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ABSTRACT

In 1950s and early 1960s during production of nuclear weapons at the US Department 
of Energy Y-12 National Security Complex in Oak Ridge TN, volatile organic 
compounds (VOCs) as well as heavy metals, nitrates, and radionuclides were released 
to the environment.  Field investigations revealed that much of this contamination is still 
present in soil, bedrock, and groundwater.  Operational buildings and old disposal 
facilities at the site have been identified as major sources of contamination.  The Old 
Salvage Yard (OSY) on the western side of the site has long been characterized as the
major source of VOC contamination in soil and groundwater.  In order to analyze the 
fate and transport of VOC contamination– including tetrachloroethene (PCE), 1,2-
dichloroethene (1,2-DCE), cis-1,2-dichloroethene (cis-1,2-DCE) and vinyl chloride (VC) 
– in groundwater and soil at the vicinity of OSY, an integrated surface and subsurface 
flow and transport model has been developed for the Y-12 NSC using the hydrodynamic 
and transport numerical package, MIKE-SHE.  Hydrogeological characteristics of the 
site such as hydraulic conductivity, and transport parameters such as partitioning 
coefficients were varied in an effort to delineate subsurface flow and transport 
pathways, potential downstream impacts on Upper East Fork Poplar Creek, and the 
potential risk to industrial workers involved in related Decontamination and 
Decommissioning (D&D) activities. The simulation results were compared with the 
analytical modeling results previously performed by McLane Environmental Inc. using 
SESOIL-AT123D. Specific simulations have been performed to investigate the effect of 
possible remedial action (removing the contaminated surface soil layers) on the fate and 
transport of VOCs.  The results of the MIKE-SHE reported here can be considered as 
an upper limit for the predicted concentrations.  Based on MIKE-SHE results, PCE, 1,2 
DCE, cis-1,2-DCE, and VC are sources in soil with potential to equal or exceed 
industrial groundwater hazard and risk levels at the vicinity of OSY.  VOC contaminants 
in soil and groundwater will decay below industrial groundwater risk and hazard levels 
within approximately 20 years.  Excavation of surface soil layers at the site will 
considerably reduce the concentration of VOCs in groundwater and the possibility of 
migration of VOCs to surface waters.
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INTRODUCTION

During the operation of Y-12 Nation Security Complex (Y-12 NSC), which was built in 
1943 in Oak Ridge, Tennessee as part of the Manhattan project for the production of 
nuclear weapons, the surrounding environment has been contaminated with
considerable volumes of VOCs as well as other contaminants such as heavy metals, 
nitrates, and radionuclides.  It is surmised that much of the lost or unaccounted 
leakages of organic compounds are still present in soil, bedrock, and groundwater. 
Sites with contamination of VOCs in both shallow and deep soils primarily include OSY, 
Beta-4 Security Pits, S-2 site, Building 81-10, Waste Machine Coolant Biodegradation 
Facility (WMCBF), Waste Coolant Processing Facility (WCPF), Tank 0134-U, Tank 
2331-U, and East End Garage as shown in Figure 1.  These sites represent potential
sources of contamination that could or have contributed to both surface water and 
groundwater contamination [1].  Soil removal operations during the Resource 
Conservation and Recovery Act (RCRA) closures for the solvent and oil operations in 
the northern portion of the site removed much of the surficial contaminants in those 
areas.  

OSY is underlain by a thin overburden weathered clayey fill and residual soil over the 
bedrock of the Maryville Limestone on south and Nolichucky Shale on north.  Based on 
pumping tests, tracer and geological studies [2-5], the subsurface flow system 
underneath OSY is characterized by three distinguished zones; (i) storm flow zone in 
the unconsolidated clayey weathered soil material located at the top 3 – 4 m of soil 
profile, (ii) the transition zone in Nolichucky Shale formation, located immediately 
underneath the saprolite layer and characterized by high fracture density, high hydraulic 
conductivity along the strike and high permeability [6], (iii) the saturated zone of fresh 
bedrocks.  Only 10% of the groundwater flow occurs in this zone with about 8% in the 
shallow water table interval, and 2% in intermediate and deep intervals [4].  Primary 
groundwater flow direction in shallow bedrock underneath OSY is shown in Figure 1.  

VOCs are leaching from soils underneath OSY to groundwater.  Infiltration and 
groundwater recharge during heavy rainfall events dissolves the contaminants in 
surface soil layers and draws back the contaminated groundwater to deeper soil layers.  
In weathered saprolite, matrix diffusion is primary release and transport mechanism.  In 
this clay-rich unconsolidated residual soil layer, VOCs has been accumulated 
throughout the years.  Contaminants are diffused from soil matrix to groundwater 
through fractures and macrospores.  This zone is called storm flow zone as 
contaminants are quickly flushed during storms in this unconsolidated layer.  In 
transition zone, the major transport mechanism is advection in groundwater flow along 
strike through this high hydraulic conductivity and high permeability zone.  High 
concentration values for contaminants have been reported for this zone [7, 8].  The 
shallow groundwater flow in saprolite and transition zones will eventually release to 
buried tributaries, utility lines, and operating building sumps (Buildings 9204-4, 9201-5, 
and 9201-4 as shown in Figure 1, east side of OSY and along geological strike) or 
strike-perpendicular fractures, which divert the flow down-gradient toward EFPC in the 
south.
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Figure I Location of OSY and other VOC contaminated areas, soil sampling stations at 
OSY. Blue arrows represent primary groundwater flow directions in shallow bedrock

NUMERICAL MODEL

An integrated overland and groundwater flow and transport model was developed for 
the Y-12 NSC by the Environmental and Water Resources group of Applied Research 
Center at Florida International University using MIKE-SHE [9], to simulate the fate and 
transport of VOCs including PCE, 1,2-DCE, cis-1,2-DCE and VC that have polluted the 
soil and groundwater at the vicinity of OSY.  The concentration values computed in 
these simulations are used to calculate the risk-based limits (RLs) for the VOCs and 
serve as benchmarks for comparison with the analytical modeling previously performed 
by McLane Environmental Inc. using SESOIL-AT123D model [10].

Major assumptions of the numerical modeling are: (i) modeling the flow through 
fractures using macrospores and secondary porosity option, (ii) neglecting the chemical 
reactions between VOCs and other contaminants present at the site such as metals. 
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Parameters

Climatic input parameters include rainfall and evapotranspiration (ET) data. Rainfall 
was specified as station-based monthly timeseries. The model assumes a uniform 
spatial distribution of precipitation and ET rates for which records have been extracted 
from the Oak Ridge Environmental Information System (OREIS) [10] database for a 
period of 60 years (01/01/1951‐12/31/2009).

In the MIKE-SHE model, overland flow is calculated using the diffusive wave 
approximation of the Saint Venant equations. Primary input parameters for the model 
include ground surface topography, Manning’s number (land use and vegetation), initial 
groundwater depth, and detention storage. The ground surface topography was 
extracted from the Tennessee Spatial Data Server (TSDS) database. Manning’s 
numbers for different regions were estimated from Manning’s charts based on land use 
and vegetation information extracted from National Land Cover Database (NLCD),
2006.  The Manning’s number, n, ranges between 0.2 and 1.1 s/m1/3.

For the subsurface flow modeling, three zones as explained earlier including 
unconsolidated top soil layer (saprolite), transition zone, and bedrock zone are 
considered.  Saprolite is represented by three layers with the total thickness of 4 m.  
The transition zone is modeled assuming two layers with the total thickness of 3 m.  The 
bedrock is modeled considering 3 layers of 10, 30 and 50 m down to the depth of 97.1 
m.

A number of pumping and tracer tests have been performed at the site to estimate the 
hydrogeologic parameters [12].  The range of estimated parameters is extremely 
diverse, and in some cases irrelevant.  USDOE (1998) [1] reported the hydraulic 
conductivity values range from 0.01 to 1 md-1 for saprolite and from 0.1 to 2 md-1 for the 
bedrock and numerical models developed by USDOE have used different calibrated 
values from 0.02 to 3 md-1 for the preferential pathway along the strike in transition 
zone.  Recent flowmeter tests shows that the conductivity is generally low in the 
saprolite and high in the transition zone, and low in bedrock [7, 8].  Luo et al. (2005) [8]
suggested the conductivity of 2 – 4 md-1 for the transition zone.  In the present model, 
the calibrated values of 0.3 md-1 for the saprolite, 2 md-1 for the along-strike flow in 
transition zone, and 0.4 md-1 for the bedrock in Nolichucky shale were used.
The porosity of saprolite layer has been reported to be between 0.2 and 0.6 [5].  The 
average value of 0.5 for the first layer, 0.4 for the second layer and 0.3 for the lowest 
layer of saprolite is used in the present model.  For the secondary porosity of 
macrospores, 0.1 is used as suggested by Wilson et al. (1992) [12].  For the bedrock, 
the effective porosity of 0.05 is used in the calibrated model which is relatively close to 
the range of 0.002 – 0.04 estimated by USDOE through tracer studies.  Longitudinal 
and traverse dispersivity values of 1.1 m are used in the present model while 0.8 m is 
used by McKay et al. (1997) [14].  Transport parameters for PCE, TCE, and 1,2-DCE 
used in the calibrated model are summarized in Table I.
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Table I. Contaminant transport parameters 

Contaminant Unit PCE 1,2-DCE cis-1,2-DCE VC
Molecular Weight g/mol 165.8 96.9 96.9 62.5
Solubility mg/L 150 800 3500 1.1
Biodegradation rate1 1/yr 0.15 0.088 0.7 0.088
Half-life2 yr 4.5 7.9 9.9 7.9
Kd L/Kg 0.795 0.233 0.107 0.00753
Koc

1 L/Kg 265 77.5 35.5 2.51
Diffusivity3 cm2/s 8.20E-06 1.10E-05 1.30E-05 1.20E-05
1 [1], Table E. 9.3
2 Calculated using t1/2 = ln(2)/λ
3 [1], Table E. 9.15

Source Locations

Characteristics of source locations in soil for PCE, 1,2-DCE, cis-1,2-DCE, and VC as 
shown in Figure I are summarized in Table II.

Table II. Source locations in soil

Source 
location1 Concentration1 Source Dimension2

(L x W x D), m

Total mass at
   the source3, 

Kg
Tetrachloroethene (PCE)

13B-125 88 10 x 10 x 3.3 47
13B-125N 10.5 10 x 10 x 3.3 5.5

TOTAL 52.5
1,2-Dichloroethane (1,2-DCE)

13B-125 21.85 10 x 10 x 3.3 11.5
TOTAL 11.5

cis-1,2-Dichloroethene (cis-1,2-DCE)
13B-125 21.6 10 x 10 x 3.3 11.5

13B-125N 2.0 10 x 10 x 3.3 1.1
TOTAL 12.6

Vinyl Chloride (VC)
13B-125 0.512 10 x 10 x 3.3 0.27

13B-125N 0.011 10 x 10 x 3.3 0.01
TOTAL 0.28

1 [15, 16]
3 For simulations after remediation, half of the thickness (D) was used. 
2 The soil bulk density of 1700 Kg/m3 was used for mass calculations.
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RESULTS AND DISCUSSIONS

The groundwater flow is calibrated using the extensive collection of water level records 
from the monitoring well stations inside the model area extracted from the OREIS 
database [10]. Recorded values are compared with simulated groundwater fluctuations
in Figure 2 for selected monitoring well stations.  As previously noted, groundwater 
depth is higher at Pine Ridge on the north and Chestnut Ridge on the south (A and H 
categories as shown in Figure 2), and then towards the valley the groundwater depth 
considerably decrease, and then inside the valley the thickness of unsaturated zone is 
negligible, especially in dry seasons (C, E, and F categories in Figure 2).

Computed concentration of VOCs inside the transition zone at the Nolichucky Shale (5 
m below ground surface) at the distance of 10 m from the source location is shown in 
Figure 3.  Simulations has been performed for three different scenarios; source base 
case (SOB) – simulations for the hydraulic conductivity of 2.0 md-1 for the transition 
zone, source base case with high conductivity (SOHK) – simulations for the source 
locations with higher conductivity value of 4.0 md-1 for the transition zone, and 
simulations for the base case after remediation (SOBrem.).  In all cases, the maximum 
concentration of the VOC in groundwater occurs within 10 years.  Simulations show that 
remediation (removing 1.5 m from the contaminated surface soil layer at OSY) will 
reduce the peak concentration several orders of magnitude as shown in Figure 3.  The 
rate of increase in concentration in the first 20 years and then the rate of decrease 
afterwards are proportional to the partitioning coefficient of VOCs.  VC concentration 
after 5 years exceeds the risk-based limit for the groundwater established by EPA.  VC 
has lower partitioning coefficient, Kd (see Table I).  As a result, the VC gets dissolved 
into groundwater in greater content and in larger rate compared to other VOCs.  
Therefore, it reaches the maximum concentration close to the source location faster 
(after almost 5 years) and then it gets diluted by the groundwater in higher rates as 
illustrated by the steeper downward slope after the peak concentration in Figure 3d.

Figure 4 shows the same graphs for the second layer inside the transition zone (7 m 
below ground surface).  Comparing graphs in Figure 4 with the corresponding graphs in 
Figure 3, the higher the partitioning coefficient the faster transport through the depth.  
VC still exceeds the risk-based groundwater level at the second layer of transition zone.  
Although remediation has been shown to be effective in all cases, it seems to be less 
effective in the case of 1,2-DCE, and cis-1,2-DCE.  Table III summarizes the model 
results for the fate and transport of VOCs.  
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Figure 2 Groundwater level fluctuations
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Figure 3 computed concentration values at the 5 m depth inside the transition zone, 10 
m from the contaminant source, (a) PCE, (b) 1,2-DCE, (c) cis-1,2-DCE, (d) VC. SOB = 

Source Base case, SOHK = Source with High Conductivity (4.0 md-1)
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Figure 4 computed concentration values at the 7 m depth inside the transition zone, 10 
m from the contaminant source, (a) PCE, (b) 1,2-DCE, (c) cis-1,2-DCE, (d) VC. SOB = 

Source Only Base Case, SOHK = Source Only with High Conductivity (4.0 md-1)
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1.0, then soil remediation is necessary.

The model predicts the maximum groundwater concentration (CGW) at the receptor 
location.  Based on CGW after migration and natural attenuation, the RL is revised using 
the following equation:

= × (1)

Where; RLR is revised Risk-based Limit concentration (mg/kg), CW is target groundwater 
concentration based on 10-4 cancer risk or an HQ of 1.0 (mg/L), CSE is soil exposure 
concentration for the area of soil contamination (mg/kg), CGW is the model-predicted 
maximum groundwater concentration at the receptor location (mg/L). The revised RL 
values are considered the limiting contaminant concentrations.

Table III. Summary of results

VOC Kd (L/kg)
Decay rate 

(1/yr)
CSE

(mg/kg)
CW (mg/L)

CGW (mg/L)
RLR fiSZ1 SZ2

PCE 7.9E-01 0.15 88 0.102 1.0E-01 0.02 9.0E+01 9.8E-01

PCE
(pro rem.)

7.9E-01 0.15 88 0.102 1.1E-08 1.5E-05 6.0E+05 1.5E-04

1,2- DCE 2.3E-01 0.088 21.85 0.919 4.3E-01 2.1E-01 4.7E+01 4.7E-01

1,2- DCE
(pro rem.)

2.3E-01 0.088 21.85 0.919 5.1E-06 3.3E-04 6.1E+04 3.6E-04

cis-1,2 DCE 1.1E-01 0.7 21.6 1.022 1.0E+00 8.2E-01 2.2E+01 1.0E+00

cis-1,2 DCE
(pro rem.)

1.1E-01 0.7 21.6 1.022 3.5E-05 1.5E-03 1.5E+04 1.5E-03

VC 7.5E-03 0.088 0.512 0.0764
3.6E-01 
(2/14/13)

1.5E-01
(3/25/17)

1.1E-01 4.7E+00

VC
(pro rem.)

7.5E-03 0.088 0.512 0.0764 6.9E-07 6.7E-04 5.8E+01 8.8E-03

VOC - Volatile Organic Compound
CW - Risk or Hazard-Based Target Concentration in GW
CGW - Concentration exceedance
CSE - soil exposure concentration for the area of soil contamination (mg/kg)
RLR -  Revised  RL concentration (mg/kg) = CW x (CSE/CGW)
f - sum of SOB fractions, f = Σ (CGW/CW)
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Table IV and Table V compare the results of the MIKE-SHE model with the results of 
SESOIL/AT123D model before and after the remediation (half source thickness).

Table IV. Comparison of MIKE-SHE and SESOIL/AT123D results [10] at point 1 (down-
gradient edge of the source area) 

Table V. comparison of MIKE-SHE and SESOIL/AT123D results [10] at point 1 (down-
gradient edge of the source area) after remediation

CONCLUSIONS

An integrated surface/subsurface flow and transport model has been developed for Y-
12 NSC to simulate the fate and transport of the VOC source locations in soil and 
groundwater at the vicinity of the OSY.  Based on the simulation results, PCE, 1,2 DCE, 

MIKE-SHE Model SESOIL/AT123D Model
VOC CSE

mg/Kg
CW CGW

mg/L
CGW> 
CW

fi CGW

mg/L
CGW> CW fi

PCE 88 0.102 0.1 N 9.8E-01 0.0231 N 2.3E-01
1,2-DCE 21.85 0.919 0.43 N 4.7E-01 0.259 N 2.8E-01
cis-1,2-

DCE
21.6 1.022 1.02 N 1.0E+00 0.843 N 8.2E-01

VC 0.512 0.0764 0.36 Y 4.7E+00 2.25E-
10

N 0.0E+00

f = 7.15 f = 1.33
COC - Chemical of Concern
CW - Risk or Hazard-Based Target Concentration in GW
CGW - Concentration exceedance
CSE - soil exposure concentration for the area of soil contamination (mg/kg)
f - sum of SOB fractions, f = Σ (CGW/CW), fi = (CGW)i/(CW)i

MIKE-SHE Model SESOIL/AT123D Model
VOC CSE

mg/Kg
CW CGW

mg/L
CGW> 
CW

fi CGW

mg/L
CGW> CW fi

PCE 88 0.102 1.5E-
05 

N 1.5E-04 0.00331 N 3.0E-02 

1,2-DCE 21.85 0.919 3.3E-
04 

N 3.6E-04 0.0279 N 3.0E-02 

cis-1,2-
DCE

21.6 1.022 1.5E-
03 

N 1.5E-03 0.0498 N 5.0E-02 

VC 0.512 0.0764 6.7E-
04 

N 8.8E-03 
1.85E-

10 
N 0.0E+00 

f = 0.02 f = 0.11

Definition of parameters are the same as Table IV
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cis-1,2-DCE, and VC are sources in soil within the OSY domain with potential to equal 
or exceed industrial groundwater hazard and risk levels.  By migration of VOC 
contaminants in groundwater, there is a possibility that pollutants will be captured by the 
processes building’s drainage systems or tributaries in the next 20 years and 
transported to the surface water (East Fork Poplar Creek and Bear Creek).  However, 
simulation results illustrate that contaminants in soil and groundwater will considerably 
decay below industrial groundwater risk and hazard levels within approximately 30
years.

Results of the MIKE-SHE model are compared with the results of SESOIL/AT123D 
analytical model [10], despite the differences between the two models in terms of 
defining the source locations. Sources defined in the MIKE-SHE model are greater in 
mass.  Total mass of the sources in two models are compared in Table VI.

Table VI. Comparison of MIKE-SHE and SESOIL/AT123D in terms of source masses

COC CSE

mg/Kg
MIKE-SHE SESOIL/AT123D 

Source Total Mass, Kg
PCE 88 47 5.7

1,2-DCE 21.85 11.5 1.52
cis-1,2-DCE 21.6 11.5 1.52

VC 0.512 0.27 0.1
COC - Chemical of Concern
CSE - soil exposure concentration for the area of soil contamination, mg/Kg

MIKE-SHE is a distributed integrated surface/subsurface 3D numerical model, and 
therefore, flow and transport computations are carried out considering the interaction of 
overland, unsaturated, and saturated zones.  The flow in the unsaturated zone is 
vertical, in overland 2D and in the subsurface zone it is 3D. The model provides a 
computed subsurface flow field as function of hydrological events (rainfall and 
evapotranspiration). SESOIL and AT123D are analytical models that do not provide 
detailed calculation of the flow field and the results are computed using a flow field 
based on the water table gradient.  Therefore, the results of the MIKE-SHE model can 
be considered as conservative or as an upper limit for the concentrations. 

As modeling results are dependent on several transport parameters such as soil-water 
partitioning coefficients, solubility, biodegradation rates and also hydraulic parameters 
such as porosity and hydraulic conductivity, sensitivity analysis is recommended and 
will be performed on these parameters in the near future.
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APPENDIX A

Table VII. Comparison of SESOIL-AT123D model with MIKE-SHE model

Data Category SESOIL Model MIKE-SHE Model
Model description analytical, 1D, can be linked with AT123D or 

MODFLOW SURFACT.  
numerical finite difference, 3D, integrated, 
Surface/subsurface.

Climate
rainfall several arrays of total rainfall, mean duration 

of individual storm events, number of storm 
events, length of the rainy season for each 
month. 

precipitation rate or rainfall depth. the distribution can 
be either uniform, station-based or fully distributed. 
Daily precipitation records would be appropriate. 

evapotranspiration is based on Penman (1963),Van den Honert 
(1948), and Cowan (1965). 

is based on Kristensen and Jensen (1975). a constant 
value for ET  can be provided as an input.

surface run-off by use of Philip, 1969 infiltration equation.  diffusive wave approximation of the Saint Venant 
equations

Soil 
bulk density of the soil included in the input file. bulk density is used in the calculation of sorption of 

solutes in saturated zone. 
permeability included in the model input. included in the model input. 
pore disconnectedness 
index 

is included in the soil input file of the model. accounted for in the UZ & SZ modules of the model, but 
is not provided in the model input. 

effective porosity the effective porosity in included in the input 
file. 

single and dual porosity models are included in the 
model input. 

organic carbon content for the uppermost soil layer only is used to calculate the partitioning coefficients (Kd

values), and can be different for each soil layer
cation exchange coefficient .only for the uppermost soil layer. not included in the model. 
sorption/desorption models the Freundlich equation exponent is the only 

method  
linear, Freundlich and Langmuir sorption/desorption

Chemical
reactive transport and plant 
uptake 

not included in the model. sorption/desorption (three different methods), reactive 
transport , plant uptake are included. 

solubility in water it is provided in the chemical data files. solubility is handled as a boundary condition. 
Henry's law Constant Included in the model input. not included in the model. 
hydrolysis rates (neutral, 
base, acid) 

neutral, base, and acid hydrolysis rates are 
introduced as model input parameters. 

not included, however chemical reaction and plant 
uptake are calculated by the model. 

biodegradation rates included in the chemical data input files. calculated as reactive transport

Soil discritization 
number of soil layers up to 4 distinct 1D layers and up to 10 

sublayers can be specified for each layer. 
properties cannot be different in sublayers. 

up to 50 3D layers in the saturated zone and up to 50 
layers of the UZ. Layers can have totally different 
properties (thickness, conductivity, soil type, 
dispersivity, and etc.). 

thickness different thicknesses can be defined for 
layers. 

variable thickness can be defined for each layer. 

Pollutant loading 
point and continuous 
sources 

both types are included in the model input. 
The point option is only available to the top 
layer and continuous option is only available 
for lower layers. 

point sources, distributed sources using flux or 
concentration can be defined at each grid cell as 
constant or time variable. 

initial pollutant conc. there is no concentration gradient within a 
layer.  

Layers can have different initial source conc. or mass.

pollutant conc. In rain included in the model input. implemented in the model. 
runoff participation index included in the model input. computed through soil properties and infiltration models. 

Groundwater
unsaturated zone (UZ) & 
saturated zone (SZ) 
calculations 

the model must be linked with AT123D or 
MODFLOW SURFACT for SZ calculations. 
Only for steady state flow fields. 

the model is capable of modeling the SZ and UZ. it 
simulate seasonal and transient conditions in response 
to daily rainfall.  

macropore parameters not included in the model. dual porosity models. 
horizontal gradient included in the model input file. is calculated by the model in the pre-processing stage. 

Washload
percent of silt, sand, and 
clay 

Included in the model. included in the model. 

slope length; average land 
slope 

included in the model. 2D model determines the surface water flow based on 
topography using the Saint Venant equations 

soil erodibility factor and soil included in the washload input file. not included in the model. 
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loss ratio 
Manning's coefficient included in the model washload input file. overland flow resistance is determined using Manning‘s 

Eqn. 

Groundwater 
transport 

the model can be linked with AT123D, 
steady-state model, not applicable if there is 
an existing plume 

transient non-steady-state model, can be used to model 
the plume, plume migration, and contribution of soil


