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EXECUTIVE SUMMARY

This document presents the results of infiltration and contaminant transport modeling to
support Denison Mines (USA) Corp.’s Ground Water Discharge Permit (Permit No.
UGW370004 revised version dated 20 January 2010) (the “Permit”) for its White Mesa
uranium milling and tailings disposal facility (the “Mill”). As described in Part I.LH.2 of
the Permit, Denison is required to prepare an infiltration and contaminant transport

modeling (ICTM) report.

The primary objectives of the infiltration and contaminant transport models are to
demonstrate the long-term ability of the tailings cells cover system to adequately contain
and control tailings contaminants and protect nearby groundwater quality of the

uppermost aquifer.

This Revised ICTM Report was prepared based on comments received from the Utah
Division of Radiation Control (DRC) on 2 February 2009 on the November 2007 ICTM
Report and discussions at meetings held between the DRC, Denison, and MWH on 31
March 2009 and 2 September 2009.

BACKGROUND INFORMATION
Facility Description

The White Mesa Mill is located in southeastern Utah, approximately six miles south of
Blanding, Utah. The Mill includes a mill facility and tailings cells located south of the

Mill. The tailings cells comprise the following:

« Cell 1 —55 acres, used for the evaporation of process solutions

« Cell 2 — 65 acres, used for storage of barren tailings sands

« Cell 3 —70 acres, used for storage of barren tailings sands and evaporation of
process solutions

« Cell 4A — 40 acres, used for storage of barren tailings sands and evaporation
of process solutions

« Cell 4B — currently being permitted (approximately 40 acres to be used for
storage of barren tailings sands and evaporation of process solutions).
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The tailings cells generally were excavated into the underlying Dakota Sandstone and are
separated by dikes composed of compacted earthen materials. In the vicinity of the
tailings cells, the perched water table is approximately 75 to 115 ft below ground surface,

which is 40 to 90 ft below the bottom of the tailings cells.
Proposed Tailings Cover Design

The construction of a monolithic evapotranspiration (ET) cover is proposed to cap the
entirety of all tailings cells. The proposed ET cover would be 2.84-m (9.3-ft) thick and

would consist of (from top to bottom):

o 15cm (0.5 ft) of a gravel-amended topsoil admixture to promote revegetation

and provide for protection against erosion and frost damage

o 107 cm (3.5 ft) of random fill soil (sandy clayey silt) placed at 85% of
Standard Proctor dry density to serve as a water storage, biointrusion, and

radon attenuation layer

« 162 cm (5.3 ft) of random fill soil (sandy clayey silt) composed of 2.8 feet of
random fill compacted to 95% of Standard Proctor dry density over 2.5 feet of
random fill placed at 80% of Standard Proctor dry density, to serve as grading

(platform fill) and radon attenuation layers.

A monolithic ET cover is the preferred design to minimize infiltration and meet the radon
attenuation standard. The proposed cover design will be sufficient to provide adequate
thickness to protect against frost penetration, provide adequate water storage capacity to
minimize the rate of infiltration into the underlying tailings, and provide long-term

moisture within the cover to attenuate radon flux.
GENERAL MODELING APPROACH

To evaluate performance of the cover system, a model of the cover system was
constructed to predict potential infiltration of water through the cover to the tailings.
Several cover designs were tested with the cover system infiltration model including the

currently permitted rock cover design and a proposed monolithic ET cover (and several
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variations). Minimizing infiltration through the cover and preventing build-up of
leachate head within the tailings are required for compliance with Part 1.D.8 of the

Permit.

An additional requirement of Part [.D.8 is that the final design construction and operation
of the cover system will ensure that the groundwater quality at the compliance
monitoring wells does not exceed the Ground Water Quality Standards (GWQS’s) or
Ground Water Compliance Limits (GWCL’s). However, the cover system infiltration
model cannot evaluate impacts to groundwater quality. To evaluate potential impacts to
groundwater, a vadose zone model was constructed to predict potential flow and
contaminant transport through the bedrock vadose zone beneath the tailings cells. To
address specific requests of the DRC, the operational and dewatering phases of the
tailings cells were included in the modeling in addition to the 200-year regulatory
timeframe after the cells are closed (with the cover in place). For these simulations,
potential water flux rates through the liners were estimated for the operational phase,
dewatering phase, and post-closure steady state based on water levels estimated in the
tailings cells. The bedrock vadose zone model evaluates the potential impacts of the
tailings cell system as a whole (liner system, dewatering system, and cover system) on
groundwater for the project lifecycle, including the operational phase (without cell cover
system), the dewatering phase (with an interim cover only), and the 200-year regulatory
post-closure period (with complete cover system, but with some limited water remaining
in the tailings). For the 240-year period modeled, the potential flux rate and contaminant
transport through the underlying bedrock vadose zone is dominated by the effect of the
operational phase when the cells were not covered. As a result, the bedrock vadose zone
model including the operational phase is not a reliable indicator of performance of the
closed-cell cover system. However, even with the operational phase, model-predicted
contaminant concentrations in vadose zone pore water entering the perched aquifer did
not exceed the GWQS’s or GWCL’s for any downgradient monitoring wells, thus

demonstrating compliance with Part 1.D.8 of the Permit.

Other modeling and calculations were performed to support initial conditions and

boundary conditions used in the cover system infiltration model and the bedrock vadose
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zone flow and transport models. Specific details of the modeling are presented
throughout the remainder of this report with supporting information provided in the

appendices.

Following conceptual-model development, numerical modeling was completed with the

following two basic models:

1. Cover Model: Infiltration modeling with HYDRUS-1D of the tailings cell
cover system with daily precipitation and evapotranspiration to estimate

potential long-term average infiltration rates to the tailings.

2. Bedrock Vadose Zone Model: Vadose zone flow and potential contaminant
transport modeling with HP1 (HYDRUS-1D coupled with the geochemical
program PHREEQC) through the bedrock vadose zone to the underlying
perched aquifer during the operational phase, dewatering phase, and 200-year
regulatory post-closure steady-state timeframes. Vadose zone properties were
based on the results of a detailed sampling program performed to characterize
geochemical properties of the bedrock. HYDRUS-1D was used to confirm
the results for flow and transport of a conservative solute (chloride) predicted

by HP1.

The contaminants modeled with HP1 included pH, major cations and anions necessary to
achieve charge balance (aluminum, calcium, carbonate, chloride, magnesium, potassium,
sodium, and sulfate), and selected trace elements (arsenic, cadmium, copper, iron, nickel,
uranium, vanadium, and zinc). The most dependable indicators of site water quality and
of potential cell failure are uranium and sulfate, due to their predominance, and chloride,
due to predominance and mobility. In particular, chloride will migrate unretarded and act
as a conservative tracer and thus would be expected to be detected before all other site
contaminants. Uranium was included because it is one of the primary contaminants of

concern.

To evaluate the potential “worst case” for build-up of water in the tailings (“bathtub

effect”), the model-predicted long-term average water flux rate through the tailings cell

ES-4



cover system was used to estimate the total amount of water entering the tailings during
the 200-year regulatory timeframe. By assuming a completely impermeable liner system
(i.e., no water flow through the liners; all water that infiltrated through the cover was
accumulated in the cells), the total amount of water entering the tailings through the
cover would be accumulated in the cell. By dividing this total water flux by the tailings
porosity, the potential rise in water levels in the tailings was calculated for this worst-case
scenario. Under this scenario, there would be no impacts to groundwater, because no

water would be leaving the cells.
MODEL RESULTS

The HYDRUS-1D infiltration model was used to predict potential water fluxes through
the tailings cell cover system. The HPI1 bedrock vadose zone contaminant transport
model was used to predict the potential flow and transport of conservative (chloride) and
nonconservative (sulfate, uranium, and other trace elements) solutes through the bedrock
vadose zone to the perched aquifer. Sensitivity analyses were performed to evaluate the

impacts that uncertainty in parameter input values have on model results.
Model-Predicted Water Flux Rate for Tailings Cell Cover System

The model-predicted average long-term water flux rate through the proposed monolithic
ET tailings cell cover, assuming a historical climate record (based on climatic data
recorded between 1932 and 1988), was 0.45 mm/yr. The average long-term water flux
rate corresponds to approximately 0.1% of the average annual amount of precipitation
recorded at the Blanding weather station. This is in contrast to an average long-term
infiltration rate of 34 mm/yr predicted for the currently permitted rock cover design. The
increased performance and reduction of infiltration for the ET cover relative to the
original rock cover design, is attributed to the presence of vegetation and associated root
water uptake via transpiration. The model-predicted water flux rate through the
monolithic ET cover indicates that the available storage capacity of the cover should be
sufficient to significantly reduce infiltration, and the ET cover should function properly

as designed.
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A monolithic ET cover is the preferred design to minimize infiltration necessary to meet
the Permit requirements (Part 1.D.8) and meet the radon attenuation standard. The
material thicknesses for the different cover layers were based on the results of radon
attenuation modeling to achieve the State of Utah’s long-term radon emanation standard
for uranium mill tailings (Utah Administrative Code, Rule 313-24). Furthermore, the
proposed cover design will be sufficient to provide adequate thickness to protect against
frost penetration and biointrusion, provide adequate water storage capacity to minimize
the rate of infiltration into the underlying tailings, and provide long-term moisture within

the cover to attenuate radon flux.
Evaluation of Build-up of Waters in Tailings

To evaluate the potential for build-up of water in the tailings (“bathtub effect), the long-
term average water flux rate through the tailings cell cover system (predicted with the
infiltration model) was used to calculate the amount of water entering the tailings during
the 200-year regulatory timeframe specified by the Permit. The amount of water
expected to migrate through the cover and enter the tailings cells (i.e., assuming all
recharge to the tailings can act to increase the amount of head on the liner) was then used
to calculate the maximum potential rise in water levels in the tailings assuming no water
flow through the liners (i.e., all water that infiltrated through the cover was accumulated
in the cells). The assumptions for evaluating the “bathtub effect” result in an end-
member scenario expected to produce a conservative estimate of closed-cell cover system

performance.

The amount of water calculated to enter the tailings after 200 years is equal to 90
millimeters (0.3 feet) of water. Assuming a tailings porosity of 57%, the calculated
water-level rise on the liner is approximately 160 millimeters (0.53 feet). Consequently,
a significant build-up of water (“bathtub effect”) within the cells is not anticipated and
the leachate head within the tailings is not predicted to rise above or over-top the
maximum liner elevation (which typically is greater than 20 feet above the bottom of the

cell), meeting the requirement of the Permit (Part 1.D.8).

ES-6



Bedrock Vadose Zone Flow and Contaminant Transport Modeling

The bedrock vadose zone flow and contaminant transport model was used to predict
potential flow rates and contaminant transport rates through the bedrock vadose zone to
the perched aquifer during the operational, dewatering, and post-closure steady-state
timeframes. Solute transport models were developed for the bedrock vadose zone
beneath Cell 1 (contingency cell identified for the potential disposal of decommissioning
and deconstruction debris), Cells 2 & 3, and Cells 4A & 4B. For simplicity, a vadose
zone thickness of 12.8 meters (42 feet) was assumed for all of the simulations. This is a
conservative assumption given that the average vadose zone thicknesses beneath Cell 2,
Cell 3, and Cell 4A are 19.2 m (63 ft), 20.1 m (66 ft), and 17.1 m (56 ft). HP1 was used
to simulate potential solute transport of conservative (chloride) and nonconservative
(sulfate, uranium, and other trace elements) solutes through the bedrock vadose zone

beneath the tailings cells.

Potential water flux rates through the primary liner installed beneath Cells 2 & 3 and the
secondary liner installed beneath Cells 4A & 4B were calculated using the Giroud-
Bonaparte Equation. Estimates of potential water flux rates through the liners were used
as an upper boundary condition (time-dependent flux) for the HP1 model used to predict
flow and solute transport through the bedrock vadose zone to the perched aquifer during
the operational, dewatering, and post-closure steady-state timeframes. The average long-
term water flux rate through the ET cover (predicted with the infiltration model) was used
as an upper boundary condition (constant flux) for Cell 1 to represent the post-closure
steady-state period. The bottom of Cell 1 (if constructed) will contain a soil liner
compacted to achieve low permeability, but this layer was not included in the modeling,

which yields conservative estimates of solute transport through the bedrock vadose zone.

The calculated potential water flux rates through the liners were multiplied by the
average solute concentrations measured in the tailings slimes drains to yield a time-
dependent mass flux rate applied as an upper boundary condition to the top of the
bedrock vadose zone. The average solute concentrations were used as input to represent

the source term solution chemistry of the tailings pore water.
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Cells 2 & 3 Model-Predicted Water Flux Rate. The potential water flux rate at the
bottom of the bedrock vadose zone (immediately above the perched aquifer) is predicted
to reach a maximum value of approximately 7.5 mm/yr after 25 years of tailings cell
operation (note that tailings cells are not covered during this period). The potential flux
rate is then predicted to rapidly decline in response to decreased head (saturated
thickness) that occur in the tailings during the dewatering phase, ultimately reaching a
long-term steady state value of approximately 0.7 mm/yr during the 200-year regulatory
post-closure period. There is considerable evidence that the cells are not leaking.
Consolidation of fine-grained tailings and deposition of tailing slimes, coupled with the
chemical nature of the pore water (e.g., precipitation of gypsum and amorphous mineral
phases), is anticipated to essentially seal some of the defects, which would act to decrease

the potential flux rates through the liners.

Cells 2 & 3 Model-Predicted Chloride Concentration. The model-predicted increase
in chloride concentrations at the bottom of the bedrock vadose zone beneath Cells 2 & 3
after 240 years (including operational, dewatering, and post-closure periods) of transport
is 0.01 mg/L. The chloride concentration at the bottom of the vadose zone represents the
model-predicted addition of chloride as a result of the potential flux from the tailings
cells. While there is naturally-occurring chloride in the vadose zone, the modeling
assumed no initial chloride for simplicity, and because there is a lack of data concerning
background chloride concentrations and the distribution of chloride within the vadose
zone.  Furthermore, the model-predicted chloride concentration is the solute
concentration in vadose zone pore water that will reach the perched aquifer; however, the
predicted concentration is not equal to the concentration in groundwater. A model was
not constructed to determine the actual (diluted) concentration in groundwater because
the chloride concentration predicted at the bottom of the vadose zone was orders of
magnitude less than the minimum GWCL for chloride, which is 10 mg/L. The minimum
GWCL (for chloride and all other solutes modeled) was selected from the list of
monitoring wells located immediately downgradient from the tailings cells (i.e.,
monitoring wells MW-5, MW-11, MW-12, MW-14, MW-15, MW-23, MW-24, MW-28,
MW-29, MW-30, and MW-31; GWCL’s for these wells are specified in the Permit).
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Cells 2 & 3 Model-Predicted Sulfate Concentration. The model-predicted sulfate
concentration at the bottom of the bedrock vadose zone beneath Cells 2 & 3 after 240
years of transport is 0.014 mg/L. The distribution of sulfate within the bedrock vadose
zone is controlled by the amount of gypsum that may precipitate from solution. The
sulfate concentration at the bottom of the bedrock vadose zone represents the model-
predicted addition of sulfate as a result of the potential flux from the tailings cells. A
model was not constructed to determine the actual (diluted) concentration in groundwater
because the sulfate concentration predicted at the bottom of the vadose zone was orders
of magnitude less than the minimum GWCL for sulfate, which is 532 mg/L for

monitoring wells located immediately downgradient from the tailings cells.

Cells 2 & 3 Model-Predicted Uranium Concentration. Uranium is not predicted to
reach the bottom of the bedrock vadose zone beneath Cells 2 & 3 during the 240-year
timeframe. Adsorption of uranium onto the surface of hydrous ferric oxide (HFO)
present in the bedrock vadose zone limits the transport distance below the liner. The
depth at which the model-predicted uranium concentration is approximately equal to the
minimum GWCL (0.0049 mg/L) after 240 years is 2.3 meters (8 feet) below the tailing
cell liner system; a minimum of 10.5 meters (34 feet) above the perched water table. The
uranium concentration within the bedrock vadose zone represents the model-predicted
addition of uranium as a result of the potential flux from the tailings cells. HFO is the
only solid phase that serves as a potential sorption site of uranium and other trace
elements, which is a conservative assumption because other phases (e.g., hematite,

quartz, clays, etc.) also participate in surface complexation reactions.

Cells 2 & 3 Model-Predicted Concentration of Other Trace Elements. The sorption
of uranium was competitive because additional trace elements were modeled. Solutes
included in the model were based on their elevated concentrations in the tailings pore
water as compared to the GWCLs. Transport of the following trace elements was
modeled: arsenic, cadmium, copper, nickel, vanadium, and zinc. Similar to uranium,
these solutes were predicted to migrate a limited distance below the liner (e.g., a few

meters).
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Cells 4A & 4B Model-Predicted Water Flux Rate. The calculated potential flux of
water through the secondary liner beneath Cells 4A & 4B for the maximum head within
the leak detection system during the operational and dewatering periods is approximately
8 x 10” mm/yr. The potential flux rates predicted at the end of dewatering are assumed
to equal the rate during post-closure steady state because the increase in water levels is
anticipated to be minor. Therefore, the model-predicted water flux rate at the bottom of
the bedrock vadose zone (immediately above the perched aquifer) during post-closure

steady-state is 8 x 10 mm/yr.

Cells 4A & 4B Model-Predicted Concentrations. For all practical purposes, chloride is
not predicted to reach the bottom of the bedrock vadose zone during the 12-year
operational and 200-year post-closure periods (the chloride concentration predicted to
reach the water table at 212 years was 5 x 10 mg/L). The chloride concentration is not
predicted to exceed the 10 mg/L minimum GWCL anywhere in the vadose zone because
of the diminutive chloride mass flux rate entering the vadose zone. Considering that
chloride is a conservative tracer, and that transport is not affected by sorption or mineral
precipitation reactions, coupled with the fact that the model predictions demonstrate
nearly zero impact, additional model predictions of solute transport for nonconservative

contaminants (sulfate, uranium, other trace elements) was considered unnecessary.

Cell 1 Model-Predicted Water Flux Rate. If Cell 1 is constructed for decommissioning
and deconstruction disposal, it will include a soil liner compacted to achieve low
permeability and will be covered with the monolithic ET cover. The cover design will be
the same as the monolithic ET cover proposed for the other cells. Consequently, the
long-term average infiltration rate would be equivalent to the value presented for the
other cells. The model-predicted water flux rate at the bottom of the vadose zone
(immediately above the perched aquifer) during 200-year post-closure steady-state is

predicted to be approximately 0.5 mm/yr.

Cell 1 Model-Predicted Concentrations. The source term of the decommissioning and
deconstruction debris is assumed to equal the concentrations assigned to the tailings pore

water, which is anticipated to lead to conservative predictions that over predict the
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potential impacts. For all practical purposes, chloride is not predicted to reach the bottom
of the bedrock vadose zone during the 200-year transport timeframe (the chloride
concentration predicted to reach the water table at 200 years was 7 x 10° mg/L).
Considering that chloride is a conservative tracer, and that transport is not affected by
sorption or mineral precipitation reactions, coupled with the diminutive transport
distance, additional model predictions of solute transport for nonconservative

contaminants (sulfate, uranium, other trace elements) was considered unnecessary.
CONCLUSIONS

The assumptions used to construct the numerical models to predict infiltration through
the cover and potential impacts to the perched groundwater system, generally were either
conservative or based on anticipated conditions. As a result, the predictions are
considered to be conservative. The proposed monolithic ET cover will minimize
infiltration into the tailings, will prevent build-up of leachate head on the cell liner, and
will be protective of groundwater quality; contaminant concentrations are not predicted to
exceed the GWCS’s or GWCL’s at the compliance monitoring wells specified in the
Permit, thus demonstrating compliance with the Permit. Furthermore, the results of the
radon attenuation modeling demonstrate that the proposed monolithic ET cover will
attenuate radon fluxes thereby achieving the State of Utah’s long-term radon emanation

standard for uranium mill tailings (Utah Administrative Code, Rule 313-24).
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1.0 INTRODUCTION

This document presents the results of infiltration and contaminant transport modeling to
support Denison Mines (USA) Corp.’s Ground Water Discharge Permit (Permit No.
UGW370004 revised version dated 20 January 2010) (the “Permit”) for its White Mesa
uranium milling and tailings disposal facility (the “Mill”). As described in Part I.LH.2 of
the Permit, Denison is required to prepare an infiltration and contaminant transport

modeling (ICTM) report.

Denison has engaged MWH Americas, Inc. (MWH) to work with Denison personnel to
develop the assumptions and data for the infiltration and contaminant transport models

and interpret the model results.

1.1 OBJECTIVES OF INFILTRATION AND CONTAMINANT TRANSPORT
MODELS

The primary objectives of the infiltration and contaminant transport models are to
demonstrate the long-term ability of the tailings cells cover system to adequately contain
and control tailings contaminants and protect nearby groundwater quality of the

uppermost aquifer.

1.2 PERMIT REQUIREMENTS

Part .LH.2 (Infiltration and Contaminant Transport Modeling Work Plan and Report) of
Denison’s Permit presents the requirements for infiltration and contaminant transport

modeling, as summarized below.

An infiltration and contaminant transport modeling report that demonstrates the long-
term ability of the tailings cells cover system to adequately contain and control tailings
contaminants and protect nearby groundwater quality of the uppermost aquifer must be
submitted to the Utah Division of Radiation Control (DRC) for Executive Secretary

approval. This report shall demonstrate how the tailings cell engineering design and
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specifications will comply with the minimum performance requirements of Part I.D.8 for

Closed Cell Performance Requirements] of the Permit.

The infiltration and contaminant transport modeling report must describe:

« Applicable and pertinent historic studies and modeling reports relevant to the

tailings cell cover design and tailings cell system performance.

« Information necessary for infiltration and contaminant transport modeling,
including representative input values for vadose zone and aquifer soil-water
partitioning (Kg4) coefficients, tailings source term concentrations, tailings
waste leach rates, vadose zone and aquifer velocities and dispersivity,
contaminant half-life or other rates of decay, etc. If any required information
is not currently available, conservative assumptions can be used for the model

input.

« Computer models that will be used to simulate long-term performance of the
tailings cells cover system. Specific information on model design, including
governing equations and their applicability to site conditions, grid design,

duration of simulation, and selection of time steps must be described.

« The conceptual models used and justification why they are representative or
conservative of actual field conditions at the site. The conceptual models will
identify the physical domains and geometries simulated including the tailings
cell design and construction, all boundary and initial conditions assigned in
the models, and the shallow aquifer locations where future potential

contaminant concentrations have been predicted.

« How the infiltration and contaminant transport problem has been
conceptualized, planned, and executed to demonstrate compliance with the

requirements of Part [.D.8 of the Permit.
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« Model results, model calibration, steady state conditions, sensitivity analyses,

post-model audit plan.

Additionally, Part [.D.8 (Closed Cell Performance Requirements) of the Permit presents
requirements regarding performance requirements for closed cells at the facility, which
impacts both actual infiltration at the site as well as how this infiltration will be modeled,

as follows:

. Before reclamation and closure of any tailings disposal cell, the Permittee
shall ensure that the final design, construction, and operation of the cover
system at each tailings cell will comply with all requirements of an approved
Reclamation Plan, and will for a period of not less than 200 years meet the

following minimum performance requirements:

- Minimize infiltration of precipitation or other surface water into the

tailings, including, but not limited to the radon barrier.

- Prevent the accumulation of leachate head within the tailings waste layer
that could rise above or over-top the maximum flexible membrane liner
(FML) elevation internal to any disposal cell, i.e., create a “bathtub

effect”.

- Ensure the groundwater quality at the compliance monitoring wells does
not exceed the Ground Water Quality Standards (GWQS’s) or Ground
Water Compliance Limits (GWCL’s) specified in Part 1.C.1 and Table 2
of the Permit.

Further, Part .C.1 (Permit Limits) of the Permit includes the following:

o The Permittee shall comply with the following GWCL’s — contaminant
concentrations measured in each monitoring well shall not exceed the
GWCL’s defined in Table 2 of the Permit. Groundwater quality at the site
must at all times meet all the applicable GWQS’s and the ad hoc GWQS’s




defined in R317-6 even though the Permit does not require monitoring for

each specific contaminant.

Part I.H.2.f also states that “Upon Executive Secretary approval of the final infiltration
and contaminant transport report, the Reclamation Plan may be modified to accommodate

necessary changes to protect public health and the environment.”

The infiltration and contaminant transport modeling report has been prepared to comply

with the Permit as described above.

1.3 GENERAL MODELING APPROACH TO ADDRESS PERMIT
REQUIREMENTS

The Permit specifically states that the purpose of the infiltration modeling is to evaluate
the closed-cell cover system performance. To evaluate performance of the cover system,
a model of the cover system was constructed to predict potential infiltration of water
through the cover to the tailings. Several cover designs were tested with the cover system
infiltration model including the currently permitted rock cover design and a proposed
monolithic evapotranspiration (ET) cover (and several variations).  Minimizing
infiltration through the cover and preventing build-up of leachate head within the tailings

are required for compliance with Part [.D.8 of the Permit.

An additional requirement of Part [.D.8 is that the final design construction and operation
of the cover system will ensure that the groundwater quality at the compliance
monitoring wells does not exceed the GWQS’s or GWCL’s. However, the cover system
infiltration model cannot evaluate impacts to groundwater quality. To evaluate potential
impacts to groundwater, a vadose zone model was constructed to predict potential flow
and contaminant transport through the bedrock vadose zone beneath the tailings cells. To
address specific requests of the DRC, the operational and dewatering phases of the
tailings cells were included in the modeling in addition to the 200-year regulatory
timeframe after the cells are closed (with the cover in place). For these simulations,
potential water flux rates through the liners were estimated for the operational phase,

dewatering phase, and post-closure steady state based on water levels estimated in the
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tailings cells. The bedrock vadose zone model evaluates the potential impacts of the
tailings cell system as a whole (liner system, dewatering system, and cover system) on
groundwater for the project lifecycle, including the operational phase (without cell cover
system), the dewatering phase (with an interim cover only), and the 200-year regulatory
post-closure period (with complete cover system, but with some limited water remaining
in the tailings). For the 240-year period modeled, the potential flux rate and contaminant
transport through the underlying bedrock vadose zone is dominated by the effect of the
operational phase when the cells were not covered. As a result, the bedrock vadose zone
model including the operational phase is not a reliable indicator of performance of the
closed-cell cover system. However, even with the operational phase, model-predicted
contaminant concentrations in vadose zone pore water entering the perched aquifer did
not exceed the GWQS’s or GWCL’s for any downgradient monitoring wells, thus

demonstrating compliance with Part 1.D.8 of the Permit.

Other modeling and calculations were performed to support initial conditions and
boundary conditions used in the cover system infiltration model and the bedrock vadose
zone flow and transport models. Specific details of the modeling are presented
throughout the remainder of this report with supporting information provided in the

appendices.

1.4 INFILTRATION AND CONTAMINANT TRANSPORT MODELING
REPORT HISTORY

The original Permit specified that a work plan must be submitted and approved before the
ICTM report could be prepared. Denison submitted a work plan to the DRC in a letter
dated 3 September 2005. However, the DRC did not review this work plan and removed
this requirement from the Permit as stated in a letter from the Executive Secretary to

Denison dated 3 November 2006.

The ICTM report was submitted to the DRC for Executive Security approval on
21 November 2007. The DRC reviewed the report and submitted review comments and a
request for additional information in a letter to Denison dated 2 February 2009. To

facilitate discussion and provide clarification regarding the DRC’s comments, a meeting
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was held between the DRC, Denison, and MWH on 31 March 2009 at the DRC’s office
in Salt Lake City, Utah. A follow-up meeting was held on 2 September 2009 also at the
DRC’s office in Salt Lake City. Meeting minutes for these two meetings were prepared
and approved by the DRC. On 1 December 2009, Denison submitted a memorandum
prepared by MWH that provided preliminary responses to the DRC’s comments and
request for additional information. Subsequently, a deadline of 31 March 2010 was
established for submittal of the revised ICTM report. The revised ICTM report, and
supporting documentation contained within the appendices, is submitted here in its

entirety. The 2010 ICTM report submitted here supersedes the 2007 ICTM report.

1.5 DOCUMENT ORGANIZATION

The remainder of this report includes the following sections:

« Section 2.0 — Site Background; descriptions of the site including tailings cell
cover and liner designs, as well as tailings chemical and physical
characteristics, site geology and hydrogeology, conceptual model of water
flow (infiltration) through the tailings cell cover, and conceptual model of

water flow and potential contaminant transport through the vadose zone

« Section 3.0 — Methodology; descriptions of the tailings cell cover infiltration
model, vadose zone flow and transport model, tailings cell dewatering model,

input parameters and boundary conditions, and modeling assumptions

« Section 4.0 — Results; descriptions of the results of the tailings cell cover
infiltration model, vadose zone flow and transport model, tailings cell

dewatering model, and sensitivity analysis

« Section 5.0 — Conclusions; summary of the conclusions of the tailings cell
cover infiltration model, and bedrock vadose zone flow and transport model,

along with recommendations for a post-audit monitoring plan

o Section 6.0 — References




Appendix A — Laboratory reports with results of vadose zone mineralogical

testing and properties of stockpiled soil

Appendix B — Laboratory report with unsaturated and saturated hydraulic

properties of the bedrock core samples

Appendix C — Bedrock sampling to characterize hydraulic and geochemical

properties of the vadose zone
Appendix D — Vegetation evaluation for the evapotranspiration cover
Appendix E — Comparison of cover designs based on infiltration modeling

Appendix F — Evaluation of the effects of storm intensity on infiltration

through evapotranspiration cover

Appendix G — Sensitivity analysis comparing infiltration rates through the
evapotranspiration cover based on cover vegetation, biointrusion, and

precipitation

Appendix H — Radon emanation modeling for the evapotranspiration cover
Appendix I — Tailings hydraulic conductivity evaluation

Appendix J — Tailings cell dewatering modeling

Appendix K — Statistical evaluation of tailings pore water chemistry and

identification of source term concentrations

Appendix L — Evaluation of potential water flow through the tailings cell

liners

Appendix M — Geochemical model and reactive transport modeling of flow

and transport through the vadose zone

Appendix N — Predictive simulation input and output files in electronic format

only (on CD).




2.0 BACKGROUND

This section provides information on the:

. Site background including descriptions of the White Mesa Mill facility,
proposed tailings cell cover design, tailings cell liner systems, and tailings

chemical and physical characteristics;

« Site characteristics including descriptions of climate, geology, hydrogeology
of the perched aquifer system, groundwater quality of the perched aquifer
system, and vadose zone hydrogeology and geochemistry of the unsaturated

bedrock;

« Conceptual model of water flow (infiltration) through the tailings cell cover;

and

« Conceptual model of water flow and potential contaminant transport through

the vadose zone.

Site-specific studies and reports reviewed to prepare this modeling report included:

« Engineering Report, Tailings Management System, White Mesa Uranium

Project, Blanding, Utah (D’ Appolonia Consulting Engineers, Inc., 1979)

« Construction Report, Initial Phase — Tailings Management System, White
Mesa Uranium Project, Blanding, Utah (D’ Appolonia Consulting Engineers,
Inc., 1982)

« Cell 4A Lining System Design Report for the White Mesa Mill, Blanding, Utah
(Geosyntec Consultants, 2006a)

« Stockpile Evaluation Tailings Cell 4A, White Mesa Mill - Technical Memo
submitted to International Uranium (USA) Corporation (Geosyntec
Consultants, 2006b)
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Cell 4B Design Report, White Mesa Mill, Blanding, Utah (Geosyntec
Consultants, 2007a)

Revised Construction Drawings, DMC White Mesa Mill, Cell 4A Lining
System (Geosyntec Consultants, 2007b)

Analysis of Slimes Drains for White Mesa Mill, Cell 4A (Geosyntec
Consultants, 2007c)

Hydraulic Testing at the White Mesa Uranium Mill Site, near Blanding, Utah
during July 2002 (Hydro Geo Chem, Inc., 2002)

Site Hydrogeology and Estimation of Groundwater Pore Velocities in the
Perched Zone, White Mesa Uranium Mill Site near Blanding, Utah (Hydro
Geo Chem, Inc., 2009)

Revised Background Groundwater Quality Report: Existing Wells for Denison
Mines (USA) Corp.’s White Mesa Mill Site, San Juan County, Utah (INTERA,
Inc., 2007a)

Revised Addendum Evaluation of Available Pre-Operational and Regional
Background Data Background Groundwater Quality Report: Existing Wells
for Denison Mines (USA) Corp.’s White Mesa Mill Site, San Juan County,
Utah (INTERA, Inc., 2007b)

Revised Addendum Background Groundwater Quality Report: New Wells for
Denison Mines (USA) Corp.’s White Mesa Mill Site, San Juan County, Utah
(INTERA, Inc., 2008)

Summary of Work Completed, Data Results, Interpretations, and
Recommendations for the July 2007 Sampling Event at the Denison Mines,
USA, White Mesa Uranium Mill, near Blanding, Utah (Hurst and Solomon,
2008)

Reclamation Plan, White Mesa Mill, Blanding, Utah, Source Material License
No. SUA-1358, Docket No. 40-8681, Revision 3.0 (IUC, 2000)
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« Reclamation Plan, White Mesa Mill, Blanding, Utah, Radioactive Materials
License No. UT1900479, Revision 4.0 (Denison, 2009)

« Hydrogeological Evaluation of White Mesa Uranium Mill (TITAN

Environmental Corporation, 1994)

. Tailings Cover Design, White Mesa Mill, Blanding Utah (TITAN

Environmental Corporation, 1996).

Complete citations for these and other sources cited throughout this document are

provided in the References section.

2.1 SITE OVERVIEW

2.1.1 Facility Description

The White Mesa Mill is located in southeastern Utah, approximately six miles south of
Blanding, Utah. The Mill includes a mill facility and tailings cells located south of the
Mill (see Figure 2-1). The focus of this report is the tailings cells; for information
concerning site history or milling operations, see the Reclamation Plan (IUC, 2000;
Denison, 2009).

The tailings cells comprise the following:

Cell 1 — 55 acres, used for the evaporation of process solutions

« Cell 2 — 65 acres, used for storage of barren tailings sands

« Cell 3 —70 acres, used for storage of barren tailings sands and evaporation of

process solutions

« Cell 4A — 40 acres, used for storage of barren tailings sands and evaporation

of process solutions




« Cell 4B — currently being permitted (approximately 40 acres to be used for

storage of barren tailings sands and evaporation of process solutions).

The tailings cells generally were excavated into the underlying Dakota Sandstone and are
separated by dikes composed of compacted earthen materials. The tailings cells are lined
as described in Section 2.1.3. In the vicinity of the tailings cells, the perched water table
is approximately 75 to 115 ft below ground surface, which is 40 to 90 ft below the bottom
of the tailings cells.

The White Mesa Mill is a zero-discharge facility, thus all liquids must be eliminated
through evaporation. Currently, Denison is actively evaporating process waters from
Cell 1, Cell 3, and Cell 4A. Cell 1 is currently used as an evaporation pond only and will
not be used to hold solid tailings. During site closure the solution in the Cell 1 pond will
be evaporated dry and the evaporite crystals, sediment, geomembrane liner, and any
contaminated underlay (foundation) material will be relocated to another cell. Disposal
of the decommissioning material in Cell 1 is identified as a contingency in case other
cells (e.g., Cell 4B) do not have adequate storage for such material. The cover system
constructed above Cell 1 would be identical to the design proposed for the other tailings

cells.

Cell 2 is no longer receiving tailings and has been covered with approximately three feet
of soil. Cell 3 is near to being full of tailings and is in the process of being covered. The
interim soil cover is placed to facilitate site closure and will be used as platform fill to
achieve sufficient grading and provide a stable working surface. Water removed from
Cells 2 & 3 by the dewatering systems will be discharged to Cell 1 and subsequently
evaporated. Cell 4A is currently receiving tailings and will eventually be filled with
tailings and covered during site reclamation. Cell 4B is currently being permitted and
would be operated in a manner similar to Cell 4A. Descriptions of the proposed tailings
cover system and constructed liner systems are provided in the sections below. The

proposed cover system would be constructed across all of the tailings cells.




2.1.2 Proposed Tailings Cover Design

The construction of a monolithic evapotranspiration (ET) cover is proposed as part of this
ICTM report to cap the entirety of all tailings cells. The proposed 2.84-m (9.3-ft) thick

monolithic ET cover design (see Figure 2-2) would consist of (from top to bottom):

« 15cm (0.5 ft) of a gravel-amended topsoil admixture to promote revegetation

and provide for protection against erosion and frost damage

o 107 cm (3.5 ft) of random fill soil (sandy clayey silt) placed at 85% of
Standard Proctor dry density to serve as a water storage, biointrusion, and

radon attenuation layer

« 162 cm (5.3 ft) of random fill soil (sandy clayey silt) composed of 2.8 feet of
random fill compacted to 95% of Standard Proctor dry density over 2.5 feet of
random fill placed at 80% of Standard Proctor dry density, to serve as grading

(platform fill) and radon attenuation layers.

A monolithic ET cover is the preferred design to minimize infiltration and meet the radon
attenuation standard. The proposed cover design will be sufficient to provide adequate
thickness to protect against frost penetration, provide adequate water storage capacity to
minimize the rate of infiltration into the underlying tailings, and provide long-term

moisture within the cover to attenuate radon flux.

Details regarding the short-term establishment and long-term sustainability of the
vegetative component of the ET cover are summarized in Appendix D. Empirical data
regarding the ecological characteristics of the species mix (rooting depth and root
distribution) and established plant community (percent cover) were summarized from the
literature and nearby lysimeter studies to develop a conceptual model of the vegetative
component for the ET cover system. The empirical data were then used to parameterize
the infiltration model and predict the ET cover’s performance over the long term (see

Appendices E and G).
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The monolithic ET cover was tested with the infiltration model as described in Sections
3.0 and 4.0. A sensitivity analysis was performed to test variations in the ET cover
design and the proposed design and variations demonstrated significantly improved
performance over the currently permitted rock cover design (see Appendix E for details
of this comparison). Results of modeling the emanation of radon-222 from the top
surface of the monolithic ET cover are presented in Appendix H. The proposed cover
design replaces the top surface of the cover; the side slope design may include rock

armoring, as in the original design (TITAN Environmental, 1996).

2.1.3 Tailings Cell Liner Systems

Cells 2 & 3. The tailings liner systems for Cells 2 & 3 are identical and consist of a
slimes drain collection system overlying a single liner (see Figure 2-2). The design

consists of (from top to bottom):

« slimes drain system (cell bottom only)

o liner protective blanket

« 30-mil (0.03-inch) poly vinyl chloride (PVC) flexible membrane liner (FML)

« 6-inch compacted bedding material

« prepared subgrade with limited leak detection system (i.e., a single pipe at the

toe of the southern dike).

Cells 4A & 4B. The tailings liner system for Cell 4A is double lined, and consists of a
slimes drain collection system overlying a primary liner, leak detection system, and
composite secondary liner (see Figure 2-2). A composite liner is defined as a
geomembrane liner underlain by a low-permeability soil (e.g., naturally compacted soil or
geosynthetic clay layer). The design for Cell 4B is currently under review, but
preliminary drawings indicate a design identical to that of Cell 4A, with minor

deviations. The design consists of (from top to bottom):




« slimes drain system (cell bottom only)

« 60-mil (0.06-inch) high-density polyethylene (HDPE) geomembrane (primary

liner)

« geonet drainage layer (leak detection system)

o 60-mil (0.06-inch) HDPE geomembrane (secondary liner)

« geosynthetic clay liner (GCL)

. prepared subgrade.

Slimes drain systems are installed in Cells 2, 3, 4A, and 4B. The slimes drains in Cells 2
& 3 include both 1.5-inch and 3-inch diameter slotted PVC pipe installed in a 1-ft thick
clean sand layer above the protective blanket. These lateral drains are installed on 50-ft
centers parallel to the southern edge of the tailings cells and cover an area that is
approximately 400 ft (north-south) by 600 ft (east-west). The slimes drains in Cells 4A
& 4B are on 50-ft centers and are located beneath the entirety of the cells. Leak detection
systems are installed under the cells and are monitored weekly. Details of the liner
systems are provided in D’Appolonia Consulting Engineers (1982) for Cells 2 & 3, in
Geosyntec Consultants (2006a) for Cell 4A, and in Geosyntec Consultants (2007) for
Cell 4B.

There is strong evidence to suggest that no significant leakage has occurred through the
liner systems beneath Cells 2 & 3 over the past 30 years. Evidence that Cells 2 & 3 are

not leaking includes:

« No significant leakage indicated by the leak detection systems

« No leakage indicated by the perched aquifer water table surface elevations
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« No observations of contamination (e.g., acid leaching, dissolution of
carbonates, gypsum precipitation, staining) were recorded during drilling of
monitoring wells installed between and adjacent to the cells during spring

2005

« Total uranium was detected at background levels in bedrock core samples
collected while drilling monitoring wells between and adjacent to the cells

(see Appendix A)

« No contaminants detected in groundwater at levels above natural background
concentrations (INTERA, Inc., 2007a; 2007b; 2008), which is corroborated by
the finding that the groundwater age beneath the tailings cells is dominated by
water that is at least 50 years old (Hurst and Solomon, 2008)

« No contaminants detected in groundwater as evaluated through stable isotopes

(Hurst and Solomon, 2008).

2.1.4 Characteristics of Tailings

The tailings are generally silty sand but heterogeneous due to the placement process.
Based on grain-size analyses performed on the tailings, sand-sized particles are dominant
(57 percent on average) with the remainder being silt- and clay-sized particles. Grain
size distribution data for the White Mesa Mill tailings are compared to data collected at
other uranium mill tailings facilities (see Appendix I). The saturated hydraulic
conductivity of the tailings assumed for White Mesa was based on measured values
reported for the Cotter Corporation’s Canon City Mill tailings impoundment (see
Appendix I). The mill tailings at Canon City are considered to be representative of the
mill tailings at White Mesa because the average grain-size distributions between the two

sites are similar.

The tailings are initially saturated when placed but are dewatered through evaporation
and pumping from the slimes drains system. The solution chemistry of the tailings pore

water, as represented by samples collected from the Cell 2 slimes drain, was assumed to
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be identical for all of the cells (see Appendix K). Tailings pore water in the slimes drains
(i.e., immediately above the tailing cell liners) is considered to be more representative of
solutions that would remain in the tailings cells during operations and at closure given
that these solutions would have had sufficient time to equilibrate with the tailings.
Furthermore, water extracted from the slimes drains, as opposed to samples grabbed from
surface ponds, is not affected as much by evaporation/evapoconcentration and
addition/recirculation of mill process water; evaporation and recirculation of mill process
water would tend to create a variable source-term solution chemistry that is dissimilar to

and not representative of the long-term pore water chemistry in the tailings.

2.2 SITE CHARACTERISTICS

2.2.1 Climate

The climate of the Blanding area is semiarid with average annual precipitation of 13.3
inches (Utah Climate Center, 2007). Most precipitation falls in the form of rain, with
about one-quarter of the precipitation falling as snow. There are two separate rainfall
seasons in the area: a late summer season when monsoonal moisture from the Gulf of
Mexico leads to thunderstorms and a winter season related to fronts from the Pacific.

The average annual Class A pan evaporation rate is 68 inches.

Climatological data are available for the weather station near Blanding, Utah (420738),
located approximately six miles north of the White Mesa Mill at an elevation of 6,040 ft
above mean sea level (ft above MSL). The White Mesa Mill is located at an elevation of
5,600 ft above MSL. Data are available for the period December 1904 through
December 2006; however, large gaps in the dataset (i.e., missing precipitation and/or air-
temperature measurements) occurred during 1905, 1910 to 1912, 1915, 1916, 1917, 1927,
1929, 1931, 1989, and 2005. Data for the period between 1932 and 1988 are nearly

continuous.

The long-term average annual precipitation at the Blanding weather station was
13.3 inches with a standard deviation of 3.9 inches. Annual precipitation for the period

1905 through 2005 is presented in Figure 2-3. The greatest annual precipitation was
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measured in 1909 (24.5 inches), but other years that exceeded 20 inches include 1906
(23.6 inches), 1957 (22.4 inches), 1941 (21.5 inches), 1908 (20.2 inches), 1997
(20.2 inches), and 1965 (20.1 inches). Daily precipitation for the period 1905 through
2005 is presented in Figure 2-4. The largest daily precipitation event was 4.48 inches,
which occurred on 1 August 1968.

The mean annual temperature for Blanding, Utah is 52°F, based on the period 1971-2000.
January is typically the coldest month, with a mean monthly temperature of about 30°F.
July is generally the warmest month, with a mean monthly temperature of 76°F. Daily

ranges in temperatures are typically large.

Winds are generally light to moderate (less than 15 miles per hour) at the site during all
seasons, with winds prevailing from the south. Strong winds are associated with summer

thunderstorms and frontal activity during the late winter and spring.

2.2.2 Summary of Site Geology

The White Mesa Mill is located within the Blanding Basin of the Colorado Plateau
physiographic province. The average elevation at the site is 5,600 ft above MSL. The
site is underlain by unconsolidated alluvium overlying sedimentary bedrock consisting
primarily of sandstone and shale. The unconsolidated deposits are primarily aeolian silt
and sand and range from 1 to 30 ft thick (these deposits have been removed where the
tailings cells are located). The bedrock underlying the site is relatively undeformed and
horizontal (generally dips are less than 3 degrees). Cretaceous Dakota Sandstone and
Burro Canyon Formation are at or near the surface; these sandstone units have a
combined thickness of 100 to 140 ft at the site. Beneath the Burro Canyon Formation is
the Morrison Formation, which is primarily shale. The Brushy Basin Member is the
uppermost member of the Morrison Formation and is composed primarily of bentonitic
mudstones, siltstones, and claystones. The contact between the Burro Canyon Formation
and Brushy Basin Member dips slightly to the south. Beneath the Brushy Basin Member
are the Westwater Canyon, Recapture, and Salt Wash members of the Morrison

Formation. Beneath the Morrison Formation are the Summerville Formation, Entrada




Sandstone, and Navajo Sandstone. For more detailed descriptions of the geologic setting

see the Reclamation Plan (IUC, 2000; Denison 2009).

2.2.3 Hydrogeology of the Perched Aquifer System

Groundwater beneath the site is first encountered as a perched zone within the Burro
Canyon Formation. The low-permeability Brushy Basin Member of the Morrison
Formation acts as an aquitard and forms the base of the perched aquifer. Monitoring
wells at the site are screened across the saturated portion of the Burro Canyon Formation
and generally extend down to the contact with the Brushy Basin Member. The saturated
thickness of the perched zone ranges from less than 5 to as much as 82 ft beneath the site,
assuming the base of the Burro Canyon Formation is the base of the perched aquifer. The
water table of the perched aquifer was 13 to 116 ft below ground surface (bgs) at the
facility in 2007. The perched water table is shallowest near the wildlife ponds (13 ft in
piezometer P-2), east of the Mill and tailings cells. Groundwater within the perched zone
generally flows south to southwest beneath the site (see Figure 2-5). Recharge to the
perched aquifer is primarily from areal recharge due to infiltration of precipitation and
seepage from the wildlife ponds on the eastern margin of the site. Discharge from the
perched aquifer is believed to be to springs and seeps along Westwater Creek Canyon and
Cottonwood Wash to the west-southwest and along Corral Canyon to the east of the site.
The discharge point located most directly downgradient of the tailings cells is believed to
be Ruin Spring in Westwater Creek Canyon, a tributary to Cottonwood Wash,

approximately two miles from the tailings cells.

The horizontal hydraulic gradient in the perched aquifer downgradient and in the vicinity
of the tailings cells ranges from approximately 0.01 to 0.04 feet per foot (ft/ft) and is
generally to the south and southwest with local variations in magnitude and direction (see
Figure 2-5). Recharge from the wildlife ponds causes localized mounding of the water

table.

The hydraulic conductivity of the perched aquifer (generally within the Burro Canyon
Formation) has been characterized through aquifer pumping tests, slug tests, packer tests,

and laboratory analysis of core samples. Based on tests performed in perched zone
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monitoring wells downgradient of the tailings cells (MW-3, MW-5, MW-11, MW-12,
MW-14, MW-15, MW-17, MW-20, MW-22, and MW-25), the geometric mean
horizontal hydraulic conductivity in this area ranges (based on several analysis methods)
from 0.064 to 0.12 ft/day (2.3 x 10 to 4.3 x 10 cm/sec) (Hydro Geo Chem, 2009).
Based on these hydraulic conductivities, a porosity of 18 percent, and an average
hydraulic gradient of 0.013 ft/ft, the average linear velocity of groundwater downgradient
of the tailings cells was calculated to be 0.005 to 0.009 ft/day (1.7 to 3.2 ft/year) (Hydro
Geo Chem, 2009).

Beneath and immediately upgradient of the tailing cells, the geometric mean hydraulic
conductivity (based on tests from wells MW-23, MW-25, MW-27, MW-28, MW-29,
MW-30, MW-31, MW-32, TW4-20, TW4-21, and TW4-22) was 0.08 ft/day (3 x 107
cm/sec). Based on gradients in the vicinity of each well, the hydraulic conductivity at
each well, and the estimated effective porosity of 18 percent, the geometric mean linear
velocity of groundwater was calculated to be 0.012 ft/day (4.5 ft/year) (Hydro Geo Chem,
2009).

The vertical hydraulic conductivity of the underlying Brushy Basin Member of the
Morrison Formation is significantly lower and demonstrates that it acts as a perching
layer. Cores from the Brushy Basin Member had vertical hydraulic conductivities of 2.1
x 107 to 25.4 ft/day (7.3 x 10" to 5.9 x 10 cm/sec) with a geometric mean of 3.4 x 107
ft/day 1.2 x 10® cm/sec (IUC, 2000).

2.2.4 Groundwater Quality of the Perched Aquifer System

Groundwater quality in existing and new wells completed in the perched aquifer has been
used to establish background concentrations and determine GWCLs. For additional
details regarding groundwater quality and the determination of GWCLs, see the Revised
Background Groundwater Quality Report: Existing Wells for Denison Mines (USA)
Corp.’s White Mesa Mill Site, San Juan County, Utah (INTERA, Inc., 2007a); Revised
Addendum Evaluation of Available Pre-Operational and Regional Background Data
Background Groundwater Quality Report: Existing Wells (INTERA, Inc., 2007b); and

2-12



Revised Addendum Background Groundwater Quality Report: New Wells (INTERA, Inc.,
2008).

2.2.5 Vadose Zone Hydrogeology and Geochemistry of the Unsaturated Bedrock

The vadose zone is the zone between the ground surface and the perched water table.
The vadose zone beneath the White Mesa Mill is within the unconsolidated deposits
(removed during construction of the tailings cells), the Dakota Sandstone, and Burro
Canyon Formation. The vadose zone thickness was calculated by taking the difference
between the elevation of the cell bottom and the distance to the water table (see
Appendix C). The minimum vadose zone thicknesses beneath Cells 2 & 3 and Cell 4A
are approximately 42 ft and 40 ft, respectively. As a comparison, the average vadose
zone thicknesses beneath Cell 2, Cell 3, and Cell 4A are 63 ft, 66 ft, and 56 ft. For the
vadose zone transport models, the vadose zone thickness beneath Cells 2 & 3 and Cells

4A & 4B was assumed to be 42 ft (12.8 m).

Samples of bedrock from the vadose zone between and immediately adjacent to the
White Mesa Mill tailings cells were collected and characterized for hydraulic and
geochemical properties. The original laboratory reports are included in Appendix A and
B and statistical analyses of the data and identification of hydrogeochemical units are
included in Appendix C. Hydraulic properties are used to predict the flow of water
through the vadose zone, while geochemical properties are used to predict water/rock
chemical reactions as the tailings pore water potentially migrates beneath the tailings
cells. Geochemical properties tested include mass concentrations of hydrous ferric oxide
(HFO) and acid neutralization potential (ANP). The mass of ANP is used in the vadose
zone reactive transport model to predict the consumption of alkalinity (as a neutralization
front) as low-pH tailings pore water potentially migrates beneath the tailings cells, while
the mass of HFO is used to predict surface complexation (adsorption) reactions. Soil
water retention and unsaturated hydraulic conductivity curves are presented and used to
identify hydrologic units, while a statistical analysis of the geochemical data is presented

and used to identify geochemical units. Lithologic data combined with the hydrologic




and geochemical data form the basis for assigning hydrogeochemical stratigraphic units

within the vadose zone (see Appendix C).

2.3 CONCEPTUAL MODEL OF WATER FLOW (INFILTRATION) THROUGH
THE TAILINGS CELL COVER AND POTENTIAL CONTAMINANT
TRANSPORT THROUGH THE VADOSE ZONE

This section presents the conceptual model for water flow (infiltration) through the
tailings cell cover and potential contaminant transport through the vadose zone. Details
of the implementation of the conceptual model into the numerical model as well as
parameter values, boundary conditions, and initial conditions used in the modeling are
described in detail in Section 3.0. Results of the numerical modeling are presented in

Section 4.0.
2.3.1 Unsaturated Flow

Unsaturated Flow Governing Equation. Unsaturated flow through the vadose zone can
be described with a modified form of the Richards Equation. The Richards Equation is
derived by combining the Darcy-Buckingham equation with the mass continuity
equation. The governing flow equation for one-dimensional vertical isothermal flow of
liquid water (as an incompressible fluid) in a variably saturated rigid porous medium,
assuming that the air phase plays an insignificant role in the liquid flow process, is given

by the following modified form of the Richards Equation (Simunek et al., 2009):

200 _ 2 e @ 4 1
p _az[K(h)(az+1)] S(h)

where:

0 = volumetric water content [L°L"]

h = pressure head of soil water [L]
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S = sink term, volume of water removed from a unit volume of soil per unit

time (e.g., uptake by plants) [T™']

z = spatial coordinate in the vertical direction [L]
t = time [T]
K = unsaturated hydraulic conductivity [LT™].

The unsaturated hydraulic conductivity (K) is a function of the volumetric water content
(0) and pressure head (h), and as a result can vary in both space and time. The pressure
head and volumetric water content may be used interchangeably as the independent
variable. Hydraulic properties of unsaturated porous media (i.e., 6(h) and K(h)) are
nonlinear functions of the pressure head (h), and a solution to the Richards Equation is

commonly solved numerically with a computer program.

Unsaturated Hydraulic Conductivity. To solve the above equation, it is necessary to
specify the relationships of unsaturated hydraulic conductivity (K) versus the effective

water saturation (S.), and of pressure head (h) versus volumetric water content (0).

The relationship of unsaturated hydraulic conductivity versus effective water saturation,
assuming the pore-size-distribution model presented in Mualem (1976), is described by

the following equation (van Genuchten, 1980):

K =KS!fi-a-s/""]
where:
K = unsaturated hydraulic conductivity [LT™']
K = saturated hydraulic conductivity [LT™']
S. = effective saturation [dimensionless].
1 = empirical pore connectivity parameter [dimensionless]

m = empirical shape parameter [dimensionless].




The effective saturation is equal to:

where:
S. = effective saturation [dimensionless]

0 = volumetric water content [L*L"]

0, = residual volumetric water content [L°L"]

0, = saturated volumetric water content [L*L"].

Soil Water Retention. The relationship of pressure head (h) to water content (0),
assuming the pore-size-distribution model presented in Mualem (1976), is described by

the following equation (van Genuchten, 1980):

Hr + Lgnrm <0
6(h)= [1+]eh|"]
o, h>0
where:
0 = volumetric water content [L°L"]

0, = residual volumetric water content [L°L"]

0, = saturated volumetric water content [L*L~]

h = pressure head of soil water [L]
o = empirical fitting parameter [L™']
n = empirical fitting parameter [dimensionless]

m = empirical shape parameter [dimensionless].

The fitting parameters (o, n, and m) are considered to be empirical coefficients that affect
the shape of the hydraulic functions used to describe variations in water content and

hydraulic conductivity for different soil water pressures. For unsaturated porous media,
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the pressure head of soil pore water is negative (i.e., less than atmospheric pressure) and
is commonly referred to as matric potential or soil-water tension (negative). The
unsaturated hydraulic conductivity is a function of the saturated hydraulic conductivity,
pressure head, and moisture content. As a result, the unsaturated hydraulic conductivity
in the vadose zone can vary through time. In an unsaturated system, the advective
velocity is largely controlled by wvariations in soil moisture content because the
unsaturated hydraulic conductivity and effective porosity varies through time as moisture
contents vary. The saturated and unsaturated hydraulic properties are listed in Section

3.0 and Appendix C.

Plant-Water Uptake. The sink term in the Richards Equation is defined as the volume
of water removed from a unit volume of soil per unit time. This accounts for plant-water
uptake and can be defined in terms of soil water pressure head (h) as described by the

following equation (Feddes et al., 1978):

S(h,z) = a(hS,

where:

S = sink term, volume of water removed from a unit volume of soil per unit time

(e.g., uptake by plants) [T"']
o = root water uptake water stress response function [dimensionless]

S, = potential root water uptake rate [T

The root water uptake water stress response function (o) is a dimensionless function that
ranges between 0 and 1, and is dependent on the soil water pressure head and vegetation
type. For example, when conditions are extremely dry or extremely wet, plants cease to
take up water. A plant root distribution function can also be used to account for variable
plant water uptake with depth. The following equation can be used to describe conditions

that involve spatially variable root density (Simunek et al., 2009):

S, =b(2)T,
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where:
S, = potential root water uptake rate [T
b = normalized root water uptake distribution (root density) [L']

T, = potential rate of transpiration