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Aquifers are complex and heterogeneous
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Can we make a difference ?

q Groundwater contamination 
remains above cleanup levels 
at hundreds of thousands of 
sites (NRC, 2013)

q Soil and groundwater cleanup 
at over 300’000 sites in the 
United States may exceed 
$200 billion by 2033 (EPA, 
2004)

q Emerging contaminants 
(PFAS) will significantly 
increase these costs



Solute transport in heteorogenous settings
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Remediation requires a clear understanding of the high/low permeabilities



Traditional Modeling Process

Calibration
(History-Matching)

Model

The Past The Future
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Reality

Data

We need to reduce surprises for clients and stakeholders

A need for a computer model to answer a water resource-related question

Conceptual Site Model (CSM)
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Ensembles can lead to better outcomes

Calibration
(History-Matching)

Model

The Past The Future

Reality 

Upper bound Prediction

Lower bound Prediction

Data

Anticipating and planning for surprises can lead to better outcomes

Conceptual Site Model (CSM)
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• Prediction uncertainty estimation is not a one-and-done deal
• Repeat analyses as newer datasets become available and/or when 

the underlying CSM changes

On August 25, 2005, 
Hurricane Katrina 

wasn’t expected to 
threaten New Orleans!!!

Why Ensembles? Does anyone else use them?

3 days later
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q Iteratively “smooth” a prior ensemble to sample the posterior

Iterative Ensemble Smoother (IES)
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q Iteratively “smooth” a prior ensemble to sample the posterior

Iterative Ensemble Smoother (IES)

Values

PD
F

Goal 



Pilot Points as a tool for representing heteogeneity
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Pilot points colored and sized by 
associated value

Surface created by interpolating to 
model grid scale

Source: USGS SIR 2010-5168



Traveling Pilot Points (TRIPS)
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Infer the extents of the channels and their properties simultaneously



Training Image to Covariance 
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A Flow and Transport Example
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Constant Concentration Source (104 µg/l)
Active for the first two years (Column 2)

q Infer categorical facies from groundwater heads and solute concentrations

q Quantify remedial uncertainty after 30 years

Gradient = 10-4

Steady-state groundwater flow
Source removed after two years

Solute transport evaluated for another 28 years



Transport Process and Monitoring Locations
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13 Monitoring Locations
Monitor quarterly for four years

13 heads, 208(13*16) concentrations

25 Monitoring Locations
Monitor quarterly for four years

25 heads, 400(25*16) concentrations

q Dual-domain(mobile/immobile) approach for simulating solute transport

q Dispersion/sorption/decay not simulated

Facies Total 
Porosity

Mobile 
porosity

Immobile  
porosity

Channel 35% 10% 25%

Matrix 43% 1% 42%

Dual-domain mass transfer coeffient 
= 10-3 / day



Heterogeneity Simulation Approaches
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q Discrete(TRIPS-based) approach (15 TRIP locations, 2 hydraulic conductivity values)

q Continuous(multi-Gaussian) prior (simulate HY in every grid cell)

q 250’000 parameters
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Simulated Vs. 
Observed 

Heads

multi-Gaussian
13 locations

multi-Gaussian
25 locations

TRIPS
13 locations

TRIPS
25 locations



Simulated vs. Observed Concentrations
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multi-Gaussian
Continuous

Posterior
13 monitoring

location of 
observations



Simulated vs. Observed Concentrations
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TRIPS
Discrete
Posterior

13 monitoring

location of 
observations



Simulated vs. Observed Concentrations
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multi-Gaussian
Continuous

Posterior
25 monitoring

location of 
observations



Simulated vs. Observed Concentrations
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TRIPS
Discrete
Posterior

25 monitoring

location of 
observations



Multi-Gaussian Ensemble
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TRIPS Ensemble
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Prediction #1
Uncertainty in 

Maximum 
Predicted 

Concentrations at 
Outlet Boundary

(µg/l)
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Additional 
data led to an 
improved 
prediction
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Prediction #2
Uncertainty in 
Mass leaving 

the Outlet 
Boundary 

(Kilograms)
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Final remarks
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q Letting pilot points travel to define geometry of facies in combination with iterative ensemble 
smoothers) can be used to infer categorical facies

q High-degree of parameterization and history matching can compensate for a bad geological 
prior for certain predictions

q However, for complex predictions, uncertainty analysis cannot undo the harm of choosing an 
inappropriate geological prior. 

q Be prepared to revise your CSM and predict periodically. That is the norm with a lot of 
predictive models outside our industry!
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