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CONVERSION FACTORS AND ABBREVIATIONS

Factors for converting the units used in this report to International
System of Units (SI) are shown below.

Muitipig EX To obtain SI units
Length
inch (in.) 25.4 mlllimeter (mm)
foot (ft) ' 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
square mile (mi2) 2.590 square kilometer (kn? )
Flow
gallon per minute (gal/min) 0.06309 liter per second (L/s)
million gallons per day (Mgal/d) 43,81 liter per second (L/s)

Hydraulic Units

transmissivipy, square feet 0.0929 square meter per day
per day (ft= /d) (r? /d)
hydraulic conductivity 0.3048 meter per day (m/d)
foot per day (ft/d)
foot per mile (ft/mi) 0.1894 meter per kilometer
. (m/km)
inch per year (in/yr) 25.4 millimeter per year (mm/y)

ix




ANALYSIS OF THREE-DIMENSIONAL GROUND-WATER FLOW IN VICINITY OF
HYDE PARK LANDFILL, NIAGARA FALLS, NEW YORK

by Marcel P, Bergeron
ABSTRACT

A finite-difference model containing seven layers was developed and used to
simulate ground-water flow in a 3.8 square mile area near a landfill at the Hyde
Park chemical waste site, north of the city of Niagara Falls, The site is
underlain by, in descending order (1) a sequence of till and lacustrine depo-
sits, 1 to 34 feet thick, (2) the Lockport Dolomite, a moderately permeable
fractured rock aquifer 40 to 120 feet thick, (3) the Rochester Shale, a unit of
low permeability about 60 feet thick, and (4) a seéuence of carbonates, shales,
and sandstones 240 feet thick. The site is bounded by the Niagara River gorge
to the west, the Niagaré Power Project forebay canal to the north, twin buried

conduits of the power project to the east and the Niagara River to the south.

The model simulates flow in the surficial deposits, the Lockport Dolomite,
and the Rochester Shale, Steady-state simulations were made with an average
annual recharge rate of 2 inches per year at the Landfill and 6 inches per year
elsewhere. The calibrated model matched most measured water levels within 5 to

10 ft in the till and lacustrine deposits and in the Lockport Dolomite.

Results of the simulations indicate the following: (1) Regionally ground
water in the Lockport Dolomite flows westward toward the Niagara River gorge,
northward toward the Niagara Power Project forebay canal, and eastward toward
the twin buried conduits. Near the landfill the simulated configuration of the
water table indicates that ground water in the Lockport flows northwestward to

the Niagara River gorge.




(2) Horizontal hydraulic conductivity values used in the best—fit simulation
ranged from 4.9 to 15 feet per dav in the upper part of the Lockport and 1.0 to
3.0 feet per day in the lower part. Ratios of horizontal to vertical hydraulic
conductivities ranged from 10:1 to 100:1 in the upper part of the Lockport and
55:1 to 1000:1 in the lower part, Vertical hydraulic conductivity of the
Rochester Shale used ranged from 0.002 feet per day west of the landfill near

the gorge to 0.0002 feet per day east of the landfill.

(3) The uppermost 15 ft of the Lockport Dolomite, where saturated, comprises 35
to 45 percent of the transmissivity of the total unit and has the greatest
potential for lateral migration of ground water from the landfili. However, the
water budget calculated by the model indicates that about 95 percent of water
recharged to the Lockport migrates downward to lower parts of the formation,
Ground water discharging from the Lockport Dolomite through the Rochester Shale
to the permeable carbonates (Irondequoit and Reynales Formations) beneath

amounts to about 83,000 cubic feet per day or 59.5 percent of water recharged.




INTRODUCTION

The Hyde Park landfill is a 15~acre chemical waste-disposal site just north
of the city of Niagara Falls (fig. 1). During 1953-75, about 80,000 tons
of chemical wastes were buried at the site; these included mirexl, lindane,
trichlorophenol (TCP), and pesticides containing dioxin. In December 1979, the
U.S. Environmental Protection Agency (USEPA) and the State of New York filed
sult against the site owner, alleging that the wastes posed a health danger to
area residents. The three groups entered into negotiations to address the
problem of chemical migration from the site and, in January 1981, they filed a
consent decree (proposed agreement) with the U.S. District Court (western New
York) to remedy the site situation. Court hearings were held through the'fgll

of 1981, and the consent decree was finally approved in May 1982.

One of the issues raised at the court hearing was how water moves through
the ground-water system underlying the waste site, which is comprised of a
series of fractured bedrock units overlain by surficial till and lacustrine
deposits. A principal topic of discussion was the effectiveness of vertical and
horizontal (bedding plane) joints in underlying rocks as paths for ground-water

movement.

T : \ . : , .
Use of trade names in this report is for identification purposes only.
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In May 1983, the U.S. Geological Survey entered into an Interagency
Agreement with USEPA to evaluate ground-water flow patterns in the Hyde Park
landfill area. The principal goal of this investigation is to describe the
characteristics of the ground-water flow system in the area of the Hyde Park
landfill., To achieve this goal the area of investigation was expanded from
the specific area of the landfill to include the natural and man-made hydro-
logic boundaries that affect the pattern and rates of ground-water flow.

The study area 1s shown in figure 1.

Specific objectives of the study include (1) identification of the major
hydrologic boundaries, (2) definition of the quantity and distribution of
water entering or leaving the ground-water system at these boundaries, (3)
definition of thé three~-dimensional patterns of ground-water flow in the
Lockport Dolomite and the overlying surficial deposits, and (4) evaluation
of the magnitude of ground-water leakage from the Lockport Dolomite to the

underlying aquifer units through the Rochester Shale,

Purpose and Scope

This report describes the geology and hydrology of the study area and
their relationships to the Hyde Park chemical-waste site. The report also
describes the development and calibration of a finite-difference, three-
dimensional model used to simulate ground-water flow in a 3.8 miZ area
surrounding the landfill site (fig. 1). Results of the model analysis pre-
sented in this report include steady-state water—table and potentiometric
head surfaces simulated within surficial unconsolidated deposits and the
Lockport Dolomite. The inflow and discharge of ground water from these
units at nearby hydrologic boundaries computed from steady-state model simu-
lation are also presented. Listings of selected model data input and output
resulting from model simulation are included at the end of the report.
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Previous Work

Information used in the construction and calibration of the model
described in this report was based mainly on data included in reports by
Johnston (1964) on the ground-water hydrology of the Niagara Falls érea and
by Conestoga—-Rovers and Associates on work and data collected near the Hyde
Park chemical site from 1979 to the present under contract to the site

owner.
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HYDROGEOLOGIC SETTING

The Hyde Park waste-disposal site is just north of the city of Niagara
Falls, approximately 2,000 ft east of the Niagara River gorge (fig. 1). The
site altitude is about 610 ft. The location of the Hyde Park waste site and
its relationship to underlying unconsolidated deposits, various bedrock
units, and the Niagara River gorge are shown in east-west (A-A'), northwest-
soutﬁeast (B-B'), and southwest-northeast (C-C') geologic sections through
the site in figures 2A, 2B, 2C, and 2D. These sections are based on geologic
information from recent test borings by Conestoga-Rovers and Associates near
the site and from regional characteristics of bedrock stratigraphy in the

Niagara Falls area given in table 5 at end of the report,

Test borings at and near the site indicate that the chemical wastes are
buried within a sequence of predominantly fine—g;ained unconsolidated depos-
its. The total thickness of the sequence ranges from 1 to 34 ft.

This sequence consists of three types of sediments: (1) laminated lake
sediments of silt and clay that contain thin beds of sand and(or) gravel,
(2) silty clay till, and (3) a mixed zone of sand and till directly above

the weathered bedrock.,

s

The bedrock beneath the unconsolidated till and lacustrine deposits to
the level of the Niagara River is composed of a 420-ft sequence of alter-
nating beds of limestone, dolomite, shale, siltstone, and sandstone (fig.

2B). Near the landfill vicinity, the unconsolidated deposits are directly
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underlain by the lockport Dolomite, a dark-gray to brown, massive to thin-
bedded dolomite., Near Hyde Park, the Lockport ranges from 60 to 120 ft
thick, On the basis of rock characteristics and fossil evidence, the
Lockport is divided into the following members (Zenger, 1965) from ﬁ0p to
bottom: Oak Orchard Member, Eramosa Member, Goat Island Member, Gasport
Member, and DeCew Member. The stratigraphic position of these units is
shown in figures 2A, 2C, and 2D. The characteristics of these members are
summarized in the generalized stratigraphic descriptions given in table 5

(at end of report),

The Lockport Dolomite is underlain by a sequence of dark gray
calcareous shale referred to as the Rochester Shale, Regionally, the
Rochester Shale is about 60 ft thick and dips 30 ft/mi south-southeastward,
The surface altitude of the Rochester Shale ranges from 585 ft at the Hyde

Park site to 425 ft along the Niagara River south of Niagara Falls (fig. 3).

Below the base of the Rochester Shale to the level of the Niagara River
is a 240-ft sequence of bedrock made up of limestone, dolomite, shale,
siltstone, and sandstone. The stratigraphic position and approximate
thickness of these bedrock units are illustrated in an east—west geologic
section A-A' shown in figure 2B. General characteristics and descriptions
of these rocks are given in table 5 (at end of report). Of all these rocks,
an 18 to 20 ft sequence of carbonate rocks belonging to the Irondequoit and
Reynales formation was emphasized in this study. These units directly
underlie the Rochester Shale, and collectively represent the first aquifer

unit below the Lockport Dolomite.
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The bedrock surface (fig. 4) slopes northwestward across the waste
site, Maximum relief of the bedrock surface near the site is about 57 ft,
ranging from 615 ft above sea level 800 ft east of the site to 558 ft
above sea level 1,600 ft west of the site. Bedding planes within tﬁe
Lockport Dolomite dip to the south-southeast at about 30 ft/mi (Johnston,
1964, p. 14)., This dip reflects the regional dip of all bedrock units in

the Niagara Falls area.
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Water-Transmitting Properties

Unconsolidated Deposits
The shallow unconsolidated deposits are predominantly fine-grained and
have low hydraulic conductivity; they rarely yield even modest amouﬁts of
water to wells for domestic use, Hydraulic—conductivity values derived from
water—level recovery tests in wells tapping these deposits range from 0.0014

to 0.27 ft/d (table 1).

Lockport Dolomite

The Lockport Dolomite is moderately permeable and 1is considered the
principal aquifer unit in the Niagara Falls area. Ground water in the
Lockport moves through three types of openings—-horizontal bedding joints,
vertical joints, and small cavities resulting from the dissolution of gypsum
(Johnston, 1964), The character of these openings changes with depth to
form two distinct zones. At shallow depths, near-vertical joints and
bedding plane joints, enlarged by dissolution of dolomite, form a moderately
permeable zone 10 to 15 ft thick at the top of the rock. The thickness of
this zone is fairly uniform, regardless of which rock member forms the upper
surface, Below the fracture zone, the vertical joints decrease in number and
size, and ground water flows predominantly through solution-enlarged bedding
joints., The surrounding matrix is mostly a fine—grained dolomite with very

low permeability.

Aquifer tests in wells tapping the Lockport Dolomite (Johnston, 1964,
table 3, p. 33) have indicated a wide range of transmissivities (90 to 9,000

ft?/d) and hydraulic conductivities (1 to 70 ft/d). A representative value
of transmissivity in the Niagara Falls area was obtained from an aquifer

test in which an 18,000~-ft section of a dewatered conduit excavation was

16
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Table 1.—-Hydrogeologic characteristics and hydradlic properties of unconsolidated deposits

and bedrock in the Hyde Park area.}

Water—bearing unit

7 Thickness

" (feet) -

“Lithologic description’

‘Hydrogeologic characteristics ~

“fiydraulic properties’

Undifferentiated
lake deposits

Ti1l

( "Hardpan™)

Lockport Dolomite

Rochester Shale

0-20

0-10

90-130

60

Laminated clay and silt
and thin beds of fine
sand.

Mixture of boulders and
pebbles in a matrix of
sand, silt, and clay.

Dark-gray to grayish-
brown massive to thin
bedded dolomite, locally
containing algal reefs,
small masses of gypsum,
limestone, and shaly beds
at base.

Dark-gray calcareous shale,

Clay and silts have low
permeability and yield little
water.

Water occurs principally in
thin sand lenses in till and a
"wave-washed zone” at the top
of the bedrock.

Ground water occurs principally
in water-bearing zones parallel
to bedding which are much more
permeable than the surrounding
rock. The upper 10 to 15 feet
is the most permeble interval
and contains vertical joints
and small cavities formed by
solution of gypsum, Wells
yield 10 to 100 gal/min

mostly.

Very low permeability shale,
Yields no significant water
to wells,

Hydraulic conduc~
tivity range: 0.0014
to 0.27 ft/d.?

Transmissivity from
pump test 1s highly
vagiable (90-9,000
ft/d). Average
transmissivit is

300 ft?/d probable
hydraulic conductivity
range: 5-15 ft/d
(upper 15 feet);

1-2 ft/d (lower part)

Unknown. Hydraulic
conductivity assumed
to be 2 to 3 orders
of magnitude less
than that of Iockport

Dolomite.

Table modified from Maslia and Johnston (1982, p. 5).

Based on well-recovery test data from Conestoga—-Rovers Associates.

1964) .

Based on steady—state analysis of 18,000-ft section of dewatered condult penetrating the Lockport Dolomite;
average gradient (0.017 ft/ft) and average pumping rate (1,400,000 gal/d) (Johnston,



considered as a well (Johnston, 1964, p, 34). The test results estimated

the transmissivity to be about 300 ft2/d (table 1). Because the conduit

penetrated an average thickness of 100 ft of the Lockport Dolomite, this

transmissivity results in an average hydraulic conductivity of 3 ft/d.

Conductivity of the upper 10 to 15 ft of the Lockport 1s probably higher (5

to 15 ft/d) and that of the lower part is probably lower (1.0 to 3.0 ft/d).

Recent drilling in the Lockport Dolomite has led to several obser-

vations (Occidental Chemical Corporation, 1983, v, I; p. 42-43). These

observations are based on pumping tests that were used to define yield in

the Lockport Dolomite. Tests were conducted in 15-ft intervals throughout

the entire thickness of the unit.

L.

2.

The top 15 ft of Lockport Dolomite consistently yields water when pumped.

The second (15 to 30 ft) and third (30 to 45 ft) zones also yield water,
but the fourth (45 to 60 ft) zone does not.

The 15-ft zone above the Gasport Member (fig. 2A-2C) generally yields
water, Massive beds of the Gasport do not yield water.

A 15-ft zone at the contact between Rochester Shale and the DeCew

Member of the Lockport Dolomite (fig. 2A-2C) yields water at about half
of the locations where it has been encountered.

These observations indicate that some zones related to certain massi-

vely bedded units in the Lockport Dolomite do not have sufficient per-

meability to yield water when pumped. The zones appear to correlate with

massive beds found in the upper and lower parts of the Goat Island member

A}

and the Gaséort member,. These units most likely are confining layers and

restrict the vertical movement of water between more transmissive zones in

the sequencé. This conclusion is supported by the fact that seepage has

been observed in beds just above outcrops of these massive units in numerous

locations along the Niagara River gorge.
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Rochester Shale
The Rochester Shale is a sequence of low permeabllity shales which
yileld no significant water to wells. At exposures of Rochester Shale in the
gorge, seepage and springs originate at the contact between the Lockport
Dolomite and Rochester and little or no water discharges from the Rochester
itself, This evidence indicates that the Rochester is a massive unit with

properties similar to those of a confining unit.

No information is availlable on the hydraulic characteristics of the
Rochester Shale in the Hyde Park area, but pressure packer and slug tests at
various depths in the corresponding formations in Ontario, Canada, have
shown horizontal hydraulic conductivities.between 0.01 and 0.25 ft/d (R. A.
Findlay, Environment Canada, to Vacys J. Saulys, U.S. Environmental
Protection Agency, written commun., Oct., 21, 1982). The applicability of

these values to the Rochester Shale near the Hyde Park site is uncertain.

Deeper Aquifers

Litfle is known about the water-transmitting properties of units below
the Rochester Shale because they have not been developed as sources of
water, The abundance of vertical and bedding joints exposed in outcrops of
these units and at quarries suggest that these units are as permeable as the
overlying Lockporﬁ Dolomite (Johnstom, 1964, p. 42). However, thé relati-
vely low permeability of the Rochester Shale should control leakage to these
units except in tbe vicinity of the gorge, where vertical joints (stress
release joints) in the Rochester Shale are frequent. Johmston (1964, p. 42)
indicated that, because of reduced recharge, the upper part of more permeable
sandstones and limestones below the Rochester is dry in many places. Wells

completed in these rocks generally have only yielded 2 to 3 gal/min.
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Recharge

Near the Hyde Park waste site, precipitation infiltrates into fine-
grained unconsolidated surficial deposits before entering the moderétely
weathered and permeable fractured upper layer of the Lockport Dolomite,
Areal distribution of recharge in the Hyde Park area is unknown. LaSala
(1967) estimated an average recharge rate of 6.3 in/yr for sandy areas in
upstate New York with an annual precipitation of 35 in/yr. Based on model
simulation, Maslia and Johnston (in press) estimated the average annual
recharge at Hyde Park, where the annual precipitation is 32 in/yr, to be 6

in/yr.

Bydrologic Boundaries

The ground-water system near the Hyde Park waste-disposal site is
bounded on all four sides by natural or man-made hydrologic boundaries.
These are (1) the Niagara River gorge to the west, which penetrates to the
level of the Queenston Shale (figs. 1 and 2A), (2) the Niagara Power Project
Forebay Canal to the north, which extends into the Rochester Shale, (3) the
buried conduits of the Niagara Power Project to the east, which fully
penetrate the Lockport Dolomite, and (4) the Niagara River to the south
which penetrates into .upper parts of the Lockport Dolomite. These boun-
daries are each marked by deeply incised channels which are partially filled
with water. These chqnn;ls are either naturally eroded, as in the case of

the Niagara River gorge, or excavated, as in the case of the forebay canal

or the conduits.
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At the Niagara River gorge, the ground-water system down to the level
of the Queenston Shale outcrops above the water line in the river and is
exposed to atmospheric pressure. Consequently, gréund water in these areas
drains into the gorge and the discharge 1s controlled by the altitude of the
point of discharge. Ground water near the forebay camnal above the water
line in the canal will discharge into the canal in a similar manner.
However, below the water line in the canal, ground~water discharge to the

canal 1s controlled by the altitude of the water line.

The interaction of the ground-water system with the buried conduit
system of the Niagara Power Project is slightly different than its interac-
tion with the Niagara River gorge and the forebay canal. The buried con-
dults were constructed in the early 1960's to divert water from the upper
reach of Niagara River above the American and Horseshoe Falls to the power-
generating facilities of the Robert Moses Power Plant. The system consilsts
of two concrete conduits that are situated at the base of trenches excavated
through the Lockport Dolomite to the top of the Rochester Shale. The con-
"duits are covered to land surface with about 45 to 50 ft of relatively
coarse backfill material, The backfill material is saturated. Head
measurements made in the backfill material at two pump houses of the conduit
system suggest that water levels in the backfill are influenced by the
relation of stage in the uﬁper reach of the Niagara River and the water
level in the forebay canal. Heads measured oun one occasion indicated a slight
hydraulic gradient from the:south part of the conduits near the Niagara
River north toward the forebay canal. This hydraulic gradient is unlike the
gradient and flow pattern observed in the Lockport which suggests the level
of saturation in the backfill is independent of the ground-water system. In
the reach near the Hyde Park landfill, the average water level in the back-
fill material was estimated to be about 545 ft above mean sea level,
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At the conduits near the landfill, the bedrock surface altitude (fig. 4)
ranges from 580 to 610 ft. Consequently, parts of the ground-water system
are well above the backfill saturation level, Above this level, ground
water drains into the backfill and the discharge is controlled by tﬁe eleva-
tion of the point of discharge and the hydraulic properties of the
bedrock since the bedrock permeability is probably much lower than the
coarse backfill material. Below the backfill saturation level to the top of
Rochester Shale, ground-water discharge to the conduit system is controlled

by the saturation level of the backfill.

South of the landfill above the American and Horseshoe Falls (fig. 1),
the Niagara River penetrates upper parts of the Lockport Dolomite and provi-
des a potehtially unlimited supply of recharge to the Lockport Dolomite,
Because the Lockport is thickest in this area and, more importantly, con-
ditions are favorable for infiltration of water from the River, wells in an
area about a half-mile wide adjacent to the River above the falls have

substantially higher yields than wells elsewhere in the area.
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Ground-Water Flow Patterns

Lockport Dolomite

Tﬁe potentiometric surface of the Lockport Dolomite in the Niagara Falls
area was estimated using both recent water-level data collected in ﬁhe vici-
nity of the landfill and some data given 1in Johnston (1964). The resultant
average surface, representing a period from 1960 to the present, 1is given in
figure 5. Because data are collected from different times and different
vertical intervals, this map should only be used to get a general indication
of flow patterns in the Lockport. In general, ground water in the Lockport
Dolomite moves laterally toward the major hydrologic boundaries in the Niagara
Falls area: 1) The Niagara River Gorge, 2) the Niagara Power Project forebay
canal, and 3) the buried conduit system of the Power Project. In an area bet-
ween the landfill and the buried conduits, water levels rise to a maximum
altitude of just over 610 ft and form a ground-water divide generally trending
north-south just east of the landfill. In some areas the potentiometric sur-
face in the Lockport falls below the top of the bedrock, making the Lockport
an unconfined aquifer. 1In some areas (fig. 5) the poteﬁtiometric sur face
falls below the upper 15 ft of the Lockport which is probably the most
transmissive zone in the unit. The estimated area in which the Lockport is

unconfined is indicated in fig. 3 by the shaded patterns.

Considerable water—level data have been collected near theblandfill since
1975, enabling an improved definition of the potentiometric surface in the
immediate vicinity of the landfill. .A map of the potentiometric surface of
the upper part (uppermost 15 ft) of the Lockport near the landfill in March
1983 is shown in figure 6. The contours are based on measurements in wells

‘tapping the upper 15 ft of the Lockport Dolomite. The potentiometric
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contours reflect an average head distribution within the upper permeable zone
of the Lockport. Water level contours in figure 6 suggest that water in the
upper part of the Lockport Dolomite beneath the landfill flows northwestward
toward the Niagara River gorge. The ground-water divide is located just east

of the area shown in figure 6.

The vertical distribution of head beneath the landfill is shown in the
hydrogeologic section in figure 7., The data indicates head drops of 5 to 10 ft
between the base of the unconsolidated deposits and the upper 15 ft of bedrock
(fig. 7) and that water in the unconsolidated deposits moves downward‘into t he
bedrock. Abrupt changes in water levels and steplike increases or decreases
in yields of wells tapping successive units below the upper part of the
Lockport Dolomite indicate that the permeable zones containing solution-
enlarged bedding joints in deeper parts of the Lockport act as virtually
separate aquifers (Johnston, 1964, p. 29-31). An example of a large head
decrease with depth in the Lockport near the landfill is illustrated in figure
7. Water-level data in figure 7 show a 22-ft change in head between inter-
face well OW-19 and well OW-18, which taps a deeper water—bearing zone in the
Lockport. These data substantiate the assumed horizontal layering of the

Lockport Dolomite,
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Rochester Shale

Observations of seepage and springs at the contact between the Lockport
Dolomite and Rochester Shale at exposures in the Niagara River gorge
suggests that the Rochester itself has little lateral water—transmitting
properties, Because of its low relative permeability, the Rochester is
more like a confining bed and has a tendency to restrict vertical movement
of water to lower formations. Based on numerical simulation, Maslia and
Johnston (in press) have concluded that the nearly impermeable Rochester
Shale probably contains minor vertical joints that allow water to recharge
underlying formations at a very low rate except near the gorge where the

shale has a higher density of vertical joints,

Irondequoit and Reynales Formations

Carbonate rocks of the Irondequoit and Reynales formations form the
first aquifer unit below the Rochester Shale. The potentiometric surface of
the Irondequoit and Reynales aquifer was estimated (see figure 8A) to eva-
luate the amount of vertical leakage through the Rochester Shale. Because
no water-level data are available in this unit in the study area, the éur—
face was estimated from the elevation of discharge points from this unit
along the gorge and the Niagara éscarpment and from a pattern of flow within
the unit. Because the Irondequoit and Reynales Formations are separated
from the Lockport Dolomite by about 60 ft of Rochester Shale, the hydrologic
effects of the forebay canal and buried cpnduits would be less pronounced
within these lower units than in the Lockfort. In all likelihood, the pat-

tern of flow in these units would resemble that in the Lockort Dolomite

28




before construction of industrial wells and the Niagara Power Project, as
depicted by Johnston (1964, p. 54). An interpretation of the direction of
ground-water flow in the Irondequoit and Reynales Formation based on the
locations of nearby .hydrologic boundaries is depicted in figure 8B. ' The
direction of flow shows minimal hydrologic effects from the forebay canal
and buried conduits but indicates increased recharge and mounding northeast
of the landfill, which might be caused by the head In Niagara Power Project
pumped-storage reservoir. This effect is inferred from Johnston's (1964, p.
6 and fig. 16) description of the hydraulic effects of reservoir flooding on

water levels in the upper part of the Lockport Dolomite.
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THREE-DIMENSIONAL SIMULATION OF AQUIFER SYSTEM
Digital modeling techniques were used to simulate ground-water flow
within the aquifer system., Simulation was useful in evaluating patterns
flow near the Hyde Park landfill and in delineating potential direcfions

leachate migration that are not apparent from avallable data.,

Model Selection and Design

A three-dimensional model developed by McDonald and Harbaugh (1983)

was selected to simulate flow within the aquifer system., The model uses

of

of

finite difference techniques to numerically approximate the following par-

tial differential equation:

9 3h 4+ 3h + 3 3h = Sg 3h + W(x,y,z,t)
9 x Kxﬁix 3y Kyyay dz Kzzaz 8t — WaEat
where:
h = hydraulic head, or potentiometric head (L),
Kxx = principal component of hydraulic conductivity tensor in the
x direction (L/T),
Kyy = principal component of hydraulic conductivity tensor in the
y direction (L/T),
Kzz = principal component of hydraulic conductivity tensor in the
Z direction (L/T),"
W(x,y,z,t) = volumetric flux per unit volume (1/T),
Ss = specific storage (diménsionless)
X,y,2 = space coordinates,

t = time coordinate or index,
L = unit length, and

T = unit time
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Model Grid

The Hyde Park area is modeled with a rectangular block-centered finite
difference grid that represents a 3.83-mi? area surrounding the landfill
(fig. 9). The grid contains 896 grid blocks. Variable grid spacing was
selected to provide detail at the Niagara River gorge, at the landfill, and
other hydrologic boundaries (forebay canal and buried conduits). Block
areas range in size from 562,500 £tZ2 (750 ft x 750 ft) along the model boun-
daries to 62,500 £2 (250 ft x 150 ft) in the landfill vicinity. Block sizes

were increased by no more than a factor of 1.5 in any direction,

Model Layers

For simulation purposes, the ground-water system underlying the Hyde
Park site was divided into seven separate aquifer layers, A schematic
representation of these aquifer layers is given in figure 10. The top layer
of the model represents horizontal flow in the fine~grained unconsolidated
deposits that mantle the Lockport Dolomite., Model layers 2 through 6 were
used to simulate flow in the Lockport Dolomite and layer 7 represented a spe-
cified head in the Irondequoit and Reynales formations, the first aquifer
unit below the Rochester Shale. Layer 7 was the hydrologic base of the

model simulation.
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Lockport Dolomite

The aquifer layering scheme used to represent the Lockport Dolomite was
based on the assumption that horizontal flow in the Lockport occurs only in
zones which have open bedding-plane joints or fractures. These zonés were
considered aquifer layers. Massive zones in the rock were considered to act
as confining layers which only allow vertical flow between aquifer zones.

On the basis of these assumptions, horizontal flow in the Lockport Dolomite
was not considered in the massive beds of the upper and lower parts of the
Goat Island Member and the Gasport Member.

Aquifer layers were selected to closely correlate with zones that con-
tain open bedding-plane joints and yield water when pumped. Layer 2 repre-
sents the permeable uppermost 15 ft of the Lockport. Layers 3 and 4 repre-
sent the less permeable thickness above massive upper parts of the‘Goat
Island Member. The bottom of layer 4 coincides with the top of the Goat
Island Member. Layer 4 has a maximum thickness of 30 ft except where the
total thickness of rock between the top of the Goat Island and the bottom of
layer 2 is less than 30 ft; in these areas layer 4 was assigned the dif-
ference., Thickness of model layer 3 is simply the distance between the bot-
éom of layer 2 and the top of layer 4, 1In areas where the thickness of
layer 3 is calculated to be less than zero, a minimal thickness of 1 ft was
simulated to allow wate? to flow through layer 3 té layer 4 from layer 2.
Representation of layer-3 and 4 in the manner described above makes these
zones subparallel to thé top of the Goat Island and consequéntly subparallel
to bedding joints. This representation is consistent wich’the concept that
flow along open bedding joints is the primary mechanism for lateral ground-
water movement below the upper 15 ft of the Lockport. The thickness of

model layers 3 and 4 used in the model are given in Appendix A.
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Layer 5 represents a water—bearing zone that coincides with thin- to
medium~bedded middle parts of the Goat Island Member and was estimated
to be about 4 ft thick. Horizontal flow in the nonwater-ylelding zones of the
upper and lower parts of the Goat Island Member and the Gasport Memﬁer (fig.
10) were not simulated in the model, Layer 6 represents flow in a water-
yielding zone, estimated to be about 10 ft thick, that straddles the contact

between the DeCew Member and the Rochester Shale.

To evaluate the potential for ground-water leakage from the Lockport
Dolomite to water-bearing units below the Rochester Shale, the relatively
permeable limestone and dolomite of the Irondequoit and Reynales Formations,
which underlie the Rochester Shale (table 5), were simulated as model layer
7. The Rochester Shale has a relatively low permeability and is not con-
sidered a water-yielding unit in the Niagara Falls area; therefore, horizon-
tal flow within this unit was not simulated in the model. The head distri-
bution of the Irondequoit and Reynales Formations shown in figure 8A was
used and was held constant throughout all simulations. Simulation of the
Irondequoit and Reynales Formations in this manner represents a head-
dependant leakage boundary condition and forms the bottom hydrologic boun-
dary of the model. The water-transmitting properties of the Rochester Shéle
in the vertical direction are represented by the vertical leakage used bet-

ween model layer 6 and 7, as‘expléined later,
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Model Data Input

Transmissivity values of all model layers were initially derived by
multiplying the assumed thickness of each model layer by the horizontal
hydraulic conductivity values used in table 2, Thése values were'uéed in a
cross-sectional finite element model by Maslia and Johnston (in press) that
divided the flow system into four separate hydrogeologic units--the uncon-
solidated deposits, the upper part of the Lockport, the lower part of the
Lockport, and the Rochester Shale. Values for the unconsolidated deposits
and the landfill were applied in model layer 1; hydraulic conductivity
values for the upper Lockport Dolomite were used in model layer 2; and
values for the lower Lockport Dolomite were used in model layers 3 through

7.

Vertical flow between aquifer layers was simulated using equivalent
vertical hydraulic leakance of the materials separating two aquifer layers.
Vertical leakance is défined as the effective vertical hydraulic conductiity
of material separating two aquifer layers divided by the thickness of these
materials. Vertical hydraulic conductivity values used in initial simula-
tions were based on gnisqtropy values given in table 2, which indicate a
high degree of anisotropy in the Lockport Dolomite and the Rochester Shale,
Massive units of the Goat Island.and Gasport Members were represented in the
vertical leakance between layers.A and 5, and between layers 5 and 6. The
thickness used for the Goat Island member was 20 ft. The thickness of the
Gasport Member was variable ranging from 2 to 21 ft, The thickness of the
Gasport used in the model at each node is given in Appendix A. The
Rochester Shale was represented in the leakance between layers 6 and 7. The

thickness of the Rochester Shale used in the calculation was 60 ft,
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Table 2.,--Hydrologic properties and boundary conditions used in the
best-match Hyde Park simulation by Masllia and Johnston
. (o press).

Hydrologic property Value or description

Hydraulic conductivity (Kxx); in ft/d:

Til1l 0.028
landfill 0.011
upper part of Lockport Dolomite 4,9 to 6.6
lower part of Lockport Dolomite 1.5 to 2.0
Rochester Shale 0.020

Anisotropy (Kxx/Kzz):

Till 2.5:1
landfill 2.5:1
upper part of Lockport Dolomite 100:1
lower part of Lockport Dolomite 1000:1
Rochester Shale 10:1

Recharge (in/yr):

Areal recharge 6.0

Areal recharge to landfill (in/yr) 2.0
Boundary condition:

Bottom of Rochester Shale outflux, (-0.00055 ft/d)

Niagara River gorge seepage face

Buried conduits seepage face

constant head (555 ft)
coutflux (-0,001 ft/d)
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Vertical jointing is prominent in all rocks exposed along the Niagara
River gorge (Johnston, 1964). To simulate this condition in the model, the
vertical hydraulic conductivity of all rock units within 250 ft of the
Niagara River gorge was made significantly higher than elsewhere. in this
area, the vertical hydraulic conductivity used to calculate the vertical

leakance was based on an anisotropy ratio of 10:l.

Areal recharge in all simulations was fixed at 6 in/yr except at the
landfill. This rate is consistent with values developéd by La Sala (1967)
and was also used by Maslia and Johnston (in press) in their best-match
simulation of observed data in the Hyde Park area. Becauseva layer of rela-
tively low permeability caps the landfill, a lower recharge value of 2

in/yr was applied at the landfill.

Boundary Conditicuns
Model boundary conditions were selected to reflect real hydrologic
boundaries or to minimize the effect of artificial boundaries on results of
asy stresses simulated in the area of interest. Schematic sections, shown
in figure 11, illustrate all boundary conditions used in the model. The
real hydrologic boundaries in the area are the Niagara River gorge to the
west, the Niagara Power Project forebay canal to the north, and the buried

conduits of the Power Project to the east.,.

The Niagara River gorge penetrates through all bedrock units to the
Queenston Shale in the study area. This pérticular boundary was simulated
as a drain boundary. Drain discharges (Qd) were calculated from the

following equation:
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Qd = C4 . Ah
where: Cd is the drain conductance which is equal to the effective
hydraulic conductivity divided by the length of flow path
controlling the amount of water drained multiplied by thé esti-
mated cross—sectional area of the block. The length of the flow
path was estimated by using half of the grid block width.
Ah (change in head) is the difference between the simulated aquifer
head and a drain altitude., The drain altitude was an
assumed water-level altitude in the aquifer layer at the drain
boundary., The drain altitude generally ranged from 2 to 5 ft
above the aquifer-layer bottom.

A listing of all drain nodes for each model layer with their associated
drain conductance and elevations are given in Appendix A.

In most of the aquifer layers, the forebay canal and the buried con-
duits were also represented by drain boundaries. However, where the water
level in the canal or the conduits was above the aquifer—layer bottom, these
boundaries were approximated by specified constant heads. Water-level
measurements in the backfill material of the buried conduit system and
water—level records for the forebay canal indicate that the average water
level at these facilities 1s about 545 ft above sea level. This value was
specified at these boundaries.

No physical hydrologic boundaries are present immediately south of the
landfill, except for the Niagara River jusi upstream of Horseshoe Falls and
American Falls (fig. 1). However, to minimize both the area of simulation
and the effect of artificial boundary conditions, the southern boundary of
the model was positioned about 1.5 mi north of the southern reach of the
Niagara River (fig. 9). Although this boundary does not represent a real

hydrologic boundary, it can be adequately represented by constant head values.
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Constant heads 1in layer 2 were based on the water~level distribution in
the upper Lockport Dolomite shown in figure 7. Specified heads in other
aquifer layers were estimated based on an assumed head change of about 25 ft
between the top and base of the Lockport Dolomite, This gradient ié con-
sistent with head changes observed in wells near the landfill. The head
drop between model layers was distributed to reflect the stratigraphic posi-
tion of the model layer with respect to the entire thickness of the
Lockport., 1In vicinity of the Niagara River gorge and the buried conduits,
constant heads were adjusted to reflect the effect of the drain or constant

head boundary simulated.

The estimated potentiometric surface in the Irondequoit and Reynales
Formations, shown in figure 8A was used as an initial head distribution for
model layer 7 and was held constant in all simulations. In this manner,
model layer 7 represents a head-dependent leakage boundary and a hydrologic
base in the model. Despite the uncertainties in using this potentiometric
surface as the hydrologic base of model, it provides a reasonable set of
data for evaluating the amount of ground-water leakage from the Lockport

Dolomite to underlying aquifer units.

The distribution of constant heads in various layers of the model are
specified in the boundary arrays presented in Appendix A. Constant head
nodes are indicated by negative values. The specified heads of these nodes

are given in the final head arrays given in Appéndix B.
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Model Calibration

The purpose of this ground-water simulation was (1) to collaborate the
present understanding of the flow system, (2) to quantify ground-water
discharges to nearby hydrologic boundaries, and (3) to refine estimates of
the water-transmitting properties of the aquifer system. To accomplish
these tasks, a steady-state flow model was calibrated to water levels
measured between December 1982 and May 1983. This period was selected for
calibration because several measurements had been made in the upper 15 ft of
the Lockport Dolomite in numerous test holes drilled by Conestoga, Rovers,
and Associates during this time. This data supplemented previous data and

provided additional information for calibration.

Calibration of the‘model was done to steady state because the aquifer
system has been in a state of dynamic equilibrium and no significant pumping
has occurred near the landfill in recent years. A hydrograph of an obser-
vation well tapping the upper part of the Lockport Dolomite about 1 mi south
of the landfill (fig. 12) shows that water levels.in the Lockport fluctuate
3 to 4 ft per year (the total fiuctuation was 6 ft in the 1958-83 record)
related to seasonal changes in recharge and discharge in the aquifer.
However, these changes fluctuate around an average value, and are a good
indication of steady-state conditions. The average water level in the well
(fig. 12) from December 1982 through May 1983 is only slightly above the
10~year average, which indicates the period selected for calibration is

fairly representative of average conditions in the flow system,
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Calibration Adjustments
Most of the calibration simulations were run to evaluate a range of
variations in anisotropy and hydraulic conductivity. Values of horizontal
hydraulic conductivity and ratiosiof anisotropy considered during célibra—

tion are detailed in table 3.

In the best—fit simulatiop, horizontal hydraulic conductivities of all
model layers were very similar to the initial estimates. Hydraulic conduc-
tivity of the fine-grained unconsolidated deposits was 0.028 ft/d, a
slightly lower value of 0.0011 ft/d was used for the landfill value to
reflect the effects of the layer of relatively low permeability that caps
the landfill and the high~density liquid from the chemical waste and
leachate buried in the landfill. An anisotropy ratio (Kxx:Kzz) of 10:1 was
used in all areas. final hydraulic conductivity values used in the model

for layer 1 are given in Appendix A.

Heads in the Lockport Dolomite (model layers 2 through 6) were most
accurately reproduced with a hydraulic conductivity of 4.9 to 15.0 ft/d in
the upper Lockport (model layer 2) and 1;0 to 3.0 ft/d in the lower Lockport
(model layers 3 through 6), except in the area of a bedrock high southwest
of the landfill (fig. 3). The values (6.7 and 2.0 ft/d) were applied in the
upper and lower parts of the Lockport, respectively, along a 2,500-ft-wide
band of rock along the Niagara River south and west of the landfill to
reflect the increased density of joints near the Niagara River Gorge,

Values of 15,0 and 3.0 ft/d were used in the upper and lower parts of the
Lockport, respectively along the bedrock valley trending from an area along
the western edge of the landfill to the Niagara River Gorge, Final
hydraulic conductivity values of layer Z and transmissivity values of layers
3, 4, 5, and 6 are given in Appendix A.
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Table 3.--Hydraulic conductivity and anisotropy values used in
Hyde Park model calibration

[Hydraulic conductivity values 1in ft/d. Recharge = 2.0 in/yr
at landfill, 6.0 in/yr elsewhere,]

Range considered

_ o _ } Initial in calibration Finalvvalues
Hydrogeologic unit and model layer values min, max. or range
Unconsolidated deposits (layer.1I)

Horizontal hydraulic conductivity 0.028 0.0044 - 0.028 0.028

Horizontal hydraulic conductivity

at landfill 0.011 0.0044 - 0.028 0.011
Anisotropy! 2.5:1 1:1 - 100:1 10:1
-3

Lockport Dolomite, upper part (layer 2) Jaxie” S — $3¥10

Horizontal hydraulic conductivity 4.9 3.0 - 20.0 4,9 - 15.0

Anisotropy 100: 1 5.1 - 1000:1 10:1 - 100:1
Lockport Dolomite, lower part {(layer 3-4)

Horizontal hydraulic conductivity 1.5 0.5 - 5.0 1.0 - 3.0

Anisotropy! 1000:1 5.1 = 1000:1 55:1 - 550:1
Lockport Dolomite, lower part (layer 5)

Horizontal hydraulic conductivity 1.5 0.5 - 5.0 1.0 - 3.0

Anisotropyl 1000:1 100:1 - 10,000:1 100:1 -~ 1000:1
Goat Island Member

Vertical hydraulic conductivity 0.0015 0.00015 = 0.015 0.0010 - 0.010
Gasport Member

Vertical hydraulic conductivity 0.0015 0.00015 - 0.015 0.0010 - 0.010
Lockport Dolomite, lower part (layer 6)

Horizontal hydraulic conductivity 1.5 0.5 - 5.0 1.0 - 3.0

Anisotropy' 1000:1 100:1 - 10,000:1 100:1 - 1,000:1
Rochester Shale ) :

Vertical hydraulic conductivity 0.002 0.00001 - 0.005 0.0002 - 0.002

Irondequoit and Reynales (layer 7)
Horizontal hydraulic conductivity 1.5 0.5 - 3.0 1.0 - 2.0
Canisotropy? 1100051 100:1 - 10,000:1 100:1 - 1000:1

! Ratio of horizontal to vertical hydraulic conductivity (Kxx/Kzz)
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Vertical hydraulic conductivities used in the best simulation indicate
the Lockport Dolomite to be strongly anisotropic. Ratios of anisotropy
(Kxx:Kzz) with minor exceptions were 100:1 in the upper part of the Lockport
(model layer 2). Ratios of 550:1 (model layers 3 and 4) and I,OOO:i (model
layers 3 through 6) were used in the lower part of the Lockport. Except in
the area of the bedrock high southwest of the 1andfill (fig. 3), anisotropy
values of 135:1 (layers 3 and 4) and 250:1 (layers 5 and 6) were used along a
2,500 ft band of rock along the Niagara River south and southwest of the
landfill. Higher vertical hydraulic conductivity values were also used in
the first 250 ft from the Niagara River gorge, where ratios of anisotropy
were 10:1 in the upper part of the Lockport and 55:1 (layers 3 and 4) and
100:1 (layers 5 and 6) in the lower part of the Lockport. These increases in
vertical conductivity near the gorge were infended to reflect a greater den-
sity of vertical (stress release) jolnts near the gorge face. Final values
used in the model of vertical leakance between layers 1 and 2, 2 and 3, 3

and 4, 4 and 5, and 5 and 6 are given in Appendix A.

A large range of vertical hydfaulic conductivities (table 3) was used
to evaluate the potential for ground-water leakage from the Lockport
Dolomite through the Rochester Shale to underlying water-bearing units.
Final values of vertical hydraulic conductivity of the Rochester Shale was
0.0002 ft/d. Slightly higher values of 0,0004 to 0.0008 ft/d were used in
the first 2500 ft along the gorge south and west of the landfill, except in
the area of the bedrock high southwest of the landfill (fig. 3). Values of
0.0012 were used in the bedrock valley trending from an area along the west
edge of the landfill to the Niagara gorge to reflect a slightly higher

degree of vertical jointing in this area., Values of 0.003 ft/d were used in
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the first 250 ft from the gorge face. These values were intended to repre-
sent the effect of increased vertical jointing in these areas., These values
are slightly lower than vertical conductivities used by Maslia and Johnston
(in press) in their best fit simulation. The difference in values is attri-
butable to different boundary conditions used in the respective models to
simulate flow at the base of the Rochester Shale., The Maslia and Johnston
model used a specified flux, whereas the model in this study uses a head-
dependent leakage boundary. Final values used in the modgl of vertical
leakance between 6 and 7 which reflect the hydraulic properties of the

Rochester Shale are given in Appendix A.
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Model Results

To demonstrate the match between simulated and observed model-generated
water levels, heads of model layers 1, 2, and 5 are shown in figureé
13, 14, and 15, respectively. Deviations of simulated water levels from
some water levels measured in wells considered to be screened in the horizon
represented by each model layer are shown. Final values simulated at indi-
vidual nodes for all other model layers are given in Appendix B. The simu-
lated head distributions can be compared to figure 5 to assess how well it
matches previously discussed concepts of hydraulic gradients and flow pat-
terns. In general, the simulated head distributions compare favorably with
ﬁgosé}field measurements and match many observed heads within 5 to 10 feet.

All heads are matched within 15 ft.

The simulated configuration of the water table in model layer 1 shown
in figure 13 reproduces the observed ground-water divide east of the land-
fill. The position of this mound indicates that all ground water recharged
near and flowing through the landfill will flow northwestward toward the
Niagara River gorge. However, because the low permeability of this unit
inhibits the lateral movement of water, water in the surficial deposits
eventually migrates downward and recharges the Lockport Dolomite. In fact,
in areas bordering the gorge as well as near the forebay canal, and the
buried conduits, these surficial deposits are dry (see fig. 13) and the

water—table surface drops below the surficial deposits into upper parts of

the Lockport Dolomite.
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The simulated head distribution in model layer 2 (fig. 14) indicates
that ground water in the uppermost 15 ft of the Lockport Dolomite (model
layer 2) flows laterally toward the Niagara River gorge, the forebay canal,
and the buried conduit system. The simulated position of the ground-water
divide east of the landfill 1is very similar to the observed position
depicted in figure 5., Near the landfill, water in the upper part of the
Lockport Dolomite will migrate laterally northwestward to the Niagara River

gorge,

A comparison of the simulated head distribution in figure 14 and the
bedrock surface altitude (fig. 4) indicates that, in the vicinity of the
landfill, the upper 15 ft of the Lockport 1s a confined aquifer. However,
closer to the gorge, the forebay canal and the buried conduits, beyond where
the surficial deposits (layer 1) are saturated the head in the aquifer drops
below the top of the bedrock and the agquifer -becomes unconfined. Nearer to
the boundaries, the water table surface drops below the aquifer bottom and
the aquifer becomes dry. The dry area for model layer 2 is shown in figure

14,

A cﬁmparison of simulated heads in model layer 2 (fig. 14) with those
simulated deeper in the Lockport, such as model iayer 5 (fig. 15) suggests
that water in the upper part of the Lockport moves vertically downward, pre-—
sumably along near vertical joints, under the influence of hydraulic gra-
dients., 1In the vicinity of the landfill, a head decline of 20 to 25 ft is
simulated between layer 2 and 5. This head decline compares favorably with
the difference in water-levels ( 22 f;) observed in previously mentioned

wells OW-18 and OW-19 (fig. 7).
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Ground-Water Budget

The inflow and discharge of ground water computed from the calibrated
steady-state simulation of average December 1982-May 1983 conditions are
presented in table 4. All the water entering the simulated aguifer system
(139,840 ft3/d) is derived from direct infiltration from precipitation.
Areally, this amounts to about 5.7 in/yr with 2 in/yr being applied at the
landfill and 6 in/yr belng used elsewhere. Of the total discharge from the
model area about 15 percent (21,038 ft3/d) is at the Niagara River gorge, 6.&
percent (8,956 ft3/d) is at the forebay canal, and 9.4 percent (13,114 f£3/d)
ig at the buried conduits. About 13,500 £e3/d (9.6 percent) 1s discharged
out of the model area as underflow at constant heads simulated sogth and
southeast of the landfill. The remainder dischargeé downward through the

Rochester Shale to the Irondequoit and Reynales formations.

The permeable uppermost 15 ft of the Lockport Dolomite has the highest
hydraulic conductivity and where saturated represents 35 to 45 percent of
transmissivity of the Lockport. Thus, the zone apparently would have the
greatest potential for lateral migration from the landfill, However, the
water budget calculated from the model indicates that about 95 percent
(132,830 ft®/d) of water recharged to this zone migrates downward, presu—
mably along open vertical joints, to lower parts of the formation. Ground-
water discharge from the Lockport Dolomite through the Rochester Shale to
underlying water—bearing units (Irondequoit and Reynales formations), given
as the vertical leakage in table 4, amounts to about 83,229 ft3/d.

Areally, this amounts to about 3.4 in/yr or about 59.6 percent of the
recharge from precipitation. This amount of flow compares favoraﬂly with
the amount of outflow (-0.00055 ft/d or 2.4 in/yr) used by Maslia and
Johnston (table 2) in their best-fit simulation of the ground-water from

near the landfill.
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Table 4.~-Detailed water budget of the steady-state model calibrated to

Sources (ft° /d) Total
Areal recharge 139,840
Niagara
e River Southern  Forebay  Buried
Discharges (£e3/4d) Gorge boundary Canal conduits

Ti1ll and lacustrine

Layer 1 — - — —
Upper part of Lockport
Layer 2 - 4,774 311 1,925 7,010
Lower part of Lockport
Layer 3 - 5,478 377 817 6,672
Layer 4 3,345 1,993 2,453 9,024 16,815
Layer 5 3,680 238 4,246 1,243 9,407
Layer 6 14,013 1,020 1,569 105 16,707
Subtotal 21,038 13,503 8,956 13,114 56,611

Vertical leakage from Lockport Dolomite through Rochester Shale
to Irondequoit and Reynales Formations (layer 7) . 83,229
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Because no field data are available to substantiate the magnitude of
this flow, a series of simulations were used to evaluate the sensitivity of
heads in model layers above the Rochester to the assumed water-level distri-
bution of the Irondequoit and Reynales formations (fig. 8A). This Head sur-
face represents a head-dependent leakage boundary at the model base. To
evaluate this boundary, a number of simulations were made while raising and
lowering the estimated potentiometric surface of the Irondequoit and
Reynales formation by 10 ft. Conclusions of these sensitivity analyses are
that although the head-dependent leakage boundary simulated in model layer 7
is a sensitive parametér, the effect of changes in the estimated poten-
tiometric surface of the Irondequoit and Reynales formations can be compen-—
sated for by adjustments in the vertical hydraulic conductivity of the
Rochester Shale to match observed conditions. When the surface is raised,
heads in model layers above the Rochester Shale increase in response and the
vertical hydraulic conductivity of the Rochester must be increased to ade-
quately match observed water levels. When the surface is lowered, water
levels in units above the Rochester Shale decrease in response and the ver-
tical permeability of the Rochester Shale must be increased to match

observed heads.

Results of the simulation suggest that a-number of vertical hydraulic
conductivities of thg Rochester Shale in combination with values of different
potentiometric surfaces of Irondequoit and Reynales formations can be used
to adequately match observed heads. However, the amount of vertical flow
transmitted from the Lockport Dolomite through the Rochester Shale to the
Irondequoit and Reynales Formations in each simulation did not deviate

appreciably from the simulated amount (83,229 f£2 /d) given in table 4.
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SUMMARY AND CONCLUSIONS

A finite-difference model contalning seven aquifer layers provides an ade-
quate simulation of the horizontally layered aquifer system in the Hyde Park
area. On the basis of model results, ground-water conditions can bé summarized
as follows:

1. The simulated configuration of the water table in the unconsoliated

deposits indicates a ground-water divide east of the landfill and that all

ground water recharged near and flowing through the landfill will flow

northwestward toward the Niagara River gorge. However, the low per-

meabllity of these deposits inhibits lateral movement of water and all

water in this unit migrates downward to recharge the Lockport Dolomite.

These surficial deposits are dry in areas bordering the Niagara River

gorge, the forebay canal, and the buried conduits.

2. Ground water in the Lockport Dolomite flows laterally toward and
discharges to the Niagara River gorge, the forebay canal, and the buried
conduits, In the vicinity of the landfill, water in the Lockport moves

northwestward toward the Niagara River gorge.

3. Horizontal and vertical hy&raulic conductivities used in the best
simulation indicate that the Lockport Dolomite is strongly aﬁisotrophic.
Horizontal values used ranged from 4.9 to 15 ft/d in the upper part of the
Lockport and 1.0 to 3 ft/d in the lower part. Ratios of anisotropy used
ranged from 10:1 to 100:1 in the upper part of the Lockport and 55:1 to

550:1 (layers 3 and 4) and 100:1 to 1000:1 in the lower part.

57




4. The permeable uppermost 15 ft of the Lockport Dolomite is the zone
with the highest hydraulic conductivity and thus the greatest potential
for lateral migration from the landfill, However, the water budget calcu-
lated by the model indicates that about 95 percent of water recharged to
the Lockport also migrates downward, presumably along open vertical joints

and fractures, to lower parts of the formation.

5. Leakage from the basevof the Lockport Dolomite was approximated by
simulating a head dependent leakage boundary below the Rochester Shale.

An estimated water—-level distribution in the Irondequoit and Reynales for—
mation was used. Vertical hydraulic conductivity of the Rochester Shale
used in the best-fit simulation was 0.0002 ft/d except near the gorge
which was 0.002 ft/d. Ground-water discharging from the Lockport Dolomite
to the Irondequoit and Reynaies formations through the Rochester Shale
amounts to about 83,000 £t3/d or about 59.5 percent of the recharge from

precipitation in the model area,

The model presented in this report was used as a tool to better understand
the ground-water system in and around the area of the Hyde Park landfill and
proved very useful in understanding the layered nature of the fractured bedrock’
medium, the patterms of ground-water flow, and the oyerall water budget §f the
system. Additional data on the water transmitting properties of the highly
fractured bedrock zomes, head in the Irondequoit and Reynales formation, ver-
tical conductivity of the Rochester shale, and head data in specific aquifer
zones at the base of the Lockport (equivalent to model layers 5 and 6) are

needed to refine the model's representation of the system,
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Table 5.--Generalized description of Paleozoic sedimentary rocks in the
American Falls vicionity, Nlagara Falls, N.Y,.

[Modified from American Falls International Board, 1974.]

(SILURIAN)

SERIES

LOCKPORT GROUP

CROUP

Lackport
Formstion

Foruation

Bochester |

wsnbar

Gasportc
menbel

DeCaw
| wember

zone 2

zone 4

zone 5

. zone 6

Goatr Island 26-30

1R-20

10

25-29

6~-10

Thicknese
(€43 Lithology
- - Osk Orchard 70+ Dolomite, sedium~gray to medium dark-grey; thin- to thick—bedded, numerous irragular ehale and stylolitic shals
- meaber parrings, slighcly argillacaous; chert nodules and white dolomita crystals are common. The member {s finely
: crystalllne and eugery textured. Vuge cosmonly are filled with calcits, gypsum and sphalerite., Stromatolits domes
ars presant. The rock ie moderstely hard.
Eramoes 14 Dolomfte, madium~gray to grtayish-brown; thin- to medium bedded with anumerous bituminous and carbonacsous stylolttic
waaber

chsla partings and stylolites. ‘hite porous chert end coaresly cryatalline dolomite masses sre comson; gKypsum,
anhydrite, fluorite and ephulerire occur in lesser amounts. The seasbar is very finely crystalline and sugeary ter—
tured. The rock 1e moderscely hard, Occaefoneal vuge are filled with cslcite and gypsum.

Dolomite, mediuo-gray in upper, dark-gray in mfddle snd light~gray to light tannish-gray in the lower part, occa-
tionally morttled; msssive 1n uppsr and lower part snd thin~ to medfum—bedded in the middle, slightly to very
argillacecus with abundant chale and stylolitic shale partinge in the middle. The member is finely to medium
crystalline and sugary textured., The lower part 1e coarsely crystalline, pitted and vuggy; the vugs are occa-
siooally filled with secondary dolomite crystals. Tha rock fe moderately hard.

Dolomite to dolomite-limescone, light- to med {um-grsy; maesive with abundant stylolitss and discontinuous shale par-
tings throughout; slighcly arg{llaceous {n the upper and conglowarate with pebbles of DeCew litholoxy in the base.
The aember (v finely to coarsly crystelline and sugary textured. The rock {s moderstaly hard., Vuge a2od pitas are
t{lled occasfonally with gypsum.

Dolomite, medium- to dark-gray; thin- to medium-bedded with an occasional thick bed; srgillaceous with vavy trvegu~
lar ahale partings that contatn well developed slickensides; stylolires and stylolitic shale partings are comson;
occasionally zassas and nodules of gypsus occur. The menber s finely crystalline to crystalline wich s well~
cemanted mosaic texture. The rock {s moderately hard. Outcrops contain & “flow™ or 'cnurolt:htf' structure.

Shale, medium dark-gray; laminaced co platy, slightly dolomitic, dense and woderaCely hard. This zooe fs a cran—
atition from the Rochester below to the DeCew sbove.

Shale, omediua dark-gray to dark—gray; laminated to blocky and contains discontinuous pactinge snd bande of light-
gray dolomicic limedcone. Clay minerals are Lllite, chlorite, kaolinite and traces of moatmorillinite; the zona
alno contsine scattered pyrite and gypsums masses neat the base, MicrocrysCalline dolomite is interspersed with
fluely cyrscallina 1llitic clay and quartz. The rock (s modsrataely hard,

Dolumitic shale and shaly dolomite, mediun derk—gray to dsrk-gray; thin-bedded in upper and basal, maseivs {n the
@iddle; uwhale partings occur fn the upper and lower parts. Illittc clay, traces of chlorite, kaolinite and silt
wlze quartz grsine sre disperued cthroughout the zoos. The rock 1is dense, contafne very fev pores, and is wodere—-
tely hard.

Shale, wedium— to dark-gray; laminated to blocky and contains numerous discontinuous psrtinge and bande of lighr-
gray dolomicic limescone; gypsum partings are abundant. MNodules of calcfce and gypsum occur occasionally, The
clay sinerals are {llite, chlocite, kaolfnite and aixed laysrd clay. The zone has a denss, sicrocrystslline tex~
ture, Partione of the rone are fairly well cemanted with delomite; other parts are more shaly and rapldly fracturae
upon drylng. The rock 1s wmoderataly hard. )

Shale, medfum- to dark-gray; laminated, doloaitic and contalns occasfonal Zypsum partings, white calcita nodules,
oumerous discontlnuous partings and bands of limestone and thick bede of shaly dolomite, 5ilt size quartz grains
are scacteared chroughout. Clay minerals ure tllite, chlorite, kaolinite and sfxad layerd clay. The texture of
the zone {3 microcryscalline. The rock ts moderately hard.

Shale, sadium— to dark-gray; laminated to blocky; contains light-gray laminae and bande of calcits and dolomita.

The blocky shale contains gypsum parrings. Quartz gralne are coamon; pyrite and satcas{te occur with carbonacsous
nastter a8 a replacement of organtc matter. The clsy minerals are fllire, chlorite and kacli{nite. The rock e
moderacely hard.
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Limeatone, light-gray wich pinkish tint, medtum—badded to massive with frequent wavy {rregular green or black shsle

partiogs near the top. The member (s coarsely crystalline. The rock {s moderately hard. A few vugs and wsmgll
pores ars present.

Dolomfta, varies from light- to medium-gray in the upper part to brown {n the middle and brownish—gray at the basese;
thin- to thick-bedded tn the upper, magaive Ln the middle and thin-bedded ar the base; arglllsceous to very argtlla—
ceous at the baes, Dark-gray shale partings and a few gypeum nodules occur throughout the mamber. The sanbar
varies from dense to finely crystsalline and haa s sugary texture. The rock lo wmoderstely hard.

Unconformity

Limestone, light- to med{um~gray; argillacecus, caleftic and highly silicecus; numeetrous wavy, dark—grsy shale par—

tings and bands produce a pseudonodular sppesrance. The texture of the wembar ieo very finely crystalline to dence.
The rock ta socderately hard.

Shale, dark greenish-gray, platy to f{issfle with a wvaxy appearance; shaly sandstone at bssa. Hasses of pyrite and
gypsum partings occur along the bedding planes; calcite and dolomite occur {n small smouncs and quartr {s ths most
abundant non-clsy aineral. 1Illite Lo the dowinant clay mineral with lesser amounts of chlorite, kaoclinice and
afxed layered clay. The rock {s soft and flakes vreadily during wet-dry cycles. Slickensides are present,

Sandstone, light-gray to greenish~gray; med{umbedded to massive; {rregular green shale partings occur throughout.
The sandstone {s orthoquartzicrfc. The texture of the formation {s very fine grsined. 3SL{lt size to [line—grained
quartz particles are cemented with secondary sillce. The rock is hard,

Sandstone, pink to reddish-brown; thin- to thick-bedded, hewatitic, calcarsous, The texture varies from fine to

mediom grain. The rock 1s moderstely hard ro hard. A weathered zonas frequently occurs st the top of the
formation.

Siltatone sand sandstone with {nterbeds of shale, variegated from red to pale green; pink, vhite or mottled
siltstone or sandatone with red shale and red sandetons intarbeds. Cypsum partings occur {n ehale beds. The
sendstone 1 fina- tc cediuva—grained and well cemenited. The silcstone eod shale very from soft to moderately hard.

Shale with siltstone beds snd stringacre of silty limestone and dolomite; dark-gray to graytsh green shale and
siltstone, and light-gray limestone and doloafte; laminated to banded. Quartz Ils the sost sbundant non-clay
mineral. Clay minerals conaist of {llite, chlorite sand small smounts of moutwortlilonite and mixed layered clay.
The rock {s slightly soft to acdetately hard.

Sandstone, light~gray to vhite; oedfium—bedded and cross-bedded; fine— to medium grained. The quartz graine are
frosted and well rounded, and are wall cemented by secondary stlics. Feldspar grains slteted to kaolinite sre

abundant. Occasional green shale {ncluelone and chloritic shale partings occur throughout. Thae rock 1a slightly
sofc to moderately hard.

Unconformity

Shale (technically classiffed as a claystone) reddieh-brown (ferric) shale with {ncerbeds and nodules of green
(ferrous) shale; mass{va to blocky. The shele {s ailty and {s cementad by dolomite and calcits, Scattered gypsvm
nodules occur throughout; quartz is e comaon conetituent. Clay minerals are fllire, chlorite, kaolinits, mont-

worillonice snd sixed layered clay. The shale {s highly compacted and soderately hard., Mumerouz sasgll, high anglas
slickensides are scatned with fron oxide. -

Note: The stratigraphy is compiled from Zenger (1965 and 1966), Fisher (1966) and Kilgour (1966), from stre-

tigraphic studies by U.S. Army Enginear District, Buffalo, New York and frow petrographic descriptions by the U.S.

Armwy Enginesr Division, Missouri River. The Rochester Yormation zonation was developed for Chis study by the
Buffala Dtetrict.
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