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ABSTRACT 

Recent research has indicated that submarine groundwater discharge (SGWD) is a significant 
component of the hydrologic cycle in coastal plain regions, and that discharged groundwater can 
be contaminated with nutrients and pesticides.  Although discharge has been measured directly 
on a local level, a convenient method for determining the spatial distribution of SGWD on a 
regional scale using readily available data is needed.  A geographic information systems (GIS) 
was applied to the problem of regional-scale determination of SGWD and nutrient loads for the 
Eastern Shore of Virginia.  Computerized data layers included land use, hydraulic gradient and 
soil permeability.  The GIS model was used to predict spatial distribution of SGWD as well as 
the contaminant flux from nearshore agriculture and on-site waste treatment technologies.  
Comparison with field data indicated excellent agreement for SGWD, but only moderate 
agreement for contaminant fluxes.  The GIS model predicts that 90% of the impact from 
nearshore land use occurs in the southwestern quadrant of the Eastern Shore.  The model 
identified areas susceptible to contamination through discharge to a resolution of about 33 
meters, showing that GIS can function as a local as well as regional management tool 

INTRODUCTION 
 Nonpoint sources contribute approximately 66 percent of the phosphorus and 77 percent 
of the nitrogen to the Chesapeake Bay (U.S. EPA, 1992).  While significant progress has been 
made in reducing phosphorus inputs from nonpoint sources to the Chesapeake Bay, reduction of 
nitrogen loadings has yet to be achieved (U.S. EPA, 1992).  If nonpoint sources of nitrogen are to 
be controlled and reduced effectively, resource assessment, management, and mitigation 
strategies must be developed. 

 Nonpoint source pollution control programs have traditionally targeted surface 
phenomenon, such as erosion control and reduction of surface water runoff.  Recently, efforts 
have begun to couple land use activities, groundwater discharge, and surface water quality.  
Consequently, a growing body of research has implicated submarine groundwater discharge 
(SGWD) as a significant source of fresh water, nitrogen and pesticides to coastal waters and 
more specifically to the Chesapeake Bay system (Simmons, 1989; Libelo et al., 1991; Simmons 
et al., 1991; Reay et al., 1992; Gallagher et al.,1996). 
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     Groundwater inputs to coastal waters have been evaluated by various approaches.  The 
first is a water budget method based on the hydrologic continuity equation, where groundwater 
discharge is calculated following measurement or estimation of all other hydrologic cycle 
components.  Since this technique is applied only at the watershed scale and incorporates errors 
associated with hydrologic parameter estimates, it has limited applicability as a management tool. 
A second approach to estimate groundwater discharge into coastal waters is based on a salt 
budget of surface waters.  This method requires accurate measurements of bidirectional tidal 
exchange.  Thirdly, direct measurements of SGWD using seepage meters, piezometers, or 
pressure transducers have been used to calculate groundwater volumetric discharge into coastal 
water bodies (Bokuniewicz, 1980; Simmons, 1988; Robinson et al., 1998).  While this method 
offers the benefits of direct measurements, it requires an extensive field effort and the spatial 
variability of sediments may lead to error. A fourth method involves a site-specific numerical 
groundwater models which can be used to determine groundwater discharge with a spatial 
component (Valiela et al., 1992; Weiskel and Howes, 1991. Robinson and Gallagher 1999).  
However, the required data are frequently unavailable and these schemes can be too complex for 
regional planning purposes.   

 An alternative method incorporating both the simplicity of the mass balance approach and 
the spatial characteristics of the numerical models is necessary for the analysis of SGWD.  
Geographic information systems (GIS), which integrate computer mapping with database 
management, have been used to analyze and display nonpoint source and groundwater pollution 
potential for fecal bacteria, agrochemicals and animal wastes.  

 This study was conducted to evaluate the use of a GIS-based approach regarding SGWD 
and associated nitrogen loading to coastal waters of the southern Delmarva Peninsula – the 
Eastern Shore of Virginia.  From the management perspective, a valid spatial analysis of the 
effects of SGWD is necessary to find out which areas are most impacted by this phenomenon as 
well as to determine where to best allocate resources to decrease the threat of contamination from 
discharge.  Specific objectives of the research were to spatially describe and quantify 
groundwater discharge from the surficial aquifer, to identify high-risk shorelines based on 
groundwater quality and discharge patterns, and to quantify groundwater derived nitrogen inputs 
into surface water resources of the southern Delmarva Peninsula.  This approach should have 
broad scale applicability to other watersheds. 

STUDY SITE DESCRIPTION 

 The study region for this investigation was the lower Delmarva Peninsula, represented by 
Northampton and Accomack counties, and represents the eastern most portion of Virginia's 
Coastal Plain Physiographic Province (Figure 1).  The shallow unconfined aquifer displays 
characteristics that are conducive to groundwater contamination and its subsequent transport to 
adjacent surface waters.  These characteristics include shallow water table depth, highly 
permeable sandy substrates, low elevation relief of the surface which reduce surface water runoff 
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and promote water infiltration.  In addition to high-risk hydrogeologic characteristics, extensive 
agricultural land use and residential on-site wastewater disposal systems compound the problem.  

 

 
 

Figure 1: Eastern Shore of Virginia 

 

 Virginia's Eastern Shore, approximately 70 km in length and with an average width 10 
km in Northampton County and 13 km in Accomack County, is bounded by the Chesapeake Bay 
to the west and Atlantic ocean to the east.  The central uplands region is characteristically flat 
with maximum elevations on the order of 12 to 15 meters above sea level.  Based on upland 
hydrogeomorphic characteristics, Northampton County consists primarily of well drained 
uplands with coastal wetland and beach regions located on the oceanside and barrier island 
complex (Phillips et al., 1993).  In comparison, Accomack County embodies poorly drained 
lowlands, poorly drained uplands, well drained uplands, and coastal wetland and beach regions, 
as one moves from west to east respectively.  Drainage basins are relatively well drained with 
low order streams becoming impounded or tidal there lower reaches.  The tidal creeks form 
complex networks with deep and narrow channel oceanside creeks located within extensive 
marshes whereas the bayside creeks are broad and shallow confined by eroding shorelines and 
fringing marshes.  The Chesapeake Bay side creeks receive the majority of the surface and 
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groundwater drainage (Fennema and Newton, 1982).  Diurnal tidal range is approximately one 
meter on the Bayside and 1.6 meters on the ocean side of the peninsula. 

 The freshwater hydrologic framework consists of the Columbia unconfined aquifer and 
the underlying Yorktown aquifers (Richardson, 1992).  The bottom of the Columbia aquifer is 
between 0 and 30 meters below sea level, and is typically less than 30 meters in thickness.  This 
aquifer consists of unconsolidated shell, gravel, sand and intermittent clay lenses.  Average 
hydraulic conductivity has been estimated between 4.6 and 5.5 m·day-1 (Fennema and Newton, 
1982; Harsh and Laczniak, 1986).  Columbia aquifer system is recharged by 20 to 35 percent of 
the annual 109 centimeters of local precipitation (Richardson, 1992) and is estimated to supply 
between 60 and 80 percent of the base flow associated with nontidal portions of streams. 

METHODS 

 A GIS model was developed to estimate the spatial distribution of nearshore groundwater 
discharge and associated nitrogen loading to coastal waters of Virginia's Eastern Shore.  Soil 
types were used to divide the shoreline into linear segments.  Permeabilities, hydraulic gradients, 
and adjacent land uses were then associated with each shoreline segment.  The permeabilities and 
hydraulic gradients were used to calculate nearshore groundwater discharge.  Land use and 
discharge patterns were used to calculate contamination flux potential.  This analysis provides a 
framework to analyze groundwater discharge patterns on both a regional as well as local scale. 

 Sources of base data layers, purpose of data layers are presented in Table 1.  Spatial data 
for soil types was obtained from VirGIS, a statewide GIS project (Shanholtz and Flagg, 1990).  
Soil, water features, and land use data were obtained in matrix form, each on 0.11 (~33m x 33m) 
hectare resolution and converted to vector format.  Atlas GIS was used for spatial analysis. Final 
soils maps were checked against the soils maps of Northampton County (Cobb and Smith, 1989) 
and the aerial photographs in the Accomack County soils office. 

Table 1. List of Base data layers, purpose of data layers, and data sources. 

Base Data Layer Purpose Source 

Surface water 
boundaries 

Discharge perimeter, hydraulic 
gradient 

VirGIS 

Water table elevation Hydraulic gradient Richardson (1992) 

Soils Permeability, shoreline segmentation VirGIS 

Agriculture and pasture  Contamination of surficial aquifer VirGIS 

Towns Contamination of surficial aquifer Digitized from USGS 
1:24,000 scale maps 

Extensive wetlands Regions with offshore discharge VirGIS 
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 Next, a layer was created that defines the SGWD zone, which in this study was defined to 
be the point where the soils map meets the areal water features map.  This layer can be 
considered a map of the shoreline.  Because a distinction had to be made how far up inlets and 
streams SGWD takes place, water features classified as areal by VirGIS, as well as a few areal 
features over 25 acres from blue-line streams were classified as locations of potential SGWD.  
Undoubtedly SGWD occurs into streams, but for this research, SGWD into streams was 
considered as a point load not included in an inventory of SGWD. 

 The SGWD zone was then split by the soils layer.  This perimeter was divided into 
segments based on soil type.  Shoreline segments of consistent soil type longer than 1 km were 
broken into smaller segments of less than 1 km.  There were a total of 1993 shoreline segments 
used in the entire perimeter of the Eastern Shore.       

 Spatial data to estimate of regional hydraulic head was obtained from maps developed by 
the U.S. Geological Survey (Richardson, 1992).   The 10-ft (3.048 m) contour line was manually 
digitized from a map of average Columbia Aquifer water table heights (Richardson, 1992, pg. 
54). The water table height was assumed to vary linearly by distance to the nearest water feature, 
and the hydraulic gradient was calculated for each segment. 

 Each segment was given a geometric average permeability from the permeabilities listed 
in the soil survey (Cobb and Smith, 1989).  These were assumed to approximate the relative 
nearshore permeabilities..  The discharge potential was calculated as straight multiplication of 
each segments' attributes for gradient and permeability as follows: 

  discharge potential dh
dl

ki
i

i= 





⋅  

where (dh/dl)i is the hydraulic gradient and ki the permeability for the ith  segment. 

 Estimates of groundwater contamination potential required land use information, and 
these were developed from sources listed in Table 1.  Land use categories for nutrient loads 
included agricultural, pasture, and urban 

 All town, pasture and agricultural features within an arbitrary one kilometer distance of a 
shoreline segment were deemed as potential contamination sources for that shoreline segment. 

  contamination potential
area

distancei
i

i

=  

where the areai  and distancei for the ith shore segment are the area of and distance to the nearest 
potential contaminating feature.  This approach assumed that the area of a land use was directly 
proportional to the impact.  Segments with more than one type of contaminating feature were 
summed, and equal weighting was used for each type of contamination source. 
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 When the contamination map was combined with the discharge map, the result was a 
measure of the relative ability of discharge through a particular boundary segment to contaminate 
surface water.  This contamination flux potential was calculated as 

  Flux potentiali = contamination potentiali * discharge potentiali 

RESULTS AND DISCUSSION 

 The model developed in this research is characterized by the discretization of the entire 
Eastern Shore perimeter into 1993 shoreline segments.  Each of these segments has attributes for 
length, gradient, nearshore permeability, proximal land use area, distance to the nearest 
impacting land use, type of polluting feature and recharge distance.  

Local Scale Analysis 
 To illustrate the GIS modeling technique, a series of figures from Cherrystone Inlet are 
presented below.  Cherrystone Inlet is on the Chesapeake side of Northampton County.  

 Figure 2 is a series of maps of Cherrystone Inlet depicting the geometric mean 
permeability of the shoreline perimeter, the hydraulic gradient, the discharge potential, and the 
nutrient flux potential.   

  



 

 

 
 
 7 

  

Figure 2: GIS model for Cherrystone Inlet 

Most of the soil bordering Cherrystone is of moderate permeability,  with soil type BoA.  One 
particular beach exhibits a high permeability with soil type BeB, and a few beaches, with soil 
type BhB, also exhibit high permeabilities.  This map clearly illustrates the higher gradients in 
the streams feeding the inlet.  The high permeability beach is predicted to have high discharge 
rates. 

 The calculated discharge and contaminant flux values were compared with field data to 
evaluate the applicability of the GIS model for several beaches along Cherrystone Inlet.  An 
average discharge figure was found by taking seepage meter readings from several sites where 
sampling has occurred at various times of the year.  These meter readings were correlated to the 
GIS predictions, and were used to evaluate the effectiveness of this modeling technique.  Figure 
3 illustrates the comparison for SGWD rates and nitrogen fluxes.   

  

Figure 3. Comparison of measured SGWD with GIS predicted discharge potential and nutrient 
flux potential. 



 

 

 
 
 8 

 

The discharge pattern was very well predicted by the GIS model, while the nutrient flux pattern 
was less successful.  Factors other than proximity to agricultural features may be influencing 
nutrient flux from the sediments.   

Regional Analysis 
 Table 2 summarizes model results for shoreline perimeter and hydrogeologic parameters 
by adjacent water body and county.  There is approximately twice as much exposed shoreline on 
the Bay-side of Virginia's Eastern Shore as compared to the ocean-side, at the scale the data were 
digitized.  In addition, the near shore soils on the Chesapeake side of the Eastern shore tend to be 
much more permeable, with the soils in Northampton being the most permeable. 

 
 

 

Table 2. Soil and Seepage predictions by jurisdictional County and adjacent surface water body.  
AC and NH denote Accomack and Northampton Counties, respectively. 

Adjacent Water Body 

Chesapeake Bay Atlantic Ocean 

Total  

Parameter 

AC NH Total AC NH Total AC NH Total 

Shoreline 
perimeter (km) 

321 289 610 204 137 341 525 426 951 

Mean permeability 

(cm/hr) 

12.3 23.0 17.3 3.0 2.5 2.8 8.7 10.8 12.1 

Mean hydraulic 
gradient (m/m) 

0.0018 0.0030 0.0023 0.0024 0.0028 0.0026 0.0020 0.0029 0.0024 

Mean volumetric  
Flux potential 

0.0084 0.0279 0.0176 0.0030 0.0027 0.0029 0.0063 0.0198 0.0123 

Discharge 2.87 8.52 11.4 0.65 0.39 1.04 3.53 8.91 12.4 

 

 The mean hydraulic gradient is also given for each quadrant of the Eastern Shore in Table 
2.  The variations in hydraulic gradient are similar to those for soil permeability.  Northampton 
county, the southern end of the peninsula, tends to have higher hydraulic gradients, with the 
Chesapeake side being higher than the Atlantic side.  The gradient is steepest in the finger-like 
inlets on the Chesapeake side of the Eastern Shore, as shown in Figure 4.  This figure also shows 
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the discharge potential.  The most severe discharge was predicted to occur along the Chesapeake 
shore of Northampton County.  This is corroborated quantitatively by the volumetric flux 
potential data presented in Table 2.  The eastern side of the Eastern Shore typically shows low 
likelihood of nearshore discharge with its vast stretches of thick, dense Chincoteague silt loam. 

 The nutrient flux potential for the Eastern Shore is provided in Figure 5.  Recall however, 
that the field validation for nutrient flux was not as successful as for discharge.  Western 
Northampton County, as well as the southern portion of western Accomack County exhibited a 
combination of permeable soils, moderate hydraulic gradient, and dense agriculture that led to a 
high likelihood of contamination.  Qualitatively, the majority of contamination from nearshore 
SGWD was predicted to occur in this area.  The model predicted more than 90% of nutrient 
loading from the Eastern Shore to occur into the Chesapeake Bay, instead of the Atlantic Ocean.  
The bulk of this figure consists of discharge from Northampton County.  According to the model, 
more than 7/10 of the Eastern Shore's nearshore environment is under the influence of 
agricultural areas, including pastures.  At the most, 1/10 the nearshore environment is under the 
influence of urban land use.  About 1/4 of the Eastern Shore's perimeter has no proximal 
impacting land use, indicating that these areas may not be at risk for damaging SGWD, 
regardless of the volume of discharge. 

  
Figure 4. Hydraulic gradient and discharge potential along the Eastern Shore. 



 

 

 
 
 10 

 
Figure 5. Nutrient flux potentials for Eastern Shore. 

 

Limitations 

 Model limitations and sources of error can be classified with respect to scale.  When 
comparing the GIS maps with corresponding topographic maps, the 33m resolution seemed 
capable of capturing significant features for this type of study.  The most significant introductions 
of regional scale errors stemmed from the representation and manipulations of the 10 ft line as 
digitized from Richardson (1992).  This map was not meant to be an accurate map of the ten-
foot-contour line.  Another variability in the water table contour not taken into account were 
fluctuations of approximately one meter between winter and spring groundwater recharge periods 
and the drier summer and fall seasons.  The error introduced here, however, was constant with 
respect to all segments. 

 Another problem associated with the 10 ft contour appears as a result of the limitations of 
the GIS.  The gradient is determined by the absolute distance of the midpoint of the boundary 
feature from this line, which may not always accurately represent the gradient. 

 Localized, small-scale sources of error are likely to be very common due to the presence 
of clay lenses in more permeable soils, or alternatively, particularly sandy or gravely areas within 
lower permeability soils.  This source of error is believed to be highly local, and will be 
subsumed into the background on the regional scale of this model. Another source of error was 
the variability of soil permeability with depth and within a family of soils.  Sometimes an order 
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of magnitude difference existed within the reported permeability of a particular soil type (Cobb 
and Smith, 1989).  It is hoped that the geometric mean taken from the available data will 
accurately reflect a typical soil type's permeability.  A second problem is that the permeability 
values for FmD, BeB, AsE, AtD, CaA, FrB and FhB soils were all given "greater than" a certain 
value in the soil surveys.  However, this effected only a limited number of shoreline regions.  The 
minimum listed value was taken for these types of soil. 

 Other factors, such as the effects of riparian zones, biological activity in the benthic zone, 
local gradient, and marsh areas have not been studied closely enough to allow their consideration 
in the flux potential developed in this research.  As these topics are studied, they can be included 
in the GIS framework with the simple addition of new attributes for each of the segments.  
Despite all the limitations discussed in this section, there was still good correlation with field 
data.  As more seepage data becomes available, a definitive calibration can take place. 

SUMMARY AND CONCLUSIONS 

 The GIS system allows analysis of SGWD to occur on a regional scale for the entire 
Eastern Shore, as well as examination on a local scale such as Cherrystone Inlet.  The previously 
mentioned benefits of the GIS approach indicate that it may be a valuable management tool in an 
attempt to manage regional SGWD by concentrating efforts on the locally high areas of 
contamination potential through SGWD. 

 The GIS approach to large scale analysis of SGWD was useful for the prediction and 
analysis of SGWD.  Significant limitations exist for this method, however, and the figures 
generated should be recognized as the order-of-magnitude estimates that they are. The available 
flow data, however, correlated well to model output.  The GIS approach will prove an effective 
tool in management and analysis of SGWD. 
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