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Abstract A groundwater model has been developed for the lowermost
Delmarva Peninsula, USA, that simulates saltwater intrusion into local
confined aquifers and nitrate delivery to the Chesapeake Bay from the surficial
aquifer. A flow path and groundwater-age analysis was performed using the
model to estimate the timing of nitrate delivery to the bay over the next
several decades. The simulated mean and median residence times of ground-
water in the lowermost peninsula are 30 and 15 years, respectively. Current
and future nitrate concentrations in coastal groundwater discharge were
simulated based on local well data that include nitrate concentrations and
groundwater age. A simulated future-trends analysis indicates that nitrate that
has been applied to agricultural regions over the last few decades will continue
to discharge into the bay for several decades to come. This study highlights
the importance of considering the groundwater lag time that affects the mean
transport time from diffuse contamination sources.
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INTRODUCTION

The Chesapeake Bay in the eastern USA is an impaired water body that has been
adversely affected for decades by an oversupply of nutrients that feeds algal blooms
and creates regions of low dissolved oxygen. In the mid-1980s, the Chesapeake Bay
Program was created as a partnership between the states and the federal government to
reduce nutrient loading to the bay. Although criteria have been developed for water-
quality levels and remedial actions have begun, it is unknown how long it will take for
conditions in the bay to improve. One important factor in estimating the timing of
loadings from the land surface to the bay is the influence of groundwater on the
transport time. Studies have shown that typical residence times of groundwater in
subwatersheds within the bay watershed are ten years or more (Lindsey et al., 2003;
Phillips & Lindsey, 2003). A substantial portion of dissolved nitrogen (primarily
nitrate) loading to the bay is from agricultural regions, and one of the largest of these
regions is on the Delmarva Peninsula, which lies between the bay and the Atlantic
Ocean (Fig. 1(a)). If future levels of dissolved nitrogen loading to the bay are to be
estimated accurately, a better understanding of the movement of groundwater that
discharges to the bay from agricultural regions would be required.

The southernmost part of the Delmarva Peninsula is called the Eastern Shore of
Virginia (Fig. 1(a)). The Eastern Shore contains a long topographic high that divides
the peninsula into two watersheds (Fig 1(b)), with the western side draining to the
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Fig. 1 Maps showing: (a) the location and (b) topography of the Eastern Shore of Virginia.
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Chesapeake Bay. Agriculture has long been a substantial portion of the land-use cover
on the Eastern Shore (Fig. 2(a)). In the absence of streams on the Eastern Shore,
groundwater from a confined aquifer system is the only source of potable water
(Richardson, 1994). There is also a shallow water-table aquifer that is used primarily
for agricultural irrigation. The water table in this aquifer is close to land surface and
thus mimics the topography (Fig. 2(b)). The shallow aquifer is contaminated in many
areas by high nitrate levels, and is the primary source of nitrogen loading to the bay
from the Eastern Shore of Virginia (Raey et al., 1992; Gallagher et al., 2001). The
purpose of this study was to use a recently developed groundwater model of the
Eastern Shore to study the movement and discharge of nitrogen-laden groundwater to
the bay, and to simulate future changes in nitrogen loadings in response to changes in
nitrogen (mostly fertilizer) application rates.

GROUNDWATER FLOW MODEL
A groundwater flow model of the Eastern Shore of Virginia is currently (2007) being

developed as a joint project between federal, state, and local government offices. The
model will be used primarily by water-resources managers to help plan future
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Fig. 2 Maps of the Eastern Shore of Virginia showing: (a) land use from 1992 USGS
National Land Cover Data Set (http:/landcover.usgs.gov/natllandcover.php), and

(b) simulated groundwater levels in the surficial aquifer.

groundwater development within the region, and to assess adverse impacts such as
lowering of regional water levels and saltwater encroachment. The US Geological
Survey (USGS) code SEAWAT (Langevin et al., 2003) was used to construct the
groundwater flow model. SEAWAT can account for the differences in density between
groundwater and seawater and so can simulate the encroachment of saltwater into the

confined freshwater aquifer system.
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Fig. 3 Maps showing: (a) calibrated recharge rates assigned by zones based on soil
texture, and (b) simulated fluxes of submarine groundwater discharge.

The model was calibrated using over 500 groundwater levels in wells spanning over 50
years. In the confined aquifer, these water levels have been declining because of
regional pumping stresses. The model also includes the shallow water-table aquifer. In
the shallow aquifer, young groundwater ages were measured in wells (Spieran, 1996;
USGS, unpublished data), and these were used to help calibrate the shallow part of the
model. In the shallow system, evapotranspiration rates were calibrated along with
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hydraulic conductivities and recharge rates. Recharge rates were assigned by zones
(Fig. 3(a)) that coincided with soil textures as defined and mapped by the US
Department of Agriculture. The model also simulates the distribution and magnitude of
submarine groundwater discharge from the shallow aquifer along the coastal inlets

(Fig. 3(b)).

GROUNDWATER TRANSPORT OF NITRATE

To simulate the transport of nitrate through the shallow aquifer to discharge zones
along the coastal inlets, an approach was taken that combines groundwater-flowpath
simulation with the estimation of historical nitrate concentrations in the recharge zone.
Flowpaths throughout the shallow aquifer were calculated using the USGS code
MODPATH (Pollock, 1994). One simulated pathline was started in every recharge
grid cell of the model and tracked forward to its discharge location. A similar approach
has been taken in previous studies (Modica et al., 1998; Kauffman ef al., 2001). In the
current study, travel times for the pathlines were calculated using an effective porosity
of 0.25. The thousands of pathlines were then sorted by recharge location, travel time,
land use at the recharge point, and discharge location. Nitrate was considered to be
conservative along the flow path, but consumed by denitrification if it intercepted the
root zone at the discharge cell. As the faster flow paths tend to be shallower (and in the
root zone), denitrification was assigned in the discharge cell only to the faster
pathlines. The proportion that was assigned denitrification was pro-rated according to
the ratio of evapotranspiration to total discharge in the cell. Only pathlines that were
not assigned denitrification were used to tally the total nitrogen load to the bay. An
estimate of historical nitrate concentrations over time (Bohlke & Denver, 1995) was
used to assign nitrate concentration to those pathlines that originated at cells with an
agricultural land-use cover (Fig. 2(a)). Pathlines that originated in other areas were
assigned lower, ambient concentrations. By combining the pathline travel-time
distribution with nitrate concentration history, current and future trends in nitrogen
loading to the bay were calculated for various scenarios of change in nitrate application
load at the land surface. A runoff component was estimated from hydrograph
separation at a small creek on the peninsula.

RESULTS

The age distribution for groundwater discharging to the bay is highly skewed (Fig. 4).
The mean simulated travel time of all groundwater from recharge to discharge on the
Eastern Shore is 30 years. The median simulated travel time is 15 years. The mean and
median ages of groundwater directly discharging to coastal inlets are 40 and 18 years,
respectively. The mean direct-discharge travel time is older than the mean recharge
travel time because much of the younger water escapes by evapotranspiration, which is
not counted in the directed discharge mean age. Mean and median ages varied by land-
use type at the recharge location. Water recharged in agricultural areas that directly
discharged had a mean and median age of 31 and 17 years, respectively, whereas water
from forest land had means and median ages of 28 and 18 years, respectively, and
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Fig. 4 The distribution of groundwater age on the Eastern Shore of Virginia according
to simulated pathlines in the flow model.

marsh lands had 200 and 37 years respectively. Low recharge rates in the marsh soils
resulted in very slow flow through those regions.

Even with a median age of 18 years for groundwater discharge, a substantial
fraction of the water has an age of many decades (Fig. 4). Nitrate concentrations began
rising substantially only in the last 30 years or so, when fertilizer application rates
began increasing greatly (Bohlke & Denver, 1995). Therefore, much of the ground-
water with elevated concentrations of nitrate is not yet discharging to the bay. Thus we
expect that with no change in current nitrate application at the land surface, nitrogen
load to the bay will continue to increase until the discharge load equals the recharge
load, which will take many decades to occur. The path-line age distribution was used
to calculate future trends in the nitrogen load to the bay, given possible changes in
future nitrogen application rates (Fig. 5). The load calculation is made by multiplying
the flux associated with each pathline by the concentration during the year of recharge,
and the year is calculated from the travel time. The load estimates include a runoff
component as well as the groundwater discharge component. As is expected, a “no
change” in application load scenario led to increasing nitrogen discharge over the next
several decades. Cutting the nitrogen application by half resulted in loads staying close
to those currently observed. Eliminating the nitrogen input altogether resulted in an
initial small decline caused by the loss of the runoff component, but several decades
were required before the loads were reduced to substantially lower levels.

IMPLICATIONS FOR ESTIMATING NUTRIENT DISCHARGE

For the Eastern Shore of Virginia, our simulated estimates of nitrogen loading were
similar to the cap load allocations (Fig. 5) for this section of the bay suggested by the
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Fig. 5 Future trends in nitrogen loading to the Chesapeake Bay from the Eastern Shore
of Virginia calculated with the model groundwater age distribution and three different
scenarios for future nitrogen application.

US Environmental Protection Agency (Koroncai et al., 2003). Assessments of contam-
inant loading to coastal water bodies, such as the Chesapeake Bay, are sometimes
performed using models that primarily account for the surface-water transport
components of the hydrological system (Linker et al., 1996). Although such models
may be appropriate for constituents, such as phosphorus or sediment, that are
transported predominantly by surface water, our study has shown that for dissolved
constituents that are transported by groundwater, such as nitrate, the lag time
introduced by the flow system can be the dominant factor affecting loading trends for
many decades. Models of nitrogen loading that neglect the groundwater-flow
component will likely perform poorly if used to estimate future trends, and will under-
estimate the time required for total loads to respond to changes in management practices.

Acknowledgements This work has been funded in part by the USGS Office of Ground
Water and the Virginia Department of Environmental Quality.

REFERENCES

Bohlke, J. K. & Denver, J. M. (1995) Groundwater dating, chemical, and isotopic analyses to resolve the history and fate
of nitrate contamination in two agricultural watersheds, Atlantic Coastal Plain, Maryland. Water Resour. Res. 31(9),
2319-2339.

Gallagher, D. L., Wynn, J. W., Reay, W. G. & Robinson, M. (2001) A geographic information system analysis of
submarine groundwater discharge on the Eastern Shore of Virginia. In: Proc. First International Conference on
Saltwater Intrusion and Coastal Aquifers—Monitoring, Modeling, and Management (ed. by D. Ouvazar & A. H.-D. Cheng),
1-13. SWICA, Essaouira, Morocco.

Kauffman, L. J., Baehr, A. L., Ayers, M. A. & Stackelberg, P. E. (2001) Effects of land use and travel time on the
distribution of nitrate in the Kirkwood-Cohansey aquifer system in southern New Jersey. US Geol. Survey Water-
Resour. Invest. Report 01-4117.



A simulation of groundwater discharge and nitrate delivery to Chesapeake Bay 333

Koroncai, R., Linker, L., Sweeney, J. & Batiuk, R. (2003) Setting and allocating the Chesapeake Bay basin nutrient and
sediment loads. US Environmental Protection Agency Report 93-R-03-007.

Langevin, C. D., Shoemaker, W. B. & Guo, W. (2003) MODFLOW-2000, the U. S. Geological Survey modular ground-
water model—documentation of the SEAWAT-2000 version with the variable-density flow process (VDF) and the
integrated MT3DMS transport process (IMT). US Geol. Survey Open-File Report 03-426.

Lindsey, B. D., Phillips, S. W., Donnelly, C. A., Speiran, G. K, Plummer, N. L., Bohlke, J. K., Focazio, M. J. &
Burton, W. C. (2003) Residence time and nitrate transport in ground water discharging to streams in the Chesapeake
Bay watershed. US Geol. Survey Water-Resour. Invest. Report 03-4035.

Linker, L. C., Stigall, C. H., Chang, C. H. & Donigan, A. S., Jr (1996) Aquatic accounting: Chesapeake Bay watershed
model quantifies nutrient loads. Water Environ. Technol. 8(1), 48-52.

Modica, E., Buxton, H. T. & Plummer, L. N. (1998) Evaluating the source and residence times of groundwater seepage to
streams, New Jersey Coastal Plain. Water Resour. Res. 34(11), 2797-2810.

Richardson, D. L. (1994) Hydrogeology and analysis of the ground-water-flow system of the Eastern Shore, Virginia. US
Geol. Survey Water-Supply Paper 2410.

Phillips, S. W. & Lindsey, B. D. (2003) The influence of ground water on nitrogen delivery to the Chesapeake Bay. US
Geol. Survey Fact Sheet FS-091-03.

Pollock, D. W. (1994) User’s guide for MODPATH/MODPATH-PLOT, version 3: A particle tracking post-processing
package for MODFLOW, the US Geological Survey finite-difference ground-water flow model. US Geol. Survey
Open-File Report 94-464.

Raey, W. G., Gallagher, D. L. & Simmons, G. M., Jr. (1992) Groundwater discharge and its impact on surface water
quality in a Chesapeake Bay inlet. Water Resour. Bull. 28(6), 1121-1134.

Speiran, G. K. (1996) Geoydrology and geochemistry near coastal ground-water discharge areas of the Eastern Shore,
Virginia. US Geol. Survey Water-Supply Paper 2479.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


