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Virginia Coastal Plain Aquifer System

By Jason P. Pope, Alison D. Gordon, and Ryan S. Frederiks

Abstract
Computation of detailed groundwater flow budgets for 

subdivisions of the Virginia Coastal Plain aquifer system has  
enabled quantification and more thorough understanding of  
groundwater flow within this important water resource. A zone  
budget analysis based on previously published groundwater models  
of the Virginia Coastal Plain and Virginia Eastern Shore indicates  
that groundwater conditions vary substantially throughout the Coastal  
Plain aquifer system because of local variations in hydrogeology 
and historical and ongoing variations in groundwater use and 
management. Decades of substantial groundwater withdrawal from 
the Coastal Plain aquifer system have altered groundwater flow 
from predevelopment conditions. Rates of sustainable withdrawal 
are limited because the downward groundwater flow rate into  
confined aquifers is a relatively small part of the total groundwater 
budget for the aquifer system compared to the rate of recharge at the 
land surface.

Analyses of groundwater budgets from the Virginia Coastal 
Plain model indicate that groundwater flow is generally outward from  
the surficial aquifer to rivers and coastal waterbodies and downward 
through a series of underlying aquifers and confining units to the 
Potomac aquifer, which is the deepest aquifer and the source of most  
groundwater withdrawals. Downward flow into the Potomac aquifer  
is estimated to be only 7 percent of total net precipitation-​derived net  
recharge at the land surface but makes up about 66 percent of inflow  
to the aquifer in Virginia, with much of the remaining inflow 
occurring laterally from outside of defined groundwater budget 
regions in Virginia. For several decades prior to 2010, high rates of  
withdrawal from the Potomac aquifer resulted in substantial decline 
in groundwater storage in the aquifer and in most overlying aquifers 
and confining units. From 2010 to 2023, rates of withdrawal 
substantially lower than the historical maximum resulted in small  
net increases in groundwater storage in the confined aquifer system 
for most regions of the Virginia Coastal Plain. Nevertheless, for the  
same period, groundwater storage for the entire model domain  
continues to incrementally decline, indicating that storage recovery 
in Virginia is offset by a continued decrease in storage in areas 
beneath the Chesapeake Bay or adjacent areas of Maryland and 
North Carolina. Withdrawals from the Potomac aquifer have  
induced substantial downward flow which is a large part of  
groundwater budgets for confined aquifers such as the Potomac. For  
the most recent simulated conditions (2023) downward groundwater  
flow continues, but because vertical flow rates are a function of the 
difference between water pressure in the upper surficial systems and 

lower confined units, rates of downward flow are lower than those 
in earlier decades as the confined water levels partially recover 
from larger groundwater withdrawals in the past. Geographically, 
groundwater flow is generally inward from perimeter regions of 
the Virginia Coastal Plain toward central regions with the largest 
withdrawal rates. Groundwater inflow from coastal regions could 
be contributing to saltwater intrusion, even though that was not 
measured in this study.

Analyses of groundwater budgets from the Virginia Eastern 
Shore peninsula, a geographic region of the Virginia Coastal Plain, 
indicate that groundwater flow for that isolated aquifer system is 
generally outward from the surficial aquifer to coastal water bodies 
and downward into the confined Yorktown-​Eastover aquifer system, 
which is the source of most withdrawals. Downward groundwater 
flow into the confined Yorktown-​Eastover aquifer system is estimated  
to be less than 2 percent of total recharge and less than 9 percent of 
net recharge at the water table but makes up more than 93 percent of 
all inflow to the confined aquifer system. Decades of substantial but 
relatively consistent groundwater withdrawals have induced greater 
downward flow rates into the confined aquifer system but also have 
resulted in loss of groundwater from storage. For the most recent  
simulated period (2023), estimated storage loss accounts for slightly 
under 7 percent of withdrawals from the confined aquifer system. 
The reported withdrawal rate for this period from the confined 
Yorktown-​Eastover system is near the highest reported rate for the 
Virginia Eastern Shore, which means that the storage depletion is 
expected to continue, even though groundwater levels appear to be 
relatively stable. Estimated groundwater flow rates upward from 
the confining unit underlying the Yorktown-​Eastover system and 
low rates of inflow from coastal water bodies underscore ongoing 
concerns about up-​coning and lateral intrusion of salty groundwater.

Introduction
Groundwater in the Virginia Coastal Plain aquifer system is 

a critical, high-​quality resource in a part of the state (fig. 1) where 
the supply of fresh surface water often is limited (McFarland and 
Bruce, 2006). For more than a century, groundwater withdrawals 
from Coastal Plain aquifers have supported a variety of uses, 
including domestic and municipal water supplies, commerce,  
agriculture, and industry (Heywood and Pope, 2009). Because of 
population growth and expansion of industrial and agricultural 
water use, groundwater was pumped at increasingly higher rates 
throughout the second half of the 20th century (fig. 2).
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Figure 1.  Map of the Virginia Coastal Plain, including geographic and geologic boundaries, groundwater model areas, and groundwater 
budget regions. Groundwater budget regions from Brian J. Campbell, Virginia Department of Environmental Quality, written commun., 2025.
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Groundwater levels in deep wells screened in confined Coastal 
Plain aquifers once commonly flowed naturally at the land surface 
(Cederstrom, 1957), but by the start of the 21st century, extraction 
of groundwater from those aquifers had depressurized the system  
such that water levels in some wells had fallen to more than 200 feet  
(ft) below the land surface (Heywood and Pope, 2009). The 
widespread decline in groundwater levels and storage in confined 
Coastal Plain aquifers changed groundwater conditions substantially 
from historical conditions, altering directions of groundwater flow, 
inducing saltwater intrusion into aquifers in some coastal areas, and 
causing aquifer-​system compaction, land subsidence, and increasing 
rates of relative sea-​level rise (Heywood and Pope, 2009; Eggleston 
and Pope, 2013). All these factors led to increased concerns about 
the availability and sustainability of groundwater resources in the 
Virginia Coastal Plain aquifer system (Eggleston and Pope, 2013).

In 1973 and 1992, Virginia passed legislation allowing for the 
regulation of groundwater extraction, which led to the designation 
of groundwater management areas (GMAs) and a requirement 
that groundwater users withdrawing more than 300,000 gallons 
per month apply for a permit (Virginia General Assembly, 1973, 
1992). In 2010, a large regional reduction in groundwater extraction 
occurred when a paper mill in southeastern Virginia closed and was 
later repurposed for a less groundwater-​intensive manufacturing 
process (fig. 2). In 2014, the Eastern Virginia GMA expanded from 
southern parts of the Virginia Coastal Plain to include the Middle 
Peninsula, the Northern Neck, and parts of northern Virginia east 
of Interstate 95 (I–95) (fig. 1; Virginia State Water Control Board, 
2014). Also in 2014, the Eastern Shore GMA was established for 
Accomack and Northampton Counties, though groundwater had 
been managed there under other laws and regulations for several 
decades prior (fig. 1; Virginia State Water Control Board, 2014).  
In 2016 and 2017, the Virginia Department of Environmental Quality  
(DEQ) negotiated lower allocations and reissued permits for the 
top 14 groundwater users in the Eastern Virginia GMA (Brian  
Campbell, Virginia Department of Environmental Quality, written 
commun., 2024). Consequently, overall pumping, which reached 
a historical high in 2007, has remained relatively constant since 
2010 at a much lower rate (fig. 2).

As a result of these reduced withdrawal rates, groundwater 
levels in large parts of the Virginia Coastal Plain have stabilized 
in the decade ending in 2025, but public concerns remain about 
storage depletion, saltwater intrusion, and land subsidence even 
at these lower withdrawal rates. Also, new uses for groundwater 
resources, such as cooling and generation of electricity for data 
centers, would require additional groundwater withdrawals. Most  
large users of groundwater are currently (2023) pumping at rates  
well below their permitted limits, which means that withdrawal  
rates could increase substantially even under recent management  
practices (Virginia Department of Environmental Quality, 2024a;  
2024b). Pumping increases have the potential to threaten groundwater  
resources by further depleting aquifer storage for current and future  
water users. Spatial changes in withdrawal rates could result in  
unexpected consequences by altering expected patterns of  
groundwater flow. Quantifying changes in the volume of groundwater  
movement and storage resulting from the previous century of 
extensive pumping can increase understanding of the combined 
effects of withdrawals from many water users and help manage 
future water availability.

Starting in the early 1990s, the U.S. Geological Survey (USGS)  
developed groundwater models to characterize Virginia Coastal 
Plain hydrogeology and groundwater flow. These models were 

subsequently used by Virginia Department of Environmental Quality  
(DEQ) to inform management and permitting of large withdrawals 
of groundwater by predicting future effects of withdrawals, for 
both the entire Virginia Coastal Plain and for the local aquifer 
system of the Eastern Shore peninsula. A separate model is used 
for the Eastern Shore because of the local need for more detailed  
characterization and simulation of the freshwater-​saltwater interface 
on that peninsula. These groundwater models are data-​intensive,  
mathematical representations of the groundwater system that  
include reported and estimated histories of groundwater extraction 
as inputs and are calibrated against extensive histories of water 
level observations. Because water levels can be measured, model  
development and evaluation focus on the model’s ability to 
reproduce observed histories of water levels in wells. The models 
then enable groundwater flow rates through the aquifer system to 
be quantified and the effects of pumping on groundwater levels 
(hydraulic heads) and storage to be evaluated and predicted.

The Virginia Coastal Plain groundwater model (Heywood 
and Pope, 2009) was developed to simulate groundwater flow 
across the entire Coastal Plain aquifer system in eastern Virginia 
and adjacent parts of Maryland and North Carolina, excluding the 
Eastern Shore peninsula. The Virginia Eastern Shore groundwater 
model (Sanford and others, 2009) was developed to simulate  
groundwater flow and salinity for the Eastern Shore peninsula of 
Virginia in greater detail than the Virginia Coastal Plain model. The 
Eastern Shore model focuses on the part of the local aquifer system 
containing fresh groundwater, including the unconfined surficial  
aquifer and the confined Yorktown-​Eastover aquifer system, which  
is locally subdivided into upper, middle, and lower aquifers separated  
by individual confining units. Both groundwater models use 
SEAWAT–2000 software (Guo and Langevin, 2002; Langevin 
and others, 2003), which enables simulation of variable-​density 
groundwater flow and solute transport using the MODFLOW finite-​
difference groundwater flow model (Harbaugh and others, 2000).

Water budgets are often used to characterize the effects of 
changing hydrogeologic conditions on a groundwater system, such  
as changes in withdrawal rates and patterns. Quantification of inflow  
and outflow in an aquifer system, or among various parts of the  
system, enables the determination of whether groundwater is being  
gained or lost and at what rate. This facilitates planning and 
management by providing an understanding of the relative 
sustainability of past, current, or possible future practices. The 
groundwater and surface water resources of the Virginia Coastal 
Plain are all part of a single interconnected resource, which means 
that activities that affect groundwater in one location may affect use 
of the resource elsewhere (Winter and others, 1998). For example, 
drawdown in deeper aquifers caused by extensive pumping may 
affect groundwater flow in overlying aquifers or hydrogeologic 
units. Similarly, pumping from the surficial aquifer may result in 
declines in groundwater discharge to streams (base flow). Detailed  
regional groundwater budgets provide the information to assess these 
spatially variable causes and effects.

For the Virginia Coastal Plain, the availability of up-​to-​date 
groundwater models enables detailed water budget quantifications 
for any part of the aquifer system. Subdivision of the models into  
zones allows derivation of water budgets from the regional 
groundwater flow model for individual hydrogeologic units, 
geographic regions, or any combinations of both. The groundwater 
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Figure 2.  Graph showing simulated yearly combined groundwater withdrawals, in total and by budget region, for the Virginia Coastal Plain and Eastern Shore groundwater 
models. Withdrawal rates from Gordon and others (2025). Unassigned region includes areas simulated by the groundwater flow model but not delineated as a budget region 
for this report in figure 1.
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budget for each zone includes flow in and out from and to adjacent 
zones, which enables computation of rates of groundwater flow from  
place to place. Assessment and comparison of groundwater flow 
between hydrogeologic units and spatially across parts of the Virginia  
Coastal Plain under current pumping conditions is the baseline 
for comparing water budgets under past, current, and predicted 
future pumping conditions. This assessment potentially enables the 
optimization of future groundwater management, or at the least, 
understanding of the current and future effects of any ongoing or 
potential practices.

Purpose and Scope
This report computes regional groundwater budgets for 

hydrogeologic and geographic divisions of the Northern Atlantic 
Coastal Plain aquifer system in Virginia to characterize spatial 
and temporal variability in groundwater flow and water supply. 
The groundwater budgets are derived from updated, calibrated, 
operational versions of the Virginia Coastal Plain and Eastern Shore 
models and decomposed to regional budgets using geographic  
zones delineated by DEQ. These regional budgets enable detailed  
evaluation of groundwater flow across individual aquifers and 
confining units and across relevant geographic subdivisions of  
the Virginia Coastal Plain. Groundwater budgets were evaluated  
for all model periods, from the historical past through a 50-​year 
future projection, with emphasis on the most recent simulated 
conditions (end of 2023), compared to simulated conditions at  
the end of 2000 and 2073. These periods were chosen to characterize  
changes in groundwater conditions resulting from a major historical 
reduction in groundwater withdrawals in the study area that occurred  
during 2008–10.

For the part of the Virginia Coastal Plain west of Chesapeake  
Bay, groundwater budgets were computed for many zones resulting 
from the combination of 19 regional aquifers and confining units  
represented in the Virginia Coastal Plain groundwater model,  
subdivided geographically into 7 groundwater budget regions.  
The zonation of hydrogeologic units was further simplified to  
3 combined hydrogeologic units in the same 7 budget regions to 
evaluate and highlight the importance of the Potomac aquifer, 
and this simplified zonation is the primary focus of the analysis in 
this report. The Eastern Shore peninsula was evaluated separately 
as a single groundwater budget region using the Virginia Eastern 
Shore groundwater model, which provides a detailed simulation 
of groundwater conditions for the peninsula. Water budgets were  
computed for the 8 aquifers and confining units delineated in the  
Eastern Shore groundwater model, which were subsequently 
grouped into 4 simplified zones to evaluate and highlight the 
significance of the Yorktown-​Eastover aquifer system in relation to 
other hydrogeologic units. This simplified zonation is the primary 
focus of the water budget discussion for the Eastern Shore region. 
Complete output from the ZONEBUDGET application to both  
groundwater models for both the detailed hydrogeologic units and 
simplified hydrogeologic unit zones is published in a digital data 
release accompanying this report (Gordon and others, 2025).

Description of Study Area
The Virginia Coastal Plain occupies the entire eastern part 

of Virginia between approximately longitude 77°30′ W and the 
Atlantic Ocean, including the Virginia Eastern Shore peninsula 
between the Chesapeake Bay and the Atlantic Ocean (fig. 1). The 
area is bordered by Maryland and North Carolina to the north and 
south, respectively. The entire Virginia Coastal Plain is described 
here, but the focus for this report is on the 8 groundwater budget 
regions within the areas of the Virginia Coastal Plain and Eastern 
Shore that are simulated in the groundwater models (fig. 1).

Geography, Water Use, and Management in the 
Virginia Coastal Plain

Fifty Virginia counties and independent cities, henceforth  
referred to as “localities,” lie entirely or partially within the Virginia 
Coastal Plain. Population is concentrated in large urban areas,  
including the northern Virginia metropolitan area near Washington, 
D.C.; the Cities of Fredericksburg, Richmond, and Petersburg along  
the western boundary of the Coastal Plain; and the Cities of  
Chesapeake, Hampton, Norfolk, Portsmouth, and Virginia Beach 
in the southeast near the mouth of the Chesapeake Bay (fig. 1; U.S. 
Census Bureau, 2021). The remainder of the Virginia Coastal Plain 
is more sparsely populated and includes small towns and outlying 
rural areas of forest, agriculture, and wetland. The climate of the  
Virginia Coastal Plain is humid and temperate, with an annual mean  
precipitation of approximately 45 inches (National Oceanic and  
Atmospheric Administration, 2024). The topography of the Virginia 
Coastal Plain is characterized by rolling terrain with deeply incised 
stream valleys in the northwest and gently rolling to level terrain 
with broad stream valleys in the east and south. Land-​surface  
elevations generally decline seaward, from more than 300 ft in the 
western Virginia Coastal Plain to 0 ft (sea-​level) along the Atlantic 
coast. Several major rivers drain eastward into the Chesapeake 
Bay, creating three prominent peninsulas. From north to south, 
these peninsulas are referred to as the Northern Neck (between 
the Potomac and Rappahannock Rivers), the Middle Peninsula 
(between the Rappahannock and York Rivers), and the York-​James 
Peninsula (between the York and James Rivers; McFarland and 
Bruce, 2006). These major rivers become brackish as they enter 
estuarine areas of the Coastal Plain. Consequently, the Virginia 
Coastal Plain is heavily reliant upon groundwater resources (Pope 
and others, 2008).

The Virginia Eastern Shore is the narrow southernmost end of 
the Delmarva Peninsula, bordered on the west by the Chesapeake 
Bay and on the east by the Atlantic Ocean. This area has very little  
topographic relief, with land-​surface elevations ranging from only  
about 50 ft along the center ridge of the peninsula to 0 ft (sea-​level)  
along the shorelines. The two counties of the peninsula in Virginia, 
Accomack and Northampton Counties, are primarily rural, with  
population centers in several small towns along Route 13, which  
generally follows the center of the peninsula in a north to south  
direction. Other residential and resort communities are along  
the Atlantic coast and Chesapeake Bay. Land use is primarily  
agricultural, including the production of corn, soybeans, poultry, 
fruit, vegetables, and timber (McFarland and Beach, 2019). Two  
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poultry processing plants in Accomack County are the only large  
industrial operations. The largest town is Chincoteague, on the  
Atlantic Ocean at the northern end of Accomack County. Because 
fresh surface water is scarce in this coastal environment, nearly  
all freshwater supplies for the Virginia Eastern Shore are obtained 
from a relatively shallow fresh groundwater system overlying salty 
groundwater and surrounded by salty water bodies (McFarland and 
Beach, 2019).

Most of the Virginia Coastal Plain is included within the two 
State-​designated GMAs: Eastern Virginia and Eastern Shore. The 
Eastern Virginia GMA covers much of the Coastal Plain except the 
Eastern Shore and, for this report, is subdivided into groundwater 
budget regions: Northwest Coastal Plain, Northern Neck, Middle 
Peninsula, Middle James, York-​James, Chowan, and Southeast  
Virginia (fig. 1). The Eastern Shore GMA includes all of Accomack 
and Northampton Counties on the Eastern Shore peninsula of  
Virginia, which is also delineated as a separate groundwater 
budget region.

A small part of the Virginia Coastal Plain, west of U.S. 
Interstate 95 (I–95) north of City of Fredericksburg and south of 
Washington, D.C., is not included in a GMA and is not part of 
any groundwater budget region (fig. 1). Notably, the small part of 
the Coastal Plain in this area is not covered in the Virginia Coastal 
Plain groundwater model because it was not included in the Virginia 
regulations prior to the development of the model. Groundwater 
use in this region is more limited than for the rest of the Virginia 
Coastal Plain, because it is served by municipal water supplies 
from the Potomac and Occoquan Rivers, but further hydrologic 
investigations are underway to enable a better understanding of 
groundwater conditions there. Another small area in the Fall Zone 
on the far western edge of the Virginia Coastal Plain is included in 
the groundwater model but is not part of any groundwater budget 
region specified for this report, because it is outside of any GMA. 
This includes parts of Stafford, Spotsylvania, Caroline, Hanover, 
Henrico, Chesterfield, Prince George, Dinwiddie, and Greensville 
Counties within the Coastal Plain model area but outside of any 
designated groundwater budget region (fig. 1).

In the GMAs, large groundwater withdrawals are regulated by 
the DEQ, which generally requires well owners to obtain permits to 
withdraw 300,000 or more gallons per month. Under the conditions 
of these permits, well owners collect various information, including 
well construction details, withdrawal amounts, and water-​level and  
water-​quality data. This information is reported to the DEQ to  
support greater understanding of the effect large withdrawals have 
on the aquifers of the Virginia Coastal Plain (Brian J. Campbell, 
Virginia Department of Environmental Quality, written commun., 
2025). The same withdrawal threshold requires reporting of  
groundwater withdrawals both inside and outside of GMAs, with a  
higher threshold of a million gallons per month applied to  
withdrawals for agricultural production. As a result, substantial 
withdrawals of groundwater are measured and reported monthly,  
and monthly withdrawal rates have now been quantified for more  
than two decades. Furthermore, estimates of large withdrawals 
have been compiled for more than 100 years from historical 
information, enabling the simulation of their effects in groundwater  
models (Heywood and Pope, 2009; Sanford and others, 2009).

Less is known about withdrawals for domestic use from 
private wells, but spatial distribution and rates of withdrawal have 
been estimated for the Virginia Coastal Plain using population and 

land-​cover data. Well characteristics have been evaluated from 
analysis of available well-​construction records and population data 
analysis. Estimates of withdrawal for domestic use in the models 
included in this report were developed as described by Pope and 
others (2008) and were recently improved and updated by Kearns 
and Pope (2025). Withdrawals from private, domestic wells are 
estimated to account for at least 25 percent of total groundwater 
withdrawals in the Virginia Coastal Plain in 2023, and over  
75 percent of private wells are estimated to be screened in confined 
aquifers. Consequently, including these withdrawals is necessary 
because they represent a substantial portion of total groundwater use  
and significantly influence water-​level changes in the confined 
aquifers.

Withdrawals of groundwater in the study area are quantified 
from groundwater-​model files and therefore include withdrawals 
from areas in the models, including areas in the Fall Zone in Virginia 
and parts of Maryland and North Carolina outside of GMAs or  
groundwater budget regions. The Eastern Shore model is the source  
of withdrawal information for that groundwater budget region, 
whereas the Virginia Coastal Plain model is the source for the  
withdrawal information for the 7 groundwater budget regions  
it includes (fig. 2). Reported and estimated groundwater withdrawals  
in 2023 for the combined simulated areas in both models total 
approximately 125 million gallons per day (Mgal/day) (fig. 2; 
table 1). Withdrawals in Virginia from the 8 groundwater budget 
regions shown in figure 1 were approximately 98 Mgal/day (table 1).  
Groundwater withdrawals included in the model classified as  
“unassigned” include withdrawals in adjacent parts of Maryland 
and North Carolina, and a small amount of withdrawal in the Virginia  
Coastal Plain to the west of defined groundwater budget regions.  
Simulated withdrawals in the Eastern Shore model in 2023 included 
about 2.6 Mgal/d from adjacent parts of Maryland, consisting of  
about 1.6 Mgal/d of reported withdrawals and 1 Mgal/d of estimated  
domestic withdrawals.

Table 1.  Estimated withdrawals of groundwater in 2023 by 
groundwater budget region in the Virginia Coastal Plain and adjacent 
parts of Maryland and North Carolina.

[Values in millions of gallons per day]

Groundwater budget region
Estimated 
domestic

Reported
Estimated 

total

Northwest Coastal Plain 2.754 1.499 4.253
Northern Neck 3.104 1.861 4.966

Middle Peninsula 4.924 16.083 21.007
Middle James 2.043 0.556 2.599
York-James 3.025 9.160 12.185

Chowan 3.873 8.518 12.390
Southeast Virginia 5.218 25.526 30.744

Eastern Shore—Virginia 2.652 6.212 8.864
Eastern Shore—Maryland 1.001 1.598 2.599

Unassigned region 6.666 18.794 25.460
Grand total 35.260 89.807 125.066
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Current (2023) withdrawals are about 77 percent of the historical  
high withdrawal rates from the early 2000s. Overall, about 72 percent  
of the withdrawal total is from reported or regulated wells, and  
28 percent is estimated from private, domestic wells. Withdrawals by  
aquifer are spatially variable because of variable geographic, geologic,  
and demographic factors. Overall, withdrawals from the Potomac 
aquifer comprise about 61 percent of the total. Withdrawals from 
the Yorktown-​Eastover aquifer account for 14.5 percent of the total, 
with about two-​thirds of those withdrawals from the Eastern Shore. 
The unconfined surficial aquifer supplies just over 8 percent of the 
withdrawal total, and the Piney Point and Aquia aquifers supply 
about 5 percent each. Withdrawals from all other hydrogeologic 
units are about 6 percent of the total.

Groundwater withdrawals are spatially variable across the  
Virginia Coastal Plain. Aquifer thickness, and therefore groundwater  
availability, in the mainland part of the Coastal Plain generally 
increases in an eastward direction as the thickness of aquifers 
increases, but the presence of saline groundwater near the coast  
restricts availability there. Otherwise, groundwater withdrawals are 
higher in areas of greater population density and around some major 
industrial facilities. Withdrawals for private domestic, industrial, and  
municipal use make up about 93 percent of all withdrawals, with  
most of the remainder for irrigation or other agricultural purposes, 
which are locally important particularly for the Eastern Shore 
(Virginia Department of Environmental Quality, 2025).

Withdrawals are temporally variable as well. The time-​series  
plot of groundwater withdrawals by groundwater budget region  
in figure 2 combines reported and estimated withdrawals from the 
Virginia Coastal Plain and Eastern Shore groundwater models  
(Heywood and Pope, 2009; Sanford and others, 2009). For the  
Virginia Coastal Plain in general, withdrawals increased substantially  
from the 1940s through the 1970s, with the rate of increase leveling 
out in the 1980s and 1990s. After peaking in 2007 at more than  
130 Mgal/d in Virginia, withdrawals decreased sharply after 2009 
because of a substantial change from a major industrial groundwater 
user (fig. 2). Since then, withdrawal rates have remained relatively 
steady. For the Eastern Shore, withdrawal rates have remained  
relatively steady since the 1970s. However, the largest withdrawal 
rates have occurred over the decade prior to 2024, with a reported 
high in 2022.

Geology and Hydrogeology of the Virginia 
Coastal Plain

The Virginia Coastal Plain aquifer system is a part of the more  
extensive Northern Atlantic Coastal Plain aquifer system. The  
geology of this region consists of a seaward-​thickening wedge of 
eastward-​dipping strata of unconsolidated to partly consolidated 
Cretaceous, Tertiary, and Quaternary sediments that overlie a  
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basement of consolidated bedrock (fig. 3; McFarland and Bruce, 
2006). This sediment wedge thins to the west and terminates in the  
Fall Zone, where crystalline rock of the Piedmont Physiographic 
Province outcrops. Along the Atlantic Coast of Virginia, the total 
thickness of Virginia Coastal Plain sediments is greater than 6,000 ft 
(McFarland and Bruce, 2006).

Virginia Coastal Plain sediments form a stratigraphic series of 
hydrogeologic units, largely as the result of variable composition  
and permeability (fig. 3; McFarland and Bruce, 2006). Groundwater 
exists in pores between sediment grains. Permeable sediments, 
through which most groundwater flows readily, are known as  
aquifers, whereas less permeable sediments that restrict flow are 
known as confining units. Precipitation that infiltrates the land 
surface and reaches the water table either flows relatively short 
distances and discharges to nearby streams or leaks downward to 
recharge deeper, confined aquifers.

Groundwater within the Virginia Coastal Plain primarily  
originates from precipitation that infiltrates the surficial, water table 
aquifer and then flows laterally to discharge in nearby streams or 
downward to recharge deeper confined aquifers (Pope and others, 
2008). In Virginia, the Coastal Plain aquifer system has been divided  
into 19 identified aquifers and confining units, from the surficial 
aquifer at the land surface to the bedrock defining the base of the  

aquifer system (McFarland and Bruce, 2006). The freshwater portions  
of these aquifers and confining units are bounded to the east by a  
transition zone in which salinity gradually increases to seawater 
concentrations. The complex and dynamic freshwater-​saltwater 
interface was characterized by McFarland (2010) and simulated 
in three dimensions by Heywood and Pope (2009). Under natural 
conditions, groundwater flow in most aquifers was generally thought  
to be eastward toward the coast, but for the past several decades,  
extensive groundwater withdrawals have induced groundwater flow 
inward toward major pumping centers and downward, particularly 
in the deepest aquifer, the Potomac aquifer (Heywood and Pope,  
2009). On the Eastern Shore peninsula, fresh groundwater is present 
in just the unconfined surficial aquifer and the uppermost confined 
aquifer, the Yorktown-​Eastover, with a lateral transition to more 
saline water beneath the Chesapeake Bay and Atlantic Ocean and 
an increase in salinity with depth in underlying units (Sanford and 
others, 2009). Groundwater flow for the Virginia Eastern Shore is 
generally laterally outward from the axis of the peninsula toward 
the bay and ocean and inward toward major pumping locations in 
the Yorktown-​Eastover aquifer system (fig. 4).

A comprehensive report by McFarland and Bruce (2006) details  
all hydrogeologic units of the Virginia Coastal Plain, whereas a report  
by McFarland and Beach (2019) details subdivisions of the aquifer 

WEST EAST

NOT TO SCALE

Surficial aquifer

Yorktown-Eastover
lower aquifer

Yorktown-Eastover lower confining unit

Yorktown-Eastover middle aquifer

Yorktown-Eastover middle confining unit

Yorktown-Eastover upper aquifer

Yorktown-Eastover upper confining unit

St. Marys confining unit

Virginia Eastern Shore 

Recharge

Discharge Discharge

Channel fill

Pumping well

Saltwater Seawater

Chesapeake Bay

Freshwater Freshwater

ATLANTIC
OCEAN

Part of the aquifer system containing salty groundwater

General direction of groundwater flow

EXPLANATION

Figure 4.  Generalized west-​to-​east hydrogeologic cross section of the Virginia Eastern Shore peninsula, from the Chesapeake Bay to 
the Atlantic Ocean. Modified from Sanford and others (2009).
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system that are important for the Virginia Eastern Shore. A report 
by Pope and others (2016) relates the hydrogeologic units of the 
Virginia Coastal Plain within the larger context of the Northern 
Atlantic Coastal Plain aquifer system, which is continuous along the 
Atlantic Coast from New York to North Carolina. Virginia Coastal 
Plain hydrogeologic units are shown in cross section in figure 5, with  
a full list in table 2. Hydrogeologic units and subdivisions for the  
Virginia Eastern Shore are illustrated in figure 6, with a list in table 3.  
The following brief descriptions of selected aquifers highlight only  
the most important hydrogeologic units in the context of a discussion  
of water-​supply and groundwater budgets.

Surficial Aquifer
The surficial aquifer is composed of a series of primarily fluvial-​ 

deltaic and estuarine quartz sands and gravels of variable texture  
with interbedded silts and clays and covers the entire Coastal Plain  
(McFarland and Bruce, 2006). The top of the surficial aquifer is 
at land surface. It is typically tens of feet thick, but the thickness 
ranges from over 100 feet in some areas to just a few feet in others. 
Thickness is highly variable but generally decreases from west to 
east and from higher to lower land-​surface elevations. Most of the 
surficial aquifer is underlain by various confining units or zones.  
However, near the Fall Zone or along major rivers, the surficial 
aquifer directly overlies and may be connected to deeper aquifers.  
Because it is shallow and most readily accessed, the surficial aquifer 
historically has been an important water supply, but drought and 
concern about water quality in recent years have caused users in 
some locations to abandon wells in the surficial aquifer in search 
of more dependable water supplies in deeper aquifers (Pope and 
others, 2008). Most direct groundwater recharge enters the Virginia 
Coastal Plain aquifer system through the surficial aquifer, with some 
of that water infiltrating downward to deeper units.

Yorktown-​Eastover Aquifer
The Yorktown-​Eastover aquifer extends across most of the  

Virginia Coastal Plain except for several of the northwestern counties.  
The upper part of the Yorktown-​Eastover aquifer consists of estuarine  
to marine, variably textured, glauconitic, phosphatic, and fossiliferous  
quartz sands and interbedded silts and clays; the lower part consists 
of abundantly fossiliferous sands (McFarland and Bruce, 2006). The 
Yorktown-​Eastover aquifer is overlain across most of its extent by  
the Yorktown confining zone however, in locally incised areas along 
rivers where it outcrops on steep slopes, the Yorktown-​Eastover 
aquifer usually is covered by sediments of the surficial aquifer.

The Yorktown-​Eastover aquifer is hydraulically continuous 
on a regional scale but can exhibit local discontinuities as the result 
of interbedded fine-​grained sediments. The “Yorktown-​Eastover  
aquifer system” of the Virginia Eastern Shore has been subdivided to  
include separate upper, middle, and lower confined aquifers that are  
each overlain by corresponding confining units (Sanford and others,  
2009; McFarland and Beach, 2019). Furthermore, sediments in buried  
paleochannels cutting through the Yorktown-​Eastover aquifer system  

Table 2.  Hydrogeologic units and corresponding simplified 
hydrogeologic units used for computing groundwater budgets with  
the Virginia Coastal Plain model.

Hydrogeologic units Simplified hydrogeologic units

Surficial aquifer Surficial aquifer
Yorktown confining zone

All other units

Yorktown-​Eastover aquifer
St. Marys confining unit

St. Marys aquifer
Calvert confining unit

Piney Point aquifer
Chickahominy confining unit
Exmore matrix confining unit
Exmore clast confining unit

Nanjemoy-​Marlboro confining unit
Aquia aquifer

Peedee confining zone
Peedee aquifer

Virginia Beach confining zone
Virginia Beach aquifer

Upper Cenomanian confining unit
Potomac confining zone

Potomac aquifer Potomac aquifer

Table 3.  Hydrogeologic units and corresponding simplified hydrogeologic units used for computing groundwater budgets with the Virginia 
Eastern Shore model.

Hydrogeologic units Simplified hydrogeologic units

Surficial aquifer Surficial aquifer
Yorktown-​Eastover upper confining unit Yorktown-​Eastover upper confining unit

Yorktown-​Eastover upper aquifer

Yorktown-​Eastover aquifer system
Yorktown-​Eastover middle confining unit

Yorktown-​Eastover middle aquifer
Yorktown-​Eastover lower confining unit

Yorktown-​Eastover lower aquifer
St. Marys confining unit St. Marys confining unit
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Figure 5.  Cross section of the Virginia Coastal Plain groundwater model illustrating individual hydrogeologic units and the simplified grouping 
of hydrogeologic units. Modified from Heywood and Pope (2009). NGVD 29, National Geodetic Vertical Datum of 1929.
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have been designated recently as “upper paleochannel aquifer” and  
“lower paleochannel aquifer” separated by a paleochannel confining  
unit (McFarland and Beach, 2019). Subdivisions of the Yorktown-​ 
Eastover aquifer system or the associated paleochannel aquifers are 
generically classified with the Yorktown-​Eastover aquifer for better 
comparison across the Virginia Coastal Plain, even though these 
subdivisions are briefly discussed further in the section of this report 
on groundwater budgets for the Eastern Shore groundwater model.

Because it is a shallow aquifer with high-​quality water, the  
Yorktown-​Eastover aquifer is a major source for private-​domestic 
water supplies, especially in the eastern part of the Virginia Coastal 
Plain (Pope and others, 2008). The Yorktown-​Eastover aquifer system  
is important for the Virginia Eastern Shore as the only confined aquifer  
containing freshwater and provides most of the groundwater supply 
there. There is public concern about depletion of groundwater storage  
and saltwater intrusion in this aquifer system on the Eastern Shore,  
and the groundwater model for the Eastern Shore exists primarily  
for management and regulation of this aquifer system by DEQ. The  
Yorktown-​Eastover aquifer system of the Eastern Shore is mostly  
isolated from the rest of the Virginia Coastal Plain by the Chesapeake  
Bay and by salty groundwater in underlying hydrogeologic units.

Piney Point Aquifer
The Piney Point aquifer extends across most of the Virginia 

Coastal Plain, except in the southern part near the Fall Zone. The  
Piney Point aquifer is composed of a closely associated group of  
several geologic formations, consisting generally of marine, medium-​  
to coarse-​grained, glauconitic, phosphatic, variably calcified, and 
fossiliferous quartz sands up to 150 ft thick (McFarland and Bruce, 
2006). The Piney Point aquifer is a moderately used groundwater 
resource in the central sections of the Northern Neck Peninsula, 

Middle Peninsula, and York-​James Peninsula, where withdrawals 
are primarily from a section of the aquifer identified by McFarland 
(2017) as consolidated limestone. The Piney Point aquifer is not  
considered a productive aquifer south of the James River (Pope and 
others, 2008).

Aquia Aquifer
The Aquia aquifer extends across much of the Virginia Coastal 

Plain except in the most eastern and southern areas (fig. 3). The Aquia  
aquifer consists of marine, medium-​ to coarse-​grained, glauconitic, 
and fossiliferous quartz sands and is generally no more than 50 ft  
thick (McFarland and Bruce, 2006). The Aquia is a minor water-​ 
supply resource, possibly because it is very thin relative to other 
aquifers, and it is used most heavily in the northern and central part 
of the Virginia Coastal Plain (Pope and others, 2008).

Potomac Aquifer
The Potomac aquifer overlies the basement and occupies the  

lowermost position in the hydrogeologic system (fig. 3). This aquifer  
extends across nearly the entire Virginia Coastal Plain, except for  
where it was disrupted by the Chesapeake Bay impact crater, and is 
overlain by the Potomac confining zone across most of its extent,  
except for incised areas along major river channels and near the Fall 
Zone. In these incised areas, the Potomac aquifer may outcrop but  
is usually covered by sediments of the surficial aquifer, providing 
direct hydraulic connections between the confined and unconfined 
systems (Pope and others, 2008).

The Potomac aquifer is the thickest aquifer in the Virginia 
Coastal Plain aquifer system and ranges in thickness from a thin 
edge of just a few feet or less near the Fall Zone to several thousand  
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Figure 6.  Cross section of the Virginia Eastern Shore groundwater model illustrating individual hydrogeologic units and the simplified 
grouping of hydrogeologic units. Modified from Sanford and others (2009).
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feet at the coast. The Potomac aquifer consists primarily of fluvial-​ 
deltaic coarse-​grained quartz and feldspar sands and gravels  
(McFarland and Bruce, 2006). The Potomac aquifer is hydraulically  
continuous on a regional scale, including multiple states, but its  
composition is heterogeneous, and fine-​grained clay interbeds may 
impede groundwater flow locally (Pope and others, 2008).

The Potomac aquifer is the largest and most heavily used 
source of groundwater in the Virginia Coastal Plain, providing more  
than 60 percent of total groundwater withdrawals in recent years 
(approximately 2010 through 2023) and an even larger proportion 
of groundwater for large industries and municipalities. Decreasing 
water levels in Potomac aquifer wells from the 1940s to about 2008  
have caused concern about additional withdrawals from this aquifer  
in areas where it is heavily used, especially in growing metropolitan 
areas of the southeastern Virginia Coastal Plain; however, withdrawals  
and groundwater levels have stabilized since about 2010 after a 
substantial decrease in industrial groundwater withdrawals.

Groundwater Levels
Groundwater levels are not discussed in detail in this report,  

but references to long-​term historical variations in all Virginia  
Coastal Plain aquifers are documented in various reports, including  
the documentation of the Virginia Coastal Plain groundwater  
model (Heywood and Pope, 2009) and the Virginia Eastern Shore  
groundwater model (Sanford and others, 2009). More recent 
groundwater levels measured regularly in hundreds of wells can be  
obtained and viewed using groundwater-​monitoring web applications  
for the Virginia Coastal Plain (U.S. Geological Survey, 2023b) and 
the Virginia Eastern Shore (U.S. Geological Survey, 2023a).

Application of ZONEBUDGET Software 
to Groundwater Models

For these analyses, regional groundwater budgets were 
computed using the ZONEBUDGET program (Harbaugh, 2009) 
applied to the two previously described groundwater models of the  
Virginia Coastal Plain. Since the publication of the Virginia Coastal  
Plain and Eastern Shore groundwater models by the USGS, the 
DEQ has used these models to inform water-​supply planning,  
management, and regulation. For this purpose, DEQ updates the 
models annually with current groundwater withdrawals and other 
input data. The updated, operational models of the Virginia Coastal 
Plain and Eastern Shore, maintained and used by DEQ, are  
known as the VAHydroGW-​VCP and VAHydroGW-​VAES models, 
respectively. In 2019, the VAHydroGW-​VCP model was also 
recalibrated by consulting firm Aquaveo for DEQ to improve the  
match between simulated and measured groundwater levels. Both  
models simulate historical groundwater flow from approximately  
1900 to the present and project groundwater conditions 50 years  
into the future, assuming the continuation of current (2023) pumping  
and environmental conditions. The models used for this report  
simulate “current” groundwater conditions through the end of 2023 
and project conditions through 2073.

The documentation of the Virginia Coastal Plain model  
recalibration is available online from the DEQ (Virginia Department 
of Environmental Quality, 2020). The groundwater model digital  

files can be obtained from the Office of Water Withdrawal Permitting  
for DEQ. DEQ has published reports for simulations through 2023 
for both the Virginia Coastal Plain groundwater model (Virginia 
Department of Environmental Quality, 2024a) and the Eastern 
Shore groundwater model (Virginia Department of Environmental 
Quality, 2024b).

Zone Budget Software

A water budget is an accounting of the total volume of water 
flowing into and out of a defined volume (zone) over time. For 
the Virginia Coastal Plain and Eastern Shore groundwater models, 
the specific budget components include recharge (precipitation 
that makes its way to the water table) to the surficial aquifer; 
evapotranspiration (water taken up by plants from the saturated 
zone); reported and regulated withdrawals from wells and estimated 
withdrawals from private domestic wells; groundwater leakage 
into or from rivers; groundwater leakage into or from the coastal 
water bodies; groundwater flow in from lateral model boundaries; 
vertical or lateral outflow into or from overlying, underlying, or 
adjacent zones; and changes in groundwater storage. While some 
budget components like recharge are generally sources (inflows), 
and others like well withdrawals or evapotranspiration are generally 
sinks (outflows), many of the budget components can be either  
sources or sinks. Sinks such as lateral flow, vertical flow, or leakage 
from one zone may be sources to other zones.

The ZONEBUDGET program (version 3; Harbaugh, 1990; 
Harbaugh, 2009) enables computation of water budgets for  
subdivisions of a MODFLOW groundwater model by assigning 
user-​specified zone numbers to individual model cells. Because 
groundwater budget terms can be written as MODFLOW output for 
each model cell for every simulation period, detailed groundwater 
budgets can be computed from user-​specified aggregations (zones) 
of model cell-​by-​cell budgets, including the components of flow  
between adjacent zones. In ZONEBUDGET, positive budget values 
indicate an inflow of water to a designated zone, and negative values  
indicate an outflow. Budget components were computed as net  
values for a zone, such as the difference in inflows and outflows for 
each specific budget component in a zone. Because MODFLOW 
maintains mass balance, inflows equal outflows for each model  
cell and therefore for each aggregated zone. Because the Virginia 
Coastal Plain and Virginia Eastern Shore groundwater models 
use mostly yearly simulation time steps, the ZONEBUDGET 
analyses provide annual average groundwater-​flow rates between 
designated model zones. All groundwater budget components 
were evaluated for each of the specified model zones, as described 
in the following section of this report, which are combinations of 
hydrogeologic units (aquifers and confining units) and designated 
geographic regions.

Zonation of Groundwater Models

For this analysis, model zones were specified based on a 
combination of identified hydrogeologic units and designated 
geographic regions, referred to hereafter as “groundwater budget 
regions.” This approach enabled tracking of groundwater flow 
through the many zones created by the combination of all  
hydrogeologic units with all groundwater budget regions. For each 
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zone, the previously described groundwater budget components are 
tracked, along with groundwater flow to and from every adjacent 
zone, including hydrogeologic units above or below, as well as 
laterally adjacent groundwater budget regions. Zonation of the  
Virginia Coastal Plain model was used for groundwater budgets 
for the 7 groundwater budget regions west of the Chesapeake Bay, 
whereas zonation of the Virginia Eastern Shore model was used 
for the Eastern Shore groundwater budget region (fig. 1). Any parts 
of the Virginia Coastal Plain model not assigned to a groundwater 
budget region were classified together in an “unassigned” region. 
No geographic subdivision was done for the Eastern Shore model, 
so budget components computed for the Eastern Shore include 
Accomack and Northampton Counties in Virginia and an adjacent 
part of Maryland within the model area.

Groundwater Budget Regions
The groundwater budget regions were identified by the DEQ 

for the purpose of evaluating groundwater resources in the Coastal 
Plain of Virginia (fig. 1) (Brian J. Campbell, Virginia Department of 
Environmental Quality, written commun., 2025). The land area  
east of I–95 was divided into 8 groundwater budget regions.  
The regional groupings were based on a consideration of the  
Drought Evaluation Regions established by the “Virginia Drought  
Assessment and Response Plan” of 2003 (Virginia Department of 
Environmental Quality, 2003), as well as geographic divisions,  
major geomorphologic features, groundwater model domains, and 
groundwater resource demands. Regional boundaries were chosen 
to correspond with local government boundaries, and I–95 where 
applicable, to simplify discussion and analysis. While these regional 
boundaries are arbitrary, they generally correspond to regions of 
the Coastal Plain that share similar groundwater conditions. These 
regions are shown in figure 1 and described in detail below.

•	 Northwest Coastal Plain: King George County; the parts 
of Caroline County, Spotsylvania County, and the City of 
Fredericksburg east of I–95; and the part of Stafford County 
east of I–95 and within the domain of the Virginia Coastal 
Plain groundwater flow model (Heywood and Pope, 2009).

•	 Northern Neck: Lancaster, Northumberland, Westmoreland, 
and Richmond Counties.

•	 Middle Peninsula: Essex, Gloucester, King and Queen,  
King William, Mathews, and Middlesex Counties.

•	 Middle James: The City of Hopewell; the parts of 
Chesterfield, Hanover, and Henrico Counties east of I–95; 
and the parts of the Cities of Colonial Heights, Petersburg, 
and Richmond east of I–95.

•	 York-​James: Charles City, James City, New Kent, and York  
Counties and the Cities of Hampton, Newport News, 
Poquoson, and Williamsburg.

•	 Chowan: Southampton and Surry Counties, the City of  
Franklin; the areas of Prince George and Sussex Counties 
east of I–95; and the areas of Greensville County and the 
City of Emporia east of I–95 and within the domain of the 
Virginia Coastal Plain groundwater flow model.

•	 Southeast Virginia: Isle of Wight County and the Cities  
of Chesapeake, Portsmouth, Norfolk, Suffolk, and 
Virginia Beach.

•	 Northern Neck: Lancaster, Northumberland, Westmoreland, 
and Richmond Counties.

•	 Eastern Shore: Accomack and Northampton Counties.

Hydrogeologic Unit Zonation
For the Virginia Coastal Plain model, each of the  

19 hydrogeologic units simulated in the groundwater flow model 
and listed in table 2 was initially assigned to an individual zone 
(fig. 5). Similarly, for the Eastern Shore model, each of the  
8 hydrogeologic units simulated in the groundwater flow model and 
listed in table 3 was initially assigned to an individual zone (fig. 6). 
For the Eastern Shore, hydrogeologic unit names are revised to 
reference the most recent hydrogeologic framework report for the 
Virginia Eastern Shore (McFarland and Beach, 2019) rather than 
those published in the original model report by Sanford and others 
(2009). While the published hydrogeologic framework (McFarland 
and Beach, 2019) also identifies additional hydrogeologic units  
from paleochannel deposits cutting through the Yorktown-​Eastover 
aquifers and confining units, these additional units are simulated 
as part of the Yorktown-​Eastover aquifer system in the published 
groundwater model (Sanford and others, 2009) and are therefore not 
assigned to separate zones.

In the Virginia Coastal Plain model, hydrogeologic units are  
specified with the Hydrogeologic-​Unit Flow package (Anderman  
and Hill, 2000; 2003; Anderman and others, 2002). The 
Hydrogeologic-​Unit Flow package allows model cells to belong  
to multiple hydrogeologic units. Therefore, the hydrogeologic 
unit with the largest volume or thickness within a cell was used to 
determine the correct zone for each cell. Conversely, each model 
cell in the Virginia Eastern Shore groundwater model is assigned to 
a single hydrologic unit and was readily assigned to a single zone.

Groundwater budgets were initially computed for all 
combinations of hydrogeologic units and groundwater budget 
regions for both models. Not every hydrogeologic unit is present 
in every groundwater budget region, but the combination of all 
hydrogeologic units with all groundwater budget regions results 
in many zones for tracking groundwater flow components. These 
detailed zone budget simulation results can be used for further  
in-​depth investigations and are available in a digital data release 
(Gordon and others, 2025), while the larger scale groundwater-​flow 
conditions most relevant to management can be better understood 
with a simpler zonation scheme. Consequently, the original  
hydrogeologic units were grouped into combined and simplified 
units, selected to highlight the most relevant aspects of groundwater 
flow in the aquifer systems, including primary water-​supply 
aquifers.

Simplified Hydrogeologic Unit Zonation
The 19 hydrogeologic units in the Virginia Coastal Plain  

model were grouped into 3 simplified hydrogeologic units: (1) the 
unconfined surficial aquifer, (2) a zone composed of all other units 
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below the surficial aquifer and above the Potomac aquifer, and (3) 
the Potomac aquifer (table 2; fig. 5). The 8 hydrogeologic units in 
the Eastern Shore model were grouped into 4 simplified units: (1) 
the unconfined surficial aquifer, (2) the Yorktown-​Eastover upper 
confining unit, (3) the confined Yorktown-​Eastover aquifer system, 
and (4) the underlying St. Marys confining unit (table 3; fig. 6). The 
St. Marys confining unit is designated separately because this unit 
primarily contains saline groundwater underlying the freshwater 
system, and a zone for this unit enables tracking vertical flow 
between fresh and salty parts of the aquifer system (fig. 4).

For both models, the simplification of hydrogeologic units  
supports a more generalized picture of groundwater-​flow conditions 
in the study area. These include groundwater flow and storage for 
the primary water-​supply aquifers: the Potomac aquifer for most 
of the Virginia Coastal Plain, and the Yorktown-​Eastover aquifer 
system for the Eastern Shore peninsula.

Groundwater Budgets for the Virginia 
Coastal Plain

Evaluation of individual groundwater budget components for  
subdivisions of the simulated study area is a useful way of representing  
groundwater flow model outputs and understanding groundwater 
flow through the hydrogeologic system. These subdivisions, or 
zones, may be hydrogeologic units or combinations of units. The 
zones may be geographic divisions, such as groundwater budget 
regions, or combinations of hydrogeologic units and groundwater 
budget regions. Groundwater budget values are provided in tables 
and graphs in units of cubic feet per day (ft3/d), even though budget 
components can also be considered in terms of their proportional  
contribution to the overall budget total, as a percentage.

Individual components of the groundwater budget are listed 
and described below. Not all budget components may be present 
in every zone, and the magnitude of some budget components in a 
given zone may be small enough that they are not visible on some 
graphs. Budget components of recharge and evapotranspiration 
are provided in tables, but the difference between recharge and 
evapotranspiration, called net recharge in this report, is generally 
discussed and plotted throughout this report in place of the two 
separate inflow and outflow terms.

Explanation of Groundwater Budget Terms

•	 Recharge: precipitation that reaches the water table and 
becomes groundwater.

•	 Evapotranspiration: water removed from the groundwater 
system by evaporation from the soil or transpiration from 
vegetation. Note that ET from the saturated groundwater 
system is the sole simulated ET and is not identical to total 
actual ET from the landscape, which includes ET from 
unsaturated root zones.

•	 Net recharge: the net difference between recharge and 
evapotranspiration.

•	 Flow to or from streams and rivers: the net exchange of 
groundwater with rivers. In most cases, this is flow out to 
rivers as base flow.

•	 Flow to or from coastal water bodies: the net groundwater 
flow to or from bays, estuaries, or the ocean.

•	 Withdrawals from domestic wells: estimated withdrawals 
from private household wells for domestic water supply.

•	 Withdrawals from reported wells: reported withdrawals from  
major commercial, industrial, and agricultural facilities larger  
than the specified threshold withdrawal rates.

•	 Storage change: the net change (decreased or increase) in 
groundwater storage. A decrease in storage is represented 
with a positive sign because this represents a source of 
water to the budget of the saturated groundwater system, 
while a storage increase is represented with a negative sign.

•	 Flow from lateral boundaries: modeled boundary inflows at 
edges of model domain.

•	 Flow to or from other hydrogeologic units (within a budget 
region): net flow of groundwater within a geographic 
region from one hydrogeologic unit into or out of other 
hydrogeologic units.

•	 Flow to or from other budget regions: the net flow in or 
out of a specified groundwater budget region from other 
adjacent specified budget regions.

•	 Flow to or from unspecified budget region: the net flow 
in or out of a specified budget region to model areas not 
specified as a groundwater budget region in Virginia.

Groundwater in these subsurface reservoirs accumulated over  
extremely long periods. Because of overlying confining units (layers  
of low permeability) that restricted upward flow, and because of  
increasing overburden as sediments continued to accumulate on the  
land surface, the water that continued to flow from the land surface 
down into the confined aquifers became highly pressurized and  
even minimally compressed. When groundwater is extracted from 
units like these, it is not immediately replaced, and the groundwater 
that remains—while still completely filling the subsurface reservoir— 
is depressurized and decompressed. In other words, the aquifer is  
still saturated, but there is less water in the aquifer. We call this  
removal of groundwater a removal from or reduction in storage. 
Conversely, an addition of water into these aquifers, as is the objective  
with artificial recharge or injection, that is not immediately balanced 
by flow out of the subsurface reservoir would increase storage, which  
would be indicated by an increase in groundwater pressures (measured  
hydraulic head or water level). Note that groundwater storage in the  
surficial aquifer can similarly increase and decrease, but because  
the surficial aquifer is open to the atmosphere (unconfined), the  
governing physical dynamics are different. Note also that the  
mathematical representation of groundwater storage changes in  
a numerical simulation of groundwater levels and flows creates a 
slightly awkward sign convention that is discussed in more detail 
later in this section.
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A conceptual hydrogeologic diagram (fig. 7) illustrates many 
of the components of the groundwater budget described above. If 
the illustrated block diagram shown in figure 7 is considered to be 
a budget region, flow to or from other regions can be visualized as 
lateral flow in or out along the edges of the block diagram.

Budget components and totals for specified zones are  
summarized in tables, time-​series bar charts, and pie charts of  
specific simulated periods. The focus of the discussion will be on 
the annual budgets for 2000 and 2023 to provide a comparison  
of current (2023) groundwater conditions with a period (2000) in 
which withdrawal rates were much higher (fig. 2). Comparisons  
are also made to the start of model simulations, when withdrawal rates  
were very small compared to current (2023) conditions. Groundwater  
budget inflows (positive values) and outflows (negative values) sum  

to approximately zero, neglecting model numerical error of less 
than 2 percent. This means that positive budget components are 
balanced by negative budget terms in tables, bar charts, and pie 
charts. For pie charts, net inflows are shown on one side of each pie, 
with net outflows on the other side.

Groundwater Budgets for Entire Models with All 
Hydrogeologic Units

Evaluation of groundwater budgets for the entire Virginia 
Coastal Plain and Eastern Shore groundwater models for every  
hydrogeologic unit (aquifer, confining unit, or confining zone) was 
done to provide a fundamental summary of simulated groundwater 
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Figure 7.  Conceptual hydrogeologic diagram illustrating components of the groundwater flow budget for the Virginia Coastal Plain. Modified 
from Masterson and others (2016).
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flow through this complex hydrogeologic system. This overall  
summary will support a more detailed discussion of groundwater 
flow within the designated groundwater budget regions in Virginia 
in the following section of this report. The Virginia Coastal Plain 
model results provide the budget values for the Coastal Plain in  
Virginia and adjacent parts of Maryland and North Carolina, 
whereas the Eastern Shore model provides the budget values 
separately for the Eastern Shore peninsula in Virginia and an 
adjacent part of Maryland.

Total Groundwater Budget for the Virginia 
Coastal Plain Model

The overall groundwater budget for the Virginia Coastal Plain 
model includes the Coastal Plain of Virginia and adjacent parts 
of Maryland and North Carolina. A time-​series plot of the total 
groundwater budget for the model, divided by budget component, 
is shown in figure 8. Computed budget terms for individual  
hydrogeologic units are listed in table 4 for four simulated times of 
interest for comparison. These selected times represent groundwater 
budgets at a time of small withdrawal rates (1899), at a time with 
sustained rates near historical highs (2000), at a recent time after a  
sustained reduction in withdrawals (2023), and at a time 50 years  
in the future (2073) under projected rates of withdrawal similar 
to 2023 rates. The 2000 and 2023 budget years are of particular  
interest in comparison of water budgets because of the large changes  
induced by reductions in pumping in between those years, and  
pie charts in figure 9 show the relative magnitudes of the budget  
components for those time periods for the entire model. To highlight  
temporal changes in the confined Potomac aquifer, the source of most  
groundwater withdrawals, figure 10 shows a plot of groundwater  
budget components for that aquifer for the entire model area for all 
periods.

Regardless of the period, the groundwater budget is dominated  
by inflow to the aquifer system from net recharge and outflow to  
rivers and coastal water bodies, with years for which precipitation 
and recharge were high as indicated by substantially higher rates of  
both inflow and outflow in figure 8. For 2023, inflow and outflow  
through the aquifer system were about 1.45 billion ft3/d. Considering  
net recharge rather than recharge and evapotranspiration separately,  
groundwater flow into the system was about 158 million ft3/d.  
Comparison of budget totals and values for individual hydrogeologic  
units reveal some important information about groundwater flow 
under current (2023) conditions in comparison to other periods. 
Negative values of stream leakage, both for the total and for all  
individual units, indicate generally gaining streamflow conditions. 
While there could be small, local cases of flow from streams into 
the groundwater system, the dominant condition is net groundwater 
loss as base flow to streams. Similarly, groundwater flow is outward 
to coastal water bodies, though this component of flow is smaller  
in magnitude than flow to streams. The component of groundwater 
flow to or from all other units indicates that groundwater flow in  
this system is generally downward, with a large component of flow  
out of the surficial aquifer to underlying units. Notably, the Yorktown-​ 
Eastover, Piney Point, Aquia, and Potomac aquifers all exhibit  
substantial net inflows from other adjacent hydrogeologic units.  

Important changes over time in groundwater flow and storage are 
further highlighted in a budget diagram for the Potomac aquifer 
alone (fig. 10).

Comparison of groundwater budget components for recent 
conditions, such as 2000 or 2023, with the early model period 
before 1900, illustrates the degree to which modern, large-​scale 
withdrawals from confined aquifers such as the Potomac aquifer 
have altered the groundwater flow system. For example, in the  
early period, estimated storage depletion was negligible because the 
system was effectively in equilibrium, groundwater flow to surface 
water bodies was about 5–6 percent higher than in recent years, and  
there was flow from the highly pressurized Potomac aquifer to some  
overlying hydrogeologic units. For more recent times, comparison 
of conditions in 2000 and 2023 (figs. 8 and 9) illustrate important  
differences in groundwater budgets between a period with  
withdrawals near historical highs and after years of sustained lower 
withdrawal rates.

Even considering the large components of net recharge and 
coastal and river outflows, the loss of groundwater from storage 
in 2000 (positive value of 44,063,810 ft3/d) is a notable part of 
the budget. In contrast, one feature of the 2023 budget is the net 
storage gain (negative value of 23,263,800 ft3/d) in the system, 
though most of that gain is in the surficial aquifer and is just a 
temporary, short-​term response to a year with slightly higher than 
average precipitation. In the confined system, most hydrogeologic 
units (table 2) experienced a decline in storage, including the Piney 
Point, Aquia, and Potomac aquifers and most adjacent confining 
units. This storage decline in the confined aquifers indicates that  
groundwater is being removed more quickly than it can be replaced. 
However, this storage depletion was much smaller for 2023 than for 
2000, because of a smaller withdrawal rate in recent years (2010–​
2023). For the entire Virginia Coastal Plain model, withdrawals  
in 2023 at the rate of a little over 15 million ft3/d (114 Mgal/d)  
were about 83 percent of the 2000 rate of over 18 million ft3/d  
(137 Mgal/d).

The decline in the groundwater withdrawal rate that occurred 
after about 2008 is indicated by the difference in the storage term in 
the groundwater budget between 2000 and 2023 (figs. 9 and 10).  
Excluding the unconfined surficial aquifer, storage depletion totaled  
more than 10 million ft3/d in 2000, while the same units experienced  
a small storage gain in 2023.

Groundwater storage change can be considered as a percentage  
of the groundwater withdrawal rate. In 2000, for the confined part 
of the groundwater system, excluding the surficial aquifer, storage 
depletion was more than 60 percent of the groundwater withdrawal 
rate. In 2023, storage depletion in the confined part of the aquifer 
system was negligible. Storage depletion continued in the deeper 
confined aquifers in 2023, accounting for more than 6 percent of the 
withdrawal rate for the Piney Point, Aquia, and Potomac aquifers 
together, but storage depletion was more than 21 percent of the 
withdrawal rate in 2000. For the Potomac aquifer alone, storage 
depletion was about 2.5 percent of the withdrawal rate in 2023, 
compared to 15 percent in 2000.

Some of the change in the rate of storage depletion is the result 
of relatively higher net recharge in 2023 compared to 2000 (table 4). 
Many aquifers and confining units outcrop in the Fall Zone and in 
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Figure 8.  Graph showing simulated groundwater budgets for the entire Virginia Coastal Plain model area for all model periods, illustrating budget components. Flow rates from 
Gordon and others (2025). Historical and future periods are multiple years in length.
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Table 4.  Simulated groundwater budgets for the entire Virginia Coastal Plain model for all hydrogeologic units in 1899, 2000, 2023, and 2073.

[Values in millions of cubic feet per day. Data may not add to column totals shown because of independent rounding. Values shown as “0.000” or “−0.000” are nonzero values rounded to three decimal places. These 
are distinct from true zero (“0”) and indicate values with absolute magnitude less than 0.0005. ET, evapotranspiration; NA, not applicable.]

Hydrogeologic zone Recharge ET
Net 

recharge

Flow to or from…
Storage 
change

Withdrawals from 
wells Flow from 

lateral 
boundariesRivers

Coastal 
water 
bodies

Unassigned 
regions

All other 
units

Potomac 
aquifer

Reported Domestic

1899
Surficial aquifer 1,304.50 −1,190.300 114.200 −47.799 −20.298 0.043 −44.637 −1.163 −0.006 0 −0.394 0

Yorktown confining zone 96.440 −87.582 8.858 −12.546 −5.275 0 8.966 −0.001 0.001 −0.001 −0.004 0
Yorktown-Eastover aquifer 24.439. −23.989. 0.450. −18.159. −10.923. 0. 28.541. 0.103. 0.001. −0.027. 0. 0.

St. Marys confining unit 19.317 −19.353 −0.036 −1.077 −1.474 0 2.591 −0.002 0.002 0 −0.004 0
St. Marys aquifer 0 0 0 0 0 0 −0.001 0.000 0.001 0 0 0

Calvert confining unit 10.244 −9.654 0.591 −0.851 −0.482 0 0.758 −0.018 0.002 0 −0.001 0
Piney Point aquifer 0.878 −0.687 0.191 −0.411 −0.539 0 0.744 0 0.025 −0.010 0 0

Chickahominy confining unit 0 0 0 0 0 0 −0.004 0.003 0.001 0 0 0
Exmore matrix confining unit 0 0 0 0 0 0 −0.002 0.002 0.000 0 0 0
Exmore clast confining unit 0 0 0 0 0 0 −0.002 −0.000 0.002 0 0 0

Nanjemoy-Marlboro confining unit 12.000. −11.805. 0.195. −0.593. −0.249. 0. 0.729. −0.078. 0.010. −0.013. −0.001. 0.
Aquia aquifer 2.049 −1.814 0.235 −1.305 −0.976 0 2.032 −0.017 0.052 −0.021 0 0

Peedee confining zone 0 0 0 0 0 0 0.000 0.000 0.000 0 0 0
Peedee aquifer 0 0 0 0 0 0 0 0 0 0 0 0

Virginia Beach confining zone 0 0 0 0 0 0 −0.001 0.000 0.001 0 0 0
Virginia Beach aquifer 0 0 0 −0.017 0 0 0.005 0.005 0.007 0 0 0

Upper Cenomanian confining unit 0 0 0 0 0 0 −0.119 0.019 0.100 0.000 0 0
Potomac confining zone 4.098 −3.792 0.306 −1.094 −0.150 0 0.405 0.519 0.021 −0.007 −0.000 0

Potomac aquifer 1.317 −1.053 0.264 −0.876 −0.348 0 1.147 NA 0.194 −0.882 0 1.019
Total in 1899 1,475.280. −1,350.029. 125.253. −84.728. −40.712. 0.043. 1.147. −0.628. 0.417. −0.961. −0.404. 1.019.

2000
Surficial aquifer 1,364.00 −1,274.200 89.800 −49.631 −18.623 0.045 0.043 −1.644 33.549 −0.282 −0.682 0

Yorktown confining zone 100.840 −93.524 7.316 −12.812 −5.252 0 8.875 −0.001 2.548 −0.550 −0.125 0
Yorktown−Eastover aquifer 25.554 −25.357 0.197 −18.414 −10.862 0 29.100 −0.027 0.891 −0.191 −0.709 0

St. Marys confining unit 20.199 −20.732 −0.533 −1.083 −1.402 0 2.510 −0.003 0.581 −0.056 −0.014 0
St. Marys aquifer 0 0 0 0 0 0 −0.016 0 0.040 −0.021 −0.004 0

Calvert confining unit 10.711 −10.344 0.367 −0.847 −0.407 0 0.591 −0.021 0.325 −0.001 −0.006 0
Piney Point aquifer 0.918 −0.724 0.194 −0.379 -​0.481 0 1.088 0 0.568 −0.738 −0.254 0

Chickahominy confining unit 0 0 0 0 0 0 −0.004 −0.015 0.019 0 −0.001 0
Exmore matrix confining unit 0 0 0 0 0 0 0.006 −0.011 0.005 0 0 0
Exmore clast confining unit 0 0 0 0 0 0 −0.056 −0.009 0.064 0 0 0

Nanjemoy−Marlboro confining unit 12.548 −12.576 −0.028 −0.568 −0.131 0 0.564 −0.201 0.431 −0.044 −0.022 0
Aquia aquifer 2.142 −1.874 0.268 −0.872 −0.764 0 3.435 −1.675 0.707 −0.754 −0.347 0

Peedee confining zone 0 0 0 0 0 0 −0.021 0 0.021 0 −0.000 0
Peedee aquifer 0 0 0 0 0 0 −0.319 −0.013 0.331 0 0 0

Virginia Beach confining zone 0 0 0 0 0 0 -​0.012 −0.004 0.016 −0.000 −0.000 0
Virginia Beach aquifer 0 0 0 −0.008 0 0 −0.031 −0.185 0.223 0.002 −0.001 0

Upper Cenomanian confining unit 0 0 0 0 0 0 −0.733 −0.711 1.446 0 −0.002 0
Potomac confining zone 4.285 −4.044 0.241 −1.072 −0.131 0 7.546 −6.569 0.297 −0.244 −0.067 0

Potomac aquifer 1.377 −1.074 0.303 −0.908 −0.329 0 4.521 NA 1.993 −11.451 −1.737 1.019
Total in 2000 1,542.570 −1,444.449 98.125 −86.595 −38.382 0.045 57.087 −11.089 44.055 −14.330 −3.971 1.019
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Table 4.  Simulated groundwater budgets for the entire Virginia Coastal Plain model for all hydrogeologic units in 1899, 2000, 2023, and 2073.—Continued

[Values in millions of cubic feet per day. Data may not add to column totals shown because of independent rounding. Values shown as “0.000” or “−0.000” are nonzero values rounded to three decimal places. These 
are distinct from true zero (“0”) and indicate values with absolute magnitude less than 0.0005. ET, evapotranspiration; NA, not applicable.]

Hydrogeologic zone Recharge ET
Net 

recharge

Flow to or from…
Storage 
change

Withdrawals from 
wells Flow from 

lateral 
boundariesRivers

Coastal 
water 
bodies

Unassigned 
regions

All other 
units

Potomac 
aquifer

Reported Domestic

2023
Surficial aquifer 1,271.000 −1,131.900 139.100 −45.446 −16.636 0.044 −52.067 −1.593 −22.133 −0.590 −0.709 0

Yorktown confining zone 93.962 −82.952 11.010 −12.110 −5.135 0 8.745 −0.001 −1.831 −0.549 −0.130 0
Yorktown-Eastover aquifer 23.811. −22.861. 0.950. −17.582. −10.664. 0. 28.787. −0.008. −0.582. −0.178. −0.739. 0.

St. Marys confining unit 18.821 −18.464 0.357 −1.010 −1.369 0 2.435 −0.003 −0.384 −0.013 −0.015 0
St. Marys aquifer 0 0 0 0 0 0 −0.066 0 0.069 0 −0.004 0

Calvert confining unit 9.981 −9.214 0.767 −0.787 −0.395 0 0.592 −0.021 −0.146 −0.004 −0.007 0
Piney Point aquifer 0.855 −0.655 0.201 −0.331 −0.453 0 1.048 0 0.365 −0.566 −0.264 0

Chickahominy confining unit 0 0 0 0 0 0 0.003 −0.015 0.013 0 −0.001 0
Exmore matrix confining unit 0 0 0 0 0 0 0.006 −0.010 0.003 0 0 0
Exmore clast confining unit 0 0 0 0 0 0 −0.062 −0.005 0.067 0 0 0

Nanjemoy-Marlboro confining unit 11.692. −11.306. 0.386. −0.468. −0.125. 0. 0.614. −0.200. −0.139. −0.045. −0.023. 0.
Aquia aquifer 1.996 −1.743 0.253 −0.831 −0.675 0 3.541 −1.556 0.155 −0.525 −0.363 0

Peedee confining zone 0 0 0 0 0 0 −0.021 0.0 0.021 0 −0.000 0
Peedee aquifer 0 0 0 0 0 0 −0.363 −0.016 0.379 0 0 0

Virginia Beach confining zone 0 0 0 0 0 0 −0.007 −0.004 0.012 −0.000 −0.000 0
Virginia Beach aquifer 0 0 0 −0.010 0 0 0.042 −0.197 0.175 −0.010 −0.001 0

Upper Cenomanian confining unit 0 0 0 0 0 0 −0.083 −0.368 0.449 0.004 −0.002 0
Potomac confining zone 3.992 −3.634 0.358 −1.018 −0.125 0 6.856 −5.820 −0.012 −0.172 −0.069 0

Potomac aquifer 1.283 −1.012 0.271 −0.829 −0.345 0 3.997 NA 0.262 -​8.313 −1.899 1.019
Total in 2023 1,437.390. −1,283.740. 153.654. −80.420. −35.922. 0.044. 3.997. −9.817. −23.257. −10.961. −4.226. 1.019.

2073
Surficial aquifer 1,271.000 −1,153.500 117.500 −45.691 −16.448 0.047 −52.509 −1.598 0.011 −0.621 −0.709 0

Yorktown confining zone 93.962 −84.730 9.232 −12.196 −5.138 0 8.783 −0.001 0.000 −0.550 −0.130 0
Yorktown-Eastover aquifer 23.811. −23.266. 0.545. −17.690. −10.664. 0. 28.726. −0.006. 0.003. −0.191. −0.739. 0.

St. Marys confining unit 18.821 −18.841 −0.020 −1.019 −1.346 0 2.407 −0.003 0.010 −0.016 −0.015 0
St. Marys aquifer 0 0 0 0 0 0 −0.048 0 0.050 0 −0.004 0

Calvert confining unit 9.981 −9.398 0.583 −0.785 −0.386 0 0.593 −0.021 0.027 −0.004 −0.007 0
Piney Point aquifer 0.855 −0.666 0.190 −0.333 −0.450 0 1.221 0.000 0.218 −0.582 −0.264 0

Chickahominy confining unit 0 0 0 0 0 0 0.007 −0.015 0.008 −0.000 −0.001 0
Exmore matrix confining unit 0 0 0 0 0 0 0.006 −0.009 0.003 0 0 0
Exmore clast confining unit 0 0 0 0 0 0 −0.070 −0.005 0.076 0 0 0

Nanjemoy-Marlboro confining unit 11.692. −11.511. 0.181. −0.459. −0.123. 0. 0.623. −0.207. 0.058. −0.049. −0.023. 0.
Aquia aquifer 1.996 −1.747 0.250 −0.825 −0.651 0 3.585 −1.573 0.095 −0.518 −0.363 0

Peedee confining zone 0 0 0 0 0 0 −0.012 0.000 0.012 0 −0.000 0
Peedee aquifer 0 0 0 0 0 0 −0.300 −0.016 0.315 0 0 0

Virginia Beach confining zone 0 0 0 0 0 0 −0.002 −0.003 0.006 −0.000 −0.000 0
Virginia Beach aquifer 0 0 0 −0.010 0 0 0.079 −0.178 0.121 −0.012 −0.001 0

Upper Cenomanian confining unit 0 0 0 0 0 0 0.046 −0.310 0.266 −0.000 −0.002 0
Potomac confining zone 3.992 −3.685 0.308 −1.019 −0.121 0 6.866 −5.852 0.056 −0.168 −0.069 0

Potomac aquifer 1.283 −1.022 0.261 −0.831 −0.345 0 3.946 NA 0.329 −8.348 −1.899 1.019
Total in 2073 1,437.39. −1,308.365. 129.029. −80.859. −35.672. 0.047. 3.947. −9.797. 1.664. −11.059. −4.226. 1.019.
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major river valleys and receive limited direct recharge, but this is 
still an appreciable part of the groundwater budget. However, some 
of the deeper individual hydrogeologic units, such as the Potomac 
confining zone and the Upper Cenomanian confining unit (fig. 5), 
receive negligible recharge yet have groundwater flow out to the 
Potomac aquifer in both 2000 and 2023 (table 4). Likely the result 
of the reduction in withdrawals from the Potomac aquifer over this  
period, outflow from overlying confining units to the aquifer is lower  

in 2023, and the rate of decline in storage is also lower. For example,  
overall storage decline for the Upper Cenomanian confining unit was  
about 1.45 million ft3/d in 2000, but 0.45 million ft3/d in 2023. For  
the Potomac confining zone, storage decline of 0.3 million ft3/d had 
changed to an increase (negative sign) of 0.01 ft3/d. Even so, storage 
in several aquifers and confining units overlying the Potomac aquifer  
continued to decline in 2023, and together, storage decline in overlying  
units was of a greater magnitude than in the Potomac aquifer (table 4).

In addition to groundwater budget components listed in table 2  
and illustrated in figures 8 and 9, groundwater budgets for all periods  
can be obtained from the data release accompanying this report 
(Gordon and others, 2025).

Total Groundwater Budget for the Virginia 
Eastern Shore Groundwater Model

The Eastern Shore peninsula overall groundwater budget 
includes Accomack and Northampton Counties in Virginia, and 
adjacent areas of Maryland. Budget components are shown for 
every model period in figure 11 and listed for the four periods of 
interest in table 5 (aquifer system total values). The flow budget is 
largely characterized by a large amount of recharge offset by flows 
out to coastal water bodies of about 90 percent of the total recharge 
rate. Groundwater withdrawals, largely from the confined aquifers, 
are partially offset by downward flow from the surficial aquifer, but 
under current (2023) pumping conditions, positive storage values 
for most hydrogeologic units indicate that storage is declining. There  
also is simulated flow from the St. Marys confining unit into the 
Yorktown-​Eastover lower aquifer, which is important because the 
St. Marys confining unit is known to contain salty groundwater. 
As illustrated in figure 2, groundwater withdrawal rates have been 
relatively consistent for several decades, but withdrawals in recent 
years have been among the highest rates reported.

Because withdrawal rates have been relatively steady for many  
years, only marginal differences were observed in Eastern Shore 
groundwater budgets for 2023 and 2000 (fig. 11). Total simulated 
groundwater withdrawals in 2023 were more than 1.5 million ft3/d 
(about 11.2 Mgal/d), of which about 1.25 ft3/d (about 9.4 Mgal/d) 
were from Virginia. In detail, about 40 percent of withdrawals are 
from the Yorktown-​Eastover middle aquifer, about 35 percent are 
from the Yorktown-​Eastover upper aquifer, about 22 percent are 
from the Yorktown-​Eastover lower aquifer—totaling 97 percent 
from the Yorktown-​Eastover system—and about 3 percent are from 
the surficial aquifer. Withdrawals of groundwater are a relatively 
small part of the entire water budget, at about 9 percent of all 
outflows, but withdrawals are an important part of the water budget 
for the confined part of the groundwater system, which includes all 
hydrogeologic units below the surficial aquifer.

Net recharge into the aquifer system is about 15.6 million ft3/d,  
but downward flow from the surficial aquifer into the confined system  
is about 1.4 million ft3/d, or just under 9 percent of the net recharge 
rate (table 5). Groundwater withdrawals from the confined part of 
the aquifer system total about 1.49 million ft3/d, so downward  
flow from the surficial aquifer accounts for about 93 percent of the 
withdrawal total. The difference between withdrawals from and  
inflows to the surficial aquifer is made up by a reduction in storage, 
flow upwards from the underlying St. Marys confining unit, and 
likely inward lateral flow along the saltwater interface. Storage  
reduction of just under 100,000 ft3/d in 2023 in the confined  
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Figure 9.  Pie charts showing simulated yearly groundwater budgets 
for the entire Virginia Coastal Plain model area for A, 2000, and B, 
2023. Flow rates from Gordon and others (2025). Rates are in cubic 
feet per day.
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Figure 10.  Graph showing simulated groundwater budgets for the entire Virginia Coastal Plain model area for all model periods for the Potomac aquifer in the Virginia Coastal Plain 
model. Flow rates from Gordon and others (2025). Historical and future periods are multiple years in length.
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Figure 11.  Graph showing simulated groundwater budgets for the entire Virginia Eastern Shore model area for all model periods. Flow rates from Gordon and others (2025). Historical 
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Table 5.  Simulated groundwater budgets from the Eastern Shore model for simplified hydrogeologic units in 1901, 2000, 2023, and 2073.

[Values in millions of cubic feet per day. Data may not add to column totals shown because of independent rounding. Values shown as “0.000” or “−0.000” are nonzero values rounded to three decimal places. These  
are distinct from true zero (“0”) and indicate values with absolute magnitude less than 0.0005. ET, Evapotranspiration. SA, surficial aquifer; Y-​E upper, Yorktown-​Eastover upper confining unit; Y-​E system, Yorktown-​ 
Eastover aquifer system; St. Marys, St. Marys confining unit; NA, not applicable.]

Hydrogeologic 
unit

Recharge ET
Net 

recharge

Flow in 
or out of 
storage

Flow to or from… Wells

Coastal 
water 
bodies

SA Y-E upper Y-E system St. Marys

Other 
hydrogeologic 

units
(net flow)

Reported Domestic

1901

SA 82.079 −67.630 14.449 0.287 −14.291 NA −0.445 0.00 0 −0.445 0 0
Y-E upper 0 0 0 −0.106 −0.000 0.445 NA −0.339 0 0.106 0 0

Y-E system 0 0 0 −0.318 −0.000 0 0.339 NA −0.021 0.318 0 0
St. Marys 0 0 0 −0.021 −0.000 0 0 0.021 NA 0.021 0 0

Total in 1901 82.079 −67.630 14.449 −0.158 −14.291 0.445 −0.106 −0.318 −0.021 0.000 0 0
2000

SA 82.079 −66.665 15.414 0.004 −14.291 NA −1.127 0 0 −1.127 −0.000 0
Y-E upper 0 0 0 0.006 −0.000 1.127 NA −1.133 0 −0.006 0 0

Y-E system 0 0 0 0.025 0.001 0 1.133 NA 0.086 1.219 −0.756 −0.488
St. Marys 0 0 0 0.086 −0.000 0 0 −0.086 NA −0.086 0 0

Total in 2000 82.079 −66.665 15.414 0.121 −14.291 1.127 0.006 −1.219 0.086 0 −0.756 −0.488
2023

SA 82.079 −66.486 15.593 0.001 −14.160 NA −1.388 0 0 −1.388 −0.045 0
Y-E upper 0 0 0 −0.000 −0.000 1.388 NA −1.388 0 −0.000 −0.000 0

Y-E system 0 0 0 0.01 0.001 0 1.388 NA 0.09 1.477 −0.999 −0.488
St. Marys 0 0 0 0.090 −0.000 0 0 −0.090 NA −0.090 0 0

Total in 2023 82.079 −66.486 15.593 0.100 −14.160 1.388 0.000 −1.477 0.09 0.000 −1.044 −0.488
2073

SA 82.079 −66.462 15.617 −0.000 −14.124 NA −1.453 0 0 −1.453 −0.040 0
Y-E upper 0 0 0 −0.000 −0.000 1.453 NA −1.453 0 −0.000 −0.000 0

Y-E system 0 0 0 0.004 0.001 0 1.453 NA 0.061 1.514 −1.031 −0.488
St. Marys 0 0 0 0.061 −0.000 0 0 −0.061 NA −0.061 0 0

Total in 2073 82.079 −66.462 15.617 0.065 −14.123 1.453 0.000 −1.514 0.061 0 −1.071 −0.488
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system accounted for about 6.7 percent of the withdrawal total.  
Ninety percent of the net storage loss was from the St. Marys  
confining unit, 7 percent was from the Yorktown-​Eastover lower 
confining unit, and 3 percent was from the Yorktown-​Eastover  
middle confining unit. The confined aquifers either had slight storage  
losses or storage gain because of flow into the aquifers from the  
overlying and underlying confining units.

Because the freshwater and saltwater portions of the aquifer 
system were not divided laterally into separate zones, the amount 
of inflow along the saltwater interface could not be quantified with 
this analysis. Observations of increased salinity in wells near the 
coasts of both the Chesapeake Bay and Atlantic Ocean, particularly 
near withdrawals for municipal water supply, suggest some lateral 
saltwater intrusion. The upward flow into the Yorktown-​Eastover 
lower aquifer from the St. Marys confining unit is about 90,000 ft3/d,  
or about 6 percent of the withdrawal rate from the confined part 
of the system. This is consistent with observations of increases in 
salinity in wells in the Yorktown-​Eastover lower aquifer reported 
by McFarland and Beach (2019). Small computed rates of inflow to 
all confined aquifers from coastal water bodies also would suggest 
inward lateral saltwater movement. While the storage decline is 
relatively small, groundwater depletion is expected to continue at  
current (2023) rates of withdrawal.

Groundwater Budgets for Simplified 
Hydrogeologic Units

Simplification of the zonation of hydrogeologic units as  
described in the section of this report titled “Zonation of Groundwater  
Models” was used to clarify understanding of vertical groundwater 
flow through the Virginia Coastal Plain and Eastern Shore aquifer 
systems, with emphasis on the primary hydrogeologic units of  
interest. The Potomac aquifer was the primary focus of the Virginia  
Coastal Plain model evaluation, while the combined Yorktown-​
Eastover aquifer system was the primary focus of the Eastern Shore  
model evaluation. For the Potomac aquifer and the combined 
Yorktown-​Eastover system on the Eastern Shore, an important  
element of understanding the groundwater budgets is the 
quantification of the downward flow of water from overlying units.

For the Virginia Coastal Plain model, the simplified 
hydrogeologic units combined from the 19 original units are listed 
in table 2 and illustrated in cross section in figure 5. The surficial 
aquifer was not combined with other units in the simplified analysis 
because it is the hydrogeologic unit through which most water 
enters the system as net recharge (recharge minus groundwater 
evapotranspiration) and leaves as base flow to rivers and discharge 
to coastal water bodies. It also provides a large source of water 
to the underlying units through downward flow or leakage. The 
Potomac aquifer was evaluated separately because it is the source of 
the largest component of groundwater withdrawals and is by far the 
thickest part of the aquifer system. All the remaining hydrogeologic 
units between the surficial aquifer and the Potomac aquifer were 
combined into a single hydrogeologic unit to quantify the overall 
vertical flow of groundwater in the aquifer system between the 
unconfined surficial aquifer and the Potomac aquifer which is the 
primary water supply.

Groundwater budget components were computed for the three 
simplified hydrogeologic units for the entire groundwater model  
area. For the years 2000 and 2023, groundwater budget components 

for the surficial aquifer are illustrated in figure 12, budget components  
for all other units are illustrated in figure 13, and budget components  
for the Potomac aquifer are illustrated in figure 14. These pie 
charts allow ready comparison of budget components among 
hydrogeologic units and of budget components for each simplified 
hydrogeologic unit for the two years of interest.

It should be noted that the overall magnitudes of the groundwater  
budgets for the three simplified hydrogeologic units are substantially  
different, which is not immediately apparent from the comparison  

Inflows (+) Outflows (−)

Inflows (+) Outflows (−)

B. 2023

A. 2000

Flow to or from rivers
−45,446,000

Flow in or out of
all other units

−52,066,000

Net recharge
139,100,000

Withdrawals from
domestic wells
−708,920

Withdrawals
from reported
wells
−590,176

Flow in or out
of coastal
water bodies
−16,636,000

Storage change
−22,132,500

Flow in or out of
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−1,593,160
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Figure 12.  Pie charts showing simulated yearly groundwater budgets 
within designated Virginia groundwater budget regions for the 
unconfined surficial aquifer in the Virginia Coastal Plain model for 
A, 2000, and B, 2023. Flow rates from Gordon and others (2025). Rates 
are in cubic feet per day.
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of the pie charts, which are all the same size. Total flow into the 
surficial aquifer, balanced by outflow (fig. 12), is approximately  
140 million ft3/d for 2023. Total flow through all other units (fig. 13)  
between the surficial aquifer and the Potomac aquifer is approximately  
half the magnitude of flow through the surficial aquifer, at slightly 
under 70 million ft3/d. Total flow through the Potomac aquifer  
(fig. 14) of less than 12 million ft3/d in 2023 is only a small fraction  
of the flows through the surficial aquifer and all other units. This is 
particularly notable when the relative magnitudes of inflows and  

outflows are considered relative to the volumes of the hydrogeologic  
units, as illustrated in figure 5. For the surficial aquifer (fig. 12), most  
of the net recharge is partly balanced by flow out to rivers and  
coastal water bodies, with less than half flowing downward to other 
hydrogeologic units. For all other units (fig. 13) not including the 
Potomac aquifer, flow in from the surficial aquifer above is also  
partly balanced by relatively large flows out to rivers and coastal 
water bodies. Withdrawals from wells are small outflows, and flow 
downward to the Potomac aquifer is also a relatively small portion 
of the groundwater budget for this simplified hydrogeologic unit.  
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Figure 13.  Pie charts simulated yearly groundwater budgets within 
designated Virginia groundwater budget regions for all other units,  
not including the surficial and Potomac aquifers, in the Virginia Coastal  
Plain model for A, 2000, and B, 2023. Flow rates from Gordon and others  
(2025). Rates are in cubic feet per day.
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Figure 14.  Pie charts simulated yearly groundwater budgets within 
designated Virginia groundwater budget regions for the Potomac  
aquifer in the Virginia Coastal Plain model for A, 2000, and B, 2023. Flow  
rates from Gordon and others (2025). Rates are in cubic feet per day.
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For the Potomac aquifer (fig. 14), however, groundwater flow  
downward from the surficial aquifer and all other units provide most  
of the inflow, with only a small amount flowing in from lateral  
boundaries and some flow out of storage in the aquifer. A small 
portion of the outflow is to rivers and coastal boundaries, while 
most of the outflow from the aquifer is to groundwater withdrawal 
wells. Other details of the groundwater flow budgets for the simplified  
units are further discussed in the following section of this report, 
which also incorporates regional geographic subdivisions.

Virginia Coastal Plain Groundwater Model within 
Groundwater Budget Regions

Groundwater budgets for the simplified hydrogeologic units  
described previously were computed for 7 designated groundwater 
budget regions in the Virginia Coastal Plain, not including the Eastern  
Shore (fig. 1). These regional budgets are listed in table 6 for the four  
previously described periods of interest. Individual budgets for each 
region are listed by simplified hydrogeologic unit and summarized 
by unit in tabular subtotals. In addition to the previously discussed 
budget components, additional columns in table 6 list computed net  
lateral flows to and from each groundwater budget region and to or  
from the area of the model not assigned to a budget region. Overall 
totals for all hydrogeologic units and all budget regions for each  
period of interest are also tabulated. Groundwater flow between the 
three simplified hydrogeologic units and among budget regions, as  
listed in table 6, is illustrated conceptually in figure 15. Groundwater  
budgets computed for all simulated years, for all hydrogeologic units,  
and for all designated groundwater budget regions are provided in a 
data release accompanying this report (Gordon and others, 2025).

Most of the budget discussion for the simplified hydrogeologic 
units in this report focuses on the part of the area within the Virginia  
Coastal Plain model that is within the groundwater budget regions 
depicted on the map in figure 1. This does not include the Eastern 
Shore region, and it does not include any of the Coastal Plain model  
domain not assigned to a groundwater budget region. The unassigned  
area includes parts of the Coastal Plain aquifer system in adjacent parts  
of Maryland and North Carolina, the area beneath the Chesapeake Bay  
and tidal rivers, and a small part of the Virginia Coastal Plain west 
of the designated eastern Virginia GMA and west of the designated 
groundwater budget regions. As a result, the budget tables and plots  
presented here for the simplified hydrogeologic units will not match 
the budget numbers and plots for all simplified units for the entire  
model, as illustrated in figures 12, 13, and 14. The difference in these  
budgets is the budget for the model area not assigned to a budget  
region. In time-​series bar plots of groundwater budgets, model periods  
prior to 1982 and projected future periods are of variable length  
longer than one year, resulting in compression of those periods on  
these plots. However, most of the focus in this discussion is on recent  
times for which model simulation periods are consistently one year 
in length.

In 2023, total simulated groundwater withdrawals within 
designated groundwater budget regions in the Virginia Coastal  
Plain (not including the Eastern Shore) were estimated at about  
11.8 million ft3/d (about 88 Mgal/d; table 1). Of this total, more than  
75 percent of withdrawals were from the Potomac aquifer, more than  
7 percent were from the surficial aquifer, and more than 17 percent 
were from all other units, which include locally important aquifers 
such as the Yorktown-​Eastover, the Piney Point, and the Aquia. 
Together, the Potomac aquifer and “all other units” compose the 
confined aquifer system, underlying the surficial aquifer, and in 2023,  

EXPLANATION
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Groundwater budget region 3
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Figure 15.  Schematic representation of budget terms used to describe flow through the simplified hydrogeologic units used for computation 
of groundwater budgets in the Virginia Coastal Plain groundwater model. Modified from Gordon (2007).



Groundw
ater Budgets for the Virginia Coastal Plain  


27

Table 6.  Simulated groundwater budgets from the Virginia Coastal Plain model by region for simplified hydrogeologic units in 1899, 2000, 2023, and 2073.

[Values in millions of cubic feet per day. Data may not add to column totals shown because of independent rounding. Values shown as “0.000” or “−0.000” are nonzero values rounded to three decimal places. These 
are distinct from true zero (“0”) and indicate values with absolute magnitude less than 0.0005. GBR, groundwater budget region; ET, evapotranspiration; NCP, Northwest Coastal Plain; NN, Northern Neck; MP, 
Middle Peninsula; MJ, Middle James; YJP, York-James Peninsula; C, Chowan; SV, Southeast Virginia; NA, not applicable.]

GBR Recharge ET
Net 

recharge

Flow to or from…
Storage 
change

Withdrawals from 
wells Flow from 

lateral 
boundariesRivers

Coastal 
water 
bodies

Unassigned 
regions

Other 
regions

Other units 
in region

Potomac 
aquifer in 

region
Reported Domestic

1899
Surficial aquifer

NCP 84.879 −80.583 4.296 −2.436 −0.261 1.458 −0.341 −2.458 −0.178 −0.003 0 −0.076 0
NN 79.610 −72.403 7.207 −1.080 −1.223 −0.037 0.050 −4.861 0 0.002 0 −0.057 0
MP 146.2 −130.810 15.390 −5.156 −3.315 −0.045 −6.773 −7.057 0 −0.000 0 −0.095 0
MJ 50.342 −46.201 4.141 −3.492 −0.489 0.642 0.301 −0.578 −0.504 −0.000 0 −0.021 0
YJP 82.83 −74.272 8.558 −0.383 −2.544 −0.035 −0.019 −5.543 0.002 0.001 0 −0.039 0
C 164.49 −146.500 17.99 −9.655 −0.547 0.587 0.102 −8.414 −0.017 0.001 0 −0.052 0

SV 177.07 −165.870 11.200 −4.262 −2.104 0.031 −0.018 −4.830 0 −0.000 0 −0.018 0
Subtotal 785.421 −716.639 68.782 −26.464 −10.484 2.600 −6.698 −33.741 −0.697 0.002 0 −0.358 0

All other units
NCP 20.049 −19.340 0.709 −1.793 −1.039 −0.204 −0.150 2.458 0.025 0.001 −0.000 −0.002 0
NN 3.366 −3.342 0.024 −0.502 −4.223 −0.398 0.192 4.861 0.040 0.010 −0.004 −0.001 0
MP 11.268 −10.750 0.518 −2.311 −4.719 −0.450 −0.100 7.057 −0.005 0.029 −0.018 −0.003 0
MJ 7.464 −7.230 0.234 −0.654 −0.015 0.037 −0.151 0.578 −0.030 0.001 0 −0.000 0
YJP 7.464 −7.337 0.127 −0.038 −5.422 −0.249 0.000 5.543 0.035 0.017 −0.002 −0.002 0
C 70.244 −64.986 5.258 −12.494 −1.164 −0.179 0.002 8.414 0.167 0.019 −0.020 −0.002 0

SV 6.585 −5.822 0.764 −3.964 −1.020 −0.604 −0.114 4.830 0.025 0.089 −0.007 −0.001 0
Subtotal 126.439 −118.806 7.633 −21.755 −17.602 −2.048 −0.320 33.741 0.257 0.167 −0.051 −0.010 0

Potomac aquifer
NCP 0 0 0 −0.195 0 0.069 −0.028 0.153 NA 0.001 0 0 0
NN 0 0 0 0 0 −0.017 0.046 −0.040 NA 0.011 0 0 0
MP 0 0 0 0 0 −0.059 0.153 0.005 NA 0.022 −0.067 0 0
MJ 0 0 0 0 −0.339 0.132 0.031 0.534 NA 0.001 −0.372 0 0.013
YJP 0 0 0 0 0 0.013 0.026 −0.037 NA 0.016 −0.017 0 0
C 0.146 −0.156 −0.009 −0.117 −0.008 0.013 −0.456 −0.151 NA 0.014 −0.142 0 0.856

SV 0 0 0 0 0 −0.052 0.256 −0.025 NA 0.056 −0.235 0 0
Subtotal 0.146 −0.156 −0.009 −0.312 −0.348 0.098 0.028 0.439 NA 0.121 −0.832 0 0.869
Total 912.007 −835.601 76.406 −48.531 −28.434 0.65 −6.990 0.439 NA 0.29 −0.883 −0.368 0.869
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Table 6.  Simulated groundwater budgets from the Virginia Coastal Plain model by region for simplified hydrogeologic units in 1899, 2000, 2023, and 2073.—Continued

[Values in millions of cubic feet per day. Data may not add to column totals shown because of independent rounding. Values shown as “0.000” or “−0.000” are nonzero values rounded to three decimal places. These 
are distinct from true zero (“0”) and indicate values with absolute magnitude less than 0.0005. GBR, groundwater budget region; ET, evapotranspiration; NCP, Northwest Coastal Plain; NN, Northern Neck; MP, 
Middle Peninsula; MJ, Middle James; YJP, York-James Peninsula; C, Chowan; SV, Southeast Virginia; NA, not applicable.]

GBR Recharge ET
Net 

recharge

Flow to or from…
Storage 
change

Withdrawals from 
wells Flow from 

lateral 
boundariesRivers

Coastal 
water 
bodies

Unassigned 
regions

Other 
regions

Other units 
in region

Potomac 
aquifer in 

region
Reported Domestic

2000
Surficial aquifer

NCP 88.751 −86.189 2.562 −2.429 −0.180 1.467 −0.338 −2.734 −0.242 1.995 0.005 −0.105 0
NN 83.243 −77.830 5.413 −1.123 −1.219 −0.038 0.051 −5.031 0 2.029 0 −0.083 0
MP 152.87 −140.400 12.470 −5.307 −3.179 −0.047 −7.584 5.413 0 3.758 0 −0.108 0
MJ 52.639 −49.286 3.353 −3.533 −0.502 0.651 0.267 −0.698 −0.645 1.241 0 −0.133 0
YJP 86.609 −79.653 6.956 −0.354 −2.392 −0.037 −0.021 −6.257 −0.000 2.167 −0.002 −0.060 0
C 171.990 −156.160 15.83 −10.023 −0.270 0.585 0.105 −10.314 −0.083 4.216 0 −0.050 0

SV 185.15 −176.970 8.18 −4.628 −2.181 0.031 −0.019 −5.924 0 4.627 −0.015 −0.071 0
Subtotal 821.252 −766.488 54.764 −27.397 −9.924 2.611 −7.539 −25.545 −0.971 20.035 −0.013 −0.609 0

All other units
NCP 20.964 −20.606 0.358 −1.581 −0.823 0.023 −0.586 2.734 −0.471 0.535 −0.014 −0.044 0
NN 3.519 −3.587 −0.068 −0.505 −4.225 −0.454 0.201 5.031 −0.203 0.354 −0.034 −0.222 0
MP 11.783 −11.540 0.243 −2.277 −4.613 −0.197 0.148 7.862 −0.897 0.541 −0.337 −0.473 0
MJ 7.804 −7.682 0.122 −0.663 −0.012 0.037 −0.133 0.698 −0.133 0.134 −0.035 −0.015 0
YJP 7.804 −7.849 −0.045 −0.023 −5.297 −0.244 0.42 6.257 −0.764 0.238 −0.273 −0.260 0
C 73.449 −69.003 4.446 −12.576 −1.062 −0.154 −0.012 10.314 −2.567 1.846 −0.047 −0.190 0

SV 6.886 −6.208 0.678 −4.053 −1.031 −0.361 −0.371 5.924 −1.615 1.241 −0.076 −0.337 0
Subtotal 132.209 −126.475 5.734 −21.678 −17.063 −1.350 −0.333 38.819 −6.649 4.888 −0.816 −1.541 0

Potomac aquifer
NCP 0 0 0 −0.188 0 −0.121 −0.123 0.713 NA 0.056 −0.142 −0.196 0
NN 0 0 0 0 0 −0.121 0.000 0.203 NA 0.206 −0.190 −0.100 0
MP 0 0 0 0 0 0.540 0.911 0.897 NA 0.125 −2.414 −0.057 0
MJ 0 0 0 0 −0.318 0.096 −0.254 0.778 NA −0.022 −0.187 −0.110 0.013
YJP 0 0 0 0 0.000 0.278 −0.308 0.764 NA 0.050 −0.706 −0.062 0
C 0.153 −0.162 −0.009 −0.120 −0.011 0.447 −2.193 2.650 NA 0.047 −1.403 −0.264 0.856

SV 0 0 0 0 0 2.182 2.004 1.615 NA 0.339 −5.889 −0.258 0
Subtotal 0.153 −0.162 −0.009 −0.308 −0.329 3.302 0.038 7.62 NA 0.801 −10.930 −1.048 0.869

Total 953.614 −893.125 60.489 −49.383 −27.316 4.564 −7.834 20.895 −7.620 25.723 −11.759 −3.198 0.869
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Table 6.  Simulated groundwater budgets from the Virginia Coastal Plain model by region for simplified hydrogeologic units in 1899, 2000, 2023, and 2073.—Continued

[Values in millions of cubic feet per day. Data may not add to column totals shown because of independent rounding. Values shown as “0.000” or “−0.000” are nonzero values rounded to three decimal places. These 
are distinct from true zero (“0”) and indicate values with absolute magnitude less than 0.0005. GBR, groundwater budget region; ET, evapotranspiration; NCP, Northwest Coastal Plain; NN, Northern Neck; MP, 
Middle Peninsula; MJ, Middle James; YJP, York-James Peninsula; C, Chowan; SV, Southeast Virginia; NA, not applicable.]

GBR Recharge ET
Net 

recharge

Flow to or from…
Storage 
change

Withdrawals from 
wells Flow from 

lateral 
boundariesRivers

Coastal 
water 
bodies

Unassigned 
regions

Other 
regions

Other units 
in region

Potomac 
aquifer in 

region
Reported Domestic

2023
Surficial aquifer

NCP 82.698 −77.133 5.565 −2.274 −0.150 1.476 −0.331 −2.741 −0.258 −1.019 −0.159 −0.109 0
NN 77.565 −70.003 7.562 −1.056 −1.168 −0.037 0.050 −4.992 0.000 −0.240 −0.034 −0.085 0
MP 142.440 −124.420 18.020 −5.012 −3.026 −0.044 −7.489 −7.762 0.000 −2.337 0.001 −0.112 0
MJ 49.048 −43.959 5.089 −3.339 −0.483 0.634 0.261 −0.669 −0.613 −0.726 −0.014 −0.140 0
YJP 80.702 −70.443 10.259 −0.235 −2.291 −0.033 −0.022 −6.144 0.000 −1.468 −0.001 −0.062 0
C 160.260 −138.670 21.59 −8.949 −0.266 0.580 0.101 −9.908 −0.071 −3.016 −0.017 −0.051 0

SV 172.52 −157.560 14.96 −3.894 −1.880 0.035 −0.019 −5.805 0.000 −3.327 −0.005 −0.074 0
Subtotal 765.233 −682.188 83.045 −24.758 −9.265 2.611 −7.450 −38.021 −0.942 −12.132 −0.230 −0.632 0

All other units
NCP 19.534 −18.514 1.020 −1.403 −0.747 0.099 −0.668 2.741 −0.609 −0.310 0.104 −0.046 0
NN 3.279 −3.186 0.093 −0.495 −4.119 −0.436 0.289 4.988 −0.241 −0.000 −0.027 −0.228 0
MP 10.979 −10.214 0.765 −2.184 −4.513 −0.245 0.181 7.762 −0.843 −0.261 −0.174 −0.488 0
MJ 7.272 −6.933 0.338 −0.571 −0.012 0.036 −0.194 0.669 −0.114 −0.126 −0.010 −0.016 0
YJP 7.272 −6.969 0.303 −0.022 −5.210 −0.210 0.457 6.144 −0.752 −0.208 −0.219 −0.277 0
C 68.44 −61.604 6.836 −11.841 −1.052 −0.169 −0.064 9.908 −2.055 −1.335 −0.030 −0.197 0

SV 6.416 −5.526 0.890 −3.813 −0.970 −0.324 −0.316 5.805 −0.989 0.137 −0.068 −0.354 0
Subtotal 123.192 −112.946 10.246 −20.329 −16.622 −1.249 −0.316 38.017 −5.602 −2.104 −0.423 −1.606 0

Potomac aquifer
NCP 0 0 0 −0.185 0 −0.164 −0.140 0.867 NA −0.019 −0.146 −0.213 0
NN 0 0 0 0 0 −0.048 0.055 0.241 NA 0.042 −0.188 −0.102 0
MP 0 0 0 0 0 0.390 0.928 0.843 NA −0.066 −1.976 −0.059 0
MJ 0 0 0 0 0 0.094 −0.334 0.727 NA −0.001 −0.051 −0.116 0.013
YJP 0 0 0 0 0 0.483 −0.115 0.752 NA −0.044 −1.004 −0.066 0
C 0.143 −0.144 −0.002 −0.114 −0.011 0.111 −1.580 2.125 NA −0.022 −1.092 −0.270 0.856

SV 0 0 0 0 0 1.383 1.269 0.989 NA −0.036 −3.340 −0.269 0
Subtotal 0.143 −0.144 −0.002 −0.299 −0.345 2.248 0.082 6.544 NA −0.146 −7.796 −1.096 0.869

TotalTotal 888.568888.568 −795.279−795.279 93.28993.289 −45.386−45.386 −26.232−26.232 3.6093.609 −7.683−7.683 6.5406.540 −6.544−6.544 −14.382−14.382 −8.449−8.449 −3.334−3.334 0.8690.869
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Table 6.  Simulated groundwater budgets from the Virginia Coastal Plain model by region for simplified hydrogeologic units in 1899, 2000, 2023, and 2073.—Continued

[Values in millions of cubic feet per day. Data may not add to column totals shown because of independent rounding. Values shown as “0.000” or “−0.000” are nonzero values rounded to three decimal places. These 
are distinct from true zero (“0”) and indicate values with absolute magnitude less than 0.0005. GBR, groundwater budget region; ET, evapotranspiration; NCP, Northwest Coastal Plain; NN, Northern Neck; MP, 
Middle Peninsula; MJ, Middle James; YJP, York-James Peninsula; C, Chowan; SV, Southeast Virginia; NA, not applicable.]

GBR Recharge ET
Net 

recharge

Flow to or from…
Storage 
change

Withdrawals from 
wells Flow from 

lateral 
boundariesRivers

Coastal 
water 
bodies

Unassigned 
regions

Other 
regions

Other units 
in region

Potomac 
aquifer in 

region
Reported Domestic

2073
Surficial aquifer

NCP 82.698 −78.143 4.555 −2.259 −0.142 1.461 −0.344 −2.743 −0.262 0.002 −0.159 −0.109 0
NN 77.565 −70.240 7.325 −1.057 −1.164 −0.037 0.050 −4.996 0 0.002 −0.037 −0.085 0
MP 142.440 −126.720 15.720 −5.033 −3.043 −0.044 −7.485 −7.769 0 0.002 −0.001 −0.112 0
MJ 49.048 −44.700 4.348 −3.333 −0.478 0.642 0.263 −0.671 −0.615 0.001 −0.017 −0.140 0
YJP 80.702 −71.888 8.814 −0.243 −2.308 −0.034 −0.022 −6.129 0.000 0.001 −0.016 −0.062 0
C 160.260 −141.610 18.650 −9.040 −0.271 0.581 0.102 −9.890 −0.070 0.000 −0.018 −0.051 0

SV 172.52 −160.750 11.770 −3.956 −1.919 0.034 −0.019 −5.833 0 0.000 −0.009 −0.074 0
Subtotal 765.233 −694.051 71.182 −24.921 −9.325 2.602 −7.455 −38.032 −0.947 0.008 −0.257 −0.632 0

All other units
NCP 19.534 −18.816 0.718 −1.378 −0.718 0.119 −0.699 2.743 −0.640 0.002 0.105 −0.046 0
NN 3.279 −3.253 0.026 −0.496 −4.102 −0.483 0.343 4.996 −0.250 0.020 −0.026 −0.228 0
MP 10.979 −10.431 0.548 −2.193 −4.504 −0.293 0.173 7.769 −0.869 0.027 −0.170 −0.488 0
MJ 7.272 −7.058 0.214 −0.572 −0.012 0.036 −0.195 0.671 −0.117 0.001 −0.010 −0.016 0
YJP 7.272 −7.114 0.158 −0.022 −5.212 −0.217 0.440 6.129 −0.768 0.013 −0.236 −0.277 0
C 68.44 −62.837 5.603 −11.914 −1.053 −0.173 −0.075 9.890 −2.050 0.003 −0.033 −0.197 0

SV 6.416 −5.641 0.775 −3.846 −0.976 −0.311 −0.309 5.833 −0.920 0.191 −0.085 −0.354 0
Subtotal 123.192 −115.150 8.042 −20.420 −16.578 −1.322 −0.323 38.032 −5.614 0.257 −0.455 −1.606 0

Potomac aquifer
NCP 0.002 0 0 −0.183 0 −0.157 −0.152 0.902 NA 0.002 −0.200 −0.213 0
NN 0.018 0 0 0 0 −0.062 0.090 0.250 NA 0.018 −0.193 −0.102 0
MP 0.014 0 0 0 0 0.313 1.04 0.869 NA 0.014 −2.089 −0.059 0
MJ 0.000 0 0 0.000 −0.334 0.094 −0.336 0.732 NA 0.000 −0.055 −0.116 0.013
YJP 0.006 0 0 0 0 0.509 −0.212 0.769 NA 0.006 −1.002 −0.066 0
C 0.003 −0.147 −0.005 −0.115 −0.011 0.090 −1.545 2.121 NA 0.003 −1.123 −0.270 0.856

SV 0.021 0 0 0 0 1.259 1.227 0.920 NA 0.021 −3.163 −0.269 0
Subtotal 0.064 −0.147 −0.005 −0.298 −0.345 2.047 0.113 6.561 NA 0.064 −7.825 −1.096 0.869

Total 888.489 −809.348 79.219 −45.639 −26.248 3.327 −7.665 6.561 −6.561 0.329 −8.536 −3.334 0.869
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the confined aquifer system supplied about 93 percent of withdrawals  
within the specified groundwater budget regions. However, both  
the Potomac and all other units do occur at the land surface in some 
locations, mostly in the Fall Zone and along river incisions, and 
a relatively smaller component of net recharge (recharge minus 
evapotranspiration) is listed in the groundwater budgets. For the 
area within the groundwater budget regions, groundwater budgets 
are listed in table 6. Again, the totals for each of the simplified 
hydrogeologic units are slightly different from those illustrated in 
figures 12, 13, and 14, because the tabular totals do not include the 
model areas not assigned to a Virginia budget region.

Groundwater budget trends previously discussed for the entire  
model area are similar for the simplified hydrogeologic units within 
the assigned budget regions. However, the simplified grouping helps  
to illustrate some of the flow terms more clearly. For example, 2000 
and 2023 budget totals for flow to all other units (table 6) show that  
groundwater flow is downward from the surficial aquifer to all other  
units and the Potomac aquifer, and flow is also downward to the 
Potomac aquifer from all other units, even though the net flow  
to all other units is positive because of flow downward from the 
surficial aquifer.

One of the most substantial changes in the groundwater budget 
between 2000 and 2023 is the groundwater storage in the Virginia 
Coastal Plain and in individual budget regions, particularly for the 
confined hydrogeologic units beneath the surficial aquifer. Storage 
terms in the groundwater budgets from table 6 are presented in  

condensed form in table 7, which lists the yearly rates of flow into 
(negative sign) and out of (positive sign) the Potomac aquifer, all 
other units than the Potomac and surficial aquifers, and the total for  
all confined units underlying the surficial aquifer, for 2000 and 2023.  
Within the designated groundwater budget regions in Virginia, 
primarily negative values in 2023 for storage change in table 7 
indicate net storage gains for both the Potomac aquifer and all other 
units. A total of about 2.25 ft3/d in storage increase in the confined 
system (all other units and Potomac aquifer), and over 93 percent 
of that storage increase is in all other units, while under 7 percent of 
the increase is in the Potomac aquifer. The small amount of storage 
depletion in the Potomac aquifer computed previously for the entire 
model area must be occurring in areas outside of the Virginia budget 
regions. This could include adjacent parts in Maryland and North 
Carolina or beneath Chesapeake Bay. So, at the 2023 withdrawal 
rate of 8.9 million ft3/d (about 57 Mgal/d) for the Potomac aquifer, 
downward flow from overlying units combined with inward flow 
from lateral areas unassigned to a budget region and net recharge 
was enough to account for all the groundwater withdrawn and even 
a small amount of storage increase within the groundwater budget 
regions. It is important to recognize that flow into the Potomac 
aquifer in Virginia from overlying hydrogeologic units is a large 
portion (about 66 percent) of all inflow. However, this is only about  
7 percent of net recharge to the entire aquifer system, which indicates  
that a relatively small portion of groundwater recharge reaches the 
Potomac aquifer.

Table 7.  Simulated groundwater storage changes in the confined groundwater system, including the Potomac aquifer and all other units  
not including the surficial aquifer, for 2000, and 2023.

[Values in cubic feet per day; positive values indicate loss of storage and negative values indicate gain in storage.]

Groundwater budget region
Change in storage 
in all other units

Change in storage in 
Potomac aquifer

Change in storage in 
all confined units

Percent of total storage 
decrease by budget region

2000

Northwest Coastal Plain 535,169 56,380 591,550 10.40%
Northern Neck 354,055 206,200 560,255 9.80%

Middle Peninsula 541,322 124,582 665,904 11.70%
Middle James 133,611 −21,805 111,806 2.00%
York-​James 237,631 49,824 287,455 5.10%

Chowan 1,845,500 46,584 1,892,084 33.30%
Southeast Virginia 1,240,662 338,870 1,579,532 27.80%

Total for 2000 4,887,950 800,635 5,688,585 100%
2023

Northwest Coastal Plain −309,885 −19,307 −329,192 14.63%
Northern Neck −433 42,376 41,943 −1.86%

Middle Peninsula −261,329 −65,774 −327,103 14.54%
Middle James −126,031 −1,225 −127,256 5.66%
York-​James −207,978 −44,339 −252,317 11.22%

Chowan −1,335,366 −21,831 −1,357,197 60.33%
Southeast Virginia 137,260 −35,856 101,404 −4.51%

Total for 2023 −2,103,762 −145,955 −2,249,717 100%
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In 2000, storage loss from the combined confined system,  
including both the Potomac aquifer and all other units, totaled about 
5.7 million ft3/d (table 7), with 86 percent of the storage loss from 
all other units, and 14 percent from the Potomac aquifer. For the 
entire confined part of the aquifer system, storage loss accounted for  
about 40 percent of the withdrawal total, and for the Potomac aquifer,  
storage loss accounted for just under 7 percent of the withdrawal 
total. Downward flow into the Potomac aquifer was also higher in  
2000 than in 2023, induced by higher pumping rates in the Potomac 
aquifer in 2000. Downward flow from the surficial aquifer and all  
other units to the Potomac aquifer accounted for about 64 percent of  
the withdrawal total. Flow inward from outside the designated budget  
regions accounted for about 28 percent of the withdrawal total.

Comparison of groundwater budgets in 2000 with budgets from  
the early model period (ending in 1899) indicates how much decades  
of substantial withdrawal from confined aquifers had altered flow 
conditions in the Virginia Coastal Plain. Coastal Plain withdrawals 
in Virginia budget regions totaled just over 1.2 million ft3/d (under  
10 Mgal/d) for the early period ending in 1900 but had risen to more 
than 16 million ft3/d (about 120 Mgal/d) in 2000 (fig. 2). As a result,  
storage depletion in 2000 from the confined part of the aquifer system  
(Potomac aquifer and all other units) was 20 times higher than in  
the early period (table 4). Similarly, downward flow into the confined  
part of the aquifer system increased by about 36 percent, and  
downward flow into the Potomac aquifer increased to about 17 times  
that of the early period. So, with rates of groundwater withdrawal in  
the range observed prior to 2009–10, groundwater flow in the confined  
aquifer system was largely downward through overlying units toward 
the Potomac aquifer, and the rate of storage depletion was a variable 
but substantial portion of the groundwater withdrawal rate.

Groundwater Budgets by Region with Simplified 
Hydrogeologic Units for the Virginia Coastal Plain

For comparison of groundwater budgets between geographic 
regions, totals from simplified units in table 6 were aggregated in 
table 8 for the same four selected periods of interest (1899, 2000, 
2023, and 2073). As in the analysis of the entire Virginia Coastal 
Plain model, groundwater budgets for individual budget regions are 
dominated by net recharge to the water table and outflow to rivers 
and coastal water bodies. This lateral flow through the surficial 
aquifer is not indicative of regional water-​supply conditions and 
is mostly proportional to the land area of the region. Furthermore, 
large year-​to-​year changes in storage in the surficial aquifer indicate 
fluctuations in precipitation and climate that are not related to long-​ 
term trends in the confined aquifer system that supplies most extracted  
groundwater. Therefore, this analysis of groundwater budgets will 
focus on flow through the confined part of the aquifer system,  
including the Potomac aquifer and all other units not including the 
surficial aquifer.

The rates and magnitudes of groundwater flow in and out of  
storage in the confined aquifer system, including the Potomac aquifer  
and all other units, vary substantially by budget region for both the  
2000 and 2023 periods (table 7). In 2000 (table 7), simulated storage  
decline was estimated for all other units in all regions, for the Potomac  
aquifer in all but one region, and for the entire confined aquifer system  
for all regions. The largest declines in storage were estimated for  

regions with the largest withdrawal rates, such as Southeast Virginia 
and the Middle Peninsula, as well as regions adjacent to regions  
with the largest withdrawal rates, such as Northwest Coastal Plain,  
Northern Neck, and Chowan. Most of the storage decline in the  
confined aquifer system in 2000 occurred not in the Potomac aquifer 
but in all other confined units overlying the Potomac (table 7). For 
most groundwater budget regions, the proportion of the storage 
decline from the Potomac aquifer was less than 20 percent of the 
total in the confined system, though about 37 percent of the storage 
decline for the Northern Neck was from the Potomac aquifer. The  
decline in storage in all regions in all other units in 2000 was partly  
the result of downward groundwater flow into the Potomac aquifer,  
in response to Potomac withdrawals, though groundwater withdrawals  
from all other units were also higher in 2000.

By 2023, years of reduced withdrawal rates that began in about  
2010 had resulted in computed increases in storage in the confined 
aquifer system for most groundwater budget regions (table 7). Only  
Southeast Virginia and the Northern Neck exhibited net rates of 
storage decline in the confined system in 2023, and the rates of 
decline were much smaller than in 2000. Only Southeast Virginia 
experienced storage decline in all other units, and only the Northern 
Neck experienced storage decline in the Potomac aquifer. Other  
regions, including Northwest Coastal Plain, Middle Peninsula,  
Middle James, York-​James Peninsula, and Chowan, showed small 
to moderate increases in storage in the confined aquifer system in 
2023 (table 7). Notably, about 60 percent of the total increase in  
storage computed for 2023 occurred in the Chowan region. This is 
likely the result of lower withdrawal rates from the Chowan region, 
but also substantially lower withdrawal rates from the adjacent  
Southeast Virginia region.

For most groundwater budget regions, the magnitude of the  
yearly storage change in both 2000 and 2023 is higher for all other  
units than for the Potomac aquifer (table 6). The temporal change in  
storage between 2000 and 2023 is generally larger for the groundwater  
budget regions with the largest changes in withdrawals, such as  
Southeast Virginia and the Middle Peninsula. However, changes in 
flow in and out of storage for the Chowan and Northwest Coastal  
Plain regions between are notable because they may be the result of 
changes in groundwater withdrawals in adjacent regions rather than 
large changes in withdrawals in those regions.

For the Potomac aquifer, the changes in groundwater storage 
magnitude and direction between 2000 and 2023 are illustrated in 
figure 16. Negative values, to the right of zero in this case, represent 
increases in storage, and positive values represent decreases in 
storage. All but 1 groundwater budget region, the Middle James, 
were experiencing storage decline in 2000, at varying rates. By 2023,  
the only region with continued decline in storage was the Northern 
Neck, and the rate of decline was about 20 percent of the 2023 rate.  
For the other 6 groundwater budget regions, flow into storage  
increased in 2023. Similar rates of storage change are projected to  
continue in the future under similar withdrawal conditions, indicating  
a continued net increase in total storage within all budget regions 
together. However, evaluation of the budgets for the entire model 
area earlier in the report (fig. 14; table 4) indicates relatively small 
rates of continued net storage decline in the Potomac aquifer, which,  
in addition to the Northern Neck, must be occurring in areas parts  
outside the Virginia groundwater budget regions.
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Table 8.  Simulated total regional groundwater budgets in the Virginia Coastal Plain model in 1899, 2000, 2023, and 2073.

[Values in millions of cubic feet per day. Data may not add to column totals shown because of independent rounding. Values shown as “0.000” or “−0.000” are  
nonzero values rounded to three decimal places. These are distinct from true zero (“0”) and indicate values with absolute magnitude less than 0.0005. GBR, groundwater  
budget region; ET, evapotranspiration; NCP, Northwest Coastal Plain; NN, Northern Neck; MP, Middle Peninsula; MJ, Middle James; YJP, York-James Peninsula;  
C, Chowan; SV, Southeast Virginia; ES, Eastern Shore.]

GBR Recharge ET
Net 

recharge

Flow to and from…
Withdrawals from 

wells Flow from 
lateral 

boundariesRivers
Coastal 
water 
bodies

Unassigned 
regions

Other 
regions

Storage 
change

Reported Domestic

1899
NCP 104.930 −99.923 5.007 −4.424 −1.300 1.322 −0.524 −0.001 0 −0.078 0
NN 82.976 −75.745 7.231 −1.582 −5.446 −0.452 0.288 0.023 −0.004 −0.058 0
MP 157.460 −141.560 15.900 −7.467 −8.034 −0.554 0.284 0.051 −0.085 −0.097 0
MJ 57.805 −53.430 4.375 −4.145 −0.844 0.811 0.181 0.002 −0.372 −0.022 0.013
YJP 90.293 −81.609 8.684 −0.420 −7.966 −0.271 −0.002 0.035 −0.019 −0.040 0
C 234.88 −211.640 23.240 −22.266 −1.719 0.421 −0.351 0.035 −0.162 −0.054 0.856

SV 183.660 −171.690 11.970 −8.226 −3.124 −0.626 0.124 0.145 −0.241 −0.018 0
ES 35.122 −31.115 4.007 0 −3.826 −0.183 0 0.000 0 0 0

Unassigned region 528.15 −483.260 44.89 −36.197 −8.454 0 −0.424 0.127 −0.078 −0.036 0.15
Total in 1899 1,475.28. −1,349.972. 125.304. −84.728. −40.713. 0.467. −0.424. 0.417. −0.961. −0.404. 1.019.

2000
NCP 109.720 −106.790 2.930 −4.199 −1.004 1.370 −1.178 2.587 −0.151 −0.346 0
NN 86.762 −81.417 5.345 −1.628 −5.444 −0.613 0.378 2.589 −0.224 −0.404 0
MP 164.650 −151.940 12.710 −7.584 −7.792 0.296 1.333 4.424 −2.751 −0.638 0
MJ 60.443 −56.968 3.475 −4.196 −0.832 0.784 −0.116 1.353 −0.222 −0.258 0.013
YJP 94.413 −87.502 6.911 −0.377 −7.690 −0.003 0.067 2.455 −0.981 −0.382 0
C 245.600 −225.330 20.270 −22.719 −1.343 0.878 −2.099 6.108 −1.449 −0.504 0.856

SV 192.040 −183.180 8.860 −8.681 −3.212 1.852 1.614 6.207 −5.980 −0.667 0
ES 36.725 −33.517 3.208 0 −3.969 −0.291 0 1.051 0.000 0.000 0

Unassigned region 552.250 −517.840 34.41 −37.213 −7.098 0.000 −4.227 17.281 −2.571 −0.773 0.15
Total in 2000 1,542.60. −1,444.484. 98.119. −86.597. −38.383. 4.273. −4.227. 44.056. −14.330. −3.971. 1.019.

2023
NCP 102.230 −95.646 6.584 −3.861 −0.897 1.411 −1.321 −1.348 −0.200 −0.368 0
NN 80.844 −72.246 8.598 −1.547 −5.283 −0.521 0.570 −1.153 −0.249 −0.415 0
MP 153.420 −134.630 18.790 −7.195 −7.538 0.100 1.320 −2.664 −2.150 −0.658 0
MJ 56.32 −50.893 5.427 −3.910 −0.828 0.764 −0.265 −0.853 −0.074 −0.273 0.013
YJP 87.973 −77.412 10.561 −0.257 −7.501 0.239 0.306 −1.721 −1.225 −0.404 0
C 228.840 −200.410 28.430 −20.905 −1.329 0.521 −1.544 −4.373 −1.139 −0.518 0.856

SV 178.940 −163.080 15.860 −7.707 −2.850 1.095 0.935 −3.225 −3.412 −0.698 0
ES 34.220 −29.616 4.604 0 −3.728 −0.290 0 −0.588 0.000 0.000 0

EBR 514.580 −459.750 54.830 −35.038 −5.966 0 −3.276 −7.334 −2.512 −0.891 0.15
Total in 2023 1,437.37. −1,283.683. 153.684. −80.420. −35.922. 3.32. −3.276. −23.259. −10.961. −4.225. 1.019.

2073
NCP 102.23 −96.958 5.272 −3.820 −0.860 1.423 −1.400 0.006 −0.254 −0.368 0
NN 80.844 −73.494 7.350 −1.553 −5.266 −0.583 0.683 0.040 −0.256 −0.415 0
MP 153.420 −137.150 16.270 −7.227 −7.548 −0.024 1.407 0.042 −2.259 −0.658 0
MJ 56.320 −51.758 4.562 −3.905 −0.823 0.772 −0.266 0.001 −0.082 −0.273 0.013
YJP 87.973 −79.000 8.971 −0.265 −7.520 0.258 0.196 0.019 −1.254 −0.404 0
C 228.840 −204.590 24.250 −21.070 −1.335 0.499 −1.519 0.007 −1.175 −0.518 0.856

SV 178.940 −166.390 12.550 −7.801 −2.895 0.983 0.900 0.213 −3.257 −0.698 0
ES 34.220 −30.258 3.962 0 −3.748 −0.286 0 0.070 0.000 0.000 0

Unassigned region 514.580 −468.730 45.850 −35.220 −5.677 0.000 −2.995 1.264 −2.523 −0.891 0.15
Total in 2073 1,437.37. −1,308.328. 129.037. −80.860. −35.672. 3.042. −2.995. 1.663. −11.059. −4.225. 1.019.
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regions in the Virginia Coastal Plain model. Flow rates are in cubic feet per day. Positive values indicate storage decrease, and negative 
values indicate storage increase. Groundwater budget regions from Brian J. Campbell, Virginia Department of Environmental Quality, 
written commun., 2025.
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In the confined part of the aquifer system below the surficial 
aquifer, groundwater flow laterally across regions of the Virginia 
Coastal Plain exhibited similar patterns under modern withdrawal 
conditions, including in 2000 and 2023. However, lateral flows to and  
from other regions were slightly smaller in 2023 than in 2000 (table  
6), likely resulting from lower withdrawal rates. To further simplify  
the lateral flow rates presented by budget region and simplified  
hydrogeologic unit in table 6, subtotals for the entire confined part 
of the aquifer system were computed by combining the values for 
all other units and the Potomac aquifer in table 9. This enables the 
evaluation of lateral flow to from other designated groundwater  
budget regions, as well as flow to or from the undesignated region 
under approximately current conditions (2023).

In the confined part of the aquifer system, 4 of the groundwater  
budget regions in 2023 were receiving flow from the area unassigned  
to a budget region, including the Middle Peninsula, Middle James, 
York-James Peninsula, and Southeast Virginia. Three budget regions  
had outflow of groundwater from the confined aquifer system to the 
unassigned region, including the Northwest Coastal Plain, Northern 
Neck, and Chowan. These are regions adjacent to neighboring states,  
indicating that flow is outward from these regions to those states. The  
signs and magnitude of the net lateral flow for the entire confined  
aquifer system are indicative of lateral gain or loss from each budget 
region, regardless of where the flow occurs. Three of the budget  
regions were experiencing net inward lateral flow in the confined 
portion of the aquifer system in 2023, including the Middle  
Peninsula, the York-​James Peninsula, and Southeast Virginia. These  
are the regions with generally larger groundwater withdrawals and 
historically some of the largest groundwater-​level declines.

Four of the budget regions were experiencing net outward lateral  
flow in 2023, including the Northwest Coastal Plain, the Northern  
Neck, the Middle James, and the Chowan. Visual examination 
indicates that outward and inward lateral flows corresponded with  
major withdrawals within budget regions. In simple terms, budget 
regions around the perimeter of the large withdrawal areas are  
experiencing outward lateral flow either out of the Virginia Coastal  
Plain or inward toward the budget regions with the larger withdrawals,  
including the Middle Peninsula, the York-​James Peninsula, and  
Southeast Virginia. For the 3 groundwater budget regions experiencing  
net lateral inflow in the confined part of the aquifer system, these 
inflows accounted for about 40 percent or more of groundwater 

withdrawal, even in 2023. For several of the budget regions  
experiencing net lateral outflow, including the Northwest Coastal 
Plain, the Middle James, and the Chowan, lateral outward flow was 
substantially higher than groundwater withdrawal rates. Only the  
Northern Neck had groundwater withdrawal rates larger than the  
lateral flow out of the region.

The well field for large industrial withdrawals from the Potomac  
aquifer in the Southeast Virginia region at Franklin is close to the  
border with the Chowan region, and the well field for large industrial  
withdrawals from the Potomac aquifer in the Middle Peninsula 
region at West Point is close to the border with the York-​James 
region. These well fields, combined with other Coastal Plain 
withdrawals, have caused extensive areas of groundwater-​level 
decline that are inducing inward flow toward the areas of largest 
withdrawals, and have been doing so for decades (Heywood and 
Pope, 2009). While groundwater levels in the Potomac aquifer have  
risen substantially because of the large change in withdrawal rates  
after 2009, flow directions do not appear to have changed substantially  
despite substantial changes in flow magnitudes. For the Potomac  
aquifer in 2000, budget regions with outflow to other regions included  
the Northwest Coastal Plain, Middle James, the York-​James, and 
the Chowan (table 6). By 2023, outflow was from the same four 
regions, but it totaled only about 75 percent of the outflow in 2000. 
On the other hand, flow outward increased from 2000 to 2023, by a 
total of about 13 percent, for all other units (not including the  
surficial aquifer) in the Northwest Coastal Plain, the Middle James, 
the Chowan, and Southeast Virginia. However, outward flow from 
the Potomac aquifer to unassigned regions was occurring only from 
the Northwest Virginia and Northern Neck regions for both 2000  
and 2023, indicating groundwater flow toward Maryland and areas 
beneath Chesapeake Bay.

In 2023, the only part of the confined aquifer system 
experiencing storage depletion was the Potomac aquifer in the  
Northern Neck and all other units in Southeast Virginia, resulting 
in net storage depletion in the entire confined aquifer system for  
these two regions (table 7). All other combinations of hydrogeologic 
units and budget regions experienced moderate increases in storage  
in 2023. In 2000, by comparison, almost all regions were experiencing  
net storage loss from the confined part of the aquifer system (all  
other units and the Potomac aquifer). About 33 percent of the storage  
decline in 2000 was from the Chowan region, about 27 percent was  

Table 9.  Simulated net lateral flow of groundwater among budget regions and groundwater withdrawals for 2023 in the confined groundwater 
system, including the Potomac aquifer and all other units not including the surficial aquifer.

[Values in cubic feet per day. Negative values indicate outflow, positive values indicate inflow.]

Groundwater budget region
Flow to or from other 

budget regions
Flow to or from 

unassigned region
Net flow to or from 

budget region
Confined 

withdrawals

Northwest Coastal Plain −639,049 −65,024 −704,074 −300,792
Northern Neck 343,707 −484,381 −140,673 −545,529

Middle Peninsula 1,108,580 144,266 1,252,846 −2,697,033
Middle James −528,597 130,269 −398,328 −193,168
York-​James 342,151 272,889 615,040 −1,565,728

Chowan −1,644,670 −58,591 −1,703,261 −1,588,385
Southeast Virginia 952,983 1,059,369 2,012,352 −4,030,581

Total −64,895 998,797 933,902 −10,921,217
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from the Southeast Virginia region, and storage declines in other 
regions were around 10 percent of the total or lower. Reduced  
withdrawals and recovery in water levels in recent years for most 
parts of the confined system have entirely changed groundwater 
storage conditions in the aquifer system in the Virginia budget 
regions. However, the net flow inward to most regions from the 
unassigned region indicates that lateral areas outside of defined 
budget regions are supplying groundwater to the Virginia budget 
regions. At least some of this lateral flow seems to be coming 
from coastal areas beneath Chesapeake Bay and the Eastern Shore 
which contain salty groundwater. This suggests continued inward 
flow of salty groundwater even at the partly recovered conditions 
observed in 2023.

Focusing specifically on the Potomac aquifer, differences 
between 2000 and 2023 are illustrated in groundwater budgets for 
individual regions in 2000 and 2023 (figs. 17, 18, 19, 20, 21, 22, 
and 23). Of particular note are differences in the storage changes, 
flows in from other overlying hydrogeologic units, and flows in 
from or out to other budget regions.

For the budget regions with the largest withdrawals, such as  
the Middle Peninsula and Southeast Virginia (figs. 19 and 23), 
differences between 2000 and 2023 mostly represent the lower 
magnitudes of flow rates for all flow components, rather than large 
changes in proportions among flow components, even though the 
change in storage from substantial storage loss to small storage  
increase is notable. For Southeast Virginia, the substantial reduction 
in withdrawals between 2000 and 2023 resulted in similar rates 
of groundwater inflow from adjacent regions and from overlying 
hydrogeologic units, in addition to the change in storage.

Differences in groundwater budget in the Potomac aquifer 
between 2000 and 2023 for regions with lateral outflows greater 
than withdrawals, such as the Northwest Coastal Plain (fig. 17), 
show a different pattern. Generally, storage loss in 2000 changed 
to storage increase in 2023, as previously discussed. However, 
downward flow from overlying units increased over time, and 
lateral flow to other regions and to the unassigned region increased 
in magnitude and in portion of the groundwater budget. Other 
nuances in regional budgets in the Potomac aquifer detailed in 
figures 17, 18, 19, 20, 21, 22, and 23 and in table 6 are not discussed 
further here.

Groundwater Budgets with Simplified 
Hydrogeologic Units for the Virginia Eastern 
Shore Model

For the purposes of this analysis, the Eastern Shore budget  
region is effectively isolated from the budget regions on the west 
side of the Chesapeake Bay. Flows in or out of the Eastern Shore 
budget region are to or from coastal water bodies or the saline  
groundwater interface, as discussed previously. Because this local  
aquifer system is simulated with a separate local model, the 
groundwater budget for this region is presented separately here. 
In terms of net recharge, the Eastern Shore is the fourth largest of 
the defined budget regions, with about 14 percent of the overall 
total for the Virginia Coastal Plain in 2023. However, with fresh 

groundwater only in the surficial and Yorktown-​Eastover aquifer 
system, total storage of fresh groundwater in this system is more 
limited than for most other regions of the Coastal Plain.

As with the Virginia Coastal Plain west of the Chesapeake 
Bay, groundwater flow budgets for the Virginia Eastern Shore are 
dominated by net recharge to the water table, and flow outward to 
coastal water bodies (fig. 24; table 5). Because the Eastern Shore 
aquifer system is mostly horizontally layered (figs. 4 and 6), there 
is no simulated recharge to units other than the surficial aquifer. 
Furthermore, uniform simulated recharge rates over time mean 
simulated net recharge changes little over the simulated periods. 
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Figure 17.  Pie charts showing simulated yearly groundwater budgets 
for the Potomac aquifer in the Northwest Coastal Plain region of the 
Virginia Coastal Plain for the years A, 2000, and B, 2023. Flow rates 
from Gordon and others (2025). Rates are in cubic feet per day.
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Much more detail can be observed in the groundwater budgets for 
the simplified hydrogeologic units: the surficial aquifer (fig. 25), 
the Yorktown-​Eastover upper confining unit (fig. 26), the combined 
Yorktown-​Eastover aquifer system (figs. 27 and 28), and the St. 
Marys confining unit (fig. 29).

In evaluation of long-​term groundwater resources, important 
components of the simulated groundwater budget—such as  
withdrawals of water from the aquifer system, groundwater flow to  
other adjacent hydrogeologic units, and changes in groundwater  
storage—can be better evaluated once the surficial recharge component  
is removed. Consequently, the surficial budget components are not 

discussed here in further detail, other than noting that groundwater 
budget components in the confined hydrogeologic units are only a 
small fraction of net recharge. Also, because annual variations in  
groundwater budgets in the confined part of the Eastern Shore aquifer  
system are quite small (fig. 28), they are not discussed here in detail, 
though charts are included in parallel with the analysis for the other 
budget regions.

In the early model period ending in 1901, simulated storage was  
increasing (negative sign) in the confined units, because flow was 
downward and outward from the center of the peninsula (Sanford 
and others, 2009), and withdrawals were zero or close to zero. For 
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Figure 18.  Pie charts showing simulated yearly groundwater budgets 
for the Potomac aquifer in the Northern Neck region of the Virginia 
Coastal Plain for the years A, 2000, and B, 2023. Flow rates from Gordon 
and others (2025). Rates are in cubic feet per day.
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Figure 19.  Pie charts showing simulated yearly groundwater budgets 
for the Potomac aquifer in the Middle Peninsula region of the Virginia 
Coastal Plain for the years A, 2000, and B, 2023. Flow rates from Gordon 
and others (2025). Rates are in cubic feet per day.
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most of the time since then, storage decreased (positive sign) in all  
units as withdrawals increased gradually then leveled off near current  
(2023) rates (fig. 28). Simulated groundwater withdrawal in 2023  
was more than 20 percent higher than in 2000 entirely from the 
Yorktown-​Eastover aquifer system, resulting in an increase in 
groundwater flow through the system of close to 20 percent greater.

The large proportion of the total storage decline in the St. Marys  
aquifer rather than in the combined Yorktown-​Eastover system 
(table 5) demonstrates where most recent changes in the system 
are occurring. With water levels relatively stable in the combined 
Yorktown-​Eastover aquifer system in recent years, more water is 

flowing into the aquifer from the St. Marys confining unit below, 
and this is the unit undergoing the greatest storage depletion. Overall,  
storage depletion in 2023 of more than 100,000 ft3/d was substantially  
less than the 2000 total of 121,000 ft3/d. However, storage depletion 
from the combined Yorktown-​Eastover aquifer system in 2023 of 
approximately 10,000 ft3/d was less than half of the rate of 25,000 ft3/d  
in 2000. Conversely, storage loss from the St. Marys confining unit  
in 2023 of about 90,000 ft3/d represented about a 4,000 ft3/d increase.  
Framing the storage change in terms of the withdrawal rate, storage  
loss in 2023 from the entire confined aquifer system below the  
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Figure 20.  Pie charts showing Simulated yearly groundwater budgets 
for the Potomac aquifer in the Middle James region of the Virginia 
Coastal Plain for the years A, 2000, and B, 2023. Flow rates from Gordon 
and others (2025). Rates are in cubic feet per day.
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Figure 21.  Pie charts showing simulated yearly groundwater budgets 
for the Potomac aquifer in the York-​James region of the Virginia Coastal 
Plain for the years A, 2000, and B, 2023. Flow rates from Gordon and  
others (2025). Rates are in cubic feet per day.
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surficial aquifer accounted for about 6.5 percent of total withdrawals.  
Storage loss from the combined Yorktown-​Eastover aquifer system 
accounted for less than 1 percent of withdrawals from the aquifer  
system, but only because these withdrawals are causing storage loss 
elsewhere in the confined system. This is important because the St. 
Marys confining unit is known to contain salty water, so the storage 
change in the St. Marys confining unit is indicative of a moving 
saltwater interface.

Consequently, another notable pattern resulting from long-​
term groundwater withdrawal was observed in the flow to the 
Yorktown-​Eastover aquifer system from other hydrogeologic 

units. Groundwater flow into the Yorktown-​Eastover aquifer system  
in 2000 of about 1,200 ft3/d was almost 4 times the rate of inflow 
during the 1901 model period (table 5). The rate of inflow in 2023  
of nearly 1,500 ft3/d was approximately another 20 percent higher  
than in 2000 (table 5; fig. 27). This indicates that small recent  
increases in withdrawals, along with continued equilibration of 
the Yorktown-​Eastover aquifer system, are resulting in increased 
flow into the aquifer system, mostly from the overlying confining  
unit. The simulated net inflow rate in 2023 for the Yorktown-​Eastover  
aquifer system was only slightly less than the withdrawal rate,  
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Figure 22.  Pie charts showing Simulated yearly groundwater budgets 
for the Potomac aquifer in the Chowan region of the Virginia Coastal 
Plain for the years A, 2000, and B, 2023. Flow rates from Gordon and 
others (2025). Rates are in cubic feet per day.
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Figure 23.  Pie charts showing simulated yearly groundwater budgets 
for the Potomac aquifer in the Southeast Virginia region of the Virginia 
Coastal Plain for the years A, 2000, and B, 2023. Flow rates from Gordon 
and others (2025). Rates are in cubic feet per day.
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indicating inflows from other units account for almost all current  
withdrawals. About 94 percent of the flow into the Yorktown-​ 
Eastover aquifer system in 2023 was downward through the  
overlying confining unit, while the remaining 6 percent was  
from the underlying St. Marys confining unit. Incidentally, the  
proportional contribution from the St. Marys confining unit 
accounted for about 91 percent of the withdrawal total in 2000, 
but the rate of flow from the St. Marys was slightly smaller. In 2023,  
the inflow into the combined Yorktown-​Eastover aquifer system 
from the overlying unit of about 1.4 million ft3/d was 8.9 percent 

of net recharge to the water table, up from 7.3 percent in 2000. This  
is 93 percent of all flow into the Yorktown-​Eastover aquifer  
system, but only 2 percent of total recharge at the water table. Small  
increases to this proportion are predicted for the future.

If withdrawal rates in the future remain similar to present rates,  
predicted incremental changes in the groundwater budget for this 
aquifer system are proportionally small. While overall storage loss  
from the system is predicted to decrease in the future, the proportion 
of storage loss contributed by the St. Marys confining unit is predicted  
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Figure 24.  Pie charts showing simulated yearly groundwater budgets 
for the entire Virginia Eastern Shore model area for A, 2000, and B, 2023. 
Flow rates from Gordon and others (2025). Rates are in cubic feet per day.
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Figure 25.  Pie charts showing simulated yearly groundwater budgets 
for the unconfined surficial aquifer in the Virginia Eastern Shore model 
for A, 2000, and B, 2023. Flow rates from Gordon and others (2025). Rates  
are in cubic feet per day.
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to grow. Another predicted future result of groundwater pumping 
near current rates is increased flow into the combined Yorktown-​
Eastover aquifer system at rates higher than the present (2023).

Sustainability of Groundwater Resources in the 
Virginia Coastal Plain Aquifer System

The results of the water budgets quantify the total volume of  
flow to the primary aquifers, including the Potomac aquifer for the  
Virginia Coastal Plain and the Yorktown-​Eastover aquifer system  

on the Eastern Shore; however, estimation of a sustainable pumping 
rate for the confined aquifers is a complex problem. According to 
Alley and others (1999), resource sustainability has proved to be  
an elusive concept to define in a precise manner and with universal  
applicability, and the concept of groundwater sustainability and  
its application to real situations is multifaceted and complex. 
Groundwater sustainability has been defined by the USGS as 
the use of groundwater in a manner that can be maintained for  
an indefinite period without causing unacceptable environmental,  
economic, or social consequences (Alley and others, 1999). The  
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Figure 26.  Pie charts showing simulated yearly groundwater budgets 
for the Yorktown-​Eastover upper confining unit in the Virginia Eastern  
Shore model for A, 2000, and B, 2023. Flow rates from Gordon and others  
(2025). Rates are in cubic feet per day.
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Figure 27.  Pie charts showing simulated yearly groundwater budgets 
for the combined Yorktown-​Eastover aquifer system in the Virginia  
Eastern Shore model for A, 2000, and B, 2023. Flow rates from Gordon  
and others (2025). Rates are in cubic feet per day.
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definition of “unacceptable consequences” is largely subjective and  
may involve many criteria. Devlin and Sophocleous (2005) and Zhou  
(2009) make a distinction between safe yield and sustainability, where  
sustainability is the amount of water that can be withdrawn without 
depleting an aquifer and safe yield also involves concerns for 
ecological thresholds and water quality. Romano and Preziosi 
(2010) demonstrated that the relationship between pumping and  
recharge at the local scale is important. Local hydraulic properties, 
such as transmissivity and storativity, determine the amount of  
drawdown that occurs from pumping a well. At the local scale, 
aquifer properties and recharge can affect the sustainable pumping  

rate for the aquifer; however, because surface-​water and groundwater  
systems are connected, pumping can result in reductions in discharge  
to streams, which may affect ecological systems and cause resource 
management issues (Bredehoeft, 2002; Barlow and Leake, 2012).

In river ecosystems, reductions in streamflow are linked to 
reductions in macroinvertebrates (Kennen and others, 2014) and 
fish (Bain and others, 1988; Bradford and Heinonen, 2008); during 
some seasons, groundwater discharge (base flow) is typically the 
primary source of streamflow for gaining stream systems like those 
in the Mid-​Atlantic region. In addition, wetlands are also affected by 
decreases in groundwater discharge. Wetlands cover approximately 
4 percent of the state of Virginia (Dahl, 1990), and these wetlands  
occur in both tidal and nontidal environments. Tidal wetlands 
(marshes) are the second largest category of wetlands in the state. 
Previous studies indicated that tidal marshes are predominantly 
affected by surface-​water inundation from tidal oscillations, but 
Guimond and others (2025) suggest that the benefits of marshes,  
such as nutrient removal and accretion of organic matter, are  
influenced by groundwater discharge. In this study, water budgets 
that indicated a small decline in river leakage coincided with a large 
loss in storage, which suggests that a return to pumping rates prior 
to 2010, when pumping rates were reduced, could result in reduced 
groundwater discharge to streams.

The largest fluctuation in groundwater storage is driven by the 
difference between recharge and evapotranspiration in the surficial  
aquifer. Therefore, future water supply could be affected by changes 
in net recharge. In this study, recharge was assumed to be constant for  
future years. However, a change in the recharge rates could alter the  
sustainability of future groundwater extraction. Predicting future 
recharge is dependent on the type of climate model used, and few  
studies have estimated future recharge in Virginia. The water budgets  
for the Potomac aquifer indicate there was substantial storage decline  
between the 1950s and 2008, and the rate of storage decline subsided  
as pumping reductions occurred in the early 2000s. Additional  
pumping, beyond current (2023) rates, likely will cause additional 
storage decline and negatively affect the long-​term sustainability 
of groundwater supply, particularly for the confined aquifers that 
currently provide most of the withdrawn water.

Assumptions and Limitations of Groundwater 
Budget Analyses

Some underlying limitations of the groundwater budget analyses  
in this report contribute to uncertainty in the results. Model accuracy 
is limited because of simplifications of the hydrogeologic model  
layering or boundary conditions represented in the Virginia Coastal 
Plain and Eastern Shore models, respectively (Heywood and Pope, 
2009; Sanford and others, 2009), and this can affect the resulting 
water budget. Hydrogeologic units were identified by correlating 
hundreds of borehole records over approximately 13,000 square 
miles (McFarland and Bruce, 2006), so there are uncertainties  
related to the thickness of each unit across the model. The size of 
the model grid cells introduces spatial discretization limitations.  
Because of the coarse grid resolution used in the Virginia Coastal  
Plain model (1 square mile per grid cell), surface-​water features such  
as rivers and streams are not well represented which results in  
river discharge values that may be higher or lower than observed 
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Figure 29.  Pie charts showing simulated yearly groundwater budgets 
for the St. Marys confining unit in the Virginia Eastern Shore model for 
A, 2000, and B, 2023. Flow rates from Gordon and others (2025). Rates 
are in cubic feet per day.
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groundwater discharge to surface water. The Hydrogeologic-​Unit  
Flow package used in the Virginia Coastal Plain model allows cells 
to belong to more than one hydrogeologic unit, so a simplification  
was made in which the unit with most of the cell was assigned to  
the intersected hydrogeologic unit. In addition to the limitations  
introduced by the modeling assumptions, model calibration contributes  
to uncertainty in the results. Inverse groundwater modeling produces  
non-​unique solutions; therefore, more than one set of aquifer properties  
can provide the same fit with the data. Generally, the groundwater  
flow direction would not be expected to change with different 
aquifer parameters, but changes in properties such as hydraulic 
conductivity, storage, and porosity distribution could alter the 
volumetric flow rates and produce differences in the budget. Even 
so, both groundwater models have performed reasonably well with 
matching flows and hydraulic heads to historical measurements at the  
intended regional scale, and numerical errors in yearly flow budgets  
were well below 2 percent of the budget totals for simulated periods.

This report does not assess the affect of new pumping on water  
availability in the Virginia coastal plain model because that analysis 
would require a robust definition of management priorities to optimize,  
and additional model runs to assess different future pumping scenarios.  
The Virginia Coastal Plain model was spatially discretized as a  
regional model, so evaluations at that scale are most appropriate. A 
finer grid cell size would likely be needed to assess the connection 
between the surficial aquifer and streams to quantify changes in 
groundwater discharge from the surficial aquifer resulting from 
pumping. The model is more appropriate for simulation of the 
confined part of the aquifer system, which was the primary reason 
for its design.

The extent of potential saltwater intrusion is not possible to 
predict accurately from water budget analyses. The location of the 
interface in the deeper aquifers is uncertain and likely has been 
responding to changes in sea level over glacial-​cycle timescales 
(Paldor and others, 2022). Estimating salinity distributions is a 
challenge in isolating the mechanisms and measuring heterogeneous 
offshore discharge and is further affected by the representation of 
geologic heterogeneity (Yu and Michael, 2022). Sanford and Pope  
(2010) demonstrated that the prediction of salinization is difficult to  
achieve because the salinity distribution is affected by previous sea-​ 
level fluctuations. Additional research to better parameterize aquifer  
heterogeneity in the Virginia Coastal Plain would improve predictions  
of saltwater intrusion. The results of this study suggest there is 
potential for ongoing and future intrusion of salty groundwater, 
particularly for the Eastern Shore, but this is not well quantified in 
the budget analyses in this report.

Summary and Conclusions
The widespread decline in groundwater levels in confined 

Coastal Plain aquifers has changed groundwater conditions  
substantially from historical conditions, reducing the quantity of 
groundwater in storage, altering directions of groundwater flow, 
inducing saltwater intrusion in aquifers in some coastal areas, and 
causing aquifer-​system compaction and land subsidence, leading 
to increasing rates of relative sea-​level rise. All these factors led to 
increased public concerns about the availability and sustainability of 
groundwater resources in the Virginia Coastal Plain aquifer system.

Groundwater models for the Virginia Coastal Plain and  
Virginia Eastern Shore, developed by the U.S. Geological Survey 
in cooperation with Virginia Department of Environmental Quality 
have been used to help evaluate and predict groundwater flow 
through the aquifer systems. The application of detailed zone 
budget evaluations to these models has enabled more detailed  
evaluation and greater understanding of both vertical flow through 
aquifers and confining units and lateral flow across geographic  
regions. Decades of substantial groundwater withdrawal from the 
aquifer system have altered groundwater flow from prior conditions, 
as demonstrated with both the Virginia Coastal Plain and Eastern 
Shore groundwater models.

To quantify spatial variation in groundwater flow through 
the aquifer system, the Coastal Plain of Virginia was divided 
geographically into 8 groundwater budget regions. Groundwater 
budgets for the 7 budget regions west of the Chesapeake Bay  
were computed using the Virginia Coastal Plain groundwater  
model, and budgets for the Eastern Shore were computed with a 
separate groundwater model developed for that peninsula. Within 
groundwater budget regions, the aquifer system was subdivided 
by hydrogeologic unit, with subsequent simplified grouping of 
hydrogeologic units to highlight flow into the primary aquifers 
of interest. For the Virginia Coastal Plain as a whole, the primary  
aquifer of interest is the Potomac aquifer, which supplies the largest 
portion of groundwater withdrawal, especially for larger users. For  
the Eastern Shore peninsula, the primary aquifer of interest is the  
Yorktown-​Eastover aquifer system, which supplies most of the  
groundwater withdrawal and is the only source of fresh groundwater  
beneath the thin, unconfined surficial aquifer.

For Virginia groundwater budget regions other than the  
Eastern Shore, withdrawal rates in recent years (2010–2023) that are  
well below historical reported maximum have enabled simulated 
moderate recovery in groundwater storage in some parts of the 
aquifer system, particularly the Potomac aquifer, from which most  
water is withdrawn. Conversely, for the Eastern Shore region,  
withdrawal rates in several years prior to the present (2023) have 
been near reported historical maximums, leading to continued  
depletion of storage in the aquifer system and indicators of continued  
upward and lateral saltwater intrusion into the confined Yorktown-​
Eastover aquifer system.

Groundwater budgets for the Virginia Coastal Plain demonstrate  
that groundwater flow is generally outward from the surficial aquifer  
to rivers and coastal water bodies and downward through a series 
of underlying aquifers and confining units to the Potomac aquifer, 
which is the deepest aquifer and the source of most groundwater  
withdrawals. Downward flow reaching the Potomac aquifer currently  
(2023) is estimated to be only 7 percent of the total net recharge 
at the water table but makes up about 66 percent of inflows to the 
aquifer in Virginia. Lateral flows inward to defined groundwater 
budget zones in Virginia provide most of the remaining inflow to 
the Potomac aquifer. For several decades prior to 2010, high rates  
of withdrawal from the Potomac aquifer resulted in substantial  
decline in groundwater storage in the aquifer and in most overlying  
confined units. In the years since 2010, through the present (2023), 
rates of withdrawal substantially lower than the reported maximum 
have resulted in small net increases in groundwater storage in the  
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confined aquifer system for most regions of the Coastal Plain in  
Virginia. However, a relatively small rate of storage decline continues  
in the Potomac aquifer in areas outside of Virginia groundwater  
budget regions and in several of the hydrogeologic units overlying  
the Potomac aquifer. Under conditions when withdrawal rates were 
near historical maximums, close to 40 percent of total withdrawal  
from confined aquifers below the surficial were supplied by storage  
decline in the confined system, with about 86 percent of the storage  
decline from confined units other than the Potomac aquifer.  
Downward flow into the confined aquifer system has been influenced  
by pumping rates, with increased downward flow occurring during 
periods of higher withdrawal, such as the decade from about 1999 
to 2009. Downward flow continues under current (2023) conditions,  
but flow rates are lower than in earlier decades with larger 
withdrawals. Even now, the downward flow induced by pumping 
is a large and important portion of groundwater budgets for confined  
aquifers, including the Potomac aquifer.

Geographically, groundwater flow in the confined part of the  
Virginia Coastal Plain is generally inward from perimeter regions  
of the Virginia Coastal Plain toward central regions with the largest 
withdrawal rates, including the Middle Peninsula, the Middle James,  
the York-​James, and Southeast Virginia. Overall, small rates of  
ongoing storage depletion in the entire groundwater model, including  
areas outside of defined budget regions in Virginia, indicate loss of 
storage in the area beneath the Chesapeake Bay. This could mean  
inward movement of the salty groundwater interface, though that is 
not well quantified with the model zonation chosen for this study.

Groundwater budgets from the Virginia Eastern Shore model 
indicate that groundwater flow for the isolated aquifer system of that  
peninsula is generally outward from the surficial aquifer to coastal  
water bodies and downward into the confined Yorktown-​Eastover 
aquifer system, which is the source of most withdrawals. Downward  
flow into the confined Yorktown-​Eastover aquifer system is estimated  
to be about 2 percent of total recharge and less than 9 percent of net  
recharge but makes up more than 93 percent of all inflows to the  
aquifer. Decades of substantial but relatively consistent groundwater 
withdrawals have induced greater downward flow rates into the 
confined aquifer system and have resulted in loss of groundwater 
from storage. Currently (2023), estimated storage loss accounts for  
slightly under 7 percent of withdrawals from the confined aquifer  
system. The current (2023) withdrawal rate from the confined 
Yorktown-​Eastover aquifer system is near the highest reported 
rate for the Eastern Shore, which means that storage depletion 
is expected to continue at or near the current rate, even though  
groundwater levels seem to be relatively stable, with only slight  
declines in recent years. Estimated groundwater flow rates upward 
from the confining unit underlying the Yorktown-​Eastover aquifer 
system and small rates of inflow from coastal water bodies  
underscore ongoing concerns about intrusion of salty groundwater.

Continued depletion of groundwater storage, even at small  
rates, and apparent inward groundwater flow from coastal regions 
contribute to continued public concerns about sustainability of 
groundwater resources for the Virginia Coastal Plain. Higher  
simulated rates of storage depletion for the Eastern Shore indicate 
that part of the aquifer system is at higher risk, with a smaller  
amount of total groundwater storage, a smaller rate of downward 
flow from overlying units into the confined system, and indicators 

of intrusion of salty groundwater near the coast. Aside from the 
Eastern Shore, recent recovery in storage and relatively steady 
groundwater levels over the past 10 to 15 years for the Virginia 
Coastal Plain have alleviated some previous concerns about the  
effects of unsustainable rates of groundwater withdrawal. However, 
groundwater budgets from the period of highest historical  
withdrawal rates highlight the potential problems associated with a 
return to those higher rates of withdrawal. The continued viability 
of groundwater supply from the Viriginia Coastal Plain aquifer  
system will likely depend on continued careful use of this resource, 
which can be partly informed by models that enable quantification 
of groundwater budgets and estimation of future effects of current 
practices.
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