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R~esearch, Questions:

*Do common numerical models
used for design/evaluation of
cover hydrology provide
accurate predictions?

*How can we improve model
predictions using field
monitoring data?



Model Assessment

" Must be compared with
field data.

" Must use measured
properties as input to the
greatest extent possible,

" Must match boundary
conditions.



ACAP Field Sites in
Modeling Study

.Helena, MT
NE

Cedar Rapids, IA

Apple -Albany,GA

# -site used in modeling study

Presentation focuses on model
predictions and monitoring data,
from Sacramento site..



Large Instrumented Lysimeters
Constructed 1 999-2000

Instrumented to measure all water balance
* components except ET over 10 x 20 m area.

ET obtained by difference.



Hy~draulic Properties and Vegetation
" Collected undisturbed soil samples

during construction for hydraulic
properties. Surface layer sampled
annually thereafter.

" Root density and LAI of vegetation
periodically; wilting point inferred from
monitoring data.



Model's Evaluat~ed.

" HYDRUS-2D (USDA, J. Simunek)
- 2D

" LEACHM (Cornell/Flinders U., J.
Hutson) - 1iD

" UNSAT-H (PNNL, M. Fayer) -1 D

" Vadose/W (GeoSlope, G.

Newman) - 2D

All four models commonly used in
practice for simulating cover
hydrology.



Underl~y~ing Phys'ics,
*Richards' Equation for Unsaturated
Flow & Root Water Uptake

OV 0 azL KT+KOV (WqVTI-S(z4t)

Can be solved in 1 -D or 2-D with
existing codes, but most often in

*Boundary Conditions

- atmospheric flux at surface
(meteorology driven)

1-D

-unit gradient or 'seepage face' at
bottom, latter recommended by some
for lysimeters



Sacramento Field Site
*Kiefer MSW Landfill,
CA

*Semi-arid site
- avg. precipitation (P)

SE Sacramento,

= 434 mm/yr
- P/PET = 0.33
- avg. daily temp.

Monolithic Cover
-1050 mm thick
storage layer

-450 mm interim
cover

-broadly graded

3 OC (Jan) to 3400C (Aug)

4,iLli

Storage
Layer

1050
mm

alluvium
-Upper 150 mm
highly weathered
surface layer

Interim
Cover

450
mm



Input Data

" Field-measured on-site meteorological data

* Field measured vegetation properties (leaf
area index, or LAI, and root density
distribution)

* Hydraulic properties: geometric mean KS and
(x; arithmetic mean n, OS, Or

van Genuchten Saturated Hydraulic Conductivity,

LayerParameters ____ K" (cmls)

Or O cc n00 01 02 03

Surface
(150 mm) 0.01 0.30 0.006 1.40 6.4x10-7 2.6x1 0-6  1.6x10-5  2.6x 10-5

Storage
(900 mm) 0.00 0.31 0.001 1.26 1 .3x1 0-6

Interim
(450 mm) 0.02 10.33 10.001 1.42 6.2x10-6



Boundary Conditions

* Surface: Atmospheric flux boundary

- Infiltration
- Evaporation (transpiration treated as sink)
- Runoff computed as an excess quantity

While conceptually similar, each model
handles this boundary differently.

*Lower Boundary - flux

- Unit gradient: flux =K. at boundary

- Seepage face: flux = 0 unless bottom
boundary is saturated, then flux = KS

- Appropriate boundary for lysimeter falls
between unit gradient and seepage face.
Capillary break should be accounted for,
but flow into lysimeter drain does occur for
conditions below saturation.
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Pedogenesis and Surface
Layer Conductivity
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UNSAT-wH & Permeable Surface Layer
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UNSAT-wH & Permeable Storage Layer
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Decmmilssioning
August 2005

Geomorphology



Siaturated Hydraulic Conductivity - 2005
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Pedogenic changes in the water retention
curves also observed.



Significant Factors Identified from
Analysis of Monitoring Data

" Must account for pedogenic effects
on soil properties.

" Pore interaction term inK.
improve storage and drainage of
water using -1 =ito -3.

" Match precipitation intensity to
more closely simulate runoff and
infiltration.

" Account for temporal changes in
vegetation species and effect on
water removal.

" Lower boundary far less important
than suggested by others.



Summary of Observations
" Four models commonly used in

practice to simulate landfill cover
hydrology provided very different
predictions using typical
engineering data as input

* Assessing model accuracy not
possible without monitoring data.

" Monitoring data and
decommissioning studies led to
improvements in model
parameterization. Relevant to future
predictions (or update predictions
for a site).

" Models are an abstraction of reality
and predictions depend greatly on
input. Check 'reasonableness' of
predictions against monitoring data
if possible.
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'Collat n~trofsI ji Trrpojm
SPhysical constraints:

* Contaminant source mass and distribution
* Subsurface flow velocities
* Spatial distribution of flow paths
" Temporal variability of flow velocity & direction

SChemical constraints:
*Contaminant properties (decay rate, degradation rate, sorption

aff in ity)
*Aquifer sediment properties (mass distribution, sorption affinity,

chemical stability)
0 Ground-water chemistry - as it affects 1) contaminant chemical

speciation and 2) sediment mineral stability & sorption
characteristics

This in formation determines accuracy of
conceptual or predictive site model, which is
the basis for projecting contaminant transport.

REERH DEVLOPEN
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" What are the transport pathways within the aquifer?
" What is the rate of fluid flow along critical transport

pathways?
" What processes control attenuation of the contaminant

a long transport pathways?
* What are the rates of attenuation & capacity of aquifer to

sustain contaminant attenuation?

The data collected to address these questions also serve as the input
into reactive transport models that may be employed as one of the
tools to 1) assess the accuracy of the Conceptual Site Model relative
to observed contaminant transport behavior, and 2) to test future
projections of transport based on anticipated land-use scenarios.

P I I glffk -fbi shz'-_v' ntenaW'cts-'ns
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Characterization Goals
>Identify pathways of contaminant transport relative to
compliance boundaries and risk receptors

SEstablish GW monitoring network that allows
collection of data to identify spatial heterogeneity and
temporal variability of hydrologic and biogeochemical
characteristics of aquifer

SEstablish GW monitoring network that supports
collection of samples that are representative of aquifer
conditions (drilling methods & materials important.!)
0 Avoid alteration of hydraulic conductivity
10 Avoid alteration of geochemistry adjacent to well

screen

k.

REERC; DEVLOPENT



C C C

U3E Moitoin ~'i'e[f ScreiiRfr7g F"T-"*

t", GOT,,

Optimal Well Locator (OWL) Version 1.2

Objective: To provide a simple tool for non-modelers to
evaluate the ground water flow, plume migration and MW
network at their site using typically collected site data.

SWhat is the variation in magnitude and direction of ground-water
flow over time?

> How does this variation affect plume migration at the site over
time?

> Are the existing monitoring wells able to intercept the plume?
Where is the best place to put a new monitoring well?

Center for Subsurface Modeling Support (CSMoS)
U.S. EPAINRMRLIGWERD Ada, OK

http://www.epa.gov/ada/csmos/models/owl.html

ut ng~~s_ ýfl- - 'I --D'_' __'

ciet c tn:eltn



01
Plume Migration Path 1 0/30/98 Plume Migration Path 12/21/98

-&-?i

t =6 years
k=514 ft/yr
ti3=.45
R =1
No decay
a X=30 ft
a Y=3 ft
CO =125 mg/I

A verage Composite
Plume(6

1
Cav(~I) D - u, Cij,t)

n t

Red: 10-100 mg/I
Existing MW coverage
good

: 1-10 mg/I
Existing MW coverage
sparse

Green: 0.1-1.0 mg/I
One existing MW

KU51 .. F . ..- d M
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Characterization Goals
SIdentify reaction mechanisms/processes that
control contaminant transport

> Collect data that 1) support evaluation of
Conceptual Site Model and 2) verify performance
of identified transport process(es)

> Employ sample collection and analysis
procedures that:
1) maintain sample integrity
2) characterize the factors that control

contaminant degradation or partitioning
between aqueous and solid matrices

REEAC.& DEVLOPEN

ýBuildifik-a~scienfl jcffhd,' -
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Subsurface 'Dissolved' Plume Behavior
Decaying Radionuclide - Conservative Physical Transport, Uncontrolled Source

(Regulated = exceeds Risk-based or ARAR criterion; r = characteristic time)

Stable
ECtrans - Edecay

Shrinking
"Ctrans ý0 Edecay

Expanding
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Subsurface Plume Behavitor
Decaying Radionuclide -Non-conservative Physical Transport,, Uncontrolled Source

Shrinkin Significant mass of non-conservative
Shtrinkingcca radionuclide may be accumulated onto
tR>1 ~ea aquifer solids

);o'Solid-phase' plume represents
contaminant mass attenuated at any
point in time
Future scenarios for evolution of 'solid-

- ~phase' plume
__________1) Declines in mass & spatial distribution

EImmobilized due to decay
P'Solid-phase' 2) Remains invariant in mass & spatial

Plumedistribution
3) Evolves to new state that serves as

------- source for development of new
dissolved plume

10 Radioactive decay produces more
mobile daughter product(s)

*0 Changes in ground-water chemistry
cause re-mobilization

RESERCH DE LOMN



Schematic of Possible Scenario for
GW Monitoring Program

Mixed Organ ic-I norgan ic Contaminant Plume

......... ~~,., Reduced.... .. ..

.... ... ... ... ... ... H igh Fe2

HS- >So 4 2

No DO

Low Fe2+
. ................................. H S - - S 0 2

Low DO

Oxidized

No Fe2+

S0 42-, No HS-
High DO

RESERCH& DEELOMEN



0 0

G W Monitoring Scenario
Sediment Redox Chemistry

Aquifer Core Samples

4, 4,

Unsaturated
Zone

SReduced

Saturated
Zone

Reduced Fe Minerals
Sulf ides
Anaerobic Microorganisms

0
A

S I
.21

UL

w

Mildly Reduced

Mixed Fe(ll)-Fe(III) Minerals
Carbonates-Suif ides?
Mixed Populations

,~Oxidized

Fe Oxides
No sulf ides (unless native)
Aerobic Microorganisms

0

0ý
Northing

I
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Importance of Proper Sample Collection
to GW Compliance Monitoring

1) Proper identification of 'plume'
extent for individual contaminants

t plume' may contain dissolved and
solid components

2) Prevent misidentification of plume
geochemistry
" Loss of viable organisms that can

be cultured to determine
degradation rates

" Transformations in sediment
mineralogy resulting in misleading
identification of mineral(s)
controlling contaminant sorption

3) Insure accuracy of estimates of
sediment reactivity to engineered
in-situ remediation technologies

Radon
(rnRn, t,2 3.82 d, Ro1)

Stable Plume

Strontium Technetium
(Sr, tý, 29.12 y, R~l) ("Tc, tý, 2.1 3xi 05 y, Rol)
Shrinking Plume Expanding Plume

E

, 1ý ) 7Ž)

RESERCH DEELPMEN
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Principles in Practice:
Industri-Plex Superfund Site

S'Enhanced' MNA chosen as part
of site remedy for restoration of
GW contaminated with arsenic

EPA Region 1 - 0U2

ABRN RIE STUDY

-,,
-~." ~s~I

- I
- I ~

'I

-I

OXIC

Suboxic-
Anoxic

http://www.epa.gov/regijon~l /superf und/sites/i ndustri plex1237453. pdf

Supporting Documentation
10 EPA/ORD Final Report to Region 1

http://www.epa.gov/ne/superfund/sites/industriplex/230912.pdf
10 EPA/ORD Research Brief

http://www.epa.gov/ada/downlIoad/briefs/epa_600_s05_002. pdf
0 EPA/ORD Research Report

http://www.epa.gov/ada/download/reports/600R05161/600R05161. pdf

RESEARC eVEVLPMN
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Thanks = Questions?

EPA/ORD Documentation Relevant to OW
Sampling and Preservation

* Low-Flow (Minimal Drawdown) Ground-Water Sampling Procedures, EPA/540/S-95/504 - This
document is intended to provide backround information on the development of low-flow
sampling prcdue and its application under a variety of hydrogeologic settings. It is
intene to support the production of standard operating procedures for use by EPA Regional
personnel and other environmental professionals engiaged in ground-water sampling.
(http://www.epa.gov/ada/download/issue/lwflw2a.pdf)

*Workshop on Monitoring Oxidation- Reduction Processes for Ground-water Restoration,
EPN/600/R-02/002 - This document provides a current survey of the scientific basis for
understanding redox behavior in subsurface systems within the framework of site
characterization, selection of remedial technologies, performance monitoring of remediation
efforts, and site closure. (http://www.e a.ciov/adaldownloadfreports/epa 600 r02 _002.pdf)

*Performance Monitoring of MVNA Remedies for VOCs in Ground Water, EPN/600IR-041027 -
This document provides technical recommendations regarding the types of monitoring
parameters and analyses useful for evaluating the effectiveness of the natural attenuation
component of ground -water remedial actions.
(httr)://www.epa.gov/ada/download/reports/60R0R4027/60R0R4027.pDdf)

RISERH & EEOMN
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Toward a Modeling Mindset
for Nuclear Facility Site

Performance

Integrating ground-water modeling
with ground-water monitoring

3 A 3 September 20,2006
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My message for this talk

" The concept of "model" means a lot more than just a
computer simulation of flow / transport

" Today' s modeling effort also includes data
management, visualization, and communication

" State of the art allows near real-time data integration
and visualization at reasonable cost
- Characterization
- Monitoring

- Simulation
- Communication

willII
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NRC Monitori~ng Strategy Project

" Goal of project is to provide logic and guidance for ground-
water monitoring at NRC-licensed sites

" Focus has been on "Performance Confirmation Monitoring"
- Monitoring to test the hypothesis that a site is performing within a

design envelope of defined risk or is consistent with PA
- Performance; Compliance; Detection

* Draft strategy developed
* Various presentations at NGWA, AGU, GSA meetings

* Currently in testing phase using data from DOE, DoD, and
USGS sources as illustrations

Setebe 20,200

ADVANE ENIOMNA SOUIOS AL A
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For NRC Staff ABS Has Presented
Short Workshop Overviews of:

" Site Characterization

" Conceptual model development
- Ground-water perspective

" Site

" Facility

" Performance assessment
" Geochemistry of transport

" Flow and transport modeling (Simulation)

" Data management, visualization, and analysis
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Strategy Overview
ANALYSIS:WHAT:.ANALSIS:Performance

site and facility (Indicoof
characterization tehnlo)e

site conceptual model

site modeling (PA) HOW:
4 Monitoring

MONITORING: Devices
(MD)__ _ _ _ _

Data
Collection

WHERE & WHEN: and Analysis
Monitoring

Points
(MP)

FEEDBACK to Inform:
- Site conceptual model
- Performance Assessment
*Choice of Pis, MDs, and MPs
*Stopping rules
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Indicators of System Performance

" Chemical
- Risk drivers -Cs, Sr..

- Indicators.- pH, H-3,
" Physical

-Water pressures I contents - moisture profile in
cap

" Interpreted
- Spatial - bullseye on contour map
- Non-spatial - control chart anomaly
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Systems Analysis
Leads to Monitoring Requirements

" Site Characterization
-Controls on flow and transport
" Fractures
" Depositional models Slide 10
" Permeability

" Facility
- Potential leakage or failure
- Operating history - spills, leaks
- SAR

" Performance assessment
- Assumptions
- Input data
- Failure modes, weaknesses



Conceptual Model
many facets

*Site-

- hscl- geology, hydrogeology
- Chemical - controls on chemical transport

*Facility
- Inventory

- Likely leaks (from SAR analysis...)
o Pathways - e.g. gravel fill around underground lines

*Characterize (puzzle pieces) - Conceptualize - Simulate - Revise

NEW M -C: M1 T -iS.

wpm3 .
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Characterization vs Monitoring
(in Site Performance Context)

* Characterization allows development of CSM
* CSM allows modeling I simulation
* Modeling allows prediction

*Monitoring allows refinement
*Refinement allows confidence
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Som tins oucandowih mde

" Establish separate sources or releases
- RIF overlapping plumes Slide 11I

" Predict plume behavior in the future

" Communicate risk or safety factors to
stakeholders

" Back-calculate from observations to improve
estimates of parameters

" Evaluate alternative hypotheses
-Congaree levee example Slide 12
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A backwards look

*History of subsurface modeling
- Water resource studies

- Mineral resource studies

*A matter of scale

*A matter of detailI

*Mining and petroleum applications - profit related
-Lots of software development

*Environmental applications - cost related

el m . B I



So What is a Model?
State of practice 1990-

- Commissioned like a work of art by a patron
- Computer resource hog
- Expensive
- Once done, resting on a shelf

*State of art 2006
- Database for all characterization data
- Visualization for communication support
- Dynamic use of new site data
.- Desk-top computer adequate

*State of Practice 2010+ ?
-Could be routine practice at every facility with an

environmental program

ilia =I*~
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A 1986 Modeling Example

" Conceptual model

" Predictive results

" Monitoring Observations

3 A;16-e - 1 - T- I g
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Conceptual Model

1 986 mrodelI< ~A4

Tuscaloosa 
Cowre
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Prediction Made with Model

cpIt 
erval. 

00

Figure 2.16 H Area Concentrations in the Barnwell aquifer at the end

of 45 years of operation, R = 5.0.*
,ACNWSeptember 20,2006
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The Modeling-Monitoring Connection
Wang and Anderson, 198 1, Introduction to Groundwater Modeling, Chapter 1,

Page 1

*"Good field data are essential when using a
model for predictive purposes

*An attempt to model a system with inadequate
field data can also be instructive as it may
serve to identify areas where detailed field data
are critical to the success of the model.

*In this way, a model can help to guide data
collection activities."



Modeling suggests part of plume may bypass
interceptor well - should monitor to detect bypass

5 gpm in layer 3, 80 ft down-gradient of sources
1loft x 1loft x 1loft
Hydraulic conductivity of 10 ft/day , recharge-24"/yr
Captures zone 210 ft wide from up-gradient release in

laer 1,3,5II

Faths ou patce in lyr7 andalprilsiae
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DINL--flFBR of the canal

6 9gallons /day of triiateu FRa

water to a "dry" vadose zone15
8,,

" In stalled up-gradient and down-P
gradient horizontal wells toIMtilupum,3
confirm (0.6 - 1.6 meters below

upgradlent onrdetLWT)--- (but < 5000 pCi/L when horizotal vall horizontal well

sa pe )groundwaler flowdieto

All dimensionis are* Relatively fast moving aquifer (0.3 approximate, not to scale

m/da ) ceatd tin pumeben athFigure 2. Detail schematic of vadose zone and shallow groundwater beneath the HFBR. Flow
HFBR (esimatd t beabou 0. m)lines from a small continuous leak in a dry vadose zone spread out widely, especially

when they encounter gravel and cobble zones.

* The plume spreads downward after_ _ _ _ _ _ _ _ _ _ _ _ _

emerging from beneath the HFBR
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Figure 5. Observed tritium plume geometry at the HFBR. 222
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S ummary

" Ground-water flow and transport models should be
combined with data storage and visualization

" New monitoring data can be compared with models
in near-real time

" Monitoring of performance indicators can be used to
spot off-normal conditions before they become
serious problems

*Currently- available software can provide powerful
visualization tools for management review and
stakeholder communication



Alluvial Fan Depositional Setting
Systems Analysis Leads to Monitrn
Requirements
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