importance to shallow coastal waters, including the Chesapeake Bay and its 

tidal tributaries. The linkage between benthic and water column carbon and nutrient 

flow in shallow coastal environments may be summarized as a succession of four 

principal events: 1) spring phytoplankton blooms typically fueled by allochthonous 

inputs of nutrients, 2) settling and sedimentation of plankton or by-products, 3) 

decomposition of organic matter, and 4) subsequent transport of dissolved inorganic 

nutrients across the sediment-water interface into the overlying water column to fuel 

future primary productivity (Zeitzchel, 1979; Garber, 1987). 

The significance of sediment-water column interactions can be assessed by 

examining two fundamental biological processes: stimulation of water column primary 

productivity and decomposition of in situ generated organic material. Primary 

production of organic matter can be represented by the general equation for 

photosynthesis (Odum, 1971): 

radiant_ 106 CO, +9 0H,O+16NO, +1PO0,* srérgy =(106C, 180H, 460, 16N, 1P) +1540, 

Based on this stoichiometric equation, carbon:nitrogen:phosphorus atomic ratios of 

photoautotrophic based organic matter should approximate 106:16:1. It has been 
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shown that marine phytoplankton display a relative consistency in C:N:P atomic ratios 

which conform to the expected 106:16:1 (Redfield et al., 1963; Goldman et al., 

1979). Estuarine phytoplankton C:N:P ratios may vary to some degree based on 

water column nutrient levels and phytoplankton growth rates (Adams, 1973). 

Decomposition of organic material occurs through a variety of bacterially 

mediated reactions which result in the release of inorganic nutrients. Aerobic 

decomposition of organic matter in estuarine and marine sediments can be represented 

by the following Redfield type equation (Richards, 1965): 

(CH,O) » (NH;) 4, (H;PO,) ¢71380,=a CO, +0 yHNO, +0 pH,PO,+122H,0 

where a,, &, and a, represent atomic fractions of carbon, nitrogen and phosphorus, 

respectively (Q@c:ay:Qp approximate 106:16:1). As molecular oxygen is depleted, the 

degradation of organic material continues by microbial communities which are able to 

utilize alternative terminal electron acceptors. Dissimilatory sulfate reduction is a 

dominant pathway for the degradation of organic matter in estuarine and marine 

anoxic sediments. Other forms of microbial metabolism occurring in estuarine 

sediments include dissimilatory nitrate reduction (i.e., denitrification), 

methanogenesis, and fermentation where NO;, CO,, and organic compounds serve as 

terminal electron acceptors (Mackin and Swider, 1989). 

Following decomposition of organic material at the sediment-water interface or 

within the sediment matrix, degradation products (1.e., inorganic nutrients) may be 
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returned to the overlying water column. Solute transport mechanisms across the 

sediment-water interface include dispersive and advective processes (see Section 5.1 

for review). Once introduced into the overlying water, remineralized or allochthonous 

derived nutrients can potentially stimulate and support a large percent of water column 

primary productivity. A comprehensive review of the linkage or "coupling" between 

sediments and the water column in the Chesapeake Bay was given by Garber (1987). 

Research objectives for this portion of the study concentrated on the coupling 

between sediments and the overlying water column: 

1. To determine water column DIN and DIP turnover times with respect to 

sediment nutrient fluxes; 

2. To quantify the significance of sediment ammonium and DIP fluxes 

with respect to phytoplankton nutrient assimilation demands; and 

3. To determine the relative importance of benthic respiration with 

respect to water column productivity. 

7.2 Methodology 

7.2.1 Physical, Chemical, and Biological Water Quality Parameters. Environmental 

water quality parameters were measured during water column productivity studies. 

Water column light extinction coefficients (k,) were determined by performing linear 

regressions on the natural log of percent surface light versus depth (Thomann and 

Mueller, 1987). Solar irradiance was measured at 5 to 10 centimeter intervals within 
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the water column utilizing a Licor submersible photometer. The light compensation 

depth (Zo), where photosynthetic productivity approximates respiration, was 

determined where light intensity equaled one percent of the surface solar radiation 

level. Determinations of dissolved inorganic nitrogen (NH,*, NO;, NO,), inorganic 

phosphorus, and oxygen followed procedures described in Section 4.2.3. Temperature 

was measured to the nearest 0.1 C° with a calibrated (NIST specifications) long stem 

thermometer. 

Total chlorophyll a (Chl a) and phaeopigment concentrations were determined 

on replicate water column samples (N =4) to estimate autotrophic standing stock and 

chlorophyll degradation product levels, respectively. Chl a concentrations were 

determined by an alkaline acetone extraction procedure and use of trichromatic 

equations described by Parsons et al. (1984). Phaeopigment concentrations were 

determined by adding dilute (10%) hydrochloric acid to Chl a samples followed by 

light extinction readings at 665 and 750 nannometers (Parsons et al., 1984). 

Functional Chl a was determined as the difference between total Chl @ and 

phaeopigment concentrations. 

7.2.2 Water Column Primary Productivity. Water column primary productivity and 

respiration was determined using the light and dark bottle method (Vollenweider, 

1969). This technique allows for the determination of water column net community 

productivity and aerobic respiration. Respiration, referred to by oxygen uptake, 
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includes the respiration by animals, plants, and heterotrophic microorganisms, and 

oxygen consumption by reduced chemical compounds. Replicate water column 

samples (N=3-6) were deployed on floating rafts, designed to minimize shading 

effects, and incubated in situ for three hours. Measurements of planktonic community 

production were conducted in concert with sediment nutrient flux studies. Dissolved 

oxygen levels were determined by an Orbisphere Model 2607 oxygen meter or the 

iodometric method described in Section 4.2.3. 

In order to determine potential summer nutrient limitation of planktonic 

primary productivity, nutrient enrichment studies were conducted during July and 

August, 1990. Light and dark BOD bottles were spiked with either anhydrous 

ammonium chloride (NH.Cl), potassium nitrate (KNO;), or anhydrous potassium 

dihydrogen phosphate (KH,PO,) solutions in order to increase ammonium, nitrate, and 

inorganic phosphorus concentrations by 10 umoleliter' over ambient surface water 

levels. Untreated water column samples served a controls. 

7.3 Results 

7.3.1 Physical, Chemical, and Biological Water Quality Parameters. Descriptive 

statistics for physical (light extinction coefficients, light compensation depth, 

temperature), chemical (DIN and DIP levels, dissolved oxygen), and biological ( total 

Chl a) parameters are given in Table 7.1. Light extinction coefficients (k,) and light 

compensation depths (Z)o,) values ranged from 0.76 to 7.00 m' and 0.70 and 6.07 

151



meters, respectively. Light extinction coefficients (k.) showed a strong relationship 

with water column Chl a levels (r =0.66). Mean water temperature varied from 6.0 

to 31.2 C° during the study period. 

Mean dissolved inorganic nitrogen in Cherrystone Inlet, measured at sediment 

flux sampling stations during benthic exchange experiments, varied from 0.9 to 8.5 

umoleliter’ with strong seasonal variations. Elevated DIN was measured during the 

winter and spring. Dissolved inorganic phosphorus levels varied from the limits of 

detection (~0.07 umoleliter') to 0.31 umoleliter'. Detailed surveys of spatial and 

temporal patterns of inorganic nitrogen and phosphorus for the entire Cherrystone 

Inlet are presented in Section 8. Mean dissolved oxygen levels ranged from 252.9 to 

374.0 umoleliter’. Minimum and maximum concentrations occurred during the fall 

and winter, respectively. Mean water column total Chl @ varied from a winter low of 

8.9 ugeliter’ to a mid-summer high of 61.7 ugeliter'. 

7.3.2 Water Column Primary Productivity. Descriptive statistics of water column 

gross primary productivity, net community productivity, and respiration for the 

Eyreville and Scott study sites are given in Tables 7.2 and 7.3, respectively. In 

general, elevated net community productivity was associated with spring and summer 

sampling periods, and mean peak values of 31.3 O, umoleliter'*hr' occurred in July, 

1990. Peak water column primary productivity coincided with maximum functional 

Chi a levels of 54.4 ugeliter' (Fig 7.1). 
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Results of the water column nutrient enrichment studies are presented in Figure 

7.2. Nonparametric analysis of variance by ranks (Kruskal-Wallis test) showed 

significant intergroup differences between nutrient enrichment and control treatments 

for the July 17 (H,-333;=8.3, p<0.005), July 18 (H,-333;=6.28, 0.02<p<0.05), and 

August 3, 1990 (H,-333=6.31, 0.02<p<0.05) experiments. A nonparametric 

comparison of a control to other groups test was used to determine which nutrient 

enrichment treatment resulted in significantly higher net productivity as compared to 

controls (Zar, 1984). Net primary productivity for the NH,* (Q’,.;=3.71, p<0.005) 

and NO; (Q’,-3=2.68, 0.005 <p<0.01) enrichments were significantly higher than 

the control for the July 17 experiment. Although both NH,* and NO, enrichments 

showed elevated net primary productivity as compared to the control samples for the 

July 18 experiment, only the NO; (Q’,.;=2.09, 0.005 <p<0.01) enrichment was 

significant. Net primary productivity was enhanced by all three nutrient enrichments 

during the August, 1990 experiment. However, only NH,* (Q’,.;=2.38, 

0.01 <p<0.025) and DIP (Q’,.;=2.24, 0.025 <p <0.05) enrichments resulted in 

significantly higher net productivity for the August 3 experiment. 

7.3.3. Benthic-Water Column Coupling Determinations. Water column DIN turnover 

times for the sandy (Eyreville) and silt-clay (Scott) sediment sites are presented in 

Figure 7.3. Water column turnover times of DIP are presented in Figure 7.4. 

Turnover times for DIN and DIP varied from 0.2 to 17.6 days and 0.7 to 10.9 days, 
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respectively, at the sandy sediment sites. Water column DIN turnover times were 0.1 

to 19.2 and 0.1 to 10.4 days for DIP at the silt-clay sediment sites. Water column 

nutrient turnover times were determined by dividing nutrient mass in the water column 

by sediment nutrient fluxes on a square meter basis. Water column nutrient turnover 

times were based on combined light and dark chamber in situ sediment ammonium 

and DIP fluxes, and assumed an average water column depth of 1 meter. Sediment 

ammonium and DIP fluxes that approximated zero or indicated sediment nutrient 

uptake were not incorporated in the analysis. 

Water column primary productivity nitrogen and phosphorus assimilation 

demands were determined using Redfield atomic ratios (C:N:P; 106:16:1) and carbon 

equivalents calculated from net primary productivity. The photosynthetic quotient 

(PQ) was assumed to be 1.25 (Wetzel and Likens, 1991). Calculated water column 

primary productivity inorganic nitrogen and phosphorus demands for the sandy 

(Eyreville) and silt-clay (Scotts) sediment sites are given in Tables 7.4 and 7.5, 

respectively. Sediment ammonium and inorganic phosphorus fluxes used in nutrient 

demand determinations were derived from a mean value which incorporated both light 

and dark treatments (Section 5.4.1). 

Percent phytoplankton nitrogen demand supplied by the sediments ranged from 

0 to 22% for sandy sediments and 4 to 58% for the silt-clay sediments. Phosphorus 

values ranged from 0 to 2% for the sandy sediments and 1 to 53% for the silt-clay 

sediments. This analysis did not include studies where net community productivity 
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was negative or approximately equal to zero (<5 mgem*ehr'). The importance of 

sediment nutrient fluxes to planktonic productivity, or vice versa, can be examined by 

comparing the in situ nutrient fluxes to their respective demand within the water 

column. Sediment ammonium fluxes were positively correlated with water column 

assimilatory demands for both the silt-clay (°=0.60, p=0.02) and sandy (°=0.36, 

p=0.11) sediment types (Fig. 7.5a). Dissolved inorganic phosphorus relationships 

showed similar trends as ammonium at the sandy sites (°° =0.42, p=0.09), whereas 

the silt-clay sediment resulted in a weak association (°=0.09, p=0.47)(Fig. 7.5b). 

Benthic aerobic respiration of phytoplankton derived organic matter was 

determined using Redfield atomic ratios, carbon equivalents calculated from net 

primary production, and assuming a respiratory quotient (RQ) of 1.00 (Nixon et al., 

1980). Sediment oxygen demands from dark flux chambers were used as estimates of 

benthic aerobic respiration. Analysis did not include sampling dates when water 

column net community productivity was negative or approximately zero 

(<5 mgem*ehr'). Results for the sandy and silt-clay sediments are presented in 

Tables 7.6 and 7.7, respectively. Percent phytoplankton net productivity accounted 

for by benthic aerobic respiration ranged from 0-90% (Mean=36%) for sandy 

sediments and 33-137% (Mean=78%) for the silt-clay sediments. It should be noted 

benthic respiration rates were not corrected for chemical sediment oxidation by 

anaerobic end products. 

In order to compare the relative importance of the benthic micro-autotrophic 
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versus planktonic contributions of organic matter to sediment dynamics, functional Chl 

a ratios based on areal estimates were determined. Benthic Chl a estimates were 

based on the top one centimeter of sediment profile, whereas water column Chl a 

levels assumed a one meter water column depth. Benthic functional Chi a: Water 

column functional Chl a ratios varied from 0.6 to 14.3 (Mean=5.3, S,=1.2, N=11) 

for the silt-clay sediments (Fig. 7.6b) and 2.3 to 56.2 (mean=18.9, S.=4.1, N=15) 

for the sandy sediments (Fig. 7.6a). Assuming a relatively similar carbon to Chl a 

proportionality tor benthic and water column micro-autotrophic assemblages, sediment 

in situ generated organic carbon exceeded water column contributions by several fold 

within these nearshore photic zones. Elevated ratios were associated with winter 

months, primarily due to decreases in water column Chl a levels. 

7.4 Discussion and Summary 

A critical water quality issue is the seasonal response of phytoplankton growth 

to nutrient availability. Maximum levels of phytoplankton production and biomass 

occurred during the summer in Cherrystone Inlet. This pattern was consistent with 

other Chesapeake Bay environments (Kemp and Boynton, 1984). Nutrient enrichment 

studies suggested phytoplankton growth was primarily limited by nitrogen during the 

summer when DIN:DIP ratios were approximately 10:1. These results corroborate 

those of D’Elia et al. (1986), who reported growth enhancement of phytoplankton 

with supplemental additions of nitrogen during summer in the Patuxent River estuary. 
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Given DIN:DIP ratios of approximately 30:1 during winter and early spring, 

planktonic primary productivity was not expected to be limited by nitrogen during this 

time period. Elevated DIN:DIP ratios during winter were in response to increases in 

DIN as opposed to decreases in DIP levels. Allochthonous sources of additional 

nitrogen generally include river/stream, precipitation and groundwater inputs which 

are enhanced during the wet winter and spring season. This topic is discussed in 

greater detail in Section 8. 

Benthic-water column coupling involves the movement of remineralized 

nutrients or allochthonous contributed nutrients, from the sediment to the overlying 

water column and subsequent utilization by phytoplankton. The exchange of dissolved 

inorganic nitrogen and phosphorus from the sediment to the water column, reviewed 

in Section 5, suggested this process was significant. Short water column DIN and 

DIP turnover times, on the order of hours, were characteristic of summertime 

conditions when water column nutrient concentrations were low and sediment nutrient 

fluxes high. Conversely, nutrient turnover times on the order of days were 

characteristic of winter conditions when water column nutrient concentrations were 

high and sediment nutrient fluxes low. 

The importance of sediment nutrient fluxes can be examined in terms of 

phytoplankton nutrient requirements. Sediment nutrient flux from the silt-clay 

sediment was estimated to supply approximately 17 percent (range: 1-53%) of the 

inorganic phosphorus and 24 percent (range: 4-58%) of inorganic nitrogen required 
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for water column net primary productivity. In comparison, sandy sediment inorganic 

phosphorus and ammonium fluxes were estimated to supply 1 (range: 0-2%) and 7 

percent (range: 1-22%), respectively, of the planktonic nutrient assimilation demand. 

In the Patuxent River estuary, Boynton et al. (1980) estimated that benthic fluxes of 

ammonium and phosphate could fulfill 0-190% and 52-330% of the daily nitrogen and 

phosphorus requirements of phytoplankton, respectively. Benthic nutrient fluxes were 

estimated to satisfy 35% of the gross primary productivity nitrogen demands in the 

upper Potomac River estuary and 27% of the phosphorus demand (Callender and 

Hammond; 1982). Rizzo (1990) reported sandy shoal sediments in the York River 

supplied 36 and 75% of phytoplankton nitrogen and phosphorus requirements, 

respectively. 

In order for sediment derived nutrients to be of ecological significance, nutrient 

exchange must coincide with periods of elevated phytoplankton productivity. Positive 

correlations between sediment nutrient fluxes and phytoplankton DIN and DIP 

assimilatory demands emphasize the importance and interdependence of sediment 

heterotrophic and water column autotrophic processes. Similar findings that couple 

sediment nutrient fluxes and water column primary productivity have been reported 

for several eastern North Carolina estuaries (Fisher et al., 1982) and the Chesapeake 

Bay (Kemp et al., 1982). 

Water column hypoxic and anoxic conditions, resulting from water column and 

benthic heterotrophic metabolism, has been demonstrated in large portions of the 
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Chesapeake Bay main stem (Taft et al., 1980; Officer et al., 1984; Seliger et al., 

1985). Mean benthic community aerobic respiration in Cherrystone Inlet represented 

an equivalent of 36 percent of water column net productivity at the sandy site and 

compared to 78 percent at silt-clay sediment site. These results suggest that deposited 

organic matter can be subjected to rapid degradation through benthic aerobic 

respiration processes. Kemp and Boynton (1981) have also addressed the importance 

of sediment respiration with respect to carbon dynamics along the Patuxent River 

estuary. Their results suggested that benthic community respiration represented 30- 

40% of the gross water column productivity in the summer and 50-100% in the 

winter. Because Cherrystone Inlet is a shallow embayment with maximum depths 

reaching three meters, light penetration was adequate for benthic autotrophic 

production in the shallow portions year-round and in the deepest portions during the 

winter and spring. Comparisons between benthic and pelagic Chi a concentrations 

suggest that in situ benthic contributions of carbon and organic nutrients may be more 

important to sediment carbon and nutrient dynamics than phytoplankton sources. 

Elevated ratios were associated with winter sampling periods when water column 

functional Chl a levels were at a minimum and benthic levels remained relatively 

high. 

In summary, results of this research demonstrated the following: 

1. Sediment inorganic nitrogen and phosphorus fluxes were an important 

component in determining the water quality within Cherrystone Inlet. Short 
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DIN and DIP turnover times (hours) were characteristic of summertime 

conditions when water column nutrient concentrations were low and sediment 

nutrient fluxes high. 

2. Sediment fluxes of ammonium and DIP could supply a significant portion 

of phytoplankton nutrient assimilation demands. Due to elevated nutrient 

fluxes, silt-clay sediments can supply a much greater percent of the nitrogen 

and phosphorus required by water column primary productivity than sandy 

sediments. 

3. Benthic community aerobic respiration represented a large equivalent of 

water column net primary productivity within Cherrystone Inlet. Elevated 

benthic respiration rates were associated with silt-clay sediments, which 

indicated the importance of these sediments with respect to remineralization of 

deposited organic matter. Based on Chl a areal estimates, benthic derived 

organic matter may be of greater significance to sediment carbon and nutrient 

dynamics than settled water column contributions in the shallow photic regions 

of Cherrystone Inlet. 
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Table 7.2. Descriptive statistics of planktonic gross community productivity, net community 
productivity, and aerobic respiration at the Eyreville agricultural and forest study sites. 

Productivity and respiration are expressed as umol O, eliter'shr'. Mean values are 

presented with standard error of the mean and sample size presented parenthetically. 

  

  

Sampling Station Gross Community Net Community Aerobic 

Productivity Productivity Respiration 

Agricultural 

May 8, 1990 24.9 18.9 6.0 

(1.3,6) (2.1,6) (0.8,6) 

July 17, 1990 59.8 41.2 18.6 

(1.8,3) (1.8,3) (0.01,3) 

September 12, 1990 13.9 -1.6 15.2 

(0.5,3) (0.2,6) (0.3,3) 

January 19, 1991 4.1 -0.5 4.6 

(0.7,6) (0.9,6) (0.3,6) 

April 15, 1991 12.5 8.3 4.2 

(3.6,4) (3.6,4) (0.06,4) 

Forested 

May 7, 1990 15.3 10.7 4.6 

(1.1,6) (1.2,6) (0.3,6) 

July 18, 1990 40.6 26.3 14.3 
(0.7,6) (0.6,6) (0.2,6) 

September 13, 1990 16.5 2.4 14.1 

(3.0,3) (2.3,3) (0.8,3) 

January 20, 1991 6.3 2.0 4.3 

(1.3,6) (0.6,6) (1.2,6) 

April 14, 1991 6.4 4.0 2.4 

(0.9,6) (0.6,6) (0.5,6) 
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Table 7.3. Descriptive statistics of planktonic gross community productivity, net community 
productivity, and aerobic respiration at the Scotts agricultural and forest study sites. 

Productivity and respiration are expressed as umol O, eliter'shr’. Mean values are 

presented with standard error of the mean and sample size presented parenthetically. 

  

  

Sampling Station Gross Community Net Community Aerobic 

Productivity Productivity Respiration 

Agricultural 

May 28, 1990 6.9 6.5 0.4 

(1.1,6) (1.2,6) (1.3,6) 

August 3, 1990 0.8 0.2 0.6 

(0.6,3) (0.3,3) (0.4,3) 

October 11, 1990 7.0 -6.1 13.1 

(1.3,6) (1.3,6) (0.2,6) 

February 10, 1991 2.7 2.9 -0.2 
(0.8,6) (0.5,6) (0.8,6) 

March 3, 1991 3.4 1.2 2.3 

(4.2.3) (3.7,3) (0.8,3) 

April 30, 1991 16.6 10.5 6.1 

(0.9,6) (1.1,6) (0.6,6) 

Forested 

May 30, 1990 14.8 12.4 2.5 
(0.8,6) (0.4,6) (0.5,6) 

August 2, 1990 15.0 11.4 3.7 

(1.7,3) (2.1,3) (1.8,3) 

October 12, 1990 7.9 6.8 1.1 

(1.5,6) (1.3,6) (1.4,6) 

February 11, 1991 2.2 3.8 -1.6 
(0.8,6) (0.9,6) (0.5,6) 

April 31, 1991 20.3 12.6 7.7 

(2.1,3) (1.2,3) (0.9,3) 
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Table 7.4. Water column inorganic nitrogen (DIN) and phosphorus (DIP) demand (umole mehr“) 

computed from Redfield ratios (106C:16N:1P) for the Eyreville sandy sediment agricultural and 

forest sampling stations. 

  

  

Water DIN DIP % Supplied % Supplied 
Column Demand Demand by by 

Productivity Sediment Sediment 
Sampling Date mag Gen"?! NH,* Flux DIP Flux 

Agriculture 

May 8, 1990 181 2282 143 12 2 

July 17, 1990 396 4975 311 3 <1 

September 12, 1990 -15 - - - - 

January 19, 1991 -5 - - - - 

April 15, 1991 80 1002 63 0 0 

Forested 

May 7, 1990 103 1292 81 4 0 

July 18, 1990 252 3176 198 2 

September 13, 1990 23 289 18 0 

January 20, 1991 19 242 15 22 0 

April 14, 1991 38 483 30 12 <1 

71% 1% 
Mean 
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Table 7.5. Water column inorganic nitrogen (DIN) and phosphorus (DIP) demand (umole m*¢ hr’) 
computed from Redfield ratios (106C:16N:1P) for the Scott silt-clay sediment agricultural and 
forest sampling stations. 

  

  

Water Column DIN DIP % Supplied % Supplied 
Productivity Demand Demand by by 

me Gov! Sediment Sediment 
Sampling Date NH,* Flux DIP Flux 

Agriculture 

May 28, 1990 62 785 49 35 53 

August 3, 1990 2 24 2 3395 3093 

October 11, 1990 -59 - - - - 

February 10, 1991 28 350 22 58 <1 

April 30, 1991 101 1268 79 15 1 

Forested 

May 30, 1990 119 1500 94 26 18 

August 2, 1990 109 1377 86 25 19 

October 12, 1990 65 826 51 6 24 

February 11, 1991 36 459 29 4 15 

April 31, 1991 121 1522 95 19 6 

Mean 24% 17% 
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Table 7.6. Percent water column net community production represented by benthic aerobic 
respiration at the sandy sediment Eyreville agricultural and forest sites. 

  

  

Sampling Date Water Column Benthic Estimated % Net 
Productivity Respiration Benthic Phytoplankton 

mg Con er! tol On” Se=! Respiration Productivity 
mg Go See! Represented by 

Benthic 

Respiration 

Agriculture 

May 8, 1990 181 2057 25 14 

July 17, 1990 396 2241 27 7 

Sept. 12, 1990 -15 3173 38 

Jan. 19, 1991 -5 -734 -9 - 

April 15, 1991 80 -2327 -28 0 

Forested 

May 7, 1990 103 7741 93 90 

July 18, 1990 252 6363 76 30 

Sept. 13, 1990 23 671 8 35 

Jan. 20, 1991 19 546 7 37 

April 14, 1991 38 2331 28 74 

Mean 36 
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Table 7.7. Percent water column net community production represented by benthic aerobic 
respiration at the silt-clay sediment Scott agricultural and forest sites. 

  

  

Sampling Date Water Column Benthic Estimated % Net 
Productivity Respiration Benthic Phytoplankton 

me Gon Yer! wok Oana! Respiration Productivity 
mg Gan Ser) Represented by 

Benthic 

Respiration 

Agriculture 

May 28, 1990 62 4988 60 97 

Aug. 3, 1990 2 9803 118 5881 

Oct. 11, 1990 -59 1828 22 - 

Feb. 10, 1991 28 3194 38 137 

April 30, 1991 101 3137 38 37 

Forested 

May 30, 1990 119 5136 62 52 

Aug. 2, 1990 109 5613 67 62 

Oct. 12, 1990 65 4808 58 89 

Feb. 11, 1991 36 3595 43 119 

April 31, 1991 121 3285 39 33 

Mean 78 
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Figure 7.1. Monthly variations in water column functional Chl a, pheopigments, and net 
community productivity within Cherrystone Inlet during the sampling period May 1990 
to July, 1991. 
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Figure 7.2. Net primary productivity enrichment study results for July 17 (A), July 18 
(B), and August 3, 1990 (C). Bars represent + one standard error of the mean. 
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Figure 7.3. Water column DIN turnover time with respect to sediment ammonium flux 
for Eyreville sandy (A) and Scott silt-clay (B) sediment. 
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Figure 7.4. Water column DIP turnover time with respect to sediment DIP flux for 
Eyreville sandy (A) and Scott silt-clay (B) sediment. 
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173



8. Groundwater Discharge and its Impact on Surface Water 

Quality in a Chesapeake Bay Inlet 

8.1 Introduction 

Nonpoint source nutrient loadings to the Chesapeake Bay and its tidal 

tributaries are significant and contribute to the degradation of water quality (U.S. 

EPA, 1983a). Pollution control programs designed to reduce such loadings have 

concentrated on Best Management Practices (BMPs) which include activities and land- 

uses to minimize sediment loss and surface runoff frequency and discharge. Such 

BMPs, including conservation tillage, contouring and terracing, sedimentation ponds, 

and porous pavement, can reduce nutrient inputs to adjacent waters by overland flow 

but can potentially increase nutrient contamination of shallow aquifers (Dillaha, 1990). 

The shallow unconfined Columbia aquifer in Virginia’s coastal plain has 

characteristics which are conducive to groundwater contamination and subsequent 

transport into aquatic environments. These characteristics include: shallow water table 

depths, low topographic relief which reduces surface water runoff, and highly 

permeable sandy substrates. 

Research has shown that a strong relationship exists between land use and 

shallow groundwater quality in the Chesapeake Bay Watershed (Reay and Simmons, 

1992; see Section 2.5). Percentages of land use for Virginia’s Eastern Shore have 

been estimated at 1.5% urban, 8.5% pasture, 40% agricultural, and 50% forested 
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(U.S. EPA, 1988). In addition to high-risk aquifer characteristics, these intensive 

agricultural practices in coastal plain regions increase the potential for aquifer 

degradation. 

In general, unconfined coastal aquifers are characterized by flow patterns in the 

direction of adjacent surface waters and these flow patterns are in response to elevated 

hydraulic heads in the upland regions. As fresh groundwater moves into a nearshore 

estuarine or marine environment, flow paths are sharply deflected upwards by salinity 

density gradients. Consequently, most unconfined groundwater discharge occurs 

immediately adjacent to the land-water interface and represents a mixture of fresh 

groundwater and interstitial seawater (Bear, 1979). Groundwater discharge has been 

implicated to nitrogen enrichment of coastal systems (Sewell, 1982; Johannes and 

Hearn, 1985; Lee and Olsen, 1985; Valiela et al., 1990). Although significant effort 

has been invested in studying surface and groundwater quality in the Chesapeake Bay 

watershed, it has only been recently that research has focused on the significance of 

groundwater discharge to the Bay and its tidal tributaries (Simmons, 1989; Libelo et 

al., 1991). 

This study was conducted to evaluate water quality impacts of groundwater 

discharge to a shallow estuarine embayment. The specific research objective of this 

project was to assess the degree of coupling between shallow groundwater quality and 

nearshore sediment nutrient flux. 
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8.2 Study Site Description 

Cherrystone Inlet has a surface area of 6.4 km’ and maximum depths of three 

to four meters. The inlet is a polyhaline system with water column salinities on the 

order of 20 %o. Mean tidal range was 0.7 meters with spring ranges of 0.85 meters 

(NOAA, 1990). The inlet receives freshwater inflow from 5 principal creeks. Creek 

headwaters were located near the central ridge of the peninsula which demarcates the 

groundwater flow divide. Groundwater is the major source of streamflow on the 

Delmarva Peninsula (Hamilton and Shedlock, 1992). Intertidal and subtidal sediments 

within the main stem of Cherrystone Inlet are predominately sandy substrates, whereas 

the more protected coves and upper creek reaches are a silt-clay mix. 

The shallow unconfined groundwater system is designated by the Columbia 

aquifer, which is underlain by the Yorktown-Eastover confined aquifer approximately 

25 meters below sea level (Meng and Harsh, 1988). Varying with surface 

topography, water table depth is on the order of one to two meters. Surrounding 

upland soils are predominantly well drained Bojac fine and Munden sandy loams 

which demonstrate moderately rapid (5-15 cmehr') and rapid (15-50 cmehr") 

infiltration rates (Cobb and Smith, 1989). Surface soils are underlain by pleistocene- 

holocene sediments (Richardson, 1992) which exhibit rapid infiltration rates. 

Agricultural fields adjacent to Cherrystone Inlet were planted in soy beans, 

corn, and winter wheat. Annual applications of nitrogen for grain crops were 120 

kilograms per hectare (Eyreville Farms, Cheriton, Virginia, pers. comm., 1992). 
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Upland forested regions were characteristic of mesic coastal plain forests. Dominant 

canopy species included Loblolly pine (Pinus taeda), black gum (Nyssa Sylvatica), and 

sweet gum (Liquidamber styraciflua). 

8.3 Methodology 

8.3.1 Upland Groundwater Hydrology and Quality. Monitoring wells were 

established at three general locations adjacent to Cherrystone Inlet (Fig. 1) to collect 

water samples and measure water table elevations. These wells penetrated 

approximately one meter into the Columbia aquifer. Well construction is described in 

Section 4.2.1. Groundwater flow direction was determined using an equipotential 

contour and assuming flow perpendicular to the contour in the direction of decreasing 

hydraulic head (Heath, 1983). Samples for chemical analysis were taken after three 

well volumes of water were removed by a peristaltic pump. 

8.3.2 Sediment Characteristics. In order to assess the ability of nearshore sediments 

to transmit water, vertical hydraulic conductivity (K,) of surficial sediments (upper 20 

cm) was determined on undisturbed replicate (N=3) cores (4.5 cm O.D.) by methods 

described in Section 4.2.1. Vertical hydraulic conductivities were measured at five 

sites which incorporated three sandy and two silt-clay sediment type locations. 

8.3.3 Seepage Patterns and Sediment Nutrient Flux. Seepage meters were used to 
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directly measure water discharge and inorganic nitrogen flux across the sediment-water 

interface at four locations (Fig. 8.1). These seepage meters were constructed of 

nalgene and transparent plexiglass and followed the basic design of Lee (1977). These 

meters enclosed 0.25 m’ of sediment with a head space of 6 liters. Discharge and 

sediment solute fluxes were determined from replicate seepage meters (N =3-6). 

Groundwater discharge was measured immediately below the low tide mark. 

Incubation time periods ranged from 3-6 hours. Discharge rates (litersem’shr’) were 

corrected for anomalous short-term influx of water into the collection bladders (Shaw 

and Prepas, 1989). Bulk sediment solute flux measurements accounted for volume 

changes due to seepage but not for biotic water column effects. 

8.3.4 Surface Water Quality Survey. The upper portion of Cherrystone Inlet (3.7 

km’) was subdivided into transects which incorporated 73 sampling stations (Fig. 8.1). 

The experimental design concentrated sampling effort in nearshore regions and where 

groundwater discharge studies were being conducted. Samples were taken at a 

uniform depth of 10 centimeters below the water surface during slack low water 

conditions. Three stations in the main stem of Cherrystone Inlet incorporated vertical 

sampling stations of approximately 1 meter intervals. Surveys were conducted in 

February, April, and July 1991. Contour plots were generated by Systat/Sygraph 

version 5.0 (Systat, Inc., Evanston, IL.). Watershed creek headwaters were sampled 

in concurrence with Inlet water quality surveys. Because rainfall did not occur at least 
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24 hours prior to and during sampling efforts, the direct influence of surface water 

runoff and precipitation on Inlet water quality was inconsequential. 

8.3.5 Analytical Chemistry. Analytical methodology for salinity, dissolved inorganic 

nitrogen, and phosphorus are described in Section 4.2.3. 

8.4 Results 

8.4.1 Upland Groundwater Hydrology and Quality. Groundwater directional flow 

patterns for the Eyreville and Scotts sites generally followed surface elevational relief 

towards the shoreline (Fig. 8.1). Mean lateral hydraulic gradients were on the order 

of 0.001 and 0.003 mem” at the Scotts and Eyreville sites, respectively. 

Descriptive statistics for groundwater and watershed creek nutrient chemistry 

are given in Table 8.1. Nitrate was the dominant inorganic nitrogen species found in 

groundwater underlying agricultural fields. Dissolved inorganic nitrogen levels in 

shallow groundwater underlying forest sites were reduced as compared to agricultural 

areas. Groundwater nitrate concentrations associated with agricultural fields (mean= 

524.9 umoleliter') were significantly higher (p= <0.001) than for forested regions 

(mean= 29.5 umoleliter’). In contrast, groundwater ammonium levels were 

significantly higher (p= <0.001) in forested areas (mean= 11.3 umoleliter’) than 

agricultural lands (mean= 3.4 umoleliter'). Groundwater dissolved inorganic 

phosphorus (DIP) levels were generally low, with mean concentrations of 0.2 and 0.5 
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umoleliter’ for forested and agricultural lands, respectively. Differences in DIP 

between land uses were significant (p= 0.006). As with groundwater underlying 

agricultural lands, nitrate was the dominate inorganic nitrogen species found in the 

watershed creeks. 

8.4.2 Sediment Characteristics. Intertidal and subtidal sediments in the main stem of 

Cherrystone Inlet were predominately sandy substrates, whereas the more protected 

coves and upper creek reaches are a silt-clay mix. Nearshore sandy sediment vertical 

hydraulic conductivities averaged 9.42 cmehr’ (N=9), whereas the silt-clay sediments 

averaged 0.09 cmehr' (N=6). 

8.4.3 Seepage Patterns and Sediment Nutrient Flux. Measurable nearshore discharge 

occurred at all sites, with higher levels in April and July (Table 8.2). Decreases in 

salinity were observed in 75 percent of the discharge samples because of dilution with 

less saline groundwater. The overall mean discharge rate in Cherrystone Inlet was 

0.35 litersem’ehr* (S,=0.09, N=47) for the three surveys. 

Nitrate was the predominate inorganic nitrogen ion discharged in the nearshore 

environment. Nitrite and ammonium fluxes were generally much lower. Ammonium 

fluxes on occasion indicated biotic uptake. Overall mean sediment inorganic nitrogen 

fluxes were 7.5 umolem’ehr’ (S,=2.9, N=40) for ammonium, 154.3 umolem’ehr’ 

(S,=68.7, N=36) for nitrate, 1.8 umolem”’shr" for nitrite (S,=0.8, N=45) and 
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172.1 umolem*ehr' (S,=73.9, N=34) for total dissolved inorganic nitrogen (DIN). 

8.4.4 Surface Water Quality Survey. Surface water parameters for the three surveys 

are given in Table 8.3. Seasonal salinity patterns were consistent with elevated late 

winter-spring freshwater inflows and decreased summer contributions. Temporal and 

spatial variations were observed for dissolved inorganic nitrogen species, both in terms 

of quantitative amounts and relative percent of each species. Mean DIN was lowest in 

July. As a percentage of DIN, NO, decreased while NH,* increased from winter to 

summer conditions. Summer is a period of decreased surface and groundwater inflow 

and NO, sediment flux, in addition to a more reducing environment in the sediments. 

The inlet appeared well mixed vertically. Vertical variations of surface and bottom 

water salinities were generally less than one percent. Vertical variations in DIN levels 

of surface and bottom waters varied between nine and 26 percent. 

Nitrate contour plots for the three sampling periods are shown in Figures 8.2a 

to 8.2c. The elevated nitrate in most watershed creeks is evident. Also evident are 

the large gradients at Eyreville and occasionally Old Castle where groundwater with 

elevated nitrate is entering the inlet. The groundwater discharge caused a measurable 

change in surface water quality. DIN:DIP ratio contours for Cherrystone Inlet are 

given in Figures 8.3a and 8.3b. Based on weighted surface areal cover, DIN:DIP 

ratios above 16 accounted for 100 and 66% areal coverage for the upper portion of the 

Inlet for the February and July sampling, respectively. 
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8.5 Discussion and Summary 

Groundwater quality measurements showed a relationship with land use. 

Watershed creeks and shallow groundwater underlying agricultural land had elevated 

levels of DIN one to two orders of magnitude greater than offshore waters or shallow 

groundwater underlying forest regions. Hamilton and Shedlock (1992) have shown 

that elevated levels of DIN are not limited to shallow groundwater, but occur in the 

deeper (20 to 30 meters below land surface) portions of the water table aquifer. As 

with DIN, DIP in groundwater underlying agricultural lands was greater than inlet 

surface waters and groundwater associated with forested land. Lateral hydraulic 

gradients, on the order of 0.001 mem’, indicated groundwater flow patterns in the 

direction of the inlet. Given the elevated DIN and flow patterns observed in 

groundwater adjacent to the Cherrystone Inlet, groundwater discharge represented a 

potentially significant nutrient source and transport mechanism in this study. 

Sandy nearshore sediments were conducive to water transport (K,= ~10 

cmehr’) as compared to the silt-clay sediments (K,= ~0.1 cmehr') located within the 

more protected regions of Cherrystone Inlet. 7m situ measured discharge of freshwater 

across the sediment-water interface was observed at all sites. Discharge rates varied 

from 0.02 to 3.69 litersem”ehr’ over the three sampling periods. Groundwater 

discharge rates varying from 0.0 to 13.7 litersem’ehr’ have been reported within 

Chesapeake Bay environments (Simmons, 1989; Zimmermann, 1991). 

Groundwater and submarine groundwater discharge link land use activity to the 
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quality of surface water in nearshore areas. Nearshore sediment nutrient fluxes were 

dominated by nitrate in regions adjacent to agricultural land use practices without 

benefit of riparian forests or wetlands. During periods of high groundwater discharge 

(~ 1 literem’ehr'), a strong linear relationship was found between salinity and nitrate 

at the Eyreville site. This indicated the essentially conservative mixing of low 

salinity, high nitrate groundwater and high salinity, low nitrate main stem Cherrystone 

Inlet water (Figure 8.4). 

Elevated DIN in nearshore surface waters was associated with creek inputs and 

areas under the influence of groundwater discharge. In some cases, nitrate levels in 

nearshore regions, influenced by groundwater discharge from agricultural land uses, 

exceeded main stem concentrations by over an order of magnitude. Nutrient enriched, 

lower salinity water could be distinguished approximately 50 meters offshore in 

regions exhibiting elevated groundwater discharge. The transition from nearshore 

nutrient enriched water to water exhibiting ambient main stem concentrations was 

relatively sharp, suggesting the importance of physical dilution and/or biotic 

interactions. 

Assuming the uptake ratios of nitrogen and phosphorus by marine 

phytoplankton are relatively constant (N:P = 16:1; Redfield et al., 1963), water 

column N:P atomic ratios can provide insight into primary productivity limitation. 

The lowest concentrations of DIN and highest pelagic primary productivity occurred 

during the summer in Chesapeake Bay (D’Elia et al., 1986; U.S. EPA, 1982), which 
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suggests the potential for nitrogen limitation of primary productivity. Exhibiting 

summer DIN:DIP ratios on the order of 10:1 and net productivity levels of 20 O, 

umoileliter‘*hr’ (see Section 7), high tide conditions in the nearshore regions and the 

main stem of Cherrystone Inlet were no exception to this generality. On a areal 

percent basis during low tide conditions, the entire upper inlet showed DIN:DIP ratios 

greater than 16:1 in February. However, in contrast of open Bay waters, over half 

the upper inlet displayed DIN:DIP ratios greater than 16:1 during July 1991. 

Elevated DIN:DIP ratios were associated with upper inlet areas under the influence of 

direct groundwater discharge or creek inputs. As a result of these nitrogen inputs, 

surface waters may not show DIN:DIP ratios that suggest nitrogen limitation during 

summer. This additional source of nitrogen during periods of peak productivity may 

lead to seasonal water quality problems associated with eutrophic waters. 

In summary, results of this research effort demonstrated: 

1. Nitrogen contributions from direct groundwater discharge and groundwater 

derived creek inputs appear to be of significant ecological importance in terms 

of water quality and phytoplankton nitrogen assimilatory demands. 

2. Because monitoring programs are designed to identify and incorporate 

nutrient sources to surface waters, programs should include a sampling 

protocol that addresses groundwater contributions in regions that display high 

risk characteristics. While standard groundwater surveys are relatively 

expensive and time consuming, close-interval surface water and in situ 
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groundwater discharge survey studies may provide quick and adequate 

information to determine if further investigations are warranted. 

3. Given the potential importance of extensive nutrient loadings, BMPs 

should consider the direct interactions between surface and groundwater. 
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Table 8.1. Upland groundwater and watershed creek dissolved inorganic nitrogen and 
phosphorus concentrations. Concentrations are expressed as umoleliter’. Standard error 

of the mean and sample size are denoted within parentheses. 

  

  

Site Adjacent Land Nitrate Nitrite Ammonium DIP 
Use 

Eyre- agriculture 561.1 0.6 2.5 0.5 
Ville (24.1,38) (0.3,39) (0.3,36) (0.1,34) 

Eyre- agriculture 602.7 0.3 2.8 0.4 
Hall (32.5, 13) (0.1,14) (0.5,14) (0.2,11) 

Steel- agriculture 222.0 0.4 9.0 0.3 
man (19.2,10) (0.1,9) (0.5,8) (0.1,9) 

Old- forest 6.6 1.8 12.9 0.2 
Castle (2.0, 16) (1.1,17) (3.3,18) (0.03,6) 

Scott forest 81.8 1.7 5.5 0.2 
(28.3,7) (1.5,7) (1.3,5) (0.03,6) 

Watershed mixed 135.0 2.3 23.9 0.4 
creeks (31.0,15) (0.6,15) (6.8,15) (0.2,10) 

(N=5) 
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Table 8.2. Subsurface seepage rates and sediment inorganic nitrogen fluxes. Negative 

values denote uptake by sediment. Discharge values given in litersem’ehr' and flux 

values given in umolem”ehr’. 

  

Sediment Flux 

  

Site Adjacent Land _ Date Discharge NO, NO, NH,”* 

Use 

Eyre- agriculture § Feb 0.11 55.4 0.5 0.2 

Ville Apr 1.06 1506.3. 21.2 14.8 
Jul 1.45 50.5 0.1 7.3 

Old forested Feb 0.07 10.7 0.1 -0.2 

Castle Apr 0.18 24.9 0.4 82.3 
Jul 0.15 2.1 0.1 4.5 

Eyre agriculture Feb 0.07 11.3 0.1 -0.2 

Hall Apr 0.34 38.1 2.7 2.1 
Jul 0.28 50.1 0.0 3.1 

Scotts agriculture Feb 0.02 - - - 

Apr 0.61 43.6 1.7 10.9 

Jul 0.18 1.1 0.3 2.7 
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Table 8.3. Cherrystone Inlet surface water quality summary. 

  

  

Month Temp Salinity DIN % of DIN DIP 
(°C) (ppt) umolel' NO, NH,*  umolel' 

Feb 5-9 15.50-18.50 6.9 78 14 0.2 

Apr 14-20 14.04-18.52 18.0 41 56 - 

Jul 28-32 =21.19-22.68 3.4 10 89 0.3 
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8.1. General schematic of Cherrystone Inlet, surface water and groundwater discharge 
sampling stations, upland wells and general groundwater flow directions. 
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8.2. Nitrate contours for Cherrystone Inlet for February (A), April (B), and July (C) 
1991 sampling periods. 
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A. February 

8.3. DIN:DIP ratio contours for Cherrystone Inlet for February (A) and July (B) 1991 
sampling periods. Shaded portions represent areas with DIN:DIP ratios of 16:1 or 
below. 

191



NO
3 

uM
/L

 
NO
 

£
 

Oo 
O
 

©
 

©
 

|
 

! 

  800 

        

    

oO)
 

O O | > 

  ©
 

| 
| 

| | 
| Groundwater 

Regression | 
  

| Offshore Water | - 
e@ 5 

Seep. Meter | 
a 

  

7
 

0 5 10 
Salinity ppt 

15 
  

20 

8.4. Groundwater, seepage meter samples, and surface water nitrate concentrations 

versus salinity at the Eyreville site during the April sampling period. 
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9. Summary 

9.1 General Summary 

Upland geohydrologic characteristics surrounding the study site had attributes 

that were conducive to groundwater contamination and its subsequent transport into 

nearshore habitats. Topographic relief of upland regions was low, which would 

reduce surface water runoff and promote water infiltration. Upland sediment profiles 

can be described as a thin veneer of sandy loam soil underlain by sandy mineral 

sediments. Hydraulic conductivity estimates for these sandy sediments indicated a 

moderately high ability to transmit water. Lateral upland hydraulic gradients, on the 

order of 0.001 mem’, indicated groundwater flow patterns towards the Inlet. Depth 

to the water table was shallow, and on the order of one to two meters. Groundwater 

nutrient quality measurements showed a relationship with land use. Shallow 

groundwater underlying agricultural land had DIN levels two orders of magnitude 

greater than ambient surface waters or groundwater underlying forested regions. 

Although not as pronounced, DIP in groundwater underlying agricultural land was 

greater than surface waters and groundwater underlying forested regions. 

The nearshore study sites represented two dominant sediment types found 

within the Chesapeake Bay system. The sandy nearshore sediments at the Eyreville 

site (mean K,: 3.2 X 10° cmesec') were more conducive to water transport as 

compared to the silt-clay sediments at the Scott site (mean K,: 2.5 x 10° cmesec”) 
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which were located in the more protected regions of Cherrystone Inlet. Vertical 

hydraulic conductivities of nearshore silt-clay sediments were two orders of magnitude 

less than adjacent upland sediment and may be considered a semi-confining unit which 

would minimize advective water movement across the sediment-water interface. 

Given the elevated DIN levels and flow patterns observed in groundwater adjacent to 

Cherrystone Inlet, groundwater discharge was a potentially significant nutrient source 

and transport mechanism in this study. 

Nearshore discharge rates of water across the sediment-water interface were on 

the order of 0.03 litersemehr' for the silt-clay sediments as compared to 0.47 

litersem’ehr' for the sandy sediments. Discharge rates varying from 0.0 to 13.7 

litersem*ehr’ have been reported in Chesapeake Bay and its tidal tributaries 

(Simmons, 1991, 1992; Zimmermann, 1991). Given the observed discharge rates and 

nearshore vertical sediment hydraulic conductivities, vertical hydraulic gradients would 

only need to be on the order of 0.2 cmem' for sandy sediment sites. Sediment 

permeabilities, in situ measured seepage discharges, and hydraulic head differences 

showed that elevated rates of water discharge across the sediment-water interface 

occurred near the shoreline and decreased with distance offshore. 

Surficial sandy sediment oxidation-reduction potentials indicated a transition 

from an oxidizing environment to a reducing environment over relatively short 

distances offshore (1.e., meters). This pattern of sediment oxidation-reduction 

potential can strongly influence speciation of dissolved inorganic nitrogen within 
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sediment pore waters. This was demonstrated with sediment inorganic nitrogen 

profiles and fluxes, which showed elevated nitrate levels and fluxes in low tide regions 

as compared to similar sites further offshore which were dominated by ammonium. 

Subtidal sediments of Cherrystone Inlet may be considered a large reservoir of 

inorganic nutrients. In the upper few centimeters of sediment, interstitial ammonium 

and DIP levels were 1 to 2 orders of magnitude greater than overlying surface waters 

at both the silt-clay (Scott site) and sandy (Eyreville) sediment sites. Correcting for 

porosity, the upper five centimeters of sandy sediment contained 0.84 mmoles of DIP 

and 11.8 mmoles of ammonium per square meter. The silt-clay sediments contained 

1.86 mmoles of DIP and 18.3 mmoles of ammonium. 

Reported in situ fluxes of ammonium, nitrate, and DIP were similar to 

reported values for the Chesapeake Bay and its tidal tributaries having similar 

sediment characteristics (see Table 2.4). Ammonium was the dominant inorganic 

nitrogen form released by the sediments. Elevated ammonium sediment fluxes were 

associated with the silt-clay sediments (mean: 253 umolem’ehr') as compared to 

sandy sediments (mean: 79 umolem’shr’). On a seasonal basis, enhanced ammonium 

fluxes to the water column occurred during summer. Nitrate fluxes to the sediment 

were 5 and 11 percent of benthic ammonium fluxes to the water column for silt-clay 

and sandy sediments, respectively. Maximum nitrate fluxes from the water column to 

sediments, coincided with elevated water column nitrate concentrations during the 

winter and early spring. Sediment DIP fluxes were relatively low (mean: 4.6 
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umolem*ehr’) and frequently toward the sediment for sandy sediments. In constrast, 

DIP silt-clay sediment fluxes were elevated (mean: 12.7 umolem’shr') and showed a 

consistent pattern of flux towards the water column. The seasonal pattern of benthic 

DIP was similar to ammonium fluxes with elevated fluxes occurring during summer. 

Silt-clay sediment nutrient fluxes at the Scott site were strongly dependent on 

benthic aerobic respiration rates which accounted for 52 percent of the observed 

ammonium flux variations and 73 percent of the DIP flux variations. Similar 

relationships were not observed for sandy Eyreville sediments, where benthic aerobic 

respiration accounted for less than one percent of the variation associated with DIP 

fluxes and 27 percent for ammonium fluxes. These results suggest a strong 

dependence between sediment ammonium and DIP flux and benthic aerobic 

decompositional processes for high organic silt-clay sediments. In addition, a 

significant positive linear relationship (r’=0.56, slope = 12.4) between ammonium 

and DIP fluxes was observed for silt-clay sediments. This relationship is in general 

agreement with a 16:1 DIN:DIP ratio expected from the aerobic remineralization of 

marine phytoplankton. Differences between ammonium and DIP flux relationships 

suggest variations in geochemical and biotic controlling processes occurring at the 

sandy and silt-clay sediment sites. 

Mean monthly total Chl a concentrations varied from 102.3 to 242.8 mgem” 

for the sandy sediments and 55.0 to 135.0 mgem” for the silt-clay sediments. On 

average, phaeopigments were 19 percent of the total Chl a for sandy sediments and 59 
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percent for silt-clay sediments. Despite the presence of relatively large microalgal 

standing stocks of the sandy sediment, benthic net community production generally 

exceeded benthic aerobic respiration and chemical oxidation demand only during 

winter and early spring. Mean benthic net community production never exceeded 

aerobic benthic respiration and chemical oxidation demand at the silt-clay sediment 

site. Results of in situ studies showed significant decreases in ammonium and DIP 

flux from the sediment as a result of the benthic microalgal community. During 

periods of enhanced benthic net community productivity, sediment ammonium and 

DIP fluxes to the water column were either reduced or indicated sediment uptake. 

Sediment ammonium flux rates were reduced by 40 and 70 percent for silt-clay and 

sandy sediments, respectively. Decreases in DIP sediment fluxes were on the order of 

40 percent for both sediment types. 

The importance of advective solute transport mechanisms in nearshore 

sediments was demonstrated by a one-dimensional, steady-state model for a 

conservative substance. By incorporating both dispersive and advective transport 

mechanisms, model predictability for chloride sediment flux was greatly improved as 

compared to a strictly diffusion based model. Advection was the dominant transport 

mechanism for chloride in sandy sediment under the influence of groundwater 

discharge. Model ammonium and DIP flux predictability was not significantly 

improved by incorporating advective transport. Although based on based on steady- 

state and conservative substance assumptions, the dispersive-advective transport model 
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does provide a better understanding of benthic nutrient transport than a purely 

diffusive model. Based on model simulations, advective transport of ammonium and 

DIP dominated molecular diffusion on approximately half of the sampling periods for 

the sandy sediments. Theoretical diffusive fluxes of DIP and ammonium exhibited a 

narrow range, varying from 0.1 to 0.5 umoleliter'shr' to 6.3 to 14.1 

umolsliter’shr’, respectively. Based on sandy sediment ammonium and DIP 

concentration gradients, discharge of water across the sediment-water interface need 

only be on the order of 0.4 litersem”’ehr' for advective flux to be greater than that 

caused by molecular diffusion. Discharge rates greater than this are common and 

have been demonstrated in many nearshore regions of the Chesapeake Bay and its tidal 

tributaries (Simmons et al., 1991, 1992; Zimmermann, 1991). 

Model results indicate that advective solute transport was greatly reduced in the 

less permeable silt-clay sediment. Dispersive transport, accounting for approximately 

90 percent of model predicted fluxes, dominated over advective transport of 

ammonium and DIP across the sediment-water interface. As with the sandy 

sediments, theoretical diffusive fluxes of DIP and ammonium from the silt-clay 

sediments exhibited a relatively narrow range, varying from 0.6 to 1.2 

umoleliter'*hr’ to 3.8 to 35.8 umoleliter'shr’, respectively. 

Due to differences in measured and model predicted nutrient fluxes, additional 

benthic processes other than physical transport mechanisms are occurring to enhance 

or decrease sediment ammonium and DIP flux. Two primary biological processes 
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which can explain discrepancies between model predicted and in situ nutrient fluxes 

are benthic micro-autotrophic uptake and aerobic decomposition of labile organic 

matter at the sediment-water interface. The relative importance of these processes are 

dependent upon sediment characteristics. Benthic micro-autotrophic nutrient uptake 

appeared to be a controlling factor for inorganic sandy sediments, whereas aerobic 

heterotrophic activity was a regulating factor for the organic rich silt-clay sediments. 

The importance of sedimentary nutrient flux in a shallow coastal embayment 

was demonstrated by short water column DIN and DIP turnover times with respect to 

sediment nutrient fluxes, by the significance of ammonium and DIP sediment fluxes 

with respect to phytoplankton nutrient assimilation demands, and by the relative 

importance of benthic aerobic respiration with respect to water column primary 

productivity. Short DIN and DIP turnover times, on the order of hours, were 

characteristic of summer when water column nutrient concentrations were low and 

sediment nutrient fluxes high. At this time, sediment fluxes of ammonium and DIP 

were potentially supplying a significant percentage of the phytoplankton nutrient 

assimilation demands. Due to elevated nutrient fluxes, organic rich silt-clay sediments 

(mean: N=24%, P=17%) can supply a greater percent of the nitrogen and 

phosphorus required by pelagic primary productivity as compared to sandy sediments 

(mean: N=7%, P=1%). Positive correlations between sediment nutrient fluxes and 

phytoplankton DIN and DIP assimilatory demands emphasize the importance of 

benthic nutrient exchanges and relative efficiency of sediments in nutrient 
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remineralization. Benthic aerobic respiration accounted for a large fraction of the 

equivalent of water column primary productivity within Cherrystone Inlet; 36 percent 

for sandy sediments and 78 percent for silt-clay sediments. Elevated benthic 

respiration rates associated with silt-clay sediments suggest the importance of these 

sediments with respect to short-term remineralization of deposited organic matter. 

In order to evaluate water quality impacts of groundwater discharge on a larger 

scale, a survey of surface, groundwater, and groundwater discharge water quality was 

conducted in a shallow estuarine embayment. Groundwater and submarine 

groundwater discharge link land use and the quality of nearshore surface water. 

Nearshore sediment nutrient fluxes were dominated by nitrate in regions adjacent to 

agricultural land without benefit of a riparian forest or wetland. During periods of 

high groundwater discharge, salinity and nitrate relationships indicated a near 

conservative mixing pattern of low salinity, high nitrate groundwater and high salinity, 

low nitrate Cherrystone Inlet water. In some cases, nitrate levels in nearshore regions 

influenced by groundwater discharge from agricultural land exceeded offshore 

concentrations by over an order of magnitude. As a result of these nitrogen inputs, 

large portions of surface waters exhibited DIN:DIP ratios that would suggest nitrogen 

is not limiting during summer. This additional source of nitrogen during periods of 

peak productivity may lead to seasonal water quality problems such as eutrophic 

conditions. In summary, this study highlights the importance of nearshore 

sediments with regards to estuarine nutrient water quality and ecological processes. 
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Evidence provided by surface water surveys, in situ sediment tlux measurements, and 

modeling demonstrate that advective transport (i.e., groundwater discharge) of solutes 

is significant and may dominate diffusion based transport in many nearshore areas. In 

addition, benthic micro-communities occurring near the sediment-water interface were 

shown to effect sediment nutrient fluxes to a large degree. Neglecting groundwater 

discharge as a nutrient source and transport mechanism and potential biotic effects 

occurring at the sediment-water interface may lead to serious misinterpretation of data 

and error in water quality strategies. 

9.2 Management Implications 

Pollution control programs designed to reduce nonpoint source nutrient 

loadings have concentrated on Best Management Practices (BMPs). BMPs include 

activities and land-uses to minimize sediment loss and surface runoff frequency and 

discharge. While reducing nutrient loss due to erosion and surface runoff events, 

several BMPs may increase nutrient contamination of shallow aquifers. Best 

management practices designed to reduce nutrient transport to the water table should 

also receive additional attention. Some of these practices include: split-fertilizer 

application, slow release fertilizers, winter cover crops, and optimum fertilizer 

application rates. Given the potential importance of extensive nutrient loadings to 

surface water via submarine groundwater discharge, BMPs should also consider the 

direct interactions between surface and groundwater. Because of their location 
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between uplands and surface waters, wetlands and forests provide a viable and 

ecologically sound management option for restoration of groundwater quality prior to 

its discharge into surface waters. Given the water remediation potential of wetlands, 

high priority should be given to the protection and construction of wetland and 

riparian ecosystems. 

Monitoring programs designed to identify nutrient sources to surface waters, 

should be modified to include a sampling protocol that addresses groundwater 

contributions in regions that display high risk characteristics. While standard 

groundwater surveys are relatively expensive and time consuming, close-interval 

surface water and in situ groundwater discharge survey studies may provide quick and 

adequate information to determine if further investigations are warranted. This can be 

accomplished, in part, by incorporating nearshore sampling stations and additional 

sampling of headwaters and smaller tributaries of on-going tributary monitoring 

programs. 

Results of this research have shown that advective transport of nutrients across 

the sediment-water interface can be significant and dominate diffusive flux in many 

instances. Given the reported discharge rates for Chesapeake Bay and its tidal 

tributaries, advective transport of solutes (i.e., groundwater discharge) is widespread 

and an important factor in many nearshore environments. In addition, given the 

significant influence that benthic autotrophic and heterotrophic micro-communities 

have on sediment nutrient fluxes, nutrient budget determinations need to consider such 
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biotic effects and incorporate a photic-aphotic and sediment type component. 

9.3 Suggested Further Research 

Four areas of recommended research can be identified from a review of 

literature and results of this study. They are: 

@ Subsurface groundwater discharge and associated solute flux 

@ Interactions between groundwater and forests and wetlands 

® Groundwater monitoring 

@ Best management practices and upland processes 

9.3.1 Subsurface Groundwater Discharge and Associated Solute Flux. Most 

groundwater discharge research in the Chesapeake Bay and its tidal tributaries has 

concentrated on sites in relatively shallow surface water. Determination of discharge 

rates and solute fluxes in deeper offshore waters is needed to provide additional data 

concerning the relative importance of groundwater discharge with respect to the 

Chesapeake Bay and its tributaries. This work should include both unconfined and 

confined aquifers. Similarly, current estimates based on direct measurements of 

groundwater discharge to the Bay include relatively few sampling sites. Refinement 

of the estimate of groundwater discharge and associated solute loading into 

Chesapeake Bay should include more sampling sites that incorporate a range of 

sediment and land use types. Given increased population stress on aquifer water 
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supplies, saltwater intrusion is of immediate concern. Emphasis should be placed on 

identifying specific subsurface regions of saltwater intrusion and on establishing 

potential limitations on subsurtace water withdrawal in sensitive regions. 

Current research concerning groundwater discharge is based on inorganic 

nutrients and chloride. Given that determining the significance and influence of 

toxics, metals, and microbial pathogens is a high priority in the Chesapeake Bay 

Program, advective transport of these contaminants across the sediment-water interface 

should also be given attention. Knowledge concerning solute transformations in the 

zone of groundwater discharge would be of considerable importance to management 

and ecological interests. Of immediate concern is the transformation of nitrogen, 

especially denitrification. Denitrification investigations have generally been limited to 

the Bay’s main stem and northern portions. This work needs to be expanded to 

include the southern portion of the Bay and its tidal tributaries. Furthermore, 

denitrification studies should incorporate nearshore sediments under the influence of 

groundwater discharge and nitrate loadings. 

9.3.2 Interactions Between Groundwater and Forests and Wetlands. Although 

research has been limited in this area, the benefit of vegetated riparian zones in 

reducing nutrient loads in shallow groundwater has been demonstrated. Areas that 

have not been adequately addressed include processes that are responsible for the 

observable decrease in nitrogen levels in these vegetated communities. Future 
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research should include denitrification rates, vegetative uptake measurements, and soil- 

groundwater interactions. In addition to biogeochemical processes, basic subsurface 

hydrologic flow and discharge patterns need to be better understood. This will require 

information about physical dilution of incoming solute-ladened groundwater and 

contaminant transport below a vegetative community’s biologically active zone. In 

addition, the relative effectiveness of vegetative communities that differ in vegetative 

structure and hydrologic settings, and potential alteration to coastal plant communities 

resulting from man-induced hydrologic alterations (i.e., groundwater withdrawals), 

need to be addressed. 

9.3.3 Groundwater Monitoring. Water quality data are an essential component of all 

water-resource related management decisions. A formalized groundwater monitoring 

program based on the entire Bay watershed would provide a comprehensive view of 

primary aquifer quality and furnish data for sound policy decisions in the future. 

Because land use practices directly impact unconfined aquifers, solute loading rates to 

shallow groundwater occurring in response to various types of land uses need to be 

addressed and quantified. In addition, vertical migration of solutes from shallow, 

unconfined groundwater into deeper, unconfined and confined groundwater requires 

further investigation. Finally, because tributary and creek baseflows are primarily 

sustained by groundwater discharge and exhibit elevated nutrient loadings, water 

quality monitoring programs should increase the number of sampling stations and the 
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sampling frequency of headwaters and small creeks to provide insight into the 

importance and influence of groundwater with respect to receiving systems. 

9.3.4 Best Management Practices and Upland Processes. The contamination of 

groundwater and subsequent transport of contaminants must be addressed in the 

development of BMPs if they are to be effective. Traditionally, emphasis has been 

placed on agricultural land use activities. However, given the growing population and 

subsequent increases in septic tank use and lawn chemical application, BMP research 

and implementation should focus on urban and suburban runoff and groundwater 

pollutant loading. Research priorities in agricultural BMPs include effectiveness of 

riparian zones, fertilizer/pesticide loading rates and application technology, and cover 

crop alternatives. In addition to these broad categories, further research is required 

regarding solute transport (i.e., leaching) and solute transformation in soil or 

sediments that are characteristic of the unsaturated and saturated groundwater flow 

system in the mid-Atlantic coastal plain. Furthermore, research concerning the 

development and applications of combinations of existing BMPs for maximum 

economic and practical efficiency is extremely important and warrants additional 

research. 
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Appendix I 

Sediment Characteristics



Table Al.1. Descriptive statistics for nearshore surficial sediment characteristics at the 
Eyreville and Scott sampling stations. Standard error of the mean and sample number 
are presented parenthetically. 

  

Sampling Station 

  

Parameter Eyreville Eyreville Scott Scott Buffer 
Agriculture Buffer Agriculture 

0.0 0.01 0.0 0.0 
% Gravel (0.0.24) (0.0,24) (0.0,24) (0.0,24) 

95.6 96.0 23.0 9.5 

% Sand (0.5,24) (0.3,24) (2.0,24) (1.1,24) 

. 2.4 2.0 53.9 59.9 
% Silt (0.5,24) (0.1,24) (1.8,24) (1.5,24) 

. 2.0 2.0 23.0 30.7 
% Clay (0.3,24) (0.3,24) (1.0,24) (1.8,24) 

K, 4.4x10°3 2.25x10°3 2.5x10°° 2.5x10°° 
. (8.7x10°4,3) (8.7x10°4,3) (6.4x10°5,3) (6.4x10°§,3) 

cmesec 

- 0.49 0.42 0.81 0.86 
Porosity (0.01,75) (0.01,69) (0.01,75) (0.01,79) 

+ 1.74 1.56 0.71 0.54 Bulk Density (0.03,75) (0.03,69) (0.03,76) (0.01,79) 
gecm? 

. 0.80 0.69 4.22 5.21 
% Organic (0.10,75) (0.06,68) (0.16,76) (0.12,79) 

Matter 

: 560 380 40 30 
Dischar ge (110,38) (100,35) (20,35) (10,31) 
miem’ehr’ 
  

~l
 

IN
Q 

W
o



Table Al.2. Descriptive statistics for nearshore sediment characteristics for the sandy 
Standard error of the mean and sample sediment Eyreville agricultural sampling station. 

number are presented parenthetically. 

  

  

Depth Porosity Bulk Density % Organic % Gravel % Sand % Silt % Clay 

(cm) gem ~ Matter 

0.5 0.54 1.49 1.0 0.0 95.9 5.5 1.9 

(0.02,3) (0.05 ,3) (0.1,3) (0.0,3) (0.9,3) (2.7,3) (1.9,3) 

1.5 0.50 1.70 0.6 0.0 96.0 1.9 2.1 

(0.01,4) (0.04,4) (0.1,4) (0.0,3) G.1,3) (0.2,3) (1.2,3) 

2.5 0.50 1.75 0.6 0.0 95.9 1.9 2.3 

(0.01,4) (0.05,4) (0.1,4) (0.0,3) (1.0,3) (0.1,3) (1.1,3) 

3.5 0.49 1.78 0.6 0.0 95.8 1.8 2.4 

(0.02,4) (0.06, 4) (0.1,4) (0.0,3) (1.3,3) (0.7,3) (0.8,3) 

4.5 0.46 1.72 0.7 0.1 96.1 1.6 2.2 

(0.02,4) (0.10,4) (0.2,4) (0.0,3) (1.2,3) (0.4,3) (0.8,3) 

5.5 0.47 1.76 0.7 

(0.01.4) (0.02,4) (0.2,4) 

6.5 0.47 1,72 0.7 

(0.03,4) (0.03,4) (0.1,4) 

715 0.50 1.71 0.7 

(0.02,4) (0.03,4) (0.1,4) 

8.5 0.60 1,47 1.6 

(0.05,4) (0. 16,4) (0.4,4) 

9.5 0.58 1.40 2.1 0.0 93.8 3.0 3.2 

(0.09,4) (0.21,4) (1.1,4) (0.0,3) (2.1,3) (1.5,3) (0.6,3) 

10.5 0.57 1.45 1.8 

(0.11,4) (0.18,4) (0.9,4) 

11.5 0.44 1.80 0.6 

(0.03,4) (0.12,4) (0.2,4) 

12.5 0.47 1.84 0.5 
(0.02,4) (0.06,4) (0.1,4) 

13.5 0.47 1.84 0.7 

(0.02,4) (0.11,4) (0.2,4) 

14.5 0.46 1.84 0.6 0.1 95.3 2.3 2.3 

(0.01,4) (0.07,4) (0.1,4) (0.0,3) (1.7,3) (0.9,3) (0.9,3) 

15.5 0.43 1.83 0.5 

(0.02,4) (0.03,4) (0.1,4) 

16.5 0.48 1.92 0.5 

(0.02,4) (0.04,4) (0.1,4) 

17.5 0.44 1.96 0.4 

(0.0141 (0.05,4) (0.1,4) 

18.5 0.470 1.88 0.3 

(0.03,35 (0.07,3) (0.0,3) 

19.5 0.35 1.83 0.5 0.1 96.4 1.7 1.9 

(0.04,2: (0.02,2) (0.1,2) (0.0,3) (.2,3) (0.4,3) (0.8,3) 

  

238



Table Al.3. Descriptive statistics for nearshore sediment characteristics for the sandy 
sediment Eyreville forested sampling station. Standard error of the mean and sample 
number are presented parenthetically. 

  

  

Depth Porosity Buik Density % Organic % Gravel % Sand % Silt % Clay 

(cm) gem”? Matter 

0.5 0.54 1.03 1.4 0.0 95.7 2.6 1,7 

(0.03,3) (0.05,4) (0.1,4) (0.0,3) (1.0,3) (0.1,3) (0.9,3) 

1.5 0.46 1.54 1.0 0.0 96.8 Ll 2.1 

(0.02,4) (0.04,4) (0.1,4) (0.0,3) (0.9,3) (0.4,3) (0.6,3) 

2.5 0.39 1.38 0.7 0.0 96.7 1.5 1.8 

(0.03,4) (0.10,4) (0.0,4) (0.0,3) (1.2,3) (0.3,3) (1.1,3) 

3.5 0.37 1.51 0.6 0.0 96.4 2.1 1.6 

(0.02,4) (0.08,4) (0.0,4) (0.0,3) (0.8,3) (0.2,3) (0.8,3) 

4.5 0.40 1, 0.5 0.1 95.7 2.2 2.1 

(0.02,4} (0.05,4) (0.1,4) (0.0,3) (0.8,3) (0.2,3) (0.8,3) 

5.5 0.37 1.72 0.5 

(0.03,4) (0.12,4) (0.1,4) 

6.5 0.43 1.56 0.6 

(0.04,4) (0.06,4) (0.2,4) 

7.5 0.42 1.76 0.5 

(0.01,4) (0.04,4) (0.1,4) 

3.5 0.39 1.64 0.6 

(0.02,4) (0. 12,4) (0.1,4) 

9.5 0.42 1.71 0.6 0.3 94.4 2.6 2.7 

(0.01,4) (0.09,4) (0.1,4) (0.2,3) (0.5,3) (0.2,3) (0.7,3) 

10.5 0.41 1.59 0.6 

(0.01,4) (0.04,4) (0.1.4) 

11.5 0.46 1.77 0.8 

(0.03,4) (0.08,4) (0.1,4) 

12.5 0.46 1.65 1.0 

(0.03,4) (0.04,4) (0.4,4) 

13.5 0.46 1.53 1.1 

(0.05,4) (0.13,4) (0.6,4) 

14.5 0.44 1.70 0.6 0.1 96.1 2.6 1.5 

(0.05,4) (0.10,3) (0.2,3) (0.0,3) (9.7,3) (0.4,3) (0.9,3) 

15.5 0.36 1.76 0.3 

(0.00,3) (0. 10,3) (0.1,3) 

16.5 0.39 1.81 0.3 

(0.01,3) (0.01,3) (0.0,3) 

17.5 0.42 1.82 0.4 

(0.04,3) (0.14,3) (0.1,3) 

18.5 0.40 1.57 0.6 

(4) GD (4) 

19.5 0.0 95.9 1.8 2.2 

(0.0,3) (1.1,3) (0.3,3) (0.9,3) 
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Table Al.4. Descriptive statistics for nearshore sediment characteristics for the silt-clay 
Scott agricultural sampling station. Standard error of the mean and sample number are 

presented parenthetically. 

  

  

Depth Porosity Bulk Density % Orgamic % Gravel %Sand % Silt % Clay 

(cm) gem"? Matter 

0.5 0.88 0.31 6.4 0.0 15.7 59.5 24.8 
(0.01,4) (0.02,4) (0.3,4) (0.0,3) (4.5,3) (4.1,3) (2.9,3) 

1.5 0.88 0.45 5.4 0.0 18.7 54.9 26.4 
(0.03,4) (0.03,4) (0.5,4) (0.0,3) (4.0,3) (1.4,3) (2.7,3) 

2.5 0.88 0.46 5.9 0.0 19.2 58.9 21.9 
(0.01,4) (0.02,4) (0.2,4) (0.0,3} (2.4,3) (2.9,3) (0.6,3) 

3.5 9.881 0.50 5.4 0.0 19.2 55.1 25.7 
(0.02.4) {0.03,4) (0.3,4) (0.0,3) (1.1,3) (3.8,3) (2.0,3) 

4.5 0.85 0.53 S.A 0.0 23,3 54.9 21.8 
(0.01,4) (0.03,4) (0.3,3) (0.0,3) (2.3,3) (1.9,3) (2.0,3) 

5.5 0.84 0.59 48 
(0.03,4) (0.04,4) (0.4,4) 

6.5 0.84 0.63 4.8 

(0.02,4) (0.05 ,4) (0.4,4) 

7.5 0.81 0.64 4.7 
(0.03,4) (0.04,4) (0.3,4) 

8.5 0.85 0.67 4.5 
(0.02,4) (0.05,4) (0.4,4) 

9.5 0.83 0.66 4.5 0.0 23.0 35.2 21.8 
(0.02,4) (0.05,4) (0.3,4) (0.0,3) (4.3,3) (6.2,3) (2.6,3) 

10.5 0.80 0.66 4.4 
(0.02,4) (0.06,4) (0.4,4) 

11.5 0.81 0.68 43 
(0.03.4) (0.04,4) (0.3,4) 

12.5 0.82 9.73 4.0 

(0.02,4) (0.05,4) (0.3,4) 

13.5 0.76 0.85 3.2 
(0.02,4) (0.03,4) (0.2,4) 

14.5 0.76 0.89 3.1 0.0 21.7 54.4 23.9 
(0.01,4) (0.04,4) (0.2,4) (0.0,3) (1.0,3) (3.2,3) (2.4,3)} 

15.5 0.75 0.96 2.9 
(0.03,4) (0.04,4) (0.2,4) 

16.5 0.74 0.97 2.7 

(0.02,4) (0.06, 3) (0.2,3) 

17.5 0.68 1.06 2.2 
(0.02,4) (0.06,3) (0.2,3) 

18.5 0.68 1.17 2.1 

(0.03,4) (0. 10,3) (0.3,3) 

19.5 0.65 1.19 1.9 0.0 43.4 38.8 17.8 
(0.04,3) (0.05,3) (0.3,3) (0.0,3) (3.4,3) (2.1,3) (1.8,3) 

  

240



Table A1.5. Descriptive statistics for nearshore sediment characteristics for the silt-clay 
Standard error of the mean and sample number are Scott forested sampling station. 

presented parenthetically. 

  

  

Depth Porosity Bulk Density % Organic % Gravel % Sand % Sit % Clay 

(cm) acm? Matter 

0.5 0.89 0.29 6.8 0.0 77 54.9 37.4 

(0.02,4° (0.02,4) (0.1,4) (0.0,3) (2.5,3) (2.7,3) (4.0,3) 

1.5 0.89 0.35 6.6 0.0 8.6 59.2 32.3 

(0.03,4} (0.01,4) (0.2,4) (0.0,3) (5,3) (9.3,3) (9.7,3) 

2.5 0.88 0.37 6.6 0.0 7.0 00.6 32.4 

(0.02,4) (0.014) (0.2,4) (0.0,3) (0.9,3) (2.2,3) (2.9,3) 

3.5 0.91 0.40 6.6 0.0 3.6 60.3 31.1 

(0.03,4) (0.02,4) (0.2,4) (0.0,3) (1.8,3) (2.4,3) (2.9,3) 

4.5 0.89 0.43 6.0 0.0 9.2 57.8 32.9 

(0.02,4) (0.01 ,4) (0.2,4) (0.0,3) (2.6,3) (2.8,3) (5.2,3) 

5.5 0.91 0.47 5.7 

(0.02,4) (0.01,4) (0.2,4) 

6.5 0.88 0.47 6.0 
(0.02,4) (0.02, 4) (0.3,4) 

7.5 0.88 0.52 5.5 

(0.02,4) (0.02,4) (0.1,4) 

8.5 0.89 0.56 3.4 

(0.02.4) (0.02,4) (0.2,4) 

9.5 0.89 0.57 5.5 0.0 8.8 63.0 28.2 

(0.02,4) (0.02,4) (0.1,4) (0.0,3) (1.3,3) (1.6,3) (1.9,3) 

10.5 0.82 0.54 5.2 

(0.03,4) (0.03.4) (0.1,4) 

11.5 0.89 0.62 4.8 

(0.02,4) (0.01,4) (0.1,4) 

12.5 0.82 0.57 4.8 

(0.03,4) (0.03,4) (0.2,4) 

13.5 0.84 0.62 46 
(0.02,4) (0.03, 4) (0.2,4) 

14.5 0.88 0.66 4.4 0.0 8.9 62.1 29.0 

(0.02,4) (0.02,4) (0.1,4) (0.0,3) (1.1,3) (2.2,3) (1.3,3) 

15.5 0.86 0.67 4.1 

(0.01,4) (0.01,4) (0.1,4) 

16.5 0.86 0.69 3.7 

(0.02,4) (0.02.4) (0.2,4) 

17.5 0.80 0.68 3.9 

(0.02,4) (0.044) (0.1,4) 

18.5 0.81 0.71 3.8 

(0.01,4) (0.01,4) (0.1,4) 

19.5 0.79 0.75 3.6 0.0 17.2 60.9 21.9 

(0.01,3) (0.02,3) (0.1,3) (0.0,3) (5.2,3) (3.8,3) (2.1,3) 
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Sediment Solute Fluxes 
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Table A2.1. Descriptive statistics for sediment oxygen fluxes at the sandy sediment 
sampling stations. Negative values denote uptake by the sediment. Standard error of the 

mean (S,) and sample number are presented parenthetically. 

  

  

Date O, Light O, Dark 

umolem’shr’ umolem’ehr” 

Eyreville Forest 5/7/90 -2574 (327,3) -7741 (953,3) 

7/18/90 -3100 (1002,4) -6363 (2636,2) 

9/13/90 -1310 (659,4) -671 (390,3) 

1/20/91 29 (1090,4) -546 (310,2) 

4/14/91 1983 (226,4) -2331 (312,4) 

Total -911 (535,19) -3456 (873,14) 

Eyreville Agric. 5/8/90 -1597 (161,3) -2057 (7,3) 

7/17/90 -630 (1086,4) -2241 (1306,4) 

9/12/90 3680 (933 ,4) -3173 (412,3) 

1/19/91 988 (471,4) 734 (1001,4) 

4/15/91 6706 (2837,4) 2327 (606,4) 

Total 2010 (928,19) -689 (616,18) 

Grand Total Average 547 -1897 

Minimum -4975 -9476 

Maximum 13188 3642 

SEM 580 564 
N 38 32 
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Table A2.2. Descriptive statistics for sediment oxygen fluxes at the silt-clay sediment 

sampling stations. Negative values denote uptake by the sediment. Standard error of the 
mean (S,) and sample number are presented parenthetically. 

  

  

Date O, Light O, Dark 

umolem’ehr’ umolem?ehr’ 

Scott Forest 5/30/90 -7861 (1406,3) -5136 (2354,2) 

8/2/90 -7353 (456,4) -5613 (534,4) 

10/12/90 -6573 (260,3) -4808 (644,3) 

2/11/91 -1042 (196,4) -3595 (1929,3) 

4/31/91 1318 (1056,4) -3285 (455,4) 

Total -3978 (967,18) -4442 (508,16) 

Scott Agric. 5/28/90 -6743 (590,3) -4988 (635,3) 

8/3/90 -11390 (1245,4) -9803 (412,4) 

10/11/90 -2446 (544,3) -1828 (80.0,4) 

2/10/91 -1884 (949.4) -3194 (1095,4) 

4/30/91 671 (608,4) -3137 (227,4) 

Total -4332 (1128,18) -4565 (717,19) 

Grand Total Average -4155 -4664 

Minimum -13771 -12132 

Maximum 3961 -313 

SEM 733 503 
N 36 35 
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Table A2.3. Descriptive statistics for sediment ammonium fluxes at the Eyreville sandy 
sediment sampling stations. Negative values denote uptake by the sediment. Standard 
error of the mean (S,) and sample number are presented parenthetically. 

  

  

umolem?’ehr’ umolem’ehr’ Combined 

umolem?’ehr= 

Forest 5/7/90 -27.6 (14.25,3) 137.9 (111.6,3) 55.1 (62.4,6) 

7/18/90 128.0 (36.7,4) 203.3 (153.8,2) 153.1 (48.5,6) 

9/13/90 0.8 (1.3,4) -6.5 (2.0,3) -2.3 (1.8,7) 

1/20/91 5.4 (43.8,4) 99.2 (53.0,4) 52.2 (36.4,8) 

4/14/91 -28.0 (22.5,4) 147.7 (35.4,4) 59.8 (38.4,8) 

Total 18.0 (18.0,19) 109.0 (30.9,16) 

Agric. 5/8/90 294.0 (96.5,3) 254.3 (56.2,3) 274.1 (50.7,6) 

7/17/90 67.5 (2.6,4) 206.2 (168.5,4) 136.8 (82.2,8) 

9/12/90 3.4 (3.5,4) 220.1 (146.1,4) 111.7 (79.0,8) 

1/19/91 8.5 (14.9.4) 20.6 (16.3,4) 14.6 (10.5,8) 

4/15/91 -26.3 (19.6,4) 21.6 (43.3,4) —--2.3 (23.7,8) 

Total 54.7 (29.0,19) 138.8 (49.5,19) 

Grand Average 36.4 134.5 

Total Minimum -87.8 -59.4 

Maximum 471.7 711.5 

SEM 17.1 30.7 

N 38 35 

 



Table A2.4. Descriptive statistics for sediment ammonium fluxes at the silt-clay sampling 
stations. Negative values denote uptake by the sediment. Standard error of the mean (S,) 

and sample number are presented parenthetically. 

  

  

Date NH, Light NH, Dark NH, Combined 

umolem*ehr umolem”ehr’ umolem?’ehr? 

Forest 

5/30/90 314.8 (129.0,3) 494.2 (246.6,2) 386.5 (171.5,5) 

8/2/90 161.9 (69.2,4) 522.5 (64.8,4) 342.2 (80.9,8) 

10/12/90 69.1 (11.1,3) 30.0 (38.9,3) 49.5 (20.1,6) 

2/11/91 25.5 (21.9,4) 14.6 (15.9,4) 20.0 (12.6,8) 

4/31/91 178.6 (42.3,4) 393.1 (28.1,4) 285.8 (46.8,8) 

Total 145.3 (33.9,18) 282.3 (61.8,17) 

Agric. 5/28/90 267.0 (136.1,3) 282.0 (71.7,3) 274.5 (68.8,6) 

8/3/90 572.5 (48.6,4) 985.5 (139.2,4) 779.0 (103.6,8) 

10/11/90 -17.6 (6.9,3) -35.3 (4.4,4) -27.7 (5.0,7) 

2/10/91 119.2 (30.4,4) 286.6 (55.8,4) 202.9 (62.2,8) 

4/30/91 165.0 (138.4,4) 204.8 (18.6,4) 184.9 (65.1,8) 

Total 231.9 (60.1,18) 348.0 (89.5,19) 

Grand Total Average 188.6 317.0 
Minimum -61.2 -42.5 

Maximum 664.7 1224.5 

SEM 34.8 55.1 

N 36 36 
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Table A2.5. Descriptive statistics for sediment nitrate fluxes at the sandy sediment 
sampling stations. Negative values denote uptake by the sediment. Standard errore of the 

mean (S,) and sample number are presented parenthetically. 

  

  

Date NO; Light NO; Dark NO, Combined 

umol®m*¢hr' umol® m?’¢hr' umole m’¢hr* 

Forest 5/7/90 -1.8 (1.3,3) -2.5 (3.2,3) -2.2 (1.6,6) 

7/18/90 0.6 (0.4,4) -5.6 (2.1,2) -1.4 (1.4,6) 

9/13/90 -0.6 (3.8,4) 2.8 (2.3,3) 0.9 (2.3,7) 

1/20/91 -7.6 (7.1,4) 19.5 (13.8,4) 6.0 (8.8,8) 

4/14/91 -20.4 (18.3,4) -69.1 (7.8,4) -44.8 (13.0,8) 

Total -6.2 (4.2,19) -13.0 (9.4, 16) 

Agric. 5/8/90 -62.2 (32.2,3) -14.2 (11.2,3) -38.2 (18.6,6) 

7/17/90 -0.6 (1.4,4) 4.3 (0.9,4) 1.8 (1.2,8) 

9/12/90 28.3 (3.3,4) -0.9 (8.3,4) 13.7 (6.9,8) 

1/19/91 7.5 (11.6,4) 27.1 (9.9,4) 17.3 (7.9,8) 

4/15/91 -66.9 (35.0,4) -25.7 (28.3,4) -46.3 (22.2.8) 

Total -16.5 (12.2,19) -2.0 (7.4,19) 

Grand Total Average -11.3 -6.6 
Minimum -144.4 -90.8 

Maximum 34.4 50.5 

SEM 6.4 5.9 

N 38 35 
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Table A2.6. Descriptive statistics for sediment nitrate fluxes at the silt-clay sediment 

sampling stations. Negative values denote uptake by the sediment. Standard error of the 
mean (SEM) and sample number are presented given in parenthetically. 

  

  

Date NO, Light NO, Dark NO, Combined 

umolem”ehr’ umolem?ehr? umolem”’ehr’ 

Forest 5/30/90 -2.3 (3.4,3) 6.2 (0.1,2) 1.1 (2.8,5) 

&/2/90 -8.1 (5.8,4) 17.8 (7.5,4) 4.9 (6.5,8) 

10/12/90 -8.9 (0.7,3) -7.6 (1.3,3) -8.3 (0.7,6) 

2/11/91 12.2 (18.0,4) -26.1 (27.0,4) -6.9 (16.6,8) 

4/31/91 -25.8 (6.0,4) -29.9 (12.3,4) -27.9 (6.4,8) 

Total -6.7 (5.0,18) -9.6 (8.0,17) 

Agric. 5/28/90 12.7 (3.5,3) -11.8 (25.9,3) 0.4 (12.9.6) 

8/3/90 4.3 (6.4,4) 4.3 (6.4,4) 0.3 (3.9,8) 

10/11/90 -3.30 (1.2,3) -1.7 (2.1,4) -2.4 (1.2,7) 

2/10/91 -43.5 (8.3,4) -33.7 (8.0,4) -38.6 (5.6,8) 

4/30/91 -53.1 (17.7,4) -20.6 (8.0,4) -36.8 (10.9,8) 

Total -19.0 (7.7,18) -14.4 (5.0,19) 

Grand Total Average -12.8 -12.1 

Minimum -84.8 -74.5 

Maximum 48.7 36.5 

SEM 4.6 4.6 

N 36 36 

 



Table A2.7. Descriptive statistics for sediment nitrite fluxes at the sandy sediment 
sampling stations. Negative values denote uptake by the sediment. Standard error of the 
mean (SEM) and sample number are presented parenthetically. 

  

  

Date NO, Light NO, Dark NO, Combined 

umolem’ehr’ umolem’ehr* umolem?’shr’ 

Forest 5/7/90 -0.8 (0.4,3) -0.7 (0.4,3) -0.7 (0.2,6) 

7/18/90 -0.2 (0.1,4) -0.6 (1.2,2) -0.3 (0.5,6) 

9/13/90 1.3 (0.2,4) 0.0 (0.6,3) 0.7 (0.4,7) 

1/20/91 -2.3 (1.2,4) -5.3 (2.2,4) -3.8 (1.3,8) 

4/14/91 2.9 (1.6,4) 0.1 (0.0,4) 1.5 (0.9,8) 

Total 0.2 (0.6,19) -1.5 (0.8, 16) 

Agric. 5/8/90 3.3 (0.9,3) 3.0 (0.9,3) 3.2 (1.4,6) 

7/17/90 -0.5 (0.5,4) -2.1 (0.8,4) -1.3 (1.5,8) 

9/12/90 -2.8 (0.9,4) -1.7 (1.1,4) -2.3 (1.9,8) 

1/19/91 -6.6 (1.1,4) -1.4 (0.7,4) -4.0 (3.3,8) 

4/15/91 -2.0 (2.1,4) 0.1 (0.1,4) -0.9 (3.0,8) 

Total -2.0 (0.9,19) -0.6 (0.5,19) 

Grand Total Average -0.8 -1.0 
Minimum -9.1 -8.8 

Maximum 5.9 4.8 

SEM 0.5 0.4 

N 38 35 
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Table A2.8. Descriptive statistics for sediment nitrite fluxes at the silt-clay sediment 

sampling stations. Negative values denote uptake by the sediment. Standard error of the 
mean (SEM) and sample number are presented given in parenthetically. 

  

  

Date NO, Light NO, Dark NO, Combined 

umolem’ehr! umolem*ehr” umolem*ehr? 

Forest 5/30/90 -0.9 (0.5,3) -1.4 (0.1,2) -1.1 (0.3,5) 

8/2/90 -1.2 (1.1,4) -1.2 (1.1,4) -1.2 (0.7,8) 

10/12/90 0.2 (0.3,3) -0.3 (0.6,3) -0.1 (0.3,6) 

2/11/91 -1.2 (0.6,4) 0.5 (1.6,4) -0.4 (0.8,8) 

4/31/91 -4.6 (0.8,4) -4.9 (0.3,4) -4.7 (0.4,8) 

Total -1.7 (0.5,18) -1.5 (0.6,17) 

Agric. 5/28/90 1.1 (1.8,3) 0.0 (0.0,3) 0.6 (0.9,6) 

8/3/90 1.0 (0.6,4) 1.2 (0.2,4) 1.1 (0.3,8) 

10/11/90 -0.4 (0.3,3) -0.3 (0.8,4) -0.3 (0.4,7) 

2/10/91 -2.7 (0.9,4) -1.1 (1.5,4) -1.9 (0.8,8) 

4/30/91 -10.0 (1.9,4) -10.0 (2.2,4) -10.0 (1.3,8) 

Total -2.5 (1.1,18) -2.1 (1.1,19) 

Grand Total Average -1.9 -1.8 
Minimum -15.5 -16.5 

Maximum 4.7 3.7 

SEM 0.6 0.6 

N 36 36 
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Table A2.9. Descriptive statistics for sediment DIN fluxes at the sandy sediment 
sampling stations. Negative values denote uptake by the sediment. Standard error of the 

mean (SEM) and sample number are presented parenthetically. 

  

  

Date DIN Light DIN Dark DIN Combined 

umolem?ehr' umolem?shr' umolem?ehr’ 

Forest 5/7/90 -29.0 (15.0,3) 134.1 (112.0,3) 52.6 (62.3,6) 

7/18/90 128.9 (36.7,4) 175.3 (157.1,2) = 144.4 (47.7,6) 

9/13/90 1.5 (4.3,4) -10.2 (6.7,4) -4.3 (4.3,8) 

1/20/91 -3.0 (42.1,4) 127.8 (72.4,4) 62.4 (46.0,8) 

4/14/91 -45.6 (23.0,4) 78.7 (31.8,4) 16.6 (29.7,8) 

Total 12.6 (18.7,19) 90.5 (31.3,17) 

Agric. 5/8/90 235.7 (118.8,3) 249.5 (59.3,3) 242.6 (59.5,6) 

7/17/90 -50.8 (3.5,4) 94.2 (166.4,4) 21.7 (81.8,8) 

9/12/90 26.2 (9.6,4) 217.3 (143.0,4) = 121.8 (75.6,8) 

1/19/91 -48.8 (6.6,4) 19.9 (16.1,4) -14.4 (16.8,8) 

4/15/91 -50.6 (42.7,4) -12.5 (58.2,4) -31.6 (34.0,8) 

Total 11.1 (30.0,19) 106.5 (49.6,19) 

Grand Total Average 11.9 99.0 
Minimum -140.4 -91.9 

Maximum 467.9 617.8 

SEM 17.4 29.7 

N 38 36 

 



Table A2.10. Descriptive statistics for sediment DIN fluxes at the silt-clay sampling 
Stations. Negative values denote uptake by the sediment. Standard error of the mean 
(SEM) and sampie number are presented parenthetically. 

  

  

Date DIN Light DIN Dark DIN Combined 

umolem?ehr? umolem?ehr= umolem’ehr! 

Forest 5/30/90 317.3 (130.5,3) 506.1 (244.4,2) 392.8 (115.0,5) 

8/2/90 106.8 (65.5,4) 493.6 (69.0,4) 300.2 (85.4,8) 

10/12/90 62.5 (21.4,3) 25.5 (38.8,3) 44.0 (20.0,6) 

2/11/91 26.8 (9.8,4) -12.5 (14.5,4) 7.2 (11.0,8) 

4/31/91 135.5 (47.84) 357.5 (29.1,4) 246.5 (49.1,8) 

Total 123.1 (33.6,18) 261.4 (61.8,17) 

Agric. 5/28/90 283.6 (137.2,3) 300.5 (71.6,3) 292.1 (69.3,6) 

8/3/90 578.5 (48.9,4) 1016.6 (159.3,4) 797.6 (113.2,8) 

10/11/90 -38.9 (8.9,3) -36.8 (5.4,4) -37.7 (4.4,7) 

2/10/91 65.5 (25.6,4) 246.6 (106.0,4) 156.1 (61.0,8) 

4/30/91 69.8 (147.4,4) 141.8 (19.4.4) 105.8 (70.2,8) 

Total 199.4 (65.6,18) 335.5 (94.7,19) 

Grand Total Average 161.2 300.5 
Minimum -192.7 -48.6 

Maximum 655.3 1353.3 
SEM 36.9 57.4 

N 36 36 

 



Table A2.11. Descriptive statistics for sediment DIP fluxes at the sandy sediment 
sampling stations. Negative values denote uptake by the sediment. Standard error of the 
mean (SEM) and sample number are presented parenthetically. 

  

  

Date DIP Light DIP Dark DIP Combined 

umolem?ehr’ umolem’ehr' umolem’ehr? 

Forest 5/7/90 2.1 (2.1,3) -2.2 (2.2,3) -0.04 (1.7,6) 

7/18/90 1.8 (1.8,4) 9.1 (8.9,2) 4.2 (3.0,6) 

9/13/90 -4.6 (2.1,4) 0.02 (0.01,3) -2.6 (1.4,7) 

1/20/91 -5.1 (1.0,4) -3.6 (0.5,4) -4.4 (0.6,8) 

4/14/91 0.1 (0.03,4) 0.01 (0.0,4) 0.04 (0.01,8) 

Total -1.31 (0.95,19) -0.17 (1.32, 16) 

Agric. 5/8/90 5.4 (1.9,3) 0.8 (2.3,3) 3.1 (1.7,6) 

7/17/90 2.1 (0.3,4) -0.7 (0.3,4) 0.7 (0.7,8) 

9/12/90 28.1 (1.6,4) 33.4 (15.3,4) 30.7 (7.2,8) 

1/19/91 0.8 (2.3,4) 25.37 (39.08,4) 13.1 (10.2,8) 

4/15/91 3.5 (1.5,4) -5.9 (2.2,4) -1.19 (2.2.8) 

Total 8.11 (2.54,19) 11.13 (6.00,19) 

Grand Total Average 3.29 5.97 

Minimum -10.6 -10.6 

Maximum 31.8 83.90 

SEM 1.58 3.41 

N 38 35 

 



Table A2.12. Descriptive statistics for sediment DIP fluxes at the silt-clay sampling 
stations. Negative values denote uptake by the sediment. Standard error of the mean 
(SEM) and sample number are presented parenthetically. 

  

  

Date DIP Light DIP Dark DIP Combined 

umolem?’ehr’ umolem*ehr! umolem’ehr! 

Forest 5/30/90 11.4 (6.6,3) 17.2 (13.7,3) 17.2 (7.7,5) 

8/2/90 12.5 (8.1,4) 20.0 (5.1,4) 16.2 (4.6,8) 

10/12/90 16.3 (2.8,3) 7.7 (5.4,3) 12.0 (3.4,6) 

2/11/91 2.4 (1.4,4) 6.3 (3.2,4) 4.3 (1.8,8) 

4/31/91 0.6 (1.9,4) 10.7 (1.8,4) 5.7 (2.3,8) 

Total 8.06 (2.44,18) 12.35 (2.74,18) 

Agric. 5/28/90 23.1 (2.3,3) 28.7 (2.1,3) 25.9 (1.9,6) 

8/3/90 4.3 (6.4,4) 62.9 (3.6,4) 46.7 (6.5,8) 

10/11/90 2.7 (1.5,3) -1.0 (0.7,4) 0.6 (1.3,7) 

2/10/91 -1.9 (2.1,4) 1.9 (2.4,4) 0.01 (1.6,8) 

4/30/91 1.1 (2.7,4) 1.1 (1.0,4) 1.1 (1.3,8) 

Total 10.91 (3.42,18) 18.17 (6.00,19) 

Grand Total Average 9.49 15.76 

Minimum -6.7 -4.0 

Maximum 39.5 71.4 

SEM 2.08 3.41 

N 36 36 

 



Appendix III 

Sediment Photosynthetic Pigments



Table A3.1. Descriptive statistics for sediment photosynthetic pigments at the Eyreville 
sandy sediment study site. Standard error of the mean and sample number are presented 
parenthetically. 

  

  

Date Total Functional PheoPigments 

Chl a Chi a mgem” 
mgem” mgem” 

Agric. 5/8/90 217.3 (12.4,5) = 189.3 (12.4,5) 28.0 (11.8,5) 

7/17/90 151.2 (16.2,4) 136.8 (21.1,4) 14.4 (9.8,4) 

8/25/90 176.5 (7.2,3) 168.1 (9.4,3) 8.4 (2.2,3) 

9/12/90 148.1 (18.2,4) - - 

12/31/90 167.0 (37.1.3) — 102.6 (29.7,3) 64.4 (13.2,3) 

1/19/91 202.2 (15.5,4) 168.3 (6.4,4) 33.9 (16.5,4) 

3/15/91 224.3 (20.3,3) 202.3 (20.0,3) 22.0 (5.1,3) 

4/14/91 150.7 (17.8,4) = 118.5 (12.2,4) 32.3 (5.8,4) 

5/31/91 102.3 (0.2,2) 87.9 (8.6,2) 14.4 (8.8,2) 

Forest 5/7/90 131.9 (6.5,4) 101.6 (7.7,4) 30.3 (3.1,4) 

7/18/90 124.7 (2.8,4) 124.2 (3.1,4) 0.5 (0.5,4) 

8/25/90 218.4 (30.4,3) 199.6 (17.1,3) 18.8 (18.8,3) 

9/13/90 144.2 (13.2,4) = 121.6 (21.4,4) 22.6 (14.2,4) 

12/30/90 190.5 (28.1,3) 140.5 (21.3,3) 50.0 (7.4,3) 

1/20/91 242.8 (24.9,4) 155.6 (11.8,3) =: 104.7 (15.3,3) 

3/15/91 181.0 (12.2,3) 126.0 (3.4,3) 55.0 (12.8,3) 

4/14/91 209.1 (36.0,3) 164.6 (18.6,3) 44.5 (17.5,3) 

5/31/91 167.2 (19.6,2) = 122.5 (10.0,2) 44.8 (9.7,2) 

 



Table A3.2. Descriptive statistics for sediment photosynthetic pigments at the Scott silt- 

clay sediment study site. Standard error of the mean and sample number are presented 

  

  

parenthetically. 

Date Total Functional PheoPigments 
Chl a Chl a mgem” 
mgem” mgem” 

Agric. 5/28/90 55.0 (2.2,4) 10.5 (2.2,4) 44.5 (1.4,4 

7/6/90 135.0 (32.7,3) 83.4 (25.4,3) 49.6 (8.6,3) 

8/3/90 121.9 (6.8,4) 65.4 (19.5,4) 56.5 (13.7,4 

10/11/90 89.7 (9.0,4) 55.7 (7.7,4) 34.0 (3.2,4) 

2/10/91 110.3 (8.5,4) 8.6 (3.1,4) 101.7 (10.6,4) 

3/15/91 116.1 (14.0,3) 44.2 (4.9,3) 71.9 (10.7,3) 

4/30/91 99.9 (7.4,4) 34.8 (8.5,4) 65.1 (3.3,4) 

5/31/91 103.7 (-,1) 39.8 (-,1) 63.9 (-,1) 

Forest 5/30/90 74.0 (8.1,4) 15.2 (3.6,4) 58.8 (4.6,4) 

7/6/90 131.1 (21.3,3) 65.6 (15.3,3) 65.6 (6.1,3) 

8/2/90 104.0 (10.5,4) 79.6 (9.8,4) 24.5 (2.4,4) 

10/12/90 70.6 (12.1,4) 46.4 (11.9,4) 24.2 (3.3,4) 

2/11/91 76.0 (3.2,4) - 81.1 (2.1,4 

3/15/91 84.1 (12.2,4) 36.3 (6.0,4) 47.8 (7.4,4) 

4/31/91 85.3 (17.3,4) 34.5 (11.3,4 50.7 (6.4,4) 

5/31/91 109.5 (-,1) 42.7 (-,1) 66.8 (-,1) 
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