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Motivation Motivation 

Owners/operators Owners/operators 
Establish CostEstablish Cost--Effective monitoring designsEffective monitoring designs

Minimum required monitoring wellsMinimum required monitoring wells
Minimum samples and analysesMinimum samples and analyses
Optimized long term monitoring (LTMO)Optimized long term monitoring (LTMO)

RegulatorsRegulators
Establishing monitoring plan that achieves design objectivesEstablishing monitoring plan that achieves design objectives

Sufficient number of upgradient and downgradient wellsSufficient number of upgradient and downgradient wells
Sufficient sampling frequencySufficient sampling frequency

Tiered monitoring Tiered monitoring 
40+ regular parameters40+ regular parameters
100+ supplemental parameters  100+ supplemental parameters  

Statistical ComparisonsStatistical Comparisons
TemporallyTemporally
SpatiallySpatially



How do we balance monitoring How do we balance monitoring 
cost and risk?cost and risk?

Typical unlined municipal landfill well design:Typical unlined municipal landfill well design:

Groundwater Flow 
Direction

Landfill
~10 ha
(25 acres)



SiteSite--specific Well Locationsspecific Well Locations

P.F. Hudak (1999)P.F. Hudak (1999)

1.5 ha (3.7 acres)1.5 ha (3.7 acres)

Wells sited using Wells sited using 
equidistant approachequidistant approach

Detection efficiency Detection efficiency 
decreases with decreases with 
increasing cross increasing cross 
gradient widthgradient width

[P.F. Hudak, Inter. J. Environ. Studies, 1999]



Worth of DataWorth of Data

1)1) Do a sufficient number of monitoring locations Do a sufficient number of monitoring locations 
exist to determine that a regulatory exist to determine that a regulatory 
concentration was not exceeded at specified concentration was not exceeded at specified 
spatial locations? spatial locations? 

2)2) Is current sampling frequency sufficient (or Is current sampling frequency sufficient (or 
redundant) at existing monitoring locations? redundant) at existing monitoring locations? 
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Site TimelineSite Timeline
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Outline of AnalysisOutline of Analysis

1.1. Broke sampling data into two periodsBroke sampling data into two periods

2.2. Evaluated spatial correlation and estimated Evaluated spatial correlation and estimated 
concentrations at snapshots in timeconcentrations at snapshots in time

3.3. Calculated the tCalculated the t--test statistic and powertest statistic and power



Time Period CharacteristicsTime Period Characteristics

T1: 1986T1: 1986--19971997
Before remediationBefore remediation

Active LandfillActive Landfill

13 wells13 wells

6 to 17 sampling events6 to 17 sampling events

2 to 500 mg/L Chloride means2 to 500 mg/L Chloride means

T2: 1998T2: 1998--20032003
Remediation PumpingRemediation Pumping
& Barrier Walls Installed& Barrier Walls Installed

Closed LandfillClosed Landfill

28 wells28 wells

3 to 23 sampling events3 to 23 sampling events

2 to 900 mg/L Chloride means2 to 900 mg/L Chloride means



Spatial Continuity & EstimationSpatial Continuity & Estimation

Normalized Normalized 
between 0between 0--11

May be applied to May be applied to 
lessless--continuous continuous 
parametersparameters
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Test statistic calculationTest statistic calculation

One sample tOne sample t--test (test (σσ unknown)unknown)

Solve for test statistic (Solve for test statistic (zz) and p) and p--valuevalue
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Mean Chloride Concentration for T1Mean Chloride Concentration for T1

T1: PreT1: Pre--ClosureClosure



T2: Closure/LTMT2: Closure/LTM

Mean Chloride Concentration for T2Mean Chloride Concentration for T2



Power Analysis ReviewPower Analysis Review

Correct DecisionCorrect Decision
Type I ErrorType I Error

αα

Type II ErrorType II Error

ββCorrect DecisionCorrect Decision

Ho: (µ=100 mg/L) is true

Accept Ho

Accept HA

Our 
Decision HA: (µ>100 mg/L) is true



P(Type I Error),P(Type I Error), αα typically 0.01 typically 0.01 

Probability of Type I ErrorProbability of Type I Error

T1: PreT1: Pre--ClosureClosure T2: Closure/LTMT2: Closure/LTM



Power calculationPower calculation

One sample tOne sample t--test power calculation (test power calculation (σσ unknown)unknown)

Solve for Solve for φφ and powerand power
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Power AnalysisPower Analysis ((∆∆ =100 mg/L)=100 mg/L)

Power = 1Power = 1--P(Type II Error) typically 0.9, P(Type II Error) typically 0.9, β = 0.1= 0.1

T2: Closure/LTMT2: Closure/LTMT1: PreT1: Pre--ClosureClosure



ConclusionsConclusions

Changes in Power with Changes in Changes in Power with Changes in ∆∆

Do a sufficient number of monitoring locations exist?Do a sufficient number of monitoring locations exist?
T1: PreT1: Pre--ClosureClosure T2: Closure/LTMT2: Closure/LTM



Summary/Future WorkSummary/Future Work

Chloride vs. Other Parameters (Xylene)Chloride vs. Other Parameters (Xylene)
Low Power to detect changes of 50 mg/LLow Power to detect changes of 50 mg/L

Extremely low powers to detect changes in Extremely low powers to detect changes in µµg/L g/L 
(ppb)(ppb)

Multivariate tMultivariate t--tests, can we add power?tests, can we add power?







Chloride 2000-2003

Estimated Slope Factor

Slope Factors: MAROS



Mean Chloride for two time periodsMean Chloride for two time periods

T1: PreT1: Pre--ClosureClosure T2: Closure/RemediationT2: Closure/Remediation


