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

Multiply By To obtain
| Length
fqot (f;> 0.3048 meter
mile (mi) 1.609 kilometer
Area
acre 0.4047 hectare |
square mile (mi?) 2.59 square kilometer
Flow
foot per day (ft/d) 0.3048 meter per day
cubic foot per day (ft¥/d) 28.32 liter per day
million gallons per day (Mgal/d) 0.04381 cubic meter per second

Equivalent concentration terms

milligrams per liter (mg/L) equals parts per million (ppm)
micrograms per liter (§g/L) equals parts per billion (ppb)

Sea level: In this report "sea level" refers to the
National Geodetic Vertical Datum of 1929 (NGVD of 1929)--
a geodetic datum derived from a general adjustment of the
first-order level nets of the United States and Canada,
formerly called Sea Level Datum of 1929.
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THREE-DIMENSIONAL ADVECTIVE TRANSPORT OF VOLATILE ORGANIC COMPOUNDS
IN GROUND WATER BENEATH AN INDUSTRIAL/RESIDENTIAL
AREA IN NASSAU COUNTY, NEW YORK

By Douglas A. Smolensky and Steven M. Feldman

Abstract

A finite-difference, steady-state ground-water flow model was
developed to simulate three-dimensional flow in the upper glacial and
underlying Magothy aquifer beneath an ll.4-square-mile industrial area in
eastern Nassau County. Several volatile organic compounds have been
detected in water from both aquifers. Water from the Magothy is pumped
by 14 industrial wells for cooling purposes and discharged to the upper
glacial aquifer through nearby recharge basins. Pumpage and recharge
each total about 7 million gallons per day. The pumping and recharge
significantly alter local ground-water flow paths and the migration of
dissolved contaminants.

A model-coupling technique was used to obtain volumetric fluxes at
the study-area boundaries from a larger scale regional model. The finer
scale of the study-area model required development of a method of
boundary-flow apportionment from each regional-model cell to local-model
cells. The two models share a consistent water budget over a common area
and allow for simulation at both scales. The study area model has varied
grid spacing and incorporates variable layer thickness, hydraulic
conductivity, aquifer material, recharge rates, and boundary flows.

A particle-tracking program used study-area-model output to (1)
analyze ground-water flow paths from source areas to discharge locations,
(2) delineate sources of water to the pumped wells, and (3) calculate
traveltime of water from the recharge basins to discharge locations
(wells or model boundaries). Results indicate that (1) some of the water
discharged to the recharge basins is drawn to the industrial wells and
later returned to the basins; this cycling seems to partly contain the
contaminated water by preventing its movement southward into the regional
flow system. (2) The source area at the water table for the 14 indus-
trial wells encompasses a large part of the industrial zone and the
residential area north of it. The area close to the southernmost
recharge basin within the industrial zone acts as a local ground-water
divide; water entering the system north of the divide moves to the
industrial wells, and water entering south of it moves downgradient with
the regional flow. At an assumed aquifer porosity of 0.3, water could
require 10 years to move from a recharge basin to a well in the
industrial area or as long as 110 years to move from the water table to
the southern boundary of the study area.




































to determine whether contaminants were migrating offsite at depth. Drilling
procedures and well-construction materials were chosen to minimize or
eliminate the chance that organic substances could contaminate subsequent
water samples (Feldman and others, 1992).

Sampling Equipment and Procedures

Observation wells were sampled with a submersible Fultz! pump that was
outfitted with a Teflon discharge hose. Industrial and public-supply wells
were sampled at the wellhead from a valve to which a Teflon tube was connected.
Procedures that minimized potential volatilization of organic compounds during
sample collection were followed. Pumps were flushed with clean water before
reuse and were verified to be clean by gas-chromatography analysis of flush-
water samples (Feldman and others, 1992).

Analyses for VOC’s were done at the Nassau County Department of Health,
Division of Laboratories and Research, in Hempstead, N.Y. All samples to be
analyzed for VOC’s were collected in duplicate, and one sample was scanned by
a gas chromatograph with flame-ionization detection for quality control at the
USGS office in Syosset, N.Y. (Feldman and others, 1992).

Delineation and Distribution

Water samples were collected from wells that were screened in the upper
glacial aquifer and the middle and deep zones of the Magothy aquifer. (The
underlying Lloyd aquifer was not sampled and is assumed to be protected from
VOC contamination by the overlying Raritan confining unit.) TCE and PCE were
the two compounds detected most frequently and at the highest concentrations
in the study area. Four other compounds (1l,1,1-trichloroethane, 1,1-dichloro-
ethane, cts- and trans-1,2-dichloroethylene, and vinyl chloride) were detected
in several wells throughout the area. The concentrations of these six
compounds were used to map the areal and vertical extent of contaminated
ground water and to show the distribution of individual contaminants (Feldman
and others, 1992). Although contaminant concentrations differed slightly from
one round of sampling to the next, no consistent increase or decrease through
time was noted.

The contaminant plume within the upper glacial aquifer is extensive.
Continuous pumping from industrial wells screened in the Magothy aquifer has
altered natural gradients by increasing the downward flow component in the
areas near pumping, thereby causing contaminants from source areas within the
industrial zone to move downward in the system to the screened intervals of
the industrial supply wells. Pumping of contaminated ground water and its
subsequent discharge into recharge basins has reintroduced contamination at
the water table and has formed a large plume of TCE that extends from the
water table through the middle zone of the Magothy aquifer and into the deep
zone (figs. 7A, 7B, 7C).

1 Use of brand or trade names in this report 1s for identification purposes
only and does not constitute endorsement by the U.S. Geological Survey.
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Trichloroethylene (TCE)

TCE is widely used in several industrial processes such as metal
degreasing and painting operations. The distribution of TCE was mapped from
water-quality analyses from 66 wells; locations of selected wells are indicated
in figure 7A. Samples from 10 of the industrial wells that pump water from the
Magothy aquifer for cooling and subsequent discharge into recharge basins had
detectable concentrations of TCE (detection limit was 1 pg/L). One area of
particularly high TCE concentration was indicated by wells N10595 and N10599
(fig. 7A), both of which are downgradient of areas of former chemical use,
waste treatment, and industrial recharge basins (Feldman and others, 1992).

The plume of TCE-contaminated ground water extends more than 5,000 ft down-
gradient of the industrial zone. Concentrations at well pair N10816 and N10817
at the toe of the plume (fig. 7A) indicate that the concentration of TCE in the
upper glacial aquifer increases with depth, probably as a result of downward
movement of precipitation into the water-table aquifer.

TCE also was detected in the middle zone of the Magothy aquifer (from 75
to 275 ft below the water table) and in the deep zone (from 275 to 450 ft
below the water table); concentrations are delineated in figures 7B and 7C,
respectively. TCE concentrations in water from industrial wells screened in
the middle zone of the Magothy were as high as 1,200 pg/L, and those in water
from wells screened in the deep zone were as high as 770 pg/L. Detection at
observation wells downgradient of the industrial zone indicated that TCE has
migrated southward in both zones of the Magothy aquifer.

Tetrachloroethylene (PCE)

The highest concentration of PCE in the upper glacial aquifer is in the
vicinity of well N10595; a second area with high PCE concentration is to the
west, near well N10598 (fig. 8A). The fact that no corresponding high TCE
concentration was detected in this area suggests that the two contaminants
probably did not originate from the same source. The greater persistence of
TCE than of PCE downgradient of the industrial zone could result from several
processes, such as adsorption and biotransformation (Feldman and others, 1992).
The concentration of PCE in the middle and deep zones of the Magothy aquifer is
significantly lower than in the water-table aquifer (fig. 8A, 8B, 8C).

Other Compounds

The distribution of 1,1,1-trichloroethane, 1,l-dichloroethane, cts- and
trans-1,2-dichloroethylene, and vinyl chloride indicates that the VOC plume
underlying the industrial zone is a composite of several individual plumes
(figs. 9A, 9B, 9C. The distribution of these compounds in the upper glacial
aquifer indicates many contaminant sources and suggests that several contami-
nants could be emanating from each source. Although 1,1,l-trichloroethane was
detected in low concentrations in the upper glacial aquifer downgradient of the
industrial zone, downgradient concentrations in the middle zone of the Magothy
aquifer were greater; here both 1,1,l1-trichloroethane and vinyl chloride were
detected.
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3. The amount and distribution of data from which the model was to be
calibrated.
4. The desired resolution of m04e1 output or predictive simulations.
i
The regional flow model was considered to be too general a representation
of the study area to provide the information needed; thus, because extensive
data were available, a separate fine-scale three-dimensional model of the

study area was constructed. {

Model Couplang

The flow-modeling technique required representation of the system at both
the regional and local scales to provide an initial head distribution and a
detailed estimate of the hydrologic response of the system to localized
stresses. The coupling concept was consistent with that described by Buxton
and Reilly (1987), except that the method of boundary-flow calculation was
altered. The regional model was used to approximate the water budget for the
study area and to define all boundary fluxes in terms of quantity and
distribution. The coupling procedure maintains conservation of water volume
in both models.

The study-area model grid was aligned to correspond exactly with specific
cells in the regional model. The vector volume of flow between two adjacent
regional model cells (one inside and one outside the study area) represents
the flow to be distributed (fig. 10), and their common face corresponds to the
study-area boundary. The calculation and distribution of boundary flux for
the study-area model are discussed in a subsequent section.

1,3, KC )1, 41, K

EXPLANATION
O REGIONAL-MODEL GRID NODES
[77] VECTOR VOLUME OF FLOW BETWEEN
NODES 1, J, K AND 1, J+1, K
TWO ADJACENT REGIONAL-MODEL CELLS —J)> DIRECTION OF GROUND-WATER FLOW
. | STUDY-AREA-MODEL BOUNDARY

|
: O  STUDY-AREA-MODEL GRID NODES
—p» O ® ° AMONG WHICH FLOW BETWEEN
REGIONAL NODES (I, J, K) AND
H (1, J+1, K) 1S DISTRIBUTED

e STUDY-AREA GRID NODES
LsxO —» Lo @ ]

Ly o . .

] [ ] ®

REGIONAL MODEL CELL AND ADJACENT GROUPING OF
STUDY-AREA-MODEL CELLS

Figure 10.--Coupling of study-area model to regional model.
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Regional Flow Model

The regional model simulates the fresh ground-water system of Long Island
to its natural boundaries and represents each hydrogeologic unit within the
sequence of saturated deposits. A complete description of the model develop-
ment and use is given in H.T. Buxton and D.A. Smolensky (U.S. Geological
Survey, written commun., 1990).

The regional model grid (fig. 11A) has 46 rows and 118 columns (5,428
cells per layer), and each cell represents a horizontal 4,000-ft square.
Vertically, the system is represented as four layers that generally correspond
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A. PLAN VIEW EXPLANATION

SUBREGIONAL LOCATION OF

MODEL AREA VERTICAL SECTION

STUDY
A& AREA T ROW

1314151617.1.1.20212 23 24 25 26 27 26 29 30 31 32 ggg
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{
[}
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B. VERTICAL SECTKN EXPLANATION

] Aquiter; Simuiated as active model layer.
Confining units (Simulated by vertical conductance term).

Figure 11.--Regional model grid and vertical section through study area:
A. Plan view showing location of study-area model
and of vertical section.
B. Vertical section along column 14 showing regional
model layers.
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45:1 (Reilly and others, 1983). Stratification is common within these
deposits and causes a wide range in hydraulic conductivity within individual
layers, but these local differences are represented as "lumped" values within
each model cell.

Water Budget

A steady-state ground-water budget is defined as the water that enters or
exits an area of concern through boundaries or internal sources or sinks under
equilibrium conditions. All boundary flows for the study-area model were
defined through a partitioning of boundary flows from the regional model. The
water-budget components for the steady-state period 1968-75 and their magnitude
and distribution are listed in table 2. The ground-water budget, as defined,
accounts for the movement of about 32.9 Mgal/d into the model area. The
difference between total model inflow and outflow, 0.16 Mgal/d or about
0.5 percent of total flow, is considered negligible and is attributed to a
small inaccuracy in the simulation method.

Table 2.--Model water budget for boundaries and internal
sources and sinks for years 1968-75

{Values are in million gallons per day]
Source of water Inflow Qutflow

GROUND-WATER FLOW

Northern boundary layer 1 - 0.84
layer 2 - 1.44
layer 3 - 2.45
Subtotal 4.73

Southern boundary layer 1 - 3.97
layer 2 - 3.91
layer 3 - _5.96
Subtotal 13.84

Eastern boundary layer 1 - .54
layer 2 - .63
layer 3 - .32
Subtotal 1.49

Western boundary layer 1 - .32
layer 2 - .14
layer 3 - .54
Subtotal .46
Lower boundary .89
RECHARGE AND DISCHARGE (PUMPAGE)
Areal recharge 21.61
Industrial recharge 6.08
Industrial pumpage 6.75
Public-supply pumpage 9.53
TOTALS 32.88 33.04
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Boundary flow.--The northern and southern boundaries account for the
greatest volumes of water that flow into or out of the model because they are
perpendicular to the regional north-to-south direction of ground-water flow.
The volume of water flowing through these boundaries is greater in the lower
layers than the upper layers (table 2) because the discretization becomes
increasingly coarse with depth; for example, at the northern boundary, layer 3
is more than twice the thickness of layer 1. Inflow through this boundary
represents almost 15 percent of the total inflow. The southern boundary has
the same pattern, and outflow at this boundary accounts for about 42 percent
of the total outflow (table 2).

The amount of ground water entering and leaving the eastern and western
boundaries, where flow is generally parallel to the boundary, is relatively
small. The total outflow at the eastern boundary is 4 percent of the entire
inflow budget, and flow at the western boundary is less than 1 percent.
Although the lower boundary of the model (Raritan confining unit) 1s larger
than the four lateral boundaries combined, less than 3 percent of the flow
exits here because vertical conductance is extremely low.

Pumpage and recharge.--Ground-water pumpage from all wells in the study
area accounted for 50 percent of the water removed from the system during
1968-75. About 58 percent of the pumpage was for public supply, and the
remainder was for industry (table 2).

Although pumpage is represented as a sink (discharge) term, little is
actually removed from the system in the study area. In fact, the source term
shown as industrial recharge was pumped from the aquifer beforehand. Of the
6.75 Mgal/d pumped for industrial use, about 90 percent is returned to the
water table through recharge basins and, therefore, is labeled as industrial
recharge. The areal-recharge term in table 2 encompasses natural recharge to
the system from precipitation and the part of public-supply pumpage that is
returned to the water table through cesspools, lawn sprinkling, and other
domestic uses.

Although the recharge and pumpage values listed in table 2 could also be
presented as a total net inflow and outflow, isolating the individual effects
of development and local industry gives a more detailed summary. This,
together with the fact that most of the pumping constitutes a redistribution,
rather than a loss, of water, allows a detailed accounting of water inflow,
outflow, and steady-state water balance.

Steady-State Calibration

The regional model was calibrated to 1968-75, a period between the 6-year
drought of the early to mid-1960s and the hook-up of sewers in southeastern
Nassau County. Water-level data for each aquifer were collected islandwide
and were used along with streamflow measurements to calibrate the regional
model to steady-state conditions. During 1968-75, pumping for public supply
and sewer discharge remained fairly stable, and precipitation records at
Mineola indicate that precipitation was comparable to the long-term average.
Ground-water levels were also stable during this period. Therefore, the
system was assumed to have reached an equilibrium condition during this period
(Buxton, H.T., and Smolensky, D.A. U.S. Geological Survey, written commun.,
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Table S.--Range of horizontal and vertical hydraulic conductivity
values tested during sensitivity analysis

[values are in feet per day]

Horizontal Horizontal to vertical
Aquifer hydraulic conductivity anisotropy
Upper glacial 200 - 400 5:1 - 10:1
Magothy (water table) 30 - 400 15:1 - 100:1
Magothy (middle zone) 30 - 80 25:1 - 100:1
Magothy (deep zone) 30 - 100 25:1 - 100:1

values were not varied according to a formula but span a realistic range of
values reported across Long Island.

Results of the sensitivity analysis indicated that the high permeability
of the glacial deposits affects the configuration of the water table far less
in the study area than in many other parts of the island. Doubling the
horizontal hydraulic conductivity of the upper glacial aquifer from 200 to
400 ft/d had only negligible effects on head and the shape of the water table,
whereas, doubling the horizontal hydraulic conductivity of the Magothy
produced water-table changes of as much as 13 ft. This 13-ft difference
results from the far greater thickness of the Magothy than of the upper
glacial aquifer. (In most of the study area, the Magothy is at least 10 times
as thick as the upper glacial aquifer.)

Decreasing the horizontal-to-vertical anisotropy resulted in a moderate
hydraulic response to the applied pumping and recharge. Water-table mounding
beneath recharge basins dissipated rapidly as a result of the higher vertical
conductance, and drawdown was smaller because the pumping was easily balanced
by the capture of water from overlying aquifers.

ANALYSIS OF THREE-DIMENSIONAL ADVECTIVE TRANSPORT

Advective contaminant transport and sources of water to wells in the study
area were investigated with a three-dimensional particle-tracking program
developed by Pollock (1989), which is designed for use with the output from the
modular, three-dimensional, finite-difference model of McDonald and Harbaugh
(1988). The method computes flow paths and traveltime of particles to evaluate
the advective-transport characteristics of simulated steady-state systems.

Advective transport is the process by which solutes are transported by
the bulk motion of flowing ground water. Particle paths and traveltimes are
calculated in terms of advective processes only; effects of chemical reactionms,
adsorption, and dispersion processes were beyond the scope of this investiga-
tion because data on the location, time, and concentration of contaminants
that entered the ground-water system during previous decades were insufficient.
Particle-tracking analysis provides a quantitative estimate of advective
movement under conditions in which pumping and recharge are the major factors
that affect contaminant transport.
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Particle Tracking

Steady-state head distributions and cell-to-cell flows simulated by the
study-area model define a velocity distribution over the model domain. For
each cell, the velocity in each coordinate direction is assumed to vary
linearly between the velocities calculated by the flow model for each face of
the finite-difference cell; thus, an analytical expression can be derived that
describes the three-dimensional velocity field within each block. Given the
starting location of a particle, one can directly compute the location of any
other point along its flow path within the cell and the length of time the
particle takes to travel from one location to the other. The mathematical
derivation and analytical expressions are given in Pollock (1989).

Forward- and backward-tracking techniques were used to define detailed
three-dimensional flow paths, the fate of water entering the system from areal
recharge and industrial recharge basins, and the sources of water for indus-
trial and public-supply wells. The traveltime for particles, which requires
the input of porosity values, was also calculated for each flowpath analysis.
Although the program output shows the locations of a particle’s starting and
ending points, flow paths, and traveltime, the results should be interpreted
with caution because the formulation of this technique involves several
simplifying assumptions regarding linear interpolation of velocity distribu-
tions and treatment of internal sources and sinks, as discussed in Pollock
(1989). 1In addition, the input is based on a discrete representation of the
ground-water system and a finite-difference approximation of head and flow;
thus, the accuracy of the method is highly dependent on the modeled
representation of ground-water flow.

Representation and Interpretation of Flow Paths

Representation and conceptualization of ground-water-flow paths is
difficult in areas where ground-water flow is affected by local variations in
boundary conditions, aquifer characteristics, and sources and sinks. The
three~-dimensional movement of ground water in the study area is depicted in
plan view and vertical section in figure 18.

The vertical section along column 8 (fig. 18A) depicts the paths of
particles starting at the water table in model column 8, rows 1, 3, 5, 7...73
(one particle per cell) and illustrates the effect of pumping on flow. This
forward-tracking method follows particles from a given starting location,
through the flow field, to their point of outflow from the modeled area.
Although this vertical section is representative of column 8, it shows all
particle paths projected onto the column, regardless of what column they
flow into after moving from their starting location. The tracing of particle
movement into adjoining columns requires use of an areal plot (fig. 18B),
which shows that, even though all particles began in one column, their final
locations depend on the flow field, which at this site diverts many flow paths
to other columns.

Results of the particle-tracking analyses show what the upper glacial
aquifer has a larger horizontal hydraulic gradient in the southern half of the
study area than it does in the north. If porosity and aquifer composition are
assumed to be uniform, the southward increase in horizontal gradient causes an
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Fourteen industrial wells screened in the Magothy aquifer are pumped at a
combined yearly average rate of almost 7 Mgal/d; the pumped water is used for
cooling and then discharged to the water table in three main recharge-basin
areas. Steady-state flow simulations showed the effects of the pumping and
recharge. The vertical head difference between the Magothy and the water-table
aquifers increased from about 3 ft outside the industrial area to more than 10
ft in the pumping and recharge locations. The regional hydraulic gradients
also were altered, and In some areas, the direction of flow has reversed from
southward to northward.

Advective transport in the modeled area was analyzed through a particle-~
tracking method that used the same steady-state pumping and recharge
conditions that were used in the flow simulations. The cell-to-cell flows
obtained during flow modeling provided the three-dimensional volumetric flux
distribution required for the analysis. Particle tracking was performed with
a postprocessor that used the cell-to-cell fluxes to compute an average
velocity distribution.

Particle flow lines indicate two possible fates for water entering the
system at the water table along a north-south line through the center of the
industrial zone and modeled area. The area near the southernmost recharge
location acts as a local ground-water divide; thus, particles entering the
system north of this recharge area eventually are drawn to the Iindustrial
wells, whereas particles entering south of this area continue along regional
flow lines and are not directly affected by the pumping wells or recharge
basins.

Ground water moves in a cyclic pattern in the area between the two
northernmost groups of recharge basins and the industrial wells. Flow lines
indicate that water applied to the basins can be drawn to the industrial wells
and eventually returned to the recharge basins. This cyclic flow seems to
partly contain the contaminated water by preventing it from moving southward
into the regional system. Thus, current pumping and recharge practices are
helping to control, or at least delay, the spread and migration of contami-
nants in this area. Any contaminated water that is discharged to the southern
basins will almost certainly enter the regional flow system, however, and
continue to migrate southward.

Basin water is not the sole source of water for the pumped wells; results
of a backward-tracking analysis indicate a recharge area at the water table
for the industrial wells that is substantially wider (east to west) than the
industrial area and extends upgradient near the northern boundary of the
modeled area.

Traveltime analyses for selected particle paths indicate a wide range of
traveltime from recharge to discharge points. At an assumed porosity of 0.3,
water would require 10 years to move from a recharge basin to a well in the
industrial area or as long as 110 years to move from the water table to the
southern boundary of the study area.
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