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VZ Monitoring Technologies

Quantities to Measure

Moisture change
- Neutron Probes
-. Time Domain Reflectometry [TDR]
- Thermocouple Psychrometer

-Electromagnetic Induction [EMIVI
- Electrical Resistivity Tomography [ERT]
- Fiber optic cable
- Flux measurements with SP

.7L
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Moisture Sampling Methods

" Suction Lysimeter
" Absorbent Pads
" Sodium Iodide Gamma Detector
" Basin Lysimeter
" Associated Chemical Analyses
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Trends, in developing technologies

*More volume integrating
*Better sensitivity

e Better remote sensing [less intrusive]
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Active Soil Gas Measurements



High Resolution Resistivity
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C C C
Review of Geophysical Techniques to Define the Spatial Distribution of Subsurface

Properties or Contaminants

Use Relative
Technology Characterization Target Platform State of Development Cost DataSource

Surface ground penetrating radar DNAPL, LNAPL, Surface Commercial - widely Medium http://vadose.pnl.gov/; http://fate.clu-
(GPR) hydrocarbons, conductive available in.orglgprý_main.asp;

inorganic plumes I.- Sisson and Lu Site http://costperformance.org/monitoring/#38;
2.- Clastic Dike Site Knight 2001; Olhoeft 1992; Sneddon et al.

2002; Guy et al. 2000
Cross-borehole radar Conductive inorganic Borehole Commercial - limited Medium to Majer et al. 2001
tomography plumes I.- Sisson and Lu Site High
Seismic reflection amplitude vs. DNAPL Surface Emerging - research Medium http://www.clu-
offset (AVO) 1.- 200 West CT plume in.orglconf/tio/geophysical-12 1201/chp-3.pdf;

2.- Savannah River Site

Time domain electromagnetics Conductive inorganic Surface Commercial - widely Low http://www.usace.army.mil/inet/usace-docs/eng-
(TDEM) plumes available manuals/eml 1110-1-1 802/c-4.pdf; McNeill 1994
Terrain conductivity (a Conductive inorganic Surface Commercial - widely Low http://www.usace.army.mil/inet/usace-docs/eng-
frequency domain plumes available manuals/emil 10-1-1802/c-4.pdf, McNeill 1990
electromagnetics [FDEMJ
method)

DC resistivity soundings and Moisture/conductive Surface Commercial - widely Low to http://www.hydrogeophysics.com;
profiling plumes available Medium http://vadose.pnl.gov (Barnett et al. 2002);

___________________________________ _____________________ __________http://www.epareachit.org
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Technology Characterization Target Use Platform State of Development Relative Cost DataSource

3D resistivity imaging (including high resolution Moisture/conductive Surface and Commercial - widely Medium to High - http://vadose.pnl.gov;
resistivity [HRR] and HRR-steel casing resistivity plumes borehole available $200K - 50 acres Ward and Gee 2000;
technology) 1.- Mock Tank (223-E) (60 m depth) Barnett et al. 2002

2.- Sisson and Lu Site
3.- BC cribs and trenches

Electrical resistivity tomography (ERT) Moisture/conductive Borehole Commercial - widely Medium to High http://vadose.pnl.gov;
plumes available WVard and Gee 2000;

1.- Mock.Tank (223-E) Barnett et al. 2002

Electrical impedance tomography Moisture/conductive Borehole Emerging - research Medium to High http://vadose.pnl.gov;
plumes 1.- Mock Tank (223-E) Ramirez et. al. 1998

Complex resistivity (including spectral induced Organic contaminants Surface Emerging - deployed Medium to High Morgan and Lesmes
polarization) and inorganic and/or cross- I.- A-14 Outfall at SRS 2004; Brown et. al.

contaminants borehole 2.- Hill Air Force Base 2003; EPA 1998;
Versteeg 1997

Equipotential and mise-a-la-masse Moisture/Conductive Surface and Commercial - widely Medium to High http://www.clu-
Plumes and Organic borehole available in.org/programs/2 1 m2/s
Contaminants 1.- Mock Tank (223-E) potlightIOSO3O4.pdf,

2.- Sisson and Lu Site Barnett et al. 2002

'Reif nntenflil Metallin rnnzfitiie.ntq I Swfare. nr rnmmerrinl - limiteii Medhim - ran hn, Verzteea 1QQ7



his mnap shows the distribution of hazzardous chemicabs in groundwater at concentrations above drinking water
andards during FY 2004 at the top of the unconfined aquifer.



"his map shows the distributioti of radiortuclides in groundwater at concentrations abov'e drinking water standards
urhiug FY 2004 at the top of the unconfined aquifer.
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High Voltage Board

-Location for controller
and custom board

-Upper Sensor Module End Cap

hielding 3
EMI Shieldingý.ý
(B~rass Tube)
Support Spacers
Lower Sensor Module End Cap

"Fluid in

Key:
E - Sensor module enclosure
1 - Sensor module end cap
2 - Light tight, EMVF shield
3 - Lead shielding
4 - Tc-99 sensing PMVT
5 - Sensor cell
6- Anti-coincidenc-e PMVTTc-99 Sensor Module



Remote Chromium Sensor at 1 00-D



Enhanced Access Penetrometer System (EAPS)



Future Monito'ring

*Beneath TSDs (lysimeters, tubes, etc.)
(during operations)

*Liquid retention ponds (mass balance
approaches)

*Caps and barriers (integrity, survey
methods, etc.) (after closure)

*Protection and monitoring for rapidly
decaying constituents

*Continued characterization
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Identified Technology Needs
Relative to Contaminant Migration.

*Characterization Issues
*Transport Issues
*Risk Issues
*Monitoring Issues
*Cost Issues (Better Remediation Technologies)
*Dissemination Issues'

L< mild___ ____
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Monitoring Issues

*Optimization strategies for mon oring
*Unsaturated zone monitoring (better
methodology).
- What types of monitoring
- Types of instrumentation, detection

methods, etc.
*Monitoring in long-term stewardship

A~ hIC odinm jK
K



C C C
Example: Hydrolmage, A User-

friendly Hydrogeophysical
Characterization Software -Package

Integrates continuous geophysical data
with limited borehole data to estimate
hydrogeological parameters of interest in
the subsurface was developed. The
software package can be used to
significantly enhance site conceptual
models and improve design and operation
of remediation systems.
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Computational Environments,
Is

for Integration of Geophysics

and Reservoir Simulation

T H E

OHIO
On

An overview of the NSF1ITR projects,

The Data Intense Challenge: The Instrumented Oil Field of the Future (2001-2005)

Data, Driven Simulation of the Subsurface: Optimization and Uncertainty Estimation (2004-2007)
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Reservoir Monitoring
Field Implementation
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Two More Examples

*Collaboration between INEL and PNNL:
End goal is to be able to click on. a location
or well and bring up geophysical (surface
and borehole), as well as grain size
distributions and estimated hydraulic
properties etc.

*SAIC's automated knowledge
management and production integration
system..
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Probabilistic
Transport

Model
Distribution c

chemicals in
time & space

of Site (all
relevant areas)
Probabilistic

I
Uncertainties
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Future Development Efforts for
Analysis of Contaminant Migration

" Better characterization of chromium source in D-Area
" Mapping of top of basalt for better flow direction determination
" Analyze abiotic degradation potential for carbon tetrachloride
" Develop fingerprinting methods for isotope source identification
" Develop better characterization methods
" Develop better conceptual model of the Hanford Site (Simulations)
* Develop better data retrieval and analysis methods
" -Continue developing instrumentation and monitoring technology
" Reduce price of instrumentation and deployment of monitoring

technology
* Increase reliability of instrumentation and monitoring technology
" Allow current designs to incorporate future technology
" Directions in future technologies deployment (redundancy,

developing standards, less intrusive)
" Integrate Modeling and Monitoring to provide long-term control of

contaminants
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U.S. Locations of Sites

AME
UT NO 9

*Sites storing spent nuclear
fuel, high-level radioactive
waste, and/or surplus plutonium
destined for geologic disposition.
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4', 0 Objectives in Monitoring and Modeling

v/ Characterize system

V/ Demonstrate understanding of the system

V/ Confirm site and engineered system behavior

V/ Demonstrate compliance

v/ Design remediation for non-compliance

3



Objectives in Monitoring and Modeling

Why monitor and model?

Characterize natural and
engineered systems:

/I Collect information to identify
significant Features, Events and Processes

v/ Develop and evaluate site conceptual models

v/ Guide data collection including monitoring, sampling and
geophysical surveys

C

4



EJ7s 90Sr = Backfill = Mobile Constituents in Tank Waste, 3H, Na*, TCO 4-, U0 2(C0 3)27, CrO47

High Level Waste Supernate or Liquid Phase .'-' Natural Precipitation and Movement Along
Solid Phases of High Level Waste (FeOH 3 and Culturally Disturbed and Natural Pathways
Other Precipitated Phases) -~Surface Runoff and Artificial Sources of Water
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r WHAT: I rczz~zzIziANALYSIS:

site and facility
characterization

4
site conceptual model

4
site modeling (PA)

4
MONITORING: t

I

/

k
I Data

Collection

r

FEEDBACK to Inform:
- Site conceptual model
- Performance Assessment
*Choice of Pis, MDs, and MPs
*Stop pI n g r ulIe-s



(7 c: c

'~- .A~.



1 0

Hierarchy of Conceptual Flow Models
Models to simulate flow in soils, sediments,

unsaturated fractured rock (after Altman et al., 1996)
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S i t e -T-r- a n s f e-r-t o -L M-:------
Cover Stewardship Questions

<ý> How was the cover designed and constructed?

> How is it supposed to work?

.> What and-ho-w-do-w-e-mon.itor-to-sho-w-
that it is working?
What types of maintenance are required (and at what cost)
to keep it working as designed?

What are the rislics if its not working as designed?

Could we design sustainable repairs or renovations if
needed?

Can we expect the cover to continue working for 200 to
1000 years?



Dmntae copiac wit eW p e 9o stndrd

Mesr of th pefrac oftedspslcl

Anua Viua Ins aetaon

ivsiatin, or corctv 9cton



(non-routine monitoring)

Objective:

Identify changes or new conditions that may
impact-long-term-performance-of-disposal-celis

Observations / Issues:

<,> Encroachment by Deep-Rooted Shrubs

Effects on cover permeability, radon flux,
bio-uptake



c c c

-O'na v"Iwd'V

j



C C3 (

: I-Burrell, PA
"Precip> 1 Mlyjr

30 cm
15 cm

Rock Riprap
Sand Layer

60 cm Cornpacted
Soil Layer

,~ I-, I~

-, r~ r

-, * I-., ~

r-IP-.-Tailings

-~ I



C (I (

30 cm
15 cm

Rock Riprap
Sand Drainage

45 cm
Protection Layer

rf pA, D-Y in

60 cm Compacted
Soil Layer

I
- ----- -
- - - - - - -
- - -- -- -
- - - - -- -
- - - - -- -
-. - - -- -

- -- 
-

Tailings



C C C

----- Shrub-Encroachment:
Followmup Investigations

Root Intrusion: Are roots penetrating the
compacted soil layer (CSL)?

Permeabilitjr. Has root intrusion increased the
saturated hydraulic conductivity (Ksat)?

I
Percolation: Has greater permeability caused
significant movement of rainwater into tailings?
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WEST EASTCOVER: TOP OF DISPOSAL CELL
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ET Cover Concepts
ET Monitoring and Modeling Needs
Indirect Measurements
Direc~t 'Mea~su~rements
_M~ode~li~ng__ss~ues
S.u-mma ry -

C

Battelle Pacific Northwest National Laboratory
U.S. Departmentn of Energy 2
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ET Cover Concepts

C

Evapotranispi ration (ET) limits water intrusion
No-Virtually All Covers are ET co
bo Multilayer ET Covers (RORA,

vers (i.e., vegetated)
Hanford, etc.)

e Provides Redundant Protection
OLong-Term-'Performance Considered in Design

*------OCost-Typi~caly -High -(more--engineering)
No Sim ple E ,T C-o~v-ers (monof ill soil with

" Water Infiltration Control
" Biotic Dynamics and Intrusion Issues
" Erosion and Long-Term Issues

vegetation)

Battefle Pacific Northwest National Laboratory
U.S. Department of Enecrgy 3



Aproach to ET Water Balance

No Drainage is Estimated from Mass Balance of Water
Inputs/Losses from Soil Volume

Oo' Model Inputs (with associated uncertainties)
Include:

*Precipitation
*Eva-pora-tiv-e -Demand (Climate and Surface)
*Runoff Pot'ential (Surface Characteristics)
*Water Storage (Soil Hydraulic Properties)

Pacific Northwest National LaboratoryBaltelle U.S DepaIrtmenIt of Energy 4
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Precipitation Input
I FT Losses ET Cover

I
T
tE

1k
I

1~./IIWater Storage Zorhe' -

'I
Recharge Gain
(Drainage)

Annual Water Balance
P= 200 ±20 mm
ET= 197 ±20 mm
AS = 0 ±20 mm
D= 3±60 mm

Drainage (<3 mm/yr or > 30 mm/yr?)

water table
F
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Covver M-onitoring- Requirements

No-Surface Inspections
" erosion
" subsidence
o. isolation, biotic intrusion, and plant cover

No-Ground Water
p-grdien wels-(2) _--water-chemnistr-y

*down-gradient wells (3) -water chemistry
lo Vadose Zone - Water Balance

o water intrusion limits (1 to 3 mm/yr or less)
" water content
" water potential
" water flux (indirect or direct measurements)

Pacific Northwest National Laboratory
teiieU.S. Departmnent of Energy 6Bat
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Soil Water Monitoring
I

Pore- Water
Vacuum Sampler

I
F-

Heat Dissipation
Unit (HDU)- Water
Potential Sensor

Tensiometer (Advanced)

Water Content Sensor (FDR)

Battelle
Pacific Northwest National Laboratory

U.S. Department of [nergy 7
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Drainage Mon itori ng

Ilo-Drainage Flux Estimates (Indirect)
e Assumes that drainage can be estimated from water

content or water potential measurements and an
estimate of the unsaturated hydraulic conductivity

*Drainage Flux = -K(O) [Ai~p/Az]
-K(G) = unsaturated hydraulic conductivity
-Atp/Az =_water potential gradient
- I= f(G)'through the soil water retention characteristic

*K(O) typically uncertain by more than an order of magnitude
" Water content can be used to estimate water potential
" More uncertainties in monitoring water contents or potentials

Pacific Northwest National Laboratoryteile U.S. Departmeont of Energy 8Bat
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Monitoring- Direct
Lysi metry

No Controlled soil volume
No Direct measure of drainage

f

Pacific Northwest National Laboratory
U.S. Deparlinent of Energy 9



Direct Monitoring

Lysimeter Test Pad -ACAP Sites
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Pacific Northwest National Laboratory
Battelle U-5. Department of Energy lo
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-ACAP- Runoff/D-rai~nage Collection

Ci

reosynthetic
oot Barrier

60-ilHDPj inr

icific Northwest National Laboratory
U.S. Departmnent of E~nergy 11Battelle
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__Moddeli.n__g Requirements for Landfill
_________Covers

11111MýIlodeling Requirements (Minimum)
" Precipitation (and weather station records)
* Soil Hydraulic Properties
" -Plant Leaf and Root Dynamics

No Simplest models use default parameters based on
general characteristics- soil, plant, weather records

No Complex models require detailed on-site data.
*Precipitation, wind speed, solar radiation, temperature,
humidity, soil hydraulic properties, leaf area, rooting
density and depth and plant phenology, etc.

Pacific Northwest National Laboratoryitteiie U.S Departmnent of Energy 13M



____ -ET Model Complexity

1100Simp-le
" HELP (EPA Cover Design Code)
" STEWB-Modified KIM (NRC, Infiltration Code)

lo Intermediate
*EPIC (ARS- Crop Productivity Code)

SCrnpx
.'UNSAT-H (PNNL, 1iD Richards Based)
" HYDRUS-1, 2D
" STOMP-2, 3D

lo [Note: All ET models are limited by uncertainties in
plant parameters and dynamics]

Batfelle Pacific North~westNational Lab~oratory 1



0 0

VHill Air Force Base Lysimeter
(Example of ET Cover after 10 years)

r

Supports Hanford studies that
show how properly designed
ET covers can work effectively

Baltelle Pacific Northwest National Laboratory
U.S Departmnent of Energy 15



HilArForce Ba s--e-- M-onito---r--i ng a-n d
______ odeingResultsS

OPWater Balance Models (HELP, EPIC and UNSAT-
H) adequately described results from the Hill AFB
tests.

No- Snowmelt caused LAN L-type capillary barriers to
drain at rates exceeding 50 mm/yr (water storage
cap~acity of soil layer inadequate).

~Snowmelf captured in Hanford Barrier due to
increased storage capacity of silt loam soil.
Models show Hanford ET barrier effective under
elevated precipitation conditions. Plant dynamics
predictable at Hill Air Force Base (10 year test).

Pacific Northwest National Laboratoryleile U.S. Departmentn of Energy 16Bat



E, Monolithic Cover - Sacramento, CAl, A(Albright et al. 2004)
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Measured and Modeled Drainage at a
Landfill in Sacramento, CA

r

Year Precip. Measured Modeled
__________(mm) Drainage (mm) Drainage (mm)

2000 650 0 0

2001 410 0 0

2002 430 100 0

2003 490 0 0

2004 400 110 0

2005 420 95 0

Battelle
Pacific Northwest National Laboratory

U.S. [epairtrnrit of Fflrgy 18



Summary

~Monito6ring-of a -n ET Co-ver-for long-term
performance will be a challenge

No Erosion Control - observable, repairable
No Biointrusion Control- likely repairable

~Water n-tru sison - the g reatest challenge-
drInage control will be site and design specific.

Time dependence of the plant (biotic) system will
continue to be difficult to quantify. Redundancy in
control should not be ignored.

Pacific Northwest National LaboratoryBatlelle U.S. Departmecnt of Energy 19



---- - _--- --'Sum m ary C ont.

_~Wate-rintrusion -(drainage)- monitoring
*Indirect methods are too imprecise:

m Water content sensing (TDR, Nprobes, electrical) is not flux
m Water potential sensing (tensiometers, HDUs) is not flux
n Water balance modeling (HELP, UNSATH, EPIC) uncertain

*Direct methods are required:
n Test-pad lysimeters are generally reliable to test minimal drainage

rates of less than a few mm/yr, for extended times (>10 yrs).
No ET (Water Balance) Modeling

*Plant dynamics are the largest uncertainty and plague all
current models, from the simplest to the most complex.
Plant parameters unfortunately cannot be readily
engineered and have no safety factors built into them.

Pacific Northwest National Laboratory
Baltelle U.S. Departmnent of Energy 20




