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DELINEATION OF WELLHEAD PROTECTION AREAS
USING PARTICLE TRACKING ANALYSIS AND
HYDROGEOLOGIC MAPPING, NORTHERN
ANNE ARUNDEL COUNTY, MARYLAND

by

John M. Wilson and Grufron Achmad

ABSTRACT

Two computer modeling techniques are used to delineate wellhead protection areas (WHPAs) for the public-supply wells of
northern Anne Arundel County, Maryland and the results of the two techniques are compared. One technique is ground-water-
flow modeling using the U.S. Geological Survey MODFLOW program in combination with particle tracking using the 1989
version of the U.S. Geological Survey MODPATH program. The other technique is particle tracking using the semianalytical
option of the GPTRAC module of the U.S. Environmental Protection Agency WHPA code (version 2.1). The WHPAs are for
wells screened in the Lower Patapsco aquifer, a semiconfined aquifer which is overlain by the Upper Patapsco aquifer, an
unconfined water-table aquifer. Both aquifers consist of unconsolidated sands, gravels and discontinuous beds of clay. The
ground-water-flow model used to generate head distributions is an updated and verified version of the flow model described in
Achmad (1991).

Hydrogeologic mapping is used to develop an “aquifer vulnerability map” of the study area. Four qualitative degrees of
aquifer vulnerability to potential contamination are mapped.

Tritium determinations indicate that most of the water produced from the Lower Patapsco aquifer in 1991 had a component
of post-1945 water. Precise dates are not determined because of mixing of ground water of different ages; the estimated tritium
ages are, however, consistent with ages inferred from the particle tracking analyses.

The MODPATH and GPTRAC particle tracking techniques are used to delineate ten and twenty-year zones of transport for
the public-supply wells under three different pumpage scenarios; similar aquifer parameters are input to both models. The plan
views of these transport zones are compared by size and shape. Using the 1990 pumpage appropriation of 9.15 million gallons
per day, six of the seven ten-year zones of transport delineated by GPTRAC range from 36 to 17 percent smaller and one is 18
percent larger than the corresponding MODPATH zones; the percentage coincident area of the MODPATH and GPTRAC zones
of transport ranges from 64 to 81 percent. Shapes of corresponding zones of transport are mostly similar. Increasing the simulation
time to twenty years caused differences between corresponding zones of transport to increase; for two of the well fields these
differences are significant.

Differences between the zones of transport described by MODPATH and GPTRAC are caused by differing capabilities of
the two techniques. The zones of transport described by MODPATH are considered more realistic than those described by the
semianalytical option of GPTRAC (version 2.1) because head output from MODFLOW is calibrated using field values before
it is input to MODPATH. Additionally, MODFLOW can simulate heterogeneous aquifer conditions and multi-layered aquifer
systems more realistically than GPTRAC. GPTRAC is limited to simulating homogeneous aquifer conditions in a single layer
aquifer system and also has more limited options for treating aquifer boundary conditions than MODFLOW. In cases where the
aquifer system is relatively homogeneous, however, GPTRAC may simulate zones of transport for a semiconfined aquifer that
are comparable to the MODFLOW-MODPATH technique.

MODPATH is used to backtrack particles to land surface and delineate zones of contribution (recharge areas) in the water-
table aquifer. Under the model scenario that used the 1990 pumpage appropriation, the recharge areas for the well fields covered
about 50 percent of the area between the well fields and the upgradient ground-water divides. In this simulation, the time required
for recharge to travel from the water table to the different pumping wells ranged from 10 to 60 years. MODPATH is also used to
compare a time-related zone of contribution with the time-related zone of transport for one of the production wells.

Overall water quality of the Lower Patapsco aquifer is good. Contaminants, however, are present in the more vulnerable
regions of the aquifer. Most of the known contaminant sites are downgradient from the production wells described herein;
therefore, substances released at these sites will not enter the zones of transport under the rate of actual pumpage or the 1990
pumpage appropriation. Releases from several contaminant sites located upgradient of the production wells would without
remediation pose a threat to the Glendale and Sawmill well fields; at present, both of these well fields are unused.






INTRODUCTION

PURPOSE AND SCOPE

There are three primary objectives to this report. The first
objective is to compare two computer modeling techniques
used to delineate wellhead protection areas. The techniques
studied are the semianalytical GPTRAC module of the U.S.
Environmental Protection Agency WHPA (wellhead protection
area) code version 2.1, and the U.S. Geological Survey
MODPATH particle tracking program applied to head
distributions calculated by the U.S. Geological Survey
MODFLOW ground-water-flow model. The MODFLOW
model discussed in this report is an updated version of the
model described in Achmad (1991). Hydrogeologic mapping
is used to delineate four qualitative zones of aquifer
vulnerability and also to determine the aquifer framework upon
which the ground-water-flow and particle tracking models are
based. Wellhead protection areas based solely on
hydrogeologic mapping are not delineated. Ground-water ages
based on tritium determinations are used to verify the results
of the GPTRAC and MODPATH particle tracking simulations.
The second objective is an assessment of the ground-water
quality of the study area and the potential for contamination
of the Lower Patapsco aquifer and public-supply wells from
known sites of surface and shallow subsurface contamination.
The third objective is to create a set of maps that show plan
views of the surface and subsurface areas that supply water to
the production wells screened in the Lower Patapsco aquifer
during 10 and 20-year periods, and also a set of maps showing
plan views of the zones of contribution (recharge areas) of the
Lower Patapsco aquifer under different well field pumpage
rates. These maps contribute information that can be used to
develop a wellhead protection program.

DESCRIPTION OF THE STUDY AREA

The study area is in the northern part of Anne Arundel
County, Maryland approximately 8 mi (miles) south of
Baltimore and 6 mi west of the Chesapeake Bay (fig. 1). The
study area covers 27 mi? (square miles) and encompasses the
drainage basins of Sawmill, Furnace and Marley Creeks, and
the upper reaches of Curtis Creek (fig. 2). Sawmill Creek
empties into Furnace Creek, and Furnace and Marley Creeks
join to form Curtis Creek, a tributary of the Patapsco River;
the Patapsco River is a tributary of the Chesapeake Bay.
Furnace Creek forms a sub-basin within the Sawmill-Furnace
Creek drainage. The Sawmill-Furnace Creek and Marley Creek
drainage basins are third-order stream basins and cover 13.7
and 13.5 mi® respectively. Furnace Creek and the lower reaches
of Marley Creek are tidal. Sawmill, Furnace and Marley Creeks
are low gradient, low discharge streams that have dissected
the Coastal Plain sediments to form rolling uplands. Altitudes
range from sea level in the northeastern part of the study area

to 210 ft (feet) above sea level along the highest points of the
drainage basin divides. Maximum local relief is 170 ft.

The climate of the study area is temperate; the annual
average temperature is 55° F (degrees Fahrenheit) (Vokes and
Edwards, 1974); temperature extremes range from below 0° F
for short periods during the winter to over 100° F for short
periods during the summer. Annual average precipitation in
the study area is about 42 inches.

The study area is urbanized and includes housing
developments, industrial parks, shopping centers and major
highways. Most of the urbanization of the study area has
occurred during the last 50 years. Land use before the 1940’s
was primarily agricultural with the urbanized area limited to
the original town of Glen Burnie. The growth in population
and change in land-use patterns has increased the demand for
ground water and the threat of contamination to the ground-
water resources.

WELL NUMBERING SYSTEM AND
WELL LOCATION MAPS

The well numbering system used in this report is that of
the Maryland Geological Survey (MGS). The Anne Arundel
County Department of Public Works (AA DPW), however,
uses a different system to identify its production wells. A list
of the AA DPW production and test well names and their
corresponding MGS well numbers are shown in table 1. The
AA DPW well names represent the well field in which the
well occurs, and if there is more than one well in a well field,
nambers are assigned to the wells. For example, AA DPW
production wells Dorsey 1 and Dorsey 14 are in the Dorsey
well field. Wells in well fields that have only one production
well are not numbered, but only identified by name; for
example, the Elvaton and Glendale production wells. The
locations of the AA DPW production wells identified by their
AA DPW names are shown on figure 2.

The Maryland Geological Survey well numbering system
divides each Maryland County into 5-minute quadrangles of
latitude and longitude and numbers each well within a
quadrangle in the order in which the well was inventoried.
Using well AA Bd 156 as an example, the first two letters
“AA” stand for Anne Arundel County, the second two letters
“Bd” represent the 5-minute quadrangle, and the “156” means
that this well was the 156" well inventoried in the Bd
quadrangle. Inventoried wells that become part of the MGS
data base generally have useful hydrogeologic data associated
with them. The location of key wells used for hydrogeologic
control, identified by their MGS well numbers, are shown in
figure 3. The lines of the hydrogeologic cross-sections (pls.
1-4) are also shown on figure 3. All wells mentioned in this
report are documented in Appendix A, “Records of Selected
Wells and Test Holes”. The locations of the wells and test
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Table 1.—Correlation of well and test hole names used by the Anne Arundel County Department of Public
Works with well numbers used by the Maryland Geological Survey

Anne Arundel Coun}y Maryla.nd Statiis of
Department of Public Geological Adquifer well
Works Survey in 1993
well name well number
Dorsey 1 AA Bd 55 Lower Patapsco | In use
Dorsey 2 AA Bd 57 Paiuxem Abandoned
Dorsey 2R AA Bd 161 Patuxent In use
Dorsey 3 AA Bd 56 Lower Patapsco | In use
Dorsey 4 AA Ad 74 Lower Patapsco | Abandoned
Dorsey S AA Ad 76 Patuxent In use
Dorsey 11 AA Bd 64 Lower Patapsco | In use
Dorsey 13 ‘| AA Bd 66 Patuxent In use
Dorsey 14 AA Bd 92 Lower Patapsco | In use
Dorsey 15 AA Bd 95 Lower Patapsco | Abandoned
Dorsey 16 AA Bd 97 Patuxent In use
Dorsey 17 AA Bd 98 Patuxent In use
Dorsey 1 test well AA Bd 45 Patuxent Abandoned
Dorsey 2 test well AA Bd 67 Lower Patapsco | Abandoned
Dorsey 4 test well AA Ad 73 Lower Patapsco | Abandoned
Dorsey 5 test well AA Ad 75 Patuxent Abandoned
Dorsey 13 test well AA Bd 65 Patuxent Abandoned
Dorsey 15 test well AA Bd 94 Lower Patapsco | Abandoned
Dorsey 16 test well AA Bd 96 Patuxent Abandoned
Harundale 1 AA Bd 36 Lower Patapsco | In use
Harundale 2 AA Bd 37 Lower Patapsco | In use
Harundale 3 AA Bd 63 Lower Patapsco | In use
Harundale 4 AA Bd 61 Lower Patapsco | Abandoned
Harundale 4R AA Bd 160 Lower Patapsco | In use
Harundale 4 test well AA Bd 60 Lower Patapsco | Abandoned
Harundale test well - East AA Bd 23 Patuxent Abandoned

holes in Appendix A are plotted on a series of topographic
base maps (figs. 59-65) that follow the appendices.

PREVIOUS STUDIES

The first modern studies of the surface and ground-water
resources of Anne Arundel County are by Bennion (1949)
and Brookhart (1949), respectively. Mack (1962) describes
the ground-water resources of Anne Arundel County and
includes a section on the Glen Burnie area. Lucas (1976)
presents a compilation of basic ground-water and water-quality
data for Anne Arundel County. Mack and Achmad (1986)
describe the hydrogeology of Anne Arundel County and assess
the ground-water production capabilities of the Patuxent,
Lower Patapsco, Upper Patapsco, and Magothy aquifers with
a ground-water-flow model. Chapelle (1985) includes some
water-quality data from northern Anne Arundel County in an

Anne Arundel Coun'ty Maryl:s.nd Srars of
Department of Public Geological A well
Warks Riamisy in 1993
well name well number

Sawmill 1 AA Ad 1 Lower Patapsco | Unused
Sawmill 2 AA Ad 2 Lower Patapsco | Unused
Sawmill 3 AA Ad 23 Lower Patapsco | Unused
Sawmill 4 AA Ad 40 Lower Patapsco | Unused
Sawmill 5 AA Ad 41 Lower Patapsco | Unused
Sawmill 6 AA Ad 67 Lower Patapsco | Unused
Sawmill 7 AA Ad 68 Lower Patapsco | Unused
Sawmill' AA Ad 29 Patuxent Abandoned
Phillip Drive well AA Bd 101 Lower Patapsco | In use
Glendale test well AA Bd 102 Lower Patapsco | Abandoned
Glendale well AA Bd 103 Lower Patapsco | Unused
Crain Highway test well AA Bd 104 Lower Patapsco | Abandoned
Crain Highway well AA Bd 105 Lower Patapsco | In use
Elvaton test well AA Bd 106 Lower Patapsco | Abandoned
Elvaton well AA Bd 107 Lower Patapsco | In use
Thelma Ave. well AA Bd 108 Lower Patapsco | Abandoned
Quarterfield Rd. well AA Bd 109 Lower Patapsco | In use
Stevenson Rd. test well AA Bd 121 Patuxent Abandoned
Stevenson Rd. well AA Bd 122 Patuxent In use
Telegraph Rd. test well AA Bc 210 Patuxent Observation
Telegraph Rd. well AA Bc 209 Patuxent In use

'No Anne Arundel County Department of Public Works name for well

assessment of the ground-water resources of the industrial area
of Baltimore, Maryland. Achmad (1991) uses a ground-water-
flow model to describe the ground-water-resource potential
of the Lower and Upper Patapsco aquifers in northern Anne
Arundel County.

Glaser (1969) describes the stratigraphy, petrology, and
origins of the sediments of the Potomac Group and Magothy
Formation. Hansen (1969) uses geophysical logs to infer the
depositional environments and determine the sand distribution
trends of the subsurface Potomac Group in Maryland. Glaser’s
(1976) geologic map of Anne Arundel County shows the
outcrop distribution of the geologic units in the county. Glaser
(1976) does not subdivide the Potomac Group into formations,
but instead maps the surficial sand and clay facies of the
Potomac Group because the lithologic similarity of the
Patuxent and Patapsco Formations in outcrop makes the
subdivision of the Potomac Group in parts of Anne Arundel
County problematic (Glaser, oral commun., 1994). In the
subsurface of northern Anne Arundel County, however,
division of the Potomac Group into formations is possible
(Hansen, 1969).
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GEOLOGIC UNITS

The study area lies near the western edge of the Coastal
Plain Province (fig. 1). Sediments of the Coastal Plain are
mostly unconsolidated sands, gravels, silts and clays. The
stratigraphic column (tab. 2) shows the geologic units present
in the study area. Plates 1 to 4 are hydrogeologic cross-sections
through the project area (fig. 3). The surficial geology from
Glaser (1976) is shown on figure 4.

Undifferentiated Pre-Cambrian to lower Paleozoic (?)
crystalline rocks form the basal geologic unit in the study area.
The altitude of the crystalline basement ranges from 400 to
600 ft below sea level in the study area (Hansen and Edwards,
1986).

Sediments of the Lower Cretaceous Potomac Group
unconformably overlie the crystalline basement and its
saprolitic cover. Hansen’s (1969) division of the subsurface
Potomac Group in the Baltimore-Washington area into three
formations is applicable to the study area. From the
stratigraphically lowest to highest unit, they are: the Patuxent
Formation, the Arundel Clay, and the Patapsco Formation (tab.
2). Total thickness of the Potomac Group in the study area
ranges from 125 to 800 ft. The regional strike of the Potomac
Group is about N 45° E and the regional dip is between 50
and 80 ft/mi (feet per mile) to the southeast.

The Patuxent Formation is a light gray to orange-brown,
medium to coarse-grained sand or pebbly sand and gravel
interbedded with pale-gray to maroon clay and clayey silt
(Weaver and others, 1968; Glaser, 1969). In the study area,
the Patuxent Formation ranges from 130 to 350 ft thick and is
more than 45 percent sand and gravel (Hansen,1969). The
sediments of the Patuxent Formation in Maryland were
deposited by a braided river system (Glaser, 1969; Hansen,
1969).

The Arundel Clay conformably overlies the Patuxent
Formation. The Arundel Clay is a tough, dark gray to maroon,
massive, lignitic clay and silty clay that contains abundant
siderite concretions (Weaver and others, 1968; Glaser, 1969).

The massive clay-silt facies of the Arundel Clay is in places
interstratified with 10 to 20 ft thick beds of fine to medium,
muddy sand. In the study area, the Arundel Clay ranges from
125-250 ft thick (pls. 1-3). The top of the Arundel Clay dips
southeastward in the study area at about 50 ft/mi (fig. 5).

The Patapsco Formation unconformably overlies the
Arundel Clay. The erosional unconformity between the
Arundel Clay and Patapsco Formation is a mappable horizon
in the subsurface of the study area and defines the lower
boundary of the Lower Patapsco aquifer (fig. 5). The Patapsco
Formation is a buff to brown, fine to medium grained,
argillaceous sand and gravel that is interbedded with variegated
(gray, red, and brown) silt and clay (Weaver and others, 1968).
In the study area, the Patapsco ranges from 125 to 400 ft thick.
Sand and gravel comprise more than 45 percent of the Patapsco
Formation in northern Anne Arundel County (Hansen, 1969).
A braided river system, similar to the river system that
deposited the Patuxent sediments, deposited the sediments of
the Patapsco Formation in the northern part of Anne Arundel
County (Glaser, 1969; Hansen, 1969). Figure 4, the northern
part of the geologic map of Anne Arundel County (Glaser,
1976), shows the outcropping sand and clay-silt facies of the
Potomac Group, but not formation divisions. For the purposes
of this report, sediments mapped as Potomac Group on figure
4 that lie within the Sawmill-Furnace Creek and Marley Creek
drainage basins are assigned to the Patapsco Formation.

Outcrops of the Upper Cretaceous Magothy Formation
unconformably overlie the Patapsco Formation in the extreme
southern portion of the study area (fig. 4). In this region, the
Magothy forms a thin cover (3-20 ft thick) along the drainage
divide between Marley Creek drainage basin and the drainage
basins of the Severn and Magothy Rivers. The Magothy
Formation is a white to pale gray, fine to coarse grained, well
sorted, quartz sand interstratified with silt-clay and subordinate
pebbly sand or gravel (Glaser, 1976).



Table 2.—Stratigraphy and hydrologic characteristics of the geologic formations in the Sawmill-Furnace
Creek and Marley Creek basins, Anne Arundel County, Maryland

FORMATION
OR THICKNESS GENERAL HYDROLOGIC
BESTEM SERIES GROUF INFORMAL (FEET) LITHOLOGY" CHARACTERISTICS
UNIT
Heterogeneous, unstratified
Artificial FECILE by el May be a source of ground-

fill 0-50 sand, gravel, clay, slag, waier confaminants:
dredge spoil, and
construction debris.

HOLOCENE S g
Interbedded sand, silt, clay, Confining bed in most
and subordinate gravel; places, poor aquifer in some

QUATERNARY Alluvium 0-35 organic matter common. places; assigned to the
Color is generally tan, Upper Patapsco aquifer.
brown, or gray.

Interbedded sand, gravel, Aquifer or leaky confining
and silt-clay. Color is tan, unit in a region located in
PLEISTOCENE Terrace Deposits 0-45 buff, gray, or reddish the northern part of the
brown. study area; assigned to the
Upper Patapsco aquifer.
Fine to coarse grained Aquifer or leaky confining
sand, interstratified with unit in a smail region
UPPER Magothy 0- =2 silt-clay and subordinate located in the southern part
CRETACEOUS Formation pebbly sand or gravel. of the study area; assigned
Color is white to pale gray. to the Upper Patapsco
aquifer.
Fine to coarse grained
quartz sand, pebbly sand Upper Patapsco aquifer
and gravel, and subordinate - _—
silt-clay. Color generally
Patapsco buff to reddish brown; .
Formation 15 =40 Clay-silt, often massive, Coufining wnit
with subordinate fine t0 = fem—m——————————— -
medium grained muddy
sand; color is red, tan, Lower Patapsco aquifer
gray, buff, or mottled.
Clay-silt, massive, with
LOWER subordinate fine to medium < .
CRETACEOUS CRETACEOUS POTOMAC Arundel Clay 125 - 250 iy sand color is ved, Confining unit
tan, gray, buff, or mottled.
Fine to coarse grained
quartz sand, pebbly sand
and gravel, and subordinate
silt-clay; color is generally
Patuxent buff to reddish brown; Patuxent aquifer and
: 130 - 350 A % . i
Formation Clay-silt, often massive, confining units
with subordinate fine to
medium grained muddy
sand; color is red, tan,
gray, buff, or mottled.
Undifferentiated lez bcdi;":‘l?[‘:s'p;c::i;iw
LOWER PALEOZOIC(?) TO PRECAMBRIAN(?) CI-ZSS:,:::[C Unknown or gablrs, Usnally with Confining unit

saprolite cover.

" Color exhibited in outcrop and core samples; color may differ in drill cuttings.

Column constructed from Glaser (1976), Mack and Achmad (1986), and this report.
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Pleistocene terrace deposits (fig. 4), 3 to 40 ft thick,
unconformably overlie the Patapsco Formation along parts of
the basin divide between the Sawmill-Furnace Creek and Cabin
Creek drainage basins. The terrace deposits within the study
area are mostly tan to reddish brown, coarse-grained pebbly
sands and gravels; isolated boulders of quartzose or mafic rock
occur in the section. These deposits are ancient river deposits
(probably of the Patapsco River) that were deposited at a high
sea-level stand during the Pleistocene (Glaser, 1976).

Quaternary alluvium (fig. 4) unconformably overlies the
Patapsco Formation along the floodplains of Sawmill and
Furnace Creeks. The alluvium is interbedded sand, silt-clay,

and subordinate gravel; poorly sorted muddy sand and silt is
the predominant lithology. These sediments range from 3 to
15 ft thick and most were deposited within the last 10,000
years (Glaser, 1976).

Artificial fill (fig. 4) is emplaced into the Patapsco
Formation at landfills and other sites in the study area. Artificial
fill includes heterogeneous, unstratified materials and may
include sand, gravel, silt, clay, slag, dredge spoil and
construction debris (Glaser, 1976). In the study area, one major
area of artificial fill is the Anne Arundel County landfill located
just north of Furnace Creek.

HYDROGEOLOGY

HYDROGEOLOGIC UNITS AND
AQUIFER PROPERTIES

Patuxent Aquifer

Sands of the Patuxent Formation form the Patuxent
aquifer, the basal aquifer in the study area. The Patuxent aquifer
is a confined aquifer bounded below by the crystalline
basement and its saprolite cover and above by the Arundel
Clay (pls. 1-3). Predominantly sandy intervals, 20 to 65 ft thick,
form the aquifer’s productive zones and predominantly clay-
silt intervals, 30-55 ft thick, form laterally discontinuous
confining units within the aquifer. The transmissivity of the
Patuxent aquifer in the study area is about 2,000 ft*/d (Hansen,
1972; Mack and Achmad, 1986). Seven AA DPW public-
supply wells currently tap the Patuxent aquifer in the northern
part of Anne Arundel County; five of these wells are in the
Dorsey well field (fig. 2; tab. 1). In 1992, annual average
pumpage from the Patuxent aquifer in northern Anne Arundel
County was about 3.0 Mgal/d (million gallons per day).

Arundel Clay

The Arundel Clay is an effective, 125 to 250 ft thick,
confining unit that separates the Patuxent aquifer from the
overlying Lower Patapsco aquifer (pls. 1-3). From their model
calibration, Mack and Achmad (1986) obtained a vertical
hydraulic conductivity for the Arundel Clay equal to 5.9 x 107
ft/d. The Arundel Clay is modeled as a no-flow boundary in
the ground-water-flow model of Achmad (1991) because
leakage between the Patuxent and Lower Patapsco aquifer is
volumetrically inconsequential; a simulated 20-ft head
difference across the 150-ft Arundel Clay yields about 82 gal/d
of leakage in a 5-mi” area near the Dorsey well field (Achmad,
1991).

12

Lower Patapsco Aquifer

The Lower Patapsco aquifer overlies the confining unit
formed by the Arundel Clay (pls. 1-4). The Lower Patapsco
aquifer is a semiconfined aquifer consisting of sands of the
Patapsco Formation (tab. 2). The altitude of the base of the
Lower Patapsco aquifer ranges from 50 ft below sea level in
the northwestern part of Sawmill Creek basin to 300 ft below
sea level in the southeastern part of Marley Creek basin (fig.
5). The altitude of the top of the aquifer is shown in figure 6.
The average thickness of the Lower Patapsco aquifer in the
study area is 125 ft. The aquifer thickens from less than 100 ft
thick in the northwestern part of Sawmill Creek basin to more
than 150 ft in the southeastern part of Marley Creek basin
(fig. 7). Sand counts using gamma and lithologic logs show
that the percentage of sand in the Lower Patapsco aquifer
ranges from 50 to 97 percent (fig. 8).

Transmissivity values of the Lower Patapsco aquifer range
from 1,000 to 6,400 ft*/d (Mack and Achmad, 1986; Achmad,
1991). Aquifer transmissivity increases from the northern part
of the study area to the southern part because the aquifer
thickens and becomes more sandy. In the ground-water-flow
model, the Lower Patapsco aquifer is represented by three
transmissivity zones; the three zones are: 1,500 ft*/d in the
northern and western parts of the study area; 4,500 ft*/d in the
central part; and 6,000 ft?/d in the southern part of the study
area (fig. 9). A uniform storage coefficient of 0.2 x 10
(dimensionless) was assigned to the Lower Patapsco aquifer
in the flow model based on aquifer test results reported by
Brookhart (1949), Mack (1962), and Mack and Achmad
(1986). Effective porosity of the Lower Patapsco aquifer is
estimated at 30 percent based on measured values for sands of
similar texture reported in Freeze and Cherry (1979, p. 37)
and Chapelle (1985, p. 30).

The 1965 potentiometric surface of the Lower Patapsco
aquifer reported from Achmad (1991) approximates the pre-
pumping surface because development of the aquifer was not



76° 40"

/|

NN A

a LINTHICUM
: R o]
. S
| (195 ¥
<@ J
N 3
\ -
°
oo A
N /’ o \
Y Y '
- BALTIMORE WAS?INGTON
INTERNATIONAL , \//AIRPORT T

) |
o ;/ | \
£'==" CURTIS BAY GSA DEPOT]
= o

39°
12' 30"

‘!
\
\

{
1

13
10' 00"

3
07' 30"
0
L 1 | 1
| T T T T |
0 1 2 3 Kil 1
EXPLANATION rometers
@
55 Data point and altifude above or below (-) sea level in feet
— 50 — line of equal alfitude, dashed where uncertain.

Contour interval is 50 feet. Datum is sea level.

Figure 6. — Altitude of the top of the Lower Patapsco aquifer.

13



76° 40' ' 76° 35'

// 1] | \\\ 2 n o=
| 2522 / ! \ N 5 39°
// . Y / Y i 12' 30"
' 4 /A |
/ - | -y )
| | —
B / t“ l‘v’ »
7 ; |
& A= ~
w 7S I
/ rE} — \ |
- " [
;\1 100
= \ _1 39
10' 00"
= ‘ 1 N\
S L= | ° 7
" N — 120 _»1 10;57 105
~ ~) = / —‘ —
\'¢ /O]OO | 95 0\ y
\ =~ o\
/| A=<~ 125° 1\
I k. 13
\ 07' 30"
N \ .
| \ | _—.
0 1 2 Miles
L L | 1 |
[ T I T I T 1
0 1 2 3 Kilometers

EXPLANATION
@155 Data point and thickness in feet.

G100 Data point and thickness derived from overlaying the maps
of the tops of the Arundel Clay and Lower Patapsco aquifer.

— 50 — Line of equal thickness, dashed where uncertain.
Contour interval is 50 feet.

Figure 7. — Thickness of the Lower Patapsco aquifer.

14



76° 40' 76° 35'
(1 n —N\ /

39°
11230

)

/ i \'\ ". A Wy
/ \ \ v}
4 CURTIS BAY GSA DEPOT)\ ~

—_— i

INTERNATIONAL , \/

3
10 00"

N K
07' 30"

0 1 2 Miles
| 1 | I J
[ T I T T T ]
0 1 2 3 Kilometers
EXPLANATION
)
79 Data point and sand percentage.
— 80 — Line of equal sand percentage, dashed where uncertain.

Contour interval is 20 percent.

Figure 8. — Sand percentage of the Lower Patapsco aquifer.

15



76° 35

76° 40°
NURT’S %
39° |
12 30"
BAMORE ASHINGTON
l_\~\\A\ i
INTERNATIONA
10' 00|
39°
07' 30"

1 2 Miles
1 |
T T T T T ]
1 2 3 Kilometers

o q—©°

EXPLANATION

Transmissivity zone 1 equals 1,500 ft?/d (feet squared per day).

Transmissivity zone 2 equals 4,500 ft2/d.

Transmissivity zone 3 equals 6,400 ft?/d.

Purmping cell in model layer fwo. Local name of well represented by pumping cell, e.g., Dorsey 3.

Dorsey

I Boundairy of the ground-water-flow model.

Figure 9. — Transmissivity of the Lower Patapsco aquifer.

16



extensive in 1965 (fig. 10). The match of the simulated 1965
potentiometric surface with pre-1965 measured water levels
is generally within 10 ft. The 1965 water levels range from
110 ft above sea level in the western part of the study area to
10 feet above sea level in the northeastern part of the study
area. The general direction of ground-water flow is east-
northeast. Hydraulic gradients of the Lower Patapsco aquifer
range from 0.004 in the western part of the study area to about
0.0025 in the eastern part. Aquifer properties of the Lower
Patapsco aquifer are summarized in table 3.

Table 3.—Properties of the Lower Patapsco aquifer

[ft = feet; ft/ft = feet per feet;
ft¥d = feet squared per day]

Aquifer type Semiconfined

Range: 1,000 to 6,400 ft¥d
Modeled in 3 zones

Transmissivity Zone 1: 1,500 ft¥/d
Zone 2: 4,500 ft¥d
Zone 3: 6,000 ft¥/d
Thickness Range: <100 to >150 ft
Storage coefficient 0.2 x 107

Effective porosity 30% (estimated)

General direction of

East-northeast
ground-water flow

Hydraulic gradient
(approximate

pre-pumping)

(Sources: Mack and Achmad, 1986; Achmad, 1991;
this report)

Range: 0.0025 - 0.004 ft/ft

Confining Unit Between the Lower and Upper
Patapsco Aquifers

Aleaky confining unit overlies the Lower Patapsco aquifer
and separates the Lower Patapsco aquifer from the Upper
Patapsco aquifer. The confining unit consists of beds of silty,
fine sandy clay that occupy about the same stratigraphic level
throughout the study area. Unlike the thick, massive and
relatively continuous Arundel Clay, this confining unit is
laterally discontinuous and heterogeneous. The average
thickness of the confining unit is about 35 ft, but it ranges
from zero to 60 ft thick (fig. 11). The confining unit is thinnest
in the north central and south central regions of the study area
and thickens in the western and eastern regions of the study
area. In the northeastern region of the study area and in the
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vicinity of the Sawmill Creek and Dorsey well fields, the
confining unit is generally more sandy than elsewhere. The
hydrogeologic sections (pls. 1-4) illustrate the variable
thickness and texture of the confining unit.

The vertical hydraulic conductivity of the confining unit,
based on the best-fit model calibration, ranges from 3.0 x
10 ft/d to 3.0 ft/d. The hydraulic conductivity of the confining
unit at any given site depends on the texture of the sediments.
Textural (grain size, sorting) differences in the confining unit
are the cause of the variation in vertical hydraulic conductivity.
In the northeastern region of the study area, the confining unit
is assigned a vertical hydraulic conductivity of 3.0 ft/d. In the
vicinity of the Sawmill Creek and Dorsey well fields, this study
uses a vertical hydraulic conductivity of 3.9 x 10~ ft/d which
is 30 percent higher than the conductivity used for those regions
in an earlier version of the ground-water-flow model (Achmad,
1991) because additional geophysical log data showed that
the confining unit in this area is more sandy than previously
thought. In the remainder of the study area, the confining unit
is assigned a vertical hydraulic conductivity of 3.0 x 107 ft/d.
Hydraulic properties of the confining units that underlie and
overlie the Lower Patapsco aquifer are summarized in table 4.

Upper Patapsco Aquifer

The unconfined to semiconfined Upper Patapsco aquifer
overlies the Lower Patapsco aquifer (pls. 1-4). The bulk of
the Upper Patapsco aquifer consists of sands, silts and gravels
of the Patapsco Formation. Sands and gravels of the terrace
deposits (fig. 4) form part, usually the unsaturated zone, of

Table 4.—Hydraulic properties of the confining units
that underlie and overlie the Lower Patap-
sco aquifer

[ft = feet; ft/d = feet per day]

Unit Thickness Vertical hydraulic conductivity
(ft) (ft/day)
Overlying 0 to 60 Range: 3.0 x 102 to 3.0 ft/d (model

confining unit (35 average)  derived)
3.0 ft/d in the northeastern region

of the study area.

3.9 x 10? ft/d in the vicinity of
Sawmill Creek and Dorsey well
fields.

3.0 x 1072 ft/d in the central and
southern regions of the study area.
This includes all well fields except
Sawmill Creek and Dorsey.

Underlying 125 to 250

confining unit

5.9 x 107 ft/d (model derived;
Mack and Achmad, 1986)

(Arundel Clay)




39°
12' 30"

39°

39°
07' 30"

76° 3%
1

-
10' 00"

AN P ] ggums say
— /‘ < I /»\
//\,’/ﬂ',‘«\d\ \\ (2 2
2 ( v\

AY GSA D)POT;\
S y
118 4
y J ' {
L
"1 1
b

Ll TN “
¢ Y , 2

,,
- A\ £ | S
L’\}(?\\ pe \ Vi = ;
e A )/ e
A i A
] [}
0 ] 2 Miles
| | | ] )
I T 1
EXPLANATION D
0 1 2 3 Kilometers

— 50— simulated line of equal water level, in feet above sea level.
Contour interval is 10 feet. Datum Is sea level.

28 o Observation well in the Lower Patapsco aquifer and pre-1965 water-level, in feet above sea level.
(Wells and water-level data documented in Achmad (1991), p. 28 and 30).

J Boundary of the ground-water-flow model.

Figure 10. — Comparison of the simulated 1965 potentiometric surface and pre-1965 measured water levels

for the Lower Patapsco aquifer.

18



76° 3%

76° 40'
= A K5
— 12' 30"

—-—,"\:
J; / ~

10) 7

4 AJL / / ;&f‘ [ ¥} :R
) ‘,’-'C“’ // 7,‘ ‘\ e R ﬁ

BALTIMORE WASHIN/&TON
—

s ‘x g

—————\.___
N e

INTERNATIONAL AIRPORT
25

39
10 00"

3
07 30°

I2 Miles

o 40O

2 3 Kilometers

EXPLANATION

©
30 Data point and thickness in feet.

—— 25 — Line of equal thickness, dashed where uncertain.
Contour inferval is 25 feet.

Figure 11. — Thickness of the confining unit overlying the Lower Patapsco aquifer.

19



the aquifer along the drainage basin divide between Sawmill-
Furnace Creek and Cabin Creek basins. Sands of the Magothy
Formation form part of the unsaturated zone along a small
section of the drainage basin divide between the Marley Creek
drainage basin and the drainage basins of the Magothy and
Severn Rivers (fig. 4). The sediments of the Quaternary
alluvium, terrace deposits and Magothy Formation that lie in
the study area are assigned to the Upper Patapsco aquifer in
this report because they function as part of the water-table
aquifer.

The total thickness (saturated plus unsaturated zone) of
the Upper Patapsco aquifer ranges from 10 to 210 ft thick.
Land surface forms the top of the aquifer; the altitude of land
surface differs in the study area because of local topographic
relief. The altitude of the base of the aquifer (fig. 12) is defined
by the stratigraphic position and lateral continuity of the
confining unit underlying the aquifer (pls. 1-4). Plate 1 shows
how local topographic relief and the southeastward dip of the
confining unit combine to produce a thin (only 30 ft thick)
Upper Patapsco aquifer at well Bd 66 and a very thick (210 ft
thick) aquifer at well Bd 109. The site of well Bd 109 is a
topographic high along the drainage basin divide between
Sawmill and Marley Creeks. In the central part of the Sawmill
Creek basin, the Upper Patapsco aquifer ranges from 20 to 60
ft thick (pl. 3). In the central part of the Marley Creek basin,
southeastward and down dip of the Sawmill Creek basin, the
Upper Patapsco aquifer ranges from 90 to 110 ft thick (pl. 4).
The base of the Upper Patapsco aquifer dips to the southeast
(fig. 12).

Saturated thickness of the Upper Patapsco aquifer ranges
from 70 to 100 percent of the total aquifer thickness; saturated
thickness in the discharge areas, the creeks and their tributaries,
is 100 percent of the total aquifer thickness. At topographic
highs (e.g., Bd 109), saturated thickness may be as low as 70
percent of the total aquifer thickness.

Leaky confining units occur within and, in some areas, at
the top of the Upper Patapsco aquifer. Clay-silt beds occur at
land surface over much of the Marley Creek drainage basin
and the eastern parts of the Sawmill-Furnace Creek drainage
basin (Glaser, 1976; fig. 4). In those areas, the Upper Patapsco
aquifer is unconfined to semiconfined. Figure 13 shows the
combined sand percent of the Upper Patapsco aquifer and
underlying confining unit. In the east-central part of the Marley
Creek basin near the Harundale well field, clay-silt beds in
this region make up more than 75 percent of the section
overlying the Lower Patapsco aquifer. Regions of more than
75 percent sand and gravel occur in the north-central and south-
central parts of Sawmill Creek basin and the west-central part
of Marley Creek basin. Variability in the distribution of sand
and clayey beds within the Upper Patapsco aquifer is also
illustrated by the hydrogeologic sections (pls. 1-4).

Achmad (1991, p. 15-17) reported that in the study area
hydraulic conductivities for the Upper Patapsco aquifer
calculated using a steady-state flow model range from 8 to
145 ft/d with an average value of 33 ft/d. Transmissivity values
derived from these data range from 330 to 4,800 ft/d. A
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specific yield of 11 percent was estimated by Achmad (1991,
p. 17).

The simulated 1965 potentiometric surface of the Upper
Patapsco aquifer (fig. 14) approximates pre-pumping
conditions and indicates that the general direction of ground-
water flow in the Upper Patapsco aquifer is east-northeast (fig.
14). Hydraulic gradients range from a low of 0.0014 along the
crest of the divide between Sawmill-Furnace and Marley Creek
basins to a high of 0.009 along the steeper parts of the two
basins. Aquifer properties of the Upper Patapsco aquifer are
summarized in table 5.

Table 5.—Properties of the Upper Patapsco aquifer

[ft?/d = feet squared per day; ft/d = feet per day;
ft/ft = feet per feet]

Unconfined to semiconfined
Range: 330 to 4,800 ft%d
~10 to 150 ft

Average: 33 ft/d
Range: 8 to 145 ft/d

Aquifer type
Transmissivity
Saturated thickness  Range:

Hydraulic
conductivity

11% (estimated)
30% (estimated)

Specific yield
Porosity

General direction
of ground-water
flow

East-northeast

Hydraulic gradient

(approximate
pre-pumping)
(Sources: Mack and Achmad, 1986; Achmad, 1991;
this report)

Range: 0.0014 to 0.009 ft/ft

GROUND-WATER QUALITY
Water-Chemistry Data

Overall, the quality of water from the Lower Patapsco
aquifer is good. In most wells, the concentration of total
dissolved solids is low, generally less than 50 mg/L; the water
is soft with most hardness values less than 10 mg/L as CaCO;;
the pH ranges from 4.5 to 6.8 and indicates the water is slightly
acidic.

Water chemistry data were obtained from the U.S.
Geological Survey’s QWDATA data base, published reports,
and samples collected as part of this study. Most of the water
samples were analyzed by the U.S. Geological Survey Water
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Quality Laboratory, Arvada, Colorado. Tritium determinations
were made on 36 samples by the Environmental Isotope
Laboratory of the University of Waterloo (Ontario, Canada).
Water chemistry data are listed in Appendices B, C and D.
Trilinear water-analysis diagrams show differences in the
water composition of an aquifer and can help identify any
changes in water composition that may have occurred over
time. The diagrams shown here are slightly modified from the
standard Piper diagrams (figs. 15 and 16). The modified
diagrams plot nitrate and sulfate on the same axis; the diameter
of the symbol in the anion field indicates the approximate
percentage of sulfate in the sample. In the central
hydrochemical facies field of the diagram, however, the
diameter of the symbol indicates the approximate concentration
of dissolved solids in the water sample. The chloride axis
includes any minor amounts of fluoride measured in the
sample. The sample data for figures 15 and 16 are shown in
tables 6 and 7; the locations of the wells are on figure 17.

The percentage ionic composition of two water samples
from the Lower Patapsco aquifer analyzed in 1945 and 1946
are shown on figure 15 and the percentage ionic composition
of five water samples from the Lower Patapsco and one from
the Upper Patapsco aquifer collected in 1991 are shown on
figure 16. Most of the samples have no dominant cation and
therefore lie in the central part of the cation field. Only Bd 6
(sampled in 1945) and Bd 156 (sampled in 1991) show a slight
predominance of sodium over the other major cations. With
respect to the anions, the water composition of the samples is
more variable. For the samples from the Lower Patapsco
aquifer collected in 1945-6, Bd 6 shows sulfate as the most
common and chloride the second most common anion; Ad 1
shows nitrate as the most common and chloride the second
most common anion. Because the concentration of total
dissolved solids in these two samples is very low, 22 and 18
mg/L, small differences in the concentration of one ion with
respect to another can cause relatively large percentage

Table 6. — Concentration and percentage ionic composition of water samples from the Lower
Patapsco aquifer collected in 1945 and 1946

[mg/L = milligrams per liter; meq/L = milliequivalents per liter]

Percentage cationic composition
Concentration (in mg/L) (with respect to totals
in meq/L)
Well Date Total .
number sampled dis- Na
Na* K* Ca?* Mg** plus Ca** Mg**
solved N
4 K
solids
Lower Patapsco aquifer wells
Ad 1 04-01-46 22 2.1 0.5 1.6 0.8 41.7 32.0 26.3
Bd 6 03-28-45 18 1.2 0.3 0.3 0.5 51.6 12.9 35.5
Percentage anionic composition
Concentration (in mg/L) (with respect to totals
in meq/L)
Well Date NO~ cl+ Co.
number sampled 2 s
cr F SO.% cox HCO. plus plus SO, plus NO,
4 ? . NO; F* HCO;y
as N
Lower Patapsco aquifer wells
Ad 1 04-01-46 2.9 - 1 0 0.04 1.4 33.7 8.6 16.5 41
Bd 6 03-28-45 1.5 - 4.6 0 0.04 0.2 25.8 51.9 21.6 0.8

Explanation of abbreviations used in table:

Na* = sodium Cr = chloride = HCO; = bicarbonate
K* = potassium F = fluoride =~ NO,> = nitrite
Ca** = calcium SO = sulfate NO, = nitrate
Mg** = magnesium CO,> = carbonate N = nitrogen
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Ad 1 Well number
O Water sample from the
Lower Patapsco aquifer

A Flag indicates <17%
nitrate in sample

AV4
A

AV
N
Q
@ N S @
Percentage ionic composition

Cations with respect to totals in Anions
milliequivalents per liter

Explanation
Total dissolved Percentage of 504
solitds in mg/L
0 - 50 @ 0 = 2
50 - 100 ©) 2-5
100 - 250 @ 5-10
250 - 500 @ -
2 500 Q > 20

The diameter of the circle within the central hydrochemical facies field is proportional
to the concentration of dissolved solids and the diameter of the circle within the anion

Sield is proportional to the percentage of sulfate.

Figure 15. — Percentage ionic composition of water samples from the Lower Patapsco aquifer
collected in 1945 and 1946.
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Bd 157 Well number

O Water sample from the
Lower Patapsco aquifer

it Water sample from the
Upper Patapsco aquifer

Ca Percentage ionic composition cl

Cations with respect to totals in Anions
milliequivalents per liter

Fxplanation
Total dissolved
solids in mg/L Percentage of SO,
0 - 50 (©] 0 -2
50 - 100 O 2-5

100 — 250 @ 5—-10

The diameter of the circle within the central hydrochemical facies field is proportional
to the concentration of dissolved solids and the diameter of the circle within the anion
field is proportional to the percentage of sulfate.

Figure 16. — Percentage ionic composition of water samples from the Upper and Lower
Patapsco aquifers collected in 1991.
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Table 7. — Concentration and percentage ionic composition of water samples from the Lower and
Upper Patapsco aquifers collected in 1991

[mg/L = milligrams per liter; meq/L = milliequivalents per liter]

Percentage cationic composition
Concentration (in mg/L) (with respect to totals
in meq/L)
nr:tﬂzr sazaptlced ol Bia?
dis- " . - 4 plus Ca** Mg**
solved A8 = i Mg K*
solids
Lower Patapsco aquifer wells
Ad 102 04-10-91 30 2.5 1.3 29 1.6 33.9 34.6 31.5
Bd 155 12-10-91 37 2.6 1 2.8 1.2 36.8 37.1 26.2
Bd 156 11-26-91 100 18 33 52 3.4 61.7 18.5 19.9
Bd 157 11-26-91 29 17 0.8 2 0.66 38.0 40.2 219
Bd 158 11-27-91 50 5.5 1.6 3 1.7 49.2 26.3 24.6
Upper Patapsco aquifer wells
Bd 159 11-27-91 104 14 1.5 8.1 4.2 47.3 28.4 24.3
Percentage anionic composition
Concentration (in mg/L) (with respect to totals
in meq/L)
We;l Datf ] NO,* cI+ coz
number sample: 2 .
) : 2. 2. . plus plus SO, plus NO;
Cl F SO, CO, HCO, NO, F+ HCO,
as N
Lower Patapsco aquifer wells
Ad 102 04-10-91 9 0.2 0.3 0.0 0.06 2.6 51.2 1.2 11.6 36.0
Bd 155 12-10-91 3.9 0.2 0.3 0.0 0.05 3.5 28.0 1.5 12.5 58.1
Bd 156 11-26-91 36 0.2 1 0.0 0.04 5.3 69.8 1.4 3.0 25.8
Bd 157 11-26-91 2.6 0.2 0.4 0.0 0.06 2.4 25.9 2.6 18.5 53.0
Bd 158 11-27-91 9.6 0.2 0.6 0.0 0.07 4.1 43.1 1.9 10.1 449
Upper Patapsco aquifer wells
Bd 159 11-27-91 30 0.2 5.8 0.0 0.07 6.6 56.6 8.0 4.4 31.1
Explanation of abbreviations used in table:
Na* = sodium cr = chloridle = HCO; = bicarbonate
K* = potassium F- = fluoride = NO,> = nitrite
Ca’* = calcium SO* = sulfate NO; = nitrate
Mg?* = magnesium CO,> = carbonate N = nitrogen
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differences in ionic composition.

In the samples collected from the Lower Patapsco aquifer
samples in 1991, two (Bd 155 and 157) have nitrate as the
most common and chloride as the second most common anion;
one (Bd 158) has no dominant anion; two (Ad 102 and Bd
156) have chloride as the most common and nitrate as the
second most common anion. The concentration of total
dissolved solids are higher in all the Lower Patapsco aquifer
samples collected in 1991 than in the water samples collected
in the 1940’s. The mean value of the total dissolved solids for
the five Lower Patapsco aquifer samples collected in 1991 is
49 mg/L while the mean value of total dissolved solids for the
two samples from 1945-6 is 20 mg/L. The one sample from
the Upper Patapsco aquifer, Bd 159, had a concentration of
total dissolved solids of 104 mg/L; in Bd 159, chloride is the
most prevalent and nitrate the second most prevalent anion.

Although there are not enough chemical analyses from
the nineteen-forties to make statistically significant
comparisons between the water quality of the aquifer in 1945
and 1991, the observed differences in the composition of the
water may be related to the urbanization of the study area.
The water analysis diagrams suggest that increases in the ionic
percentages of nitrate and chloride have occurred in the Lower
Patapsco aquifer since the mid-1940s. The nitrate
concentrations in the samples from 1945-6 and from 1991 are
shown on figure 18. The mean and median nitrate concentration
for the 1945-6 data is 0.8 mg/L, and for the 1991 nitrate data,
the mean is 3.6 mg/L and the median is 3.5 mg/L. These data
suggest that nitrates in the Lower Patapsco aquifer are probably
elevated compared to pre-development conditions in the area.
However, the concentration of nitrate in the 1991 samples are
still below the U.S. EPA maximum contaminant level (MCL!
of 10 mg/L total nitrogen). The 1991 sample from the Upper
Patapsco aquifer (Bd 159) had a nitrate concentration of 6.6
mg/L, the highest concentration of all the wells sampled. Nitrate
concentrations would be expected to be higher in the Upper
Patapsco aquifer than in the Lower Patapsco aquifer because
the Upper Patapsco aquifer has, over time, been directly
exposed to common sources of nitrate such as septage, sewage
and fertilizers. The Anne Arundel County Department of Public
Works regularly tests the production wells for nitrate and reports
that none of the production wells have concentrations of nitrate
exceeding the U.S. EPA MCL of 10 mg/L as nitrogen (Anne
Arundel Co. Dept. of Public Works, oral commun., 1994).

An increase in the concentration of chloride has occurred
in at least part and probably throughout most of the Lower
Patapsco aquifer from 1945 to 1991. The mean and median
of the chloride concentration for the 1945-6 data is 2.2 mg/L.
The mean and median of the 1991 chloride concentration data
i 23.9 and 9.5 mg/L respectively. All chloride determinations
in the study area are below the U.S. EPA secondary maximum
contaminant level (SMCL?) of 250 mg/L for chloride in

'MCL - Maximum Contaminant Level. The maximum permissible level of a in water
which is delivered to any user of a public water system (Code of Federal Regulations, 1993). A MCL
is a federally enforceable drinking-water standard. The U.S. EPA defines contaminant as any physical,
chemical, biological, or radiological substance or matter in water (Code of Federal Regulations, 1993).
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drinking water. Chloride concentrations and the locations of
the wells sampled in 1945-6, 1982 and 1991-2 are shown on
figure 17. The highest chloride determination was 130 mg/L
in well Ad 104, a well screened in the upper part of the Lower
Patapsco aquifer. Of particular interest is well Ad 1 (Sawmill
1), in which the chloride concentration increased from 2.9 mg/L
in 1946 to 35 mg/L in 1991.

The most likely source of chloride to the Lower Patapsco
aquifer is road salt. Road salt may enter the ground-water
system as both a point and nonpoint source contaminant. The
dispersal of road salt by salt trucks applies the salt more or
less evenly throughout the study area in relatively low
concentrations; this type of dispersal is a nonpoint source
application. As a point source application, road salt was stored
in uncovered or poorly covered piles at various sites in the
study area until approximately sometime between 1975 and
1985 when more effective salt storage structures were built.
The wells where the highest chloride levels were determined
are near sites where road salt was previously stored. The site
of a now demolished State Highway Administration facility
lies 700 feet to the northwest and up-gradient from well Ad
104. With respect to wells Bd 55 and Bd 56, road salt was
once stored about 300 ft south of Bd 56 at an AA DPW facility.
In all the wells sampled, the concentration of chloride is below
the 250 mg/L SMCL. The head differences between the Lower
and Upper Patapsco aquifers indicate that the brackish estuaries
to the east of the study area are not the source of chloride in
the Upper or Lower Patapsco aquifer in the study area.

Volatile organic compounds (VOCs) regulated by the U.S.
EPA have been measured in several Lower Patapsco aquifer
wells in the study area. The presence of these compounds
indicates that the Lower Patapsco aquifer is vulnerable to
contamination from substances released to the Upper Patapsco
aquifer. The VOCs determined, tetrachloroethylene and
trichloroethylene, are part of a family of chlorinated
hydrocarbon compounds (TCEs) that are common industrial
solvents used as degreasing agents and dry cleaning fluids.
Concentrations of tetrachloroethylene close to 5 pg/L
(micrograms per liter) were determined in Bd 103 (the
Glendale well) in 1992; the Glendale well was taken out of
service after this substance was determined. Subsequent
quarterly testing for TCEs in the Glendale well showed
concentrations of tetrachloroethylene in 1993 that exceeded
the 1993 U.S. EPA MCL of 5 pg/L (the final U.S. EPA MCL
for this substance became effective July 30, 1993). Also in
1993, traces of trichloroethylene and cis-1,2 dichloroethane
were determined at concentrations below their 1993 U.S. EPA
MCLs in the Glendale well. A trace of tetrachloroethylene (1
pg/L) was measured in Bd 156 in 1992; Bd 156 is an
observation well located approximately 2,500 ft southwest of
well Bd 103. Traces of two other TCEs, 1,1,2-trichloroethane
(0.3 pg/L) and trichloroethylene (0.2 pg/L) were determined

*SMCL - Secondary maximum contaminant level. The U.S. EPA suggests the SMCL as a reasonable
goal for operators of water-supply systems to achieve in drinking water. A SMCL is not a health-
based standard, but an aesthetic standard based on characteristics such as odor, taste, and appearance,
and certain other non-aesthetic characteristics (U.S. Environmental Protection Agency, 1991).



76° 40"

76° 35"

HAMMONDS

A

\

e BA{__TIMORE W\SyINGTON {8
INTERNATIONAL X “ \I

\\‘\/<AIRPORT

7\

/ N\
-~ o AC

(

> L

(895)

5.4)157
[f

g ]
4 ©<'(<£.o)1 0

\

39°
4 12'30"

39°

A
! 07'30"
.

10' 00"

EXPLANATION

Miles

—N

o 4o

1
3 Kilometers

(2.4)157  Location of well, nitrite plus nitrate determination in parenthesis as total nitrogen in

6.6)159  milligrams per liter and well number.

© Solid dot indicates well completed in the Lower Patapsco aquifer.
@) Open circle indicates well completed in the Upper Patapsco aquifer.

All samples collected and analyzed in 1991 unless noted otherwise, e.g., {1946}.

AciAd 5-minute quadrangle designations for well numbering system.

Bc{Bd Dashed lines denote quadrangles.

Figure 18. — Concentration of nitrite plus nitrate as nitrogen in water samples from the Upper and Lower

Patapsco aquifers.

30



in 1991 in a sample from an unused production well, Ad 41
(Sawmill 5). Also in Ad 41, a trace of benzene (2 pg/L) was
measured in 1982 (Chapelle, 1982); however, no benzene was
measured in Ad 41 when the well was resampled in 1991. A
trace of the pesticide Silvex (0.01 pg/L) was determined in
observation well Ad 104 (David Bolton, personal
communication).

Sites of Potential Contamination

The implementation of a U.S. EPA-approved wellhead
protection program includes an inventory of known and
potential sites of ground-water contamination. At this time
(1993), the Maryland Department of the Environment (MDE)
has available field-checked location data only for contaminant
sites that were under investigation or remediation in 1991 and
1992. The locations and types of contaminant sites are shown
on figure 19. In the study area, leaking underground storage
tanks (LUST sites) are the most common types of contaminant
sites. LUST sites are usually sites where gasoline or other types
of petroleum products have been released into the Upper
Patapsco aquifer. There are five CERCLA sites in and two
adjacent to the study area. CERCLA sites are sites where past

releases of hazardous substances have occurred; these sites
are regulated by the federal Comprehensive Environmental
Response, Compensation, and Liabilities Act and its
amendments (ERT, 1987); CERCLA sites are also known as
superfund sites. There is one RCRA site in and one just west
of the study area. RCRA sites are regulated under the authority
of the Federal Resource Conservation and Recovery Act; this
federal law governs facilities where hazardous materials may
be treated, stored and disposed of, and also sites that have
experienced a release of hazardous materials to the
environment (ERT, 1986). Under both CERCLA and RCRA,
clean up and remediation of a site may be ordered by the
Maryland Department of Environment, which administers the
State’s RCRA and CERCLA programs under the authorization
of the U.S. EPA. Contamination of the Lower Patapsco aquifer
from any of the sites shown on figure 19 depends on the
hydrogeologic conditions, the type and quantity of material
released, and the length of time elapsed between the initial
release of a substance and its discovery and remediation. The
locations of sites where permits for ground-water discharge
have been issued, community septic systems and landfills (fig.
19) were also provided by MDE; some of the landfills contain
CERCLA sites.

GROUND-WATER-FLOW MODEL

The ground-water-flow model described in this report is
a mathematical conceptualization of the Patapsco aquifer
system underlying the Sawmill-Furnace Creek and Marley
Creek drainage basins. The computer program used to simulate
the ground-water-flow system is the U.S. Geological Survey
MODFLOW model (McDonald and Harbaugh, 1984).

The ground-water-flow model described herein is an
updated version of the ground-water-flow model described in
Achmad (1991). The earlier model was used to evaluate the
water resources of the study area by simulating the effects of
different amounts of pumpage on aquifer water levels and
stream base flow. In Achmad (1991) annual average data were
input to the ground-water-flow model. In the updated model
monthly average values are used so that seasonal changes in
ground-water recharge, evapotranspiration, and pumpage can
be simulated. In addition, monthly input data permits a more
precise model calibration than annual average input data.

MODEL DESIGN AND
BOUNDARY CONDITIONS

The model framework consists of the Upper Patapsco
aquifer as a water-table aquifer, an underlying leaky confining
unit, and the Lower Patapsco aquifer as a confined aquifer
(fig. 20). Aquifer transmissivities and storage coefficients from
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the previous model were assigned unchanged to the updated

model. However, the vertical conductivity of the confining
unit near the Sawmill and Dorsey Road well fields was
increased by 30 percent because recently obtained well logs
indicate that the confining unit is more sandy in this locality.
The entire model grid consists of 84 columns and 83 rows of
uniformly sized, 500 by 500 ft, finite-difference cells. The
active area of the model shown on figure 21 consists of 79
columns (numbered 2 to 80) and 79 rows (numbered 1 to 79).
The modeled area is about 33 mi® and coincides with the
Sawmill-Furnace Creek and Marley Creek basins and the upper
part of Curtis Creek.

The model boundaries (fig. 20) represent the inflow and
outflow of water to the modeled area. The lateral boundaries
of the Upper Patapsco aquifer are no-flow boundaries that
coincide with ground-water divides as represented by the
drainage basin divides of Sawmill-Furnace and Marley Creek
basins. The three boundary conditions used to represent the
upper boundary of the model are 1) a specified flux boundary
that represents ground-water recharge to the Upper Patapsco
aquifer from precipitation, 2) a constant head-boundary that
represents the water levels in the tidal (northeastern parts) of
Furnace and Marley Creeks, and also Curtis Creek, and 3)
stream boundaries that represent head dependent leakage
through the stream beds of the non-tidal portions of Sawmill
and Marley Creeks. The lateral boundaries of the Lower
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Figure 20. — Cross-sections of conceptualized steady-state ground-water-flow model (from Achmad, 1991).

Patapsco aquifer are head-dependent flux boundaries that the actual stream. Therefore, the vertical conductance of the
represent water flowing into or out of the model area within stream cells range from 60.5 ft*/d to 2,592 {t*/d as a function
the Lower Patapsco aquifer. The basal boundary of the Lower of the length and width of the stream section in a stream cell.
Patapsco aquifer and the model is a no-flow boundary formed The vertical conductance values of the stream cells are
by the Arundel Clay, a tight confining unit (Achmad, 1991). unchanged from the earlier version of the ground-water-flow

model described in Achmad (1991).

SIMULATION OF STREAMFLOW
PRECIPITATION, GROUND-WATER RECHARGE

In the model, Sawmill, Marley, Furnace, and Curtis Creeks AND GROUND-WATER EVAPOTRANSPIRATION
were simulated using a network of stream cells (fig. 21). The
stream bed sediments were assigned a vertical hydraulic The annual average precipitation in the study area is 41.8
conductivity of 1 ft/d and an estimated uniform thickness of 1 in/yr. The 41.8 in/yr value is the mean (average) of the annual
ft based on values determined by Willey and Achmad (1986). precipitation recorded at Baltimore-Washington International
In most cases, only a portion of each stream cell is covered by Airport for the thirty-year period from 1951-80; the period
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1951-80 is used to calculate mean values or “normals” of the
various climatic elements (National Oceanic and Atmospheric
Administration, 1991). Although the seasonal variation in
precipitation is not large in the study area, it is usually highest
in the summer and lowest in the autumn and winter months
(tab. 8). Monthly normals for precipitation are shown on figure
22. Monthly and departure from monthly normal precipitation
from 1984-92 are shown on figure 23; the same parameters
on an annual basis are shown on figure 24.

Ground-water recharge as applied to the model represents
the volume of water from precipitation that percolates into the
aquifer system. Ground-water recharge for the period 1984-
92 was applied to the model in monthly time steps as 45.1
percent of the monthly precipitation. The conversion factor
(45.1 percent) was obtained by using the earlier version of the
flow model (Achmad, 1991) to simulate the 12-month period
from June, 1984 to May, 1985. For that 12-month period, the
ground-water recharge equaled 14.4 inches and the total
precipitation was 31.9 inches. For the period 1984 to 1992,
annual ground-water recharge applied to the model ranged
from 13.60 in/yr in 1991 to 23.40 in/yr in 1989; it was about
normal in 1987 and 1990 (18.53 and 18.89 in/yr respectively),
above normal in 1989 (23.40 in/yr) and below normal for the
remaining years of that period.

The amount of ground-water evapotranspiration (ET) lost
from the water table varies seasonally. Ground-water
evapotranspiration is almost zero during the winter months,
rises with the start of the growing season in the spring, peaks
during the summer and tapers off during autumn (fig. 25). In
order to improve the model calibration, the annual ground-
water ET rate used in the updated ground-water-flow model
was distributed monthly following the convergence
approximation method described in Rasmussen and Andreasen
(1959) and Achmad (1991). The flow model calculates ground-
water ET rates for each model cell based on the depth to the

Table 8. — Normal precipitation in the study area by
three-month periods

Normal (mean)
precipitation
(in inches)

Months

March, April and May 10.6
June, July and August 12.0
September, October and 9.6
November
December, January and February 9.7

water table from land surface (McDonald and Harbaugh,
1984). The ground-water ET rate is at a maximum when the
depth to water table is between zero and 3 ft below land surface.
The ground-water ET rate is assumed to decrease linearly as
the water table declines from 3 to 8 ft below land surface and
a value of zero is assumed when the water table is equal to or
deeper than 8 ft below land surface (Wilson and Wiser, 1974).
Achmad (1991) determined that under steady-state conditions
the effective ground-water evapotranspiration rate for the study
area is 4.59 in/yr. This value is within the range established by
previous workers in the mid-Atlantic Coastal Plain; Johnston
(1976) determined a value of 3 in/yr for several small basins
in the coastal plain of Delaware; Rasmussen and Andreasen
(1959) determined a value of 9.7 in/yr for a coastal plain basin
(Beaverdam Creek basin) near Salisbury, Maryland (Achmad,
1991). The maximum possible rate of ground-water
evapotranspiration from any given model cell is 18 in/yr. This
value was obtained from the flow model described in Achmad
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Figure 22. — Monthly normals for precipitation based on normals for the period 1951-80.
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Figure 23. — Monthly and departure from monthly normal precipitation, 1984-92.

(1991) and is unchanged in the updated model. Generally, the
highest rates of ground-water evapotranspiration occur in
model cells near streams where the water table is closest to
the land surface and the lowest rates of ground-water
evapotranspiration occur in model cells near divides where
the water table is deepest.
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PUMPAGE

Ground-water withdrawal from the Lower Patapsco
aquifer in the study area increased from 33,000 gal/d (gallons
per day) in 1933 to a maximum of 11 Mgal/d (million gallons
per day) in 1982 (Achmad, 1991). Since 1982, pumpage has
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Figure 24. — Annual and departure from annual normal precipitation, 1984-92.

gradually decreased. During 1984-1992, annual average
pumpage decreased from 10.6 Mgal/d in 1984 to 5.48 Mgal/d
in 1992 (fig. 26). Increased pumpage from the Patuxent aquifer
and water obtained from the Baltimore City public-supply
system compensated for the decrease in pumpage from the
Lower Patapsco aquifer. Demand for ground water is seasonal;
it is highest in the summer and declines in the winter. The
departure of monthly average pumpage from the annual
average pumpage for each year from 1984-92 is compared
with the monthly departure from normal precipitation (fig. 27).
Monthly average pumpage rates usually exceed the annual
average pumpage rate by the greatest amount during the
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summer months that have below normal precipitation, and
therefore, below normal ground-water recharge. For example,
during the summer of 1991 monthly average pumpage
exceeded the annual average pumpage of that year by 2 Mgal/d
and precipitation and ground-water recharge were below
normal (fig. 27). Monthly average pumpage is shown in figures
28 and 29 for the Sawmill, Dorsey and Harundale well fields,
and for all the single-well well fields. Total annual average
pumpage from the Lower Patapsco aquifer for the period 1984-
92 is shown in table 9. Neither the Sawmill well field nor the
Thelma Avenue well have been used since 1989; the Glendale
well has not been used since August of 1992.
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Figure 26. — Annual average and monthly average pumpage for the Lower Patapsco aquifer, 1984-92.



Table 9. — Annual average pumpage for the

Lower Patapsco aquifer, 1984-92

[Mgal/d = million gallons per day]

Year Annual (zit:el\r;gg; /;:;;mpage
1984 10.61
1985 9.59
1986 9.04
1987 9.14
1988 8.16
1989 6.43
1990 5.77
1991 5.74
1992 5.48

Pumpage in million gallons per day
Precipitation in inches
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Figure 27. — Departure from monthly normal precipitation and the monthly departure from annual aver-
age pumpage for each year, 1984-92.
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Monthly average pumpage in million gallons per day

N W s N W s~ 00 N

N W s

Illl[Illlllllllllllllllllll]]ll]llllllllllllllIIIII|lTlllllllll||llllll[lllIIIIIIITT]IIIIIII]II ST FTTURLELY

+  Monthly average pumpage at the Dorsey well field

lllIlllllllllII)lIllIIIIlllIII|||IlllllllllllI|||ll||l|l||l|llIIII||IIIIIII|lllllllllllIlllllllllllllllllll

JFMAMIJASONDIFMAMIJASONDIFMAMI JASONDIFMAMIJASONDIFMAMIJASONDIFMAMIJASONDIFMAMI JASONDIFMAMIJASONDIFMAMIJASOND

I 1984 1985 1986 1987 1988 1989 1990 1991 1992

lllllllllllllllllllll|lIllIlI|IllIIIIIIIIIITIIIIIII|II|III||IIIllllllllllllllllllllllllllllllll]llll||lllll

+  Monthly average pumpage at the Harundale well field

l||l|||I||||l||lljlllllIlll||l|||III|||||||||||[l]ll|l|||l|]ll||||l|||ILllLJllLLlJlllLlll[lllllll]llllll]l]
JFMAMI JASOND I FMAMJI JASOND I FMAMJ JASONDJFMAMI JASONDJ FMAMI JASOND I FMAMI JASONDJ FMAMI JASOND I FMAMI J ASOND I FMAMJ J ASOND
I 1984 1985 1986 1987 1988 1989 1990 1991 1992

LR LRURR B R B B0 LR I R R L R R (R S e L PR e R R R R RS AN R R RN R R R

+  Monthly average pumpage at the Sawmill well field

lllllllLlllllllllllIllIIIIIIllllIIIIIllIIIIIIIIIII[IIIIIIIJIIIILI!IIIIllllllllllllllllllIllllll!lllllllllll

JFMAMIJASONDIFMANMIJASONDIFMAMJI JASONDIFMAMIJASONDIJFMAMIJASONDIFMAMIJASONDJFMAMIJASONDIFMANIJASONDIFMAMIJASOND

1984 1985 1986 1987 1988 1989 1990 1991 1992

N Wk O 2

[AC I s B S

N W

Figure 28. — Monthly average pumpage for the Lower Patapsco aquifer at the Dorsey, Harundale, and

Sawmill well fields, 1984-92.
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Figure 29. — Monthly average pumpage for the Lower Patapsco aquifer at the single-well well fields,
1984-92.
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RECALIBRATION OF THE GROUND-
WATER-FLOW MODEL

Using the hydrologic properties described earlier, the
ground-water-flow model was reevaluated by matching
simulated stream baseflows and ground-water levels with
measured values. The model was run as a steady-state
simulation (storage coefficients set equal to zero) in order to
simulate the 1965 potentiometric surfaces of the Upper and
Lower Patapsco aquifers (figs. 14, 10). The 1965
potentiometric surfaces approximate the aquifer’s pre-pumping
potentiometric surfaces. The 30 percent increase in confining
unit vertical hydraulic conductivity for some model cells near
Sawmill and Dorsey Road well fields resulted in fractionally
lower heads in the Lower Patapsco aquifer and a fractionally
higher head in the Upper Patapsco aquifer in the area of the
well fields. These differences in head did not alter the regional

1965 potentiometric surfaces nor the 1965 stream baseflow
described in Achmad (1991).

The water levels of Lower Patapsco wells drilled prior to
1965 were plotted on the 1965 steady-state potentiometric
surface map (Achmad, 1991) (fig. 10). The 1965 static water
levels are very close to the pre-pumping potentiometric surface
for the aquifer because development of the Lower Patapsco
was not extensive in 1965. For the same reason, the 1965
potentiometric surface of the Upper Patapsco aquifer (fig. 14)
is assumed to represent the pre-pumping surface.

The 1965 steady-state water levels were used as the initial
conditions (starting water levels) for the 1965-1992 transient
simulation. The 1965-1992 simulation is divided into two parts;
part 1 covers 1965-1984 and part 2 covers 1984-1992. As in
the 1965-1984 simulation described in Achmad (1991), part
1 of the updated model uses a long term annual average
recharge of 20.5 in/yr, an annual model-calculated ground-
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Figure 30. — Simulated and derived baseflow and stream discharge, 1984-92.
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water ET rate (specific to each model cell of the water table)
that could range between 0 and 18 in/yr, and annual average
pumpage for the public-supply wells simulated. The annual
average water levels and stream base flows of 1965-1984
obtained from the updated model were very similar to the
values obtained using the model described in Achmad (1991).
Part 2 of the transient simulation (1984-92) used monthly
values for recharge, evapotranspiration and pumpage. The
recalibration of the flow model for 1984-92 is considered
satisfactory because the simulated baseflow at the Sawmill
Creek gage matches derived baseflow reasonably well
(fig. 30), and the simulated 1992 potentiometric surfaces of
the Lower and Upper Patapsco aquifers compare acceptably
with the water levels measured in 1992 (figs. 31 and 32).
The average difference between the derived and simulated
baseflow hydrographs is about 0.2 to 0.4 cubic feet per second
(cfs) and the maximum difference is about 1.0 cfs. The derived
baseflow hydrograph for 1984-92 (fig. 30) was calculated from
the streamflow hydrograph of average daily values recorded
at the Glen Burnie gaging station on Sawmill Creek. The
derived baseflow was separated from the streamflow
hydrograph by constructing a master-baseflow recession curve

and overlaying it on a streamflow hydrograph (Riggs, 1963;
Achmad, 1991).

Part 2 of the transient simulation (1984-92) used monthly
values for recharge, evapotranspiration and pumpage. The
recalibration of the flow model for 1984-92 is considered
satisfactory because the simulated baseflow at the Sawmill
Creek gage matches derived baseflow reasonably well (fig.
30), and the simulated 1992 potentiometric surfaces of the
Lower and Upper Patapsco aquifers compare acceptable with
the water levels measured in 1992 (figs. 31 and 32).

The average difference between the derived and simulated
baseflow hydrographs is about 0.2 to 0.4 cubic feet per second
(cfs) and the maximum difference is about 1.0 cfs. The derived
baseflow hydrograph for 1984-92 (fig. 30) was calculated from
the streamflow hydrograph of average daily values recorded at
the Glen Burnie gaging station on Sawmill Creek. The derived
baseflow was separated from the streamflow hydrograph by
constructing a master-baseflow recession curve and overlaying
it on a streamflow hydrograph (Riggs, 1963; Achmad, 1991).

Table 10 and a comparison of figures 23, 24 and 30 show
that baseflow is usually at its yearly lowest during the summer
months of the years with below normal precipitation. The 1984

Table 10. — Precipitation, pumpage, ground-water recharge, and base-flow for the period

1984-92

[in./yr = inches per year, Mgal/d = million gallons per day; cfs = cubic feet per second]

Combined Base-flow at Sawmill
e Ground- etly yearly Creek gaging station,
Precipitation water pumpage pumpage Glen Burnie, Maryland
at Baltimore- o from the from the (in cfs)
v Washington 3 d 8 Lower Sawmill
=2 International thuse olc;lel Patapsco and
irport (in by aquifer Dorsey
Airp q
AT n (an wellfields | L A
- in.AT) ] gh oW verage
Mgal/d) (in

Mgal/d)
1984 36.98 16.68 10.61 5.37 2.54 0.54 1.38
1985 36.77 16.58 9.59 5.01 1.05 0.04 0.55
1986 33.67 15.19 9.04 4.14 1.10 0.01 0.38
1987 41.08 18.53 9.14 3.44 1.81 0.67 1.04
1988 32.30 14.57 8.16 3.02 1.76 0.17 0.87
1989 51.88 23.40 6.43 1.83 3.49 0.97 2.48
1990 41.88 18.89 5.77 0.74 3.59 2.59 3.06
1991 30.16 13.60 5.74 1.24 3.94 0.89 2.03
1992 39.07 17.62 5.48 1.58 1.73 0.45 1.06
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Figure 32. — Simulated 1992 potentiometric surface of the Upper Patapsco aquifer and 1992 water-level

Contour interval is 10 feet. Datum is sea level.
Well in the Upper Patapsco aquifer and measured 1992 water level, in feet above sea level.
Pumping cell in model layer two (the Lower Patapsco aquifer) active throughout 1992.

Constant-head cells in model layer one (the Upper Patapsco aquifer).
Water-level altitude is zero (sea level) in constant-head cells.

Stream cells in model layer one (the Upper Patapsco aquifer).
Boundairy of the ground-water-flow model.

altitudes of the calibration wells.
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Table 11. — Comparison of measured stream flows with simulated base flow in the Sawmill Creek
drainage basin

[Stream flow in cubic feet per second (cfs); open numbers are measured stream flows; numbers in parenthese are base flows
derived from a continuous hydrograph; numbers in brackets are simulated base flows; see figure 33 for map locations]

Sites of stream flow measurements (in cfs)

#10 #9 #8 #1 #1A #1B #5 #4 #6 #3 #7 #2
Date Queens- Meadow- | Stewart Route Central Dorsey Eastern Long- Olen Eighth Crest- Crain
4 town brook Avenue 648 Avenue Rd. Avenue wood Drive Avenue haven High-
Tributary | and Tributary | Tributary | Tributary | Avenue Tributary Drive way
Dorsey Tributary Tributary
Rd.
Sep 22 [2.00]
1983 2.09
Sep 29 [0.35] [1.627] [2.00] [1.92] [0.056] [0.22] [0.26] [0.27] [2.54] [0.10] [4.66]
1983 0.42 0.81 0.0 0.34 0.31 0.05 0.04 0.0 0.56 0.0 0.25 2.36
Nov 17 1.18
1983
Dec 14 7.1 13.8 0.42 19.5
1983
Dec 15 3.51 4.88 8.07
1983
Dec 22 15.6 56.1 7.1
1983
Feb 9 [2.095] [0.10] [5.03]
1984 1.72 0.28 3.80
Mar 22 [2.5397] [6.10]
1984 3.47 7.80
May 22 | [0.4396] [1.803] [0.27] [1.99] [1.965] [0.0016] | [0.268] [0.32] [0.298] [2.65] [0.11] [4.96]
1984 1.04 2.57 0.03 2.62 2.56 0.094 0.56 0.44 1.01 3.47 0.38 5351
(2.60) ’
June 28 [3.62]
1984 4.21
Aug 8 [0.96] [3.265]
1984 1.96 4.94
(1.92)
Sep 11 0.74 1.53 0.0 [0.64] 0.08 0.36 0.28 0.73 1.51 0.24 3.9
1984 1.3
(1.02)
Sep 24 [0.206] [1.23] [0.0] [0.64] [0.907] [0.0] [0.084] [0.093] [0.2319] | [0.925] [0.0576] | [2.668]
1984 0.65 1.24 0.0 0.94 0.3 0.22 0.13 0.77 0.79 0.26 2.92
(0.90)
Nov 16 2.77
1984
Nov 27 | [0.248] [1.312] [0.0] [0.84] [1.05] [0.0] [0.124] [0.1477] | [0.245] [1.244] [0.065] [3.11]
1984 0.57 1.12 0.0 0.85 0.03 0.09 0.063 0.65 0.58 0.24 3.0
(0.97)
Feb 15 [1.03] [3.45]
1985 2.14 4.85
(0.82)
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Table 11. — Comparison of measured stream flows with simulated base flow in the Sawmill Creek

drainage basin — Continued

Sites of stream flow measurements (in cfs)
#10 #9 #3 #1 #1A #1B #5 #4 #6 #3 #7 #2
Queens- Meadow- | Stewart Route Central Dorsey Eastern Long- Olen Eighth Crest- Crain
R town brook Avenue 648 Avenue Rd. Avenue wood Drive Avenue haven High-
Tributary | and Tributary | Tributary | Tributary | Avenue Tributary Drive way
Dorsey Tributary Tributary
Rd.
Mar 20 | [0.174] [1.23] [0.0] [1.00] [1.11] [0.0] [0.1376] | [0.1716] | [0.2385] | [1.423] [0.046] [3.279]
1985 0.54 0.97 0.0 0.65 0.02 0.05 0.02 0.61 0.40 0.23 2.05
(0.58)
Mar 22 [5.279]
1985 2.41
June 6 [0.032] [2.01]
1985 2.04 5.81
(0.19)
July 18 [0.05] [2.79]
1985 0.02 1.75
(0.02)
Aug 14 | [0.045] [0.87] [0.0] [0.04] [0.384] [0.0] [0.029] [0.029] [0.17] [0.114] [0.0062] | [1.44]
1985 0.17 0.224 0.0 0.037 0.02 0.0 0.0 0.42 0.0 0.195 1.71
(0.02)
Sep 9 0.02 1.47
1985
Sep 18 [0.158] [1.13] [0.48] [0.783] [0.0] [0.0637] | [0.064] [0.21] [0.686] [0.054] [2.31]
1985 0.14 0.11 0.01 0.012 0.0 0.0 0.43 0.0 0.13 1.47
(0.02)
Mar 23 | [0.167] [1.893] [0.049] [3.599] [3.026] [0.499] [0.463] [0.622] [0.32] [4.757) [0.107] [7.499]
1991 0.81 3.06 0.12 4.25 1.24 5.03 8.91
(3.90)
June 11 | [0.0036] [1.06] [0.0] [1.313] [1.298] [0.0] [0.059] [0.073] [0.188] [1.567] [0.0] [2.94]
1991 0.34 1.47 0.0 1.94 0.71 2.15 4.68
(1.90)
Sep 4 [0.0025] [0.968] [0.0] [1.00] [1.053] [0.0] [0.0415] | [0.0445] | [0.169] [1.186] [0.017] [2.477]
1991 0.18 0.50 0.35
(0.78)
Dec 4 [0.3996] [1.2557] [0.0] [2.107] [1.777] [0.19] [0.193] [0.263] [0.235] [2.625] [0.0359] | [4.55]
1991 0.52 1.81 1.09 5.44
(1.80)

baseflow showed a limited decline during the summer of 1984
because precipitation was high in 1983 (51 in/yr), about 10
inches above normal (National Oceanic and Atmospheric
Administration, 1991). In general, however, the amount of
pumpage and evapotranspiration is highest in the summer
months and net ground-water recharge to the aquifer is at its
lowest. During autumn, baseflow increases as pumpage and
the ET rate decline. Stream-flow measurements recorded at
the other gaging stations in the basin area, along Sawmill Creek
at Crain Highway and along Marley Creek at Stewart Avenue
were used qualitatively in the model evaluation because at
these two sites the bases of the stream gages are not stabilized
and the creeks are tidal. Stream flows were also measured

47

(using hand-held flow meters) at 12 locations along Sawmill
Creek in 1983, 1984 and 1991 (fig. 33). The primary purpose
of these measurements was to determine losing and gaining
stream reaches. Measurements from these sites are compiled
on table 11.

The simulated water levels for 1984-92 were evaluated
by matching them with water levels measured in 14 Lower
Patapsco and 2 Upper Patapsco wells (tab. 12). On average,
the simulated water levels of the 16 wells matched the measured
water levels within 5 ft (figs. 34, 35). The 90th-percentile
difference was 11 ft or less, and the 99th-percentile difference
was 18 ft or less.
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Figure 34. — Comparison of measured and simulated water levels for the Lower Patapsco aquifer,

1984-92.
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Explanation

O Simulated water—level altitude.
A Measured water—level altitude.
Datum for all measurements is sea level.
AA Bd 101 MGS well number.
Glendale AADPW or local name of well.

Figure 34. — Continued.
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Explanation
O Simulated water—level altitude.
A Measured water—level altitude.
Datum for all measurements is sea level.
AA Bd 37 MGS well number.
Harundale 2 AADPW or local name of well.
Figure 34. — Continued.
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Explanation

O Simulated water—level altitude.
A Measured water—level altitude.
Datum for all measurements is sea level.

AA Ad 108 MGS well number.

Figure 35. — Comparison of measured and simulated water levels for the Upper Patapsco aquifer,

1984-92.

Table 12. — Wells used to calibrate the ground-
water-flow model

Moot |t of Pab .
Survey Wg:ks Aquifer Well type
wellnumber local well name
AA Ad 108 Hammonds Ferry Rd. Upper Patapsco Observation
Observation 3
AA Ad, 109 Central Avenue Upper Patapsco Observation
Observation
AA Ad 74 Dorsey 4 Lower Patapsco Unused
production
AA Bd 56 Dorsey 3 Lower Patapsco Production
AABd 64 Dorsey 11 Lower Patapsco Production
AABd 95 Dorsey 13 Lower Patapsco Production
AABd 37 Harundale 2 Lower Patapsco Production
AA Bd 101 Phillip Drive Lower Patapsco Production
AA Bd 103 Glendale Lower Patapsco Production
AA Bd 105 Crain Highway Lower Patapsco Production
AA Bd 107 Elvaton Lower Patapsco Production
AA Bd 109 Quarterfield Rd. Lower Patapsco Production
AA Bd 152 Woodside School Lower Patapsco Observation
AA Bd 155 SHA Garage Lower Patapsco Observation
AA Bd 156 Bicycle Path Lower Patapsco Observation
AA Bd 158 N. Vocational Tech. Lower Patapsco Observation
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DELINEATION OF WELLHEAD PROTECTION AREAS

INTRODUCTION

A wellhead protection area (WHPA) is the surface and
subsurface area surrounding a water well or well field,
supplying a public water system, through which contaminants
are reasonably likely to move and reach the well (U.S.
Environmental Protection Agency, 1987). WHPAs for wells
screened in confined aquifers have one or more of the following
purposes: 1) to provide a remedial action zone (a buffer zone)
that will provide an adequate amount of time to identify and
cleanup contaminants before they reach a well; 2) to provide
a protection area that is large enough to allow for the attenuation
of potential contaminants to acceptable levels before they reach
the production well; and 3) to provide a management zone
that will protect all or part of a well’s zone of contribution
from contamination (Kreitler and Senger, 1991). A zone of
contribution is the area surrounding a pumping well that
encompasses all areas or features providing ground water
recharge to the well (U.S. Environmental Protection Agency,
1987); in this report the term “zone of contribution” is restricted
to recharge areas in the water-table (Upper Patapsco) aquifer.

The degree of leakiness of a confining unit should be
assessed when delineating WHPAs for wells in confined
aquifers. For wellhead protection purposes, a confined aquifer
is defined as a section of an aquifer overlain by low-
permeability strata that lower the probability of ground-water
contamination from surface sources; this definition is based
on the hydrogeologic setting that causes confinement and not
the hydrologic phenomena ensuing from the confinement
(Kreitler and Senger, 1991). Depending on the leakiness of
the confining unit, a confined aquifer may be classified as
“semiconfined” or “highly” confined. Semiconfined aquifers
are more sensitive to contamination from surface sources than
highly confined aquifers because the semiconfined aquifers
can receive significant quantities of water through the confining
unit. Three criteria which indicate semiconfined conditions as
opposed to highly confined conditions are: 1) the presence of
tritium in concentrations that indicate that much of the ground
water is less than 40 years old; 2) the presence of anthropogenic
substances in the ground water; and 3) the demonstration by
hydrogeologic mapping of breaches or other permeable
pathways through the confining unit (Kreitler and Senger,
1991). By these criteria, the Lower Patapsco aquifer is a
semiconfined aquifer.

The U.S. Environmental Protection Agency suggested
method for delineating a WHPA surrounding a well in a leaky
confined aquifer is the determination of the well’s zone of
transport using time-of-travel analysis (Kreitler and Senger,
1991). A time-specific zone of transport is a subsurface volume
bounded by a surface of equal time (an isochronous surface)
that represents the locus of points from which the amount of
time required for a water particle to travel to a well is equal. A
time-specific zone of contribution (or recharge area) is
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delineated by the intersection of the zone of transport with the
top of the water-table aquifer.

A time-related WHPA, implemented by regulation or
zoning, is usually depicted on maps as an area surrounding a
production well. Generally this area represents the projection
of a three-dimensional zone of transport onto the land surface.
Depending on the length of time considered and the
hydrogeologic conditions (especially the permeability of the
confining unit), all, part or none of the zone of transport actually
intersects the top of the water-table aquifer. WHPAs based on
isochronous zones of transport may differ in size and shape
from WHPAs based on isochronous zones of contribution. The
methods of WHPA delineation compared in this report are
two particle tracking techniques: the GPTRAC semianalytical
option of the WHPA code and the MODFLOW-MODPATH
model. The methods differ in their conceptualization of the
ground-water-flow system and in their capacity to accurately
display zones of transport or contribution.

HYDROGEOLOGIC MAPPING

A qualitative wellhead protection strategy could be
developed solely on the basis of hydrogeologic mapping.
However, with respect to wellhead protection, hydrogeologic
mapping is best employed in the conceptualization of the
physical framework of the ground-water-flow system,
translation of that conceptualization to the design of
quantitative models, and understanding and interpreting the
results of the quantitative models in the context of a particular
hydrogeologic setting. In addition to these uses, hydrogeologic
mapping is, in this study, used to make a qualitative assessment
of the vulnerability of the Lower Patapsco aquifer to
contamination.

Several features of the hydrogeologic framework are key
to the susceptibility of the Lower Patapsco aquifer to
contamination. Of most importance is the thickness, texture.
and lateral continuity of the confining unit that overlies the
Lower Patapsco aquifer. The confining unit that overlies the
Lower Patapsco aquifer is leaky because it is laterally
discontinuous (0 to 60 feet thick) and texturally variable
(clayey silt to fine sandy clay), and therefore, contains zones
of relatively high permeability. The combined sand percentage
map of the Upper Patapsco aquifer and underlying confining
unit shows that the part of the geologic section overlying the
Lower Patapsco aquifer is more sandy in the west-central and
north-central parts of the study area, and that it becomes more
clayey to the east and west (fig. 13). Relatively abrupt changes
in lithology and thickness are characteristic of this confining
unit (pls. 1-4). Correlation lines that connect the confining
unit from well to well are correlating predominantly clayey
zones that occur at approximately the same stratigraphic level
within the geologic section. The correlation lines do not



preclude the presence of breaches in the confining unit between
the well sites shown.

Confining units within the Lower Patapsco aquifer
provide additional protection to the lower parts of the aquifer.
These internal confining units are, however, more
discontinuous than the confining unit overlying the Lower
Patapsco aquifer. Similarly, confining units within the Upper
Patapsco aquifer also provide additional protection to the
Lower Patapsco aquifer. These clay-silt zones are also more
laterally discontinuous than the confining unit between the
Lower and Upper Patapsco aquifers (pls. 1-4).

The hydrogeologic sections show that the Upper Patapsco
aquifer thickens southeastward and becomes more clayey. In
the Marley Creek drainage basin clayey beds occur at land
surface (fig. 4) and provide further protection to the Lower
Patapsco aquifer by retarding the movement of contaminants
into the water-table (Upper Patapsco) aquifer. There are few
well data documenting the thickness of these beds, but most
are probably less than 30 ft thick.

The depositional environment of the Patapsco Formation
is the primary factor controlling the distribution, texture and
thickness of the clay-silt zones that form the hydrologic
confining units within and between the Lower and Upper
Patapsco aquifers. The Patapsco Formation in northern Anne
Arundel County is a braided stream deposit (Glaser, 1969;
Hansen, 1968, 1969). The sedimentological process that
dominates a braided river system is the recurrent cutting, filling
with sediment and cutting again of the river’s channels
(Matthews, 1974, p. 142). In a typical braided stream
environment, the coarsest grained materials, sands and gravels,
are deposited as poorly-sorted longitudinal (sand) bars during
flood stages. Moderate to well-sorted, sand-size material is
transported and deposited as in-channel transverse (sand) bars
during normal and low water stages. Fine grained material,
clays and silts, are deposited in abandoned channels and draped
over abandoned bars by relatively slow-moving flood waters
that have reached the topographically highest points within
the river’s floodplain. Figure 36 shows the physiography of a
modern braided river system and illustrates the lack of both
lateral and vertical continuity in a succession of braided river
deposits. The Patapsco Formation in the study area is the
product of a Cretaceous-age braided river system. Lenticular
bar and coarse channel-fill deposits form the sands and gravels
of the Lower and Upper Patapsco aquifers and the muds that
draped abandoned bars and filled abandoned channels form
the clay-silt confining units. Lateral discontinuity and relatively
abrupt thickness and textural changes are characteristic of these
deposits. The leaky character of the confining units between
and within the Lower and Upper Patapsco aquifers also reflects
the heterogeneity of braided stream deposits.

In contrast, the confining unit underlying the Lower
Patapsco aquifer, the Arundel Clay, is a thick, massive, laterally
continuous, and relatively impermeable clay and clay-silt unit.
The clays and clay-silts of the Arundel Clay were deposited in
a shallow, freshwater, backswamp basin characterized by slow
sediment influx (Glaser, 1969). Because of the low-energy
characteristic of this depositional setting, mostly fine grained
materials were transported and deposited. Burial and
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compaction of the Arundel Clay has further decreased the unit’s
permeability. Although 10 to 20 ft thick zones of clayey sand
occur within the Arundel Clay, complete breaches of this 125
to 250 ft thick confining unit are unknown in the project area.
The amount of leakage through the Arundel Clay is
volumetrically inconsequential.

Local topographic relief caused by erosion has truncated
the Upper Patapsco aquifer in the northern parts of the study
area and affected the aquifer’s overall vulnerability to
contamination. The truncation of the Upper Patapsco aquifer
is evident along the traverse from wells Ad 76 to Ad 90 shown
on plate 2. The thinning of the Upper Patapsco aquifer in the
northern parts of the study area decreases the protection
afforded the Lower Patapsco aquifer by the Upper Patapsco
aquifer.

In areas unaffected by pumpage local topographic relief
controls the water-level differences between the Upper and
Lower Patapsco aquifers. A map approximating the pre-
pumping head differences between the Lower and Upper
Patapsco aquifers (fig. 37) was constructed by subtracting the
simulated 1965 potentiometric surface of the Lower Patapsco
aquifer (fig. 10) from the simulated 1965 potentiometric
surface of the Upper Patapsco aquifer (fig. 14). Recharge areas
of the Lower Patapsco aquifer are areas where the water-level
altitudes of the Upper Patapsco aquifer are higher than those
of the Lower Patapsco aquifer (positive head differences; fig.
37) and part of the ground-water flow is downward.
Topographic highs, particularly the basin divides, form much
of the recharge area of the Lower Patapsco aquifer. The
discharge areas of the Lower Patapsco aquifer are areas where
water-level altitudes in the Lower Patapsco aquifer are higher
than those of the Upper Patapsco aquifer (negative head
differences; fig. 37) and ground-water flow is upward.
Topographic lows, such as the stream valleys in the central
and northeastern parts of the study area, form the ground-water
discharge areas of the Lower Patapsco aquifer.

Pumpage from the Lower Patapsco aquifer increases the
head differences between the Upper and Lower Patapsco
aquifers in recharge areas. Figure 38 shows the simulated head
differences between the two aquifers under pumping conditions
based on the 1990 pumpage appropriation. This head-
difference map was constructed by subtracting the
potentiometric surface of the Lower Patapsco aquifer shown
in figure 40 from the potentiometric surface map of the Upper
Patapsco aquifer shown in figure 39. Comparison of figures
37 and 38 shows the changes in the head differential between
the two aquifers due to pumpage. Pumpage increases the
hydraulic gradient between the Upper and Lower Patapsco
aquifers in recharge areas and causes an increase of flow
through the confining bed. In parts of the discharge areas, there
is a decrease in the head differences.

The degree of vulnerability of the Lower Patapsco aquifer
to contamination from the Upper Patapsco aquifer increases
where several of the hydrogeologic characteristics that increase
the aquifer’s vulnerability coincide. Figure 41 is a qualitative
assessment of the degree of vulnerability of the Lower Patapsco
aquifer to contamination from the overlying water-table (Upper
Patapsco) aquifer. This map was constructed by overlaying
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areas of greater aquifer vulnerability as indicated by the
hydrogeologic mapping and the head-difference map of the
Upper and Lower Patapsco aquifers under pumping conditions
(the 1990 pumpage appropriation) (fig. 38). The regions of
greater relative aquifer vulnerability based on the
hydrogeologic mapping are defined as: 1) regions where the
confining unit between the Lower and Upper Patapsco aquifer
is 25 ft thick or less (fig. 11), and 2) regions where the sand-
gravel facies of the Patapsco Formation occurs at land surface
(fig. 4). Each of these regions and the regions where the heads
in the Upper Patapsco are greater than the heads in the Lower
Patapsco aquifer were overlain. The resultant map (fig. 41)
shows four qualitative degrees of aquifer vulnerability of the
Lower Patapsco aquifer to contamination from pollutants
introduced to the Upper Patapsco aquifer. The darker the shade
of brown on figure 41, the greater the degree of aquifer
vulnerability. The hydrogeologic features in the regions where
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ground-water flow is upward from the Lower to Upper Patapsco
aquifer were assigned to the least vulnerable area; the
hydrogeologic features in those areas are not used in constructing
figure 41 because the direction of ground-water flow is the
controlling factor in assessing the aquifer’s vulnerability.

The Dorsey and Crain well fields are in regions where
the Lower Patapsco aquifer has the highest degree of
vulnerability to contamination. The Harundale well field lies
in a region with the least to moderate degree of aquifer
vulnerability. The aquifer vulnerability map shown here is
specific to the well fields that currently exist and the 1990
pumpage appropriation. New well fields placed in the least
vulnerable regions of the Lower Patapsco aquifer would
change the head relations between the two aquifers and the
vulnerability of the Lower Patapsco aquifer in those areas
would increase.
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GROUND-WATER DATING USING TRITIUM
DETERMINATIONS

Tritium is a radioisotope of hydrogen that can be used to
estimate the age of ground water. There are three naturally
occurring isotopes of hydrogen: protium (ordinary hydrogen),
which consists of one proton; deuterium, which consists of
one proton and one neutron; and tritium, which consists of
one proton and two neutrons. All three of these isotopes can
combine with oxygen to form water molecules because they
are chemically similar due to their identical electronic structure.
There are about 5,000 atoms of ordinary hydrogen for every
deuterium atom and about 107 atoms of ordinary hydrogen for
every atom of tritium (Nebergall and others, 1976). Tritium is
commonly measured in tritium units (TU); one TU equals 3.2
pCi/L (picoCuries per liter).

Tritium can be used to date the age of ground water for two
reasons. First, tritium is an unstable radioisotope that decays at a
constant rate by B (beta) emission. The radioactive decay of
tritium follows a single exponential decay curve with a half-life
of 12.43 years (fig. 42). This means that given a quantity of
water with a tritium concentration of C at time t, after 12.43
years has elapsed, the concentration of tritium in the water is
equal to 2 x C; after another 12.43 years has passed, the tritium
concentration is equal to % x CO, and so on. The second reason
tritium can be used to date ground water is that atmospheric
tritium is formed in two ways: The natural process of tritium
creation is the bombardment of N'* (nitrogen 14) in the upper
atmosphere by cosmic rays; the second way tritium is created
is by nuclear reactions, primarily hydrogen bomb explosions.

Natural background levels of tritium in precipitation are
estimated at between 3 and 5 TU (Robertson and Cherry, 1989).
The 3 to 5 TU background level is lower than the previously

accepted range of 5 to 20 TU (Kaufman and Libby, 1954).
Robertson and Cherry (1989), however, make a persuasive
argument for the lower range of background levels.

Atmospheric testing of hydrogen bombs caused a massive
increase in the amount of atmospheric tritium between 1953 and
1963. In 1963, a treaty banning atmospheric testing of nuclear
devices was signed by the Soviet Union and the United States,
and although some countries continued atmospheric testing of
thermonuclear devices after 1963, the levels of atmospheric
tritium have been declining since 1963 (figs. 43 and 44). The
initial build-up of atmospheric tritium above its pre-nuclear age
background levels probably began with the detonation of small
nuclear devices between 1945 and 1952 (Robertson and Cherry,
1989); because very few measurements of tritium in precipitation
were made prior to 1953, the early rise in atmospheric tritium is
not well documented. Peak tritium concentrations of about 9,600
TU were measured in precipitation during the summer of 1963
at Ottawa, Canada and Washington, D.C.; the period from 1962
to 1965 on the tritium graphs form what is commonly referred to
as the “tritium bomb spike” (figs. 43, 44 and 45).

Tritiated water enters the hydrologic cycle and becomes
part of the ground-water recharge because atmospheric tritium
oxidizes rapidly to tritiated water (HTO as opposed to H,0)
and is incorporated into atmospheric water vapors; these
vapors condense and fall to earth as precipitation. Tritium is
an excellent hydrologic tracer because the tritiated water
molecule flows and mixes in the ground-water system in
exactly the same manner as normal water (Michel, 1989).

Figure 45 shows the concentration of tritium in
precipitation at Washington, D.C. decay-corrected to 1992;
the part of the curve prior to 1959 is derived from the Ottawa
data. Tritiated water is not created naturally in a ground-water
system. Therefore, the age of the ground water can be estimated
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Figure 42. — Tritium decay curve.
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Figure 43. — Tritium concentration in precipitation at Washington, D.C., 1959-1992.
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Figure 44. — Tritium concentration in precipitation at Ottawa, Ontario, Canada, 1953-86.
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EXPLANATION

M Tritium concentration in precipitation at Washington D.C., decay corrected
to January 1, 1992.

Estimated tritium concentration in precipitation at Washington D.C., decay corrected
" to January 1, 1992. Curve derived from data collected at Ottawa, Ontario, Canada.

TU Tritium unit.

Upper Patapsco aquifer samples analyzed in September, 1991 or February, 1992.
Lower Patapsco aquifer samples analyzed in September, 1991 or February, 1992.

Endpoints for 1945—-92 decay curves of natural tritium background levels of 3,
5 and 20 TU; and the 1936-92 decay curve for a background level of 20 TU.

Figure 45. — Tritium concentration in precipitation at Washington, D.C. decay-corrected to January 1, 1992;
tritium concentration in ground-water samples; and decay curves for natural tritium background

levels.
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or in some situations determined by measuring the
concentration of tritium in water samples and comparing those
concentrations to a tritium concentration curve that is decay-
corrected to the date the samples were analyzed.

Tritium determinations were made on 36 water samples
from 28 production and observation wells. Eleven of the wells
sampled are screened in the Lower Patapsco aquifer, two in
the Upper Patapsco aquifer, and three in the Patuxent aquifer
(tab. 13; figs. 45 and 46). These samples were electrolytically
enriched and analyzed using a liquid scintillation counter by
the Environmental Isotope Laboratory, University of Waterloo,
Ontario. The analytical method used has a detection level of
0.8 TU.

Determining the exact ages of the ground-water samples
collected from the study area is not possible because of evident
mixing, via leakage, pumpage and other dispersive
mechanisms, of water of different ages. Also, none of the
samples had tritium concentrations that would place the age
of the sample exclusively within the “bomb spike” years, i.e.,
no sample had a tritium concentration of more than 100 TU.
Although the precise year the ground-water samples fell as
precipitation could not be determined, some conclusions can
be made regarding the ages of the ground water sampled.

All of the samples from the Upper and Lower Patapsco
aquifer had detectable amounts of tritium. The concentration

of tritium in the Lower Patapsco aquifer samples ranged from
0.9 TU in Bd 157 to 32.1 TU in Bd 92. In the two Upper
Patapsco aquifer wells sampled, the tritium concentration was
25.1 TU in Bd 159 and 13.3 TU in Ad 104; these latter values
are averages of replicate analyses (tab. 13).

Except for the sample from well Bd 157, all of the Upper
and Lower Patapsco aquifer wells sampled produced water in
1991 that must contain a post-1945 component of recharge.
This is illustrated by the decay curves of the estimated natural
tritium background levels for the period 1945-92 shown on
figure 45. These curves show the tritium concentration in 1992
of water that had initial concentrations of tritium equal to 3, 5
and 20 TU in 1945. Since the tritium concentrations of all the
samples but the one from Bd 157 lie above both curves, these
samples must contain some post-1945 recharge. If the
concentration of natural background tritium ranges from 3-5
TU, then the sample from Bd 157 also contains a post-1945
component of recharge; if the concentration of natural
background tritium ranges from 5-20 TU, then the sample from
Bd 157 must contain a post-1936 component of recharge.

Tritium samples were collected at two sites where there
are clusters of observation wells. Differences in tritium
concentrations at the well clusters illustrate the vertical
variability of tritium concentrations in the aquifers. At one of
the well clusters, the sites of well Bd 159 and Bd 157, the

Table 13. — Tritium concentrations in ground-water samples

[Samples collected prior to May 31, 1991 were analyzed in September of 1991;
ples collected after November 1, 1991 were analyzed in February of 1992.
All well locations shown on figure 46 except for Bc 209 which is located on figure 63]

Well Local Date Con.c.en(tatio'n in Aquife:
number name sampled tritium units
AAAd 1 Sawmill 1 05-15-91 26.6 + 1.9 Lower Patapsco
249 + 1.8
AA Ad 41 Sawmill 5 05-15-91 17.0 + 1.4 Lower Patapsco
AA Ad 67 Sawmill 6 05-15-91 15.6 + 1.3 Lower Patapsco
AA Ad 68 Sawmill 7 05-15-91 189 £ 1.5 Lower Patapsco
01-30-92 16.8 +1.3
AA Ad 102 | Hammonds Ferry 04-10-91 23.8 + 1.8 Lower Patapsco
Observation 1
AA Ad 104 | Hammonds Ferry 04-10-91 182 + 1.4 Lower Patapsco
Observation 2
AA Ad 108 | Hammonds Ferry 04-10-91 12i5 £ 11 Upper Patapsco
Observation 3 14.0 £ 1.3
AA Bc 209 Telegraph Rd. 01-30-92 <0.8 +£ 0.5 Patuxent
AA Bd 37 Harundale 2 01-30-92 1.6 £ 0.5 Lower Patapsco
AA Bd 55 Dorsey 1 05-07-91 239 + 1.8 Lower Patapsco
01-30-92 159 + 1.2
AA Bd 56 Dorsey 3 05-07-91 279 + 2.0 Lower Patapsco
AA Bd 61 Harundale 4 06-06-91 8.3 +0.9 Lower Patapsco
AA Bd 64 Dorsey 11 05-07-91 20.8 + 1.6 Lower Patapsco
01-30-92 18.0 + 1.3
AA Bd 66 Dorsey 13 05-17-91 <0.8 +£ 0.7 Patuxent
AA Bd 91 Dorsey Observation | 05-17-91 32.1 4 2.3 Lower Patapsco
AA Bd 92 Dorsey 14 05-22-91 16.5 + 1.4 Lower Patapsco
01-30-92 132 £ 1.1
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Well Local Date Concentration in :
< 2 Aquifer
number name sampled tritium units
AA Bd 101 Phillip Drive 05-22-91 17.1 £ 1.4 Lower Patapsco
01-30-92 14.7 + 1.1
AA Bd 103 Glendale 05-23-91 11.9 + 1.1 Lower Patapsco
01-30-92 11.7 + 1.0
123 + 1.0
AA Bd 105 | Crain Highway 05-22-91 15.1 + 1.1 Lower Patapsco
01-30-92 16.3 + 1.2
AA Bd 107 Elvaton 05-23-91 22 + 0.6 Lower Patapsco
AA Bd 109 Quarterfield Rd. 05-15-91 17.7 + 1.4 Lower Patapsco
01-30-92 12,6 + 1.0
AA Bd 122 | Stevenson Road 01-30-92 <0.8 £ 0.5 Patuxent
AA Bd 155 SHA Garage 12-10-91 7.3 +£0.7 Lower Patapsco
Observation
AA Bd 156 Bicycle Path 11-26-91 235 £ 1.7 Lower Patapsco
Observation
AA Bd 157 Rippling Woods 11-26-91 0.9 +£0.5 Lower Patapsco
Observation 1
AA Bd 158 | Northern Voc. 11-27-91 19.6 + 1.5 Lower Patapsco
Tech.
Observation
AA Bd 159 Rippling Woods 11-27-91 24.8 + 1.8 Upper Patapsco
Observation 2 253 + 1.8
AA Bd 160 Queenstown Park 04-11-91 125 + 1.2 Lower Patapsco
Observation
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Figure 46. — Tritium concentrations and locations of wells sampled.

65



concentration of tritium was 25.1 TU in Bd 159, an Upper
Patapsco aquifer well, and 0.9 TU in Bd 157, a Lower Patapsco
aquifer well (fig. 46).

The other observation well cluster (wells Ad 108, 104,
and 102) (fig. 46) is near the Sawmill Creek-Cabin Creek basin
divide in the recharge area of the Dorsey and Sawmill well
fields. Differentiation of the Upper Patapsco aquifer from the
Lower Patapsco aquifers is somewhat arbitrary at this site (pl.
2). Based on analysis using the ground-water particle tracking
programs for this area, the water in these wells is probably
post “bomb spike” water. If so, qualitative dates may be
estimated for the water samples collected from these wells in
1991 by comparison of the tritium data with the decay-
corrected tritium curve shown in figure 45.

In wells Ad 108, 104 and 102, the tritium concentrations
were 13.4, 18.2, and 23.8 TU respectively. Ad 108 is a very
shallow (screened from 6-11 ft below land surface) Upper
Patapsco aquifer well; the tritium concentrations in Ad 108
are about equal to the average 1985-92 tritium values in
precipitation. Ad 104 is screened in the upper part of the Lower
Patapsco aquifer from 18 to 28 ft below land surface; the tritium
concentration of 18.2 TU in Ad 104 suggests that this sample
was recharged sometime after 1975. The deepest well at this
cluster (Ad 102) is screened from 80 to 90 feet below land
surface and has a tritium concentration of 23.8 TU. If the water
sample represents mostly post “bomb spike” water, then the
water in this sample entered the ground-water system sometime
between 1965 and 1975.

None of the samples from the Patuxent aquifer had
detectable amounts of tritium. The absence of tritium indicates
that water from the Patuxent aquifer in the study area is older
than water of either the Lower or Upper Patapsco aquifers; it
also suggests that there is no significant hydraulic connection
between the Lower Patapsco and Patuxent aquifers in the study
area. This is consistent with the modeling of the confining
unit between these two aquifers as a no-flow boundary.

PARTICLE TRACKING TECHNIQUES
Introduction

Particle tracking techniques track trajectories of particles
released in a ground-water-flow system either forward in the
direction of ground-water flow or backward in the opposite
direction. Backward-tracked particles are released in a
pumping cell of the model and tracked from the pumping cell
outward, opposite to the direction of ground-water flow, to
either the particles origin in the water table, or to a point within
the aquifer system that represents the location of the particle
at some specified period of time (e.g., 10 years) prior to
entering the well. The particle pathlines delineated by
backtracking from a pumping cell show the movement taken
by water particles flowing towards a well. Backward tracking
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is used to determine zones of contribution (recharge areas) or
time-related zones of transport. Forward tracking is generally
used to track particles from potential contaminant sites in order
to determine whether a contaminant could flow towards a
production well; it may also be used to delineate recharge areas
and zones of transport.

Time-related zones of transport (ZOT) were generated
with the MODFLOW-MODPATH and GPTRAC (semi-
analytical) techniques using three different scenarios of well-
field pumpage because the size and shape of a zone of transport
is in part dependent on the amount of pumpage from the wells.
The pumpage scenarios are: 1) the 1990 pumpage
appropriations issued by the Maryland Water Resources
Administration for production wells and well fields in the study
area applied to the wells that were active in 1990, 2) the average

Table 14. — Distribution of the 1990 pumpage ap-
propriation used in the simulation of
10 and 20-year zones of transport

[Mgal/d = million gallons per day; ft¥/d = cubic feet per day]

Anne Arundel County (Edarl'yla.nd. Simulated i d P g
&pamnl of Surv::y pumpage pumpage of the 1990
Public Works well (in (in well I.'nc!d

well name sifbee Mgal/d) f’/d) appropriation*
Dorsey well field
Dorsey 1 AA Bd 55 0.321 43,000 10.7
Dorsey 3 AA Bd 56 0.398 53,000 13.3
Dorsey 11 AA Bd 64 1.262 169,000 42.0
Dorsey 14 AA Bd 92 1.02 136,000 34.0
;‘;’:;‘:ﬁ“ﬁe; pomee | - 3.00 | 401,000 100
Harundale well field
Harundale 1 AA Bd 36 0.25 33,000 11.4
Harundale 2 AA Bd 37 0.583 78,000 26.5
Harundale 3 AA Bd 63 0.804 108,000 36.6
Harundale 4 AA Bd 61 0.563 75,000 25.6
it o gl B 2.20 294,000 100
Sawmill well field _ 0 0 0
Total simulated pumpage*
Single-well well fields
Phillip Drive well AA Bd 101 0.70 94,000 100
Glendale well AA Bd 103 0.75 100,000 100
Crain Highway well AA Bd 105 0.75 100,000 100
Elvaton well AA Bd 107 1.0 134,000 100
Thelma Avenue well® AA Bd 108 0 0 0
Quarterfield Rd. well AA Bd 109 0.75 100,000 100
e | - 395 | 528,000 =
Total simulated pumpage _ 9.15 1,223,000 71.5
from all wells

! Total 1990 appropriation for all well fields, both active and inactive, equals
11.80 Mgal/d (1,577,000 ft’/d).

21990 pumpage appropriation for the Sawmill well field = 2.2 Mgal/d.

%1990 pumpage appropriation for the Thelma Avenue well = 0.45 Mgal/d.



Table 15. — Distribution of the average 1984-88 pumpage used in the simulation of 10 and 20-year zones of

transport

[Mgal/d = million gallons per day; ft'/d = cubic feet per day]

Anne Arundel County ();rl: Z‘;Z];iz:l Simulated i P P 2
Dcpa'nmcnl of Suirvey pumpage pumpage of of the 1990
Public Works (in (in well field well field

well name n:njll)lcr Mgal/d) f'/d) pumpage appropriation

Dorsey well figld

Dorsey 1 AA Bd 55 0.494 66,000 17.8

Dorsey 3 AA Bd 56 6.355 47,000 12.7 -

Dorsey 4 AA Ad 76 0.733 98,000 26.4

Dorsey 11 AA Bd 64 0.325 43,000 11.6 -

Dorsey 14 AA Bd 92 0.289 39,000 10.5

Dorsey 15 AA Bd 95 0.580 78,000 21.0
ol s 1 = 2776 | 371,000 | 100.0 9.5
Harundale well ficld

Harundale | AA Bd 36 0.367 49,000 25.0

Harundale 2 AA Bd 37 0.367 49,000 25.0

Harundale 3 AA Bd 63 0.367 49,000 25.0 -

Harundale 4 AA Bd 61 0.367 49,000 25.0 -
;:l"'m‘f‘“";";‘;l — 1.468 196,000 |  100.0 6.7
Sawmill well field

Sawmill 3 AA Ad 23 0.157 21,000 11.0

Sawmill 4 AA Ad 40 0.207 28,000 14.5

Sawmill § AA Ad 41 0.296 40,000 20.7

Sawmill 6 AA Ad 67 0.395 53,000 276

Sawmill 7 AA Ad 68 0.375 50,000 26.2
e i = 1.430 191,000 | 100.0 65.0

pumpage for the period 1984-88 applied to all the wells active
during that period (a “historical” pumpage scenario), and 3)
the actual 1992 pumpage of all the well fields that were in use
throughout 1992 (tabs. 14, 15 and 16). The Glendale well was
not simulated in this 1992 pumpage scenario because it was
shut down in September of 1992. The two particle tracking
techniques were used to simulate 10-year zones of transport
with the 1990 pumpage appropriation. The 1990 pumpage
appropriations are used because the approved State wellhead
protection program describing the implementation of WHPAs
in Maryland bases the determination of the WHPA on the
pumpage appropriations issued by the Maryland Water
Resources Administration (Maryland Department of the
Environment, oral commun., 1994). Representative historical
pumpage was used because it helps define the paths
contaminants may take towards production wells; it is possible
that past pumpage from a now-abandoned production well may
have drawn contaminants into the zone of transport of a
production well presently in use. The zone of transport of the
current pumping well may not, however, include the
contaminant source. Additionally, the 1992 pumpage scenario
was used in several examples to illustrate aspects of the
particle-tracking techniques.
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d g Stk P, Pe
Anne Arundel County g‘c le-zlai:al Simulated F F 2
Department of s 8 pumpage pumpage of of the 1990
Public Works urvey (in (in well field well field
well name wall Mgal/d) f%/d) pumpage appropriation
number
Single-well well fields
Phillip Drive well AA Bd 101 0.644 86,000 100.0 92.0
Glendale well AA Bd 103 0.729 97,000 100.0 97.2
Crain Highway well AA Bd 105 0.808 108,000 100.0 107.7
Elvaton well AA Bd 107 0.602 80,000 100.0 60.2
Thelma Avenue well AA Bd 108 0.105 14,000 100.0 233
Quarterficld Rd. well AA Bd 109 0.762 102,000 100.0 101.6
Total pumpage _ 487,000 _ ~
single-well well fields 26 t
Total pumpage - 9.32 1,246,000 - 76.1
all wells 246,

Delineation of Zones of Transport and Zones of
Contribution Using MODPATH

The U.S. Geological Survey program MODPATH
(Pollock, 1989) is one of the particle tracking programs used
in this study to delineate zones of transport and zones of
contribution. MODPATH calculates steady-state particle
pathlines using the head distributions and flow rates calculated
for each active cell of the previously described MODFLOW
ground-water-flow model. MODPATH is an advection model
that computes particle pathlines solely on the basis of flow
velocity. The particle pathlines are calculated under the
assumption that the components of velocity in each of the three
directions of flow within a finite-difference cell of the
MODFLOW model vary linearly with the flow rates calculated
by MODFLOW at each face of the cell. MODPATH does not
account for the effects of diffusion or dispersion, properties
which may cause the particles to move faster than by advective
flow alone.

The accuracy of MODPATH is inherently dependent on
the accuracy of the ground-water-flow model because
MODPATH is a post-processor to the ground-water-flow
model that uses the same aquifer conceptualization and
parameters as the MODFLOW model. In general, the smaller
the finite-difference cell of the flow model, the better the model
represents the ground-water-flow system. For the degree of
resolution required for this study, the 500 by 500 ft size of the
grid cell adequately represents the position of the wells in plan
view and ensures the calculation of accurate particle
trajectories. Uncertainties in aquifer boundary conditions,
hydrologic properties beyond the vicinity of the control wells,
and the amount of inter-aquifer leakage were evaluated during
the calibration of the flow model. Updating and recalibrating
the flow model using monthly data acquired since 1984
improved the reliability of the flow model and the subsequent
MODPATH particle tracking analyses.



Table 16. — Distribution of the 1992 pumpage used
in the simulation of 10-year zones of
transport for selected wells

[Mgal/d = million gallons per day; ft¥/d = cubic feet per day]

Anne Arundel County Maryla.nd Actual Actual Percentage Percentage
Depa.nmcnl of G;‘;’:Vil;al pumpage pumpage of of the 1990
Public Works well (in ()in well field well ffcl:li

well name tiinber Mgal/d) f'/d) pumpage appropriation

Dorsey well ficld

Dorsey 1 AA Bd 55 0.209 28,000 13.3 7.0
Dorsey 3 AA Bd 56 0.169 23,000 10.7 5.6
Dorsey 11 AA Bd 64 0.663 89,000 42.0 22.1
Dorsey 14 AA Bd 92 0.536 72,000 340 17.9
Eﬁ'.fe;"iﬁaﬁé N 1.577 | 212,000 100.0 52.6
Harundale well field
Harundale 1 AA Bd 36 0.137 18,000 102 6.2
Harundale 2 AA Bd 37 0.319 43,000 26.2 14.5
Harundale 3 AA Bd 63 0.321 43,000 26.4 14.6
Harundale 4 AA Bd 61 0.441 59,000 36.2 20
Lovaciimmoim O I 1218 | 163,000 100.0 553
Single-well well ficlds'
Phillip Drive well AA Bd 101 0.611 82,000 100.0 87.3
Crain Highway well AA Bd 105 0.612 82,000 100.0 81.6
Elvaton well AA Bd 107 0.699 93,000 100.0 69.9
Quarterfield Rd. well AA Bd 109 0.586 78,000 100.0 78.1
;:;me:ﬁ s | - 2.508 | 335,000
Total all wells 5.303 710,000 44.9

'The Glendale well was not simulated in this scenario.

In this study, the Lower Patapsco aquifer is modeled as
one layer (fig. 20). As a consequence, MODFLOW simulates
the pumping wells as if they were pumping from the entire
thickness of the Lower Patapsco aquifer. Therefore, the head
distributions calculated by MODFLOW represent an average
value for each Lower Patapsco aquifer model cell. The actual
screen lengths of the production wells, however, generally
range from 20 to 30 percent of the aquifer thickness (App. A).
Barlow (1994) and Reilly and Pollock (1993) discuss situations
where the position of the screened interval (the part of the
well open to the aquifer) effects the location of a pumping
well’s zone of contribution. Simulating the Lower Patapsco
aquifer as two or three model layers would allow an assessment
of the effects of the screen position on the size and location of
the zones of contribution and transport. However, given the
heterogeneity of the Lower Patapsco aquifer in the study area,
the available hydrogeologic data probably does not justify that
degree of vertical discretization of the model framework.
Additionally, because of the confining unit overlying the Lower
Patapsco aquifer, pumping wells tend to intercept particles
that originate in zones of contribution located upgradient near
the basin boundaries, rather than particles that originate in the
immediate vicinity of the pumping wells.
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The actual vertical dimensions of the aquifers and
confining beds are used by MODPATH when calculating the
positions and velocities of the particles at discrete points in
the flow system. MODFLOW does not require entering vertical
dimensions because it represents the aquifers and confining
beds using transmissivity and leakance respectively; these two
parameters incorporate aquifer and confining bed thicknesses.
In MODPATH, particles may be released at any depth. In the
particle tracks shown herein (figs. 47-57, pls. 5-7), the particles
were released in the upper middle and basal parts of the Lower
Patapsco aquifer.

In figures 47, 49, 50, and 55-57 a total of 27 particles
were initially positioned in the pumping cell of each well for
which particle tracks or endpoints are shown. The 27 particles
were placed in three sets of nine particles at three different
depths in each pumping cell; each set of nine particles was
positioned as three equally spaced particles on each X, Y, and
Z axis within the pumping cell. In figures 48 and 52-54, a
total of 125 particles were released from each pumping cell.
The 125 particles were placed in five sets of 25 particles at
five different depths in each pumping cell. Each set of 25
particles was positioned as five equally spaced particles on
each X, Y, and Z axis within a pumping cell.

Back-tracking particle pathlines from pumping wells

Figure 47 illustrates, in three dimensions, pathlines and
endpoints of designated particles backtracked from a pumping
cell in the Lower Patapsco aquifer; the modeled system consists
of a confined aquifer (the Lower Patapsco), an overlying leaky
confining unit, and a water-table aquifer (the Upper Patapsco).
The pathlines shown in figure 47 are from Ad 68, a production
well in the Sawmill well field; the average 1984-88 pumpage
scenario (tab. 15) was used to generate these pathlines. The
plotted 30-year particle trajectories are marked with circles
that indicate 10-year isochronal increments along each particle
pathline. The particles backtracked from the deepest section
in the pumping cell moved laterally in the Lower Patapsco
aquifer and did not reach the confining unit in 30 years; these
particles delineate 10-year, 20-year, and 30-year zones of
transport. Particles backtracked from the middle section of
the pumping cell traveled laterally within the aquifer and
vertically in the confining unit. The particles backtracked from
the highest section of the aquifer in the pumping cell traveled
laterally in the Lower Patapsco aquifer, vertically in the
confining unit, and reached the Upper Patapsco aquifer within
20 years. In the 30-year simulation, some of the particles
reached the water table where they delineate a 30-year zone
of contribution or recharge area in the Upper Patapsco aquifer.
A comparison (in plan view) shows the different dimensions
of the 30-year zone of transport in the Lower Patapsco aquifer
and the 30-year zone of contribution in the Upper Patapsco
aquifer (fig. 47). The irregular distribution of the particles in
plan view is caused by interference effects from nearby
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pumping wells. The particle pathlines from these wells are
not shown.

Pathlines backtracked from well Bd 64 (Dorsey 11) are
plotted on figure 48. The pumpage used in this illustration is
the 1990 pumpage appropriation applied to the pumping wells
in the mode! area. The pathlines of the other pumping wells
are not plotted on figure 48. The plan and cross-sectional views
show that all 125 of the steady-state pathlines backtracked
from Bd 64 reached the model boundaries. The endpoints of
these particle pathlines delineate zones of contribution
(recharge areas) in the water-table aquifer. The V-shaped gap
in the plan view of the particle tracks is caused primarily by
well interference from well Bd 92 which is located to the west
of Bd 64. Other nearby pumping wells also distort the pathlines
of Bd 64. If particles were released from all points along the z
(vertical) axis of the pumping cell, the gaps (except for those
caused by well interference) in the particle pathlines from Bd
64 would be completely filled by particle pathlines. The
pathlines of additional particles would also extend to the
aquifer boundaries.

In figures 49, 50 and 51, respectively, 10-year zones of
transport in the Lower Patapsco aquifer are shown in plan and
cross-sectional view for simulations using the 1990 pumpage
appropriation, the average 1984-88 pumpage (historical
scenario), and the 1992 pumpage scenario. A comparison of
these figures illustrates the effects of pumpage on the size of
the zones of transport and how the transport zone’s shapes are
affected by well interference and ground-water-flow patterns.
Comparing figures 49 and 51 shows that the 10-year zone of
transport for the Dorsey well field with a pumpage of 3.0 Mgal/d
(fig. 49) is larger than the zone of transport when only 1.6
Mgal/d is pumped (fig. 51). The potentiometric surface of the
Lower Patapsco aquifer is also plotted on figure 49 in order to
show the orientation of the zones of transport with respect to
the different directions of ground-water flow. The cross-
sectional views shown on figures 47-51 and 55-57 are partially
schematic because the vertical dimension of the cross-sectional
views are not to scale. The horizontal scale is, however, the
same as the map scale, and the cross-sectional views accurately
show the relative position of the particle pathlines and
endpoints.

MODPATH was used to determine the zones of
contribution (recharge areas) of the well fields in the model
area by backtracking particle pathlines to their intersection
with the top of the water table. Figures 52, 53 and 54 show the
endpoints of pathlines at the top of the water table under the
three different pumpage scenarios. Generally, the recharge
areas cover about half the Sawmill and Marley Creek basins;
they extend from the western and southern ground-water
divides toward the middle parts of the basins. The recharge
areas for the actual 1992 pumpage (5.3 Mgal/d) (fig. 54) are
about half the size of the recharge areas for the 1990 pumpage
appropriation (9.3 Mgal/d) (fig. 52). The time required for
water to flow from the recharge areas to the wells ranges from
less than 10 to 60 years using the 1990 pumpage appropriation

70

and average 1984-88 pumpage, but this time ranged from 40
to 60 years in the 1992 pumpage scenario. The recharge areas
are larger and closer to the wells under the higher pumpage
rates. Although recharge areas do not plot in the immediate
area surrounding some of the pumping wells, some recharge
may originate in the immediate vicinity of the well. This is
because in the model the heads driving the recharge to the
wells are average heads for the model cell. As a consequence,
drawdowns in the immediate vicinity of the well are greater
than the model simulates. Therefore, as Barlow (1994) notes,
in some cases the lack of recharge originating in the immediate
vicinity of the well may be caused by the inability of the
MODFLOW model to simulate accurate drawdowns near the
well. Using a finely discretized grid at the pumping sites would
increase the accuracy of the simulation near the wells. In the
study area, however, the presence of the confining unit will
ameliorate this problem except near wells where the confining
unit may be thinner or leakier than modeled.

MODPATH can be used to estimate the time and rate of
flow of particles traveling from a recharge area to a pumping
well. For example, figure 55 shows the endpoints of 27 particle
pathlines released from well Bd 61 (Harundale 4) after 0, 10,
20 and 30 years of pumpage. The pathlines were omitted in
this figure so that the particle positions at specified times could
be followed more easily. The model scenario used is the 1990
pumpage appropriation, in which Bd 61 pumped 0.8 Mgal/d out
of a total pumpage for all the simulated wells of 9.15 Mgal/d
(tab. 14). Although no particle pathlines were tracked from
the other pumping wells, these wells were pumped at the 1990
pumpage appropriation rate in the simulation. Figure 55 shows
the endpoints in plan view and projected onto a vertical plane
parallel to the columns and the rows of the model grid
respectively. At the initial time of release (1) all 27 particles
from Bd 61 are positioned in the model cell that represents
the pumping well; note that several of the endpoints coincide
when observed in plan view (fig. 55). After 10, 20, and 30
years of pumpage the lateral distances traveled are
approximately 2800, 3800, and 5400 ft from the well. The
average rates of travel of the particles at 10, 20, and 30 years
are, therefore, 280, 190, and 180 ft/yr respectively (tab. 17).
The rates of travel indicate that particles move faster as they
approach the well because near the well the same volume of
water is moving through a smaller cross-section of aquifer.

The vertical distances that the particle traveled from well
Bd 61 after 10, 20, and 30 years of pumping are about 32, 56,
and 72 ft (fig. 55) (tab. 18). The average vertical flow rates of
particles range from 2.4 to 3.2 ft/yr. For each particle, the
magnitude of the vertical component of flow is one tenth or
less than the magnitude of the horizontal component of flow.
The time required for the backtracked particles to reach the
confining unitis 11 to 12 years. Another 8 to 9 years is required
for the particles to travel the full thickness of the confining
unit, and about another 10 years are needed for the particles

(Text continues on p. 79.)
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Figure 49. — Ten-year pathlines in plan and cross-sectional views backtracked from public-supply wells
after 10 years of pumping at the 1990 pumpage appropriation of 9.15 million gallons per day.
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Figure 50. — Ten-year pathlines in plan and cross-sectional views backtracked from public-supply wells
pumping at the average 1984-88 pumpage of 9.3 million gallons per day.
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Figure 51. — Ten-year pathlines in plan and cross-sectional views backtracked from selected public-
supply wells pumping at their 1992 pumpage of 5.3 million gallons per day.
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Figure 55. — Endpoints of pathlines backtracked from well Bd 61 in plan and cross-sectional views after 0,
10, 20, and 30 years of pumping at the 1990 pumpage appropriation of 9.15 million gallons
per day.
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Table 17. — Horizontal distance traveled in
plan view and the rate of travel
of particles released from well
Bd 61 at 10, 20, and 30 years of

pumping
[ft = feet]

Simulation time Distance Rate of flow
(in years) traveled of particles
y (in ft) (in ft/year)

10 2800 280

20 3800 190

30 5400 180

to reach the upper parts of the water-table aquifer. These
numbers are average values for the flow pattern in the vicinity
of well Bd 61 using the 1990 pumpage appropriation.

Ground-water ages as indicated by the particle pathlines
are corroborated by the tritium determinations. As discussed
previously, most of the tritium concentrations greater than 20
TU were determined in samples from wells in the Sawmill
Creek basin at or near the Dorsey and Sawmill well fields (fig.
46; tab. 13). These are the well fields with the greatest
proportion of 20-year pathlines reaching the water table (a
few of the pathlines reach the water table within 10 years)
(fig. 56). Together, the higher tritium concentrations and the
pathline analysis suggest that much of the water pumped from
these wells in 1991 entered the ground-water-flow system after
1961.

Most of the Lower Patapsco aquifer samples with low
tritium concentrations are from wells in the southwest-central
part of the Marley Creek basin, the Harundale well field, the

Table 18. — Vertical distance traveled in cross-
sectional view and the rate of travel
of particles released from well Bd
61 at 10, 20, and 30 years of pump-

ing
[ft = feet]
Distance  Rate of flow
Simulation time  traveled of particles
(in years) (in ft) (in ft/year)
10 32 Ranges from
20 56 ok
to
30 72 8.2

Elvaton well and observation well Bd 157. This is consistent
with the 20-year pathline distribution for the Elvaton and
Harundale well fields; only a few of the 20-year pathlines from
the Elvaton well field and a few 10 and 20-year pathlines from
the Harundale well field reach the base of the confining unit
(figs. 56 and 57). Together, the tritium data and pathline
analysis indicate that most of the water pumped from these
wells in 1991 entered the ground-water system prior to 1961
and may include a large percentage of pre-1945 water. For
example, the pathline analysis for Bd 61 (Harundale 4)
indicated backtracked particles require about 30 years to reach
the upper part of the water-table aquifer from their release
points in the Lower Patapsco aquifer.

MODFLOW generates volumetric balances for each cell
in the model in order to test whether the flux in and out of
each cell satisfies the principle of conservation of mass. In
this study the model simulations were terminated if the
difference in the average inflow and outflow of 100 or more
cells exceeded 0.1 percent. In computing a volumetric balance,
the amount of flux through each of the six faces of a cell is
calculated. Using this feature, the flow into and out of model
cells of particular interest, such as pumping cells and water-
table cells that represent contaminant sources, may be
examined. For example, the volumetric balance for the
pumping cell representing Bd 61 (Harundale 4) indicates that
98.8 percent of the inflow occurs as lateral flux from the Lower
Patapsco aquifer and only 1.2 percent is vertical leakage from
the Upper Patapsco aquifer. No flux crosses the bottom
boundary because a no-flow boundary represents the confining
unit (the Arundel Clay) that separates the Lower Patapsco from
the Patuxent aquifer (fig. 20). The actual distribution of lateral
and vertical inflow to pumping cells in the model will vary as
a function of the amount of pumpage, the leakance of the
overlying confining unit, the position and length of the well
screen, the distance to nearby wells, and the distance to ground-
water divides. Of the lateral influx supplying Bd 61, 43.8
percent flows from the east, 31.7 percent flows from the south,
and 23.4 percent flows from the north; these fluxes represent
98.8 percent of the total influx to the pumping cell. Outflow
from pumping cell Bd 61 consists of 84.8 percent pumpage
and 15.3 percent flow to the adjacent pumping cell representing
well Bd 63.

Forward-tracking particle pathlines from contaminant sources

Buried underground storage tanks, superfund sites,
landfills, community septic systems, and sewage treatment
facilities are potential contaminant sources that could leak
hazardous materials to the ground-water system. In the
examples shown here, the forward-tracking option of
MODPATH is used to analyze the potential for contaminant
intrusion to the ground-water system. The locations of potential
contaminant sources in the study area were obtained from the
Maryland Department of the Environment (fig. 19). In the
forward-tracking simulations, particles are placed in water-
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Figure 56. — Twenty-year pathlines in plan and cross-sectional views backtracked from the public-supply
wells pumping at the average 1984-88 pumpage of 9.3 million gallons per day.
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Figure 57. — Ten-year pathlines forward tracked from contaminant sources and 10-year pathlines back-
tracked from the public-supply wells pumping at the average 1984-88 pumpage of 9.3 million

gallons per day.
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table cells that coincide with the approximate locations of the
potential contaminant sources at the water table. Particles are
placed in one water-table cell if the area covered by the
contaminant source is equal to or smaller than the size of one
model cell (500 ft x 500 ft). The liquid underground storage
tanks (LUST sites), community septic systems, ground-water
discharge permit sites, and RCRA sites in the study area were
represented by individual water-table cells. Some superfund
(CERCLA) sites and waste disposal sites were depicted with
groups of water-table cells that represented the approximate
boundary of the property the sites are on. The entire area shown
by the groups of water-table cells is not classified as a
CERCLA site.

Both 10-year forward-tracked particle pathlines from
contaminant sources and 10-year backward-tracked particle
pathlines from the public-supply wells are shown in plan and
cross-sectional views in figure 57. After 10 years of pumping
using the average 1984-88 pumpage, a few pathlines from the
C-4 landfill site crossed the confining unit and entered the Lower
Patapsco aquifer (fig. 57). However, if the C-4 landfill were to
fail, a contaminant leaking from that site would not pose a threat
to the public-supply wells in the study area because in the aquifer
flow regime site C-4 is downgradient from the public-supply
wells. Particles released from LUST sites L-8 and L-9 reached
the contact of the water table and the confining unit after 10
years of pumpage (fig. 57). Were these sites not remediated, a
contaminant leak could pose a threat to certain public-supply
wells because the sites are located in a region of the flow regime
that recharges the Sawmill and Glendale well fields. The Sawmill
and Glendale well fields have not been pumped since 1989 and
1992 respectively.

The volumetric balance and flux distribution for the cell
representing LUST site L-8 (located near the Harundale well
field) indicates that inflows to the cell are 38.9 percent from
the west, 45.6 percent from the south and 15.6 percent from
ground-water recharge. The lateral outflows are 34.0 percent
to the east and 39.86 percent to the north. Downward leakage
to the Lower Patapsco aquifer is 26.1 percent of the outflow
and the rate of downward leakage is 0.0216 ft/d. In comparison,
the volumetric balance for the cell representing LUST site L-10
(located near the Elvaton well) indicates that downward
leakage is only 10.8 percent of the total outflow and that the
rate of downward leakage is 0.0076 ft/d. Pathlines from site
L-8 cross the confining unit earlier than the pathlines from
site L-10 because the rate of downward leakage at L-8 is three
times the rate at L-10 (fig. 57).

Delineation of Zones of Transport Using
GPTRAC Semi-Analytical Option

The U.S. EPA WHPA model used in this study is the
General Particle Tracking semi-analytical module (GPTRAC)
of the WHPA code version 2.1 (Blandford and Huyakorn,
1991). GPTRAC applies an analytical formulation to compute
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ground-water velocities and trace pathlines. The GPTRAC
semi-analytical module was developed to provide an “easy-
to-use” method for delineating wellhead protection areas by
state and local authorities. The semi-analytical option of the
GPTRAC module was used in this study because it is versatile
enough to handle the physical flow system of the Lower
Patapsco aquifer, and yet requires only basic hydrologic data
far model input. In contrast to numerical particle tracking
methods, the GPTRAC semi-analytical module does not use
output from a flow model. However, the numerical option of
GPTRAC can use head distributions output from a ground-
water-flow model.

The semi-analytical option of GPTRAC simulates a two-
dimensional steady-state flow system in the following: a) an
unconfined aquifer with areal recharge, b) a confined aquifer
with leakage from the overlying or underlying confining unit,
and c) a fully confined aquifer. Barrier or fully penetrating
stream boundaries may be simulated. However, only one of
these boundaries can be simulated in unconfined aquifers; two
boundaries can be simulated in confined aquifers. Output from
GPTRAC (version 2.1) consists of plan views of time-related
zones of transport delineated by particle pathlines backtracked
from production wells (fig. 58). Forward and backward
tracking of particles released at sites other than production
wells is also an option. Additionally, the effects of well
interference are simulated by the GPTRAC module. The input
parameters required for the GPTRAC semi-analytic option to
simulate leaky-aquifer conditions are listed in table 19.

In order to compare the zones of transport delineated using
the GPTRAC semi-analytical option and MODPATH, the
aquifer properties and other input data entered into GPTRAC
had to be as similar as possible to the values used in
MODPATH. One assumption on which the comparison of the
GPTRAC and MODPATH is premised is that the MODPATH
zones of transport are more accurate than the GPTRAC zones
of transport because the MODPATH simulations are based on
a calibrated, and in this case verified (over the period 1984-
92), three-dimensional ground-water-flow model. Working
under this assumption, a certain amount of manipulation of
the GPTRAC output based on the MODPATH output was
allowed in order to determine how much averaging of flow
model parameters was acceptable in deriving average input
parameters for GPTRAC. However, once the acceptable
amount of averaging was determined, no additional
manipulation of input parameters was allowed. This process
did not bias the results of the comparisons as much as it may
first appear because the aquifer and confining unit hydrologic
properties used in the flow model are all derived from field
data. This is the same field data that would be available if one
used GPTRAC to delineate zones of transport without the
benefit of a pre-existing flow model; the underlying assumption
is that the aquifer and confining unit properties estimated from
the field data would be about the same as those derived from
the calibrated flow model.

The GPTRAC semi-analytical module is most applicable
to aquifers with homogeneous conditions that can be
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Figure 58. — Schematic showing the application of the GPTRAC model output to the determination of
zones of transport and time-related wellhead protection areas in semiconfined aquifers.

represented by one value for each input parameter:
transmissivity, confining unit thickness, confining unit vertical
hydraulic conductivity, hydraulic gradient and angle of ambient
flow. In contrast, MODFLOW-MODPATH can accommodate
heterogeneity in the hydrogeologic system. There are three
different zones of transmissivity and several different zones
of confining unit conductivity in the study area. The hydraulic
gradient and angle of ambient flow are not input directly into
MODFLOW because they are functions of the head
distribution calculated by MODFLOW.

The 21 production wells in the project area were divided
into 7 groups in order for GPTRAC to simulate as closely as
possible the spatially variable input parameters (tab. 20). The
Dorsey, Sawmill, and Harundale well fields were placed into
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separate groups. The Crain and Elvaton wells form one group
as do the Phillip Drive and Quarterfield Road wells. The
Glendale and Thelma Avenue wells were simulated as single-
well groups because their input parameters were too dissimilar
from those of the other groups and each other. The confining
unit thickness used in GPTRAC is 35 ft, which is an average
of the confining unit thickness used in MODFLOW-
MODPATH. The vertical hydraulic conductivity values used
in GPTRAC are values derived from each vertical hydraulic
conductivity zone in the confining unit of the MODFLOW
model. A uniform porosity value of 30 percent is used for the
Lower Patapsco aquifer in both the MODPATH and GPTRAC
models and also for the Upper Patapsco aquifer in MODPATH.

<—+— Leaky confining unit



Table 19. — Input required for the GPTRAC semi-
analytic option when simulating
leaky-aquifer conditions

Model dimensions

Boundary conditions: none; or barrier and/or
fully penetrating stream boundary.

Number of pumping wells

Amount of discharge for each pumping well
Number of recharge wells

Amount of recharge from each recharge well
Location of wells

Aquifer transmissivity

Regional hydraulic gradient

Angle of ambient flow, i.e., the bearing of the
pre-pumping regional flow system; the bearing is
input as an angle (0-360") with respect to the
orientation of the model, not with respect to the
cardinal points.

Aquifer porosity

Confining bed vertical hydraulic conductivity
Confining bed thickness

Time period for simulation

Time value for time-related zone of transport

The GPTRAC simulations were run with no lateral
boundaries specified for the Lower Patapsco aquifer. This is
the closest approximation to the natural lateral boundary of
the aquifer available in GPTRAC. The basal no-flow boundary
of GPTRAC is essentially the same as the basal no-flow
boundary used by the MODFLOW model. In the GPTRAC
module both the semiconfined aquifer and the water-table
aquifer start with the same initial head. Leakage through the
confining bed is supplied by superposition when pumpage
creates a hydraulic gradient between the pumping aquifer
(Lower Patapsco) and the constant-head water-table aquifer
(Upper Patapsco). In contrast the MODFLOW model has an
active water-table aquifer that simulates recharge from
precipitation and losses due to evapotranspiration and stream
base flow. Flow between the Upper Patapsco aquifer and the
Lower Patapsco aquifer occurs through a leaky confining bed
which in the MODFLOW simulations may be in either
direction.

The transmissivity input to GPTRAC for wells within each
group is the same as that used for the comparable area in the
flow model. The angle of ambient flow and the hydraulic
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gradient are an average value only for the wells within each
group and therefore more closely represent the actual values
for each group of wells. The angle of ambient flow and the
hydraulic gradient input to GPTRAC were measured from the
model-generated 1965 potentiometric surface map of the
Lower Patapsco aquifer (fig. 10). The reason the model-
generated 1965 potentiometric surface map was used is that
this potentiometric surface was calibrated against the earliest
measured water levels for the study area; a potentiometric
surface map drawn by hand using the 1965 and earlier
measured water levels showed no significant difference from
the model-generated map in the vicinity of the wells.

One of the options available in GPTRAC is the ability to
overlay zones of transport generated by different simulations.
This feature was used to run separate simulations using
parameters specific to each group of wells, but only plot
pathlines for the group of wells associated with the input
parameters specified for that simulation. The individual plots
for each group were then superposed to produce a single map
showing zones of transport for the entire set of wells in each
pumpage scenario. Some of the interference effects between
adjacent groups of wells was preserved by simulating all of
the wells. The GPTRAC analysis was improved by this method
in areas where two groups of wells were close to each other
and had similar input parameters, for example, the Dorsey
and Sawmill well fields (pl. 7).

The GPTRAC zones of transport for the 1990 pumpage
appropriation scenario are a composite of five simulations from
the groups listed in table 20 (pls. 5 and 6). The Thelma Avenue
well, the Sawmill well field and some of the wells in the Dorsey
well field were not included in these simulations because these
wells are no longer used. In the scenario that used the average
1984-88 pumpage, all 21 production wells were pumped (pl.
7). The zones of transport generated under this latter scenario
are a composite of seven simulations.

Comparison of Zones of Transport Generated by
Pumpage in the Lower Patapsco Aquifer

The GPTRAC semi-analytical module used in this study
generates zones of transport in the Lower Patapsco aquifer
that depict the areal extent through which water moves toward
a pumping well under the influence of a cone of depression.
Because GPTRAC is a two-dimensional model, it can not
actually track recharge particles from the water table and
therefore does not differentiate between zones of transport and
zones of contribution. Only under the assumption that water
leaking through the confining bed is instantaneously recharged
from the water-table aquifer (Upper Patapsco aquifer) can the
output from GPTRAC be considered a zone of contribution.

The MODPATH numerical program used in this study
generates three-dimensional zones of transport surrounding
pumping wells in the Lower Patapsco aquifer. Backtracked
pathlines may cross the upper confining unit of the Lower
Patapsco aquifer and a portion of the zone of transport may



Table 20. — Parameters of the Lower Patapsco aquifer used for the well fields in the GPTRAC module
of the WHPA code to generate time-related zones of transport

[ft = feet; ft/d = feet per day; ft¥d = feet squared per day]

Anne Arundel
County Angle of Gonfining
Department of ambient . . :
. 1
Public Works Trans- Aquifer . . flow in Conﬁpmg unit vertica
.. . Aquifer | Hydraulic unit hydraulic

well name missivity | thickness . . WHPA e d
Mrvlaid (in f¥/d) (in ff) porosity gradient degree thl.C ess co.n.uc—

é lry cal (and t (in ft) tivity
eologica and true (in ft/d)
Survey bearing)

well number)
By 4,500 125 03 | 0.004 ” 35 3.9 X 102
well field! ’ ’ ’ (N86°E) ’
Sawmill 18 3
well field? 4,500 125 0.3 0.0033 (N72°E) 35 3.9X10
Glendale well 20 o
(AA Bd 103) 4,500 125 0.3 0.003 N70°'E) 35 3.0X 10
Harundale 45 2
well field® 6,000 185 0.3 0.003 (N45°E) 35 3.0X 10
Phillip Drive 14
well 6,000 185 0.3 0.003 (N76°E) 35 3.0 X 10?
(AA Bd 101)
Quarterfield 14
Rd. well 6,000 185 0.3 0.003 (NT6°E) 35 3.0 X 10?
(AA Bd 109)
Crain Highway 20
well 6,000 185 0.3 0.0026 (N70°E) 35 3.0 X 107
(AA Bd 105)
Elvaton well 20 2
(AA Bd 107) 6,000 185 0.3 0.0026 (N70°E) 35 3.0X 10
Thelma Avenue 32
well 6,000 185 0.3 0.0029 (NS8E) 35 3.0 X 102
(AA Bd 108)

1 Dorsey well field includes: Dorsey 1 (AA Bd 55), Dorsey 3 (AA Bd 56), Dorsey 4 (AA Ad 76),
Dorsey 11 (AA Bd 64), Dorsey 14 (AA Bd 92), and Dorsey 15 (AA Bd 95).

2 Sawmill well field includes: Sawmill 3 (AA Ad 23), Sawmill 4 (AA Ad 40), Sawmill 5 (AA Ad 41),
Sawmill 6 (AA Ad 67), Sawmill 7 (AA Ad 68).

% Harundale well field includes: Harundale 1 (AA Bd 37), Harundale 2 (AA Bd 37), Harundale 3 (AA Bd 63), and Harundale 4 (AA Bd 61)
or its replacement, Harundale 4R (AA Bd 160).
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reach the water table where recharge occurs. These areas of
the water-table aquifer are defined as zones of contribution in
this report.

The Lower Patapsco zones of transport generated by
GPTRAC are displayed in plan view. Zones of transport
generated by MODPATH are likewise displayed and compared
to those made by GPTRAC under the 1990 pumpage
appropriation scenario and average 1984-88 pumpage
scenario. Plan views of MODPATH zones of contribution in
the Upper Patapsco aquifer are also shown, but they are not
quantitatively compared to the GPTRAC output in this report
(figs. 52-54).

The plan view of time-related zones of transport generated
using GPTRAC and MODPATH are shown on the following
plates: plate 5 shows the 10-year time-related zone of transport
for the 1990 pumpage appropriation, plate 6 shows the 20-
year time-related zone of transport for the 1990 pumpage
appropriation, and plate 7 shows the 10-year time-related zone
of transport for the average 1984-88 pumpage scenario. The
MODPATH particle tracks are shown in black with the zones
of transport outlined in black. The GPTRAC zones of transport
are delineated by the particle pathlines shown in brown. The
pumpage applied to the wells in the simulations using the 1990
pumpage appropriation and average 1984-88 pumpage are
listed on tables 14 and 15.

The plan views of 10 and 20-year zones of transport
generated by the GPTRAC and MODPATH were compared
on the basis of three quantitative measures. The measures are:
1) the amount of area covered by the zones, 2) the percentage
coincident area of the zones—this is a measure of the degree
to which the GPTRAC and MODPATH zones of transport
cover the same area, and 3) the degree of similarity of the
shapes of the zones of transport as indicated by their length to
width ratios.

Model scenario using the 1990 pumpage appropriation

Tables 21 to 24 compare the plan views of 10 and 20-
year zones of transport in the Lower Patapsco aquifer generated
by GPTRAC to those generated by MODPATH using the 1990
pumpage appropriation. Table 25 compares the size of the areas
(in plan view) of the 10-year to the 20-year GPTRAC zones
of transport and also compares the areas (in plan view) of the
10-year to 20-year MODPATH zones of transport.

Six of the seven 10-year GPTRAC zones of transport
covered less area, ranging from 17 to 36 percent less, than the
10-year MODPATH zones of transport (pl. 5; tabs. 21 and 22,
col. 1). Only the GPTRAC zone of transport for the Glendale
well (Bd 103) covered more area (18 percent more) than the

Table 21. — Comparison of the area covered by the 10-year zones
of transport generated using the 1990 pumpage appro-
priation and wells active in 1990

[mi?=square miles]

Well field Area of Area of
Anne Arundel County GPTRAC MODPATH
Department of Public Works zones of zones of
well name, transport transport
(Maryland Geological in m¥ in mi®
Survey well number) and in (acres) and in (acres)
Dorsey
(Dorsey 1, AA Bd 55)
(Dorscy 3, AA Bd 56) (52(5)5977 (76;;199
(Dorsey 11, AA Bd 64)
(Dorsey 14, AA Bd 92)
Glendale well 0.288 0.245
(AA Bd 103) (184) (157)
Harundale
(Harundale 1, AA Bd 36)
(Harundale 2, AA Bd 37) (352;552 s 533859
(Harundale 3, AA Bd 63)
(Harundale 4, AA Bd 61)
Phillip Drive well 0.176 0.224
(AA Bd 101) (113) (143)
Quarterfield Rd. well 0.201 0.245
(AA Bd 109) (129) 3as7
Crain Highway well 0.205 0.248
(AA Bd 105) (131) (159)
Elvaton well 0.264 0.399
(AA Bd 107) (169) (255)

Arca of the Total
GPTRAC zone oL’ arca Coincident area
covered by the
of transport union o tic of the
minus the area GPTRAC and GPTRAC and
of the MODPATH MODPATH
MODPATH zones of
zones of
zone of transport
transport =
transport porg = in mit
. n mr .
in mi d in (acees)' and in (acres)®
and in (acres) a
-0.222 1.199 0.977
(-142) (767) (625)
0.043 0.294 0.232
(28) (188) (149)
-0.307 0.859 0.552
(-196) (550) (353)
-0.048 0.237 0.165
(-31) (152) (106)
-0.044 0.270 0.176
(-28) 173) 113)
-0.043 0.260 0.195
(-28) (166) (125)
-0.135 0.399 0.264
(-86) (255) (169)

! In set notation: GPTRAC arca U MODPATH arca.
?In set notation: GPTRAC arca N MODPATH area.
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Table 22. — Comparison of 10-year zones of transport
generated with the 1990 pumpage appro-
priation and wells active in 1990 using
various measures

Well field
Anne Arundel County
Department of Public

Works well name,
(Maryland Geological
Survey
well number)

in the area of the

zone of transport'

Percentage difference

GPTRAC zone of
transport  with respect
to the MODPATH

. Percentage of
Pe:rcf;‘mgc dm:;““ coincident area of
. Mtoloml:/\?m ‘ GFTRAC and
{ transport with MODPATII zones of
zone of 5
ith (
respect (o the transport with respeci

to the area covered by
the union of the two
zones of transport®

GPTRAC zone of
transport®

Dorsey

(Dorsey 1, AA Bd 55)
(Dorsey 3, AA Bd 56)
(Dorsey 11, AA Bd 64)
(Dorsey 14, AA Bd 92)

Glendale well
(AA Bd 103)

Harundale

(Harundale 1, AA Bd 36)
(Harundale 2, AA Bd 37)
(Harundale 3, AA Bd 63)
(Harundale 4, AA Bd 61)

-36

Phillip Drive well

21
(AA Bd 101) 2

Quarterfield Rd. well
(AA Bd 109)

Crain Highway well
(AA Bd 105)

Elvaton well -34

(AA Bd 107)

81

79

56 64

27 70

22 65
21 75

51 66

Variables in the following formulas are as follows:

G = area of GPTRAC zone of transport
M = arca of MODPATH zone of transport

G N'M = the arca belonging to both G and M, the area of overlap.
G U M = the arca belonging to either G or M, the union of the two arcas.

! Percentage difference of the GPTRAC arca with respect to the MODPATH area: ((G-M) / M) X 100

2 Percentage difference of the MODPATH arca with respect to the GPTRAC area: (M-G) / G) X 100

3 Percentage of coincident area of the MODPATH and GPTRAC zones of transport with respect to the arca
covered by the union of the two zones: ((G N M)/ (G U M)) X 100

MODPATH zone of transport. The percentage coincident area
of the GPTRAC and MODPATH zones of transport under this
pumpage scenario ranged from 64 to 81 percent (tab. 22, col.
3).

In general the 20-year zones of transport generated with
GPTRAC and MODPATH using the 1990 pumpage
appropriation were similar to the 10-year zones of transport
(pl. 6; tabs. 23 and 24). However, for some of the zones of
transport, significant differences occurred with the increased
simulation time. Except for the zone of transport of the
Glendale well, the area covered by the GPTRAC zones of
transport ranged from 10 to 42 percent less than the
MODPATH zones of transport; the GPTRAC zone of transport
for the Glendale well covered 30 percent more area than the
corresponding MODPATH zone of transport (tab. 24, col. 1).
The percentage coincident area for the 20-year zones of
transport ranged from 54 to 86 percent (tab. 24, col. 3). In
four of the seven zones of transport, the percentage of
coincident area in the 20-year analysis was lower by 5 to 12
percent than in the corresponding 10-year zones of transport;
one zone of transport showed no significant change, and two
'showed increases of about 8 and 9 percent.
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The GPTRAC and MODPATH zones of transport
showing the greatest difference in size in both the 10 and 20-
year comparisons were those for the Harundale well field. In
the 20-year simulation, the GPTRAC zone of transport was
42 percent smaller than the MODPATH zone of transport (tab.
24, col. 1); in the 10-year simulation, the GPTRAC zone of
transport was 36 percent smaller than the MODPATH zone of
transport (tab. 22, col. 1). The size difference between the
GPTRAC and MODPATH zones of transport is due to the
widely differing angle of ambient flow for the four wells that
comprise the Harundale well field and other spatial differences
in aquifer parameters such as hydraulic gradient. The angle of
ambient flow for the Harundale well field ranges from almost
due east to due north because of the location of the well field
in the roughly elliptically shaped Marley Creek basin.
MODPATH simulates the spatial variation in these parameters.
In contrast, an average value for the angle of ambient flow
was input to GPTRAC so that the Harundale well field could
be simulated as one entity. The restriction to one angle of
ambient flow limited the effectiveness of GPTRAC to simulate
the flow system at the Harundale well field; this limitation
became more significant as the simulation time was lengthened



Table 23. — Comparison of the area covered by the 20-year zones of
transport generated with the 1990 pumpage appropria-
tion and wells active in 1990

[mi? = square miles]

Arca of the P
GPTRAC zone Total arca Coincident area
Well field Area of Area of of transport covered by the of the
A A & del C GPTRAC MODPATH i (heare union of the GPTRAC and
cudeopucs sk o z0nes of zones of o GPTRACand | MODPATH
partment 0 iceYvorks transport transport MODPATH zones of
well name, Pk P MODPATH f
land Geological it s zone of Zones,of "?ms[m"
(Maryl 8 and in and in transport in mi?
Survey well number) transport G i :
(acres) (acres) in mP in mi and in
1 1 2
and in (acres) and in (acres) (acres)
Dorsey
gzﬁ; ;’ m gg :g 1.449 1.944 -0.495 2.026 1.406
(Dorsey 11, AA Bd 64) 927) (1,244) (:317) (1297) (900)
(Dorsey 14, AA Bd 92)
Glendale well 0.475 0.366 0.109 0.494 0.356
(AA Bd 103) (304) (234) (70) (316) (228)
Harundale
(Harundale 1, AA Bd 36) -0.670
(Harundale 2, AA Bd 37) R 603;943 a 03;;613 (-429) a 031156“ (603;943
(Harundale 3, AA Bd 63) ’ ’
(Harundale 4, AA Bd 61)
Phillip Drive well 0.333 0.370 -0.037 0.406 0.316
(AA Bd 101) (213) (237) (-24) (260) (202)
Quarterficld Rd. well 0.379 0.468 -0.089 0.552 0.300
(AA Bd 109) (243) (300) -57) (353) (192)
Crain Highway well 0.374 0.423 -0.049 0.405 0.347
(AA Bd 105) (239) 71) (31) (259) 222)
Elvaton well 0.476 0.621 -0.145 0.650 0.433
(AA Bd 107) (305) 397) (-93) (416) 277)

! In set notation: GPTRAC areca U MODPATH area.
?In set notation: GPTRAC arca N MODPATH area.

and the size of the zone of transport increased. If the Harundale
well field simulation had been divided into separate simulations
for each well and then superposed, the zone of transport for
the Harundale well field would have been more similar to the
MODPATH zone of transport.

The effects of increasing the time variable from 10 to 20
years on the size of the zones of transport generated by the
same method are shown in table 25. For the GPTRAC zones
of transport, the 20-year zones of transport cover an area that
is 48 to 89 percent larger than the 10-year GPTRAC zones of
transport (tab. 25, col. 3). Similarly, the 20-year MODPATH
zones of transport are 49 to 91 percent larger than the 10-year
MODPATH zones of transport (tab. 25, col. 6). Although the
overall increase in the area of the GPTRAC 20-year zones of
transport and the area of the 20-year MODPATH zones of
transport is comparable, the percentage increase generally
differed between corresponding zones of transport. The most
likely cause for the different percentage increases in area (when
comparing corresponding zones of transport) is the different
ways the two methods handle leakage from the overlying Upper
Patapsco aquifer. GPTRAC uses a uniform confining unit
conductivity and thickness while MODFLOW-MODPATH
responds to spatial variability in these parameters. Also,
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GPTRAC assumes a constant head in the water-table aquifer
whereas MODFLOW simulates an active water table with both
inflow and outflow.

The length to width ratio of a zone of transport provides
a measure of its shape (Bair and Roadcap, 1992). For the
mostly regularly shaped zones of transport described in this
report, a length to width ratio of one represents a roughly
circular zone of transport; a length to width ratio of two
represents a roughly elliptical zone of transport with a major
axis twice the length of the minor axis. The length of the zone
of transport is defined as the long axis of the zone of transport;
the width is defined as the length of a line orthogonal to the
long axis drawn at the widest point of the zone of transport.
The length to width ratio provides a simple measure of the
similarity of the shape of a zone of transport generated by
different methods. For more irregularly shaped areas, such as
the zone of contribution simulated by MODPATH in figure
47, a more comprehensive measure of shape should be used.

Comparison of the length to width ratio of zones of 10-
year zones of transport generated with the 1990 pumpage
appropriation indicates that the shapes of the GPTRAC and
MODPATH zones are very similar (pl. 5). Only the zones of
transport for the Quarterfield Road well show significant shape



Table 24. — Comparison of 20-year zones of transport gen-
erated with the 1990 pumpage appropriation
and wells active in 1990 using various meas-

ures'

Well field
Anne Arundel County
Department of Public

Works well name,
(Maryiand Geological
Survey well number)

Percentage difference
in the area of the
GPTRAC zone of

transport with respect
to the MODPATH
zone of transport

Percentage difference
in the arca of the
MODPATH
zone of transport with
respect to the
GPTRAC zone of
transport

Percentage of
coincident area of
GPTRAC and
MODPATH zones of
transport with respect
1o the area covered by
the union of the two
zones of transport

Dorsey

(Dorsey 1, AA Bd 55)
(Dorsey 3, AA Bd 56)
(Dorsey 11, AA Bd 64)
(Dorsey 14, AA Bd 92)

Glendale well

(AA Bd 103) 39

Harundale

(Harundale 1, AA Bd 36)
(Harundale 2, AA Bd 37)
(Harundale 3, AA Bd 63)
(Harundale 4, AA Bd 61)

42

Phillip Drive well

(AA Bd 101) =10

Quarterficld Rd. well (AA
Bd 109)

Crain Highway well
(AA Bd 105)

Elvaton well
(AA Bd 107)

69

34

R

71 59

54

30 67

! See table 23 for explanation of used to

zones of t.

differences; the MODPATH zone of transport is more
elongated and more narrow than the GPTRAC zone of
transport (tab. 26; pl. 5). These differences become more
pronounced in the 20-year zones of transport (pl. 6, tab. 27).
Both the MODPATH and GPTRAC zones of transport for the
Quarterfield Road well responded to the increased simulation
time by becoming more elongated, but the 20-year MODPATH
zone of transport became much more elongated than the 20-
year GPTRAC zone of transport; the 20-year MODPATH zone
of transport for the Quarterfield Road well has a length to
width ratio of 3.2 while the length to width ratio of the 20-
year GPTRAC zone of transport is 1.7. The greater differences
of shape were caused by flow lines in the MODPATH analysis
reaching areas of the aquifer with steeper hydraulic gradients
and a consequent increase in the rate of flow and distance
travelled by the backtracked particle. GPTRAC, however, only
can use one value for the hydraulic gradient and it responded
accordingly. The other 20-year MODPATH and GPTRAC
zones of transport remain similar in shape, although they all
showed some increase in shape difference when compared to
the shape difference of their 10-year counterparts.

Model scenario using the average 1984-88 pumpage

The 10-year zones of transport generated by GPTRAC
and MODPATH using the average 1984-88 pumpage are
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compared in tables 28 and 29. This scenario constitutes a
historical pumpage scenario because the Sawmill well field,
two wells at the Dorsey well field and the Thelma Avenue
well were pumped regularly prior to and during this period,
but were permanently discontinued by 1990. Seven of the nine
GPTRAC zones of transport in the Lower Patapsco aquifer
covered less area (14 to 33 percent less) than the corresponding
MODPATH zones of transport (pl. 7, tabs. 28 and 29, col. 1).
The GPTRAC zone of transport for the Glendale well,
however, covered about 11 percent more area than the
MODPATH zone of transport, and the GPTRAC zone of
transport for the Sawmill well field was about 3 percent larger
than the MODPATH zone of transport (tab. 29, col. 1). In eight
of the nine zones of transport, the percentage of coincident
area of the MODPATH and GPTRAC zones of transport ranges
from 56 to 84 percent (tab. 29, col. 3).

In the zone of transport for the Thelma Avenue well, the
percentage of coincident area is only 12 percent (tab. 29, col.
3) because the manually measured angle of ambient flow used
in GPTRAC is not the same as the angle of ambient flow
implicit in the head distribution used by MODPATH. At the
Thelma Avenue well, the angle of ambient flow had a
disproportionate effect on the orientation of the GPTRAC zone
of transport because the pumpage rate was comparatively low.
Overlaying several GPTRAC simulations using different
angles of ambient flow would be a prudent approach when
computing zones of transport for wells that derive most of



Table 25. — Comparison of the area covered by the 10 and 20-year zones of
transport generated by each method using the 1990 pumpage
appropriation and wells active in 1990

[mi*=square miles]

Percentage
Area of Arca of d;i)fcfzz:z:gzr Area of Area of dl[;coriz‘i of
Well field 10-year 20-year 20-year 10-year 20-year MODPATH
Anne Arundel County GPTRAC GPTRAC GPTRAC MODPATH MODPATH e of
Department of Public zones of zones of Willi respect zones of zones of transport
Works well name, transport transport o the 10-year transport transport with respect
(Maryland Geological in mi* in mi? GPTRAC in mi? in mi? to the 10-year
Survey well number) and in and in zone of and in and in MODPATH
(acres) (acres) {ransport! (acres) (acres) zone? of
transport
Dorsey
(Dorsey 1, AA Bd 55) 0.977 1.449 1.199 1.944
(orsey 3, AA Bd 56) (625) ©27) 8 67) (1,244) 62
(Dorsey 11, AA Bd 64) ;
(Dorsey 14, AA Bd 92)
Glendale well 0.288 0.475 65 0.245 0.366 49
(AA Bd 103) (184) (304) (157) (234)
Harundale
(Harundale 1, AA Bd 36) 0.552 0.943 0.878 1.613
(Harundale 2, AA Bd 37) 353 (604 7 562) (1,032) 84
(Harundale 3, AA Bd 63) @53) ) ’
(Harundale 4, AA Bd 61)
Phillip Drive well 0.176 0.333 89 0.224 0.370 65
(AA Bd 101) (113) (213) (143) (237)
Quarterfield Rd. well 0.201 0.379 89 0.245 0.468 01
(AA Bd 109) (129) (243) (157) (300)
Crain Highway well 0.205 0.374 8 0.248 0.423 7
(AA Bd 105) (131) (239) (159) (271)
Elvaton well 0.264 0.476 80 0.399 0.621 56
(AA Bd 107) (169) (305) (255) 397)

' (GxGyo) / Gyo X 100
where: G, is the area covered by the 10-year GPTRAC zone of transport and
G,, is the area covered by the 20-year GPTRAC zone of transport.

: (Mn'Mlo) / Mlo X 100
where: M,, is the area covered by the 10-year MODPATH zone of transport
and M,, is the area covered by the 20-year MODPATH zone of transport.

Table 26. — Comparison of the shape of the 10-year zones of trans-
port generated using the 1990 pumpage appropriation

[ft = feet]
Foi GPTRAC MODPATH
mn(;;on '(‘i’:gf‘:)‘ (W“‘ld‘ff; length/width '(f:gf‘l')‘ 2’:\“3‘) length/width
Dorsey Rd. 7,500 4,600 1.6 7,800 5,600 1.4
Glendale 3,600 2,800 1.3 3,400 2,600 1.3
Harundale 5,000 4,000 1.3 7,000 4,600 1.5
Phillip Drive 2,800 2,400 1.2 3,200 2,600 1.2
Quarterfield Rd. 3,000 2,400 1.3 4,000 2,200 1.8
Crain Highway 2,800 2,400 1.2 3,000 2,800 1.1
Elvaton 3,200 2,800 1.1 4,200 3,400 1.2
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Table 27. — Comparison of the shape of the 20-year zones of trans-
port generated using the 1990 pumpage appropriation

[ft = feet]
Zone GPTRAC MODPATH
(ran(;;f)on lg:gft(])l Z:lildg ; length/width l(?:gfl: )l (v;l:]dg ; length/width
Dorsey Rd. 9,600 5,800 1.7 9,600 7,600 1.3
Glendale 5,000 3,400 1.5 4,600 2,700 1.7
Harundale 6,000 5,600 1.1 9,600 6,400 1.5
Phillip Drive 4,000 2,800 1.4 4,600 2,800 1.6
Quarterfield Rd. 4,800 2,800 1.7 7,000 2,200 32
Crain Highway | 4,200 3,000 1.4 4,200 4,000 L1
Flvaton 4,600 3,800 1.2 4,600 4,600 1.0

Table 28. — Comparison of the area covered by the 10-year zones of
transport generated with the average 1984-88 pumpage

[mi? = square miles]

Area of the Total area Coincident arca
Well field Area of Area of Gﬂ’;g ::nc c:\:‘ci;d;y ml:c of the
Anne Arundel County GPTRAC MODPATH . P GPTRAC and
x minus the arca GPTRAC and
Department of Public Works zones of zones of MODPATH
of the MODPATH
well name, transport transport MODPATH FOREEGF zones of
(Maryland Geological in mi? in mi? transport
g K zone of transport o
Survey well number) and in (acres) and in (acres) transport in mP in mP in mi
and in (acres) and in (acres)' and'in (acresy’
Dorsey
(Dorsey 1, AA Bd 55)
(Dorsey 3, AA Bd 56) 1.037 1211 0.174 1.264 0.979
(Dorecy:d, AXAdT5) (u64) a7s) ¢111) (809) ©627)
(Dorsey 11, AA Bd 64)
(Dorsey 14, AA Bd 92)
(Dorsey 15, AA Bd 95)
Glendale well 0.275 0.247 0.028 0.286 0.231
(AA Bd 103) (176) (158) (18) (183) (148)
Sawmill
(Sawmill 3, AA Ad 23)
(Sawmill 4, AA Ad 40) 0.504 0.488 0.016 0.539 0.451
(Sawmill 5, AA Ad 41) (323) (312) (10) (345) (289)
(Sawmill 6, AA Ad 67)
(Sawmill 7, AA Ad 68)
Harundale
(larundale 1, AA Bd:36) 0.440 0.603 0.163 0.627 0.413
(Harundale 2, AA Bd 37) (282) (386) (-104) (401) (264)
(Harundale 3, AA Bd 63)
(Harundale 4, AA Bd 61)
Phillip Drive well 0.174 0.211 -0.037 0.224 0.158
(AA Bd 101) (111) (135) (-24) (143) (101)
Quarterfield Rd. well 0.209 0.245 -0.036 0.301 0.169
(AA Bd 109) (134) (157) (-23) (193) (108)
Crain Highway well 0.228 0.265 -0.037 0.298 0.192
(AA Bd 105) (146) (170) (-24) (191) (123)
Elvaton well 0.166 0.234 -0.068 0.248 0.155
(AA Bd 107) (106) (150) (-44) (159) 99)
Thelma Avenue 0.033 0.049 -0.016 0.077 0.009
(AA Bd 108) @1) @31) (-10) 49) 6)

! In set notation: GPTRAC arca U MODPATH area.
2 In set notation: GPTRAC area N MODPATH area.
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Table 29. — Comparison of 10-year zones of transport gen-
erated with the average 1984-88 pumpage using

various measures'

Well ficld
Annc Arundel County
Department of Public

Works well name,
(Maryland Geological
Survey well number)

in the area of the
GPTRAC zone of

to the MODPATH
zone of transpert

Percentage difference

transport with respect

Percentage of
coincident arca of
GPTRAC and

Percentage difference
in the area of the

MODPATIL | \4oDpATIH zones of
zone of transport with transport with respect
resgiect Lo e to the area covered by
GPTRAC zonc of the union of the two
transport

zones of transport

Dorsey

(Dorsey 1, AA Bd 55)

(Dorsey 3, AA Bd 56)

(Dorsey 4, AA Ad 76)

(Dorsey 11, AA Bd 64)
(Dorsey 14, AA Bd 92)
(Dorsey 15, AA Bd 95)

-14

Glendale well
(AA Bd 103)

Sawmill

(Sawmill 3, AA Ad 23)
(Sawmill 4, AA Ad 40)
(Sawmill 5, AA Ad 41)
(Sawmill 6, AA Ad 67)
(Sawmill 7, AA Ad 68)

Harundale

(Harundale 1, AA Bd 36)
(Harundale 2, AA Bd 37)
(Harundale 3, AA Bd 63)
(Harundale 4, AA Bd 61)

Phillip Drive well
(AA Bd 101)

Quarterfield Rd. well
(AA Bd 109)

Crain Highway well
(AA Bd 105)

Elvaton well
(AA Bd 107)

Thelma Avenue
(AA Bd 108)

78

-10 81

3 84

37 66

21 71
56
64
41 63

48 12

! See table 22 for ion of

o

their water from intersecting ambient ground-water flow. In
the case of the Thelma Avenue well, overlapping two additional
runs with angles of ambient flow that differed by +£10 degrees
from the originally determined angle would have ensured
inclusion of all the area contributing ground water to the well

P

and contrast zones of transport.

in the zone of transport. The angle of ambient flow is less
critical when using GPTRAC to determine zones of transport
for wells that have pumpage of sufficient magnitude to effect
significantly the path of ground-water flow near the well.

SUMMARY

The hydrogeologic framework of the Sawmill-Furnace
Creek and Marley Creek basins in northern Anne Arundel
County was initially described in Achmad (1991). The
framework was refined in this project as a result of more
detailed hydrogeologic mapping using additional bore-hole
data. Hydrogeologic mapping identified areas in the semi-
confined Lower Patapsco aquifer that potentially are the most
vulnerable to contaminants released into the water-table aquifer
(Upper Patapsco aquifer). The Dorsey and Crain well fields
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are located in the most vulnerable areas. In these areas the
confining unit separating the aquifers is thinner and more sandy
than in other parts of the basin and clays do occur at land
surface. The other well fields are located in areas where
contaminants are less likely to reach the Lower Patapsco
aquifer. The direction of ground-water flow and the head
differences between the Upper and Lower Patapsco aquifers
in the vicinity of a well field are other factors that determine
the vulnerability of public-supply wells. In regions where flow



is upward from the Lower Patapsco aquifer to the Upper
Patapsco aquifer, the Lower Patapsco aquifer is considerably
less vulnerable to contamination than are upgradient areas or
areas near production wells where downward leakage to the
Lower Patapsco aquifer occurs.

The overall water quality of the Lower Patapsco aquifer
is good, although some contaminants have been determined
at several sites. The water has no dominant cation and the
dominant anions are chloride and nitrate. The total dissolved
solids are low, generally less than 50 mg/L; the water is slightly
acidic and low in hardness. Comparison of water samples from
the mid-1940s with samples from 1991 suggest that
concentrations of both nitrate and chloride have increased in
parts of the aquifer during the last 50 years; at present neither
of these substances are above U.S. EPA standards. The parts
of the Lower Patapsco aquifer that have the highest
concentration of contaminants coincide with the more
vulnerable regions of the aquifer. In 1993 concentrations of
tetrachloroethylene (an industrial solvent) were detected in
the Glendale well that exceeded the U.S. EPA maximum
contaminant level (5 pg/L).

The ground-water-flow model described in Achmad
(1991) was updated and verified through the period 1984-92
using monthly data in order to simulate seasonal changes in
recharge, evapotranspiration and pumpage. Output from the
flow model was used to generate steady-state head distributions
for the Lower and Upper Patapsco aquifers under pumpage
scenarios that represent the 1990 pumpage appropriation (9.15
Mgal/d), the average 1984-88 pumpage (9.32 Mgal/d) and the
1992 pumpage (5.30 Mgal/d) applied to the well fields in use
throughout 1992. The head distributions generated by the flow
model were input to the MODPATH particle tracking program
in order to determine the zones of contribution (recharge areas)
and time-related zones of transport for the public-supply wells
in the Lower Patapsco aquifer. Ten and twenty-year zones of
transport were generated for the well fields using the 1990
pumpage appropriation and 1984-88 pumpage.

Zones of transport in the Lower Patapsco aquifer generated
with MODPATH were compared on the basis of the size and
shape of the areal plan view with zones of transport made with
the semi-analytical GPTRAC module of the U.S. EPA WHPA
code (version 2.1). The MODPATH zones of transport are
considered more realistic than the GPTRAC zones of transport
because the MODPATH zones are based on data from a calibrated
(for the period 1965-92) ground-water-flow model. The aquifer
parameters input to GPTRAC were based on those used in the
MODFLOW model and are as similar as possible to those input
to MODPATH,; this allowed a valid comparison of the output of
the two models. Differences between the zones of transport
generated by the two methods are primarily due to the capability
of MODFLOW-MODPATH to simulate heterogeneous, multi-
layered aquifer systems and complex boundary conditions that
cannot be simulated with GPTRAC. However, the more
homogeneous the aquifer system is within the zone of transport,
the more closely the GPTRAC zones of transport approximate
the MODPATH zones of transport.
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Plan views of the zones of transport generated by the two
techniques are generally similar, although there are differences
between the zones. The seven 10-year zones of transport
generated by GPTRAC using the 1990 pumpage appropriation
(9.15 Mgal/d) range from 36 percent smaller to 18 percent
larger in area than the corresponding MODPATH zones of
transport. The percentage of coincident area of these 10-year
MODPATH and GPTRAC zones of transport range from 64
to 81 percent. Differences between zones increased when the
simulation time was increased to 20 years. The 20-year
GPTRAC zones of transport were 42 percent smaller to 30
percent larger than their corresponding MODPATH zones of
transport. The most significant differences occurred in the size
and shape of the corresponding MODPATH and GPTRAC
20-year zones of transport for the Quarterfield Road well and
the Harundale well field. The percentage of coincident area of
the 20-year MODPATH and GPTRAC zones of transport range
from 54 to 86 percent. Results of the 10-year zone of transport
comparison using the average 1984-88 pumpage (9.3 Mgal/d)
are comparable to the results of the comparisons made under
the 1990 pumpage appropriation scenario.

The three-dimensional capability of MODPATH was used
to backtrack particle pathlines to the water table in order to
delineate zones of contribution (recharge areas) in the Upper
Patapsco aquifer (the water-table aquifer) for the production
wells in the Lower Patapsco aquifer. The zones of contribution
obtained using the 1990 pumpage appropriation covered about
half the area between the production wells and the
northwestern, western and southwestern basin divides. At lower
pumpage rates, the size of the zones of contribution are smaller.
Simulated recharge from the zones of contribution reach the
public-supply wells in 10 to 60 years. GPTRAC was not used
to delineate zones of contribution in the water table because
GPTRAC is a two-dimensional model that cannot simulate
zones of contribution in multi-layered aquifer systems.

Most of the known sites of ground-water contamination
are downgradient from the public-supply wells and do not pose
a threat under the pumpage conditions simulated. Several
LUST sites and one RCRA site are located upgradient from
the public-supply wells. Particle tracking indicates that
unremediated ground water from these sites could potentially
affect downgradient public-supply wells at the Sawmill (now
abandoned) and Glendale well fields.

All of the ground-water samples collected in 1991 from
the Upper and Lower Patapsco aquifers had detectable amounts
of tritium. All but one of the samples from the Lower Patapsco
aquifer must contain a component of post-1945 water; the one
exception must have a component of post-1936 water. Even
though precise tritium-based ages of the ground water could
not be determined, all of the tritium determinations were
consistent with the particle tracking analyses. In conjunction
with particle tracking analyses, the tritium data suggest that
the samples collected at the Dorsey and Sawmill well fields in
1991 probably had a large component of “post-bomb spike”
water, which entered the ground-water system after 1961.
Water produced from the Elvaton and Harundale well fields



in 1991 is the oldest water sampled from the Lower Patapsco
aquifer in the project area. The samples from these wells are
probably a composite of pre-1945 and post-1945 water. None
of the samples collected from the Patuxent aquifer had
detectable amounts of tritium; this indicates that water from

the Patuxent aquifer in the project area is older than water
from both Patapsco aquifers. Also, it indicates that there is
little leakage through the confining unit (the Arundel Clay)
that separates the Patuxent and Lower Patapsco aquifers.

CONCLUSIONS

Detailed hydrogeologic mapping and a correct
conceptualization of the ground-water-flow system are
essential in order to accurately determine the zones of transport
and zones of contribution (recharge areas) surrounding public-
supply wells. In order to delineate reliable wellhead protection
areas, the assumptions and constraints of each WHPA method
should be evaluated within the context of the aquifer system
being studied.

The advantages of the MODFLOW-MODPATH method
used in this study are: 1) itis based on a calibrated flow model
which gives added confidence to the MODPATH simulations,
2) it is a quasi three-dimensional model that realistically
simulates multi-layered systems and aquifer heterogeneities,
3) it can quantify and portray the vertical component of ground-
water flow; this is especially important when analyzing
contaminant releases in a multi-layered aquifer system, and 4)
it can delineate both zones of contribution (recharge areas)

and zones of transport surrounding wells in a multi-aquifer
system. The major disadvantage of the MODFLOW-
MODPATH method is that its use requires a significant amount
of time and hydrogeologic data.

The advantages of the GPTRAC semi-analytical method
are: 1) relative “ease of use,” 2) input data preparation requires
less time and effort than in MODFLOW-MODPATH, and 3)
in a homogeneous aquifer system, GPTRAC can generate
reasonably accurate zones of transport in plan view. The
disadvantages of GPTRAC stem from the limitations inherent
in applying a two-dimensional model to a three-dimensional
flow field. In practice, this means that GPTRAC cannot: 1)
quantify the vertical component of ground-water flow, 2) track
particles through multi-layered aquifer systems, and 3)
determine zones of contribution (recharge areas) for
semiconfined systems.
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Appendix A. — Selected well and test hole records.

[ft = feet; lsd = land surface datum; gpm = gallons per minute; gpm/ft = gallons per minute per foot of drawdown; hrs = hours]

DEPTH DEPTH
ALTITUDE DRILLED OF WELL
STATE YEAR OF LAND (in ft (in ft
WELL NUMBER PERMIT WELL SURFACE below below
(LOCAL NAME) NUMBER AQUIFER* OWNER DRILLER CONSTRUCTED (in ft) 1sd) 1sd)
AA Ac 11 AA-00-2445 PATUXENT BWI AIRPORT WASH. WELL CO. 1948 136 320 320
AA Ac 14 AA-00-5217 PATUXENT KULIS, S. LAYNE ATLANTIC 1850 150 220 210
AA Ac 15 AA-00-5218 PATUXENT GODDARD, S. I. LAYNE ATLANTIC 1850 180 273 266
AA Ac 23 AA-00-9403 PATUXENT CAVEY, L. E. LAYNE ATLANTIC 1952 190 337 332
AA Ac 27 i L. PATAPSCO BWI AIRPORT s = 165 60 60
AA Ac 47 == L. PATAPSCO USGS USGS 1959 80 77 ==
AA Ad 1 = L. PATAPSCO AA DPW LAYNE ATLANTIC 1926 30 111 63
SAWMILL 1 PRODUCTION WELL
AA Ad 2 == L. PATAPSCO AA DPW LAYNE ATLANTIC 1941 40 119 95
SAWMILL 2 PRODUCTION WELL
AA Ad 3 i L. PATAPSCO AA DPW = 1827 40 = 62
OVERLOOK #1
AA Ad 4 = L. PATAPSCO AA DPW HOSHALL 1918 45 e 94
WELL #1
AA Ad 5 e L. PATAPSCO AA DPW HOSHALL 1919 45 == 127
WELL #2
AA Ad 6 i L. PATAPSCO AA DPW HOSHALL 1919 45 - 157
WELL #3
AA Ad 7 S L. PATAPSCO AA DPW HOSHALL 1923 45 = 312
WELL #4
AA Ad 20 L PATUXENT KAVANAUGH INC. WASH. WELL CO 1844 40 v 392
AA Ad 23 = L. PATAPSCO AA DPW LAYNE ATLANTIC 1945 45 === 78
SAWMILL 3 PRODUCTION WELL
AA Ad 29 e PATUXENT AA DPW LAYNE ATLANTIC 1847 37 530 500
AA Ad 30 iy U. PATAPSCO AA DPW USGS 1848 35 - 13
AA Ad 33 AA-00-1896 L. PATAPSCO HALL, A. G. E. CROUSE 1947 140 147 147
AA Ad 40 AA-00-1629 L. PATAPSCO AA DPW LAYNE ATLANTIC 1947 55 107 102
SAWMILL 4

*Aquifer Codes: Owner/Driller Codes:
L. Patapsco = Lower Patapsco AA DPW = Anne Arundel County Department of Public Works
U. Patapsco = Upper Patapsco MD DNR = Maryland Department of Natural Resources
USGS = U.S. Geological Survey
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PUMPING

STATIC WATER
TOP OF BOTTOM OF WATER LEVEL
OPEN OPEN LEVEL (in ft PRIMARY™*
SCREEN SCREEN (in ft DATE below DATE PUMPING SPECIFIC USE OF
(in ft (in ft below or STATIC or above DISCHARGE DISCHARGE PERIOD CAPACITY WATER WELL
below lsd) below lsd) above lsd) MEASURED 1sd) MEASURED (in gpm) (in hrs) (in gpm/ft) OR SITE NUMBER
312 320 S0 04-23-48 175 04-23-48 60 12 0.7 U AA Ac 11
210 220 136 06-59 - - 10 8 - H AA Ac 14
261 266 = e i v 10 8 ey H AA Ac 15
324 329 156 02-13-52 186 02-13-52 20 3 0.6 H AA Ac 23
= - 50 06-59 - - - - - H AA Ac 27
—— _— - - - -~ - - -- T AA Ac 47
43 63 18 1926 e 1943 220 = == U AA Ad 1
65 95 34 06-24-41 54 06-24-41 280 == 8.8 i} AA Ad 2
49 62 1.2 08-21-59 — 1943 175 == = u AA Ad 3
- -- - -- = 1942 28 24 o= u AA Ad 4
-- - . -- == 1942 32 24 - u AAAd 5
-- -- -- -- -- 1942 46 24 = u AA Ad 6
- - -- -- -- 1942 48 24 -- U AA Ad 7
oy e 76 1944 90 1844 130 - 9.3 N AA Ad 20
63 73 = == s 1945 150 - — U AA Ad 23
395 400 +10.9 06-04-48 - 06-03-48 11.7 - S u AA Ad 29
460 500 (Flowing)
460 500 8.8 06-17-48 S5 - - = - U AA Ad 30
= == 123 10-31-47 130 10-31-47 8 4 1.3 H AA Ad 33
80 102 28 04-09-47 62 04-09-47 292 = 8.6 i AA Ad 40
*Primary use of water or site codes: Other codes:_
o] Observation Cc Commercial P Production LSD = Land surface datum
T Test F Fire R Recreation GAL /MIN = Gallons per minute
U Unused H Domestic S Stock GAL/MIN/FT = Gallons per minute per foot
Z Destroyed I Irrigation T Institution
N Industrial
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Appendix A. — Selected well and test hole records—Continued.

DEPTH DEPTH
ALTITUDE DRILLED OF WELL
STATE YEAR OF LAND (in £t (in £t

WELL NUMBER PERMIT WELL SURFACE below below
(LOCAL NAME) NUMBER AQUIFER* OWNER DRILLER CONSTRUCTED (in £t) lsd) lsd)
AA Ad 41 AA-00-1630 L. PATAPSCO AA DEW LAYNE ATLANTIC 1847 45 153 148
SAWMILL 5
AA Ad 67 AA-01-3957 L. PATAPSCO AA DPW LAYNE ATLANTIC 1853 38 167 151
SAWMILL 6 PRODUCTION WELL
AA Ad 68 AA-01-3958 L. PATAPSCO AA DPW LAYNE ATLANTIC 1853 55.5 167 160
SAWMILL 7 PRODUCTION WELL
AA Ad 68 AA-02-7725 L. PATAPSCO e H. H. BUNKER 1957 55 118 118
AA Ad 73 AA-02-7834 L. PATAPSCO AA DEW LAYNE ATLANTIC 1957 87 201 186
AA Ad 74 AA-02-8580 L. PATAPSCO AA DPW LAYNE ATLANTIC 1957 80.3 - 186
DORSEY 4 PRODUCTION WELL
AA Ad 75 AA-02-7835 = AA DPW LAYNE ATLANTIC 1957 75 535 =
AA Ad 76 AA-02-9134 PATUXENT AA DPW LAYNE ATLANTIC 1957 68.3 L 474
DORSEY 5 PRODUCTION WELL
AA Ad 80 AA-02-8728 L. PATAPSCO HOLY TRINITY CH. H. H. BUNKER 1957 63 168 168
AA Ad 83 AA-01-6106 L. PATAPSCO WILFONG, J. LAYNE ATLANTIC 1954 81 82 81
AA Ad 87 AA-03-9464 L. PATAPSCO AA DPW LAYNE ATLANTIC 1960 70 249 152
AA Ad 88 AA-03-9818 L. PATAPSCO AA DPW LAYNE ATLANTIC 1960 78.3 = 164
AA Ad 89 AA-03-9764 L. PATAPSCO AA DPW LAYNE ATLANTIC 1960 79 346 128
AA Ad 90 AA-04-0298 PATUXENT UsGs LAYNE ATLANTIC 1860 77.8 483 453
HAMMONDS FERRY RD. OBSERVATION WELL 4
AA Ad 92 AA-04-2030 PATUXENT AA DEW LAYNE ATLANTIC 1961 70 = 453
AA Ad 93 AA-76-0156 L. PATAPSCO COOP FERTILIZER WALTER FRANK 1966 17 260 260
AA Ad 94 AA-02-6010 PATUXENT MATLACK INC SHANNAHAN 1957 38 214 213
AA Ad 96 AA-77-0179 PATUXENT USS AGRI. CHEM. WALTER FRANK 1867 15 370 370
AA Ad 99 AA-73-4665 PATUXENT USS AGRI. CHEM. WALTER FRANK 1975 12 371 371
AA Ad 102 AA-81-2641 L. PATAPSCO  USGS WALTER FRANK 1983 76.8 108 108
HAMMONDS FERRY RD. OBSERVATION WELL 1
AA Ad 104 AA-81-2760 L. PATAPSCO  USGS MD DNR 1984 77.0 34 28
HAMMONDS FERRY RD. OBSERVATION WELL 2
AA Ad 108 AA-81-3475 U. PATAPSCO  USGS MD DNR 1984 78.3 11.5 11.5
HAMMONDS FERRY RD OBSERVATION WELL 3
AA Ad 109 AA-81-4890 L. PATAPSCO  USGS MD DNR 1985 38.5 52.5 46
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PUMPING

STATIC WATER

TOP OF BOTTOM OF WATER LEVEL

OPEN OPEN LEVEL (in ft PRIMARY*

SCREEN SCREEN (in ft DATE below DATE PUMPING SPECIFIC USE OF

(in ft (in ft below or STATIC or above DISCHARGE DISCHARGE PERIOD CAPACITY WATER WELL

below lsd) below lsd) above lsd) MEASURED 1sd) MEASURED (in gpm) (in hrs) (in gpm/ft) OR SITE NUMBER
126 146 10 06-04-47 68 06-04-47 250 = 4.3 i) AA Ad 41
131 151 12 11-18-53 120 11-18-53 487 S 4.5 U AA Ad 67
140 160 16 12-11-53 128 12-11-53 400 - 3.6 U AA Ad 68
97 119 32 07-22-57 62 07-22-57 270 8 9.0 Z AA Ad 69
171 186 31 09-11-57 182 09-11-57 184 3 1.2 U AA Ad 73
171 186 33 10-19-57 157 10-18-57 375 8 3.0 Z AA Ad 74
w - - - - - e — - T AA Ad 75
449 474 34.4 11=15=57 169 11=15=57 450 8 3.3 P AA Ad 76
156 168 38 09-07-58 83 09-07-57 200 3 4.4 u AA Ad 80
76 81 56 08-27-54 64 08-27-54 8 3 1.0 i) AA Ad 83
132 152 20.4 07-01-60 == == 258 8 = T AA Ad 87
159 164 - - - - -- - - u AA Ad 88
96 106 6.6 08-16-60 84.1 08-16-60 302 8 3.9 T AA Ad 89
118 128
438 453 34.4 10-08-60 117.4 10-08-60 315 8 3.8 o] AA Ad 90
443 453 52 06-14-61 370 06-14-61 260 = 0.8 zZ AA Ad 92
= e 30 06-17-66 60 06-17-61 70 6 2.3 N AA Ad 83
188 213 34 05-28-57 65 05-28-57 75 10 2.4 c AA Ad 94
355 370 20 06-11-67 45 06-12-67 400 25 16.0 N AA Ad 96
361 371 20 07-25-75 35 07-25-75 50 3 3.3 c AA Ad 99
80 90 11.2 12-09-83 37 12-09-83 60 3 2.3 o] AA Ad 102
19 29 5.2 05-09-84 14 05-09-84 20 2 2.3 (o] AA Ad 104

6.5 11.5 6.9 08-15-84 10 08-15-84 3 | 150 (o] AA Ad 108

36 46 8.4 10-08-85 == == e = -- o] AA Ad 108
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Appendix A. — Selected well and test hole records—Continued.

DEPTH DEPTH
ALTITUDE DRILLED OF WELL
STATE YEAR OF LAND (in ft (in ft

WELL NUMBER PERMIT WELL SURFACE below below
(LOCAL NAME) NUMBER AQUIFER¥ OWNER DRILLER CONSTRUCTED (in ft) lsd) lsd)
AA Ae 36 AA-04-6091 PATUXENT DIAM. SHAMROCK SHANNAHAN 1962 30 567 555
AA Bc 209 AA-81-0366 PATUXENT AA DPW A. C. SCHULTES 1982 126 362 295
TELEGRAPH RD WELL
AA Bc 210 AA-81-0367 PATUXENT AA DPW A. C. SCHULTES 1982 126 305 296
TELEGRAPH RD TEST WELL
AA Bc 216 AA-73-9300 L. PATAPSCO MD DNR BRANHAM 1978 20 70 70
AABd 6 . L. PATPASCO RAE H. H. BUNKER 1945 2 84 84
AA Bd 7 = L. PATAPSCO G. B. FURMAN b= L 20 80 80
AA Bd 23 AA-00-2803 PATUXENT AA DPW LAYNE ATLANTIC 1948 30 617 617
HARUNDALE 1 TEST HOLE
AA Bd 36 AA-00-2803 L. PATAPSCO AA DPW LAYNE ATLANTIC 1948 30 123 123
HARUNDALE 1 PRODUCTION WELL
AA Bd 37 L. PATAPSCO AA DPW LAYNE ATLANTIC 1949 38.2 118 115
HARUNDALE 2 PRODUCTION WELL
AA Bd 45 AA-01-1809 - AA DPW LAYNE ATLANTIC 1953 70 556 ==
DORSEY 1 TEST HOLE
AA Bd 55 AA-02-1548 L. PATAPSCO AA DPW LAYNE ATLANTIC 19855 69.5 137 131
DORSEY 1 PRODUCTION WELL
AA Bd 56 AA-02-1550 L. PATAPSCO AA DPW LAYNE ATLANTIC 1956 61.6 515.5 153
DORSEY 3 PRODUCTION WELL
AA Bd 57 AA-02-1549 PATUXENT AA DEW LAYNE ATLANTIC 1956 70 518 510
DORSEY 2 PRODUCTION WELL
AA Bd 60 AA-01-9686 L. PATAPSCO AA DPW LAYNE ATLANTIC 1955 40 236 o
HARUNDALE 4 TEST HOLE
AA Bd 61 AA-01-9874 L. PATAPSCO AA DPW LAYNE ATLANTIC 1855 42 206 206
HARUNDALE 4 PRODUCTION WELL
AA Bd 63 AA-02-0138 L. PATAPSCO AA DPW LAYNE ATLANTIC 1855 28 180 180
HARUNDALE 3 PRODUCTION WELL
AA Bd 64 AA-02-8059 L. PATAPSCO AA DPW LAYNE ATLANTIC 1957 8l.4 187 181
DORSEY 11 PRODUCTION WELL
AA Bd 65 AA-02-7939 PATUXENT AA DPW LAYNE ATLANTIC 1957 90 545 -
DORSEY 13 TEST HOLE
AA Bd 66 AA-02-8416 PATUXENT AA DPW LAYNE ATLANTIC 1957 89.4 517 517
DORSEY 13 PRODUCTION WELL
AA Bd 67 AA-01-1809 L. PATAPSCO AA DPW LAYNE ATLANTIC 1953 70 188 e

DORSEY TEST HOLE 2
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PUMPING

STATIC WATER
TOP OF BOTTOM OF  WATER LEVEL
OPEN OPEN LEVEL (in ft PRIMARY*
SCREEN SCREEN (in ft DATE below  DATE PUMPING  SPECIFIC USE_OF
(in ft (in ft below or  STATIC or above DISCHARGE  DISCHARGE  PERIOD CAPACITY WATER  WELL
below lsd) below lsd) above lsd) MEASURED  1lsd) MEASURED (in gpm) (in hrs)  (in gpm/ft) OR SITE NUMBER
450 500 36 04-19-62 76 04-19-62 740 24 18.5 N AA Ae 36
532 555
275 295 67 05-27-82 120 05-27-82 277 27 5.2 P AA Bc 209
276 296 -- -- -- -- -- -- -- ) AA Bc 210
60 70 20 07-19-78 40 07-19-78 20 2 1.0 I AA Bc 216
-= -- FLOWED 1946 -- 03-06-46 6 (FLOW) -- -- H AL B4 6
= -- FLOWED 1946 -- -- 20 -- -- H AABd 7
-- -- == -- -- -- 16 8 -- T AA Bd 23
%0 123 3 07-03-51  70% 07-03-51 439 -- -- P AA Bd 36
(*PUMPING WATER LEVEL REPORTED IN 1948)
0 115 7 01-49 67 01-49 450 48 7.5 P AA Bd 37
-- - - - -- - -- -- -- TZ AA Bd 45
111 131 13 12-06-55 52 12-06-55 450 8 135 P AA Bd 55
133 153 7 02-08-55 118 02-08-56 350 4 3.2 P AA Bd 56
485 510 12 01-13-56 