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Simulated Transport and Biodegradation of
Chlorinated Ethenes in a Fractured Dolomite
Aquifer Near Niagara Falls, New York

Richard M. Yager

ABSTRACT

Leakage of trichloroethene (TCE) from a
neutralization pond at a former manufacturing
facility near Niagara Falls, N.Y. during 1950-87
into the Guel ph Formation of the L ockport Group,
afractured dolomite aquifer, created a plume of
TCE and its metabolites that, by 1990, extended
about 4,300 feet south of the facility. A smaller
plume of dense, nonagueous-phase liquids
(DNAPL) probably serves as a continuing source
of TCE. The presence of the TCE metabolites cis-
1,2-dichloroethene (DCE), vinyl chloride (VC),
and ethene in the plume, and the results of
previous laboratory microcosm studies, indicate
that the TCE is being degraded by naturally
occurring microorganisms. Biodegradation rates
of TCE and its metabolites were estimated
through simulation with BIOMOC, a solute-
transport model that represents multispecies
reactionsthrough Monod kinetics. A fracture zone
in the Guel ph Formation was represented as a
porous medium containing an extensive, 3-foot-
thick layer with several interconnected fractures;
this layer is bounded above and below by
subhorizontal stratigraphic contacts. The Monod
reaction constants were estimated through
nonlinear regression to minimize the difference
between computed concentrations of TCE and its
metabolites, and the concentrations measured
before and during 5 years of pump-and-treat
remediation.

Transport simulations indicated that, by April
1998, the chlorinated ethene plume had reached a
dynamic equilibrium between the rate of TCE

dissolution and the rate of removal through
pumping and biodegradation. Biodegradation of
chlorinated ethenes at the site can be smulated as
first-order reactions because the concentrations
are generally less than the half-saturation
constants estimated for Monod kinetics (320 mg/L
for TCE, 10 mg/L for DCE, and 1 mg/L for VC).
Computed degradation rates are proportional to
the estimated ground-water velocity, which could
vary by more than an order magnitude at the site,
asindicated by the estimated range of fracture
porosity—3 to 0.3 percent. Half-lives
corresponding to first-order rate constants
estimated for the lower velocity (5 to 15 feet per
day) ranged from 21 to 25 daysfor TCE, 170 to
230 daysfor DCE, and 18 to 23 daysfor VC.
Chlorinated ethene concentrations of April
1998 were better reproduced when the TCE
source was represented as a constant
concentration than as a constant flux, because the
latter predicted that the plume would dissipate
after 5 years of pump-and-treat remediation. This
result indicates that the rate of TCE dissolution is
not limited by the mass of TCE in the DNAPL
plume. Simulation of diffusion by the transport
model MOC3D indicated that concentrations of
these contaminants within the rock matrix
surrounding the fracture zone were relatively
unchanged after 5 years of pump-and-treat
remediation. The principal sources of uncertainty
in the prediction of biodegradation rates and of
the fate of chlorinated ethenes at the site are the
fracture porosity and DNAPL massin the aquifer.
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INTRODUCTION

Trichloroethene (TCE) was widely used as a
solvent in manufacturing operations in the latter part
of the 20th century and was commonly discharged to
onsite waste-disposal systems, from which it
percolated to ground water. Several recent microcosm
studies have demonstrated that, under laboratory
condition, TCE is degraded anaerobically by naturally
occurring microorganisms to less chlorinated ethenes
such as 1,2-cis-dichloroethene (DCE) and vinyl
chloride (VC) (Freedman and Gossett, 1989; Bagley
and Gossett, 1990). The fate of VC in contaminated
aquifersis of concern because this compound is a
human carcinogen, although several field studies have
documented the transformation of V C to ethene, an
environmentally benign compound, under anaerobic
conditionsin ground water (Mgjor and others, 1995;

Beeman and others, 1993; Semprini and others, 1995).

TCE was discharged to a shallow “neutralization”
pond at a manufacturing facility in Wheatfield, N.Y., 5
mi east of Niagara Falls, in the 1950's and 1960’s
(fig. 1). The TCE infiltrated to the Lockport Group, a
fractured-dolomite aquifer with an anaerobic
geochemical environment. By 1990, a 280-acre
aqueous plume (fig. 2) that contained TCE and its
metabolites (DCE and V C) extended about 4,300 ft
south of the pond (Golder Associates, 1991b), and a
20-acre dense, nonagueous phase (DNAPL) plume
that contained mostly TCE extended 620 ft south of
the pond. A pump-and-treat remediation system
consisting of six wells near the pond and five wells
2,900 ft downgradient from the pond began operation
in 1993 to decrease the size of the aqueous plume and
prevent its further migration (Golder Associates,
1995).

The presence of the TCE metabolitesDCE andVC
in the aqueous plumeindicatesthat naturally occurring
microorganisms have adapted to utilize the chlorinated
ethenes as substrates for microbial reactions. A
previous study (Yager and others, 1997) documented
biodegradation of TCE at the site by detecting ethene
in contaminated ground water and demonstrating
complete, sequential reductive dechlorinationin
laboratory microcosms prepared with contaminated
ground water from the site. Rates of TCE and DCE
bi odegradation observed in the microcosm studies
indicated that the rate of removal of chlorinated
ethenes through natural attenuation could be
comparable to the rate of removal through pump-and-
treat remediation.

The recognition of intrinsic bioremediation
(biologically mediated processes that decrease
contaminant concentrations) has led to its use and
acceptance as a treatment option for contaminated
ground water (Wiedemeier and others, 1996; U.S.
Environmental Protection Agency, 1999). Support for
intrinsic bioremediation at a given site requires
documentation of the occurrence of biodegradation
processes and demonstration that the rates of
bi odegradation exceed the rates of advective transport
such that the contaminants will not reach designated
locations. The National Research Council (NRC,
2000) summarizes a protocol for evaluating intrinsic
bioremediation and recommends the use of mass
budgets to quantify the biodegradation processes for
such contaminants as chlorinated ethenes, which
typically biodegrade only under certain conditions.
Computation of mass budgets for complex
hydrogeol ogic environments, such as the fractured-
dolomite aquifer at the study site, requires use of
comprehensive flow and solute-transport models.

In 1998, the U.S. Geological Survey (USGS), in
cooperation with the New York State Department of
Environmental Conservation (NY SDEC), began a
study to demonstrate the application of the NRC
protocol in the estimation of biodegradation rates of
chlorinated ethenes in the agueous plume at the study
site through development of a solute-transport model
to simulate the contaminant concentrations measured
during 1990-98. Additional objectives of the study
were to (1) determine whether the information
available from a 1991 site-characterization study
(Golder Associates, 1991b) was sufficient to
demonstrate the feasibility of natural attenuation as a
remediation measure, and (2) identify major sources of
uncertainty in the estimation of biodegradation rates.

Purpose and Scope

This report describes the hydrogeology of the
Lockport Group in the area surrounding the
manufacturing facility and the physical and microbial
processes that affect the migration of chlorinated
ethenes emanating from the facility. It also discusses
(1) the hydraulic properties of the contaminated
aquifer, (2) the evidence for biodegradation of
chlorinated ethenes at the site, (3) the design and
calibration of the ground-water flow model devel oped
to compute flow velocities, (4) the design and
calibration of solute-transport models developed to

2 Simulated Transport and Biodegradation of Chlorinated Ethenes in a Fractured Dolomite Aquifer near Niagara Falls, New York
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Figure 1. Location of study area, potentiometric-surface altitude in weathered bedrock (Yager, 1996) and
boundaries of ground-water flow model and solute-transport model in the study area near Niagara Falls, N.Y.

simulate the effects of advective transport and other and maps showing the distributions of chlorinated
physical processes (dispersion, sorption and ethene concentrations.

diffusion), aswell as microbial degradation, on
chlorinated ethene transport. It also presents (1) results
of flow-model simulations, including an estimated
ground-water budget and maps showing hydraulic-

Study methods

Datafrom (1) pore-pressure measurementsin

head distributions before and after the operation of g|ac|a| sediments oveﬂyi ng the Lockport Group, (2)
pump-and-treat remediation, and (2) results of solute-  streamflow measurements, and (3) analyses of ground-
transport simulations, including solute-mass budgets water quality in this study were used with
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Figure 2. Locations of wells, DNAPL plume, and aqueous chlorinated-ethene plume at study site, near Niagara Falls,
N.Y., 1990. (Location is shown in fig. 1)
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hydrogeol ogic information from previous studies to
develop a conceptual model of ground-water flow and
recharge in the aguifer system and to aid in the design
of three-dimensional ground-water flow and solute-
transport models.

Pore pressure and streamflow measurements

Two pressure transducers were installed in
augered holes near well WF-2 (fig. 1) within glacial
sediments at depths of 12.6 ft and 23.2 ft in November
1998. The transducers were placed within saturated
sand packs, and the holes were sealed to land surface
with an expanding grout to isolate the monitored
intervals from atmospheric pressure. A third pressure
transducer was installed in well WF-2 in a monitored
interval open to fractures at the weathered bedrock
surface. A datalogger monitored the transducers at 15-
min interval s to provide a continuous record of pore
pressure from November 1998 through November
1999. Streamflow measurements were made at severa
locations along Bergholtz Creek by standard USGS
techniques (Rantz and others, 1982).

Ground-water sampling and analysis

Water samples were collected from 26 monitoring
wellsin April 1998 after removal of three well
volumes and analyzed for inorganic and organic
constituents. Samples were collected by a peristaltic
pump and dedicated high-density polyethylene tubing.

Stable inorganic constituents and tritium in water
samples were measured by the USGS National Water
Quality Laboratory through standard techniques
(Fishman and Friedman, 1989). Tritium was measured
by liquid scintillation counting with a detection limit
of 5 pci/L. Samples analyzed for hydrogen were
collected with a gas-stripping procedure described by
Chapelle and others (1995), in which a glass gas-
sampling bulb is used to create a bubble of gases that
equilibrates with the stream of water produced from
the well. The gas sample is then extracted through a
septum with aneedle for analysisin the field by gas
chromatography. Concentrations of gaseous hydrogen
were measured with a gas chromatograph equipped
with areduction gas detector, and concentrations of
agueous hydrogen were then calculated from
hydrogen-solubility data, as described by Chapelle and
others (1995). Unfiltered sampleswere analyzed in the
field for dissolved oxygen by acolorimetric procedure

and for ferrousiron, total iron, and sulfide by
spectroscopic procedures (Hach Company, 1996).
Concentrations of chlorinated ethenes and
methane were measured onsite. Chlorinated ethenesin
head spaces of water samples were analyzed with a
gas chromatograph (Photovac 10s50) equipped with a
photoionization detector and a capillary column
packed with SV-30 substrate. The column oven was
operated isothermally at room temperature of about
28° C with ultra-zero air carrier gas at aflow rate of
1.0 mL/min. Elution times of the chlorinated ethenes
were typically from 5 sfor vinyl chloride to 200 sfor
perchloroethylene. Methane in the head spaces of
water samples was analyzed by a gas chromatograph
(MTIP200D) equipped with athermal conductivity
detector and a microcolumn packed with 5-angstrom
molecular sieves. The column oven was operated at a
constant 80°C with helium carrier gas at aflow rate of
1.0 mL/min. Retention time of methane ranged from
55 to 65 s. Dissolved organic carbon in ground-water
samples were measured by the USGS National Water
Quality Laboratory in accordance with standard water-
quality techniques (Wershaw and others, 1987).
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HYDROGEOLOGY

The study area surrounds a former aircraft-
manufacturing facility about 5 mi east of Niagara
Fallsin western New York (fig. 1). The facility
overlies 15 to 40 ft of till and lacustrine silt and clay
(Golder Associates, 1991b) that arein turn
underlain by virtually undeformed dolomite of the
Niagaran Series (Middle Silurian), which strikes
east-west and dips gently to the south at about 25 ft/
mi (Brett and others, 1995). The Lockport Group
crops out along the Niagara Escarpment, where it
forms the cap rock of Niagara Falls, and is overlain
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to the south by shales of the Salina Group.
Contaminants from the facility have entered the
upper part of the Lockport Group.

Lockport Group

The Lockport Group is a petroliferous dolomite
that contains gypsum and metal sulfides (Zenger,
1965). Naturally derived hydrocarbons that impart a
brown color are disseminated throughout the rock
matrix in some stratigraphic horizons. Thin layers of
bitumin are also present and are commonly associated

with layers of gypsum. Freshly broken surfaces of
rock cores from two depths (zones 1 and 3infig. 3)
emit adistinct petroliferous (oily) odor.

Many observation wells have been installed near
the facility; they are screened in the Guelph Dolomite
and the Eramosa Dolomite (fig. 3), the uppermost
formations of the Lockport Group, as described by
Brett and others (1995). Previous investigators of the
site (Golder Associates, 1991b) delineated four
bedrock zones that correspond to nine informal units
described by Brett and others (1995). Zone 1 isalight-
gray, fine-grained, laminated dolomite 10 to 20 ft thick
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Figure 3. Vertical section A-A’ through chlorinated ethene plume at study site near Niagara Falls, N.Y., 1990.

(Location of section is shown in fig. 2).
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that is equivalent to the Guelph Dolomite (fig. 3).
Zone 2, which underlies zone 1, is an alive-gray,
massive, 8-ft thick dolomite equivalent to the Eramosa
Dolomite unit F. Zone 3 is a brownish-gray, vuggy,
saccharoidal -textured dolomite of variable thickness
(18 to 29 ft) that is equivalent to Eramosa Dolomite
units C, D, and E. Zone 4 isalight to medium-
brownish gray, fine- to medium-grained dolomite 60 to
65 ft thick, equivalent to Eramosa Dolomite units A
and B. These zones and their relation to those of Brett
and others (1995) areindicated in fig. 3.

Fracture Zones

The hydraulic properties of the Lockport Group
arerelated primarily to secondary permeability caused
by fractures and vugs. The principal water-bearing
zones in the Lockport Group are the weathered
bedrock surface and horizontal-fracture zones
bounded by stratigraphic contacts (Kappel and Tepper,
1992). These horizontal -fracture zones are connected
by high-angle fractures and by subcrop areas where
the fracture zones intersect the bedrock surface.

The Guelph Dolomite (zone 1) at the
manufacturing facility is the zone that contains the
TCE plume. It includes two horizontal-fracture
zones—the 5-ft-thick weathered bedrock surface
referred to as Guelph unit C by Brett and others
(1995), and a 3- to 4-ft-thick stromatolitic dolomite at
the lower contact with the Eramosa Dolomite, referred
to asunit A by Brett and others (1995) and asthe A-
marker bed by previous site investigators. The
weathered bedrock contains many open fractures,
some of which have been widened by dissolution of
dolomite and gypsum (Golder Associates, 1991b).
Most of the bedrock wells at the site are finished in
fractures within the Guel ph Dolomite unit A (referred
to as Guelph A herein), which contains open bedding
partings formed through gypsum dissolution and is
commonly associated with water loss during drilling.
High-angle fractures encountered in some boreholes
suggest hydraulic connections between the Guelph A
and the weathered bedrock.

The massive dolomite beneath the Guelph A isthe
Eramosa Dolomite unit F (zone 2), which appears
relatively unfractured, but the presence of chlorinated
ethenes in a small areawithin the underlying Eramosa
Dolomite units C, D, and E (zone 3) indicates that
some high-angle fractures probably penetrate Eramosa
F and form pathways for downward migration from

the Guelph A. Thelower part of the Eramosa Dolomite
contains vugs and bedding-plane fractures. These
units, and four regional fracture zones that
stratigraphically bound units A through D, have been
mapped in previous studies summarized by Yager
(1996).

Hydraulic Properties

Single-hole and cross-hole hydraulic tests were
conducted to estimate the transmissivity of the Guelph
A beneath the site (Golder Associates, 1991a,b). The
single-holetests consisted of pumping testsat 13 wells
and slug testsin an additional 10 wells. Transmissivity
ranged from 6 to 530 ft2/d. The geometric mean
transmissivity estimated from single-hole pumping
tests was 100 ft2/d (fig. 4), but the median value was
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Figure 4. Distribution of transmissivity values estimated from

single-hole tests at study site near Niagara Falls, N.Y.
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200 ft%/d, indicating that values were skewed toward
the higher end of the range. Transmissivity estimated
from the pumping tests was about 5 times greater than
that estimated from the slug tests.

A cross-hole test of the Guelph A was conducted
by pumping well 87-14 (fig. 2) at 5.7 gal/min for 15 h
and measuring the drawdown in seven observation
wells. The drawdowns were similar to the those
resulting from radial flow toward a pumped well ina
confined aquifer. Transmissivity values estimated from
astandard Theis analysis applied separately to each
observation well ranged from 140 to 680 ft%/d and had
ageometric mean value of 250 ft?/d (Golder
Associates, 1990). A polar plot of directional
diffusivity1 computed by the method of Papadopul os
(1965) as described by Maslia and Randolph (1986)
suggests that the fracture zone is anisotropic in the
vicinity of well 87-14 (fig. 5). Water levels at wells 87-
15 and 87-04, adjacent to the DNAPL plume, both
responded quickly and strongly to pumping at well 87-
14, however, indicating that the three wells are
hydraulically connected through the fracture network
along aline parallel to the azimuth of ajoint set in the
Lockport Group (Gross and Engelder, 1991), and
subparallel to the apparent direction of the DNAPL
plume’'s migration.

Water in the Guelph A flows through a network of
connected fractures with an combined transmissivity
of 100 to 250 ft2/d, as measured by hydraulic tests.
The transmissivity of individual fractures within the
network is variable, however, and dependent on the
fracture aperture, which is determined by a
combination of mechanical processes (erosional
unloading and deglaciation) and chemical processes
(gypsum dissolution). Most of the flow and, therefore,
most of the solute, moves through the connected,
highly transmissive fractures characterized by the
single-hole and cross-hole pumping tests.

Fracture aperture 2b can be related to
transmissivity T by an expression derived for a
parallel-plate fracture from the Navier-Stokes equation
(Witherspoon and others, 1980) known as the cubic
law

T = pg(2b)

2p (1)

IDirectional diffusivity = [T/S Y2, where T is transmissivity,
and Sis storativity.

where pg is the specific weight of water [ML™2T ],

and t is the dynamic viscosity [ML™1TY.

For example, this relation suggests that the effective
transmissivity of the Guelph A (250 ft2/d) could result
from asingle 0.03-in (0.8-mm) fracture or from three
0.02-in (0.6-mm) fractures. The corresponding
fracture porosity of the 3-ft-thick Guelph A would
then be either 0.08 or 0.18 percent, respectively, under
these two assumptions. In contrast, Golder Associates
(1991b) reported afracture porosity of 3 percent, on
the basis of rock-core inspection. The fracture
porosity of connected, highly transmissive fractures
at the site has not been measured, but is important
because it determines the velocity of ground-water
flow, as described below.
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Figure 5. Directional diffusivity values estimated from
cross-hole pumping test at study site near Niagara Falls,
N.Y., 1989.
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Ground-Water Flow

Ground water flows through the Lockport Group
southward and westward from recharge areas near the
Niagara Escarpment toward perennia streams, the
Niagara River, and outcrops along the Niagara River
gorge (fig. 1). The glacial sediments overlying the
Lockport Group act as a confining unit that impedes
the flow of water to or from the more permeable
weathered bedrock below. Yager (1996) suggested that
ground water in low-lying areas near the Niagara
River could discharge upward from the weathered
bedrock through the glacial material toward land
surface. That hypothesis was refuted in this study
when the hydraulic gradient in saturated glacial
sediments near the Niagara River was found to be

consistently downward (from land surface toward the
weathered bedrock) from the winter of 1998 through
thefall of 1999, asindicated by pressure transducers
installed in sealed boreholes at well WF2 (fig. 1).
Ground water near the manufacturing facility
flowed southwestward in August 1990, as indicated by
water levelsinthe Guelph A (fig. 6A). The discharge of
water used in rocket tests at an adjacent facility raised
the potentiometric surface and formed a ground-water
mound that directed the flow of water southward toward
Bergholtz Creek. Rocket tests are still conducted
intermittently, and the daily discharge of water is
estimated to range between 3,500 and 7,000 ft3/d,
although it has not been measured (Anthony Grasso,
oral commun., Golder Associates, 1999). Seepage
measurements indicate that ground water dischargesto
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Bergholtz Creek south of the manufacturing facility at
an estimated rate of 6,000 ft3/d. A system of five
production wells began pumping water from the
Guelph Dolomite in 1993 to form a cone of depression
that prevents further migration of aqueous-phase
contaminants. The gradient induced by pumping has
altered the direction of ground-water flow south of
Bergholtz Creek (fig. 6B).

The ground-water velocity v in the Guelph A was
estimated by Golder Associates (1991b) to range from
0.5to 3ft/d, from Darcy’s Law

_ Kl
V== (2

where K ishydraulic conductivity [L/T],
| is hydraulic gradient [L/L], and
€ isfracture porosity [percent].

The hydraulic conductivity K was computed from
atransmissivity of 60 ft2/d, an assumed aquifer
thickness of 5 ft, and afracture porosity € of 3 percent.
The higher velocity value (3 ft/d) represents the area
immediately surrounding the manufacturing facility,
where the hydraulic gradient | isrelatively steep (7.6 x
10°3); the lower velocity value (0.5 ft/d) represents the
downgradient area south of Bergholtz Creek, where
the gradient is flatter (1.4 x 10°3). Ground-water
velocity in the Guelph A south of the creek could
range from 4 to 60 ft/d, however, if the larger
transmissivity value (250 t?/d) obtained from the
cross-hole test and fracture-porosity estimates of 3
percent to 0.18 percent are valid. Similar estimates of
ground-water velocity ranging from 10 to 130 ft/d
have been obtained for fractures within the Eramosa
Dolomite at a site 30 mi to the west near Smithville,
Ontario (Novakowski and others, 1999). These
estimates were obtained from point dilution testsin
four boreholes in which fractures ranging in aperture
from 0.004 t0 0.09 in (0.1 to 2.4 mm) were
hydraulically isolated by packers.

Ground-Water Chemistry

The major mineralsin the Lockport Group
(calcite, dolomite, and gypsum) are the source of the
major inorganic speciesin ground water. Minor
minerals, which include metal sulfides such as
sphalerite, probably precipitated in association with
the migration of petroliferous brines (Mostaghel,

1983). These minor minerals dominate the redox
reactionsin ground water. Hydrocarbons disseminated
through the rock matrix could provide a carbon source
for the microbially mediated redox reactions.

Inorganic constituents

The Lockport Group contains freshwater, saline
water, and brackish water (Noll, 1986). The freshwater
isgenerally acalcium-bicarbonate type with dissolved
solids (DS) concentrations less than 1,000 mg/L,
whereas the saline water is a sodium-carbonate type
with DS concentrations exceeding 5,000 mg/L.
Brackish waters are generally a calcium-sulfate type
with a DS concentration between 1,000 and 5,000 mg/
L. Water samples from weathered bedrock wells along
aregional ground-water flowpath in the Lockport
Group indicate a transition from cal cium-bicarbonate
water near recharge areas (well WF3infig. 1) to
calcium-sulfate waters downgradient at wells WF1
and WF2. A trilinear diagram of these watersis shown
infig. 7. Anincrease in saturation indices? of
dolomite, calcite, and gypsum from wellsWF3 to
WHFL1 indicates dissolution of these minerals along this
part of the flowpath.

The calcium-bicarbonate water results from the
dissolution of calcite and dolomite near recharge areas
where precipitation infiltrating to the Lockport Group
has been dlightly acidified by the overlying soil. This
water becomes altered downgradient asthe dissolution
of gypsum adds sulfate as well as calcium. When
dolomite and gypsum dissolve simultaneously,
dedolomitization can occur and resultsin the
precipitation of secondary calcite and the generation
of acidity (Back and others, 1983). Dedolomitization
in the Lockport Group is evident in microphotographs
of thin sections of rock core, taken with a scanning
electron microscope, which show calcite replacing
rhombic dolomite crystals (D. I. Siegel, Syracuse
University, oral commun., 1994).

Water in the Guelph Dolomite at the study site has
dissolved solids concentrations of 1,000 to 5,000 mg/L
(table 1), predominantly calcium and sulfate produced
by the dissolution of calcite, dolomite, and gypsum.
Dissolved oxygen concentrations in samples from 23
of 24 wellsfinished in the Guelph A were lessthan 0.4
mg/L; and the low concentration measured in the other

2saturation index = log [ion activity product / equilibrium
constant]
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Figure 7. Percentage of major cations and anions in water from the Lockport Group beneath manufacturing facility at study
site near Niagara Falls, N.Y. and along a regional flow path. (Well locations and direction of flow path are shown in fig. 1)

sample (1.1 mg/L) was probably the result of
atmospheric contamination (tables 1 and 2). Hydrogen
concentrations in the Guelph A generally range from
0.2to0 0.6 nanomolar (nM), which isindicative of iron-
reducing conditions (Chapelle and others, 1995). This
conclusion is supported by the presence of ferrousiron
(Fe+2) at concentrations above 0.02 mg/L in 17 wells
(table 2). The source of ferric iron (Fe+3) in the redox
reaction probably is the fracture coatings, which
appear red in thin sections of rock core (F. H.
Chapelle, U. S. Geological Survey, oral commun.,
1995). Theferric iron may have resulted from the
partial oxidation of iron sulfides after the introduction
of aerobic glacial meltwater during deglaciation.

Ferrousiron concentrations are generally greater
than 0.1 mg/L where sulfide concentrations are less
than 1 mg/L, but sulfide s present in concentrations as
high as 18 mg/L in the Guelph Dolomite and as high
as 88 mg/L in the underlying Eramosa Dolomite. The
presence of sulfide would tend to maintain anaerobic
conditions in the Guelph Dolomite by removing any
available oxygen through the oxidation of sulfideto
sulfate, and also would lower the concentrations of
ferrous iron through the precipitation of iron sulfide.
Hydrogen concentrations in samples from two wells
finished in the Eramosa Dolomite (zone 3) that were
sampled in January 1995 (table 1) indicate sulfate-
reducing (1.4 nM) and methanogenic (7.4 nM)
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Table 1. Chemical quality of water from monitoring wells near manufacturing facility in study area near Niagara Falls, N.Y., October 1994 and January 1995

[Datafrom Yager and others, 1997. Concentrations in milligrams per liter unless otherwise noted, nmol: nanomolar. Well-number suffix (in parentheses) indicates bedrock zone sampled:
(1) = Guelph Dolomite; (3) = Eramosa Dolomite. Dash, not analyzed. TU: tritium units. Well locations are shown in fig. 2.]

Well number and sample-collection date

87-02(1) 87-02(3) 87-08(1) 87-12(1) 87-18(1) 87-20(1) 87-22(1) 89-02(1) 89-02(3) 89-03(1) 89-05(1A) 89-06 (1)
Jan1995  Jan1995  Oct1994  Jan1995  Oct1994  Jan1995  Oct1994  Jan1995  Jan1995  Jan1995  Jan1995  Jan 1995
pH?, units - - 6.9 6.6 6.8 6.6 6.8 - - 6.8 6.7 6.9
Calcium - - 160 350 420 530 340 - - 210 580 420
Magnesium - - 120 110 120 110 160 - - 64 60 110
Sodium - - 45 76 57 66 57 - - 14 76 43
Potassium - - 24 35 33 36 34 - - 2.3 33 54
Alkalinity, as - - 410 320 320 310 390 - - 310 250 340
CaCO42
Chloride 140 790 44 130 77 110 81 120 650 21 130 59
Sulfate 710 1900 520 990 1200 1400 1100 1200 1800 500 1400 1200
Dissolved solids - - 1250 2040 2280 2720 2230 - - 1090 2620 2260
Dissolved oxygen® < 01 <.01 11 <.01 <.01 <.01 <.01 <.01 <01 <01 < .01 < .01
Dissolved organic
carbon - - 42 32 34 31 34 - - 14 2.7 16
Ammonia - - .08 0.17 0.32 0.29 0.28 - - < 0.20 0.44
Nitrite & nitrate - - .05 <.05 .05 .07 .05 - - <.05 <.05 <.05
Ferrous iron® 1 <2 - 5 - 5 - 4 <2 4 2 <2
Manganese - - 067 11 067 044 .049 - - .005 024 017
Sulfide? 13 75 - 17 - 45 - 35 35 13 17 18.
Hydrogen (nmol) 56 14 - 46 - 26 - 26 74 36 32 38
Tritium (TU) - - 31 27 - 28 - - - 22 32 14
Methane? - - - 3r. - 76 - - - 15 95 33
Ethene” - - - 005 - 002 - - - <.001 005 <.001
Trichloroethene® 20 < 0005 18 8.6 .094 20. 2.7 55 < 0005 .001 < .005 < 0005
cis-1,2-Dichloro- 7.3 <.0005 13 12 8.8 5.3 45 9.1 <.0005 031 .095 <.0005
ethene®
Vinyl chloride® 25 < 0005 15 <.25 69 <.25 <.25 <1 < 0005 < 0005 061 < 0005

1Field measurement.
2Analysis conducted on fixed samples.
3Golder Associates, 1995.



ABojoaboipAH

€T

Table 2. Concentrations of inorganic constituents of ground water at manufacturing facility in study area near Niagara Falls, N.Y., April 1998
[Concentrationsin milligrams per liter (mg/L) except as noted. nd: no detection; --, not analyzed. Well-number suffix (in parentheses) indicates

zone sampled: (1) = Guelph Dolomite; (3) = Eramosa Dolomite. Well locations are shown in fig. 2.]

Well number and  Dissolved Specific Ferrous Dissolved Hydrogen Dissolved Mag- Potas-
bedrock unit oxygen  pH conductance® Alkalinity?>  iron iron sulfide  hydrogen® Calcium  nesium  Sodium  sium  Chloride Sulfate
87-01 (1) 0.15 7.01 2510 320 0.05 0.05 15 0.24 390 122 57 2.7 78 1130
87-02 (1) 0.32 7.13 1970 220 0.01 0.12 0.012 0.31 200 89 119 2.7 190 550
87-02 (3) 0.08 6.91 5130 288 0.01 - 52 0.28 660 170 340 8.6 760 1700
87-04 (1) 0.21 6.97 2770 280 0.01 0.01 0.65 0.36 250 79 102 2.8 170 630
87-08 (1) 0.06 6.97 2290 432 0.47 0.49 0.035 0.44 210 172 88 23 120 740
87-12 (1) 0.33 7.08 1991 230 0.10 0.09 0.03 <.04 300 101 161 3.2 290 840
87-13(3) .02 6.85 5000 300 0.04 - 41 0.06 650 160 320 8.3 700 1600
87-15(1) .03 6.87 1950 430 0.75 0.79 13 0.58 210 150 40 11 53 670
87-17 (1) 0.02 6.96 2690 310 0.02 0.01 174 0.35 470 123 56 2.7 78 1300
87-18 (1) 0.05 7.26 2470 270 0.33 0.3 0.006 0.17 340 102 131 3 200 900
87-19 (1) .01 7.11 1670 236 0.05 0.16 0.003 0.068 160 116 53 21 83 630
87-20 (1) 0.1 6.86 2710 302 0.05 0.05 1.86 0.27 180 36 76 39 150 290
87-21(1) 0.14 6.87 1970 322 A7 22 0.004 <.04 180 52 151 24 280 280
87-22 (1) 0.07 6.91 2350 498 0.01 0.01 0.93 0.1 290 178 52 29 71 995
89-02 (1) 0.16 6.91 2690 344 0.14 0.15 0.145 0.19 520 103 63 33 110 1300
89-02 (3) 0.1 7 4950 362 0.05 - 88 A48 640 172 288 84 640 1600
89-04 (1) 0.08 6.96 3330 264 0.01 0.02 28 0.21 572 136 80 0.8 163 1628
89-05 (1)@ 0.1 6.88 3320 300 0.04 0.02 13 0.64 620 101 111 5.2 200 1500
89-06 (1) 0.13 6.82 3050 348 0.02 0.02 14 0.13 540 140 54 6.1 60 1600
89-14 (1) nd 7.01 2680 300 0.36 0.38 0.002 <.04 261 153 157 2.8 272 891
89-15 (1) .08 6.88 2580 250 0.03 0.03 13 0.61 230 107 218 31 370 650
89-17 (1) 0.08 6.81 3250 256 0.02 0.03 25 0.19 560 126 82 3.7 150 1600
93-02 (1) 0.20 7.05 1540 290 0.2 0.21 0.22 - 290 150 103 33 170 1000
93-03 (1) 0.03 6.98 2830 318 0.03 0.02 31 0.15 518 119 51 5.7 83 1470
B-14 (1) 0.02 6.91 2570 326 0.02 0.01 15 0.16 423 126 56 2.7 78 1180

1

3

microSiemens per liter at 25°C
2milligrams per liter as CaCOj

nanomolar
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Figure 8. Three-year moving average of tritium activity measured in precipitation at Ottawa, Canada, corrected for
radioactive decay to 1995 and range within chlorinated ethene plume and along plume boundary. (Precipitation data from

International Atomic Energy Agency, 1998).

conditions at wells 87-02(3) and 89-02(3),
respectively, although samples obtained from these
wellsinApril 1998 (table 2) were lower and indicative
of iron reduction. Some of the methane in the Guelph
Dolomite and the Eramosa Dolomite could be derived
from a natural gas reservoir that is present localy in
the Lockport Group and in underlying rocks (Yager,
1996).

Tritium

Tritium concentrations in the Guelph Dolomite
near the manufacturing facility in January 1995 ranged
from 27 to 32 TU (80 to 96 pci/L) within the
chlorinated ethene plume and from 14 to 22 TU (42 to
67 pci/L) aong the plume boundary. These
concentrations are within the range (9to 38 TU,
corrected for radioactive decay) measured in
precipitation at Ottawa, Ontario 250 mi to the
northeast, after atmospheric testing of nuclear
weapons began in 1953 (fig. 8), excluding the period
of highest atmospheric tritium concentrations (1957-

72) (International Atomic Energy Agency, 1998). The
measured tritium concentrations indicate that the
water entered the Lockport Group as recharge no more
than 42 years before sampling in 1995. The precise
age of ground water cannot be calculated from tritium
activity because atmospheric tritium concentrations
were highly variable during this period.

CHLORINATED ETHENES IN
FRACTURED-DOLOMITE AQUIFER

The primary source of TCE in the Guelph A was
waste solvents discharged into the neutralization pond
at the manufacturing facility during the 1950's and
1960’s from production and research activities related
to aircraft construction. Most of the TCE was from
waste propellants flushed from arocket test areato the
pond, where base solutions were added to adjust the
pH of the liquid. Other industrial activities at the site
produced additional volatile organic compounds that
were discharged to the pond; these include methylene
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chloride and acetone, which also were present in the
waste propellants. The neutralization pond was filled
and capped in 1987.

Distribution and Remediation

The agueous plume of chlorinated ethenes,
including TCE, cis-1,2-dichloroethene (DCE), and
vinyl chloride (VC), extended 4,300 ft south from the
80-ft-diameter, 5- to 10-ft-deep neutralization pond in
May 1990 (fig. 9). The chlorinated ethenes were
confined mainly to the Guelph A and passed beneath
Bergholtz Creek. The extent of other volatile organic
compounds within the plume remained within the
facility boundary, except for the methylene chloride
plume, which extend 1,400 ft south from the pond
(Golder Associates, 1991b). A DNAPL plume
consisting primarily of TCE with small amounts of
methylene chloride extended 620 ft southeastward
from the neutralization pond in May 1990. The
DNAPL appears to occupy a depression in the surface
of the upper zone of the Eramosa Formation and is
assumed to be stationary, although it represents a
continuing source of agueous-phase TCE (Golder
Associates, 1991b).

Thedistribution of the agueous-phase TCE in May
1990 (fig. 9) displayed an irregular shape centered
around two areas of relatively high concentration—
one encompassed the DNAPL plume, which had TCE
concentrations greater than 100 mg/L at several wells,
and the other formed an elongated area that extended
650 ft to the south and was oriented transverse to the
direction of ground-water flow. The DCE pattern
(fig. 9B) was similar to the TCE pattern, but occupied
amuch larger area; the maximum measured
concentration in 1990 was 12 mg/L at well 87-18(1).
TheVC plume (fig. 9C) covered nearly the same area
as the DCE plume, but the concentrations of VC were
much lower than those of DCE or TCE; the maximum
V C concentration in 1990 was 0.4 mg/L at well 87-
22(1).

The pumping of ground water south of Bergholtz
Creek (offsite wells EW-2 through EW-6, fig. 2) was
begun in March 1993 to decrease the concentration
and extent of chlorinated ethenes in the Guelph A. By
January 1995, all three plumes had acquired a narrow,
sinuous shape and extended from the neutralization
pond to the five recovery wells (fig. 10). Pumping of
ground water near the DNAPL plume (onsite wells
DW-9 through DW-12) was begun in April 1995 and

decreased the TCE concentrations south of Bergholtz
Creek (for example, well EW-2, fig. 11). TCE
concentrations in well DW-10, upgradient from the
former pond, appear to have declined from April 1995
to April 1998, but those in the three other onsite wells
either increased or remained unchanged during that
time. Pumping from March 1993 through April 1998
removed 1090 kg (2400 |b) of TCE, 1220 kg (2690 Ib)
of DCE and 43 kg (95 Ib) of VC from the Guelph A
(table 3), as calculated from average pumping rates
and measured concentrations in samples from the
pumped wells. The estimated rates of removal by
pumping are about 0.59 kg/d of TCE, 0.66 kg/d of
DCE, and 0.02 kg/d of VC.

Fate of Chlorinated Ethenes

The presence of DCE and VC within the
contaminant plume indicates that reductive
dechlorination of TCE has occurred because neither of
these compounds was discharged to the neutralization
pond. Yager and others (1997) identified and
documented the dechlorination of trichloroethene
(TCE) to ethene, an environmentally benign
compound, by naturally occurring microorganisms.
Physical transport processes such as dispersion, matrix
diffusion, and sorption could also affect the migration
of chlorinated ethenes at the site.

Biodegradation

Ethene was detected at concentrations ranging
from 2to 52 pg/L in 15 of 18 wells sampled within the
chlorinated ethene plume in April 1998 but was not
detected (< 1 pg/L) outside the plume boundary
(defined as 1 M) nor in the Eramosa Dolomite
(table 4). Identification of ethene by gas
chromatograph was verified by mass spectrometry.
The presence of ethene in water samples from within
the plume, and the absence of ethene outside the
plume, indicates that V C was degraded through
reductive dechlorination by naturally occurring
microorganisms. Wells at which ethene concentrations
exceeded 10 pg/L in April 1998 are mostly in areas
with high concentrations of chlorinated ethenes (> 10
MM); this indicates that reductive dechlorination is
occurring within alarge part of the plume (fig. 12).
Gaseous constituents of ground watersin the Lockport
Group in the Niagara Falls area were examined by

Chlorinated Ethenes in Fractured-Dolomite Aquifer 15
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Figure 9. Distribution of chlorinated ethenes in Guelph A beneath the manufacturing facility at study site near Niagara Falls,
N.Y., May 1990. A. Trichloroethene (TCE). B. cis-1,2-Dichloroethene (DCE). C. Vinyl chloride (VC). (Well locations are shown

in fig. 2).

16 Simulated Transport and Biodegradation of Chlorinated Ethenes in a Fractured Dolomite Aquifer near Niagara Falls, New York



‘\
I | o
Neutralization pond T lla s i
| I %\

EXPLANATION
Concentration of chlorinated
e Monitoring well ethenes, in micromoles per liter
— ewsC  Recovery well pumped D greater than 10

in January 1995

D 1to 10
\ Dense non-aqueous-

phase liquid plume D less than 1

Base from U.S. Geological Survey, Tonawanda West, NY, 1:25,000, 1980
Q . 590 10|00 ?OOO FEET

0 250 500 METERS

Figure 10. Distribution of chlorinated ethenes in Guelph A beneath the manufacturing facility at study site near Niagara
Falls, N.Y., January 1995. A. Trichloroethene (TCE). B. cis-1,2-Dichloroethene (DCE) C. Vinyl chloride (VC).
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Figure 11. Trichloroethene concentrations in water from
offsite and onsite recovery wells at study site near Niagara

Falls, N.Y., March 1993 through April 1998. (Well locations
are shown in fig. 2).

Table 3. Estimated mass of chlorinated ethenes removed from study
site near Niagara Falls, N.Y., by pumping, March 1993 through

1998

sequential dechlorination to ethene (fig. 14); this
indicates that naturally occurring organisms at
the site have adapted to utilize chlorinated
ethenes (Yager and others, 1997). The addition
of pulverized dolomite to laboratory
microcosms increased the rate of reductive
dechlorination; thus, naturally occurring
petroleum hydrocarbons within this dolomite
aguifer may serve as electron donorsto drive
microbially-mediated reductive dechlorination
reactions.

Gas chromatography and mass spectrometry
analyses of solvent-extracted samples of Guelph
Dolomite used in the microcosms revealed a
suite of n-alkanes (Cqg to Co5) characteristic of

naturally occurring petroleum hydrocarbons
(fig. 15A). Shorter akanes (Cg to Cy5) were
either absent, or were driven off during
autoclaving prior to the analysis (E.L. Madsen,

April 1998 Cornell University, written commun., 1999). A
Amount Removalrate  sharp decrease in peak heights on the gas
kilograms ; inati
Constituent Kilograms  Liters® Gallons (pergday) Chromatog_ram after reductive dechlorination
(fig. 15B) indicates that hydrocarbons were
Trichloroethene (TCE) 1090 750 198 0.59 depleted during TCE biodegradation. In
cis-1.2-dichloroethene addition, stable-isotope analyses of 13C/*2C
(DCE) 1220 960 253 .66 ratios of dissolved inorganic carbon in ground
Vinyl chloride (VC) 43 47 11 02 water from the site yield a value of -14.8,

lComputed from following specific densities: TCE, 1.4642; DCE,
1.2565; VC, 0.9106.

Lesage and others (1997), who sought, but failed, to
detect ethene in naturally occurring hydrocarbons.

Chloridein ground water in the Lockport Group is
generally associated with sodium, and molar
concentrations of chloride and sodium are typically
equal. The chloride molarity of water within the
contaminant plume generally exceeds the sodium
molarity (fig. 13), however—aresult that would be
expected from biodegradation of the chlorinated
ethenes because complete dechlorination would yield
3 moles of chloride for each mole of TCE degraded.
The excess chloride averaged 560 uM in the most
contaminated samples in which the concentration of
chlorinated ethenes exceeded 100 uM.

Anaeraobic microcosms prepared in the laboratory
with ground water from outside the plume revealed no
dechlorination activity, but similar microcosms
prepared with water from the chlorinated ethene
plume and spiked with TCE demonstrated complete

intermediate between dolomite carbonate (-0.6)
and petroleum hydrocarbons (-26.8) (E.L.
Madsen, Cornell University, written commun.,
1999). These data are consistent with the
hypothesis that hydrocarbons in the dolomite are
metabolized during reductive dechlorination at the site
and yield CO, with an isotopic signature that differs
sharply from that produced by dolomite dissolution.
Continuing studies are investigating whether other
physical effects of the pulverized rock, such asthe
increased surface area, could have contributed to the
increased rate of reductive dechlorination observed in
microcosm studies. Novakowski and others (1999)
found little organic carbon in the Lockport Group
(0.03 to 0.07%), except for sparsely distributed
argillaceous layers of the Goat |sland Dolomite (2.5 to
3.1%), which underlies the Eramosa Dolomite.
First-order, removal rate constants of TCE
(3.9 yr'}) and DCE (1.9 yr'l) were estimated from the
rates of reductive dechlorination observed in
microcosms prepared from water from well 87-12(1).
Microcosms containing pulverized dolomite showed
TCE and DCE rate constants greater than 9.3 yr't and
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Table 4. Concentrations of organic constituents of ground water beneath manufacturing facility in study area near

Niagara Falls, N.Y., April 1998

[Concentrations are in milligrams per liter unless noted. <, less than; nd: no detection; tr, trace. Well locations are shown in fig. 2.]

1,1- 1,2-trans 1,2-cis Dissolved
Well number and Vinyl Dichloro- Dichloro- Dichloro-  Trichloro- organic
bedrock zone® chloride ethene ethene ethene ethene Ethene Ethane Methane carbon?

87-01 (1) 166 5.2 35 746 329 12.2 33 76 32
87-02(1) 37 0.3 2.8 308 309 2.8 nd <3 2.6
87-02 (3) nd nd nd nd 0.6 nd 225 1520 1.6
87-04 (1) tr 35.2 34 256 64.9 2.6 nd 27 3
87-08 (1) 90.9 10.9 6.3 993 74.3 21.1 nd 50 3
87-12 (1) 152 0.8 4.6 1490 319 12.2 2.6 38 25
87-13(3) tr 14.3 133 535 61.6 0.8 120 941 12
87-15(1) 64.9 tr nd 395 15.4 9.7 nd 50 3
87-17 (1) 67.3 3.4 1.8 nd 26.8 31 1.9 49 33
87-18 (1) 193 1.1 4.2 951 28.8 22.8 nd 46 3
87-19(1) 05 nd 0.3 85 41 nd nd <3 2.8
87-20 (1) 276 235 27.4 11400 720 51.9 8.8 374 46
87-21(1) 1.9 05 05 43.4 9.8 nd nd 18 32
87-22(1) 36.2 1.4 25 538 55 18 11 12 33
89-02 (1) 447 15 1.8 58.9 5.7 348 nd 12 36
89-02 (3) nd nd nd 1.1 08 nd 437 1270 0.8
89-04 (1) nd nd nd 15.8 4.8 nd 12.8 122 1.2
89-05 (1a tr 2.3 14 270 4.6 36 116 98 1.9
89-06 (1) nd nd nd 2.0 0.6 0.7 55 70 15
89-14(1) nd 4.9 4.2 703 44.2 1.6 11 3 2.8
89-15 (1) 115 46.6 4.0 827 1070 28.1 nd 24 2.8
89-17 (1) tr nd nd nd nd nd 48 93 17
93-02 (1) 71.6 1.4 0.2 98.5 0.9 355 26 20 32
93-03 (1) 2.9 0.4 nd 33 24 nd 2.6 30 17

B-14(1) 107.3 2.6 24 665 38 nd 46 48 33

1Suffix (in parentheses) indicates zone sampled: (1) = Guelph Dolomite; (3) = Eramosa Dolomite.

2Concentration in milligrams per liter as carbon

aVC-removal rate constant of 1.0 yrl. Rates of
reductive dechlorination in microcosms prepared with
contaminated ground water were within the range of
rates reported from laboratory microcosm studies
conducted at other sites (TCE rate constant from 0.2 to
4.8 yr'l; DCE rate constant from 0.5 to 9.4 yr1)
(Wilson and others, 1996).

The low concentration of VC in relation to TCE
and DCE, and the persistence of DCE at the site
(figs. 9 and 10), indicate that the rate of DCE
conversion to VC in the Guel ph Dolomite has been
nearly egqual to the rate of VC degradation. A similar
pattern of DCE persistence was observed by Major

and others (1991) at a site near Toronto, Ontario.
Microcosm studies of reductive dechlorination
indicate, however, that conversion of DCE toVC
should proceed faster than conversion of VC to ethene
(Vogel and others, 1987), and should thereby result in
lower concentrations of DCE than of VC. The high
proportion of DCE observed at the site does not
conform to the predictions of reductive dechlorination;
therefore, another process could be contributing to the
degradation of vinyl chloride at this site. One
possibility is oxidation of vinyl chloride to carbon
dioxide, a process found to be important under iron-
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78° 56' 30" 78° 55'
| ‘ |
|
I
Neutralization pond
|
\
87-13(3)
DW-9
Manufacturing 87-15(1) T
facilit 87-16(1
y x 87—1)7(\1)~
43°06' |—
87-19(1 S
( )O
89-03(1) 1
o
| R 89-17(1), |
| \
ged 93-02(1)A (EW-3 ‘
% I il
Chlorinated ethene concentrations, Il <>EW-4 il
in micromoles per liter: ““ \“
Dense nonaqueous-phase ‘EW'5<>. H ‘H
D liguid plume in 1990 il P o(lA) I
EW-6¢> I
cis -1,2-DCE in 1995: I I
43° 05' 30" >10 93-03(1)O |
[] 1010 I i
Chlorinated ethenes in1990 I |
>1 I |
Ethene in 1998 i I
A >10 8006(1). < M i e
® 1tol0 S ‘H
O <1 o 0 254/500 1000 2000 FEET |
@ Monitoring well | | | J Il
| 1 1 |
& Recovery well | 0 U 250 500 METERS I

20

78° 56'

Base from U. S. Geological Survey Tonawanda West, N. Y., 1:25,000, 1980

Figure 12. Distribution of ethene in Guelph A at study site near Niagara Falls, N.Y., April 1998.
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reducing conditions at two sites near Jacksornwville, FL .,
and Plattsburg, N.Y. (Bradley and Chapelle, 1996).

Physical transport processes

The distribution of chlorinated-ethene
concentrations at the site reflects several physical
processes, such as dispersion, diffusion, and sorption,
all of which affect solute transport through the fracture
network.

Dispersion, the spreading of a solute front during
transport, is a scale-dependent process that is assumed
to result from the mixing of solutes that follow
differing flow paths. Flow paths through a network of
fractures are primarily determined by the connections
between fractures; flow occurs primarily along
fracturesthat are interconnected, rather than those that
pinch out in some or al directions. Principal flow
paths within interconnected fractures coincide with
areas of large fracture aperture that transmit the most
flow. Consequently, flow converges along the principal
(most transmissive) flow paths, and moves most
rapidly through those parts of the fracture network.
The transmissivity of these principal pathsin soluble
bedrock, such as dolomite, can be enhanced by
dissolution, which reinforces the pattern of
preferential flow.

Diffusion is assumed to govern the transfer of
solute between mobile water within well-connected
fractures and relatively immobile water within poorly
connected fractures and the rock matrix. The diffusive
mass flux gp between the fracture and regions of
immobile water is defined by Tang and others (1981)
as

2eD''9C
D™ 2b 0Z|;=p (3)
where € is porosity [dimensionless],

C is solute concentration of the immobile water

ML,

D' isthe effective diffusion coefficient in the

immobile-water region [L2T], and

zisthe spatial coordinate in the direction of

diffusive transport [L].

The diffusive flux is directly related to the
concentration gradient 3= and porosity within the
. . . Z ..
immobile-flow region, and inversely related to fracture
aperture 2b and, therefore, velocity in the mobile-
water region. Diffusion into immobile-water regions
slows the propagation of the solute front and can serve

as a secondary source of soluteif the concentration
within the fracture declines below that in the
immobile-water region; this reverses the direction of
the concentration gradient.

Sorption of organic chemicalsto fracture walls
and the rock matrix can slow the propagation of the
solute front if organic carbon or iron oxides are
present in therock. The effect of sorption iscommonly
expressed as a retardation factor R, defined for the
rock matrix as

R, =1+ %’Kdm (4)

where py, is the bulk density of the matrix [M L9,

and Ky, isadistribution coefficient related to the rate
of sorption in the matrix [L3M Y.

Novakowski and others (1999) define the
retardation factor for a fracture as

szl"'—y ()

where K is adistribution coefficient related to the
rate of sorption in the fracture, and

2¢

Y= 50, (6)
where o isageometric factor related to matrix porosity
ranging from 0.01 to 0.5 (Freeze and Cherry, 1979).

The contaminant plume in the Guelph A in May
1990 (fig. 9) displayed two characteristics that could
indicate transport within a fracture network with a
nonuniform distribution of fracture aperture. First, the
plume was wide relative to its length, which indicates
that transverse dispersion, perpendicular to the
apparent direction of plume migration, was nearly as
large as longitudinal dispersion parallel to the
direction of migration, even though transverse
dispersion in porous mediaistypically only a small
fraction of the longitudinal dispersion (Sudicky and
others, 1983; Garabedian and others, 1991). A similar
pattern was observed in the distribution of chloride
concentrations in afractured basalt aquifer near the
Idaho National Engineering Laboratory (Robertson,
1974). Second, the apparent direction of migration
(southward) was not aligned with the southwestward
hydraulic gradient (fig. 6A), aswould be expected for
a homogeneous medium. Both of these characteristics
could result from the distribution of fracture apertures
and the pattern of fracture connections within the
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Guelph A, but data are insufficient to test this
hypothesis.

Other explanations for the plume's direction of
migration are possible. First, athough the toe of the
plume south of Bergholtz Creek iswell defined, the
plume encompasses rel atively few wells; thus, much
of its mass could lie west of the line of wells that
seems to indicate southward migration along Walmore
Rd. (fig. 9). Golder Associates (1991b) suggest two
explanations for the cross-gradient migration of the
plume: (1) ground-water flow along sewer excavations
at the bedrock surface south of Bergholtz Creek, and
(2) pulsed recharge near the contaminant source
(neutralization pond) from the discharge of water used
in rocket tests. The bedrock excavations south of
Bergholtz Creek are unlikely to affect ground-water
flow in the Guelph A, however, because it lies more
than 10 ft below the depth of the excavations, but

Diffusion of solute into
porosity between rock grains

Guelph B

channeling
at fracture
intersections

 GuelphA /-

advective
transport

Eramosa E

EXPLANATION

BEDROCK:
[0 GuelphA
[] Massive dolomite matrix
[1] Diffusion into rock matrix
along flow paths
—— Advection and dispersion along primary
flow paths

Diffusion into regions of immobile water
along secondary flow paths

-3 Direction of flow

Figure 16. Principal solute-transport processes within
the fracture network at study site near Niagara Falls,
N.Y.

transient changesin hydraulic gradient near the
contaminant source could have affected migration.
Golder Associates (1991b) documented a water-level
rise of 2 ft in Guelph A wells 300 ft from the pond
after rocket testsin 1990. Goode and Konikow (1990)
state that the effects of nonuniform aquifer
transmissivity are difficult to distinguish from the
effects of transient hydraulic changes and present a
hypothetical case in which transient hydraulic changes
caused the ratio between longitudinal and transverse
dispersivity to decrease from 20:1 to 4:1.

A conceptual model of ground-weater flow and
solute transport through the fracture network at the site
isdepicted infigure 16. Most ground water and solutes
in the Guelph A move along primary flow paths of
connected fractures. Transmissivity could be enhanced
locally through dissolution at fracture intersections
and would channel flow within individual fracture
planes in directions subparallel to the prevailing
hydraulic gradient. Some of the ground water and
solutes move through secondary (slower) flow paths,
where fracture apertures are smaller, and fractures are
poorly connected; thus, diffusion of solutes along
these flow paths into the rock matrix of the Guelph A
and of the massive overlying and underlying units
could occur. Diffusion of solutes aso occurs between
regions of mobile and immobile water within the
fracture plane. Sorption and biodegradation of solutes
also could occur along fracture walls. Novakowski and
others (1999) obtained a mean matrix porosity of 7
percent for the Lockport Group from diffusion
experiments and gravimetric measurements of rock
cores, and computed retardation factors Rs for TCE
from equation 5 to range from 5 to 15.

GROUND-WATER FLOW MODEL

Ground-water flow in the Guelph Dolomite was
simulated with a three-dimensional, finite-difference
model MODFLOWRP (Hill, 1992) to represent flow
conditions before and after pumping began in 1993 at
wells EW-2 through EW-6 (fig. 2) to control migration
of the chlorinated ethene plume. The flow model was
calibrated to measured water levels and ground-water
discharges to three perennial streams and was then
used to compute the rate and direction of ground-water
flow (advective transport) in the vicinity of the plume.
The rates of advective transport computed by the
model served as the basis for solute-transport
simulations of chlorinated ethene migration in three
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dimensions through MOC3D (Konikow and others,
1996) and in two dimensions through BIOMOC
(Essaid and Bekins, 1997).

Model design

The modeled area covers 11.6 mi2 and represents
a2.8-mi-wide strip extending 3.9 mi from just north of
Lockport Road to the Niagara River (fig. 17); its
eastern and western boundaries correspond to the flow
paths delineated on the potentiometric-surface map
(fig. 1) and by the regiona ground-water model of
Yager (1996). The model represents the upper
Lockport Group as five layers from the weathered
bedrock surface to the bottom of the Guelph A. Model
layers 1 and 5 represent fracture zones in the
weathered bedrock and the Guelph A, respectively,
and layers 2 through 4 represent the rock matrix that
separatesthem (seefig. 3). Each layer wasdivided into
auniformly spaced grid of 290 rows by 180 columns
(32,457 active cells, each 100 ft on aside).

The thickness of model layer 1 (weathered
bedrock) was specified as 5 ft throughout the model ed
area, on the basis of the site-characterization study by
Golder Associates (1991b). The maximum thickness
of layer 5 (Guelph A) was specified as 3 ft, but this
fracture zone rises to the north, where it is truncated
by overlying units (figs. 17, 18). The parts of the
modeled area that correspond to the subcrop area
within the weathered bedrock were delineated by
projecting the top and bottom of the Guelph A along
the regional dip to their points of intersection with the
bedrock surface. The parts of model layer 5 that were
projected updip of the bedrock surface were assigned a
nominal thickness of 0.1 ft and hydraulic properties
equivalent to those of the weathered bedrock (layer 1).
Transmissivity valuesin parts of model layer 5 that
pinch out beneath the overlying bedrock were adjusted
by afactor corresponding to the decreased layer
thickness. The thickness of the rock matrix (layers 2-
4) within the modeled area was computed in asimilar
fashion, and each of these layers was assumed to
represent one-third of the total rock-matrix thickness.

Boundary conditions that represent inflows and
outflows of water to and from the Guelph Dolomite
were specified in model layers 1 and 5, which
correspond to the two fracture zones. Constant-head
boundaries were used to represent underflow entering
from upgradient areas (northern boundary) in model
layer 1 and discharging to downgradient areas

(Niagara River) in model layers 1 and 5. The head
values specified for the constant-head boundarieswere
based on the potentiometic surface in the weathered
bedrock (fig. 1). Recharge to the weathered bedrock
was assumed to be inversely proportional to the
thickness of overlying glacial sediments, as described
by Yager (1996). Constant-flux boundaries were
specified in 10 modd cells upgradient from the
neutralization pond (fig. 17) to represent additional
recharge from water discharged during rocket tests.
Head-dependent boundaries (drains) were used to
represent outflow through perennial stream channels
in moddl layer 1, including Cayuga Creek, Bergholtz
Creek, and abedrock spring north of Bergholtz, N.Y.
(fig. 17). The eastern, western, and bottom boundaries
of the modeled area were specified as no-flow
boundaries.

Model calibration

Parameter values representing six aquifer
properties (table 5) were adjusted through steady-
state and transient-state simulations to produce a
model that approximated water levels and flow rates
measured before and after the pump-and-treat
system began operation in March 1993. The steady-
state simulation represented prepumping conditions
in August 1990, when no large stresses were
imposed on the bedrock aquifer; the resulting
hydraulic heads provided initial conditionsfor a
5.1-year transient-state simulation. The transient-
state simulation included three periods to represent
changes in pumping rates and locations during the
pump-and-treat period—offsite pumping from
March 1993 through April 1995, offsite and onsite
pumping from May 1995 through April 1996, and a
reduction in offsite and onsite pumping from May
1996 through April 1998.

Parameters values were estimated through a
nonlinear regression method (Cooley and Naff,
1990) that minimized differences between measured
and computed heads and flows. Initial estimates
were specified for the six parameters (table 5), four
of which were estimated through nonlinear
regression. Results of steady-state simulations were
compared with water levels measured in 65 wellsin
August 1990 and with estimated ground-water
discharges to Bergholtz and Cayuga Creeks and a
bedrock spring. Results of transient-state
simulations were compared with water levels
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Niagara Falls, N.Y. (Trace of section is shown in fig. 17).

measured in 35 wellsin January 1995 and mean
water levels measured in 40 wells from January
1996 through April 1998. Water levels measured in
the nine pumped wells were adjusted using the
Theim equation (Trescott and others, 1976) to
estimate the water level at a distance 21 ft from
each well; these extrapolated heads were compared
with heads computed by model simulationsin cells
representing the pumped wells. Observations were
weighted in the regression according to procedures
of Hill (1992) to account for the different units
associated with head measurements (551 to 598 ft)
and flow measurements (3 x 10° to 40 x 103 ft3/d).
The weights were adjusted such that the residual in
the head and flow measurements (difference
between observed and computed values) were the
same order of magnitude. Water levels measured at
five wells north of Cayuga Creek (fig. 19) were
weighted 50 percent less than other measurements
to decrease the dependence of the regression on
observations far from the area of interest.

26

Simulation Results

Thedistribution of headsin the weathered bedrock
in August 1990, as computed by steady-state
simulation (fig. 19A), is similar to the measured
distribution used in the calibration of aregional flow
model by Yager (1996) (fig. 1); the hydraulic gradients
in upland areas north of Cayuga and Bergholtz Creeks
arerelatively steep, and those near the Niagara River
are flatter. The computed distribution of 1990 headsin
the weathered bedrock (fig. 19A) near the
manufacturing facility also is similar to the measured
distribution (fig. 6A), except that the computed heads
south of Bergholtz Creek generally exceed the
measured heads by about 4 ft. The computed head
distribution reproduces two features that are apparent
near the facility: (1) aground-water mound created by
the infiltration of water discharged from rocket tests,
and (2) the ground-water discharge area near
Bergholtz Creek. The computed head distribution for
the Guelph A shows these features less distinctly
(fig. 19B). Thedistribution of headsin the Guelph A in
January 1995, as computed by transient-state
simulation (fig. 20B), reproduces the effects of offsite
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Table 5. Optimum values of hydraulic properties estimated for Guelph Dolomite at study site near Niagara Falls, N.Y.,
through nonlinear regression in steady-state and transient-state simulations

[Yager (1996) values are those used in regional flow model; error refers to predicted heads and flows. ft/d2, feet squared per day;
ft/d, feet per day, ft3/d, cubic feet per day. Dashes indicate not calculated. Locations are shown in fig. 17.]

Approximate individual Coefficient of ~ Value from Yager

Aquifer property Estimated values confidence interval variation (percent) (1996)
Transmissivity, ft2/d

wesathered bedrock 97 76 - 120 24 220

Guelph A 460 380 - 560 4 100
Vertical hydraulic conductivity, ft/d

glacial sediments?® 2x1072 13%102-29x% 102 20 6.6 x 103

Guelph Dolomite 1.3x1072b - - 1.3x 102
Specific storage - all units, ft 1x10P - -
Average recharge rate, ft/d 39x10° 2.6x10°-54x10° 18 1.2x 10

Model error

Sum of squared

errors ( ft©) Standard error (feet)
August 1990 (prepumping period) 730 38
January 1995 (offsite pumping) 213 25
January 1996 to April 1998°
(onsite and offsite pumping) 531 36
Ground-water discharge, ft 3/d Measured Computed
Cayuga Creek 40,000 32,000
Bergholtz Creekd 6,000 7,600
Bedrock spring 3,000 3,200

8 Used to compute leakance of sediments underllying Bergholtz Creek;

b Fixed value in regression;
¢ Mean water level;

d Modeled reach downstream from village of Bergholtz. Location is shown in fig. 17.

pumping, but computed heads near the pumped wells
south of Bergholtz Creek are about 2 ft less than the
measured heads (fig. 6B).

Model error

The standard error in heads computed for model
layers 1 and 5 with the combined steady- and
transient-state simulations was about 4 ft, and the
range in heads was 551 to 598 ft. A plot of measured
and calculated heads (fig. 21A) indicates that the
model reproduces heads from 555 to 582 ft reasonably
well, and that the largest residuals (difference between
measured and simulated values) correspond to heads
greater than 584 ft, which were in wells north of
Cayuga Creek, far from the area of interest. The
residuals for the transient-state simulation show little

bias, but those for the steady-state simulation (August
1990) show overprediction of measured heads ranging
from 565 to 570 ft and underprediction of measured
heads greater than 578 ft (fig. 21B). The spatial
distribution of residuals for the steady-state simulation
(fig. 19B) indicates that the model does not accurately
reproduce the hydraulic gradient south of the
manufacturing facility. In this areathe relatively steep
hydraulic gradient formed by the ground-water mound
north of the facility decreases to a much flatter
gradient south of Bergholtz Creek, possibly in
response to ground-water discharge from the Guelph
A to the creek. Specifying a higher leakance value for
the bedrock and sediments underlying the creek
lowers the model heads to the south and improves the
model fit, but also results in flow paths from the
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Figure 19. Distribution of hydraulic head and residuals in study area near Niagara Falls, N.Y., before pump-and-treat remediation that
began in August 1990, as computed by steady-state simulation: A. In weathered bedrock (model layer 1). B. In Guelph A unit (model
layer 5).
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remediation, January 1995, as computed by transient-state simulation: A. In weathered bedrock (model layer 1). B. In Guelph A
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contaminant source in the Guelph A that dischargeto
the creek and do not continue their southward
movement, as indicated by the observed plume.
Additional information would be needed to quantify
the hydraulic connection between the Guelph A and
Bergholtz Creek, and to explain the biasin the
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Figure 21. Graphs showing measured heads and residuals
as a function of simulated heads in Guelph A in study area
near Niagara Falls, N.Y., before, during and after pump-
and-treat remediation, 1990-98: A. Measured and simulated
heads; B. Simulated values and residuals.

computed head distribution.

Water budget

Computed water budgets for the steady-state
simulationswere similar to those for the transient-state
simulations (table 6); in both, more than half (66
percent) of the inflow consists of underflow from
upgradient areas; of the remainder, 23 percent is
derived from recharge from precipitation, and 11
percent from rocket-test discharges. Most of the
outflow from the modeled area (58 percent) was
discharged as base flow to Cayuga Creek. The
computed percentage of water discharged in August
1990 to Bergholtz Creek (21percent) and through
downgradient underflow (15 percent) decreased to 4
percent and 5 percent, respectively, by April 1996 asa
result of onsite and offsite pumping. Computed
ground-water discharges were within 30 percent of the
estimated base flows at each of the three measurement
sites, but flow to Cayuga Creek was underpredicted,
and flow to Bergholtz Creek was overpredicted
(table 5).

Model parameter values

The parameter values estimated by nonlinear
regression for four aquifer properties arelisted in
table 5 with their individual confidence intervals and
coefficients of variation. The confidenceintervalswere
computed by the method described in Hill (1992)
under the assumption that the model is correct and
linear in the vicinity of the optimum set of values, and
that the parameter values are normally distributed. The
model is effectively linear in terms of the modified
Beae's measure (Hill, 1994; Cooley and Naff, 1990),
but the residuals are not normally distributed in terms
of the R2N statistic defined by Hill (1992), and the
distribution of residuals indicates model biasin the
vicinity of Bergholtz Creek. Thereported statistics are,
therefore, only approximate because the model does
not meet all the required assumptions, but they
indicate qualitatively the relative reliability of the
optimum parameter values.

The estimated parameter values differ from those
estimated previously by nonlinear regression with the
regional ground-water flow model of Yager (1996).
The transmissivity of the Guelph A was estimated to
be 460 ft%/d—nearly 50 percent greater than the
geometric mean value estimated from the cross-hole
pumping test, and more than four times the value
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Table 6. Simulated water budget for Guelph Dolomite at study area near Niagara Falls, N.Y., before pump-and-treat
remediation in August 1990, and during offsite and onsite pumping in April 1996

[Flow rates are in thousands of cubic feet per day]

Inflow Discharge
Percentage Percentage
Source Rate of total Location Rate of total
A. August 1990, before pump-and-treat remediation
Recharge 12.7 23 Cayuga Creek 319 58
Rocket-test discharge 6. 11 Bergholtz Creek 11.8 21
Spring 33 6
Underflow in Underflow in:
weathered bedrock 36.2 66 weathered bedrock 1.9 4
Guelph A 6.1 11
TOTAL 55 100 TOTAL 55 100
B. April 1996, offsite and onsite pumping
Recharge 12.7 23 Cayuga Creek 319 57
Rocket-test discharge 6. 11 Bergholtz Creek 2.2 4
Spring 33 6
Underflow in Underflow in:
weathered bedrock 37.1 66 weathered bedrock 1 2
Guelph A 19 3
Pumping 15.6 28
TOTAL 55.9 100 TOTAL 55.9 100

estimated by Yager (1996) for horizontal fracture
zones in the Lockport Group. Decreasing the
transmissivity value significantly increased model
error, however, because the model is most sensitive to
this parameter (coefficient of variation was less than
10 percent). Fracture apertures computed from
equation 1 for the estimated transmissivity range from
0.059in (1.5 mm) for asingle fracture to 0.043in (1.1
mm) for a set of three fractures. The coefficients of
variation for the other three parameters ranged from
18 to 24 percent; thus, these estimated values are less
reliable than the transmissivity estimate for the Guel ph
A. The transmissivity of the weathered bedrock (97
ft2/d) and the vertical hydraulic conductivity value
used to compute the leakance of glacial sediments
underlying Bergholtz Creek (2 x 102 ft/d) were 44
percent and 30 percent lower, respectively, than the
values estimated by Yager (1996). The mean recharge
rate obtained by the regression (0.2 in/yr) is also about
30 percent lower than the previous estimate.

Changes in parameter values from the regional
flow model of Yager (1996) to the local flow model in
this study result in less flow through the weathered
bedrock and more flow through the Guelph A. The
transmissivity value estimated by the local flow model
probably reflects subsurface conditions near the

facility better than the value estimated by the regional
flow model for regional fracture zones because (1) the
local model value lies within the range of values
computed from the cross-hole test (fig. 5), and (2) the
simulation of pumping conditionsin the transient-state
simulation limits the range of possible values, as
indicated by the coefficient of variation associated
with the transmissivity parameter.

Flow paths

Flow paths computed by steady-state simulation
for the Guelph A downgradient from the neutralization
pond (fig. 22) pass beneath Bergholtz Creek and
coincide with the center of the plume as delineated by
Golder Associates (1991b). An assumed region of low
transmissivity (46 ft2/d) specified in the Guelph A
west of the facility causes the simulated paths to flow
southward. Omitting this region from the simulation
allows southwestward flow along the prevailing
hydraulic gradient. Although no hydraulic-test dataare
available to support the presence of the low-
transmissivity region, the distribution of hydraulic
head in August 1990 (fig. 6A) indicates an eastward
shift in flow direction south of Bergholtz Creek that
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PREDICTED HYDRAULIC HEAD CONTOUR, IN FEET
——570— Interval varies. Datum is sea level

Figure 22. Simulated flow paths downgradient from neutralization pond at study area near Niagara Falls, N.Y., August 1990, as
delineated by steady-state simulation of Guelph A, with and without assumed low transmissivity region.
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could reflect the assumed region. Several aternative
simulations were conducted to determine whether
other conditions could produce similar flow paths,
these incorporated (1) regions of low-transmissivity
associated with the building foundations at the facility,
(2) regions of high-transmissivity associated with
either sewer excavations or the preferential flow path
identified by the cross-hole pumping test, and (3)
horizontal anisotropy with the maximum
transmissivity value aligned southeastward. None of
these assumed conditions reproduced southward flow
in the direction of the delineated plume, however.

SIMULATION OF TRANSPORT AND
BIODEGRADATION OF CHLORINATED
ETHENES

Two models—BIOMOC and MOC3D—were
used in this study to simulate the transport of
chlorinated ethenes near the manufacturing facility
before the pump-and-treat remediation that began in
March 1993 and after 5 years of pumping.
BIOMOC, which simulated advection, dispersion,
and biodegradation of TCE, DCE, and VC, was
used to estimate degradation rates of chlorinated
ethenes, and MOC3D was used to quantify the
effects of matrix diffusion of TCE and the age of
ground water near the facility. Ground-water
velocities in both models were computed from the
hydraulic-head distributions obtained with the flow
model described in the previous section. The
transport models were calibrated to the chlorinated
ethene concentrations measured in May 1990,
January 1995, and April 1998, and to the total
estimated masses of chlorinated ethenes removed
by pumping from March 1993 through April 1998.

Modeling approach

Several processes affect the transport of
chlorinated ethenes near the manufacturing facility,
and the rates and directions of ground-water flow vary
locally with the hydraulic properties of the fracture
network. The distribution of contaminant
concentrations reflects this condition and also changes
through time. For example, TCE concentrations within
200 ft of well 89-15(1), near the DNAPL plume,
ranged from lessthan 1 mg/L to more than 1,000 mg/L
in May 1990, whereas those at well 87-20(1), 1,600 ft

downgradient from the contaminant source, ranged
from 0.1 mg/L in May 1990 to more than 6.9 mg/L in
June 1991. Transport models are, therefore, unlikely to
accurately reproduce contaminant concentrations
measured over time at specific wellsin this complex
system. The two models developed in this study were
used only to approximate the extent of the
contaminant plume under pumping and prepumping
conditions, and to reproduce the estimated mass of
contaminants removed by pumping.

TCE was assumed to have entered the Guelph A
through the dissolution of DNAPL, and the mass of
DNAPL was assumed to be sufficiently large that the
dissolution rate was independent of the mass
remaining. Thedistribution of DNAPL at thesiteisthe
subject of a current study (David Ellis, Remediation
Technology Development Forum, oral commun.,
1999), but little information on the mass of DNAPL at
the site is available. The assumption of an unlimited
TCE source is conservative because a decreasing
DNAPL mass would result in lower dissolution rates
and, therefore, lower concentrations of dissolved TCE.
The BIOMOC simulations estimated the rate of TCE
production through DNAPL dissolution, and the
biodegradation rates of TCE and its metabolites, by
representing these processes as Monod and first-order
reactions.

The fracture network in the Guelph A can be
represented as a porous medium containing
interconnected fractures within athin 3-ft-thick layer
sandwiched between subhorizontal stratigraphic
boundaries. Because the depths and extents of
individua fractures are unknown, a discrete fracture
model of this site would be difficult to develop. The
models developed in this study considered two
features characteristic of solute-transport in fractured
rock: (1) ground-water velocities ranging as high as 5
to 70 ft/d, and (2) diffusive transport between the
mobile water in the fracture network and immobile
water in the rock matrix, represented as matrix
diffusion through double-porosity exchange.

Model description

The two finite-difference models chosen for this
study are complementary because BIOMOC
represents multispecies transport with coupled,
sequentia reactions, whereas MOC3D represents
single-species transport with double-porosity
exchange. Both models are based on the solute-
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transport model MOC (Konikow and Bredehoeft,
1978), which uses the method of charactersticsto
solve atransport equation from hydraulic gradients
computed with a ground-water flow model. The
underlying flow model in MOC3D is MODFLOW,
whereas a separate flow model isincluded within
BIOMOC.

The transport equation describing the fate of a
single contaminant in three-dimensional, transient
ground-water flow (Konikow and others, 1996) is:

s%—(t: = aixi[sDijg—Z} —evia—)((:i +0,C' + 20,
(7
where € is porosity,
C is dissolved concentration (ML"3),
tistime (T),
X; is distance along a Cartesian coordinate
axis (L),

Dj; is hydrodynamic dispersion coefficient

tensor (L2T™Y),
v; is pore-water velocity defined in eg. 2 (LTY),
Qs is specific volumetric flow rate representing
quild sources (positive) or sinks (negative)
(),

C' is concentration of the source or sink flux
(ML"3), and

O, is geochemical and biochemical reaction

terms (ML™3T7Y).

The term on the left-hand side of eg. 7
represents the change in solute mass over time, and
the first two terms on the right-hand side of the
equation represent transport through dispersion and
advection. The chemical reaction terms U,
considered in this study—first-order degradation,
sorption, and double-porosity exchange, are
represented in MOC3D through the following
eguation (Goode, 1999):
oCc _ 0 [ Dijac} 0C

Reat = ax|“Pax | &

g(C'—C) + ReAC+a(C-C) +¢&Z (8

where Ris retardation factor defined in eq. 4
and 5,
A isfirst-order reaction rate (T™Y),
a islinear exchange coefficient (T™1),
C is concentration of immobile phase (ML"3),
and
Zis zero-order growth rate (ML-3T1).

In this formulation, the diffusive flux qp between
mobile and immobile water is the product of alinear
exchange coefficient a and the differencein
concentration between the two regions. Goode (1999)
describes how MOC3D can be used to compute
ground-water age for the case where degradation and
sorption reactions are not considered. Under these
conditions, equation 8 reducesto

0A _ 0 0A 0A
Ea = a_xi[sD‘jOTJ —&V.— + (9)

1

(A —A)+a(A-A) +¢

where A is volume-average ground-water age since
recharge (T),

A' is age of water from external sources,

A is age of immobile water, and

Zis 1, unit growth rate.

Coupled, multispecies transport in two-
dimensional ground-water flow is represented in
BIOMOC by specifying eg. 7 for each solute | and
including additional reaction terms to account for
biodegradation. Each solute can be involved in more
than one process, and the total solute uptake 3 isgiven
by N
Bi="3 BV (10)

n=1

where N is total number of biodegradation
processes,

V, isuptake rate of substrate by biodegradation

process n (ML3T1),

Bin is uptake coefficient of solute | for

biodegradation process n.

Molar uptake coefficients (Essaid and Bekins,
1997) that were used to represent sequential reductive
dechlorination of TCE in this study are listed in
table 7. BIOMOC uses Monod kinetics to represent
microbial growth and uptake from substrate and can
account for the effects of growth and uptake inhibitors
(such as competing reactions and the presence of
oxygen) and the restricted availability of secondary
substrates. The effects of inhibitors and the lack of
secondary substrates were neglected in this study, and
the microbial population was assumed constant with a
unit concentration. As aresult, the uptake rate V for
each step in the reductive dechlorination process was
given by

— Vmaxc (11)
where Vi is asyr‘XptBtiK; rag mum specific uptake
rate of substrate (T™1),

Ksis half-saturation constant, the substrate
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concentration at which V = V5, /2 (ML™3).
Bekins and others (1998) show that, for K¢ >>
C, the Monod formulation in eg. 11 can be
approximated as a first-order reaction
aC (12)

a—tz)\C

where A = V5, /Ks.

Table 7. Molar uptake coefficients () used in BIOMOC
simulations representing sequential reductive dechlorination
of TCE (trichloroethene)

[DCE, cis-1,2-Dichloroethene; VC, vinyl chloride; Cl, chloride]

Reaction Brce PBoce Bvc Be
TCE -~ DCE+Cl 1
DCE - VC+Cl
VC - CO, + ethene + Cl 0

Model design

Two-dimensional (2D) simulations were
conducted with BIOMOC to simulate transport and
degradation of chlorinated ethenesin the Guelph A
through reactions governed by Monod kinetics and the
first-order approximation. Additional 2D simulations
were conducted with MOC3D to quantify the effects
of diffusion between mobile water in the Guelph A and
immobile water in the adjacent rock matrix. Three-
dimensional (3D) simulations with MOC3D were run
to obtain estimates of ground-water agein the
weathered bedrock and the Guelph A.

Ground-water flow simulations with BIOMOC
and MOC3D used the uniformly spaced grid specified
in the MODFLOWP simulation discussed previously.
The 3D simulations with MOC3D represented the
Guelph Dolomite as five model layers, asin
MODFLOWRP, and used the same hydraulic
boundaries and property values. The 2D simulations
with MOC3D and BIOMOC represented only one
layer—the Guelph A (layer 5 in the 3D simulations).
The 2D simulations used the same hydraulic
boundaries for the Guelph A as the 3D simulations,
except that the 2D simulations represented vertical
flow to and from the Guelph A from overlying units as
aconstant flux (recharge) at the flow rates computed
from 3D simulations with MODFL OWP.

Solute-transport is simulated in BIOMOC and
MOC3D in a subset of the flow-model grid that
contains 73 rows and 64 columns (4,672 active cells).

The modeled areain the solute-transport simulations
represents a 1.6-mi? area that extends 1.4 mi
southwestward from about 0.3 mi north of the facility
to the NiagaraRiver (fig. 17). TCE production through
DNAPL dissolution is represented as either a constant
flux or afixed concentration in the seven model cells
that corresponded to the DNAPL plume. The
concentration at the constant-flux boundary was
obtained from BIOMOC and MOC3D simulationsthat
used recharge wells with an injection rate sufficiently
low (10°® ft%/d) that the hydraulic gradient was
unaffected. The fixed-concentration boundary is
represented in BIOMOC simulations by modifying the
program to reset the TCE concentration to a specified
value at the end of each transport time step.

Model calibration

Parameter val ues representing transport properties
were adjusted in solute-transport simulations that used
the hydraulic-head distributions computed by steady-
state and transient-state flow simulations
corresponding to conditions before and after March
1993, when pump-and-treat remediation began.
Transport simulations representing prepumping
conditions (May 1980 through May 1990) indicated
that contaminant concentrations generally reached a
dynamic equilibrium within 10 years of migration
because the computed ground-water velocities were
more than 5 ft/d throughout most of the area covered
by the plume. Chlorinated ethene concentrations
computed through the simulations of prepumping
conditions provided initial conditions for simulations
of the plume concentrations during pump-and-treat
remediation from March 1983 through April 1998.

Parameter values in BIOMOC transport models
were estimated through UCODE (Poeter and Hill,
1998), a nonlinear regression method in which model
sensitivity to given parameters are estimated through a
perturbation technique, rather than computed directly
from an analytical expression, asin MODFLOWP.
Five alternative models were considered in transport
simulations with BIOMOC (table 8). In model A,
bi odegradation within the Guelph A was represented
with Monod kinetics; the fracture-porosity and
retardation-factor values were 3 percent (Golder
Associates, 1991b) and 2.5, respectively. Models B
through E represented biodegradation as first-order
reactions. Aside from the biodegradation rates, model
B used the same transport properties as model A.
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Table 8. Values of solute-transport properties estimated for Guelph A unit at study area near Niagara Falls, N.Y., through
nonlinear regression in steady-state and transient-state BIOMOC simulations, including error in predicted solute concentrations
and observed mass removed by pumping from March 1993 through April 1998

[ft, feet; mg/L, milligrams per liter; (mg/L)/d, milligrams per liter per day; TCE, trichloroethene; DCE, cis-1,2-dichloroethene; VC, vinyl
chloride; Cl, chloride. Shaded cells are estimated values. Bold type indicates unique change in specified property].

Monod
kinetics First-order approximation

Variable Model A Model B Model C Model D Model E
Solute-tranport property
Fracture porosity 0.03 0.03 0.03 0.003 0.03
Dispersivity, ft

longitudinal 100 100 100 100 100

transverse 50 50 50 50 50
Specified TCE concentration, mg/L 26 26 26 26 36t
Maximum specific uptake rate, (mg/L)/d

TCEto DCE 9.95 43 88 830 72

DCEtoVC .032 4.1 7.8 53 5.8

VC to ethene and CO, .028 25 46 320 37
Half-saturation constant, mg/L

TCEto DCE 315 2600 2600 2600 2600

DCEtoVC 10 1900 1900 1900 1900

VC to ethene and CO, 12 1200 1200 1200 1200
Retardation factor 25 25 1.0 25 25
Log standard errors  (micromoles per liter)
August 1990 (89 observations) 151 150 153 151 157
January 1995 (103 observations) 1.08 1.08 111 1.16 1.16
April 1998 (72 observations) 1.62 1.59 1.60 1.63 224
Observed mass removed by pumping, March 1993 to April 1998 (kilograms per year)
TCE (215 observed) 181 185 178 180 224
DCE (240 observed) 197 164 173 178 203
VC (8 observed) 9 8 7 8 8

IMean concentration at constant-flux boundary.

Models C through E were similar to modelsA and B
except that model C used aretardation factor of 1.0
(no sorption); model D had a decreased fracture
porosity of 0.3 percent, computed from the cubic law
(eg. 1) and atransmissivity value of 460 ft%/d, from
flow simulation; and model E represented the TCE
source as a constant flux.

Results of the steady-state transport simulations
(May 1980 through May 1990) were compared with
the measured chlorinated ethene concentrations at 36
wellsin May 1990, and results of transient-state
transport simulations were compared with (1)
measured concentrations at 35 wellsin January 1995
and at 23 wellsin April 1998, and (2) the estimated
total mass of chlorinated ethenes removed by pumping
from March 1993 through April 1998 (table 3). Log
concentrations were specified to weight the measured
concentrations equally in the regression on the

assumption that large errors are associated with high
concentrations, and smaller errors are associated with
smaller concentrations. This assumption seems
reasonable because errors in concentrations probably
reflect errorsin sampling aswell aserrorsin
laboratory analyses. Also, the spatial and temporal
variability in concentrationsin the fracture network
makes a repeatabl e, representative sample difficult to
obtain. Measured values were weighted in the
regression according to proceduresin Hill (1992) to
account for the difference between units associated
with concentration (-2.7 to 3.9 log uM) and pumped
mass (43 to 1,220 kg). The weights were adjusted such
that the residuals in concentration and mass
measurements, computed as the difference between
observed and simulated val ues, were the same order of
magnitude.
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Simulation results

A combination of trial-and-error and nonlinear
regression was used in transport simulations with
BIOMOC to estimate (1) values of longitudinal and
transverse dispersivity, (2) the concentration of TCE at
the contaminant source, and (3) rates of
biodegradation of TCE and its metabolites. Values of
transport properties obtained in BIOMOC simulations
were then specified in MOC3D simulations that
represented biodegradation of TCE and matrix
diffusion.

BIOMOC Simulations

Initial estimates were specified for nine
parameters; these values consisted of nonlinear-
regression estimates obtained for six parametersin
model A (Monod Kinetics) and three parametersin
models B through E (first-order reactions, table 8).
Longitudinal and transverse dispersivity values of 100
ft and 50 ft, respectively, were obtained through a
combination of trial-and-error and regression and were
specified as fixed values in subsequent regressions to
obtain biodegradation rates and the concentration
specified for the TCE source in al five models. The
mean ground-water velocity in the vicinity of the
chlorinated ethene plume, calculated from the high
porosity value (3 percent), was 6 ft/d, and the mean
velocity calculated from the low porosity value (0.3
percent) was 60 ft/d.

Monod kinetics

The model A distribution of chlorinated ethene
concentrations in the Guelph A under prepumping
(steady-state) conditionsin May 1990 (fig. 23) shows
underestimation of the observed extent of TCE
migration (fig. 9A) and overestimation of the observed
extent of DCE and VC migration (fig. 9B, C). The
hypothesized region of low transmissivity prevents
westward movement of the simulated plume, thereby
causing it to spread southward. The simulated TCE,
DCE and VC plumes are roughly symmetrical, unlike
the observed plumes, which have irregular shapes. The
computed distribution of chloride (fig. 23D) indicates
concentrations greater than 100 uM over two-thirds of
the smulated plume; the plume’'s mean concentration
of 180 uM (5 mg/L) is less than the estimated amount
that can be attributed to reductive dechlorination (560
KUM) at the most highly contaminated wells where
chlorinated ethenes concentrations exceed 100 uM.

The model A (transient-state) distributions of
chlorinated ethene concentrationsin the Guelph A in
January 1995, after 5 years of pumping, indicate
greatly decreased DCE and VC plumes (fig. 24). The
overestimated extent of DCE and VC migration by
model A indicates parts of the plumesto be
downgradient from the zone of influence of the pump-
and-treat remediation and, therefore, unaffected by
pumping. No detectable concentrations (> 0.01 uM)
have been measured beyond the delineated plume
boundary, however.

The standard error in concentrations computed for
the combined steady- and transient-state simulations
was about 1.4 orders of magnitude, and the rangein
concentrations was more than 6 orders of magnitude
(table 8). Model residualsindicate that, although the
range in computed concentrations is comparableto the
observed range, the model fit at certain locationsis
poor (r2 =0.75), partly because of wide scatter in the
observed data (fig. 25). The biasindicated by the
residual plots suggests that important transport
processes are not represented in the simulation. Three
patterns of bias are apparent, in that the ssimulated
plume: (1) does not encompass some of the observed
contaminants (cluster A, fig. 25), (2) overpredicts the
extent of the observed DCE and V C plumes (clusters
B,C, fig. 25), and (3) overpredicts high concentrations
and underpredicts low concentrations (fig. 25B,C).
Thislast pattern of bias results from generally
overestimating concentrations under steady-state
conditions (May 1985 through May 1990) and
underestimating concentrations during the period of
pumping (March 1993 through April 1998). The
representation of an additional source of contaminants
under pumping conditions, such as diffusion from the
rock matrix to the fracture network, could possibly
decrease modé bias, but this process cannot be
simulated with BIOMOC.

The masses of chlorinated ethenes removed by
pumping, as computed by model A, agree reasonably
well with the estimated masses, although the
computed masses of TCE and DCE are 16 percent less
than the estimated values (table 8). Model A indicates
that TCE production from DNAPL dissolution
increased from 185 kg/yr under steady-state
conditionsin 1990 to 438 kg/yr by 1998 as aresult of
the lowering of TCE concentrations by pumping
(table 9). About 60 percent of the TCE entering the
aguifer from the source during 1993-98 was degraded
to DCE, and the remainder was removed by pumping.
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Figure 23. Distribution of chlorinated ethenes computed by steady-state BIOMOC simulation with Monod kinetics
(model A) for Guelph A in study area near Niagara Falls, N.Y., in August 1990 before start of pump-and-treat
remediation: (Location is shown in fig. 22). A. Trichloroethene. B. cis-1,2-Dichloroethene. C. Vinyl chloride.

D. Chloride.
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Figure 24. Distribution of chlorinated ethenes computed by transient-state BIOMOC simulation with Monod kinetics (model
A) for Guelph A in study area near Niagara Falls, N.Y., 5 years after pump-and-treat remediation, January 1995: (Location
is shown in fig. 22). A. Trichloroethene. B. cis-1,2-Dichloroethene. C. Vinyl chloride. D. Chloride.
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Table 9. Mass flux of chlorinated ethenes at study site near
Niagara Falls, N.Y., before pumping and during pump-and-
treat remediation, as computed in BIOMOC simulations with
Monod kinetics (model A)

[DNAPL, dense nonagueous-phase liquid. Mass values are in
kilograms; mass-flux values are in kilograms per year.

TCE, trichloroethene; DCE, cis-1,2-dichloroethene; VC, vinyl
chloride; Cl, chloride]

Mass flux
Process TCE DCE VC Cl
A. Prior to pumping, May 1980 - May 1990

Mass in
DNAPL dissolution 185 -- -- --
Produced by biodegradation - 133 40 93
Mass out
Removed by biodegradation ~ 181 64 36 --
Added to storage® 3 2 2 50
Underflow and verticd |eskage 1 28 2 33
Massin plume May 1990 42 288 19 504

B. Pump-and-treat remediation, March 1993 - April 1998

Mass in

DNAPL dissolution 440 -- -- --
Produced by biodegradation -- 189 22 92
Removed from storage <1 50 3 80
Mass out

Removed by biodegradation 259 35 16 --
Removed by pumping 181 199 9 171
Massin plumeApril 1998 42 37 2 97

IMass sorbed is 60 percent.

The simulated mass of TCE in the plume was
unchanged by pumping, but the masses of DCE and
V C were decreased by more than 80 percent. About 60
percent of the simulated mass of chlorinated ethenesin
the plume was sorbed to the fracture wallsin model A.
The Monod-reaction constants estimated by model
A indicate that biodegradation of chlorinated ethenes
at the site can be represented by first-order reactions.
Uptake rates V computed with the Monod equation
(eg. 11) are nearly equivalent to rates computed with
the first-order approximation for the range of
concentrations measured in the plume and simulated
(fig. 26). In addition, estimates of maximum specific-
uptake rates Vi, and the half-saturation constant K
for each chlorinated ethene are highly correlated (r2 >
0.96), indicating that model error isrelatively
insensitive to proportional changesin each reaction
constant. Although the regression did converge to
optimal values for all six reaction constants, the
coefficients of variation associated with five of the
estimates range from 20 to 100 percent, indicating that
reliable estimates can be obtained only for the ratios
Vimax/Ks: These ratios are equivalent to first-order rate
constants whenever substrate concentrations are much
lessthan K. The estimated V5, Vel ues are lower, and
the estimated K values higher, than those reported for
|aboratory microcosm studies (table 10). This
discrepancy is expected because microbial reactionsin
field settings must compete with diffusion and
sorption processes that slow the delivery of solutesto

Table 10. Monod reaction constants and first-order reaction rates estimated for trichloroethene, cis-1,2-dichloroethene,
and vinyl chloride in BIOMOC simulations of biodegradation at study site near Niagara Falls, N.Y., and in laboratory studies

[Dashesindicate no estimate available.]

Haston and Barrio-Lage Bradley and
BIOMOC McCarty and others Chappelle Yager and
Constituent (Model A) (1999) (1986, 1987) (1996) others (1997)

Maximum specific uptake rate,V ,ax (milligrams per liter per day)

Trichloroethene 10 7.8 75x10° - 0.06 - -

cis-1,2-Dichloroethene 0.032 1.3 0.008 -0.05 -- --

Vinyl chloride 0.028 0.85 - 0.012 - 0.049 --
Half-saturation constant, K ¢ (milligrams per liter)

Trichloroethene 315 0.18 0.97- 6.6 -- --

cis-1,2-Dichloroethene 10 31 4 - 6.2 -- --

Vinyl chloride 12 A7 -- 0.08 - 05 --
Uptake rate, A =V 5x/Ks (per day)

Trichloroethene 0.032 43 7.7x103- 0.021 -- 0.011

cis-1,2-Dichloroethene 32x10°% 4.2 2x103- 7.9x10°% 0.6 52x10°%

Vinyl chloride 2.3x10°% 4.7 - - -
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Figure 26. Maximum specific uptake rate as a function of

substrate concentration as estimated by Monod kinetics (model
A) for biodegradation of selected chlorinated ethenes at study

site near Niagara Falls, N.Y.: A. Trichloroethene. B. cis-1,2-
Dichloroethene. C. Vinyl chloride.

the reaction sites, and thereby decrease the rates of
biodegradation (Bekins and others, 1998).

First-order reactions

The four models (B through E) that represented
biodegradation as first-order reactions were
constructed to investigate the effects of selected
transport properties (sorption, velocity, and TCE
source) on first-order rate constants estimated by
nonlinear regression. First-order reactions for each
reductive dechlorination step were obtained by
specifying Kg values (2,600 mg/L) much larger than
observed concentrations of chlorinated ethenes, and
estimating Vo values through regression.
Representing Monod kinetics as afirst-order reaction
(model B) resulted in little change in model error, as
expected, but the resulting TCE-uptake rate was 10
percent lower (table 11), and the resulting mass of
DCE removed by pumping was about 20 percent less,
than in model A (table 8). Concentration distributions
and model errors computed by models C, D and E
were also similar to those computed by model A,
except for model E, which represented the TCE source
as aconstant flux. Model error increased 40 percent in
model E because (1) simulated concentrations for the
May 1990 prepumping condition were overpredicted,
and (2) the simulated plume had dissipated by April
1998, when the rate of TCE removal through pumping
exceeded the simulated rate of TCE dissolution.
Neglecting the effect of sorption (model C) yielded
maximum uptake rates (Va) for DCE and VC that
were 40 percent and 60 percent higher, respectively,
than in model A, and yielded 10 percent less DCE-
mass removal by pumping. Increasing ground-water
velocity by decreasing effective porosity from 3t0 0.3
percent in model D yielded maximum uptake rates for
TCE, DCE, and VC that were about 1 order of
magnitude larger than in model A.

Maximum uptake rates estimated by thefirst-order
models B, C and E are at the high end of the range of
those reported from other field studies (table 11), and
those estimated by model D (high ground-water
velocity) are an order of magnitude higher than any
reported rates. Half-lives corresponding to the rates
estimated by the other four models (low ground-water
velocity) range from 21 to 25 days for TCE, 170 to
230 daysfor DCE, and 18 to 23 days for VC. Half-
lives computed for TCE and DCE in laboratory studies
that used contaminated ground water from the site
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Table 11. First -order reaction constants for trichloroethene, cis-1,2-dichloroethene, and vinyl chloride estimated through nonlinear
regression in BIOMOC simulations of prepumping conditions and pump-and-treat remediation at study site near Niagara Falls,

N.Y., and by previous field studies at other sites
[Dashes indicate no estimate available. mg/L, milligrams per liter.]

First-order approximation

Model E: Wilson and
Monod kinetics Model C: Model D: constant-flux others
Constituent Model A Model B no sorption high velocity source (1996)2

Uptake rate A =V /Ks (per day)

Trichloroethene 0.032 0.028 0.033 0.32 .028 0.02-6x 10

cis-1,2-Dichloroethene 32x10°% 3.5x 1073 41x10°% 028 30x10°  .014-2x10*

Vinyl chloride .023 .033 .038 27 .031 .02-5x10*
Half-life (days)

Trichloroethene 24P 25 21 2 25 35- 1100

cis-1,2-Dichloroethene 420° 200 170 25 230 50 - 3600

Vinyl chloride 33P 21 18 3 23 35 - 1400

& Summary of field studies at other sites.

b time to 50 percent disappearance, assuming initial concentrations; TCE= 26 mg/L, DCE=13 mg/L; VC=0.3 mg/L

were 63 and 130 days, respectively (Yager and others,
1997).

MOC3D simulations

MOC3D simulations were used to quantify the
effects of matrix diffusion of TCE and to estimate the
age of ground water near the facility. The effects of
matrix diffusion on the transport of TCE in the Guelph
A were investigated through 2D steady-state
simulations with MOC3D that incorporated double-
porosity exchange and represented biodegradation of
TCE as afirst-order reaction. The age of ground water
near the facility was computed in 3D steady-state
simulations that represented 30 years of transport and
neglected the effects of sorption.

Matrix diffusion

The MOC3D simulations of matrix diffusion used
first-order reaction rates and boundary conditions
specified in BIOMOC modé E, in which TCE
dissolution from the assumed DNAPL source was
represented as a constant flux. Three different
conditions were considered: (1) no diffusion, (2)
diffusion into the rock matrix underlying and
overlying the Guelph A, and (3) diffusion into the
Guelph A rock matrix. The diffusion processes
considered areillustrated in figure 27.

The linear transfer coefficient a used to

Simulation of Transport and Biodegredation of Chlorinated Ethenes

represent diffusion was computed from the
following relation (from Sudicky, 1990):
3e,,D’
| 2
where L is one-half the fracture spacing [L], and
€m IS Matrix porosity.

The effective diffusion coefficient D' is given
by

D' = 6D, (12)
where D\,\éis free-water diffusion coefficient
[L2TY, and

0 is geometric factor related to the matrix

porosity (see eg. 6).

Computed o values used the D,, value for vinyl
chloride (1.3 x 10°° m?/s; Lide, 1990) and a matrix
porosity of 7 percent, as reported by Novakowski and
others (1999). Half-fracture spacings L for condition 2
(diffusion into the overlying and underlying rock
matrix) and condition 3 (diffusion within the Guelph
A) were 3 ft and 0.75 ft, respectively (fig. 27).
Novakowski and others (1999) suggest avalue of 0.1
for the geometric factor 6 based on diffusion
experiments conducted with rock cores from the
L ockport Group. Tracer tests conducted in fractured
crystalline bedrock at Mirror Lake, N.H. yielded
estimates of & near 1.0; this higher estimate was
assumed to reflect the effects of diffusion between
regions of mobile and immobile water within the
fracture plane (A. M. Shapiro, U.S. Geological Survey,

" (1)
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Figure 27 . Fracture spacing of Guelph A and surrounding
rock matrix assumed in the calculation of linear transfer
coefficients used to represent double-porosity exchange in
MOC3D simulations of TCE diffusion at study site near
Niagara Falls, N.Y.

oral commun., 1999). In the present study, the lower &
value was specified in computing a for diffusion into
the surrounding rock matrix (4.7 x 10°® d'1), and the
higher & value was specified in computing a for
diffusion within the Guelph A (3.8 x 10 d™b).
Distributions of TCE concentrationsin the Guelph
A, as computed by MOC3D simulations after 30 years
of transport under prepumping conditions with and
without diffusion, were similar to those computed by
BIOMOC model B. TCE concentrations in the rock
matrix, as computed by simulations incorporating
matrix diffusion, were the same as those within the

Table 12. Mass of trichloroethene in contaminant plume at
study site near Niagara Falls, N.Y., in May 1990 before
pumping began, as computed from first-order reactions from
MOC3D simulations with and without diffusion into
surrounding rock matrix and within Guelph A

[All values are in kilograms.]

Diffusion into Diffusion
Without surrounding within

Component diffusion rock matrix Guelph A
Dissolved 24 24 25
Sorbed 37 37 37
Rock matrix - 13 57
Total in storage 65 78 119

fracture network; thisindicates that a dynamic
equilibrium had been reached between TCE dissolved
in water and TCE stored in the rock matrix. The
computed mass of TCE stored in the rock matrix
surrounding the Guelph A represented 17 percent of
the mass stored in the plume, while the computed
mass in the rock matrix within the Guelph A
represented 48 percent of the mass stored in the plume
(table 12). The simulated TCE mass stored in the rock
matrix surrounding the Guelph A was unchanged after
5 years of pump-and-treat remediation, but about 60
percent of the simulated TCE mass in the rock matrix
within the Guelph A was removed by pumping
because the diffusion rate was faster.

Ground-water age

MOC3D solves a specia form of the solute-
transport equation (eg. 9) to simulate ground-water
age at each model cell. The computed age is the time
elapsed since the beginning of the transport
simulation, or the residence time within the flow
system for water introduced at model boundaries. The
age of water within the transport grid boundaries at the
beginning of each simulation was specified as zero, as
was the age of water entering the aquifer from rocket-
test discharge near the source, but water entering as
underflow across the upgradient transport boundary
was specified as 10 years. This age was calculated
from an assumed ground-water velocity of 2.7 ft/d and
amean distance travelled (from the recharge area) of
10,000 ft.

The two values of fracture porosity considered in
BIOMOC simulations—3 percent and 0.3
percent—were specified in MOC3D simulations.
Computed ground-water ages for the high-porosity
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Figure 28. Age of ground water at study site near Niagara Falls, N.Y., in May 1990, after 30 years of transport with
fracture porosity of 3 percent prior to pump-and-treat remediation, as computed by steady-state MOC3D simulation:
A. Weathered bedrock (model layer 1). B. Guelph A (model layer 5).
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Figure 28. (continued)Age of ground water at study site near Niagara Falls, N.Y., in May 1990, after 30 years of transport
with fracture porosity of 3 percent prior to pump-and-treat remediation, as computed by steady-state MOC3D simulation:
A. Weathered bedrock (model layer 1). B. Guelph A (model layer 5).
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(low-velocity) simulation indicate that water in
weathered bedrock (model layer 1) islessthan 16
years old within the modeled area used in transport
simulations and generally less than 6 years old near
the manufacturing facility and north of Bergholtz
Creek (fig. 28). The computed age of water in the
Guelph A isless than 10 years within the contaminant
plume and less than 18 years el sewhere. Decreasing
the fracture porosity from 3 to 0.3 percent produced
ground-water ages of less than 1 year throughout the
contaminant plume. Ground-water ages from 4 to 10
years within the contaminant plume would be
consistent with tritium activities measured in wellsin
1995; thisindicates that the high-porosity (low-
velocity) simulation better represents ground-water
flow near the facility.

The ages of less than 2 years computed for water
near the TCE source areain both simulations are
inconsistent with tritium activities measured in 1995.
Tritium activities in precipitation at Ottawa 1995 have
ranged from 12 to 23 TU since 1992, with a mean of
18 TU (fig. 8), whereas the tritium activity at well 87-
08(1) in 1994 was 31 TU; therefore, the water
probably entered the aquifer before 1992. The
discrepancy between simulated ages and measured
tritium activity near the TCE source indicates either
that the ground-water mound near the facility was not
caused by water discharged from recent rocket tests, or
that tritium activity measured in precipitation at
Ottawa does not reflect the activity of rocket-test
water, which originated in the Niagara River.

DISCUSSION OF MODEL RESULTS

Transport simulations with BIOMOC indicate that
the information concerning the hydrogeology and
contaminant distributions at the siteis sufficient to
demonstrate that the chlorinated ethene plumein April
1998 had reached a dynamic equilibrium between the
rate of TCE dissolution and the rate of removal
through pumping and biodegradation. Moreover, the
estimated biodegradation rates of TCE and its
metabolites obtained for a specified fracture porosity
span arelatively narrow range, despite the wide scatter
in the measured concentrations of chlorinated ethenes,
therelatively poor model fit, and differing assumptions
concerning the effects of physical transport processes.
The principal sources of uncertainty in estimating
biodegradation rates and predicting the fate of
chlorinated ethenes at the site are the estimates of

ground-water velocity and mass of DNAPL remaining.
The uncertainty concerning possible effects of
physical transport processes other than advection
(dispersion, sorption, and diffusion) and assumptions
regarding the distribution of hydraulic properties at the
siteislessimportant than uncertainty concerning
ground-water velocity and DNAPL massin the
prediction of equilibrium contaminant concentrations.

Ground-water-flow model

The flow model represents the fracture network in
the Guelph A as uniform, with asingle value of
transmissivity, except in an areawest of the facility,
where aregion of lower transmissivity is hypothesized
to form apartial hydraulic barrier that diverts the
plume southward. Thisrelatively ssmple model design
does not accurately reproduce the head distribution
south of the facility, where the measured hydraulic
gradient north of Bergholtz Creek is steep, but flattens
south of the creek. The model could be refined to
accurately represent hydrogeol ogic conditions and
ground-water-flow directionsin this area if
information from additional wells and hydraulic tests
were available. The estimation of biodegradation rates
is constrained primarily by the assumed size of the
plume and the estimated mass of chlorinated ethenes
removed by the pump-and-treat system; uncertainty
regarding conditions that control the direction of
ground-water flow is less important because the
apparent dispersivity isrelatively large.

Solute-transport models

Simulation of solute transport indicates that,
before pumping began in 1993, chlorinated ethene
migration at the site was a continuing processin which
the rate of TCE dissolution equaled the rate of removal
through biodegradation. The dissolution and
biodegradation rates (fig. 29A) cannot be uniquely
determined solely from the measured concentration
distributions of TCE, DCE and VC, however, because
similar distributions can be produced by
proportionately increasing or decreasing each of the
rates. Estimates of the mass of contaminants removed
through pumping during 1993-98 provide the
additional information needed to uniquely determine
rates of dissolution and degradation for an assumed
fracture porosity (fig. 29B). Concentration
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distributions of chloride and CO, cannot be used to
further constrain the rate estimates because native
ground water at the site contains relatively high
concentrations of these biodegradation products. The
maximum rate of VC uptake (V gy 1S higher than the
maximum rate of DCE uptake, contrary to the results
of laboratory studies of reductive dechlorination; this
indicates that some of theVV C is degraded by another
unidentified process. The conversion rate of VC to
ethene cannot, therefore, be estimated from the
available data.

Estimates of maximum uptake rates in microbial
reactions are proportional to the ground-water
velocity, which is determined by the assumed fracture
porosity. An assumed fracture porosity of 3 percent
yields implied reaction rates that compare favorably
with those reported by other studies and ground-water
ages that are consistent with measured tritium
activities, except near the TCE source. The fracture
aperture computed from the estimated transmissivity
of the Guelph A indicates that the fracture porosity is
an order of magnitude less (0.3), however, which gives
faster reaction rates and younger ground water ages.
The ground-water velocity at the site could be
estimated from either the fracture porosity as obtained
through tracer tests, or from the age of ground water as
indicated by concentrations of environmental tracers.
Delineating the gradient of ground-water age near the
TCE source might also explain the discrepancy
between simulated ground-water ages and the
measured tritium activities.

Dissolution of DNAPL from bedrock fractures
beneath the former neutralization pond is assumed to
be the source of TCE at the site. The model
reproduced chlorinated ethene concentrations of April
1998 better when representing the TCE source as a
constant concentration than as a constant flux, because
the constant-flux boundary condition predicted that the
plume would dissipate after 5 years of pump-and-treat
remediation. This result indicates that the present
dissolution rate of TCE does not depend on the mass
of TCE stored inthe DNAPL. Computation of thetime
required for complete removal of TCE from the
aquifer and the dissipation of the chlorinated ethene
plume will require an estimate of the stored mass of
TCE. Transport simulations indicate that about 7,950
kg of TCE (5,430 L or 1,430 gal) was removed from
the site during 1960-98 through biodegradation (88
percent) and pumping (12 percent), and that the
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Figure 29. Chlorinated ethene biodegradation processes at
study site near Niagara Falls, N.Y., based on mass flows
computed from BIOMOC simulations with Monod kinetics
(model A): A. May 1990, before pump-and-treat remediation.
B. April 1998, after pump-and-treat remediation.

pumping has more than doubled the annua removal
rate of TCE since 1993 (table 9).

Biodegradation of chlorinated ethenes at the site
can be simulated by first-order reactions because
contaminant concentrations are generally less than the
half-saturation constants K estimated for Monod
kinetics. The estimated Kq values are larger than those
obtained in laboratory studies of biodegradation,
possibly because contaminant concentrations in the
field reflect the effects of competing physical transport
processes such as sorption and diffusion, which can
decrease degradation rates. The application of first-
order rates probably overestimates the degradation rate
near the TCE source, where contaminant
concentrations could equal or exceed the estimated Kg
values. The Monod reaction constants could be
estimated more reliably if additional data were
available to refine the concentration profile near the
contaminant source.

Sorption and diffusion slow the migration of
contaminants and create additional reservoirs of
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contaminants on fracture surfaces and within the rock
matrix. Simulation of sorption had little effect on the
concentration distributions computed by the transport
model s because sorption was represented as an
instantaneous reaction through a partition coefficient
Kg- Simulation of diffusion also had little effect on the
computed concentration distribution of TCE under
prepumping conditions, but indicated that 17 to 48
percent of TCE mass in the contaminant plume could
be stored within the rock matrix. Computed TCE
concentrations within the rock matrix above and bel ow
the Guelph A were relatively unaffected by 5 years of
pumping, whereas the ssimulated TCE mass therein
was decreased 60 percent by pumping. These results
indicate that diffusion of chlorinated ethenes from the
rock matrix could provide a continuing source of
contaminants at the site. The importance of sorption
and diffusion reactions at the site are unknown, but
could be estimated through the methods applied by
Novakowski and others (1999) at Smithville, Ontario,
where laboratory studies of rock cores were conducted
to obtain partition and effective diffusion coefficients.
Alternatively, these coefficients could be estimated
from a comparison of measured pore-water
concentrations of chlorinated ethenes within the rock
matrix with simulated concentrations.

SUMMARY

TCE was discharged to a shallow pond at a
manufacturing facility near Niagara Falls, N.Y. in the
1950's and 1960's and entered ground water in the
Lockport Group, afractured dolomite aquifer, where
it formed a plume. By 1990, the plume encompassed
280 acres and contained TCE and its metabolites—
DCE, VC, and ethene. A 20-acre plume of DNAPL
that contained mostly TCE also formed close to the
pond. A pump-and-treat remediation system began
operation in 1993 to decrease the size of the plume
and prevent its further migration. The presence of the
TCE metabolitesin the plume is attributed to
naturally occurring microorganisms that have adapted
to utilize the chlorinated ethenes as substrates for
microbia reactions.

The plume lies within the Guelph Dolomite, the
uppermost member of the Lockport Group. The two
principal water-bearing zones at the site are a 5-ft-
thick fracture zone at the weathered bedrock surface
and a 3-ft-thick fracture zone (Guelph A) in a
stromatolitic dolomite at the contact between the

Guelph Dolomite and the underlying Eramosa
Dolomite. Both fracture zones contain subhorizontal
bedding-plane fractures that have been widened by
dissolution of dolomite and gypsum. Ground water
generally flowed southwestward near the facility in
August 1990, but discharge of water at an adjacent
facility formed alocal ground-water mound that
directed the flow of water southward toward Bergholtz
Creek. The pump-and-treat remediation system
created a cone of depression in 1993 that altered the
natural ground-water flow directions south of
Bergholtz Creek.

The contaminant plume shows two features that
are characteristic of transport through a nonuniform
fracture network: (1) the plumeis nearly aswide asiit
islong, indicating a close similarity between
longitudinal and transverse dispersivity, and (2) the
apparent southward direction of migration is not
aligned with the southwestward hydraulic gradient.
These features possibly result from local variationsin
fracture aperture and in the pattern of fracture
connections within the Guelph A. Most of the water
and solutes in the Guelph A probably flow along
primary paths of connected fractures; the rest flows at
aslower rate through secondary paths, where fracture
apertures are smaller and the fractures are poorly
connected. Sorption of soluteto the fracture walls, and
diffusion of solutesinto the rock matrix within the
Guelph A and above and below it, could create
temporary reservoirs of chlorinated ethenesin the
fracture network.

Ground-water flow was represented by afive-layer
model that used MODFLOWP in steady-state and
transient-state simulations to represent conditions
before and after remedial pumping began in 1993. The
top model layer represented the fracture zone in the
weathered bedrock, and the bottom layer represented
the Guelph A; the remaining three layers represented
the rock matrix separating the two fracture zones.
Inflow boundaries were specified to represent
underflow from upgradient areas and recharge from
precipitation and from industrial discharge. Outflow
boundaries represented discharge to three perennial
streams and to pumped wells. Model parameter values
were adjusted through nonlinear regressions that used
water levels and stream discharges measured under
prepumping (steady-state) and pumping conditions.

Hydraulic-head distributions obtained from model
simulations reproduced the ground-water mound near
the facility and discharge to Bergholtz Creek and
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pumped wells, but did not accurately reproduce the
southward transition in hydraulic gradient from steep
to flat near Bergholtz Creek. An assumed region with a
decreased transmissivity (1 order of magnitude) lower
than estimated for the remainder of the Guelph
A—460 ft?/d—was specified west of the facility to
direct simulated flow paths southward, rather than
southwestward with the prevailing hydraulic gradient.
The estimated parameter values indicated less flow
through the weathered bedrock and more flow through
the Guelph A than did previous estimates by aregional
ground-water-flow model. Transmissivity values
obtained in this study are within the range computed
from a cross-hole test and closely matched transient-
state simulation of pumping conditions, and probably
reflect subsurface conditions near the facility more
accurately than estimates obtained with the regional
model.

Two-dimensional (2D) simulations of chlorinated
ethene transport within the Guelph A were conducted
with (1) BIOMOC, which represented coupled,
multispecies reactions with Monod kinetics, and (2)
MOC3D, which represented biodegradation of asingle
species (TCE) as afirst-order reaction and included
the effects of double-porosity exchange between
mobile water in the Guelph A with immobile water in
the rock matrix. Vertical flow to and from the Guelph
A from overlying units was specified in 2D
simulations as a constant flux (recharge) at the flow
rates computed from 3D simulations of ground-water
flow. TCE production through DNAPL dissolution
was represented as either a constant flux or a constant
concentration in model cellsthat corresponded to the
DNAPL plume. Reaction constants were adjusted
through nonlinear regression that used chlorinated
ethene concentrations measured under prepumping
(steady-state) conditions and pumping conditions, and
the calculated mass of contaminants pumped during
1993-98.

The distributions of chlorinated ethene
concentrations computed by BIOMOC simulations
underestimated the extent of observed TCE migration
and overestimated the extent of DCE and VC
migration for the prepumping condition in 1990.
Model residualsindicate that, although the rangein
computed concentrations is comparabl e to the
observed range, the model fit at certain locationsis
poor (r2 = 0.75), partly because of wide scatter in the
observed data. Bias shown in the residual plots
indicates that some important transport processes are

not accurately represented in the simulation.
Computed masses of chlorinated ethenes removed by
pumping agree reasonably well with the measured
masses. Simulations in which the TCE source was
represented as a constant concentration indicated that
TCE production from DNAPL dissolution increased
from 185 kg/yr under prepumping conditions in 1990
to 438 kg/yr by 1998 as aresult of the lowering of
TCE concentrations caused by pumping. About 60
percent of the TCE entering the aquifer during 1993-
98 was degraded to DCE; the remainder was removed
by pumping. Representing the TCE source as a
constant flux erroneously predicted that the
contaminant plume would dissipate by April 1998
after 5 years of pump-and-treat remediation; this
indicates that the dissolution rate of TCE is not
determined by the mass of TCE stored in the DNAPL.

Biodegradation of chlorinated ethenes at the site
can be represented as first-order reactions because (1)
uptake rates computed from Monod kinetics are nearly
equivalent to rates computed from afirst-order
approximation, and (2) the computed concentrations
are generally less than the estimated half-saturation
constants. Estimates of degradation half-lives are
inversely proportional to the ground-water velocity
and, therefore, proportional to fracture porosity. A
fracture porosity of 3 percent yields degradation-rate
estimates that compare favorably with those reported
by other studies—21 to 25 days for TCE, 170 to 230
daysfor DCE, and 18 to 23 daysfor VC. A decreased
fracture porosity of 0.3 percent, which is consistent
with fracture aperture computed from the estimated
transmissivity of the Guelph A, yields half-lives that
are an order of magnitude shorter than those cal cul ated
from the 3-percent value.

Sorption and diffusion slow the migration of
contaminants and create additional reservoirs of
contaminants on fracture surfaces and within the rock
matrix. Simulation of sorption and diffusion had little
effect on the computed concentration distributions, but
simulation of TCE diffusion within the rock matrix
above and below the fracture zone indicated little
change in the computed concentrations after 5 years of
pump-and-treat remediation; this suggests that
diffusion of chlorinated ethenes from the rock matrix
could provide a continuing source of these
contaminants at the site.

The age of ground water within the contaminant
plume computed by MOC3D simulations was less
than 10 years when the fracture porosity was 3 percent
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and lessthan 1 year when the fracture porosity was 0.3
percent. The computed age of lessthan 2 years for
water near the TCE source areafrom both simulations
isinconsistent with the age indicated by tritium
activity measured in 1995 (31 TU) because tritium
activitiesin precipitation at Ottawa since 1992 have
ranged from 12 to 23 TU. This discrepancy could
indicate that the ground-water mound near the facility
isolder than the water discharged from recent rocket
tests, or that the tritium activity in precipitation at
Ottawa is not consistent with the tritium activity of
water from the municipal water source (NiagaraRiver)
used in the rocket tests.

Transport simulations indicate that the available
information on the hydrogeol ogy and contaminant
distributions at the site is sufficient to demonstrate that
the chlorinated ethene plume reaches a dynamic
equilibrium between the rate of TCE dissolution and
the rate of removal through pumping and
bi odegradation within about 5 years. Estimated
reaction rates for biodegradation of TCE and its
metabolites are directly proportional to the ground-
water velocity, which is determined by the assumed
fracture porosity. The ground-water velocity and the
mass of DNAPL remaining are the principal sources of
uncertainty in predicting the fate of chlorinated
ethenes at the site. The effects of physical transport
processes (dispersion, sorption, and diffusion), and
assumptions regarding the distribution of hydraulic
properties at the site, are less important.
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