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Expedited Response Action to remo" contaminated
soil from ptioess trenches started in August 1991.
Dschare of c•lean water to trenches contiier d Ont
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r Flow and Transport:adose Zone - Aquifer - River System

2-D and 3-D modeling
Most current hydrogeology
Flow and transport driven by
hourly river stage fluctuations
Investigate dynamics of
riverbank storage and fluxes
across aquifer - river interface
Investigate release of
uranium from contaminated
vadose zone sediments due
to water table fluctuations

Pacific Northwest National Laboratory
U.. fDepartowwt of fnergy r



Flow and Transport: Vadose Zone - Aquifer - River System
Case 9 STOMP Model Domain Recharge boundary

120

110

'100

N 90

Definer head boundary
-No-flux boundary

foedGravetand

River

80

70
0 200 400 600 800 1000 1200

K, (a) 0(b) , (c) X(d) 0r (e)

Material (m d-') (cm)

U 1, Hanford Gravel/Sand 1500 0.25 23.04 0.7465 0.1471
US, Ringold Gravel/Sand/Silt (C/E) 150 0.18 71.31 0.5193 0.1299
U6, Ringold Overbank Mud 0.01 0.18 71.31 0.5193 0.1299
U7, Ringold Gravel/Sand/Silt (B/D) 43 0.18 71.31 0.5193 0.1299
U8, Lower Ringold Mud 5e-5 0.18 71.31 0.5193 0.1299
Basalt 5e-5 0.18 71.31 0.5193 0.1299

03/01/93 00:00
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Aquifer-River Solution Chemistry

O River water influx occurs during high stage
I• Prolonged seasonal high stage period allows mixing in

aquifer with river water
I' Significant differences in solution chemistry
OPI High pore velocity observed: 10 m/d pore velocity (Cline et

al. 1985)

River versus Aquifer Water Chemistry
120

:---i100

E1 EColumbia Rivert.27 80
80ý- U Well 399-8-1

0
60300 Area •

011 40
Fire

0 20

2002 Nitrate Concentration
Battelle •Analyte 1,1
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Uranium Geochemistry

10 Constant Kd not consistent with
experimental observations
" Uranium sorption varies strongly with

transition between aquifer and river water
chemistries (e.g., U, Ca, pH, alkalinity
concentrations)

* Rate-limited uranium sorption identified in
column experiments with flow rates
consistent with field observations

No Key Issues
" Uranium leaching from contaminated

vadose zone sediments by water table
fluctuations

* Changing uranium geochemistry during
mixing and exchange of river and
groundwater

Uranium Sorption

50

40
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20

10

o

0 50 100

Alkalinity (mgIl. as CaC03)

150 200

0.35

0.30

0.25

- 0.20
0.15

0

0.10

0.05

0.00
0 10 20 30 40 50 60 70
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80 90 100

Balteiie
Pacific Northwest Nat iontal Laboratory
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Uranium Column Studies

Performed by Chongxuan Liu, PNNL
No Saturated column experiments exhibit

uranium kinetics
Multisite model with different reaction rates
and/or diffusive mass transfer rates (Culver
et al., 1997):

U(VI) Breakthrough Curve

at j=-'at

as. Icaj. [fi (ai)Kd -S,

Distributed rate parameters were assumed
to follow the Gamma statistical distribution
(two parameters):

0

k
C

C

0

U-

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

fi (ai) =
ai+Aa,

f
1a

iT

10-The multisite kinetic mode.l was integrated
into the advection-dispersion equation:

aC as _O a 2C Ov ac
axelBaltelle

0 10 20 30 40 50 60 70 80 90 100

PORE VOLUME V/V.,

Pacific Northwest National Laboratory
U.S, Department of Energy iý
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Size (mm)
Cobbles

>1245::2.0-12.5

Sand
1.0-2.0

0.5-1.0
.0.25-0.5

0.149-0.25
0.106 - 0.149
0.053 -0.106

Silt + Clay
<0.053

Mass Distribution (%)

74.5
17.2

2.64
2.34
0.78
0.33
0.19
0.20

1.78

Unsaturated Flow Model Parameters Value Units
Horizontal Hydraulic Conductivity 1500 m/d
Vertical Hydraulic Conductivity 150 m/d
Air entry pressure 23.04 cm
Brooks-Corey X 0.7465
Residual Saturation 0.1471
Relative Permeability Method Burdine
Porosity 0.25
Bulk Density 2.06 Kg/L
Recharge Rate 60 mm/yr
Calculated Water Content 0.08
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1-D Unsaturated
Reactive Transport Simulation

U(VI)_aq (M)

1.E-06 2.E-061-D reactive transport simulation
* 60 mm/yr recharge results in 0.75

rn/yr pore velocity
* 5 m of vadose zone
* 1 m of contaminated sediment in the

middle
M 30 nM/g U contaminated zone

GC-SCM
* Sorption front requires over 30 years

to move 1 m-
" Kd = 12.4 L/kg for this solution

chemistry
* Lowest sediment contamination levelresults in U(VI) above MCL (0.126

uM)
Multisite kinetic model
* Very similar to GC-SCM result

" Kd = 14 similar to the GC-SCM
" impact of kinetics largely minimizedby long transport time scales

O.E+00

o0 -
3.E-06

1
- time = 0 yr
- time = 4.1 yr

time = 27.4 yr
-time = 68.5 yr

32

S3

4 - -time = 100 Yr

Generalized Composite SCM

U(VI)_aq (M)

O.E+00 1.E-06 2.E-06
0

1

J2

4

3.E-06

Ballelle Multisite Kinetic Model 1 •}



1 -D Aquifer-River Interactions
Solution Chemistry

Adapt GC-SCM for the
situation where the solution
chemistry changes from
river water to groundwater
* 1.4 mid groundwater
* 30 nM/g U-contaminated

sediments
* Initial equilibrium with river

water
* 5.76E-8 M aqueous U
n Intrinsic Kd > 500 L/kg

* After influx of groundwater
[ Aqueous U is 2.50E-6 M
* Intrinsic Kd = 13.5 L/kg

Components River water 1988 Well
(USGS 6/1/2000) 399-8-3

PH 7.1 7.7
HCO3- 9.18e-4 M 2.66e-3 M

K+ 1.75e-5 1.50e-4
N03- 8.55e-6 1.73e-4
Sr++ 1.23e-6 0
Na+ 1.00e-4 9.87e-4
Ca++ 3.74e-4 1.10e-3
Mg++ 1.48e-4 4.10e-4

CI- 3.10e-5 2.75e-3
S04- 7.08e-5 3.25e-4_

3.OE-6 .... ..

2.5E-06

0

o 1.5E-06

S1.0E-06

5.OE-07

0.OE+00

-time = 0 day

-time = 0.017 day

-time = 0.03 day

time = 0.05 d

-time = 0.06 d

- time = 0.11 d

- time = 0.18 day

0 0.1 0.2 0.3 0.4 0.5

Distance (m)Baltelle
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Frliminary Resistivity Plots

orth Process Pond
(high resistance ~ coarse unsaturated sediment)
lo Line 2, south (left) to north (right)

O.•it ltbtti.. 7 6 *€.i * .2 td.•2 t

3.2A
I t .11,. i -

2!.1.

19.1 , 1.1 31.2 W il "I goo 100
fr4-%hiv~fl in ahm up

-- l- 1-11 1 -1-1-1-

Ifol P1tIII. 4lltto l CON* up,

Io Line 3, west (left) to east (right)
Depth9 Iteration 7 It9S error 2 .2 %

0.0

22.3

27.1.

36.2

161.1 220.6

m
a-1

inverse W1dupl Resistiult 3ectioioMMMMMM rn r - jrnrrnr
at.? jlp.7 tog 172 9966 741 102

Ileststivity to 011l.IBaltelle )I1II3. ratorywit ~ ~ ~ nq~ etcrdesaia ea
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Time-Lapse ERT
'Parallel to Shoreline between Process Ponds
D Line 7, south (left) to north (right)
Io 3-Day time series

Depth Iteration 2 RNS error = 5.6 %
0.0

1.304.02.

7.02.

10.3.

13.9

11.9

22.3

27.1

32.51

80.0 168.8 2133.8 Ia.

38 .3 .

Depth Iteration 2 RM1 error - 1.18 %
0.O

1.30

7.02
10.3

13.9

17.9

22.3

27.1

32.5.

38.3.

80.8 168.8 2438.0 Ft

Inverse Model Resistivity Section

iMMWi=imm- m -E i lm
21.1 38.0 67.5 120 213 379 673 1197

Resistivity in ohn.. Unit electrode spacing 5.88 m.

Baltelle
Pacific Northwest National Laboratory

US Department of fnergv •
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Role of Models in Demonstration,
Compliance with Licensing

Requirements

presented to the A CNW
September 19, 2006
by Vernon Ichimura
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Overview

* Barnwell Disposal Site

" Review of Regulation

* Focus on Measurement

" Use of Models

9/19/2006 2



C C C

Barnwell Disposal Site -- Summary

• Licensed to dispose LLRW in 1971
" Current license area is 235 Acres
* Approximately 12 million curies received
• After decay, approximately 3 million curies remain
• Current area used for disposal is 105 acres
" Approximate area remaining is 10 acres
• Approximate disposal volume is 28 million cubic feet
• Approximate disposal volume remaining is approximately 2

million cubic feet

9/19/2006 3
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Regulations

Demonstrate by measurement and/or model during
operations and after site closure that concentrations
of radioactive materials which may be released to the
general environment in groundwater, surface water,
air, soil, plants or animals will not result in an annual
dose exceeding an equivalent of 25 millirems to the
whole body, 75 millirems to the thyroid, and 25
millirems to any other organ of any member of the
public.

9/19/2006 7
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Operational
" Real dose to workers
" In 2005 - Average Annual Dose to a Radiation Workers was 241 millirems

Environment
* Hypothetical dose to any member of the public

* In 2005 - Average Annual Dose to Public - - Negligible

" In 2005 - Average Hypothetical Dose by Groundwater/Surface Water
at the Compliance Location is less than 5 millirems.

9/19/2006 8
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Focus on Measurement

* At location adjacent to waste disposal operations

• Around and in closed disposal trenches

• On the disposal site
" At boundary and compliance locations
• At off-site locations around the disposal site
• Distant from the disposal site - - for background

evaluations

9/19/2006 9
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Measurement On All Pathways

• Direct exposure
• Airborne
* Surface Water
• Soils
* Plants
• Groundwater

9/19/2006 10
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Use of Simple Models or
'Well Documented Models
Which Have Been Checked

" Simple "calculator", handbook, and analytical
models --- based on theoretical principles

" Commercial or public domain models

" Run validation

" Check model results with measurements

* Independent "peer-review" of model and
projections

911912006 11
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Use of Models-- Examples

Estimate boundary dose rates due to
disposal operations

- What is the necessary shielding required for
groups of waste packages and waste
configurations

- Simple inverse square law models and
Microshield®

- Verify with measurements

9/19/2006 12
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Estimate radionuclide concentration at the
site boundary in surface soil and surface
water

- Measurements of radionuclide concentration
in soils

- Erosion calculations and measurements

- Runoff calculation and measurements
- Estimate radionuclide concentration at the

boundary
- Verify with measurements

C

9/19/2006 13



Estimate radionuclide concentration at a
compliance location in groundwater and
surface water

- Measurements of radionuclide concentrations
- Measurements of hydraulic data
- Perform groundwater flow and transport

modeling
- Verify with measurements

9/19/2006 14
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Roles of Models

* Models are needed to demonstrate compliance

* Models are simplification of reality and contain

numerous assumptions

• Models must be checked with measurements

* Models should be updated as new information
becomes available

9/1912006 15
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Groundwater Monitoring in Support
of License Termination at

Yankee Nuclear Power Station

Advisory Committee on Nuclear Waste
US' Nu-clear Regulatory Commission

Rockville,• MD, September 19 & 20, 2006

Dave Scott, Project Hydrogeologist, Radiation Safety & Control Services, Inc.
Greg Babineu, Yankee Atomic Electric Company
Eric Darois, CHP, Radiation Safety & Control Services, Inc.
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. YR Operational History
PWR Operated from 1960'to 1992
Built adjacentto Sherman Reservoir in-the

C

northern Berkshires using
Design

a Vapor Containment

* Initially 485 MWt, Uprated to 600 MWt in 1963
• Permenantly Ceased Operations in 1992
• Significant IX it Leak in 1963.Fuel, •Clad for,4ya

Fer14 years was Stainless Steel
* During the period 1960-1980 the SFP did not

have an' interior stainless liner
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Yankee Rowe Potential Groundwater*YAE. ,.Contaminating Events

• SFP Unlined From 1960 Until 1980
• IX Pit Leak .First ID'ed in 1963; Repaired in 1965
• Outside Storage Of Contaminated Materials

Refureling Equipment
"Waste

° Redistribution of Soil Contamination
- RCA Snow Removal

Rain -rStorm Drains
- Wind

* RX Head Impact - Outside Soil Contamination
• Underground Drain Pipe Leak in Radwaste Warehouse
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YAKEEc Criteria For License Termination

* All Pathways TEDE, <25Millirem/yr (10CFR 20.1402), and Residual Radioactivity
ALARA

* H,3 Concentration in Resident Farmer's
Well Less Than 20,000 pCi/L

Average yield of well serving family of four:
1323 m/y~r -(0,.665 gpm

• Other GW Contaminants Less Than Limits
Definedý in LTP License Condition
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, Initial GW Monitoring Activities

'First 10 Monitoring Wells Drilled ýin 1993o 24 Wells Added During'94, '97, '98 and '99
r Virtually• all inshallow outwash'aquifer <30 feet deep
- 18 in radiologically controlled area (RCA)
-, in:u industrial area outside RCA

- 3 outside industrial area
- 8 in construction fill area, upgradient of RCA

° 2 Additional Monitoring Points
-- Sherman Spring (monitored since 1965)

Plant potable water well (bedrock)
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Initial GW Monitoring Activities
(continued)

• Periodic Sampling and Analysis for:
- Tritium

Gamma-emitters
Chemical constituents

One Round of Analysis for Sr- 90
* Identified Tritium Plume-

'Maximum concentration 5,000 .pi/L
Extends downgradient from SFP/IXP "
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Comprehensive GW Monitoring
From 2003

• Evaluated Accumulated Historic GW Data
• Resulting Recommendations:

Drill additional wells
- Fully characterize deeper aquifers beneath outwash,

down to bedrock
DImprove procedures, for drilling,
Define DQO/DQA

,sampling &analysis

• Begin use of rotosonic drilling, low-flow, sampling,
sampling,

quarterly

• Standardize and expand list of radionuclide analytes to.22
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Comprehensive GW Monitoring
CFrom 2003

Established monitoring program that
included,:•,
-,Suites of", dionucide analytes determined by
location, based on HSA and LTP
New locations for wells based on site geology
*intermediate depth sand lenses (30 -100 feet)
* Bedrock (some as deep as 300 feet)

*Multiple wells at same location for vertical profile
-Frequency of monitoring that will adequately

measure changes in GW quality
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(.N E) , .2003 MW Drilling Program

17 Wells I~nstalle~d ,b~y -Rotoso'nic ýMethod.
- "Telescoped"' pup to 4 drill casings to properly isolate

multiple aquifers
C.hCaracterized complex stratigraphy

- Determined vertical distribution of tritium
ExpIred Entire Thickness of Sediments and
Shallow Be edrock
- 2 wells into shallow outwash aquifer

-8 wells into deeper sand lenses interlayered withinunderlying lodgement till
- 7 wells into bedrock

• Maximum depth of 295 feet



.Reslts. of 2003 I nvestigationYeIANKE

* Tritium only plant-related radionuclide in GW
* One H-3 plume in shallow (outwash) aquifer

- Maximum concentration - 3,500 pCi/L
'Aligned with direction of shallow GW flow (NW)

• A second KH-3 plume in deeper sand lenses
- Maximum concentration - 45,000 pCi/L

- Direction. of deeer GW flow toward Deerfield River
• H,3 in one bedrock well 5,000 pCi/L
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*YANK 2004 MW Drilling Program

101 Additional Monitoring Wells Installed by
Rotosonic Method.

2 into shallow outwash aquifer
- 5 into deeper sand lenses interlayered within

undeiderlyi lodgement till
3 into bedroc k

° Well Locations Chosen to Bound the Shallow
.and Deeper H 3 Plumes

* Studied. Interconnectivity Between Aquifers by
MOnitorn g GW Levels With, Data-Logging
Pressure Transducers
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YGroundwater Flow Characteristics

Flow in Shallow Aifer Relatively Fast (1

to, 2feet per day, or K 5 ft/day)
• Net Flow Rate in Deeper GW is Much

Slower - Controlled by Discontinuous
Sand. Lenses Within Lower Permeability
Matrix of Lodgement Till
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IANKC Source of TritiuM Plumes
SPrima Source is the SEP/IXPit Complex:

SMaximum H' 3 concentration .ocCUrs, close t SEP/X
Pit in both shallow and deepe aquifers
IX Pit is known to have-leaked 1963
Repaired early in 1965

REMP Mornitorinig Detected Tritium in Sherman
Spring, 550 feet Downgradient of SFP/iX Pit

- Peaked-7..2EO6 pCi/L in Dec 1965, after IXP repaired
- Declined continuoUsly <200 CiILsince '93 except

spike during demolition in•2005)
• IX Pit Emptied in 1995, Demolished in 2005
• SEP'Emptied in 2003, Demolished in 2005
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.ANKRC'
SContaminant Transport

Mechanisms
* Tritium Entered.4.Deeper GW Along Deep

Foundations and Piping
D Downward flow potential in vicinity of
SFP/IXP, shown by multiple-depth well
clusters

H1H,3 Became "Trapped" in Deeper Sands
and Slowly Diffuses into Shallow .Aquifer
-h••i con••dition may sustain the low-

concentration shallow-plume, which otherwise
may have attenuated
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YANKX••: 2,006 MW Drilling Program

* 17 Additional Wells Drilled ,by Rotosonic Method
• 3 Multi-Depth "Well Cluster Drilled in

Lo cations:
Key

- At IX Pit Leak
- Adjacent to Lowest Part of SFP Foundation

Downgradient of Septic Leach Field
To Co nfirm .Plume Source and Absence of AdditionalRadionuclideS in GW Other Than H-3

- To-Better Define Interconnectivity of Aquifers
* 2 to! Bound the .Sand Lens with Highest H-3
• 6 Shallow Wells to Replace a Few Abandoned to

Facilitate Plant Demolition
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Preliminary Results of Ongoing
YANKCV 2006 Investigation

H-3 Still the Only Plant, Related Nuclide
° Drilling. Results Confirm Sand Lenses in Deep

Till are of Limited Extent
* Pumping Tests Conducted- to Determine:

-:HydrogeolIo'gic" Parameters (K, S) for Key Lenses
* 24-Hr Constant Rate Test in Well With Highest Tritium

Hydraulic Connection Between Sand Lenses
• 2-Hour Pressure Transient Tests in 12 Selected Wells

- Pressure Transducers Monitor WL in Nearby Wells
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Preliminary Results of Ongoing
\YAi 2006 Investigation (con't)

Nu'merical Fateand Transport Computer Model
Under Deveblopmnent'

Will Incorporate:
• Stratigraphic, Model From Drilling Results
- Water Level MeasurementsWith PXDs

* Groundwater Sample Analysis Results
* Pumping Test Results

- To Validate Site Conceptual Model

- To Predict H-3 Concentrations at Compliance Point

- To Demonstrate Compliance with Criteria for License
Termination



'C r C

(*,Y iE Yankee Rowe Lessons Learned

" The Rowe Site has. Multiple Aquifers
• Contamination can MigrateThrough Multiple Aquifers toDepths >'100 feet.

* HydrogeologicInvestigation is an Iterative Process
* Important to- Develop a Hydrogeologic Conceptual Site

Model:.
To Aid Well Placement

- To 'Unde rstand Contaminant Transport

- To Define Aquifer Characteristics
* Long Term Data Trends Are Important

- Allow Bias Detection
Identify Seasonal Fluctuations
Identify New Contaminant Releases
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Yahke •owe
YLeSsons-Learned (continued)

• Water-Level Monitoring is Instructive
May Demonstrate Connection or Isolation of Aquifers

- Useful for Calibration of Numerical Model
* Early Investigations at YNPS Not Sufficiently Rigorous

- MWs not deep enough
tLittle Regulatory Involvement

* Involve All, Stakeholders
e Analyze for Wide Suite of Radionuclides
• lnclude ,Non-Rad Constituents for Site Closure
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Response to Selected ACNW
YANK4g, Wo ,orking Group Focus Questions

Q. Wh areGWcomp~~liance monitoring data not used
to enhance confidence in numericalmodels after site

Characterization and licensing is complete
- Regarding operating power stations: GW characterization during

plant design and construction was not sufficiently detailed to
support contami :.nant fate & transport models

* GW monitoring methods were in their infancy when the last power
station was built (early 1970s)

- RigorousGW investigation should occur during plant
construction with wells drilled near and downgradient from key
sources of primary water:

• Spent Fuel Pool
• Refueling-Water Storage Tanks
• Condensate Tanks



-Data from theinitial detailed investiation canbe used to:

Build a numerical model
* Respond to contaminant releases more expeditiously (stratigraphy,GWf low directions.and- contaminant flow paths already, known)

-Long-term GW monitoring data Used to:
go Detect contaminant releases
* Refine numeric•al model - change in state variables measured over

time Used to improve model calibration
-Hydraulic head (water levels)

-Water temperature
- Tialinfluence,
§- urface water stage

- Contaminant concentration temporal trends
S'Tritium or other radionuclides

0 Hydrocarbons, solvents and degradation products
Inorganic constituents: chlorides, boron
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Response to Selected ACNW
CO'Y a , WorkingGroup 'Focus Questions

Q6,. New Methods and Analytical Tools
That, Should be' Pursued:
-GWage determination by, measuring the ratio

of 3HAto ,•3He may improve calibration of
models of some GW systems
*- Aid definition of GW flow paths
• Identify• contaminant transport zones

Soil-gasý surveys of 3He concentrations can be
useful for delineating shallow tritium plumes
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