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CONVERSION FACTORS, VERTICAL DATUM, AND ABBREVIATED WATER-QUALITY UNITS

Multiply By To obtain
inch (in.) 254 millimeter
foot (ft) 0.3048 meter
mile (mi) 1.609 kilometer
acre 0.4047 hectare
square mile (mi?) 2.590 square kilometer
foot per day (ft/d) 0.3048 meter per day
inch per year (in/yr) 254 millimeter per year
square foot per day (ft/d) 0.09290 square meter per day
pound per acre per year [(Ib/acre)/yr] 1.121 kilogram per hectare per year
gallon per minute (gal/min) 0.06308 liter per second
cubic foot per second (ft/s) 0.03005 liter per second

Water temperature in degrees Celsius (°C) can be converted to degrees Fahrenheit (°F) by use of the following equation:

F=18(C)+32

Sea level: In this report, “‘sea level” refers to the National Geodetic Vertical Datum of 1929—a geodetic datum derived
from a general adjustment of the first-order level nets of the United States and Canada, formerly called Sea Level Datum

of 1929.

Water-quality units: Chemical concentrations, water temperature, and specific conductance are given in metric units.
Chemical concentration is expressed in milligrams per liter (mg/L). Specific conductance is expressed in microsiemens
per centimeter at 25 degrees Celsius ()LS/cm). This unit is equivalent to micromhos per centimeter at 25 degrees Celsius
(umho/cm), formerly used by the US Geological Survey.
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Ground-Water Flow, Geochemistry, and Effects of
Agricultural Practices on Nitrogen Transport at Study
Sites in the Piedmont and Coastal Plain Physiographic
Provinces, Patuxent River Basin, Maryland

By E. Randolph McFarland

Abstract

The effects of agricultural practices on nitrogen trans-
port were assessed at two 10-acre study sites in the Patux-
ent River Basin, Maryland, during 1986-92. Nitrogen
load was larger in ground water than in surface runoff at
both sites. Denitrification and (or) long traveltimes of
ground water at the study site in the Piedmont Province
resulted in lower concentrations of nitrate than at the site
in the Coastal Plain Province. The study period was brief
compared to traveltimes of nitrogen in ground water of
several decades. Therefore, the effects of agricultural
practices were observed only in parts of both sites.

At the Piedmont site, nitrate concentration in two
springs was 7 mg/L (milligrams per liter) two years after
corn was grown under no-till cultivation, and decreased to
3.5 mg/L during 4 years while cultivation practices and
crops included no-till soybeans, continuous alfalfa, and
contoured strips alternated among com, alfalfa, and soy-
beans. Nitrogen load in ground water decreased from 12
to 6 (Ib/acre)/yr (pounds per acre per year).

At the Coastal Plain site, the concentration of nitrate
in ground water decreased from 10 mg/L after soybeans
were grown under no-till cultivation for 2 years, to
9 mg/L after soybeans were grown under conventional till
cultivation for 3 years. No-till cultivation in 1988
resulted in a greater nitrogen load in ground water (12.55
(Ibs/acre)/yr), as well as greater ground-water recharge
and discharge, than conventional till cultivation in 1991
(11.51 (Ibs/acre)/yr), even though the amount and timing
of precipitation for both years were similar.

INTRODUCTION

Degradation of water quality in the Chesapeake Bay
drainage basin has been attributed in part to farming prac-
tices (Chesapeake Implementation Committee, 1988).
Surface runoff from farmland erodes soil and transports
fertilizers, pesticides, and animal wastes to streams. Con-
sequently, loads of nutrients, sediment, and toxic sub-
stances in streams and rivers that discharge to Chesapeake
Bay are increasing. In an effort to improve water quality
in the bay, Federal and State agencies are promoting agri-
cultural practices that conserve soil and minimize the
application of agricultural chemicals and animal wastes.
Government programs encourage farmers to adopt agri-
cultural “best management practices” (BMP’s), some of
which include planting of cover crops, manure manage-
ment, terracing, crop rotation, contour plowing, strip
cropping, and conservation tillage (U.S. Department of
Agriculture, 1985). Some BMP’s are intended to improve
the efficiency of applied chemical fertilizers, pesticides,
and manure by altering the types, amounts, and timing of
application and cropping. Other BMP’s are designed to
conserve soil and retain applied chemicals and manure by
increasing infiltration of precipitation into the soil,
thereby reducing surface runoff and erosion.

Precipitation that infiltrates the land surface perco-
lates downward through the soil and recharges the ground
water. Sediment and chemicals that sorb to sediment are
filtered by soil; however, dissolved chemicals can be
transported to ground water. Concentrations of certain
chemicals in ground water, most notably nutrients (nitro-
gen, phosphorus, and potassium) that originate from
chemical fertilizers and manure, can be increased above
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natural concentrations by farming practices. Other chem-
icals used in farming, such as pesticides, that would not be
present naturally in ground water, are sometimes added.
Although the rate of transport of some chemicals could be
slowed in soil, agricultural practices that increase infiltra-
tion also increase the potential for higher concentrations
of nutrients and pesticides in ground water because the
amount of chemicals removed by surface runoff is less.

Some of the water in streams and rivers does not orig-
inate as surface runoff, but is supplied by discharge of
ground water as base flow. Thus, an agricultural practice
intended to preserve surface-water quality, by diverting
chemicals to ground water, could be ineffective because
the chemicals will eventually enter streams in ground-
water discharge. In addition, increased infiltration and
recharge could steepen hydraulic gradients and increase
rates of ground-water flow and chemical transport to
receiving streams.

In 1986, the U.S. Geological Survey (USGS), in
cooperation with the Maryland Department of the Envi-
ronment, began an investigation to determine the effects
of particular agricultural practices on nitrogen transport in
ground water. Collection of ground-water hydrologic and
chemical-quality data began in August 1986 at two study
sites in small rural subbasins of the Patuxent River Basin
in Maryland, a major tributary of Chesapeake Bay. One
study site was located in the Piedmont Physiographic
Province, hereafter referred to as the “Piedmont site”, and
the other study site was located in the Coastal Plain Phys-
iographic Province, hereafter referred to as the “Coastal
Plain site”. Both study sites were initially instrumented
for a related project, conducted by the USGS and the
Maryland Department of the Environment, to study non-
point-source contamination of surface water in the Patux-
ent River Basin (Summers, 1986).

Nitrogen, one of the chemicals that has increased in
ground water as a result of farming in Maryland and other
parts of the country, was chosen for study because nitro-
gen significantly affects the quality of water in Chesa-
peake Bay (Fisher, 1989; Officer and others, 1984; Ryther
and Dunstan, 1971). Excess nitrogen results in eutrophic
conditions in the Bay that are deleterious to aquatic eco-
systems. Nitrogen transport is difficult to control because
nitrogen generally is mobile in the subsurface environ-
ment. In addition, excess nitrogen in ground water
degrades the quality of drinking water from water-supply
wells through increased health hazards posed by nitro-
samines, some of which are mutagens (Dyer and others,

1984) or carcinogens, and methemoglobinemia, or blue
baby disease (U.S. Environmental Protection Agency,
1977; Shuval and Gruener, 1972).

The two study sites have different geologic and
hydrologic characteristics. Therefore, the effects of agri-
cultural practices on ground water underlying the sites
could differ. The different effects provide a comparison
of transport of nitrogen by ground water under different
hydrogeologic conditions.

Many diverse agricultural practices have been used
under different hydrogeologic conditions throughout the
Chesapeake Bay drainage area. Moreover, farmers typi-
cally change their cropping and cultivation practices for a
particular field from year to year, depending on changes in
weather and economic conditions. “Best management
practice” is a relative term. Some of the first BMP’s to be
developed for reducing runoff and erosion, such as con-
servation tillage, have been in increasingly widespread
use for several years to decades, and are considered to be
an improvement over centuries-old agricultural prac-
tices. Other BMP’s have not yet been as widely imple-
mented because of higher costs or more recent
development.

Relations of agricultural practices to water quality
are complex. The diversity of agricultural practices in use
in the Chesapeake Bay drainage basin can produce effects
that can differ both spatially and temporally. Because of
different hydrologic conditions, a practice that is effective
in one area can be ineffective in another. Weather condi-
tions and previous land use, which can also differ greatly
over time and space, also affect the hydrologic conditions
observed at a particular location at a given time. Despite
these complexities, an evaluation of the effectiveness of
different agricultural practices for protecting and improv-
ing water quality can be approached by determining the
effects of different practices under different hydrologic
conditions.

Purpose and Scope

This report describes the flow and geochemistry of
ground water, and the transport of nitrogen at two study
sites in the Patuxent River Basin in Maryland. Ground-
water data are presented for the period from August 1986
through August 1992.

Characteristics of aquifers, directions and rates of
ground-water flow, and relations among different compo-
nents of flow through the study sites are described.
Ground-water flow is simulated by use of numerical
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models. Model boundaries and calibration procedures are
described. Simulated ground-water flow is compared to
measured precipitation and surface runoff, and to other
unmeasured flow components including evapotranspira-
tion, and storage and interflow in the unsaturated zone.

The chemical composition of ground water at the
study sites is described. Possible chemical-weathering
reactions and solute-transport processes are examined to
account for the observed major-ion composition of the
water. Chemical transformation reactions among nitrogen
species are described to account for the distribution of
nitrogen species in ground water.

Nitrogen concentrations in surface runoff, soil water,
and ground water are analyzed to determine the effects of
agricultural practices and other factors on nitrogen trans-
port at the study sites. Spatial and temporal distributions
of nitrogen concentration are examined to infer controls
on nitrogen transport, and nitrogen loads in surface runoff
and ground water are estimated using nitrogen-concentra-
tion and flow data. Changes in nitrogen concentration and
load in surface runoff and ground water are related to
changes in agricultural practices.

Description of Study Sites

The two sites selected for the study are within the
Patuxent River Basin in Maryland (fig. 1). The Patuxent
River is 110 mi long and drains an area of about 930 mi?
from central Maryland to the western shore of Chesa-
peake Bay. The climate throughout the basin is humid-
temperate, with warm summers and mild winters. Annual
precipitation is about 43 in. The basin spans two dis-
tinctly different physiographic provinces—the Piedmont
and the Coastal Plain. The Fall Line separates the Pied-
mont Province to the northwest from the Coastal Plain
Province to the southeast.

Physiography

The headwaters of the Patuxent River are in the Pied-
mont Physiographic Province. Within the Patuxent River
Basin, the Piedmont Province is generally characterized
by rolling terrain. Residual soils from O to more than
100 ft thick overlie bedrock that consists of igneous and
metamorphic rocks of late Proterozoic and early Paleo-
Zoic age.

The Coastal Plain Physiographic Province has well-
drained soils, and is characterized by rolling terrain with
deeply incised stream valleys in the northwestern part and

gently rolling-to-level terrain in the southeastern part.
The Coastal Plain Province contains southeastward dip-
ping strata of unconsolidated to partly consolidated sedi-
ments of Cretaceous, Tertiary, and Quaternary age that
unconformably overlie Piedmont rock.

The hydrogeology of the two provinces is diverse.
Ground water in the Piedmont Province is present in frac-
tures in bedrock and in pores in weathered residuum
developed over the bedrock. Ground water in the Coastal
Plain Province is present in pores in the sediments; thick
sequences of porous and permeable strata form regional
aquifers, and impermeable strata form confining units
between the aquifers.

The Piedmont study site is within a small (approxi-
mately 10 acres) drainage basin (fig. 2) on the property of
the University of Maryland Forage Farm in Howard
County. The land surface is concave. The study site is
bounded by a topographic divide to the north and east.
The surface relief across the site is approximately 70 ft.
Surface soil is loam and gravelly loam of the Manor
Series on the slopes, and silt loam and gravelly silt loam
of the Chester Series on the divide (Matthews and Hersh-
berger, 1968).

The Coastal Plain study site is defined by a small
(approximately 10 acres) drainage basin on the property
of the Jefferson Patterson State Park in Calvert County
(fig. 3). The land surface is relatively flat. The study site
is bounded by a topographic divide to the east, and the
Patuxent River to the west. The surface relief is approxi-
mately 50 ft. The surface soil is silt loam of the Mata-
peake and Mattapex Series, and fine sandy loam of the
Woodstown Series (Matthews, 1971).

Agricultural Practices

Agricultural practices at the study sites were planned
and implemented by the land owner in consultation with
local county extension agents, as they are at many farms
in the region, to meet the needs of the farming operations
(table 1). Neither site was irrigated. Amounts of nitrogen
applied to the sites were estimated from available records.
Nutrients were applied at both sites only as chemical fer-
tilizer and not as manure.

Changes in agricultural practices at the study sites
were made during the study to meet the changing needs of
the farming operations, which is typical of most farms in
the region. The approach taken in this study differed from
another approach commonly followed, in which hydro-
logic processes are characterized on the basis of data col-
lected during a relatively long period (5 to 10 years)

Introduction 3
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Table 1. Agricultural practices at study sites in the Piedmont
and Coastal Plain Physiographic Provinces, Patuxent River
Basin, Maryland

[do., ditto]
Approximate
nitrogen
Cultivation fertilizer
Year Crop method application
(pounds
per acre)
Piedmont Site
1986 Soybeans No-till 0
1987 do. do. 30
1988 Alfalfa Continuous 12
1989 do. do. 0
1990 Corn Contoured strips 30
Alfalfa do. 0
Corn do. 30
1991 Soybeans do. 0
Corn do. 30
Soybeans do. 0
1992 Comn do. 30
Soybeans do. 0
Corn do. 30
Coastal Plain Site
1986 Soybeans No-till 10 (estimated)
1987 do. do. 10 (estimated)
1988 do. do. 10 (estimated)
1989 do. Conventional till 10 (estimated)
1990 do. do. 10 (estimated)
1991 do. do. 10 (estimated)
1992 do. No-till 10 (estimated)

during which little or no change in agricultural practices
takes place. Although a high degree of experimental con-
trol is obtained by using the long-term approach, it is not
representative of what happens at most farms. This study
was designed to observe the effects on ground water of
agricultural practices typically implemented extensively
throughout a region.

Piedmont Site

The Piedmont site is entirely cultivated (fig. 2). A
grass drainage filter strip was maintained at the site
throughout the study period to reduce erosion. The site is
bordered by other farm fields to the north and east, and by
forest to the south and west.

Because the study site is located on the University of
Maryland research farm, relatively detailed records of
agricultural practices are maintained (FL. Walbert, Uni-
versity of Maryland, written commun., 1991). Comn, soy-
beans, and alfalfa were grown at different times before
and during the study period, with generally larger
amounts of nitrogen fertilizer applied to comn than to other
crops (table 1).

Before the study, “no-till” com was grown during
1985. No till is a form of conservation tillage in which
crops are planted without disturbing the land surface or
altering soil structure by plowing as with conventional
tillage, and is intended to reduce surface runoff and ero-
sion (U.S. Environmental Protection Agency, 1987). No-
till soybeans were grown during 1986-87 (table 1). Nitro-
gen fertilizer was not applied to the soybeans at the site in
1986. Soybeans are legumes that obtain much of their
required nitrogen from the atmosphere. Additionally,
residual nitrogen probably was present in the soil because
approximately 68 1b/acre of nitrogen fertilizer had been
applied during 1985 when no-till com was grown. Nitro-
gen that was applied to comn could have been retained in
the soil by a cover crop of barley that was planted after the
com was harvested. In 1987, approximately 30 Ib/acre of
nitrogen was applied to the site. The soybeans were har-
vested both years by combining, which removes the beans
but leaves the roots and cut stalks intact and spreads the
remaining plant debris over the land surface. Decomposi-
tion of the plant debris reincorporates nitrogen into the
soil.

During 1988-89, continuous (grown throughout the
year) alfalfa was grown to treat an infestation of Johnson
grass weed. Alfalfa can tolerate an herbicide that is used
to kill Johnson grass. The alfalfa was planted in 1988
after conventionally tilling the site and applying approxi-
mately 12 Ib/acre of nitrogen. No additional nitrogen was
applied during 1989 because alfalfa is a legume that
derives nitrogen from the atmosphere. Alfalfa was inter-
mittently removed from the site by mowing and collecting
the clippings.

During 1990, the site was divided into three strips ori-
ented parallel to topographic contours, along which plant-
ing and other cultivation operations were conducted.
Contouring is a relatively progressive BMP that is
intended to reduce soil erosion and contaminant transport
(U.S. Environmental Protection Agency, 1987). In addi-
tion, corn, alfalfa, and soybeans were alternated on the
contoured strips during 1990-92, which made more effi-
cient use of the nitrogen in the soil. During 1990, alfalfa
in two of the strips (2 and 4 acres) was plowed under and
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no-till cultivation of corn was begun. The intervening
center strip (3 acres) remained in alfalfa. During 1991, the
alfalfa in the center strip was plowed under and no-till
cultivation of corn was begun. In the two adjacent strips,
no-till soybeans followed the previous year’s con. Dur-
ing 1992, the center strip was planted with no-till soy-
beans and the two adjacent strips were planted with no-till
corn. Approximately 30 Ibs/acre/yr of nitrogen were
applied to strips planted in corn. No nitrogen was applied
to strips planted in soybeans and alfalfa. Nitrogen was
reincorporated into the soil by the decomposition of plant
remains after harvest. In addition, approximately

80 Ib/acre of nitrogen could have been released by plow-
ing under the alfalfa prior to planting corn (Pennsylvania
State University, 1987).

Coastal Plain Site

The Coastal Plain site is entirely cultivated (fig. 3).
A 50-ft-wide buffer strip of small trees and undergrowth
was maintained throughout the study period between the
cultivated area and the shore of the Patuxent River. The
site is bordered by other farm fields to the north, south,
and east, and by several farm buildings in a farmyard to
the east.

The farmyard probably does not have a large effect on
conditions at the study site. No animals were kept in the
farmyard or buildings during and just prior to the begin-
ning of the study, and the buildings were primarily vacant
and received little use. A road grade at the upslope end of
the site separates the site from the farmyard (fig. 3) and
diverts any surface runoff in the farmyard to the east and
away from the site. Also, the shallow aquifer under
unconfined conditions does not extend beneath the farm-
yard (see section on “Hydrogeologic Frameworks™).

Because the Coastal Plain site is on park land that is
leased to a tenant farmer, information on agricultural
practices is less detailed than at the Piedmont site. How-
ever, agricultural practices before and during the study
period also changed less than at the Piedmont site. Soy-
beans were grown throughout the study period at the
Coastal Plain site, but methods of cultivation changed
over time (table 1). In addition, both no till and conven-
tionally-tilled soybeans were grown at the site for a
decade or more prior to the study, with a winter cover crop
of wheat or rye planted during some of those years (S.L.
Boyer, U.S. Geological Survey, written commun., 1988).
However, com could also have been grown in part of the
study site as recently as 1982.

Soybeans were grown using no-till cultivation during
1986-88 and 1992, and using conventional tillage during
1989-91 (table 1). Specific amounts of nitrogen fertilizer
applied during this period are not known. Because histor-
ical records, including the years 1979 and 1984, indicate
consistent application of 10 1b/acre/yr of nitrogen fertil-
izer to soybeans throughout the park (S.L. Boyer, U.S.
Geological Survey, written commun., 1988), similar
amounts are assumed to have been applied at the site dur-
ing the study period (table 1). However, historical records
indicate that 45 Ib/acre/yr or more could have been
applied to corn in part of the site as recently as 1982.

Methods of Investigation

Hydrologic instrumentation was initially installed at
both study sites for a related project, in which nonpoint-
source pollution of surface water in the Patuxent River
basin was studied (Summers, 1986). Data on the quantity
of precipitation and the quantity and quality of surface
runoff were collected using rain gages, runoff-flow gages,
and automatic runoff-water samplers.

For this study, observation wells and piezometers
were installed at the study sites (table 2, figs. 2 and 3) to
measure water levels, nitrogen concentrations and other
chemical-quality characteristics in ground water, and
aquifer characteristics. A network of wells was estab-
lished at the beginning of the study and was later supple-
mented with additional wells. Soil-moisture tensiometers
and ceramic-cup suction lysimeters were installed in the
unsaturated zone above the water table to measure soil-
water content changes, nitrogen and bromide-tracer con-
centrations, and other chemical-quality characteristics.

Water-level measurements were recorded continu-
ously from October 1986 through December 1991 by
automatic recorders at selected wells, and measured
approximately once a month with a graduated steel tape at
all wells and piezometers. Ground-water samples were
collected from most of the wells approximately monthly
for field analysis of pH, dissolved oxygen, specific con-
ductance, and temperature, and laboratory analysis of
nitrogen species. Additional field analyses for alkalinity
and laboratory analyses for major dissolved ions and
selected minor constituents were made once every 3
months for at least 1 year. Selected wells were used for
aquifer pumping tests to obtain estimates of aquifer
hydraulic properties. In addition, geologic and geophysi-
cal (gamma) well logs were obtained to infer the spatial
configurations and compositions of the aquifers.
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Table 2. Construction characteristics of observation wells, springs, lysimeters, and piezometers at study sites in the
Piedmont and Coastal Plain Physiographic Provinces, Patuxent River Basin, Maryland
[do., ditto; >, greater than; --, no data]

Sampling interval

Station Range of depth Elevation of land-
number! Lithology Depth to top Depth to bottom to water level surface datum
(feet) (feet) (feet) (feet above sea level)
Piedmont Site

Observation wells
HO Cd 20 Schist 30 96 5- 11 425.70
HO Cd 21 do. 55 96 12- 19 434.18
HO Cd 25 do. 60 97 37- 47 470.90
HO Cd 26 do. 106 143 42— 52 469.94
HO Cd 28 Deep saprolite 41 46 24— 35 453.11
HO Cd 29 do. 63 68 41- 50 470.34
HO Cd 78 Alluvium 9 19 8- 10 425.58
HO Cd 79 Deep saprolite 43 53 23— 30 45237
HO Cd 341 Shallow saprolite 25 30 24->30 453.00
HO Cd 342 do. 20 25 20- 24 436.46

Springs
HO Cd 80 Alluvium 0 2 0- 0 412.96
HO Cd 81 do. 0 2 0- 0 412.40

Lysimeters
HO Cd 253 Shallow saprolite 1 1 - 456.61
HO Cd 290 do. 5 5 -- 456.61
HO Cd 291 do. 10 10 -- 456.61
HO Cd 292 do. 14 14 -- 456.61
HO Cd 390 Alluvium 4 4 -- 427.89
HO Cd 391 do. 7 7 -- 427.89

Coastal Plain Site

Observation wells
CAFc 13 Sand, shells 29 34 26— 31 47.44
CAFc 14 Sand, clay 25 30 26—->30 47.56
CAFc 15 Sand, shells 31 36 15- 18 30.56
CAFc 16 do. 18 23 15- 19 30.75
CAFc 17 do. 27 32 12- 15 22.59
CAFc 18 do. 18 23 6- 10 15.56
CAFc 19 do. 28 33 16— 19 25.49
CAFc 20 do. 22 27 11- 14 20.62
CAFc 21 do. 28 33 17- 21 35.51
CAFc 22 do. 30 35 17- 21 36.52
CAFc 33 do. 12 14 7- 8 12.17
CAFc 34 do. 16 18 7- 8 12.01

Piezometers
CAFc 23 do. 24 26 15- 18 30.49
CAFc 24 do. 23 25 15- 19 31.00
CAFc 25 do. 23 25 14- 17 28.90
CAFc 26 do. 24 26 14- 17 28.69
CAFc 27 do. 10 12 9->12 15.33

!Station number: HO Cd in Howard County, Maryland; CA Fc in Calvert County, Maryland.
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Table 2. Construction characteristics of observation wells, springs, lysimeters, and piezometers at study sites in the
Piedmont and Coastal Plain Physiographic Provinces, Patuxent River Basin, Maryland—Continued

[do., ditto; >, greater than; --, no data]

Sampling interval

Station Range of depth Elevation of land-
number! Lithology Depth to top Depth to bottom to water level surface datum
(feet) (feet) (feet) (feet above sea level)
Coastal Plain Site—Continued
Lysimeters
CAFc 28 Sand, shells 4 4 -- 3140
CAFc 29 do. 9 9 -- 31.40
CAFc 30 do. 14 14 -- 31.40
CAFc 31 do. 2 2 -- 15.46
CAFc 32 do. 5 S -- 15.46

1Station number: HO Cd in Howard County, Maryland; CA Fc in Calvert County, Maryland.

Although cuttings were obtained during drilling, samples
of aquifer materials were not collected with their structure
intact. Therefore, samples of similar materials were col-
lected with their structure intact from surface exposures at
the downslope ends of the study sites, and were used to
infer physical properties of the aquifer materials.

Ten ground-water observation wells were installed at
the Piedmont site (table 2, fig. 2). Six wells (HO Cd 28,
HO Cd 29, HO Cd 78, HO Cd 79, HO Cd 341, and HO Cd
342) were cased with 3.5-in. inside-diameter PVC (poly-
vinyl chloride) to depths ranging from 9 to 63 ft, and have
5- to 10-ft-long screens in the regolith (saprolite and allu-
vium). The remaining wells (HO Cd 20, HO Cd 21, HO
Cd 25, and HO Cd 26) range from 96 to 143 ft deep, with
open holes in bedrock, and were cased with 6-in. inside-
diameter steel through the regolith to bedrock. All cas-
ings were grouted with bentonite. Five of the regolith
wells (HO Cd 28, HO Cd 29, HO Cd 78, HO Cd 341, and
HO Cd 342) were equipped with automatic water-level
recording devices. Stainless-steel well points were
installed for sampling two springs at the downslope end of
the site. Lysimeters were installed in the central part of
the site at depths of 1, 5, 10, and 14 ft, and at the down-
slope end of the site at depths of 4 and 7 ft. At each group
of lysimeters, two soil-moisture tensiometers also were
installed at depths of 2 and 5 ft.

Twelve ground-water observation wells were installed
at the Coastal Plain site (table 2, fig. 3). Five piezometers
also were installed to provide additional water-level data.

Ten of the wells and all the piezometers were cased with
3.5-in. inside-diameter PVC, ranging from 10 to 31 ft
deep, screened in sand, and grouted with bentonite. The
other two wells (CA Fc 33 and CA Fc 34) had stainless-
steel points that were installed in the vegetated buffer strip
at depths of 14 and 18 ft, respectively. Five wells (CA Fc
13, CA Fc 16, CA Fc 18, CA Fc 33, and CA Fc 34) were
equipped with automatic water-level recording devices.
Lysimeters were installed in the central part of the site at
depths of 4, 9, and 14 ft, and at the downslope end of the
site at depths of 2 and 5 ft. At each group of lysimeters,
two soil-moisture tensiometers also were installed at
depths of 2 and 5 ft.

Ground-water samples were collected approximately
monthly from most of the wells at both study sites from
August 1986 through December 1991. Water standing in
the well casings was removed by pumping approximately
three casing volumes prior to sampling. Sampling was
discontinued from the bedrock wells at the Piedmont site
after 1 year, except for a few follow-up samples, because
nitrogen concentrations in these samples were consis-
tently close to or below the detection limits of 0.2 mg/L or
less.

Soil-water samples were collected approximately
monthly except during dry periods when the lysimeters
were unable to obtain an adequate volume of water. A
vacuum was applied to each lysimeter using a small hand
pump, which induced soil water to flow through the
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porous ceramic cup and accumulate inside the lysimeter.
Samples were collected generally within 1 to 2 days of
applying the vacuum.

Ground-water and soil-water samples were collected
and analyzed in the field according to procedures outlined
in the National Handbook of Recommended Methods for
Water-Data Acquisition (U.S. Geological Survey, 1977).
Field measurements included temperature, pH, specific
conductance, alkalinity, and dissolved oxygen. Samples
for nitrogen analysis were collected by passing 250 milli-
liters of water through a cellulose-nitrate filter with 0.45
micron pores into an opaque polyethylene container, pre-
served with 13 milligrams of mercuric chloride, placed on
ice, and shipped by airfreight to the USGS National Water
Quality Laboratory (NWQL) in Denver, Colo. Colorime-
try was used (Skougstad and others, 1979) to analyze for
dissolved nitrogen species, including nitrate, nitrite,
ammonium, and organic nitrogen. Additional analyses
for major ions were made quarterly for 1 year from sam-
ples collected at most of the wells.

Automatic water-level-recorder data and steel-tape
water-level readings were computer processed at the
USGS office in Towson, Md. Water-quality data were
computer processed at the NWQL, and at the Towson, Md
office. All data were processed and stored in the USGS
National Water Information System computer data base,
and have been published in USGS annual data reports for
Maryland (U.S. Geological Survey, 1990).

Transmissivities and horizontal hydraulic conductivi-
ties of the aquifers at both study sites were estimated
using aquifer-test data. Time-drawdown data were ana-
lyzed using the method of Cooper and Jacob (1946), and
by variations of the method of Theis (1935) for nonsteady
flow to an aquifer under leaky-confined conditions (Han-
tush, 1960) in schist at the Piedmont site, and for delayed
yield from storage in an aquifer under unconfined condi-
tions (Boulton, 1963) in regolith at the Piedmont site and
sand at the Coastal Plain site. Most of the wells had rela-
tively shallow depths and small diameters that limited the
rate at which water could be withdrawn. The perfor-
mance of available pumping equipment further limited the
duration and withdrawal rate at all of the wells tested to
2 hours or less and 1 gal/min, respectively.

Because undisturbed samples of aquifer materials
were not collected during drilling, samples of similar
materials were collected with their structure virtually
intact from surface exposures at the downslope ends of
the study sites, and were analyzed for physical properties
including porosity and grain-size distribution. The sur-
face exposures are in steeply eroded areas in alluvium

near the springs at the Piedmont site, and in sand along
the shore of the Patuxent River at the Coastal Plain site.
The materials appeared to be relatively unweathered com-
pared to surface soils and resembled well cuttings in color
and texture. The aquifer samples were collected by
inserting a thin-walled tube into the aquifer material.
Porosity was determined using the method of Vomocil
(1965), and grain-size distribution was determined by
sieving.

Bromide-tracer tests were performed at locations
where lysimeters were installed at both study sites to
determine rates of solute transport through the unsaturated
zone. Approximately 4 1bs of solid sodium bromide were
manually applied to the land surface over an area of
approximately 100 ft? centered on the location of the
lysimeters. Bromide concentration was analyzed using a
bromide-ion specific electrode, in several soil-water sam-
ples collected before application and in most soil-water
samples collected after application.
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GROUND-WATER FLOW

Analysis of solute transport in ground water at the
study sites required an accurate understanding of the
ground-water-flow systems (Reilly and others, 1987).
Furthermore, an understanding of the regional flow sys-
tem in which the study sites are located was needed to
understand the local flow systems in the immediate vicin-
ity of the study sites. Areas where water enters and leaves
the flow systems were identified to determine boundaries
on the systems, and the internal geometries of the systems
were defined to estimate the spatial distributions of flow.
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The resulting conceptualizations of the flow systems were
quantitatively represented by numerical ground-water-
flow models, which were used in analyzing nitrogen
transport.

Hydrogeologic Frameworks

Characteristics of ground-water-flow systems in the
Patuxent River Basin differ between the Piedmont and the
Coastal Plain Physiographic Provinces. Varying hydro-
logic conditions between the study sites result from these
different characteristics.

Piedmont

In the Piedmont, bedrock is overlain by up to 100 ft or
more of regolith. In central Maryland, the regolith typi-
cally ranges in thickness between 20 and 40 ft and is thin-
ner beneath valleys and thicker beneath hilltops
(Richardson, 1980). Regolith consists generally of two
components: (1) a granular residual layer of saprolite
(derived from weathering of underlying bedrock) and (2)
thin, discontinuous alluvial deposits (Heath, 1984).
Saprolite is widely distributed throughout the Piedmont,
whereas alluvium is generally restricted to areas adjacent
to streams (Harned, 1989). Saprolite is generally less per-
meable than alluvium. Within a few feet of the land sur-
face, porous and permeable surface soil grades downward
from the root zone of plants into clay-rich, relatively
impermeable saprolite. The saprolite grades into bedrock
through a transition zone, which can form the most per-
meable part of the flow system (Nutter and Otton, 1969).
The thickness of the transition zone depends on the parent
bedrock, with larger thickness associated with more schis-
tose rock types.

Although the water table can be positioned in bed-
rock, more typically the saturated zone extends upward
into the regolith (LeGrand, 1967). Thus, an unsaturated
zone and saturated zone are within the regolith, and the
saturated zone includes part of the regolith as well as the
bedrock. Ground water is present in regolith in pores
between grains, and in bedrock in fractures. Because
saprolite is derived from bedrock, the hydraulic conduc-
tivity of saprolite on a regional scale of many square miles
is generally similar to its parent rock and can range from
0.001 to 1 ft/d (Heath, 1984). Hydraulic conductivity can
be anisotropic, depending on structures such as foliation
and (or) folds (Harned, 1989). However, the porosity of
saprolite (20-30 percent) is generally much higher than

that of bedrock (0.01-2 percent) on a regional scale. The
hydraulic conductivity of saprolite can be low because
pores are not well connected (Ligon and Wilson, 1972).

Regolith serves as a reservoir that supplies water to an
interconnected network of bedrock fractures that transmit
water to discharge zones (Heath, 1984). Much of the
ground water in storage is in regolith. A comparatively
small volume of water flows in fractures, but flow veloc-
ity through fractures can be relatively fast (Harned, 1989).

Because of its limited availability, ground water in the
Piedmont generally is used only for domestic and small
municipal supplies. Some shallow bored wells draw
water from regolith, but more commonly, wells are drilled
into and draw water from the fractured bedrock system.

Ground water in the Piedmont is recharged by precip-
itation that infiltrates the land surface and percolates
through the unsaturated zone to the water table. The
shape of the water table generally follows the land sur-
face, and the slope of the water table and direction of
ground-water flow generally follow the topographic slope
(LeGrand, 1967). From the water table, water flows
downward because of gravity and laterally to streams, and
generally does not cross topographic divides (Richardson,
1980). Ground water is unconfined in most areas (Rich-
ardson, 1980), although artesian heads can be in deeper
fractures (Nutter and Otton, 1969), usually beneath dis-
charge zones near streams. Stream base flow is supplied
largely by ground-water discharge from regolith (Nutter
and Otton, 1969).

Because stream networks are closely spaced in the
Piedmont, many separate local ground-water-flow sys-
tems are present (LeGrand, 1967). Perennial stream
basins define specific ground-water-flow cells that gener-
ally are separate from surrounding cells, although some
deeper regional flow systems could cover larger areas
(Hamed, 1989). Most ground-water flow takes place
within the upper 30 ft of the flow system, where perme-
ability is highest because of the regolith-bedrock transi-
tion zone and the highest density of fractures in the
shallowest bedrock (Harned, 1989). The most rapid flow
could be in the transition zone (Harned, 1989). The areal
extent of most individual fractures in bedrock is less than
a few hundred feet, although some fracture zones can
extend for several miles (Richardson, 1980). Estimates of
the maximum depth of water-bearing fractures are 300 ft
(Richardson, 1980), 400 ft (LeGrand, 1967), and 800 ft
(Heath, 1989).
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The Piedmont site is underlain by pelitic schist origi-
nally described as belonging to the Wissahickon Forma-
tion, Eastern Sequence (Hopson, 1964), but since
renamed as the Loch Raven schist (Dine and others,
1992). The schist is a medium- to course-grained, mica-
ceous metamorphic rock of Precambrian to Lower Paleo-
zoic age. The study site is positioned between the
Clarksville and Mayfield gneiss domes, and Cockeysville
marble and pegmatite dikes are present nearby (Hopson,
1964). The possibility of pegmatite or quartz veins at the
study site is indicated by angular quartz cobbles and boul-
ders at and near the land surface.

Well logs indicate that the schist bedrock is overlain
by a 30- to 106-ft-thick layer of regolith (fig. 4). The bed-
rock surface is irregular and does not follow the land sur-
face. Beneath most of the study site, the regolith is fine-
grained saprolite that has formed in place by chemical
weathering of the schist. The saprolite is thickest in the
center and upper part of the study site but thins toward the
downslope end of the site. Wells were not logged with
sufficient detail to delineate a transition zone between
saprolite and schist. Regolith in the downslope part of the
study site is permeable coarse-grained alluvium and (or)
colluvium (sand, pebbles, cobbles, and boulders) that was
transported during erosion.

The Piedmont site is at the headwater of a small,
unnamed tributary of the Patuxent River. Ground water at
the site is present in regolith and schist. Although there is
no sustained surface-water flow at the study site, during
brief periods of intense rainfall, surface runoff is chan-
neled toward the downslope end of the site. The water
table is within the regolith and generally follows the land
surface (figs. 2 and 4). The study site consists of a topo-
graphic basin that defines a ground-water-flow cell that
probably is separate from surrounding cells at the local
scale outside of the site. Ground water flows from the
topographic divide toward two small perennial springs at
the southwestern, downslope end of the site.

The approximate water-table position, hydraulic-
head distribution, and ground-water-flow direction are
represented in vertical section (fig. 4), with the spatial
configuration of subsurface materials. The section is ver-
tically exaggerated. Ground-water flow is probably more
complex than is represented by the section for several rea-
sons. The water-table position and head distribution (rep-
resented by potentiometric contours) are based on water
levels measured in wells. There was a range of water lev-
els over time in all wells (table 2). In addition, wells com-
pleted in schist are open over large vertical intervals.
Water levels in the schist wells were assumed to represent

the head in the schist at the midpoint of the open interval
of each well. However, wells in schist intersect one or
more fractures through which water flows, and the distri-
bution and hydraulic characteristics of the fractures are
unknown. Therefore, water levels in schist wells integrate
the different heads in individual fractures, and only
approximately indicate the head distribution in schist.

Hydraulic gradients (table 3, fig. 4) are predominately
(1) horizontal in regolith in the central part of the site, (2)
vertically downward from regolith into schist at the ups-
lope part of the site, and (3) vertically upward from schist
into regolith at the downslope part of the site. The hori-
zontal gradient in schist is less than in regolith. The verti-
cal gradient within regolith in the center part of the site is
small.

Table 3. Approximate mean hydraulic gradients between
selected wells at study sites in the Piedmont and Coastal Plain
Physiographic Provinces, Patuxent River Basin, Maryland
[Positive vertical gradients represent downward flow, and negative vertical
gradients represent upward flow]

Direction of flow Wells Gradient
Piedmont Site
Horizontal in regolith HO Cd 341 -HO Cd 78 0.028
Vertical in regolith HO Cd 341 - HO Cd 28 -.006
Horizontal in schist HOCd25 -HOCd?20 .018
Between regolith HOCd29 -HOCd26 037
and schist
HOCd78 —-HOCd?20 -.045
Coastal Plain Site
Horizontal in sand CAFc13-CAFc18 014
CAFc18-CAFc34 025
Vertical in sand CAFc16-CAFc 15 -.005
CAFc33-CAFc34 .035

Ground water in regolith is unconfined and is
recharged on site by precipitation that infiltrates the land
surface and percolates through the unsaturated zone to
the water table. From the water table, water flows down-
ward because of gravity and laterally toward the springs
(fig. 4). Beneath the upslope part of the study site, water
flows downward from the base of the regolith into
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Figure 4. Hydrogeologic section from figure 2 across the Piedmont study site in
the Patuxent River Basin, Maryland.

fractures in schist. Although not delineated by well logs,
a transition zone between saprolite and schist is probably
present at the base of the regolith. Some water that enters
the transition zone could flow laterally (Harned, 1989),
leaving less water to continue downward into schist.

Ground water in schist is present almost entirely in
fractures because of the low primary permeability of the
schist. The amount of ground water in schist is probably
small compared to the amount stored in regolith. How-
ever, the linear velocity of flow through individual
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fractures could be higher than the average linear velocity
through regolith. The distribution of fractures is unknown
but is likely to differ spatially, being closely spaced along
some zones and comparatively widely spaced in other
areas. Surface drainage can indicate the distribution of
fractures, and a possible fracture zone is indicated by the
position of the small stream that originates from the
springs (fig. 2). The low linear area along which the grass
drainage-filter strip is maintained indicates a continuation
of the zone upslope of the stream. Two wells (HO Cd 20
and HO Cd 21) were installed in schist along the fracture
zone. Pumping of HO Cd 20 resulted in rapid water-level
declines in HO Cd 21, indicating that the wells are con-
nected by fractures that have a small storage capacity.
Other fractures and (or) fracture zones are indicated by
water in the other wells (HO Cd 25 and HO Cd 26)
installed in schist, but the distribution of these fractures is
not indicated by topography or other easily observable
features.

Flow at the springs is ground-water discharge from
regolith. Additional ground water probably discharges
from the site by flowing through regolith and schist
beneath the land surface at the springs (fig. 4) and could
flow to the land surface along the stream further downgra-
dient. The vertical gradient is upward from schist into
regolith beneath the downslope part of the site, and some
of the water in schist probably flows upward into regolith
before discharging from the site.

Coastal Plain

Bedrock dips to the east beneath the Coastal Plain
Physiographic Province and is overlain by a seaward
thickening wedge of unconsolidated sediment. The Fall
Line is the westernmost extent of this sediment and
defines the boundary between the Coastal Plain and the
Piedmont (fig. 1). The thickness of the sediment wedge in
Maryland ranges from O ft at the Fall Line to more than
8,000 ft along the Atlantic Coast (Cushing and others,
1973). Near the mouth of the Patuxent River, the sedi-
ment is about 3,000 ft thick (Overbeck, 1951).

The sediment wedge consists of a sequence of marine
and nonmarine deposits that range in age from Cretaceous
to Miocene (Glaser, 1971). The sediments were deposited
on flood plains and deltas where streams reached the
coast, and then reworked by waves and ocean currents
during repeated marine transgressions (Heath, 1984).
Bedding strikes northeast-southwest and dips southeast at
very shallow angles generally less than 1°, although local
strike rotations and dip reversals are common (Glaser,

1971). The deposits are subdivided into a sequence of
geologic formations that crop out at the land surface along
arcuate bands that parallel the Fall Line, with the ages of
the formations at the land surface decreasing to the south-
east. During Pleistocene time, a thin veneer of nearly flat-
lying sediment was deposited over much of the sediment
wedge (Glaser, 1971). In addition, because sea level fluc-
tuated several hundreds of feet during Pleistocene time,
major river channels were eroded through parts of the
sediment wedge and then refilled with Pleistocene-age
deposits.

The sediment sequence forms a geohydrologic frame-
work of aquifers and confining units (Meng and Harsh,
1988). Permeable formations from which significant
amounts of water are drawn are known as aquifers, and
less permeable formations which partly restrict ground-
water flow are known as confining units. Because of large
thicknesses and large areal extents, Coastal Plain aquifers
provide a widely-used ground-water supply (Heath,
1984).

Unconfined ground water is present primarily in the
Pleistocene deposits (Chapelle and Drummond, 1983).
Much of the unconfined ground water flows relatively
short distances and discharges to nearby streams, but a
small amount flows downward to recharge the deeper
aquifers. Recharge to the deep aquifers is primarily
beneath interfluves (areas of high elevation between
major river valleys) (Harsh and Laczniak, 1990).
Recharge is highest where the aquifers crop out or sub-
crop where aquifers are overlain only by Pleistocene sedi-
ments (Chapelle and Drummond, 1983). Lesser amounts
of water enter the aquifers by downward flow across con-
fining units than through outcrops and subcrops, but larger
amounts can enter near Pleistocene channels where con-
fining units are breached and adjacent aquifers are
hydraulically connected (Harsh and Laczniak, 1990).
Water also possibly enters the aquifers by upward flow
from the underlying bedrock, if flow from the Piedmont
extends beneath the Coastal Plain sediment wedge.

Flow through the confined aquifers is primarily lateral
in the down-dip direction to the southeast, and toward
major discharge areas near large rivers and coastal water
(Harsh and Laczniak, 1990). Because of the stratification
of the sediments, horizontal hydraulic conductivity is
commonly higher than vertical hydraulic conductivity.
The confined aquifers discharge by upward flow across
intervening confining units to the discharge areas. Dis-
charge increases where Pleistocene channels have
breached the confining units and connected the aquifers.
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The Coastal Plain site is located next to the Patuxent
estuary (figs. 1 and 3) on a broad terrace that borders the
estuary in Calvert County (Overbeck, 1951). The Talbot
Formation, one of three subdivisions of the Pleistocene
deposits, is described as occupying near-shore areas of the
Patuxent River and consisting largely of sand with some
gravel and marine shells (Overbeck, 1951). The terrace is
more recently mapped as containing Pleistocene Lowland
Deposits, which consist in bulk of medium- to coarse-
grained sand and pebbly sand (Glaser, 1971). The thick-
ness of the deposits throughout the Coastal Plain in Mary-
land ranges from O to 150 ft, but 20 to 30 ft is more
typical.

Pleistocene deposits are underlain by Miocene-age
deposits of the Chesapeake Group, which is subdivided
into the Calvert, Choptank, and Saint Marys Formations
(Overbeck, 1951). The three formations can differ in age
but are lithologically similar and together consist of
nearly 300 ft of clay, clayey sand and silt, and highly fos-
siliferous sand (Glaser, 1971). An exposure located less
than a mile from the study site, along the shore of the
Patuxent River at the mouth of Saint Leonard Creek, con-
tains indurated fossiliferous sand belonging to the Chop-
tank Formation (Glaser, 1971). Exposed about 0.25 miles
uphill of this location is 20 ft of lowland deposits consist-
ing of coarse-grained pebbly sand (Glaser, 1971).

Sediments beneath the Coastal Plain site probably
consist of the Chesapeake Group, specifically the Chop-
tank Formation, which is overlain by Pleistocene lowland
deposits. Well logs indicate that a 30-ft-thick layer of
quartz sand overlies a layer of clay that extends beneath
the entire site (fig. 5). The top surface of the clay is gener-
ally parallel to the land surface. Clay is also mixed or
finely interbedded with sand at depths of 5 to 10 ft below
the land surface throughout the site, and at depths of 10 to
20 ft beneath the center of the site. Parts of the sand
deeper than 15 to 30 ft contain abundant calcareous fossil
bivalve shells and are cemented with calcite, indicating
that the lower part of the sand could belong to the Chesa-
peake Group.

Ground water is present in the sand. Although there
is no sustained surface-water flow at the study site, during
brief periods of intense rainfall, surface runoff is chan-
neled toward the downslope end of the site. The upper and
lower parts of the sand probably are divided between
Pleistocene lowland deposits and the Chesapeake Group,
respectively, but the entire volume of sand functions
hydraulically as an aquifer under unconfined conditions.
The water table is planer in shape and slopes toward the

Patuxent River (fig. 3), following the land surface and top
surface of the clay but at a shallower angle, and intersects
the clay at the upgradient end of the study site (fig. 5).

The clay that underlies the entire site probably
belongs to the Chesapeake Group, which because of its
large proportion of clay, is not considered to be an aquifer
that could be used as a regional water supply (Overbeck,
1951) and is a confining unit to the underlying Piney
Point-Nanjemoy aquifer (Chapelle and Drummond,
1983). The clay truncates the saturated zone within the
sand at the Coastal Plain site (fig. 5) and bounds the
upgradient end of the sand aquifer. Exploratory borings
for a geotechnical study of building construction in the
farm yard area intersect the clay (M.A. Smolek, Jefferson
Patterson Park, written commun., 1990). A continuous
saturated zone in the sand was not found to overlie the
clay in the borings east of the study site. However, dis-
continuous, thin saturated zones could exist for brief peri-
ods during recharge.

The approximate position of the water table, hydrau-
lic-head distribution, and ground-water-flow direction are
represented in vertical section (fig. 5), with the spatial
configuration of subsurface materials. The section is verti-
cally exaggerated. The water table and head distribution
(represented by potentiometric contours) are based on
water levels measured in wells. Ground-water flow is
probably more complex than is represented by the section
because a range of water levels was measured in each well
during the study period (table 2).

The hydraulic gradient within the sand is primarily
horizontal (table 3), and steepens toward the Patuxent
River (figs. 3 and 5). The vertical gradient within the sand
is comparatively small, except near the shore where it
increases downward. The vertical gradient between the
sand and underlying clay is unknown because no wells
were installed to measure water levels in the clay. How-
ever, the clay probably is relatively impermeable com-
pared to the sand and restricts vertical flow to or from the
underlying confined Piney Point-Nanjemoy aquifer.

Ground water in sand is unconfined. From the water
table, water flows primarily laterally away from the
upgradient edge of the saturated zone and toward the
Patuxent River where it discharges (fig. 5). Point mea-
surements of submarine ground-water discharge rates at
the Coastal Plain site (Zimmerman, 1990) and at other
similar locations along the shore of Chesapeake Bay
(Simmons and others, 1990) indicate that the discharge
area could extend more than 100 ft from the shore, based
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on a discharge rate equal to the estimated recharge rate of
7 in/yr (see section on “Simulation of Ground-Water
Flow™).

Because the study site is next to the Patuxent River,
which is a regional discharge zone, unconfined ground
water probably does not flow downward through the
clay to recharge the underlying confined Piney Point-
Nanjemoy aquifer. Although flow through the clay was
not determined at this site, the regional setting indicates
that ground water more likely flows upward from the con-
fined aquifer, through the clay, and into the unconfined
aquifer before discharging into the Patuxent River. How-
ever, data collected outside but near the study site indicate
that upward flow from the confined aquifer also is
unlikely in this area. Water levels in Maryland Water-
Level Network observation wells Ca Fd 51, CA Fe 22,
and SM Df 66, completed in the underlying Piney Point-
Nanjemoy aquifer within 10 mi of the study site, average
close to or below sea level during the period of study
(U.S. Geological Survey, 1990). In addition, a model-
simulated potentiometric surface of the Piney Point-
Nanjemoy aquifer for 1990 is approximately at sea level
near the study site (Chapelle and Drummond, 1983). The
apparently small hydraulic gradient between the Piney
Point-Nanjemoy aquifer and the Patuxent River precludes
the potential for upward flow near the study site.

Recharge-Discharge Relations

Flow through the study sites is divided into different
components (fig. 6). Most precipitation infiltrates the land
surface, although occasionally the infiltration capacity of
the soil is exceeded and surface runoff is produced. Part
of the water that infiltrates the surface is returned to the
atmosphere by evapotranspiration. The remainder either
flows through the unsaturated zone as interflow (some of
which may resurface to produce runoff), percolates
through the unsaturated zone to the water table to
recharge the unconfined aquifer, or is stored in the unsat-
urated zone as soil moisture.

Water-level data show seasonal trends that indicate
cycles of recharge and discharge at both study sites (figs.
7 and 8). Ground water discharges continuously from
the downgradient ends of the study sites and is replaced
by precipitation that infiltrates the land surface and perco-
lates through the unsaturated zone to the water table (fig.
6). Recharge is indicated by rises in the altitude of the
water table, typically during January to May when the rate

of evapotranspiration is small. When the recharge rate
exceeds the discharge rate, the excess water is stored in
the aquifer, causing the water table to rise.

By June, land-surface temperatures rise and plant
growth begins to increase, both of which increase the rate
of evapotranspiration. Most of the precipitation that infil-
trates during June to December is returned to the atmo-
sphere or stored in the unsaturated zone. Little or no
precipitation recharges the ground-water system, even
though the amount of precipitation is similar to other
times of the year. Ground water is released from storage
and continues to discharge off-site but is not replaced by
recharge. Therefore, the water table declines.

The amount and duration of recharge at the study sites
differed from year-to-year and between the sites. Year-to-
year differences in recharge at each site could have
resulted from differences in precipitation, land-surface
temperature and other climatic factors, and agricultural
practice. Additionally, the unsaturated zone is thinner and
probably more permeable at the Coastal Plain site than at
the Piedmont site, and flow velocities in the unsaturated
zone probably are faster and traveltimes shorter. For
comparison, faster recharge than that found at either of the
sites for this study was observed throughout the year in an
agricultural area underlain by a karst flow system in Penn-
sylvania (Gerhart, 1986; Hall, 1992a), where water perco-
lates through sinkholes and bedrock fractures enlarged by
solution weathering. Storage of the water in the unsatur-
ated zone and removal by evapotranspiration were proba-
bly larger at both study sites than in karst areas.

No recharge took place at the study sites until soil-
moisture content was relatively large, as indicated by
moisture tension near zero (figs. 7 and 8). Soil generally
dried when the rate of evapotranspiration was high. When
evapotranspiration decreased, soil-moisture content
increased, generally several months before recharge
began. Soil-moisture contents typically change season-
ally, with less change in deep soil than in shallow soil, and
beneath the base of slopes rather than further uphill
(Chorley, 1978). A lag time of several months can pass
after soil moisture is replenished before recharge occurs
(Ligon and Wilson, 1972).

When the rate of evapotranspiration is low, water that
infiltrates the land surface nearly saturates (about 80
percent) the upper soil layers, creating a wetting front
(Chorley, 1978). Water percolates downward through
the unsaturated zone under the influence of gravity, and
also from wet areas to dry areas under the influence of a
moisture-tension gradient. The wetting front moves
downward under the tension gradient in a manner similar
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Figure 6. Conceptualized ground-water-flow systems at the study sites in the Patuxent River Basin, Maryland.

to the rise of capillary water from the water table. Behind
the wetting front, water is retained by the field capacity of
the soil where the downward force of gravity is equal to
the moisture tension. Additional infiltration pushes the
water already present further downward.

When the rate of evapotranspiration is high, much of
the water that infiltrates the land surface is returned to the
atmosphere, and little or no water percolates to the water
table. Soil near the land surface becomes dryer than
deeper soil, which results in an upward moisture-tension
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gradient that induces flow toward the land surface. Con-
sequently, a vertical gradient divide can form between
zones of upward and downward flow (Dennehy and
McMahon, 1987), which produces a stagnation point of
no flow. Although data from the study sites were not ade-
quate to indicate divides, multiple gradient divides could
be produced by alternating periods of infiltration and
evapotranspiration, and the resulting distribution of
hydraulic head in the unsaturated zone can be complex.

Not all of the water that infiltrates but is not removed
by evapotranspiration recharges ground water. Percolat-
ing water commonly encounters one or more relatively
impermeable soil layers, such as the B soil horizon under-
lying the study areas, where it slows and saturates the soil
above the layer, creating a perched water table (Chorley,
1978). Much of the perched water can flow laterally as
interflow without intersecting the permanent water table
to recharge ground water (fig. 6). Up to 62 percent of the
total precipitation on the land surface can move through
the subsurface as interflow (Dunne, 1978). Interflow also
takes place in macropores, such as root holes and animal
burrows, without the soil being fully saturated.

The amount of water that percolates to the water table
generally is less than that in interflow, and can take sev-
eral months to years to reach the water table (Chorley,
1978). Because water reaches the water table during
recharge by being displaced downward by infiltration at
the land surface, recharge water can be considerably older
than that which is infiltrating. Unsaturated-flow travel-
times are probably slower at the Piedmont site than at the
Coastal Plain site, and recharging water at the Piedmont
site is probably older than recharging water at the Coastal
Plain site.

Interflow can discharge directly to streams for up to
several weeks after infiltration (Chorley, 1978). Interflow
can also join flow from the permanently saturated ground-
water zone in discharge areas near streams (fig. 6). Thus,
some part of the subsurface discharge to the springs at the
Piedmont study site, and to the Patuxent River at the
Coastal Plain study site, probably is interflow.

Toward the base of slopes, interflow can rise under
artesian pressure and continue across the land surface as
runoff. Because precipitation is rarely of sufficient inten-
sity to exceed the infiltration capacity of soil, most surface
runoff is resurfaced interflow (Chorley, 1978). Concave
topography, such as stream-head hollows, converges
interflow to a limited contributing area at the base of the
slope, resulting in a high antecedent soil-moisture content
that promotes rapid resaturation of the soil and resurfac-
ing of interflow. At both study sites, surface runoff is pri-

marily toward the downslope ends of the sites and
probably originates largely from interflow (fig. 6). Also,
interflow was intercepted by the outer sides of the runoff
flumes, similar to shallow cutoff trenches, and was chan-
neled to the surface at the downslope ends of the flumes.
Thus, amounts of water equal to or exceeding ground-
water recharge at the study sites probably flow through
the sites as interflow.

Most of the water in surface runoff at the study sites
probably does not leave the sites from the land surface.
Instead, water collects in the level areas below the runoff
flumes, reinfiltrates the land surface, and joins interflow
and (or) flow from the permanently saturated ground-
water zone before discharging from the study sites (fig. 6).
Occasionally, runoff discharges directly to the small
stream at the Piedmont site, and to the Patuxent River at
the Coastal Plain site, as indicated by small channels at
the downslope <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>