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The update addresses comments received from the Wisconsin Department of Natural
Resources on November 17, 1997. This update addresses the following key items with
respect to the TMA submodel:

e Revised model structure based on the 1998 revisions to the regional groundwater flow
model.

» Inclusion of revised percolation rates based on the extension of a drainage layer along
the upper sideslopes of the TMA.

¢ Inclusion of the TMA reclaim pond.

* Revised grid boundaries.

» Sensitivity analysis on vertical dispersivity.

o Particle tracking simulations to assess flow paths from the TMA.
e Detailed cross sections showing model layers.

e Calibration to CFC data.

» Sensitivity analysis on a global increase in hydraulic conductivity of the glacial
deposits.

e Sensitivity analysis on TMA percolation rates.
This update also addresses the following items pertaining to the mine reflood model:
» Modeled cross sections showing particle starting positions, model layering, and the
crown pillar.
¢ Sensitivity analysis on the starting positions of particles.
o Sensitivity analysis on hydraulic conductivity of the mine backfill.
You will note that sensitivity analyses covered in the November 1996 report are not repeated

in the update to the report. Also, final compliance boundary concentrations are addressed in

the forthcoming revised groundwater quality performance evaluation.
|

Should you have zﬂ-y questions concerning this document, please call me at (715) 478-3393.

Sincerely,

Gordon Reid
Manager of Engineerirg
Nicolet Minfrals Company

MLD2\93C049\éBAPP\61 690.61\4000



NUMERICAL SIMULATION OF POTENTIAL SOLUTE
TRANSPORT AT THE PROPOSED ZINC AND COPPER
MINE NEAR CRANDON, WISCONSIN

S

NOVEMBER 20, 1996

4.2-10-1. Gearrans, incC.



|
TABLE OF CONTENTS

1 INTRODUCTION . .. .. e e e e 1-1

1.1 PROJECT DESCRIPTION . .. ....... ...t 1-1

1.2 OBJECTIVES OF STUDY .. ... . i 1-2

1.3 METHOD OF INVESTIGATION ......... ... .. ... 1-2

1.4 CONCEPTUALMODEL . ........ .. ... . i 1-4

1.5 NUMERICAL MODELING APPROACH ............................. 1-5

2 TAILINGS MANAGEMENT AREAMODEL ................. ... ... ........ 2-1

2.1 NUMERICALMODELDESIGN ...............0oiiiiin... 2-2

2.1.1 CodeSelection .............. ... .. 2-2

2.1.2 Grid Design and Discretization . ............................. 2-3

2.1.3 Model Parameters and Boundary Conditions .. .................. 2-4

22  MODEL CALIBRATION .......... ... i 2-7

2.2.1 Comparison to the Regional Groundwater Flow Model . . ... .. ... .. 2-7

222 ComparisontoFieldData .................................. 2-7

23  TRANSPORT SIMULATION METHODOLOGY .................... 2-8

2.3.1 TMA ExfiltrationRates . . . . ... e 2-8

2.3.2 Superpositionof Sources ..................... ... ... 2-9

2.3.3 Other Changing Boundary Conditions .. ...................... 2-11

24  MODELPREDICTIONS . ... .. ... ... .. 2-11

2.4.1 BestEngineeringJudgement ............................... 2-12

2.42 \Verification of Methodology . ............................. 2-13

243 Sensitivity Analysis .. ................. ... .. 2-14

244 PracticAlWorstCase . .............................. ... ... 2-16

2.5 SUMMARY OF TAILINGS MANAGEMENT AREA MODEL RESULTS 2-16

3 MINE REFLOODING MODEL .. ...... ... ... ... .. 3-1

3.1 APPROACH . . ... e 3-1

3.2 MODEL PREDICTIONS ... ... .. ... .. . . 3-2

3.2.1 Best Engineering Judgement . .. ........ ... ... ... .. ... ... ..... 3-2

322 Practical Worst Case . . ..., 3-2

3.3 SUMMARY OF MINE REFLOODING MODEL RESULTS ............... 3-2

4 REFERENCES . . ... .. 4-1
November 1996 il

4.2-10-2




LIST OF TABLES

L

Table 2.1
Table 2.2
Table 2.3
Table 2.4
Table 2.5
Table 2.6
Table 2.7
Table 2.8
Table 2.9
Table 2.10
Table 2.11

Best Engineering Judgement model parameters
Modeled and observed steady-state water levels
Basis for TMA phases and flux rates

TMA sub-model stress periods

TMA 1 flux rates by stress period

TMA 2 flux rates by stress period

TMA 3 flux rates by stress period

TMA 4 flux rates by stress period
Hypothetical concentration phases for sulfate
Summary of sensitivity simulations

Practical Worst Case model parameters

iii

4.2-10-3



Figure 1.1

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Figure 2.9

Figure 2.10
Figure 2.11
Figure 2.12
Figure 2.13
Figure 2.14
Figure 2.15
Figure 2.16
Figure 2.17
Figure 2.18
Figure 2.19
Figure 2.20
Figure 2.21
Figure 2.22
Figure 2.23
Figure 2.24
Figure 2.25
Figure 2.26
Figure 2.27
Figure 2.28
Figure 2.29
Figure 2.30
Figure 2.31
Figure 2.32
Figure 2.33
Figure 2.34
Figure 2.35
Figure 2.36
Figure 2.37

LIST OF FIGURES

Location map

Tailings Management Area and TMA sub-model location map
Tailings Management Area detail

Model grid

Model layering

Topographic elevation

Elevation of the bottom of model layer 1

Elevation of the bottom of model layer 2

Elevation of the bottom of model layer 3

Elevation of the bottom of model layer 4

Elevation of the bottom of model layer 5

Elevation of the bottom of model layer 6

Elevation of the bottom of model layer 7

Water table elevation from 1984 measurements

Saturated thickness of model layer 1

Saturated thickness of model layer 2

Saturated thickness of model layer 3

Saturated thickness of model layer 4

Saturated thickness of model layer 5

Saturated thickness of model layer 6

Saturated thickness of model layer 7

Coarse outwash conductivity zonation

Flow boundary conditions

TMA recharge zones

Modeled water table for the TMA sub-model and the regional model
Modeled head in TMA sub-model layer 3 and regional model layer 2
Modeled head in TMA sub-model layer 7 and regional model layer 4
Modeled head residuals in the TMA sub-model

TMA sub-model time line

TMA flux rate

TMA cumulative exfiltration volume

Illustration of the superposition method

Location of compliance boundary observation cells

BEJ concentration response curves at the compliance boundary
BEJ concentration at the compliance boundary (sulfate example)
BEJ concentration after 7 years (sulfate example, plan view)
BEIJ concentration after 17 years (sulfate example, plan view)
BEJ concentration after 23 years (sulfate example, plan view)

4.2-10-4




Figure 2.38
Figure 2.39
Figure 2.40
Figure 2.41
Figure 2.42
Figure 2.43
Figure 2.44
Figure 2.45
Figure 2.46
Figure 2.47
Figure 2.48
Figure 2.49
Figure 2.50
Figure 2.51
Figure 2.52
Figure 2.53
Figure 2.54
Figure 2.55
Figure 2.56
Figure 2.57
Figure 2.58
Figure 2.59
Figure 2.60
Figure 2.61
Figure 2.62
Figure 2.63
Figure 2.64
Figure 2.65
Figure 2.66
Figure 2.67
Figure 2.68
Figure 2.69
Figure 2.70
Figure 2.71
Figure 2.72
Figure 2.73
Figure 2.74
Figure 2.75

Figure 3.1

Figure 3.2
Figure 3.3

BEJ concentration after 32 years (sulfate example, plan view)

BEJ concentration after 100 years (sulfate example, plan view)
BEJ concentration after 200 years (sulfate example, plan view)
BEJ concentration after 300 years (sulfate example, plan view)
BEJ concentration after 650 years (sulfate example, plan view)
Location of cross section used for viewing concentration

BEJ concentration after 7 years (sulfate example, cross section)
BEJ concentration after 17 years (sulfate example, cross section)
BEJ concentration after 23 years (sulfate example, cross section)
BEJ concentration after 32 years (sulfate example, cross section)
BEJ concentration after 100 years (sulfate example, cross section)
BEIJ concentration after 200 years (sulfate example, cross section)
BEJ concentration after 300 years (sulfate example, cross section)
BEJ concentration after 650 years (sulfate example, cross section)
Verification of the superposition method for the BEJ sulfate example
Comparison of finite-difference and MOC techniques

Sensitivity to variations in effective porosity

Sensitivity to variations in dispersivity

Sensitivity to variations in recharge and hydraulic conductivity
Sensitivity to variations in flow boundary conditions

PWC concentration response curves at the compliance boundary
PWC concentration at the compliance boundary (sulfate example)
PWC concentration after 7 years (sulfate example, plan view)
PWC concentration after 17 years (sulfate example, plan view)
PWC concentration after 23 years (sulfate example, plan view)
PWC concentration after 32 years (sulfate example, plan view)
PWC concentration after 100 years (sulfate example, plan view)
PWC concentration after 200 years (sulfate example, plan view)
PWC concentration after 300 years (sulfate example, plan view)
PWC concentration after 650 years (sulfate example, plan view)
PWC concentration after 7 years (sulfate example, cross section)
PWC concentration after 17 years (sulfate example, cross section)
PWC concentration after 23 years (sulfate example, cross section)
PWC concentration after 32 years (sulfate example, cross section)
PWC concentration after 100 years (sulfate example, cross section)
PWC concentration after 200 years (sulfate example, cross section)
PWC concentration after 300 years (sulfate example, cross section)
PWC concentration after 650 years (sulfate example, cross section)

Area of upward vertical head difference between layers 4 and 6 in
regional model

Particle pathlines at year 7500 for the BEJ model

Particle pathlines at year 600 for the PWCase model

4.2-10-5



1 INTRODUCTION

1.1 PROJECT DESCRIPTION

On February 15, 1994 Crandon Mining Company (CMC) issued to the
Wisconsin Department of Natural Resources (WDNR) a Notice of Intent with a
Detailed Scope of Study (NOI/SOS) informing the agency of its plan to seek permits
and mine a zinc and copper deposit located in Forest County, Wisconsin, approximately
five miles south of the City of Crandon (Foth & Van Dyke, 1994). The location of the
Crandon ore body is shown in Figure 1.1. The ore body is long and tabular with an
approximate width of 100 feet, north-south, and a strike length of 4900 feet, east-west.
Based on the results of drilling, the mineable ore body extends to an approximate depth
of 2200 feet.

The operating plan calls for mining the deposit via underground mining
methods. This will involve both intercepting groundwater and removing it prior to
entry into areas being mined and collecting and treating groundwater that bypasses the
intercept system. Ore from the deposit will be physically concentrated on-site prior to
shipment for further processing. Tailings from the processed ore will be used to backfill
the mine workings, or will be pumped to an engineered tailings management area
constructed with a composite liner and collection system and composite cap. The
NOI/SOS described in detail the environmental studies that were conducted as part of
the permitting process. An extensive description of the project is included in the Mine
Permit Application (Foth & Van Dyke, 1995a).

As part of the project studies outlined in the NOI/SOS, a broad spectrum of
environmental issues were studied, including archaeology, biology, blasting, geology
and soils, groundwater, noise, topography, surface water, tailings management, waste
characterization, water management, wetlands, etc. This report describes in detail the
solute transport modeling that was performed as part of the environmental studies for
the permit process. The solute transport model is a tool that was used to assess
potential groundwater quality impacts of tailings management and mine closure
activities. A separate groundwater flow modeling report provides estimates of mine
water inflow and quantifies potential impacts of the mine water inflow on the overlying
glacial aquifer and the subsequent impact on the lakes and streams.

November 1996 1-1
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1.2 OBJECTIVES OF STUDY

Solute transport modeling was performed to meet two primary objectives:

. to evaluate Tailings Management Area (TMA) compliance with groundwater
standards,
. to evaluate groundwater quality in the glacial aquifer following mine reflooding.

‘ Results from the solute transport modeling study are incorporated into related
environmental studies. Results are also used in the impact section of the project’s
Environmental Impact Report (EIR) to evaluate compliance with groundwater
standards and regulations.

1.3 METHOD OF INVESTIGATION

The objectives described in Section 1.2 are accomplished through the
development of a numerical model that is capable of simulating the transport of
dissolved constituents in the groundwater and from evaluation of flow directions during
and following mine operations. This type of an analysis integrates available data and
allows a hydrogeologic evaluation with extensive physical complexities (e.g.
heterogeneity and other non-uniform parameter distributions). Predictions of future
hydrologic changes on the system can be made, as well as an assessment of the
sensitivity of various parameters on model results. The TMA transport model differs
from the previously documented flow model in that it computes concentrations at points
within the model, instead of the hydraulic heads that were computed by the flow model.

The generalized modeling process begins with development of a conceptual
hydrogeological model. The conceptual model includes definition of hydrostratigraphic
units, boundary conditions, sources, and sinks. The conceptual model is transformed
into a mathematical model, consisting of governing groundwater flow and solute
transport equations, which is solved by a computer program. The numerical
groundwater flow model is calibrated to observed conditions. Model calibration is an
iterative process of adjusting and revising model features and/or parameters, within
hydrogeological reason, in order to test the conceptual understanding of the system and
to match modeled results to field measured values. After the model is calibrated,
predictive simulations are performed.

The solute transport modeling for this study uses the results of a regional
groundwater flow model as its basis for representing the hydrogeological system.
Detailed descriptions of the conceptual model, model construction, calibration,
sensitivity analysis, and predictions are contained in GeoTrans (1996). The three-
dimensional solute transport modeling documented in this report expands upon a two-

November 1996 1-2
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dimensional cross-sectional analysis that was documented in an earlier version of the

groundwater modeling report. The earlier modeling report was completed in .
September 1995 and submitted to the WDNR, U.S. Army Corps of Engineers (COE),

and other interested parties for review. That study and report were the subject of

several meetings with the regulators. The discussions from those meetings has resulted

in the modeling effort being updated. The primary change for the solute transport

analysis was to extend the model to three dimensions. This report, along with the flow

modeling report that was submitted in August 1996, serves to update and replace the

September 1995 report on groundwater modeling.

Construction of the TMA solute transport model consisted of focusing the
model domain used in the regional flow model on the vicinity of the TMA and it's
proposed compliance boundary and increasing the resolution of computational points
within that area. The stratigraphic layering and hydraulic parameters used in the solute
transport model are therefore nearly identical to those used for the TMA area of the
regional flow model. The construction of the solute transport model is discussed in
detail in Section 2.1

The solute transport model uses parameters and boundary conditions derived
from the calibrated regional groundwater flow model. In this sense, the groundwater
flow aspects of the solute transport model are calibrated. Comparison of the solute
transport model flow field to the groundwater model flow field as well as to observed
field data were made to verify calibration. The results of this comparison is provided in
Section 2.2. Calibration of solute transport properties is not possible. .

Groundwater quality in the glacial aquifer following mine reflooding was
assessed by analyzing flow paths and velocities of particles originating in the mined ore
body. This advective solute transport model used the calibrated regional groundwater
flow model directly. Therefore, additional model construction and calibration were not
necessary to evaluate groundwater quality in the glacial aquifer following mine
reflooding.

Predictive simulations of the potential groundwater quality impacts of tailings
management and mine closure activities were also made. The predictive simulations
with parameters that were based on model calibration and best available data are
referred to as the Best Engineering Judgement (BEJ) simulations. Confidence in the
ability of the model to represent the natural system was obtained from the multiple
calibrations and sensitivity analysis performed with the groundwater flow model. In
addition, a series of sensitivity simulations were performed on the solute transport
model predictions. Sensitivity analysis involved running the models with a range of
parameter values in order to determine which parameters are most influential in the
model and system. These sensitivity simulations formed the basis for the Practical
Worst Case (PWC) simulations. The PWC simulations represents a combination of

November 1996 1-3
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possible, but unlikely factors that could cause impacts to be in excess of those predicted
by the BEJ simulation. ’

1.4 CONCEPTUAL MODEL

Separate conceptual models exist for each of the two objectives of the solute
transport modeling study. The first deals with leakage of dissolved constituents from
the engineered TMA facility. The second deals with water flowing upwards out of the
ore body into the glacial aquifer system following mine closure.

The simulated mechanisms for solute transport from the TMA into the glacial
system include movement of water through the lined facility during operation of each
TMA basin, movement of water through the covered and lined facility following closure
of each TMA basin, and postulated degradation of the Flexible Membrane Liner (FML)
at some time in the future. These hypothetical events are assumed to be sequential.

The first two events during which leakage is considered, operation and closure, are of
known duration. Degradation of the FML, if it occurs, would happen at an unknown
time in the future. A reasonable FML life was therefore assumed.

The conceptual model involves precipitation entering the TMA basins either by
direct input during operation or through the composite liner (including FML and clay
liner) and clay cap following closure. Tailings water is assumed to bypass the leachate
collection system and percolate through the FML. Leakage through the FML was
based on HELP model calculations completed by Foth andVan Dyke as part of the
development of the TMA Feasibility Report/Plan of Operation. These calculations
consider the amount of leakage that would result from a scenario involving an assumed
number of holes in the FML and are standard for landfill design and assessment. The
leakage through the FML is assumed to enter the unsaturated zone and travel vertically
to the glacial aquifer system. The transit time in the unsaturated zone is likely on the
order of many years or decades (EMC, 1985). For purposes of this analysis, two events
were considered, entry of solute to the groundwater system on the first day of operation
as the BEJ case and entry of solute to the groundwater system following cessation of
mining activities as a sensitivity simulation. Once solute enters the groundwater system,
it is assumed to be advected along groundwater flow paths toward groundwater
discharge points. Along the route to discharge points, the solute mixes with resident
groundwater and is dispersed through travel along tortuous paths in the saturated
groundwater system. No geochemical reactions, such as adsorption or decay, are
assumed to occur. Disregarding geochemical reactions is conservative with respect to
travel time (adsorption) and with respect to concentrations at the compliance boundary
(decay). As will be discussed in CMC'’s final Waste Characterization Report,
concentrations within the source area are assumed to vary through time.

November 1996 1-4
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The conceptual model of flow through the mine workings is only possible after
the mine has been reflooded following cessation of mining activities. Flow through the .
upper part of the mined workings into the glacial system is postulated to occur because

there is a slight upward head gradient on the western end of the ore body under current

conditions. The possibility therefore exists for flow passing through the upper mine

workings, coming in contact with backfilled tailings and exiting the western part of the

ore body. The analysis that was conducted assessed groundwater flowpaths resulting

from post mining conditions. This scenario involved assessment of flow through the

mine, once the mined area had been backfilled with tailings.

1.5 NUMERICAL MODELING APPROACH

Waste characterization studies documented in Foth & Van Dyke (1995b)
indicate that source term concentration of some constituents will be in excess of
applicable groundwater standards if these concentrations were considered at a
compliance boundary. However, scoping calculations documented in the TMA
Feasibility Report (Foth & Van Dyke, 1995c¢) indicate that concentrations will be
reduced at least ten-fold between the source term and the proposed compliance
boundary. Although the ten-fold reduction in concentration is sufficient for most
constituents to comply with groundwater standards, a more sophisticated approach of
computing concentrations at the compliance boundary and at points in between was
desired. Numerical modeling was selected as the tool to address such complexities as
changing flow directions due to cessation of mining operations, a changing source term,
and the need to efficiently assess parameter sensitivity and Practical Worst Case
situations. '

Two separate numerical analyses, one for the TMA leak scenario and one for
the mine reflooding scenario were made. For the TMA leak scenario, the entire history
of solute transport was simulated, from entry of solute to the groundwater flow system
until occurrence of a significant decline in concentration at the proposed compliance
boundary. The model simulates flow in the saturated zone only, from point of entry to
the glacial system to the proposed compliance boundary or nearby hydrologic boundary.
Relative concentrations are used, such that reductions in concentrations at the proposed
compliance boundary are expressed as a fraction of the input term. A superposition
approach is used to account for time-variant changes in source concentrations. The
advantage that this method has over using constituent specific concentrations is that a
single simulation can be used for a variety of constituents. Actual concentrations can be
calculated by multiplying the source concentration by the relative concentration
computed by the model. A demonstration of the superposition and relative
concentration method is provided in Section 2.3.

A three-dimensional model was used to evaluate groundwater flow in the
vicinity of the TMA. The model uses a greater resolution of nodes, both vertically and

November 1996 1-5
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horizontally, than the regional groundwater flow model. The model uses parameters
and boundary conditions derived from the regional groundwater flow model. Solute
transport properties were obtained from the technical literature. Determination of site
specific solute transport properties such as dispersivity and retardation by field methods
was not considered necessary or practical. Instead of conducting field tests, reasonable
ranges of solute transport parameters were tested with the model in the sensitivity
analysis. Reasonable ranges for dispersivity were based on Gelhar, et al (1992).
Retardation was conservatively assumed to not occur. The possible ranges in
concentrations and travel time were evaluated with the model and discussed as a
Practical Worst Case.

The regional groundwater flow model was used to simulate the potential for
upward flow, out of the ore body and into the glacial system, following mine closure
and reflooding. This flowpath currently occurs and is the result of hydraulic
conductivity differences between the ore body, bedrock, and glacial system. The model
evaluated future flowpaths resulting from decreased hydraulic conductivities in the ore
body caused by backfilling with coarse tailings. The model was based on site-specific
conditions and how they would be altered as a part of mine backfilling operations. The
results of these simulations indicated that particle travel times to the compliance
boundary would be very long. This finding eliminated the need to perform a detailed
evaluation of solute transport from the ore body.

November 1996 1-6
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2 TAILINGS MANAGEMENT AREA MODEL

Groundwater transport of solutes originating at the Tailings Management Area
(TMA) was simulated with a numerical model covering an area much smaller than that
of the regional groundwater flow model (GeoTrans, 1996) (Figure 2.1). The TMA
sub-model was built from the same data set used to construct the regional model, as
explained in Section 2.1. Section 2.2 demonstrates that the sub-model produces results
that are consistent with those of the regional model.

Full details of the TMA design appear in a separate report (Foth & Van Dyke,
1995¢c). As shown in Figure 2.2, the TMA will consist of cells 1 through 4, each with
three regions: base, sideslope with drainage, and sideslope without drainage. The
TMA cells will be operated on a phased schedule, with TMA 1 receiving the first mine
tailings, TMA 2 beginning operations about seven years later, and so on. The
exfiltration rate from the TMA to the groundwater will be much smaller than the natural
precipitation recharge rate because of the engineered liner and drainage system (Foth &
Van Dyke, 1995c). Within each cell, the exfiltration rate will vary depending on the
region (base, sideslope with drainage, or sideslope without drainage). Modeled
variations in the TMA exfiltration rate are explained in detail in Section 2.3.

The mine tailings in the TMA may contain many constituents to be monitored
(e.g. sulfate, iron, manganese, calcium, etc.). The concentration of these constituents in
the pore water of the tailings will depend on many factors, including the availability of
air in the pores. A characterization of the pore water chemistry is currently being
conducted as a separate study. To account for tailings concentrations that vary from
constituent to constituent and that vary over the life of the TMA, this report presents a
generalized approach to transport modeling that involves unit-response curves and
superposition (Section 2.3.2). With this method, the results presented here will be
applicable to a variety of constituents, even accounting for source concentration
changes over time as the tailings chemistry changes. Thus, results from the ongoing
tailings characterization study can be combined with the results here to evaluate
regulatory compliance for a variety of constituents.

Uncertainty in model predictions is addressed with an approach analogous to the
one used in the regional groundwater modeling report (GeoTrans, 1996). First,
reasonable flow and transport parameters were used to make Best Engineering
Judgement (BEJ) predictions. Then, various sensitivity simulations were conducted to
determine the sensitivity of the predictions to variations in the chosen parameters.
Finally, a combination of conservative and unlikely parameters were used to make
Practical Worst Case (PWC) predictions. In the regional groundwater flow model, the

November 1996
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quantities of concern were mine inflow rate, lake level changes, streamflow changes,
and the magnitude and extent of groundwater drawdown. For the TMA sub-model, the
primary quantity of concern is the concentration of constituents at the proposed
compliance boundary located 1200 feet from the edge of the TMA. Model predictions
are presented in Section 2.4.

21 NUMERICAL MODEL DESIGN

This section describes the design and construction of the solute transport model.
The computer code selected for use is described, along with the associated input data.
Input data include grid location and spacing, boundary conditions, and aquifer
parameters.

2.1.1 CODE SELECTION

MT3D? (Zheng, 1996) was selected in consultation with WDNR for three-
dimensional modeling of solute transport at the Crandon site. MT3D?® was originally
developed as MT3D for the USEPA. MT3D* is the first major upgrade of the code
since 1992. It is commercially available through organizations such as the International
Ground Water Modeling Center (IGWMC) and Scientific Software, Inc.

MT3D is a three-dimensional model for simulating solute transport processes
in fully saturated porous media. The transport model is structured such that it can be
used in conjunction with any block-centered finite-difference flow model such as the
MODFLOW (McDonald and Harbaugh, 1988) model. MODFLOW was the
groundwater flow model used for the regional model (GeoTrans, 1996). MT3D® can
be used to simulate changes in concentration of single species soluble constituents in
groundwater considering advection, dispersion, and some simple chemical reactions.
The chemical reactions include equilibrium controlled linear or non-linear adsorption
and first-order irreversible decay or biodegradation.

Following solution of the flow field by MODFLOW, or another finite-difference
code, MT3D uses one of four solution techniques to solve for concentrations. Three
of the solution techniques, Method of Characteristics, Modified Method of
Characteristics, and Hybrid Method of Characteristics, are particle based. An explicit
finite-difference solution option is also offered. The finite difference solution was
selected for application at the Crandon site because it is significantly more efficient than
the particle based methods.

MT3D? was developed for the USEPA for solute transport applications. It is
generally accepted by state and federal regulators as a tool for solving solute transport
problems. MT3D” was used for verification of the cross-sectional solute transport
modeling performed using FTWORK (Faust, et al, 1989) in the original groundwater

November 1996
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modeling report (GeoTrans, 1995). MT3D? was selected in favor of FTWORK for
this application because the conversion of data sets to MT3D* was more expeditious
than to FTWORK.

2.1.2 GRID DESIGN AND DISCRETIZATION

The TMA sub-model covers a 7000-foot by 7000-foot square rotated 35
degrees west of north (Figure 2.1). The model extends approximately 200 feet past the
proposed 1200-foot compliance boundary on the northwest, southwest, and southeast
sides, and to Hemlock Creek on the northeast side (Figure 2.3). The model grid
consists of 70 rows and 70 columns, with uniform 100-foot grid spacing in either
direction. The orientation was chosen such that model rows approximately line up with
the flow direction from the TMA to Hemlock Creek, increasing numerical accuracy.
Since Hemlock Creek is a natural flow boundary, all cells on the far side of the stream
(to the east and north of the stream) are inactive in the model.

Vertically, the glacial overburden in the subsurface is divided into seven layers
based on stratigraphic changes interpreted from the hydrogeologic cross sections
documented in GeoTrans (1996). These cross sections were based on observed data
from geological drilling programs. The method for vertical discretization is the same as
that used for the regional groundwater flow model, and is explained in that report
(GeoTrans, 1996). However, regional model layers 2 and 3, which primarily represent
the outwash strata, are sub-divided into 5 layers for the TMA sub-model to increase the
resolution of flow and transport in these higher-conductivity layers. The conversion
from regional model layering to TMA sub-model layering is depicted in Figure 2.4.
Regional model layer 1 (primarily Late Wisconsinan Till) is the same as TMA sub-
model layer 1. Regional model layer 2 is evenly divided into three parts, becoming
TMA sub-model layers 2, 3 and 4. Similarly, regional model layer 3 is evenly divided
into two parts, becoming TMA sub-model layers 5 and 6. Regional model layer 4
(primarily Pre- to Early- Wisconsinan Till and massive saprolite) is the same as TMA
sub-model layer 7. Bedrock layers 5, 6, and 7 of the regional flow model are not
represented in the TMA sub-model because flow across the bedrock/glacial interface is
very limited away from the mine. Note that it is conservative for concentrations
computed at the proposed compliance boundary to assume that the solute plume does
not spread vertically beyond the limits of the glacial overburden. The sensitivity of
predictions to flow across the bedrock/glacial interface is addressed in Section 2.4.3. A
contour map of topography is shown in Figure 2.5. The bottom elevations for all seven
layers of the TMA sub-model are shown in Figures 2.6 through 2.12.

In order to calculate hydraulic conductivity in the model, the makeup of each
model cell was calculated in terms of fractional content of each of the geological units
present. For this purpose, only the saturated portion of the layers are considered (see
GeoTrans, 1996 for a more detailed description of the method). The water table
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elevation used to determine saturated thickness was derived from measurements made

in 1984, and is shown in Figure 2.13. The saturated thicknesses of all seven model .
layers are shown in Figures 2.14 through 2.20. Note that zero-thickness cells, which
represent areas above the water table, are inactive in the model.

2.1.3 MoDEL PARAMETERS AND BOUNDARY CONDITIONS

The hydraulic conductivities for the geologic units (Table 2.1) were taken from
the calibrated, BEJ regional groundwater model. As in the regional model, there are
two zones of hydraulic conductivity for the coarse outwash (Figure 2.21). This
zonation is based on a number of factors including grain size analyses, slug test results,
potentiometry, and model calibration. The hydraulic conductivity used in the zone is
supported by a chlorofluorocarbon (CFC) travel time analysis conducted by the USGS
(Saad, 1996). The conductivity zonation is discussed in further detail in the regional
groundwater flow report (GeoTrans, 1996). The hydraulic conductivity at each cell is
calculated from the conductivity values for each geologic material (Table 2.1) and each
cell's fractional content. The cell-wide hydraulic conductivities are computed with the
ACALC program, also described in the regional groundwater flow report (GeoTrans,
1996).

Six types of flow boundaries are used to model the area: 1) no-flow at the base
of the model and on the far side of Hemlock Creek, 2) specified head along the
northwestern, southwestern, and southeastern edges of the model grid, 3) a head-
dependent flux or river-type boundary for Hemlock Creek, 4) a head-dependent flux or
drain-type boundary for the discharge wetlands around Hemlock Creek, 5) head
dependent or river-type boundaries for the seepage wetlands in the eastern part of the
model, and 6) specified flux to represent areal recharge derived from precipitation. The
cell locations for specified head, river-type and drain-type boundaries are shown in
Figure 2.22.

The no-flow boundary at the base of the model is valid because flow across the
bedrock/glacial interface is very limited in this area. It was observed during model
calibration (discussed in Section 2.2) that without mining, the modeled groundwater
head in the lowest glacial layer changes little when the bedrock is removed. When the
mine is in operation, flow becomes less downward when the bedrock is removed, which
would tend to limit spreading of the plume and raise the maximum concentration at the
proposed compliance boundary. Therefore, not including the bedrock in the solute
transport model is conservative with regard to computed concentrations of the
proposed compliance boundary because the computed concentrations are higher than
they would be had the bedrock been included. To verify the appropriateness of the
boundary, a sensitivity simulation was conducted where flow and solute transport
across the glacial bedrock interface was represented by a head-dependent flux
boundary.
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Since Hemlock Creek is a receiving stream with groundwater from both sides
contributing to flow, it is a natural groundwater divide for the glacial aquifer. This is
also evident from plots of modeled head in layers 1 through 4 of the regional flow
model (GeoTrans, 1996, Figures 5.2 through 5.5 and 7.7). Thus all cells to the
northeast of Hemlock Creek were set inactive, effectively creating a no-flow boundary
on the far side of the creek. This conceptualization means that all water flowing to the
northeast from the TMA must exit through Hemlock Creek or its adjoining wetlands.

There are no natural groundwater boundaries along the northwest, southwest
and southeast edges of the model. Therefore, heads along these boundaries were
specified in the TMA sub-model. They were computed directly from the regional flow
model using three-dimensional linear interpolation (from regional model cell-center-
points to sub-model cell-center-points). The MODFLOW General-Head-Boundary
(GHB) package was used to specify heads at these locations. To ensure that the head
values in the cells along these edges is equal to the specified boundary head, the
conductance used for each GHB cell is set to a sufficiently high value (1.0E6 fi*/day).
Using the GHB package for specified heads instead of setting the cells to constant-head
in the MODFLOW Basic package makes it easy to change the value of the boundary
heads from stress period to stress period during the simulation. The boundary heads
change in response to cessation of mining and when TMA construction reduces areal
recharge. Specified head boundaries were applied at all seven layers along the model
edges (except layer 1 cells where the saturated thickness is zero).

Hemlock Creek was modeled with the MODFLOW River package using
parameters identical to those used in the regional flow model (Table 2.1). The stage in
the stream was taken from topographic maps similar to the one shown in Figure 2.5,

. and varies from 1578.63 feet-msl in row 70 to 1578.20 feet-msl in row 1. The
conductance at each river cell was calculated as the length of the creek (which varies
from cell to cell) times the width of the creek (14.0 feet) times the hydraulic
conductivity of the creekbed (1.0 ft/day, which is 3.5E-4 cm/sec) divided by the
thickness of the creekbed (1.0 foot). The river bottom elevation was set 2.0 feet below
the river stage (representing a 1.0-foot water depth and a 1.0-foot thick creekbed). The
river boundary that was used to represent Hemlock Creek was applied to the uppermost
active layer (either layer 1 or layer 2). Application to only the uppermost layer is
consistent with a conceptual model of a shallow, partially penetrating stream.

The discharge wetlands around Hemlock Creek were modeled with the
MODFLOW Drain package using parameters identical to those used in the regional
flow model (Table 2.1). The elevations for these boundaries were taken from
topographic maps similar to the one shown in Figure 2.5. The conductance of each
drain cell was calculated as the area of the wetland in the cell times the hydraulic
conductivity of the wetland-bottom sediments (0.318 ft/day, which is 1.12E-4 cm/sec),
divided by the thickness of the wetland-bottom sediments (1.0 foot). Discharge
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wetland boundaries were applied to the uppermost active layer (either layer 1 or layer

2). .

The small seepage wetlands adjacent to the discharge wetlands were modeled
with the MODFLOW River package using parameters identical to those used in the
regional flow model (Table 2.1). The elevations and conductances were derived in the
same manner as for the discharge wetlands, with a sediment hydraulic conductivity of
0.00318 ft/day (1.12E-6 cm/sec) and a sediment thickness of 5.0 feet. The bottoms of
the wetland sediments were set 7.0 feet below the wetland elevation (representing a
2.0-foot water depth and a 5.0-foot sediment thickness). Seepage wetland boundaries
were applied to the uppermost active layer (either layer 1 or layer 2).

Areal recharge is applied to the uppermost active layer using the MODFLOW
Recharge package. The default recharge rate applied over most of the model is 10 in/yr
(2.283E-3 ft/day). The recharge rate was set to zero at Hemlock Creek, the discharge
wetlands, and the seepage wetlands. Recharge zones were identified for modeling the
TMA exfiltration over time in the transport simulations. These zones, shown in Figure
2.23, are model representations of the four TMA cells, each with three regions.
Additional zones represent the five runoff basins adjacent to the TMA. The TMA and
runoff-basin zones were used in predictive simulations to model exfiltration rates that
change over time. Further details on exfiltration rates are provided in Section 2.3.1.

Two additional parameters, effective porosity and dispersivity, are required
when simulating solute transport. Effective porosity represents the portion of the
soil/water medium that is available for transport, or the ratio of interconnected pore
space to total volume of geologic material. As described in the regional flow model
report (GeoTrans, 1996, Section 3.2.6.2), the effective porosity of the glacial sediments
is between 15 and 35 percent. As with the regional model, the BEJ porosity was set at
25 percent for all sediments, and varied in the sensitivity analysis. Dispersivity is a
length scale for spreading of solute. The solute disperses primarily because of the
random, tortuous pathways of varying lengths and varying directions that are available
for solute transport. Dispersivity is not a measurable quantity, but in many applications,
the longitudinal dispersivity (that is, dispersivity in the direction of flow) is roughly one-
tenth to one-hundredth of the model length scale (Gelhar, et al, 1992). It is often
assumed that the transverse dispersivities (perpendicular to flow) in the horizontal and
vertical directions are one-tenth of the longitudinal dispersivity. For the purpose of the
BEJ simulation, the longitudinal dispersivity was set at 50 feet (roughly one-sixtieth of
the distance from the center of the TMA to the proposed compliance boundary), and
the transverse dispersivities were set at 5 feet. The length scale for molecular diffusion
(on the order of microns) is insignificant compared to these dispersivity values,
therefore molecular diffusion is not simulated. Dispersivity values were varied as a part
of the sensitivity analysis.
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To be conservative and applicable to many constituents, retardation (sorption
and desorption of solute to and from soil solids) and chemical decay were not
considered in the model. This is equivalent to setting the retardation factor of the
solute transport model to 1.0 and the first order decay constant to zero.

2.2 MODEL CALIBRATION

The TMA sub-model was constructed as a "zoomed-in" version of the regional
groundwater flow model. As such, it should produce results that are consistent with
those of the regional model. To verify this, the TMA sub-model was run with stresses
that represent steady-state (October 1984) pre-mining conditions. The groundwater
head field computed by the TMA sub-model was then compared to the head field
computed by the regional model in the vicinity of the TMA. Head values at well
locations were also compared to observed water levels to verify that the TMA sub-
model is reasonably calibrated to field conditions.

2.2.1 COMPARISON TO THE REGIONAL GROUNDWATER FLOW MODEL

In the steady-state, pre-mining simulation, the TMA sub-model produces a head
field very similar to that produced by the regional flow model. Note that the specified
heads along the northwestern, southwestern, and southeastern boundaries were
interpolated from computed heads in the steady-state, pre-mining simulation of the
regional flow model. Figure 2.24 demonstrates the similarity of the computed water
table elevations in the TMA submodel and the regional model. Noting that the center
of TMA sub-model layer 3 is the same as the center of regional model layer 2, Figure
2.25 shows the similarity of computed head in the outwash for the two models.
Similarly, noting that the center of TMA sub-model layer 7 is the same as the center of

regional model layer 4, Figure 2.26 reveals the consistency of the models at the base of
the glacial aquifer.

2.2.2 COMPARISON TO FIELD DATA

Figure 2.27 shows the locations of water level measurements in the area, with
symbols that indicate the magnitude of differences between modeled and observed
values or residuals. As expected, the residuals at these wells are very similar to those of
the regional model, as demonstrated in Table 2.2. Of particular importance, note that
the water level at EX-10, which is near the groundwater high for the model, is matched
well. This means that the overall gradient from the TMA to Hemlock Creek is
reasonably approximated, 0.00381 modeled versus 0.00388 observed. This gradient
governs the movement of solute in transport simulations.
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2.3 TRANSPORT SIMULATION METHODOLOGY : .

In order to simulate solute transport, sources must be specified in terms of flux
rates and source concentrations. For the TMA sub-model, the source flux rate is a
complicated function in space and time, and the source concentrations vary from
constituent to constituent and are currently being estimated in another study. In this
subsection, the modeled representation of the source flux is discussed. Subsequently, a
general approach for simulating an unknown and constituent-specific source
concentration that varies over time is presented.

2.3.1 TMA EXFILTRATION RATES

When a TMA cell is active (that is, it is receiving or has already received
tailings), the water exfiltrating through the engineered liner and drain system becomes
the source infiltration flux for groundwater transport. Note that it is conservatively
assumed that the entire amount of exfiltrated water travels immediately through the
unsaturated zone beneath the TMA to reach the water table.

The complete design and operation of the TMA is presented in a separate report
(Foth & Van Dyke, 1995c and subsequent addenda). Each TMA cell is designed to
receive mine tailings for 7 to 12 years, after which a protective cap is placed over each
cell. For the purposes of this study it was assumed that each TMA cell's FML remains
intact for 140 years after the cell is capped, a 150 year life. At that time, it is assumed
that the water within the tailings is released to the groundwater. Following this
postulated FML degradation it was further assumed that a constant infiltration rate
(equal to the amount of water entering the TMA through the cap) prevails. The
exfiltration rate in each year of activity was derived in the TMA design report using the
HELP model.

In order to create a manageable number of stress periods for the transport
model, the active period of a TMA cell was divided into 8 phases, labeled A through H
in Table 2.3. These phases were designed to represent periods where the exfiltration
rate is approximately constant for a unique TMA cell. Phases A through H are
staggered for the four TMA cells, as each cell becomes active at a different elapsed
time. Phases A and B represent operational phases of the TMA (unique to each cell),
when tailings are being received. Phases C through F represent the period when the cap
is on and the FML has not degraded. The exfiltration rate decreases during these
phases due to cap placement. Phase G represents the first year after degradation of the
FML, and phase H represents the final, constant exfiltration rate resulting from a
capped TMA with the FML degraded. It is important to note that phases G and H
assume that the FML is no longer intact, and that this is a very conservative assumption.
In Table 2.3, the exfiltration rates are listed for each TMA region (base, sideslope with
drainage, and sideslope without drainage) for each phase.
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The operation of the four TMA cells is staggered in time such that TMA cell 2
begins receiving tailings two years before the cap is in place over TMA cell 1, TMA cell
3 begins operation 2 years before TMA 2 is capped, and TMA 4 starts two years before
TMA 3 is capped. A detailed time line of the phase sequence for each TMA cell is
shown in Figure 2.28. Note that the duration of operational phases A and B is different
for the different cells, because of different capacities. In order to properly simulate
every phase change at every cell, the model is made up of 28 stress periods of varying
lengths, as shown in Figure 2.28 and listed in Table 2.4. Tables 2.5 through 2.8 provide
detailed lists of modeled exfiltration rates for each TMA cell by stress period. Using
these rates, the total modeled flux is plotted versus time in Figure 2.29. Figure 2.30
shows the cumulative volume of water exfiltrated from the TMA over time, and
demonstrates that the spatial and temporal discretization used for the TMA sub-model
conservatively approximates the design specifications. Note that prior to operation,
TMA cells 2, 3, and 4 receive the default recharge rate of 10 in/yr (2.283E-3 ft/day)
containing no solute (phase X in Tables 2.3 and 2.5-2.8), and do not contribute to the
total TMA flux reflected in Figures 2.29 and 2.30.

Each stress period was simulated as steady-state for flow, meaning that flow
field changes take effect immediately. This simplifies the modeling approach
considerably and should not lead to any significant errors in the prediction of
concentration.

2.3.2 SUPERPOSITION OF SOURCES

Simulation of multiple constituents could present several problems from a
practical standpoint. First, source term concentrations for each constituent are in the
process of being developed in a separate study, and their absolute concentrations are
not currently available. Second, the time varying nature of source term concentration is
unique for each constituent. In order to overcome these potential problems, a general
approach using unit concentration sources is used in this report. Using the principal of
superposition and scaleable unit concentration sources, it is possible to account for
source concentrations that vary over the life of the TMA and constituent specific source
concentrations. The process is explained here.

Consider a simulation (call it Simulation A) that has a source concentration
equal to 1.0 ppm over the entire life of each TMA cell (that is, starting at time zero for
TMA 1, time 7 years for TMA 2, etc. and continuing indefinitely). The result of the
simulation is a prediction of concentration at every cell in the model at all times
resulting from the unit-concentration source. To then determine the concentration in
groundwater at a specific time and place of a specific constituent that (hypothetically)
has a constant concentration in the tailings, the modeled concentration at that time and
place is multiplied (or scaled) by the actual source concentration of the constituent.
Another constituent, having a source concentration twice as large as the first would be
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scaled in the same way resulting in a modeled concentration also twice as large as that

for the first constituent. Thus, using unit-concentration sources makes it easy to apply .
results from a single simulation to multiple constituents, after the simulation is

complete.

Now consider a constituent that does nof have a constant concentration over the
life of the TMA. Instead, phases A-C (higher exfiltration) are characterized by one
source concentration, C,, and phases D-H (lower exfiltration) are characterized by
another concentration Cy, because the capping of the tailings has changed the chemistry
in the pore water. Additionally, suppose that sometime after phase H begins and the
FML has degraded, the chemistry in the tailings changes yet again due to
(hypothesized) oxidation, and the constituent under consideration is then characterized
by concentration C.. To account for these hypothesized changes, two additional
simulations (Simulation B and Simulation C) are performed. In simulation B, the
source concentration is again 1.0 ppm, but it is only applied during phases D-H at each
TMA cell (the source concentration is zero prior to the beginning of phase D).
Simulation C begins in the final, steady-state stress period of the model (that is, stress
period 28), when the exfiltration rate from each TMA is equal to the rate through the
cap (phase H). The unit concentration source is applied at TMA 1, then after 10 years
at TMA 2, then after 6 more years at TMA 3, then after 6 more years at TMA 4,
corresponding to the lag times between the hypothesized FML degradations as shown
on the time line in Figure 2.28.

Simulations A, B, and C can then be used to compute the concentration at any
point, and at any time, regardless of the magnitude of the source concentrations C,, C;,
and C.. Once the source concentrations are known for a constituent and the time to
(hypothesized) oxidation is estimated, the principle of superposition is used to compute
the constituent-specific concentration in the groundwater. The process is illustrated in
Figure 2.31. First the simulations are run to generate unit response functions. At a
given model cell, the functions are curves of concentration versus time, or unit response
curves as shown in Figure 2.31. The unit response curve for Simulation A is scaled by
the constituent specific concentration C,. The unit response curve for Simulation B is
scaled by the amount of increase from C, to Cy (negative if the concentration
decreases), and the unit response curve for Simulation C is scaled by the amount of
increase from Cj to C.. The scaled response curve for Simulation C is also offset by
the estimated time between assumed FML degradation and the source being oxidized.
The three scaled response curves are then added (or superimposed) to yield the function
of concentration versus time that is sought for the constituent. This process can be
repeated for any number of constituents without need of re-executing the simulations.

The method of superposition applied in this manner is valid because of the linear
nature of the underlying differential equations that govern solute transport. A
validation of the method with actual simulation results is presented in Section 2.4.2.
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2.3.3 OTHER CHANGING BOUNDARY CONDITIONS

In this configuration, model time zero is the beginning of TMA operation, which
is approximately coincidental with the beginning of mining. Mine operation is modeled
with the specified-head boundary conditions along the model edges. Allowing for 30
years of mine operation and 2 years for recovery, the mine is assumed to be in post-
operation mode after 32 years in the model. The specified heads used at the beginning
of the simulation, for stress periods 1 and 2, were interpolated from a steady-state
simulation with the regional model that had zero recharge in TMA 1 only (default
recharge in the other three) and the mine in operation. In stress periods 3 through 7,
specified heads were interpolated from a regional model simulation with the mine
operating and TMA cells 1 and 2 receiving zero recharge. Specified heads for stress
periods 8 through 10 were taken from a simulation with mine operation and zero
recharge in TMA 1, 2 and 3. In stress periods 11 through 14, the specified heads were
computed from a regional model simulation with zero recharge over the entire TMA
and the mine in operation. Finally, in stress periods 15 through 28, the mine is no
longer in operation, and the specified head values are interpolated from a regional
model simulation made with a backfilled mine and zero recharge over the entire TMA.
Assuming zero recharge for active TMA cells in the regional model, instead of using
actual values derived in Section 2.3.1, is a good approximation for regional flow
modeling, because the TMA exfiltration rates are orders of magnitude less than the
default recharge of 10 in/yr (2.283E-3 ft/day). Because the discrepancy between
recharge rates derived from the regional model and actual computed recharge rates is
small, use of specified heads interpolated directly from the regional model is
appropriate.

The runoff basins around the TMA do not receive tailings and thus have a
source concentration of zero. They do, however contribute additional recharge to the
groundwater due to the collection of water from the TMA cap. In the model, each
runoff basin recharge zone (Figure 2.23) contributes 13 in/yr (2.968E-3 ft/day),
beginning when the nearest TMA cell becomes active. The additional 3 in/yr over
default recharge assumes an average 30-day period each year with 2 feet of standing
water in the runoff basin which is underlain by 1 foot of fine grained (conductivity of
1.0E-6 cm/sec, or 2.8E-3 ft/day) sediment. Because the runoff basins are a small
portion of the total model area, the transport results are not sensitive to the runoff basin
recharge rate.

24 MODEL PREDICTIONS

Using MODFLOW with MT3D in finite-difference mode, BEJ, sensitivity, and
PWC simulations were conducted. The results are BEJ and PWC predictions of unit
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concentration response curves at the proposed compliance boundary. These curves will
be used (in the EIR) to compute proposed compliance boundary concentrations for
specific constituents of concern. In order to demonstrate the use of the unit response
curves, a hypothetical example is used. This example also provides the base simulation
for verification and sensitivity simulations.

2.4.1 BEST ENGINEERING JUDGEMENT

Using the BEJ parameters listed in Table 2.1, and the methodology explained in
Section 2.3, BEJ unit response functions were computed with the MT3D transport
modeling code. Focusing on the proposed compliance boundary, 1200 feet from the
outer edge of the TMA, unit-response curves (normalized concentration versus time)
were computed for each cell shown in Figure 2.32. These curves can be scaled with
constituent-specific source concentrations and summed to produce a profile of
concentration versus time at each proposed compliance cell for the constituent of
concern.

Figure 2.33 shows the maximum concentration unit-response curves for all three
BE]J superposition simulations. Note that different cells may contain the maximum
concentration at different times during the simulations. Thus, the curves in Figure 2.33
represent the concentration at a point that moves with time, always at the point on the
proposed compliance boundary with the maximum concentration.

To demonstrate the use of the unit-response curves produced by the three BEJ
simulations, a hypothetical example was considered. Suppose a constituent of concern
is sulfate, and that the initial source concentration is 2,000 ppm. During post-cap
- phases C-G, the concentration of sulfate hypothetically increases to 4,000 ppm in the
tailings pore water. And starting (as a worst case) at the very beginning of phase H
(time 150 years for TMA 1), the concentration escalates to 40,000 ppm (see Table 2.9).
In this example, to determine the sulfate concentration at the proposed compliance
boundary, all of the unit-response curves (one for each proposed compliance boundary
cell) for Simulation A are multiplied by 2,000. The unit-response curves for Simulation
B are also multiplied by 2,000 (i.e. 4,000 - 2,000). And the unit-response curves for
Simulation C are multiplied by 36,000 (i.e. 40,000 - 4,000). At each proposed
compliance cell, the scaled-response curves are summed to yield the modeled sulfate
concentration versus time. Figure 2.34 shows how this superposition method works.
Note that the curves in Figure 2.34 represent a moving point that is always at the point
on the proposed compliance boundary with the maximum total sulfate concentration.
Because of this, Figure 2.34 exhibits a “kink” of approximately 40 years as the point of
maximum concentration shifts from a point on the western proposed compliance
boundary to a point on the eastern proposed compliance boundary. In this example, it
is evident that the initial source concentration, though the lowest of the three source
concentrations, produces the greatest concentration at the proposed compliance
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boundary. This occurs because the TMA exfiltration rate is much larger during phases
A through C than it is during phases D through H

To better understand the movement of solute through the aquifer from the TMA
cells to the proposed compliance boundary, several snapshots of the modeled
concentration plumes (plan view) are shown for this example in Figures 2.35 through
2.42. These figures show the maximum modeled concentration in any cell, following
scaling and superposition, regardless of layer. The figures show the TMA cells
beginning operation in succession, the initial movement of the solute plume to the west
and toward the mine, and the eventual movement of the plume to the northeast, toward
Hemlock Creek. Using the cross-section line A-A' shown in Figure 2.43, the modeled
plume is viewed in cross-section in Figures 2.48 through 2.51. Note that the
discontinuity in the curves in Figures 2.33 and 2.34 at time 50 years occurs when the
point of maximum concentration moves from a point on the proposed compliance
boundary west of the TMA to a point on the proposed compliance boundary northeast
of the TMA.

2.4.2 VERIFICATION OF METHODOLOGY

Two verification simulations were performed to demonstrate: 1) that the method
of superposition, as used in the preceding sulfate example, is accurate, and 2) that the
numerical solution method for the transport equations is appropriate.

To demonstrate the accuracy of the superposition method, a single simulation
was conducted with the source concentrations explicitly specified in the model. That s,
the concentration for phases A through C was set to 2,000 ppm in the model input, the
concentration for phases D through G was set to 4,000 ppm, and the concentration for
phase H was set to 40,000 ppm. It is important to remember that these concentrations
are hypothetical and are not the actual source concentrations for sulfate, and that the
time of concentration increase to 40,000 ppm was arbitrarily set to the very beginning
of phase H (the method is valid for an increase any time after phase H starts). The
model was run once and concentration at the proposed compliance boundary cells was
recorded. Figure 2.52 shows that the results of this model are practically identical to
the results obtained with superposition, as expected.

To check the validity of the finite-difference method for solving the transport
problem, the same hypothetical sulfate example was run with MT3D® using another
solution technique called the Method Of Characteristics (MOC). The MOC technique
solves the solute transport equation by moving and dispersing particles that represent
solute. This is much more computationally intensive than the finite difference method,
therefore causing excessively long simulation times. A single 650-year simulation takes
about 11.5 days on a 166MHz pentium-processor computer. As with the previous

November 1996
2-13

4.2-10-25



verification simulation, all source concentrations were specified explicitly in the model
input, eliminating the need to perform multiple simulations for superposition.

The results of this simulation indicate that the MOC solution predicts
concentrations that are similar, but slightly higher than the finite difference solution.
Figure 2.53 compares concentration versus time at the proposed compliance boundary
for the two solution methods. On average, the concentrations computed by MOC are
9.4 percent higher for the 650 year simulation than those computed by the finite
difference method. The peak concentration is approximately 12.5 percent higher for the
MOC method. The reason that the finite difference solution gives lower concentrations
may be due to numerical dispersion, resulting in a “smearing” of the concentration
front. This hypothesis may be supported by detailed inspection of areal concentration
contour plots, which show a slightly sharper plume shape for the MOC solution.
However, there are other factors that could cause the small difference that is observed.
These factors are inherent to the basic differences between MOC and finite difference,
including the need to interpolate concentration and velocity in MOC, the need to
perform particle tracking in MOC, and differences in time stepping. Therefore it cannot
be said with certainty that a particular solution technique is better or more accurate than
the other. The two solutions presented here are as similar as other verifications
presented for less complex problems. For example, the two dimensional benchmark
problem presented in the MT3D* documentation shows differences that are on the
same order as the differences observed between MOC and finite difference. From a
practical standpoint, the two solutions presented here are similar and this exercise
provides verification that the finite difference solution technique is working properly.

2.4.3 SENSITIVITY ANALYSIS

Seven sensitivity simulations were conducted to assess the effect of parameter
uncertainty on model predictions. These simulations involved independent variations of
key parameters in the model. Each simulation was based on the hypothetical sulfate
example with concentrations explicitly specified (Figure 2.52, solid line). The
sensitivity simulations were run to 300 years to capture the concentration peak. As in
the flow model report, the sensitivity simulations that caused results that were less
favorable than the BEJ simulation were considered for the Practical Worst Case. For
the transport model, these simulation cause an increase in the peak concentration or
decrease in the time to peak concentration. The simulations are summarized in Table
2.10 and described below.

Lowering the effective porosity to 0.1 causes concentrations to peak more
quickly, a higher peak concentration, and a lower long-term concentration (< 150
years), than in the BEJ simulation (Figure 2.54). This observation is intuitive since
lowering porosity causes higher interstitial velocities.

November 1996
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Lowering the longitudinal dispersivity from 50 feet to 25 feet causes
concentrations to increase slightly over the BEJ simulation (Figure 2.55). Lowering the
transverse dispersivity from 5 feet to 2.5 feet causes an increase in concentrations
(Figure 2.55) which is most prevalent following the initial peak, after 150 years. The
decrease in dispersivity apparently causes a sharper, more defined concentration front
than in the BEJ case.

Figure 2.56 shows the effect of lowering the horizontal hydraulic conductivity of
the outwash and areal recharge rate by a factor of two. This change in parameters
causes the peak concentration to be lower than in the BEJ case, but for higher
concentrations to persist longer than in the BEJ case. This result is apparently
dominated by the slower velocity that occurs because of the lower hydraulic
conductivities.

Lowering the vertical hydraulic conductivity of the glacial deposits by a factor
of ten causes a slightly higher peak concentration, a slower time to peak, but a more
persistent long-term concentration than in the BEJ simulation (see Figure 2.56). The
result is apparently caused because the plume does not migrate as deep into the system,
and therefore does not spread as much as in the BEJ simulation.

Figure 2.57 shows the results of sensitivity simulations where boundary
conditions in the solute transport model were varied. One of these simulations
evaluated the effect of assuming in the BEJ simulation that solute reached the water
table instantaneously. In this sensitivity simulation, the solute was assumed to enter the
groundwater system some time after mining operations had ended and the groundwater
system had rebounded to pre-mine development conditions. In contrast to the BEJ
simulation, which models two flow fields, one westerly during mining operations and a
second north-easterly after mining operations have ended, this simulation only has a
single flow field which is north-easterly. The results of this simulation, shown in Figure
2.57, indicate that the BEJ simulation gives a higher peak and overall higher
concentrations than the simulation where solute is assumed to enter the system some
time after mining operations have ended. Presumably, concentrations in the two flow
field case are higher because the westerly flow, which already has solute in it, has to
pass below the TMA source term again once the flow reverses. This causes additional
solute to be added to this parcel of water.

The second sensitivity simulation that assessed boundary conditions involved
including the effect of flow into the bedrock. General head boundary conditions were
attached to the base of the solute transport model to allow a small amount of flow to
enter and exit the bedrock. Hydraulic heads and conductances were interpolated from
the regional model. The results of this simulation, shown in Figure 2.57, indicate that
allowing some flow into and out of the bedrock actually reduces concentrations at the
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proposed compliance boundary. The concentration reduction is most likely caused by
the further vertical spreading of the plume and additional mixing.

2.4.4 PRACTICAL WORST CASE

The sensitivity simulations indicate that lower porosity, lower dispersivity, and
lower vertical conductivity can all lead to higher concentrations at the proposed
compliance boundary. Combining the low-range of probable values for these
parameters results in the following PWC parameters (also listed in Table 2.11): 1) the
effective porosity is decreased to 10 percent, 2) the longitudinal and transverse
dispersivities are reduced to 25 feet and 2.5 feet, respectively, and 3) the vertical
conductivity of all geological units is reduced by a factor of 10. All other parameters
are the same as those listed in Table 2.1.

Three unit-concentration simulations were conducted with the PWC parameters.
The results from these simulations (Figure 2.58) can be combined using superposition.
For the hypothetical sulfate example, the superposition method is illustrated in Figure
2.59. Comparison of Figures 2.59 and 2.34 shows that the peak concentration for this
example is about three times greater with PWC parameters than with BEJ parameters.
PWC concentration plumes are shown in plan view in Figures 2.60 through 2.67, and in
cross-sectional view in Figures 2.68 through 2.75.

2.5 SUMMARY OF TAILINGS MANAGEMENT AREA MODEL RESULTS

Transport in groundwater of solute originating from the Tailings Management
Area was simulated using the MT3D** model. The model was designed specifically to
focus on the area near the TMA as defined by the regulatory proposed compliance
boundaries. The TMA model was constructed based on input parameters and boundary
conditions from the regional groundwater flow model. However, grid resolution was
improved both vertically and horizontally over the regional model in order to accurately
model the potential movement of solute.

A generalized analysis method was created that enabled simulation of multiple
constituents and a changing source term concentration without having to make
numerous simulations. This method was verified and described in detail in the report
text. Data regarding TMA exfiltration rates versus time were based on HELP model
calculations by Foth and Van Dyke, while relative source term concentration versus
time data were based on the waste characterization studies. The analysis described in
this report developed BEJ response functions for three phases of TMA operation,
corresponding to changes in source term concentration. Once source term
concentrations are known for specific constituents, groundwater concentrations at the
proposed compliance boundary can be computed by scaling and combining the response
functions documented herein. A hypothetical set of source term concentrations for
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sulfate was used to demonstrate the applicability of the generalized simulation
. methodology. The sulfate example was also used in the sensitivity simulations.

Sensitivity analysis was performed by varying aquifer parameters and solute
transport properties. Combinations of the most influential parameters in the sensitivity
analysis constituted the Practical Worst Case simulation. The response functions
presented in this report will be used to determine both the BEJ groundwater
concentrations and Practical Worst Case groundwater concentrations at the proposed
compliance boundary. These groundwater concentrations will be documented for
specific constituents in an update to the impact section of the EIR.

November 1996
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Table 2.1 Best Engineering Judgement model parameters

Effective Porosity 0.25
Longitudinal Dispersivity 50.0 ft
All Geologic Units
Horizontal Transverse Dispersivity 5.0 ft
Vertical Dispersivity 501t
| Horizontal Hydraulic Conductivity 0.80 ft/day
Late Wisconsinan Till
Vertical Hydraulic Conductivity 0.40 ft/day
Default Zone Horizontal Hydraulic Conductivity 60.2 ft/dy
Default Zone Vertical Hydraulic Conductivity 6.02 ft/day
Coarse Outwash
Low Zone Horizontal Hydraulic Conductivity 7.3 ft/day
Low Zone Vertical Hydraulic Conductivity 0.73 ft/day
Horizontal Hydraulic Conductivity 15.0 ft/day
Fine Outwash -
Vertical Hydraulic Conductivity 1.50 ft/day
Pre- to Early-Wisconsinan Till Horizontal Hydraulic Conductivity 0.80 ft/day
and Massive Saprolite Vertical Hydraulic Conductivity 0.10 ft/day
Horizontal Hydraulic Conductivity 0.80 ft/day
Ancient Lacustrine
Vertical Hydraulic Conductivity 0.16 ft/day
Horizontal Hydraulic Conductivity 0.80 ft/day
Ice Margin Contact Deposit
Vertical Hydraulic Conductivity 0.16 ft/day
Width 14.0 ft
Creekbed Vertical Hydraulic Conductivity 1.0 ft/day
Hemlock Creek
Creekbed Sediment Thickness 1.0 ft
Water Depth 1.0 ft
Bottom Sediment Vertical Hydraulic Conductivity 0.318 ft/day
Discharge Wetlands
' Bottom Sediment Thickness 1.0 ft
Bottom Sediment Vertical Hydraulic Conductivity 0.00318 ft/day
Seepage Wetlands Bottom Sediment Thickness 5.0 ft
Water Depth 2.0ft
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Table 2.2 Modeled and observed steady-state water levels (feet)

DMB-1A

1594.78

1593.91

Water L ove

DMB-4 1593.73 1589.29 -4.44 1591.28 -2.45
DMB-5 1593.50 1593.72 0.22 1593.61 0.11 "
DMB-5A 1592.58 1593.72 1.14 1593.61 1.03
DMB-6 1593.80 1592.92 -0.88 1592.85 -0.95 it
DMB-8 1588.58 1585.69 -2.89 1586.34 -2.24
EX-10AL 1594.62 1594.34 -0.28 1594.21 -0.41
EX-10AU 1594.72 1594.34 -0.38 1594.30 -0.42
I Eex-108L 1595.14 1594.50 -0.64 1594.62 -0.52
EX-10BU 1596.06 1594.84 -1.22 1594.62 -1.44
EX-11AL 1593.93 1593.69 -0.24 1593.58 -0.35
EX-11AU 1593.47 1593.69 0.22 1593.58 0.11
EX-11BL 1594.19 1593.70 -0.49 1593.82 -0.37
EX-11BU 1593.37 1593.89 0.52 1594.05 0.68
EX-11CL 1593.80 1593.91 0.11 ©1593.95 0.15
EX-12AL 1593.83 1593.79 -0.04 1593.51 -0.32
EX-12AU 1593.73 1593.79 0.06 1593.51 -0.22
EX-12BL 1593.73 1593.81 0.08 1593.78 0.05
I Ex-12BU 1594.03 1594.01 -0.02 1594.02 -0.01
EX-7AL 1582.32 1580.83 -1.49 1580.46 -1.86
EX-7BL 1581.27 1580.83 -0.44 1580.46 -0.81
EX-7BU 1579.66 1580.82 1.16 1580.21 0.55
EX-7CL 1578.61 1580.61 2.00 1579.96 1.35
EX-8AL 1584.68 1581.12 -3.56 1580.71 -3.97 "
EX-8AU 1582.97 1581.12 -1.85 1580.71 -2.26
I__Ex-sBL 1579.85 1581.11 1.26 1580.34 049 |
EX-8BU 1579.89 1580.63 0.74 1579.91 0.02 It
EX-9AU 1594.32 1592.81 -1.51 1592.58 -1.74 It
EX-9BL 1594.52 1592.93 -1.59 1592.77 -1.75 |
EX-9BU 1594.62 1593.18 -1.44 1592.94 -1.68
G41-B12 1593.90 1593.18 0.72 1593.13 -0.77 “
G41-E13 1594.52 1593.75 0.77 1593.66 -0.86
G41-E17 1592.78 1592.70 -0.08 1592.65 -0.13 i
G41-G13 1594.49 1594.09 -0.40 1593.84 -0.65 4'
G41-G14A 1593.83 1594.33 0.50 1594.01 0.18
G41-G14B 1593.90 1594.09 0.19 1593.92 0.02
G41-G14C 1594.39 1594.31 -0.08 1594.33 -0.06
G41-G14D 1594.23 1594.08 0.15 1593.97 -0.26
G41-G14E 1594.06 1594.28 0.22 1594.27 0.21
G41-G14F 1593.73 1594.04 0.31 1593.88 0.15
G41-G15 1593.90 1593.93 0.03 1593.73 -0.17
G41-G15A 1593.70 1594.13 0.43 1594.11 0.41
G41-G15B 1593.73 1594.13 0.40 1594.11 0.38
G41-H18B 1592.52 1593.00 0.48 1592.90 0.38
G41-H9 1594.00 1590.33 -3.67 1589.67 -4.33
G41-K13 1593.37 1592.25 -1.12 1592.26 -1.11
G41-K13A 1594.09 1592.57 -1.52 1592.52 -1.57 |
G41-M11 1579.89 1581.14 1.25 1581.02 1.13 I
G41-P16 1579.33 1585.22 5.89 1585.32 5.99
SG-WP-6 1577.20 1579.87 2.67 1580.46 3.26
SG-WP-7 1578.15 1579.46 1.31 1579.18
Mean Residual -0.23
I Mean Absolute Residual 1.06

|| Root Mean Sguare Residual
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Table 2.3 Basis for TMA phases and flux rates

[ Phase = [ Description’ [ Duration (years) | _Basis for Exfiltration Ra ;;;i
X Pre-construction 0-23' Regional model calibrated value |
A First Phase of Operation 24" Table 6.7-17 maximum® 4“
B Second Phase of Operation 5-8' Table 6.7-18 maximum
c Cap in Place Part 1 1 Table 6.7-19 Year 1 Il -
D Cap in Place Part 2 6 Table 6.7-19 Average for Years 2-7 It
E Cap in Place Part 3 20 Table 6.7-19 Average for Years 8-25 “
F Cap in Place Part 4 113 Table 6.7-19 Years 41-140
G Degraded FML Part 1 1 Table 6.7-19 Year 141 ||
H Degraded FML Steady-State N/A Table 6.7-19 Years 231-240 It

X 10 2.283E-03 0 2.283E-03 10 2.283E-03
A 0.000328 7.489E-08 0 0.000E+00 10 2.283E-03
B 0.000387 8.836E-08 0 0.000E+00 0.595868 1.360E-04
C 0.000171 3.904E-08 0 0.000E+00 0.217444 4.964E-05|
D 0.000037 8.447E-09 0 0.000E+00 0.000348 7.945E-08||
E 0.000011 2.511E-09 0 0.000E+00 0.000033 7.534E-09
F 0.000004 9.132E-10 0 0.000E+00 0.000003 6.849E-10}|
G 0.013495 3.081E-06 0.000005 1.142E-09 0.012844 2.932E-06|
H 0.000100 2.283E-08 0 0.000E+00 0.000104 2.374E-08||

Notes

!Varies by TMA Cell

2 puring the first phase of operation, the TMA sideslope without drainage receives full

recharge (from regional model) with a concentration of zero.




Table 2.4 TMA sub-model stress periods

1 0 2 2 0 1460 1460
2 4 3 7 1460 1095 2555
3 7 2 9 2555 730 3285
4 9 1 10 3285 365 3650
5 10 1 11 3650 365 4015
3 1 5 16 2015 1825 5840
7 16 1 17 5840 365 6205
8 17 2 19 6205 730 6935
9 19 1 20 6935 365 7300
f 10 20 3 23 7300 1095 8395
T 23 2 25 8395 730 9125
12 25 1 26 9125 365 9490
13 26 5 31 9490 1825 11315
14 31 1 32 11315 365 11680
15 32 2 36 11680 1460 13140
16 36 2 38 13140 730 13870
17 38 ) 26 13870 2920 16790
18 26 6 52 16790 2190 18980
19 52 3 58 18980 2190 21170
20 58 91 149 21170 33215 54385
21 149 1 150 54385 365 54750
22 150 9 159 54750 3285 58035
23 159 1 160 58035 365 58400
24 160 5 165 58400 1825 60225
25 165 1 166 60225 365 60590
26 166 5 171 60590 1825 62415
27 171 1 172 62415 365 62780
28 172 478 650 62780 174470 237250
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Table 2.5 TMA 1 flux rates by stress period

' 'o 900E+00

= 283503

1 A 7. 489E-08

2 B 8.836E-08 0.000E+00 1.360E-04
3 B 8.836E-08 0.000E+00 1.360E-04
4 C 3.904E-08 0.000E+00 4.964E-05
5 D 8.447E-09 0.000E+00 7.945E-08
6 D 8.447E-09 0.000E+00 7.945E-08
7 E 2.511E-09 0.000E+00 7.5634E-09
8 E 2.511E-09 0.000E+00 7.534E-09
9 E 2.511E-09 0.000E+00 7.534E-09
10 E 2.511E-09 0.000E+00 7.534E-09
11 E 2.511E-09 0.000E+00 7.534E-09
12 E 2.511E-09 0.000E+00 7.5634E-09
13 E 2.511E-09 0.000E+00 7.534E-09
14 E 2.511E-09 0.000E+00 7.534E-09
15 E 2.511E-09 0.000E+00 7.534E-09
16 F 9.132E-10 0.000E+00 6.849E-10
17 F 9.132E-10 0.000E+00 6.849E-10
18 F 9.132E-10 0.000E+00 6.849E-10
19 F 9.132E-10 0.000E+00 6.849E-10
20 F 9.132E-10 0.000E+00 6.849E-10
21 G 3.081E-06 1.142E-09 2.932E-06
22 H 2.283E-08 0.000E+00 2.374E-08
23 H 2.283E-08- 0.000E+00 2.374E-08
24 H 2.283E-08 0.000E+00 2.374E-08
25 H 2.283E-08 0.000E+00 2.374E-08
26 H 2.283E-08 0.000E+00 2.374E-08
27 H 2.283E-08 0.000E+00 2.374E-08
28 H 2.283E-08 0.000E+00 2.374E-08
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Table 2.6 TMA 2 flux rates by stress period

2.283E.03

1 X

2 X 2.283E-03 2.283E-03 2.283E-03
3 A 7.489E-08 0.000E+00 2.283E-03
4 A 7.489E-08 0.000E+00 2.283E-03
5 A 7.489E-08 0.000E+00 2.283E-03
6 B 8.836E-08 0.000E+00 1.360E-04
7 B 8.836E-08 0.000E+00 1.360E-04
8 B 8.836E-08 0.000E+00 1.360E-04
9 C 3.904E-08 0.000E+00 4.964E-05
10 D 8.447E-09 0.000E+00 7.945E-08
11 D 8.447E-09 0.000E+00 7.945E-08
12 D 8.447E-09 0.000E+00 7.945E-08
13 E 2.511E-09 0.000E+00 7.534E-09
14 E 2.511E-09 0.000E+00 7.534E-09
15 E 2.511E-09 0.000E+00 7.534E-09
16 E . 2.511E-09 0.000E+00 7.534E-09
17 E 2.511E-09 0.000E+00 7.534E-09
18 F 9.132E-10 0.000E+00 6.849E-10
19 F 9.132E-10 0.000E+00 6.849E-10
20 F 9.132E-10 0.000E+00 6.849E-10
21 F 9.132E-10 0.000E+00 6.849E-10
22 F 9.132E-10 0.000E+00 6.849E-10
23 G 3.081E-06 1.142E-09 2.932E-06
24 H 2.283E-08 0.000E+00 2.374E-08
25 H 2.283E-08 0.000E+00 2.374E-08
26 H 2.283E-08 0.000E+00 2.374E-08
27 H 2.283E-08 0.000E+00 2.374E-08
28 H 2.283E-08 0.000E+00 2.374E-08
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Table 2.7 TMA 3 flux rates by stress period

1 X 2.283E-03 2.283E-03 2.283E-03
(i 2 X 2.283E-03 2.283E-03 2.283E-03
| 3 X 2.263E-03 2.283E-03 2.283E-03
4 X 2.283E-03 2.283E-03 2.283E-03
5 X 2.283E-03 2.283E-03 2.283E-03
6 X 2.283E-03 2.283E-03 2.283E-03
7 X 2.283E-03 2.283E-03 2.283E-03
8 A 7.489E-08 0.000E+00 2.283E-03
9 B 8.836E-08 0.000E+00 1.360E-04
10 B 8.836E-08 0.000E+00 1.360E-04
11 B 8.836E-08 0.000E+00 1.360E-04
12 C 3.904E-08 0.000E+00 4.964E-05
13 D 8.447E-09 0.000E+00 7.945E-08
14 D 8.447E-09 0.000E+00 7.945E-08
15 E 2.511E-09 0.000E+00 7.534E-09
“ 16 E 2.511E-09 0.000E+00 7.534E-09
17 E 2.511E-09 0.000E+00 7.534E-09
18 E 2.511E-09 0.000E+00 7.534E-09
19 F 9.132E-10 0.000E+00 6.849E-10
20 F 9.132E-10 0.000E+00 6.849E-10
21 F 9.132E-10 0.000E+00 6.849E-10
22 F 9.132E-10 0.000E+00 6.849E-10
23 F 9.132E-10 0.000E+00 6.849E-10
24 F 9.132E-10 0.000E+00 6.849E-10
25 G 3.081E-06 1.142E-09 2.932E-06
26 H 2.283E-08 0.000E+00 2.374E-08
27 H 2.283E-08 0.000E+00 2.374E-08
28 H 2.283E-08 0.000E+00 2.374E-08
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Table 2.8 TMA 4 flux rates by stress period

dario as ith . Without Drainage
1 X 2.283E-03 2.283E-03 2.283E-03
2 X 2.283E-03 2.283E-03 2.283E-03
3 X 2.283E-03 2.283E-03 2.283E-03
3 X 2.283E-03 2.283E-03 2.283E-03
5 X 2.283E-03 2.283E-03 2.283E-03
6 X 2.283E-03 2.283E-03 2.283E-03
7 X 2.283E-03 2.283E-03 2.283E-03
8 X 2.283E-03 2.283E-03 2.283E-03
s X 2.283E-03 2.283E-03 2.283E-03
10 X 2.283E-03 2.283E-03 2.283E-03
11 A 7.489E-08 0.000E+00 2.283E-03
12 A 7.489E-08 0.000E+00 2.283E-03
13 B 8.836E-08 0.000E+00 1.360E-04
12 c 3.004E-08 0.000E+00 4.964E-05
5 D 8.447E-09 0.000E+00 7.945E-08
16 D 8.447E-09 0.000E+00 7.945E-08
17 E 2511E-09___ | 0.000E+00 7.534E-09
18 E 2.511E-09 — 0.000E+00 7.534E-09
19 E 2.511E-09 0.000E+00 7.534E-09
20 F 9.132E-10 0.000E+00 6.849E-10
21 F 9.132E-10 0.000E+00 6.849E-10
22 F 9.132E-10 0.000E+00 6.849E-10
23 F 9.132E-10 0.000E+00 6.849E-10
24 F 9.132E-10 0.000E+00 6.849E-10
25 F 9.132E-10 0.000E+00 6.849E-10
26 F 9.132E-10 0.000E+00 6.849E-10
27 G 3.081E-06 1.142E-09 2.932E-06
28 H 2283E08___| __ 0.000E+00 2.374E-08
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Table 2.9 Hypothetical concentration phases for sulfate

. Description. [ Flow ‘Source Concentration (ppm) |  Beginning Time' _
Operational A-C 2,000 Start of flow phase A
[ Post-Cap D-H 4,000 Start of flow phase D ||
Oxidized H 40,000 Start of flow phase H? ||
Notes
'Varies by TMA Cell

?As a conservative assumption, the oxidized concentration begins
one year after assumed degradation of the flexible membrane liner.
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Table 2.10 Summary of sensitivity simulations

_ Descriptionof Simulation | =~ = Parameter Variation(s R AL R LA AN A
Best Engineering Judgement (BEJ) None 2.88 125
Lower Effective Porosity Effective Porosity = 0.10 7.28 60
Lower Longitudinal Disprsivity Longitudinal Dispersivity = 25.0 ft 2.97 130
Lower Transverse Disprsivity Transverse Dispersivity (horizontal and vertical) = 2.5 ft 297 150
Lower Transmissivity and Recharge Horizontal Hydraulic Conductivity (all units) x 0.5 1.67 200

Default Recharge Rate = § in/yr
Lower Vertical Conductivity Vertical Hydraulic Conductivity (all units) x 0.1 2.96 165
Post-Mine Flow Field Fixed Head Boundaries from 2.63 125
Post-Mine Regional Model Simulations
Bedrock Flow General Head Boundaries at Model Base 2.41 75
from Regional Model Simulations _




Table 2.11 Practical Worst Case model parameters

_Geologic Uni
Effective Porosity 0.10
Longitudinal Dispersivity 25.0 ft
All Geologic Units
Horizontal Transverse Dispersivity 251t
Vertical Dispersivity 25ft
Horizontal Hydraulic Conductivity 0.80 ft/day
Late Wisconsinan Till
Vertical Hydraulic Conductivity 0.040 ft/day
( Default Zone Horizontal Hydraulic Conductivity 60.2 ft/dy
Default Zone Vertical Hydraulic Conductivity 0.602 ft/day
Coarse Outwash
Low Zone Horizontal Hydraulic Conductivity 7.3 ft/day
Low Zone Vertical Hydraulic Conductivity 0.073 ft/day
Horizontal Hydraulic Conductivity 15.0 ft/day
Fine Outwash
Vertical Hydraulic Conductivity 0.150 ft/day
Pre- to Early-Wisconsinan Till Horizontal Hydraulic Conductivity 0.80 ft/day
and Massive Saprolite Vertical Hydraulic Conductivity 0.010 ft/day
Horizontal Hydraulic Conductivity 0.80 ft/day
Ancient Lacustrine
Vertical Hydraulic Conductivity 0.016 ft/day
Horizontal Hydraulic Conductivity 0.80 ft/day
Ice Margin Contact Deposit
Vertical Hydraulic Conductivity 0.016 ft/day
Width 14.0 ft
Creekbed Vertical Hydraulic Conductivity 1.0 ft/day
Hemlock Creek
Creekbed Sediment Thickness 1.0 ft
Water Depth 1.0 ft
Bottom Sediment Vertical Hydraulic Conductivity 0.318 ft/day
Discharge Wetlands
Bottom Sediment Thickness 1.0 ft
Bottom Sediment Vertical Hydraulic Conductivity 0.00318 ft/day
Seepage Wetlands Bottom Sediment Thickness 5.0 ft
Water Depth 201

! Bold values indicate changes from Best Engineering Judgement model parameters.

4.2-10-40




W,

Orebody %

TMA
sub-model
extent

=

— -

Hemlock
Creek

Tailings
Management )
Area

/
ove

N

ﬁ
!

Feet

)
0 4000 8000

#&s

REVISED DATEG:YOTrans  DESCRPTION ' Crandon Mining Company
Figure 2.1
Tailings Management Area and
CHECKEDBY: PV DATE: NOV 96 TMA sub-model location map
APPROVED BY: RTH DATE: NOv 96 |Scale: 1" =8000' | Date: Nov 1996
APPROVED BY: PFA DATE: NOV 96 | Prepared By: GeoTrans, Inc. | By: GWC

4.2-10-41




Sidewall w/o
Runoff Drainage

Basin 11 R

Base i

Runoff
Basin 10
Sidewall w/
Drainage, 8
Runoff
Basin 12
Runoff
Basin 9
FEET N
____ I
0 350 700
Geolrans,inc. .
REVISED | DATE | BY DESCRIPTION Crandon Mining Company ‘
: Figure 2.2
. Tailings Management Area detail
CHECKED BY: PV DATE: NOV 96 |
APPROVED BY: RTH DATE: NOV 96 | Scale: 1"=700' | Date: Nov 1996
APPROVED BY: PFA DATE: NOv 96 | Prepared By: GeoTrans, Inc. } By: GWC

4.2-10-42



1 10 20 3p Columns 4g 50 60 70
| | | | | i
14 I
asunll f
/' N / B
] ;
104 P N
\\
l' ;‘\\ —— 4 l . l.‘
|t TN \ =h\
/ 1 - \
7 A A - h \ B
20" ! 4/ e \ \ ‘ 24
‘, 7 A \\\‘
7 p 4 / HES
/£ y. A A %
/ N h V 14 7 5y
V.. N N y4 y 4 Y {
~ V7T AN N :
gRas SRS A/ 33
A A
30- wER / :
/ =
\ t N aimd
2 \ AV AN A
) \ [ 413 v, :
m ‘ ‘f 4 L::.
\ ‘\\ A DR a v
/ h T
40 \ \ 7 / I ™N T 17 :
\ A / 7 o
A 4 h £ £
q y.a4 4 ANEAN NN D / #
\ RN 4 N / 4 17
\ N y /
{ QRS AVAN El
;‘ 4 4 i
N - B
50 \ ‘\\ ™ AV / / 7 E
q / / 5
N Y A 4 Yy, /s & ol
£ 4 JEL i
AN NV I/ ST il sl &
- NI y {=linactive Area;
7 ] :
60 N y4
7 q
ropose /
Compliance h
Boundary - »
™ L~
70
FEET ig
[
0 500 1000
Geolrans, inc. .
REVISED | DATE | BY DESCRIPTION Crandon Mlmng Company
Figure 2.3
Model grid
CHECKED BY: PV DATE: NOV 96
APPROVED BY: RTH DATE: Noves |Scale: 1" = 1000 J Date. Nov 1996
APPROVED BY: PFA DATE: NOV 96 | Prepared By. GeoTrans, Inc. IBy: GwWC
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Regional Predominant TMA
Model Geological ' Sub-Model

Layering Unit(s) oo st Layering
1 Late Wisconsinan Till = 1
2
2 Coarse Outwash 3
Fine Outwash I:>
4
5
3 Coarse Outwash
Fine Outwash :>
6
4 Pre- to Early-Wisconsinan Till > 7
Massive Saprolite
bedrock/glacial
/ interface
5 Strongly Weathered Bedrock
6 Moderately Weathered Bedrock
7 Weakly Weathered Bedrock
Geolrans, inc. —
REVISED| DATE | BY DESCRIPTION Crandon Mining Company
Figure 2.4
Model layering
CHECKED BY: PV DATE: NOV 96
APPROVED BY: RTH DATE: NOv 96 |Scale: Notto scale I Date: Nov 1996
APPROVED BY: PFA DATE: NOV 96 | Prepared By: GeoTrans, Inc. I By: GWC
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Elevation datum is mean sea level.

ISED DATEG:YOTra  SeSoRPTON Crandon Mining Company
Figure 2.6
Elevation of the bottom
DATE: NOV 96 of model layer 1
DATE: NOv 96 |Scale: 1" = 1000 I Date: Nov 1996
VE DATE: NOV 96 | Prepared By: GeoTrans, Inc. I By: GWC
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Geolrans, inc. -
REVISED | DATE | BY DESGRIPTION Crandon Mmmg Company
. Figure 2.7
Elevation of the bottom
CHECKED BY: PV DATE: NOV 96 of model layer 2
VE DATE: NOVge | Scale: 1"=1000' | Date: Nov 1996

DATE: NOV 96 | Prepared By: GeoTrans, Inc. {By: GWC
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Figure 2.8
Elevation of the bottom
KED BY- . NOV 96 of model layer 3
OVED BY: RTH DATE: NOv9s | Scale: 1"=1000' | Date: Nov 1996
OVED TE: NOV96 | Prepared By: GeoTrans, Inc. | By: GWC
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. Figure 2.9

Elevation of the bottom

of model layer 4

. PV TE: 96
APPROVED BY: RTH DATE: NOV 96 |Scale: 1" = 1000 ] Date: Nov 1996
VED BY: PFA TE: NOV96 | Prepared By: GeoTrans, Inc. | By: GWC
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REVISED | DATE | BY DESCRIPTION Crandon Mining Company ‘
Figure 2.10
Elevation of the bottom
CHECKED BY: PV DATE: NOV 96 of model layer 5
APPROVED BY: RTH DATE: NOvos |Scale: 1"=1000" I Date: Nov 1996
APPROVED BY: PFA DATE: Nov 96 | Prepared By. GeoTrans, Inc. | By: GWC
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Figure 2.11
Elevation of the bottom
of model layer 6

Scale: 1" = 1000' | Date: Nov 1996

Prepared By: GeoTrans, Inc. | By. GWC
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Figure 2.13
Water table elevation (ft)
CHECKED BY: PV DATE: NOV 96 from 1984 measurements
APPROVED BY: RTH DATE: Nov g6 | Scale: 1"=1000' | Date: Nov 1996
APPROVED BY: PFA DATE: NOV 96 | Prepared By: GeoTrans, Inc. | By: GWC
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Figure 2.14
Saturated thickness
CHECKED BY: PV DATE: NOV 96 of model layer 1
APPROVED BY: RTH DATE: Nov g |Scale: 1" = 1000' l Date: Nov 1996
APPROVED BY: PFA DATE: NOV 96 | Prepared By. GeoTrans, Inc. l By. GWC
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REVISED| DATE | BY DESCRIPTION Crandon Mining Company
Figure 2.15
Saturated thickness
CHECKED BY: PV DATE: NOV 96 of model layer 2
APPROVED BY: RTH DATE: NOovgs |Scale: 1" = 1000 [ Date: Nov 1996
APPROVED BY: PFA DATE: NOV 96 | Prepared By: GeoTrans, Inc. l By: GWC
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Figure 2.16
Saturated thickness
CHECKEDBY: PV DATE: NOV 96 of model layer 3
APPROVED BY: RTH DATE: NOovgs |Scale: 1"=1000' ] Date: Nov 1996
APPROVED BY: PFA DATE: NOV 96 | Prepared By: GeoTrans, Inc. | By: GWC
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REVISED | DATE | BY DESCRIPTION Crandon Mlnmg Company
Figure 2.17
Saturated thickness

CHECKED BY: PV DATE: NOV 96 of model layer 4

APPROVED BY: RTH DATE: Nov g6 |Scale: 1" = 1000’ | Date: Nov 1996

APPROVED BY: PFA DATE: NOV 96 | Prepared By: GeoTrans, Inc. |By: GwC

4.2-10-57




60
N~ I L & ‘ 2 3
0 i
' FEET »
i [ I
Inactive Area S 500 /
Note: contour interval is 5 feet.
Geolrans, inc. P
REVISED] DATE | BY DESCRIPTION Crandon Mining Company
Figure 2.18
Saturated thickness
CHECKEDBY: PV DATE: NOV 96 of model layer 5
APPROVED BY: RTH DATE: Novos |Scale: 1"= 1000 J Date: Nov 1996
APPROVED BY: PFA DATE: NOV 96 | Prepared By. GeoTrans, Inc. I By: GWC

4.2-10-58




60

70

L\

Inactive Area

Note: contour interval is 5 feet.

FEET
I )
0 500 1000 /

&

_#ks

REVISED | DATE

BY

Geolrans,inc.

DESCRIPTION

Crandon Mining Company

Figure 2.19

Saturated thickness

CHECKED BY: PV DATE: NOV 96 of model layer 6
APPROVED BY: RTH DATE: NOv9s |Scale: 1" = 1000 | Date: Nov 1996
APPROVED BY: PFA DATE: NOV 96 | Prepared By. GeoTrans, Inc. [By: GwWC
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Figure 2.20
Saturated thickness
CHECKEDBY: PV DATE: NOV 96 of model layer 7
APPROVED BY: RTH DATE: NOvos |Scale: 1"= 1000 | Date: Nov 1996
APPROVED BY: PFA DATE: NOV 96 | Prepared By: GeoTrans, Inc. |By: GWC

4.2-10-60




1 10 20 30 40 ﬁO QO ZO
14
10+
20-
30- !
40-
60+
70+
FEET ig
E Low conductivity zone in coarse outwash 0 5001000 /
Geolrans, inc. -
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Figure 2.21
Coarse outwash
CHECKEDBY: PV DATE: NOV 96 conductivity zonation
APPROVED BY: RTH DATE: Nov 96 | Scale: 1"= 1000’ | Date: Nov 1996
APPROVED BY: PFA DATE: NOV 96 |Prepared By: GeoTrans, Inc. | By: GWC
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Geolrans,inc. . .
REVISED | DATE | BY DESCRIPTION Crandon Mlnmg Company
Figure 2.22
Flow boundary conditions
CHECKED BY: PV DATE: NOV 96
APPROVED BY: RTH DATE: Novge |Scale: 1"= 1000’ | Date: Nov 1996
APPROVED BY: PFA DATE: NOV 96 | Prepared By: GeoTrans, Inc. ] By: GWC
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REVISED | DATE | BY DESCRIPTION Crandon Mmmg Company

. Figure 2.23

TMA recharge zones

CHECKED BY: PV DATE: NOV 96
APPROVED BY: RTH DATE: Novos |Scale: 1" =1000' J Date: Nov 1996
APPROVED BY: PFA DATE: NOV 96 | Prepared By: GeoTrans, Inc. | By.: GWC
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REVISED| DATE | BY DESCRIPTION Crandon Mining Company
Figure 2.24
Modeled water table for the TMA
CHECKED BY: PV DATE: Noves | Sub-model and the regional model
APPROVED BY: RTH DATE: NOvos | Scale: 1"=1000' | Date: Nov 1996
APPROVED BY: PFA DATE: NOV 96 | Prepared By: GeoTrans, Inc. | By: GWC
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Geolrans, inc. .
REVISED| DATE | BY DESCRIPTION Crandon Mining Company
Figure 2.25
Modeled head in TMA sub-model
CHECKED BY: PV paTE: Noves | layer 3 and regional model layer 2
APPROVED BY: RTH DATE: Nov g6 | Scale: 1" = 1000’ | Date: Nov 1996
APPROVED BY: PFA DATE: NOV 96 | Prepared By: GeoTrans, Inc. [By: GWC

4.2-10-65




10 20

10

20

30-

40-

50

60

70—

Notes:

__ TMA sub-model
Contour interval is 1 foot. - - - Regional model

Elevation datum is mean sea level.

REVISED DATEG::,T“ mcféscmpnon Crandon Mining Company
Figure 2.26
Modeled head in TMA sub-model
CHECKED BY: PV DATE: NOV 96 layer 7 and regional model layer 4
APPROVED BY: RTH DATE: NOV o6 | Scale: 1" = 1000’ | Date: Nov 1996
APPROVED BY: PFA DATE: NOV 96 | Prepared By. GeoTrans, Inc. | By. GWC
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REVISED DATEG:YOTra " DescRPTION Crandon Mining Company
Figure 2.27
Modeled steady-state head
CHECKED BY: PV DATE: NOV 96 residuals in the TMA sub-model
APPROVED BY: RTH DATE: NOov g6 | Scale: 1"=1000' | Date: Nov 1996
APPROVED BY: PFA DATE: NOV 96 | Prepared By: GeoTrans, Inc. | By: GWC
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Geolrans,inc. -
REVISED | DATE | BY DESCRIPTION Crandon Mining Company
Figure 2.28
TMA sub-model time line

CHECKEDBY: PV DATE: NOV 96
APPROVED BY: RTH DATE: Novoe |Scale: 1" =25 years \ Date: Nov 1996
APPROVED BY: PFA DATE: NOV 96 | Prepared By: GeoTrans, Inc. | By. GWC
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Figure 2.29
TMA flux rate
CHECKEDBY: PV DATE: OCT 96
APPROVED BY: RTH DATE: ocT 96 | Scale: None |Date: Oct 1996
APPROVED BY: PFA DATE: oCT 96 | Prepared By: GeoTrans, Inc.  |By: GWC
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Crandon Mining Company

REVISED| DATE| BY DESCRIPTION
Figure 2.30
TMA Cumulative Exfiltration Volume
CHECKEDBY: PV DATE: OCT 96
APPROVED BY: RTH DATE: ocTg6 | Scale: None |Date: Oct 1996
APPROVED BY: PFA DATE: ocTe6 |Prepared By: GeoTrans, Inc. |By: GWC
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UNIT-RESPONSE SIMULATION

(independent of constituent source concentrations)

Simulation A
Compliance Boundary Unit Response
TMA M m m — = — — = ——— — - — —
Source Concentration
el - - - - - - - - -~
10 E
B+ — — ¢ — — = = = = - - - - -
0 time (yn) L
(Simulation starts in stress period 1) °
0 sme (yr)
Simulation B
Compliance Boundary Unit Response
TMA O — — = - - - - - - - -
Source Concentration
O - = = = = = = = = = = — — —
10 —>
0B — = = = - = — - — - — -~ -
10 timelyr ot - /TS - - — — - — = = —
(Simulation starts in stress period 5) o
11) sme (y1)
Simulation C
Compl Boundary Unit Resp
TMA B = = = = - — - — - -
Source Concentration
0 = = = = — = = = = = — — — —
10 E
0Bt — — - - - - - - — — — — — —
x  time (yr) bmsf — - - - - - - - - - -

unknown start time °
(Simulation starts in stress period 28) X

SCALING AND OFFSETTING
(constituent specific)

Compliance Boundary Scaled Response

Scale Factor = (9-5) = 4

Offset time = 200 years

Operation
' Concentration = 2 ppm
Scale Factor=2
ADDITION
COMPLIANCE BOUNDARY
CONCENTRATION
02 r-——-~-~---=---
(ppm) 018 - — .
Post-Cap
. Concentration = 5 ppm
Scale Factor = (5-2) =3 ’ ['X 1 S [ V A
005 + - — — = = = = — = = — —
e (yr) °
o 100 200 300 400 500
time (yn)
Oxidized
Concentration = 9 ppm

This hypothetical example shows the superposition
method applied for a constituent with the following

source concentrations:

Operation: 2 ppm
Post-cap: 5 ppm
Oxidized: 9 ppm

The Simulation C start time is set to 51 years
after assumed degradation of the FML for this
example (time = 200 years for TMAl).

i

Geolrans,inc.
REVISED | DATE | BY DESCRIPTION Crandon Mining Company
Figure 2.31
lllustration of the
CHECKEDBY: PV DATE: NOV 96 superposition method
APPROVED BY: RTH DATE: NOv 96 |Scale: None IDate: Nov 1996
| aePROVEDBY: PFA DATE: NOV 96 |Prepared By: GeoTrans, Inc. |By: GWC
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REVISED | DATE | BY DESCRIPTION Crandon Mmmg Company
Figure 2.32
Location of compliance
CHECKED BY: PV DATE: NOV 98 boundary observation cells
APPROVED BY: RTH DATE: NOvos |Scale: 1"=1000' | Date: Nov 1996
APPROVED BY: PFA DATE: NOV 96 | Prepared By: GeoTrans, Inc. | By: GWC
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For these plots, the start time REVISED | DATE | BY DESCRIPTION Crandon Mining Company
for Simulation C is set to Figure 2.33
150 years. BEJ Concentration response curves
CHECKED BY: PV DATE: NOV 96 at the compliance boundary
APPROVED BY: RTH DATE: NOv 96 | Scale: None Date: Nov 96
APPROVED BY:  PFA DATE: NOV 96 |Prepared by: GeoTrans, Inc. By: GWC
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Concentration (ppm)
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Source Concentration:

Operation: 2,000 ppm
Post-cap: 4,000 ppm
Oxidized: 40,000 ppm*

*As a conservative assumption,

the oxidized concentration begins
one year after assumed degradation
of the flexible membrane liner.

=——Superposition

—8—Part A x 2,000 ppm
—>»—Part B x 2,000 ppm
—8—Part C x 36,000 ppm
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Time (yr)
Geolrans, inc. .
REVISED| DATE | BY DESCRIPTION Crandon Mining Company
Figure 2.34
BEJ concentration at the compliance
CHECKED BY: PV DATE: OCT 96 boundary (sulfate example)
APPROVED BY: RTH DATE: ocT 96 | Scale: None | Date: Oct 1996
APPROVED BY: PFA DATE: ocT 96 |Prepared By: GeoTrans, Inc. |By: GWC
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60-| oOperation: 2,000 ppm
Post-cap: 4,000 ppm
Oxidized: 40,000 ppm*
*As a conservative assumption,
the oxidized concentration begins
one year after assumed degradation
70 of the flexible membrane liner.

Concentration Scale

— g Note: This plot shows shaded contours
_ of maximum concentration in any layer.
0.2 2 20 200
Geolrans,inc. . .
REVISED| DATE| BY DESCRIPTION Crandon Mining Company
Figure 2.35
BEJ concentration after 7 years
CHECKEDBY: PV DATE: NOV 96 (sulfate example, plan view)
APPROVED BY:  RTH DATE: Noves | Scale 1" =1000 | Date: Nov 1996
APPROVED BY:  PFA DATE: NOV 96 | Prepared By: GeoTrans, Inc. | By: GWC
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Source concentration:

60— oOperation:
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Oxidized:

*As a conservative assumption,
the oxidized concentration begins
one year after assumed degradation
70-| of the flexible membrane liner.

2,000 ppm
4,000 ppm
40,000 ppm*

Concentration Scale

‘ g Note: This plot shows shaded contours
:_ of maximum concentration in any layer.
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Geolrans, inc. . .
REVISED| DATE| BY DESCRIPTION Crandon Mining Company
Figure 2.36
BEJ concentration after 17 years
CHECKEDBY: PV DATE: NOV 96 (sulfate example, plan view)
APPROVED BY:  RTH DATE: Noves | Scale 1" = 1000 | Date: Nov 1996
APPROVED BY:  PFA DATE: NOV 96 | Prepared By: GeoTrans, Inc. | By: GWC
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Source concentration:

Operation: 2,000 ppm
Post-cap: 4,000 ppm
Oxidized: 40,000 ppm*

*As a conservative assumption,
the oxidized concentration begins
one year after assumed degradation
of the flexible membrane liner.

Concentration Scale

— i Note: This plot shows shaded contours
:_ of maximum concentration in any layer.
0.2 2 20 200 2000
Geolrans, inc. & . .
REVISED| DATE| BY DESCRIPTION Crandon Mining Company
Figure 2.37
BEJ concentration after 23 years
CHECKEDBY: PV DATE: NOV 9 (sulfate example, plan view)
APPROVED BY: _ RTH DATE: Noves | Scale 1"= 1000 | Date: Nov 1996
APPROVED BY:  PFA DATE: NOV 96 | Prepared By: GeoTrans, Inc. | By: GWC
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60-] oOperation: 2,000 ppm

*As a conservative assumption,
the oxidized concentration begins
one year after assumed degradation

70— of the flexible membrane liner.

Post-cap: 4,000 ppm
Oxidized: 40,000 ppm*

Concentration Scale

v g Note: This plot shows shaded contours
_ of maximum concentration in any layer.
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Geolrans, inc. . .
REVISED| DATE| BY DESCRIPTION Crandon Mining Company
Figure 2.38
BEJ concentration after 32 years
CHECKEDBY: PV DATE: NOV 96 (sulfate example, plan view)
APPROVED BY:  RTH DATE: Noves | Scale 1" = 1000 | Date: Nov 1996
APPROVED BY:  PFA DATE: NOV 96 | Prepared By: GeoTrans, Inc. | By: GWC
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Figure 2.39
BEJ concentration after 100 years
CHECKED BY: PV DATE: NOV 96 (sulfate example, plan view)
APPROVED BY:  RTH DATE: Nov e | Scale 1" = 1000 | Date: Nov 1996
APPROVED BY:  PFA DATE: NOV 96 | Prepared By. GeoTrans, Inc. | By: GWC
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*As a conservative assumption,

the oxidized concentration begins
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of the flexible membrane liner.
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Note: This plot shows shaded contours
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REVISED| DATE| BY DESCRIPTION Crandon Mining Company
Figure 2.40
BEJ concentration after 200 years

CHECKEDBY: PV DATE: NOV 96 (sulfate example, plan view)
APPROVED BY:  RTH DATE: NOv oe | Scale 1" = 1000 | Date: Nov 1996
APPROVED BY:  PFA DATE: NOV 96 | Prepared By. GeoTrans, Inc. | By: GWC
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Figure 2.41
BEJ concentration after 300 years
CHECKED BY: PV DATE: NOV 96 (sulfate example, plan view)
APPROVED BY:  RTH DATE: Novoe | Scale 1" =1000 | Date: Nov 1996
APPROVED BY:  PFA DATE: NOV 96 | Prepared By: GeoTrans, Inc. | By GWC
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Concentration Scale

: v Note: This plot shows shaded contours
:— of maximum concentration in any layer.
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Figure 2.42
BEJ concentration after 650 years
CHECKEDBY: PV DATE: NOV 96 (sulfate example, plan view)
APPROVED BY: _ RTH DATE: Noves | Scale 1" = 1000 | Date: Nov 1996
APPROVED BY:  PFA DATE: NOV 96 | Prepared By: GeoTrans, Inc. | By: GWC
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Figure 2.43
Location of cross-section used
CHECKED BY: PV DATE: NOV 96 for viewing concentration
APPROVED BY: RTH DATE: Nov g6 | Scale: 1" =1000' | Date: Nov 1996
APPROVED BY: PFA DATE: NOV 96 | Prepared By: GeoTrans, Inc. lBy: GWC
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Figure 2.44
BEJ concentration after 7 years
CHECKEDBY: PV DATE NOV 96 (sulfate example, cross section)
APPROVED BY: RTH DATE: NOV96 | Scale: 1° = 1000' (), 100" v) | Date: Nov 1996
APPROVED BY: PFA DATE:Nov 96 | Prepared By: GeoTrans, GA | By: GWC
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Figure 2.45
BEJ concentration after 17 years
CHECKEDBY. PV DATE-NOV 96 (sulfate example, cross section)
APPROVED BY: RTH DATE:NOV96 | Scale: 1*= 1000 (h), 100’ (v) | Date: Nov 1996
APPROVED BY:  PFA DATE:NOV 96 | Prepared By: GeoTrans, GA | By: GWC
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Figure 2.46
BEJ concentration after 23 years
CHECKEDBY. PV DATE NOV 96 (sulfate example, cross section)
APPROVED BY: RTH DATE:NOV 96 | Scale: 1" = 1000 (h), 100’ (v) | Date: Nov 1996
APPROVED BY:  PFA DATE:NOV96 | Prepared By: GeoTrans, GA  |By: GWC
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Figure 2.47
BEJ concentration after 32 years
CHECKEDBY. PV CATE NGV 96 (sulfate example, cross section)
APPROVED BY: RTH DATE: NOV96 | Scale: 1°= 1000’ (h), 100" v) | Date: Nov 1996
APPROVED BY: PFA DATE:NOV 96 | Prepared By: GeoTrans, GA | By: GWC
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Figure 2.48
BEJ concentration after 100 years
CHECKEDBY. PV DATE: NOV 85 (sulfate example, cross section)
APPROVED BY: RTH DATE: NOV 96 | Scale: 1° = 1000 (h), 100’ v) | Date: Nov 1996
APPROVED BY:  PFA DATE:NOV 96 | Prepared By: GeoTrans, GA  |By: GWC
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Figure 2.49
BEJ concentration after 200 years
CHECKED BY. PV DATE NOV 96 (sulfate example, cross section)
APPROVED BY: RTH DATE: NOV96 | Scale: 1" = 1000 (h), 100’ (v) | Date: Nov 1996
APPROVED BY:  PFA DATE:NOV 96 | Prepared By: GeoTrans, GA I By: GWC
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Figure 2.50
BEJ concentration after 300 years
CHECKEDBY. PV DATE. NOV 96 (sulfate example, cross section)
APPROVED BY: RTH DATE:NOV96 | Scale: 1°= 1000’ (h), 100 (v) | Date: Nov 1996
APPROVED BY:  PFA DATE:NOV 96 | Prepared By: GeoTrans, GA ] By: GWC
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Figure 2.51
BEJ concentration after 650 years
CHECKEDBY. PV DATE- NOV 96 (sulfate example, cross section)
APPROVED BY:  RTH DATE:NOV 6 | Scale: 1"= 1000 (h), 100’ (v) | Date: Nov 1996
APPROVED BY:  PFA DATE:NOV 96 | Prepared By: GeoTrans, GA JBy: GWC
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Figure 2.55
Sensitivity to variations
CHECKED BY: PV DATE: OCT 96 in dispersivity
APPROVED BY: RTH DATE: ocT 96 |Scale: None | Date: Oct 1996
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Figure 2.56
Sensitivity to variations in
CHECKEDBY: PV DATE. OCT 96 hydraulic conductivity and recharge
APPROVED BY: RTH DATE: ocT9s |Scale: None | Date: Oct 1996
APPROVED BY: PFA DATE: OCT96 |Prepared By: GeoTrans, Inc. |By: GWC
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Figure 2.57
Sensitivity to variations in
CHECKED BY: PV DATE: OCT 9% flow boundary conditions
APPROVED BY: RTH DATE: ocT g6 |Scale: None | Date: Oct 1996
APPROVED BY: PFA DATE: OCT 96 |Prepared By: GeoTrans, Inc. |By: GWC
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Figure 2.59
PWC concentration at the compliance
CHECKED BY: PV DATE: OCT 96 boundary (sulfate example)
APPROVED BY: RTH DATE: OcT g6 _|Scale: None [Date: Oct 1996
APPROVED BY: PFA DATE: ocT96 |Prepared By: GeoTrans, Inc. [By: GWC
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Source concentration:
Operation:

*As a conservative assumption,
the oxidized concentration begins
one year after assumed degradation
of the flexible membrane liner.
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Geolrans, inc. . .
REVISED| DATE| BY DESCRIPTION Crandon Mining Company
Figure 2.60
PWC concentration after 7 years

CHECKEDBY: PV DATE: OCT % (sulfate example, plan view)
APPROVED BY:  RTH DATE: ocTee | Scale 1"=1000 | Date: Oct 1996
APPROVED BY:  PFA DATE: 0CT96 | Prepared By: GeoTrans, Inc. | By: GWC
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Figure 2.61
PWC concentration after 17 years
CHECKED BY: PV DATE: OCT 96 (sulfate example, plan view)
APPROVED BY:  RTH DATE: ocTes | Scale 1" = 1000 | Date: Oct 1996
APPROVED BY:  PFA DATE: OCT 96 | Prepared By: GeoTrans, Inc. | By: GWC
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Oxidized: 40,000 ppm*

*As a conservative assumption,
the oxidized concentration begins
one year after assumed degradation

70- of the flexible membrane liner.
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Geolrans, inc. —
REVISED| DATE| BY DESCRIPTION Crandon Mining Company
Figure 2.62
PWC concentration after 23 years
CHECKEDBY: PV DATE: OCT 96 (sulfate example, plan view)
APPROVED BY:  RTH DATE: ocT9s | Scale 1" = 1000 | Date: Oct 1996
APPROVED BY:  PFA DATE: OCT 9 | Prepared By: GeoTrans, Inc. | By: GWC
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Post-cap: 4,000 ppm
Oxidized: 40,000 ppm*

*As a conservative assumption,

the oxidized concentration begins
one year after assumed degradation
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REVISED| DATE| BY DESCRIPTION Crandon Mining Company

. Figure 2.63

PWC concentration after 32 years

CHECKEDBY: PV DATE: OCT 96 (sulfate example, plan view)
APPROVEDBY: _ RTH DATE: ocT9s | Scale 1"= 1000 | Date: Oct 1996
APPROVED BY:  PFA DATE: OCT 96 | Prepared By: GeoTrans, Inc. | By: GWC
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Figure 2.64
PWC concentration after 100 years

CHECKEDBY: PV DATE: OCT % (sulfate example, plan view)
APPROVED BY: _ RTH DATE: ocT96 | Scale 1" = 1000 | Date: Oct 1996
APPROVED BY:  PFA DATE: OCT 96 | Prepared By: GeoTrans, Inc. | By: GWC
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60-| oOperation: 2,000 ppm
Post-cap: 4,000 ppm
Oxidized: 40,000 ppm*

*As a conservative assumption,

the oxidized concentration begins
one year after assumed degradation
70 of the flexible membrane liner.
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REVISED| DATE| BY DESCRIPTION Crandon Mining Company

. Figure 2.65

PWC concentration after 200 years

CHECKED BY: PV DATE. OCT 96 (sulfate example, plan view)
APPROVED BY: _ RTH DATE: ocT 96 | Scale 1" =1000 | Date: Oct 1996
APPROVED BY:  PFA DATE: OCT 9 | Prepared By: GeoTrans, Inc. | By: GWC
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60-{ oOperation: 2,000 ppm
Post-cap: 4,000 ppm
Oxidized: 40,000 ppm*
*As a conservative assumption,
the oxidized concentration begins
one year after assumed degradation
70 of the flexible membrane liner.
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: ig Note: This plot shows shaded contours
:— of maximum concentration in any layer.
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REVISED| DATE| BY DESCRIPTION Crandon Mining Company\
Figure 2.66
PWC concentration after 300 years
CHECKEDBY: PV DATE: OCT 9% (sulfate example, plan view)
APPROVED BY:  RTH DATE: ocTos | Scale 1"=1000 | Date: Oct 1996
APPROVED BY:  PFA DATE: OCT96 | Prepared By: GeoTrans, Inc. | By: GWC
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Figure 2.67
PWC concentration after 650 years
CHECKEDBY: PV DATE: OCT 96 (sulfate example, plan view)
APPROVED BY:  RTH DATE: ocTos | Scale 1" = 1000 | Date: Oct 1996
APPROVED BY:  PFA DATE: OCT 96 | Prepared By. GeoTrans, Inc. | By: GWC
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Figure 2.68
PWC concentration after 7 years
CHECKEDBY. PV DATE: NOV 96 (sulfate example, cross section)
APPROVED BY:  RTH DATE: NOV96 | Scale: 1" = 1000 (h), 100 (v) | Date: Nov 1996
APPROVED BY:  PFA DATE:NOV96 | Prepared By: GeoTrans, GA  |By: GWC
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Figure 2.69
PWC concentration after 17 years
CHECKEDBY. PV DATE NOV 96 (sulfate example, cross section)
APPROVED BY: RTH DATE:NOV96 | Scale: 1" = 1000 (n), 100’ (v) | Date: Nov 1996
B _ | APPROVEDBY: PFA DATE:NOV 96 | Prepared By: GeoTrans, GA |By: GWC




0tT-0T-C°¥

Elevation (ft)

1750
1700
1650

1600-

Boundary

TMA 1
II |

>

Compliance
Boundary

Hemlock creek
/

1550-
1500

1450-

1400

0.2

1 j Compliance

Concentration Scale

2

-

20 200 2000 %%i
Geolrans,inc. . .
REVISED | DATE | BY DESCRIPTION Crandon Mlnlng Company
Figure 2.70
PWC concentration after 23 years
CHECKEDBY. PV DATE. NOV 9 (sulfate example, cross section)
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Figure 2.72
PWC concentration after 100 years
CHECKEDBY. PV DATE: NOV 96 (sulfate example, cross section)
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PWC concentration after 300 years
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3 MINE REFLOODING MODEL

[ e
3.1 APPROACH

This section describes the analysis used to assess the potential for upward
movement of solute from the backfilled mine into the glacial system following mine
reflooding. Figure 3.1 shows limited regions of an upward hydraulic gradient from
layer 6 to layer 4 in the steady-state regional groundwater flow model during post-
mining conditions. These regions of upward gradient outline areas where solutes from
the backfilled mine have the potential to travel upward to the glacial system.

The mine reflooding analysis was performed with the calibrated groundwater
model and particle tracking using MODPATH (Pollack, 1990). Particle tracking is
typically utilized in solute transport codes that use Method of Characteristic techniques
(such as MT3D) to assess advective transport in the groundwater system. Particle
tracking was selected as a scoping analysis to efficiently analyze advection travel paths
and travel times in three dimensions. A solute transport model would only be necessary
if the particle tracking indicated that advective flow to a compliance boundary set in the
till 1200 feet from the ore body was significant. The particle tracking analysis uses the
Best Engineering Judgement (BEJ) flow field with a porosity of 25 percent and a
Practical Worst Case (PWC) flow field to assess the potential range of travel times from
the mine to the glacial overburden.

The particle tracking assumes that the mine will be backfilled with cemented and
uncemented tailings having a bulk hydraulic conductivity of 2.8E-3 ft/day (1.0E-6
cm/s). Itis assumed that the Crandon Formation will be replaced with backfill material
in layer 6 (moderately weathered bedrock) and layer 7 (low to weakly weathered
bedrock). It is assumed that layer 5 will not be backfilled with tailings because it is
comprised of strongly weathered bedrock which forms the crown pillar.

Particles were initiated within the mined, backfilled zone in layers 6 and 7 that
had more than 10 percent Crandon Formation/backfill. The particles were placed at a
density of one particle per model cell. For the BEJ, particles were placed in the middle
of the mined zone. For the PWC, particles were placed in the upper 25 percent of the
mined zone. The bottom of the mined zone was defined at an elevation of 1200 feet.
The top elevation of the mined zone ranges from 1450 feet in the eastern portion of the
orebody to 1250 feet in the western portion of the orebody. The particles typically
started in a range between the upper portion of layer 7 to the middle of layer 6, though
some particles started as high as the top of model layer 6 in the PWC.

November 1996

3-1

4.2-10-116




3.2 MODEL PREDICTIONS
3.2.1 BEST ENGINEERING JUDGEMENT

The BEJ flow field uses the calibrated model parameters with a porosity of 25
percent. A total of 125 particles are initiated in the center of the mined portion of the
ore body. Figure 3.2 shows the particle pathlines at 7,500 years for the BEJ. Dashed
lines represent flow in the bedrock while solid lines represent flow in the glacial
overburden. Figure 3.2 illustrates that at 7,500 years, two particles originating in the
mine extend beyond the compliance boundary. The particles travel laterally and
upward. The first particle reaches the compliance boundary after 6,200 years. This
particle is within the bedrock when it crosses the compliance boundary. The first
particle to enter the till beyond the compliance boundary does so after 7,300 years.

3.2.2 PRACTICAL WORST CASE

The PWC flow field uses the same hydraulic parameters as the PWC model used
for flow modeling (described in the groundwater flow modeling report). This PWC
model uses higher bedrock conductivities, a higher massive saprolite/till leakance, and
higher lake bed conductivities. The PWC particle tracking model further assumes a
lower porosity of 0.10 and initiates the particles in the upper 25 percent of the mined
area. PWC simulations represent a combination of possible, but unlikely factors, that
could cause advective transport in excess of the BEJ case. Figure 3.3 shows the

. particle pathlines at 600 years for the PWC. At 600 years, two of the particles extend
beyond the compliance boundary. The first particle crosses the compliance boundary at
570 years. This particle is within the bedrock when it crosses the compliance boundary.
The first particle to enter the till beyond the compliance boundary does so after 593
years.

3.3 SUMMARY OF MINE REFLOODING MODEL RESULTS

The particle tracking results show that advective travel times from the mine to
the compliance boundary in the glacial overburden range from 600 years for the PWC
to over 6,000 years for the BEJ. These excessively long travel times represent a low
potential for solute to travel from the mine to the glacial overburden. Solute transport
modeling of the reflooded mine would indicate an even longer time for the
concentration to peak at the compliance boundary. The longer time is due to the
inclusion of dispersion and mixing which would further reduce solute concentrations.
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Solute transport modeling is not deemed necessary due to:

November 1996

the very low rate of solute movement from the backfilled mine upward
through the crown pillar rock and massive saprolite,

the long travel time for solute particles from the mined areas to the
compliance boundary,

the conservative nature of particle tracking which does not account for
mixing and dispersion, and

neglect of chemical precipitation and adsorption which would also
increase travel times and reduce concentrations of a number of
constituents in the reflooded mine water.
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. 1 INTRODUCTION

1.1 PROJECT DESCRIPTION

On February 15, 1994 Crandon Mining Company (CMC) issued to the
Wisconsin Department of Natural Resources (WDNR) a Notice of Intent with a
Detailed Scope of Study (NOI/SOS) informing the agency of its plan to seek permits
and mine a zinc and copper deposit located in Forest County, Wisconsin, approximately
five miles south of the City of Crandon (Foth & Van Dyke, 1994). The location of the
Crandon ore body is shown in Figure 1.1. The ore body is long and tabular with an
approximate width of 100 feet, north-south, and a strike length of 4900 feet, east-west.
Based on the results of drilling, the mineable ore body extends to an approximate depth
of 2200 feet.

The operating plan calls for mining the deposit via underground mining
methods. This will involve both intercepting groundwater and removing it prior to
entry into areas being mined and collecting and treating groundwater that bypasses the
intercept system. Ore from the deposit will be physically concentrated on-site prior to
shipment for further processing. Tailings from the processed ore will be used to
backfill the mine workings, or will be pumped to an engineered tailings management

. area constructed with a composite base liner, a leachate collection system, and
composite cap. The NOI/SOS described in detail the environmental studies that were
conducted as part of the permitting process. An extensive description of the project is
included in the Mine Permit Application (Foth & Van Dyke, 1995a).

As part of the project studies outlined in the NOI/SOS, a broad spectrum of
environmental issues were studied, including archaeology, biology, blasting, geology
and soils, groundwater, noise, topography, surface water, tailings management, waste
characterization, water management, wetlands, etc. This report describes in detail the
solute transport modeling that was performed as part of the environmental studies for
the permit process. The solute transport model is a tool that was used to assess
potential groundwater quality impacts of tailings management and mine closure
activities. A separate groundwater flow modeling report provides estimates of mine
water inflow and quantifies potential impacts of the mine water inflow on the overlying
glacial aquifer and the subsequent impact on the lakes and streams.

1.2 OBJECTIVES OF STUDY

Solute transport modeling was performed to meet two primary objectives:
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. to evaluate Tailings Management Area (TMA) compliance with groundwater
standards,
. to evaluate groundwater quality in the glacial aquifer following mine reflooding.

Results from this solute transport modeling study are incorporated into related
environmental studies. Results are also used in the impact section of the project’s
Environmental Impact Report (EIR) to evaluate compliance with groundwater standards
and regulations.

This update builds on the analysis reported in the original report of November
20, 1996 (HSI GeoTrans, 1996a). At the request of the regulators, some minor changes
have been made to model construction and some new sensitivity simulations have been
conducted. However, the sensitivity results in the original report are still valid. As
such, these sensitivities are not repeated in this update.

1.3 METHOD OF INVESTIGATION

The objectives described in Section 1.2 are accomplished through the
development of a numerical model that is capable of simulating the transport of
dissolved constituents in the groundwater and from evaluation of flow directions during
and following mine operations. This type of an analysis integrates available data and
allows a hydrogeologic evaluation with extensive physical complexities (e.g.
heterogeneity and other non-uniform parameter distributions). Predictions of future
hydrologic changes on the system can be made, as well as an assessment of the
sensitivity of various parameters on model results. The TMA transport model differs
from the previously documented flow model in that it computes concentrations at points
within the model, instead of the hydraulic heads that were computed by the flow model.

The generalized modeling process begins with development of a conceptual
hydrogeological model. The conceptual model includes definition of hydrostratigraphic
units, boundary conditions, sources, and sinks. The conceptual model is transformed
into a mathematical model, consisting of governing groundwater flow and solute
transport equations, which is solved by a computer program. The numerical
groundwater flow model is calibrated to observed conditions. Model calibration is an
iterative process of adjusting and revising model features and/or parameters, within
hydrogeological reason, in order to test the conceptual understanding of the system and
to match modeled results to field measured values. After the model is calibrated,
predictive simulations are performed.

The solute transport modeling for this study uses the results of a regional
groundwater flow model as its basis for representing the hydrogeological system.
Detailed descriptions of the conceptual model, model construction, calibration,
sensitivity analysis, and predictions are contained in HSI GeoTrans (1998a) and HSI
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GeoTrans (1998b). The three-dimensional solute transport modeling documented in

. this report expands upon a two-dimensional cross-sectional analysis that was
documented in an earlier version of the groundwater modeling report (HSI GeoTrans,
1995) and updates a three-dimensional solute transport model documented in HSI
GeoTrans (1996a). The earlier modeling report was completed in September 1995 and
submitted to the WDNR, U.S. Army Corps of Engineers (COE), and other interested
parties for review. That study and report (HSI GeoTrans, 1995) were the subject of
several meetings with the regulators. The discussions from those meetings resulted in
an expanded modeling effort. The primary change for the solute transport analysis was
to extend the model to three dimensions. The three-dimensional model (HSI GeoTrans,
1996a) was based on a groundwater flow model (HSI GeoTrans, 1996b). Both of these
models have also gone through a thorough review process by the regulators. Based on
comments from the regulators, revisions to the groundwater flow model (HSI
GeoTrans, 1998a and HSI GeoTrans, 1998b), and design changes to the TMA, the
solute transport model has again been updated. The most significant changes to the
solute transport model include:

. incorporation of all changes from the updated flow model (layering, hydraulic
parameters, outwash pinchout zone) that affect the hydrogeologic representation
in the vicinity of the TMA,

. lowering of effective porosity based on the flow model calibration,

. . inclusion of the reclaim pond as a source of solute infiltration,

. increase in model size to accommodate the reclaim ponds, and

. decreased infiltration rates due to re-design of the liner system beneath the
TMA.

The results of this most recent update are documented in this report. Because this
report is an update, some elements of the prior report (HSI GeoTrans, 1996a) are not
repeated. The most significant element, as discussed in Section 2.4.3, is the
documentation of seven sensitivity simulations that are still pertinent.

Construction of the TMA solute transport model consisted of focusing the
model domain used in the regional flow model on the vicinity of the TMA and it's
proposed compliance boundary and increasing the resolution of computational points
within that area. The stratigraphic layering and hydraulic parameters used in the solute
transport model are therefore nearly identical to those used for the TMA area of the
regional flow model. The construction of the solute transport model is discussed in
detail in Section 2.1.
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The solute transport model uses parameters and boundary conditions derived
from the calibrated regional groundwater flow model. In this sense, the groundwater
flow aspects of the solute transport model are calibrated. Comparison of the solute
transport model flow field to the groundwater model flow field as well as to observed
field data were made to verify calibration. The results of this comparison is provided in
Section 2.2. Calibration of solute transport properties is not possible.

Groundwater quality in the glacial aquifer following mine reflooding was
assessed by analyzing flow paths and velocities of particles originating in the mined ore
body. This advective solute transport model used the calibrated regional groundwater
flow model directly. Therefore, additional model construction and calibration were not
necessary to evaluate groundwater quality in the glacial aquifer following mine
reflooding.

Predictive simulations of the potential groundwater quality impacts of tailings
management and mine closure activities were also made. The predictive simulations
with parameters that were based on model calibration and best available data are
referred to as the Best<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>