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Introductory Comments

\What do we mean by environmental
performance assessment?

eImportance of and reliance upon performance
assessment with respect to decision-making for
waste management and environmental
restoration.

*Challenge associated with forecasting
performance over time periods that exceed our
experience by several orders of magnitude.

eApproach to this presentation — educational
objectives plus.

\Where can we do better?
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NCRP Report 152(2006), Performance Assessment of Near
Surface Facilities for the Disposal of Low Level Waste defines
performance assessment as an:

Iterative process involving site-specific, prospective modeling
evaluations of the postclosure time phase of a waste disposal
system for the purpose of
edetermining whether reasonable assurance of
compliance with regulatory performance objectives can be
demonstrated, and
ejdentifying critical data, facility design, and model
development needs for defensible and cost-effective
licensing decisions and developing operating limits (waste
decision criteria) for specific disposal facilities. (boldface
added)



George E.P. Box
Professor Emeritus of Statistics
University of Wisconsin

“All models are
wrong, but
some are
useful.”

Box, George E. P. and Norman
R. Draper, Empirical Model-
Building and Response
Surfaces, p. 424, Wiley, 1987.




Regulatory Framework

Department of Energy
*DOE O 435.1 Radioactive Waste Management
*DOE M 435.1-1 Radioactive Waste Management
Manual

Nuclear Regulatory Commission
eLicensing Requirements for Land Disposal of
Radioactive Waste (10CFR61)

Environmental Protection Agency

*CERCLA (Comprehensive Environmental Response
Compensation and Liability Act — “Superfund”)

*RCRA (Resource Conservation and Recovery Act)
*NEPA (National Environmental Policy Act)

Ronald Reagan NDAA Section 3116



The Performance Evaluation Process

Performance Performance Performance

Objectives Assessment Confirmation




Dose Limits

100,000 mrem — Dose leading to ~5% chance of

Fatal Cancer (UNSCEAR)
10,000 mrem/yr — IAEA mandatory intervention
5,000 mrem/yr — Worker dose standard

1,000 mrem/yr — IAEA reference level for
intervention for cleanup

situations
360 mrem/yr — US Average dose all sources
(NCRP)
100 mrem/yr — All sources limit (IAEA practices,
DOE)

25 mrem/yr — NRC and DOE LLW

15 mrem/yr — EPA Radiation (40 CFR 191)
10 mrem/yr — Air (atmospheric) (40 CFR 61)
4 mrem/yr — Drinking Water (40 CFR 141)

1 mrem/yr — IAEA Exemption/Clearance

Source: Letourneau (2009)

One transcontinental round-trip
Flight — 5 mrem (NCRP 1987)

Air crew avefage — 300 mrem/yr
(UNSCEAR 2000)

Radon - 55%

Other - <1%
Consumer Products - 3%

Muclear Medicine - 4%
Cosmic - 8%

(Space)
Terrestrial - 8%
{Soil) Internal -11%

Medical X-Rays -11%

[ Matural Sources - 82% Man-Made Sources - 18%

Hall and Giaccia (2006)



Compliance Periods

*RCRA 30 years of post-closure monitoring
and maintenance

*CERCLA 5 year reviews

*Uranium Mill Tailings Closures 200 to
1000 years design life

°Low Level Waste Disposal Facilities —
10,000 years recommended (NUREG 1573)

*HLW Geologic Repository 1,000,000 years



Niels Bohr

Prediction is
very difficult,
especially if
it's about the
future.




Example EM PA and PA-like Analysis Applications

LLW Disposal LW Disposal
Engineered Trench in Vaults Grouted in Vault

et

pearmitn

Saltstone Vault Disposal

Engineered materials assessed — grout waste form and fill, concrete
containers and walls, metal tanks and containers, activated metal waste,
vitrified waste, tank residual solids, contaminated soils and debris, resins,...

Source: Letourneau (2009) 11



Historical Disposal Practices

Pit

Trench

Soil Vault

Generic cross-sections (SDA)
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Performance Assessment Components
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Inhalation : Re-Suspension
Pathway {Dust)

External

Radiation W& ¢,
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(Dust)

Ingestion

Pathway External
Pathway

Alluvial Aquifer

Drawing Mot To Seale
00050DC_ATP_Z1S42_60.ai
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Evolution of PAs

Past (Generation I)

Present (Generation II)

Deterministic

Hybrid (combination of probabilistic and
deterministic methods)

Reliance on conservative-bias, less
consideration of engineered features

Balance between realism and conservative-bias
(probabilistic terpretation of compliance in
some cases)

Conduct PA, send to regulator for
review

Increased mvolvement with regulators and
reviewers during development of PA (scoping)

Deterministic sensitivity analysis
(One-Offs)

More comprehensive sensitivity and
uncertainty analysis using deterministic and
probabilistic methods

Minimal interaction with closure
assessment modeling

Increasing coordination with closure
assessment modeling efforts

Source: Letourneau
(2009)




M aJ O r St e p S I n a Develop and Screen Scenario Classes

» Scenario 1 mope. Scenario 2 Scenario 3
Performance % | 5
Assessment
» Select (and screen) Features, Develop Models and Abstractions
Events, and Processes (FEPs) B e b s B
and develop scenario classes - St Fotn Frow A Teanatest
: glig:?:tie\:: Events
e Develop process models

(and, perhaps, abstractions or
reduced-order models) along with

Estimate Parameter Rat and Uncertainty
their scientific basis

;;;;;;;;;;;;;;;;;;

» Evaluate parameter and model Climate Change Rock Porosity pH
uncertainty

) Construct Integrated TSPA Model and Perform Calculations
e Construct integrated system i

model with a consistent treatment i O - mES :
of uncertainty

» Evaluate system model

results, including the effects of
u n Ce rtal nty (CO n d u Ct « Performance Assessment Consequence
uncertainty/sensitivity analyses) *Lepate Basls b RepURicne

Evaluate Performance

Potentially contaminated g
groundwater pumped

to surface. 00817DC_0367.ai

e lterate
Source: Sevougian (2009) 16



Albert Einstein

Everything
should be a
simple as
possible
but no
simpler.




Modeling Approaches

€ Original Artist
Tem poral Heprndructinn'rights'n btairable fra
. . wew. CartoonStock.com
*Time independent \E & THERE
(steady state)
*Dynamic
Spatial

1, 2, 3-dimensional

Level of complexity

"I's a simple model... but it works for me..."

*Simple (analytical)
eComplex (numerical)



Definitions Appropriate to Performance
Assessment

Model Calibration — tuning model
parameter values so that predictions match
measured data

Model Verification — assuring that the
resulting code is correct and error free

Model Validation - ??? (building
confidence in a model)



The Performance Evaluation Process

Performance Performance Performance

Objectives Assessment Confirmation
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Conceptual Site Models for Contaminated Sites

The American Society for Testing and Materials
(ASTM) defines a conceptual site model as

“... a written or pictorial representation of an
environmental system and the biological, physical,
and chemical processes that determine the
transport of contaminants from sources through
environmental media to environmental receptors
within the system.”

21



In their report on Conceptual Models of Flow and Transport in the
Fractured Vadose Zone (NRC, 2001) the National Academies Committee
on Fracture Characterization and Fluid Flow developed the following
definition of a conceptual model for the purposes of their study:

“A conceptual model is an evolving hypothesis identifying the important
features, events and processes (boldface added) controlling fluid flow
and contaminant transport of consequence at a specific field site in the
context of a recognized problem.”

The Committee goes on to say that

“A conceptual model is an hypothesis because it must be tested for
internal consistency and for its ability to represent the real system in a
meaningful way. The hypothesis evolves (is revised and refined) during
testing and as new information is gathered (boldface added).”



Conceptual Site Models (CSM)

* Conceptual site models link sources of
contamination to potential receptors, both human
and ecological, through environmental transport
pathways and exposure routes.

e Conceptual site models are powerful tools for site
characterization, risk assessment and the
evaluation of different remediation technologies
and strategies

e Conceptual site models are depicted in different
ways, using flow charts and environmental cross
sections.

23



Conceptual Site Model (CSM)

Environmental
Exposure

Routes

Source Transport
Pathways

Receptor

A conceptual site model links sources to receptors
through environmental transport pathways and
exposure routes

24



Many factors influence contaminant
isolation facility performance

UV Radiation

Population Growth
Surface Water

Agriculture

\ Vadose Zone

Liners (Clay, __
Asphali, Polymersy==— ——

Waste Form Water Table
Conerete, Cement, Soil, Metals Ground Water

3 Contaminants (Chemical, Physical
01-GA50385-01 { hysical) BBk
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Conceptual Burial Site Model

Additional Worker Hazards

Source: Brown (2008) Environmental Media

Prevailing Wind Direction Water
eIy | eipbiby — o mosesn  Contaminated water
Air or vapor
a @ Environmental Medium
(Air) — . Exposure
=dto rps/als ke beary egipmest ™ Route
Release Mechanisms h_'-"‘nu“ (Inhalation)
(Valatilization,
Resuspension, b o O
Exposure Barametric pumping) Expn_sure L\ :,_I 7L :-I ; ot - ..13 'I p 2 Expa_sure
Routes Poirt 1 ‘Er o o 'F'}_a,._, |l Pﬂll"lt
(Radiatian, ey s “a \/ e (Publiz)
Exposure hé"ala"‘;"' N ; : Exposure
Poirt i ] "Expnsure Expasure Routes Exposure
{Miarkers)y Point Routes {Ingestion’
(Public) [ (Ingestion, Routes
‘ i Inhalation, (Ingestion,
‘Derrnal) Dermal)

Wate - .. 'xpnfse Pairt TS ".}'i
— d ] (Food Chain)

Source : IRFER
(Drms, Boxes, LoOgE)

___m___m_-q_—uq———,;‘ﬁ
B N iy et Sl L

[ _;=__:=-;_-F Enviranmantal Medlum tlh-_..__n..
o rtanis s {BollGas) b
hazard i Release Mechaniams :

[Ceaching, Difusian) _ .. == - i

Environmentl Medium (Fasom Ervlranmantal Medium
Shace Wate i

_..,"'._ ot 4 _..."'._'.
e Erdronmental Medioim - . s
Dol D (Vadoge Zangy - <1

o = _Intért:;eq:Reﬁidl-T_.l'!“' l.li

W ater Table

Groundwater Flaw
i : Flaws throogh puruuslmedium'

Environmertal Medium
{Groundeater)

Prefarential Flow.
© {Fractures, Karst)

27



[Predaton]

surface sediment
airborne

/ e \

-

Soil and Plant
Ingestion

Membrane
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Clouds

Rain
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Infiltration :

\
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abstraction Z? r.f}’ @

Groundwater

The Hydrologic Cycle
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Cold Test Pit

Engineerad Barriar
Test Facility Matars
North T
North

USGS Soil Parcolation

Subsurface Disposal Area
97 acres

—— Trenches
— Soil vault rows

I:l Stored transuranic
waste

Cold Test

|:| Pad A Pit South Subcontractor
) ) area Mz,
Disposal pits Transuranic ot
Storage Area
[ Adia i 26 aores
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Novel CSM — Remedial Actions

Potential Human Receptors
and Exposure Routes

Wastes
Impacted

Process
Step

Wastes

Process Step j (BSL;ri:esd'
‘*;‘" Remedial Retrieved,
1 Actions Residual)

<4— Active transport or exposure path
< - — - Blocked or mitigated path

| — Inhalation

R — Radiation
F — Ingestion A — Accident
D — Dermal

Hazards Environmental Biotic On-site Offjsite Off-silla
A Pathways Pathways Worker Resident  Recreational
2\ [
traumatic
oIy Source: Brown (2008)
% i
explosion
—‘A[a: ¥ A/IDR
fire
~/!\ » AR
Z Dliki::lltys gugﬂivs dust
esuspension
criticality " Volatilization
Barometric pumping
| Ale Dispersion¥  All/D/IR I |
—1— Terrestrial
Dispersion- IIDIR
I Direct contact-§ FIDIR Food 3
Dspostion ‘ Food chain— F chain
: Agricultural—p FI/D/R
Infiltration
P 1 ~Residential ¥  FIDIR i
e OIaton Velatilization Volatilization contact D/IR
A
M - M Soil and On-site
3 Vadose Zone A 1 wells VF/DIR
hazardous . =
Dnssoluﬁon
e Off-site I/FIDIR
Dii'fusions Al wells
mearin
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irritant L PP griculturaly F/DIR
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A= N
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é ! s FIOR
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hazard = Seepage Direct
- Runof ]
LA o J& \ sortact 7 D/R D/R D/IR
E| »
LA Surface Water J 3 | Aguatic e
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—

These events
can also lead to
additional
exposure risks
to both workers
and the general
public
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Improved Conceptual Site Model (CSM)

Potential Human Receptors and Exposure Routes
Contaminant

Environmental Biotic On-site Intruder/ Off-site Off-site
Source Pathway Pathway Worker Visitor Resident Recreational
Fugitive dust
Volatitaation Dispersion—¥  ID/R IDIR VDR VDR
Resuspension
Barometric pumping B —
| Terrestrial
Deposition ——————Dispersion—H I/DIR Food
i 00
Resuspension Direct contact— FIDIR 4 F
e Food chain—p F chain
Volatilization ¢
= = Volatilization Agricultural use—)| F/ID/IR
Contaminated Soil | - s Residential use—p FIDIR
COPCs: radionuclides, —T Leaching Diusion e Ty
 hazardous chemicals; | oAl )
Forms: vapors, liquids, | Conra;‘;wer failure Vadose Zone Dm:ctl_’ DR DR
solutions, deposits -1 Spillsfleaks contac
Infiltrating o . Va-’a_‘mrzanon .
Water Dissolution/Leaching/
Diffusion
SF e On-site
Others neglected wells I/F/DIR
(bicintrusion,
physical
disruption, etc.) Leaching/Diffusion .
i Off-sits
Buried Waste Near surface GW Only: Groundwater wefl': I/F/D/R
e COPCs: radionuclides, Comsnerialiue
Simiasprone . Spillsfleaks
exchange — hazardous chemicals; Dissolution/Leachina/ :
Forms: drums, boxes 1SSciHllon/AAGTING Infiltration _
i : Diffusion | = Agnsullural_’ EIDIR
metals, liquids, loose Rull'n off Seepage L 86
I o
| -Runoff Surface Water r _RSSL"S‘:”"E'-; FIDIR D/IR
At Direct
radiation hazardous contact—¥  D/R DR D/R DR
4+— Active transport or exposure path | = Inhalation R — Radiation . | Aquatic Food
4 ——— Blocked or mitigated path F —Ingestion A — Accident —Direct contact—y o0 gl F F
D — Dermal | I

Source: Brown, et al. (2005)
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Elvin Jones
world class jazz drummer

(John Coltrane and others)

If you
can’t find

forget it!

(or if the
conceptual
model is wrong

)
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Performance Assessment Components
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Conceptual Model and Scenario Issues for PA Model

Components
eCover Performance

eHydraulic Barrier Degradation and Increased Hydraulic
Conductivity

*Erosion and Biointrusion
*\Waste Form
*Preferred Pathways and Fracture Development
eRadionuclide Release Processes and Scenarios
*Subsurface Fluid Flow and Radionuclide Transport
*Fracture Flow

eEquivalent Continuum, Discrete Fracture Networks,
Stochastic Approaches

eRadionuclide Attenuation (sorption, matrix diffusion,
chemical reaction)

*Water Chemistry and Radionuclide Mobility



RCRA Subtitle ‘C’ Profile

Topsoil/Vegetation Layer 60 cm

T N Y

A ,i % 30cm

Y= R Tt e A
kK2 T _}‘N'a{'!%gﬁ

Biomtrusion Layer

Drainage Layer 30 cm
Geomembrane — _ _
& Composite Barrier Layer
Compacted Clay Layer 60 cm
Gas Vent Layer 30 cm
Waste<

Source: Mattson et al. (2004)
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Preferred Pathways — Fast Flow Paths

e Features of a subsurface environment that
enable faster transport and reduced travel
times than would otherwise be anticipated

e E.g., fractures in and zones of higher hydraulic
conductivity in consolidated soils and porous
media

e Preferred pathways are a typical feature in
heterogeneous environments.

38



Photo Showing the Fractured
Rock Subsurface at the Idaho
National Laboratory

Transport through the
subsurface invariably
occurs through preferred
pathways resulting in much
faster travel times than
would be expected in a
uniform, homogeneous
medium
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Transport and Fate Processes for Radionuclides Released from Waste
Packages at the Proposed Yucca Mountain Repository and Migrating Through
the Underlying Vadose Zone

Seepage

Waste Package

e Advection
e Dispersion

Advection in
Radioactive Fractures

([ Mat r|X difoSlOn Solutes or Colloids

Diffusion

e Sorption

e Colloidal transport
— Pore size exclusion
— Filtration/attachment

o D e C a y Sorption (Solutes) or
Filtration Attachment
(Colloids)
Legend
® Solutes
@ Colloids
00408DC_027 ai

Solute Reversible Sorption
onto Natural Colloids
(Clay and Oxides)
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How do we get the K, values?

In order of increasing confidence:
e from the literature

e from empirical correlations

e from laboratory tests

e from field studies

42



What About the Importance of the
Presence of Other Chemicals?

Need to include other chemicals in the analysis
especially if they have to potential to affect the
mobility of the radionuclides of interest

e Complexing agents (e.g., EDTA)

e Solvents (e.g., TCE)

e Oxidizing and reducing agents

43



North

Yucca Mountain

Amargosa Valley
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100 m scale \
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Water in —_——
matnxor \ | Advection
and
Matrix
Diffusion

s

Large-scale, Vertical

Fractured Medium Porous Medium

_ Smaller effective porosity, Larger effective porosity, Transverse
Mineral Shorter groundwater Longer groundwater Dispersion
travel time travel time (dlilution)
Legend ; } } }
—lp  Acdvection ¥  Water Table

wasn  Dispersion
e Matrix Diffusion

cﬁa Radionuclides
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Fundamental Definitions

Uncertainty

“Lack of knowledge about specific variables,
parameters, models, or other factors. Examples
include limited data regarding the concentration of
a contaminant in an environmental medium and
lack of information on local fish consumption
practices. Uncertainty may be reduced through
further study.”

USEPA, 2001
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Fundamental Definitions

Variability

“True heterogeneity or diversity that characterizes
an exposure variable or response in a population.
Further study (e.g., increasing sample size, n) will
not reduce variability, but it can provide greater
confidence (e.g., lower uncertainty) in quantitative
characterizations of variability.”

USEPA, 2001
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Areas of Uncertainty

e Scenario uncertainty
e Conceptual model uncertainty
* Parameter uncertainty

 Modeler uncertainty (Linkov and
Burmistrov)

47



Approaches to Assessing Uncertainty

 Bounding analysis with perhaps a range of upper
limit deterministic estimates (downside — often
very conservative and unrealistic assumptions are
made)

 More realistic deterministic estimates but with
accompanying multiparameter sensitivity analysis

* Probabilistic analysis to yield a distribution of
results

e “Hybrid” approach

48



Realism and Conservative-Bias in PAs

1 CONSERVATIVE
BIAS

Source: Letourneau (2009)

» Conservative Bias
— Proven to be efficient and
appropriate in many cases
— Provides defense-in-depth and
safety margin, may be overly
restrictive

— Mu.stthat bias is indeed
rvative

conse

« Realism

— Provides more detailed
understanding and credit for
specific features

— Data and models needed, can
be used as support for
simplified models

— Need to focus detailed efforts
where most beneficial and

49



Thank You!




Backup Slides



Fundamental Processes

Advection

e Transport by which a material moves with a
flowing medium (air, surface water,
groundwater) at the average velocity of the
medium
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Dissolved Constituent Transport in The Saturated Zone

Darcy’s Law

v=ik/n
where

v = avg. gw velocity (cm/sec)

i = hydraulic gradient (dimensionless)
k = hydraulic conductivity (cm/sec)

n = effective porosity (dimensionless)



Subsurface Exploration

*Soil borings, lithology

*Ground water
monitoring well
installation

Pump tests and
aquifer tests

*Tracer tests

(Photos courtesy of
AquAeTer, Inc.,
Brentwood, TN)
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Fundamental Processes

Diffusion

e Transport that results from a concentration
gradient—material moves in the direction of
decreasing concentration.

* |n fractured rock, contaminants are transported
from flow in fractures to the rock matrix through
matrix diffusion.

e A similar diffusive process transports contaminants
from zones of relatively high mobility to zones of lower
mobility in subsurface soils.
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Fundamental Processes

Dispersion

e Diffusive transport plus that transport that
results from velocity gradients within the
flowing medium

e Diffusion can be neglected in regions of high
velocity

 When velocities are low, diffusion becomes a
very important transport process
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Gaussian Atmospheric Plume Dispersion Model

4 -

C(x,y,z,H) = > Q exp(— zyaz jexp[— (22_ H2) j



Atmospheric Monitoring
and Modeling

Meteorological
Stations for wind
speed and
direction data
acquisition

—
—

o e

LI
)

1
S L -

(Photos courtesy of
AquAeTer, Inc.,

Brentwood, TN)




Fundamental Processes

Sorption

e A reactive process by which a dissolved
constituent interacts with a solid surface resulting
in a retardation effect when the movement is
through a solid matrix (subsurface transport).

* |n atmospheric and surface water transport,
sorption results in a partitioning of the material
from the flowing medium to solids suspended in
the medium
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Definition of the Retardation Factor, R

R=1+(p/n)Ky
where p = bulk solids density (g/ml)
n = effective porosity

and K, the soil water partition coefficient, is greater than or
equal to zero

With this definition,

R = avg. groundwater velocity /avg. velocity of the dissolved
chemical

So when Kj is greater than zero, the average velocity of the
dissolved chemical is less that the average groundwater
velocity, i.e., its transport is “retarded”.



Fundamental Processes

Decay

* The transformation of a constituent into
another species either through changes in
the nucleus or chemical or biological
transformations
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Fundamental Processes

Colloidal Transport

e The movement of contaminants in the form of
very small particles or attached to very small
particles.

e Colloids are typically taken to be on the order of a
0.1 to 0.001 microns (micrometers).

e Colloidal transport can result in higher transport
velocities and corresponding lower travel times
than would be predicted otherwise.
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1-D Advection Dispersion Reaction Equation

2
°C_ o . _aC

D 2
OX OX ot

Where:

solute concentration [M L3];

time [T];

distance [L];

average groundwater velocity [L T];
dispersion coefficient [L? T];
first-order decay coefficient [T];

S QO<XxX""0



