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Presentation Outline

What are Remediation Geology/Environmental 
Sequence Stratigraphy? (Rick)

Why are they critical to groundwater remediation 
projects? (Rick)

How are these technologies applied to environmental 
restoration projects? – Case Studies (Mike)
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• Early days of exploration and production, once 
oil reservoir was discovered, production was 
limited by facilities capacity (engineering 
focus)

• As production declined, geology became 
increasingly critical for economical operations

• Billions of dollars have been invested in 
research and development of stratigraphic 
controls on fluid flow

Emergence of Petroleum Geology in the Oil Industry
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Research regional geology to 
determine depositional environment, 
the foundation of the ESS evaluation.

1 Map and predict
the subsurface permeability 

architecture away from the data points.
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The Environmental Sequence Stratigraphy (ESS) Process

Leverage existing lithology data: 
vertical grain size patterns indicative of 

genetic relationships.

2



ESS: US EPA Best Practice – 2017

• Step-by-step guidance document for CSM
• Objective is to improve remedy performance
• 90% of mass flux moves through only 10% 

of aquifer material…controlled by geology 
• Link to Groundwater Technical Issue Paper: 
https://nepis.epa.gov/Exe/ZyPDF.cgi/P100TN2C.PDF?Dockey=P100TN2C.PDF

https://nepis.epa.gov/Exe/ZyPDF.cgi/P100TN2C.PDF?Dockey=P100TN2C.PDF


Components of a Conceptual Site Model (CSM) for 
a Groundwater Contaminated Site



Geology/Heterogeneity Matters

• More than 126,000 sites across the U.S. require 
remediation

• More than 12,000 of these sites are considered 
"complex" 

• “…due to inherent geologic complexities, 
restoration within the next 50-100 years is likely 
not achievable.”

Alternatives for Managing the Nation's 
Complex Contaminated Groundwater Sites 
National Academy of Sciences Committee on 
Future Options for Management in the Nation's 
Subsurface Remediation Effort, 2013



Expertise of the Practitioner

Geology 

Mineralogy Economic geology Geophysics Stratigraphy Marine geology

Volcanology Geochemistry Structural geology Sedimentology

Paleontology Seismology Hydrogeology Petroleum geology Tectonics

Engineering geology Geomorphology Igneous petrology Metamorphic petrology



Expertise of the Practitioner…Pattern Recognition

Geology 

Mineralogy Economic geology Geophysics Stratigraphy Marine geology

Volcanology Geochemistry Structural geology

Paleontology Seismology Hydrogeology Petroleum geology Tectonics

Engineering geology Geomorphology Igneous petrology Metamorphic petrology

Sedimentology



Radiologist = Stratigrapher

Geology 

Mineralogy Economic geology Geophysics Stratigraphy Marine geology

Volcanology Geochemistry Structural geology

Paleontology Seismology Hydrogeology Petroleum geology Tectonics

Engineering geology Geomorphology Igneous petrology Metamorphic petrology

Sedimentology



AFCEC Critical Process Analysis (CPA) Project Review
Primary Finding was Improved CSM = Remediation Optimization



• AFCEC conducted an 
enterprise-wide study 

• Over 80 base-wide ESS 
projects

• AFCEC standard approach 
for PFAS RIs

• Lead remediation engineer 
concluded, an 
oversimplified CSM 
results in an over-
engineered, high cost 
remedy

Air Force ESS Projects = 2010 to 2023
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Kirtland Air Force Base



Environmental Sequence Stratigraphy for RemPlex 2024

► What is Stratigraphic Heterogeneity 
and Why Does it Matter? 

► Sequence Stratigraphy and Facies 
Models as a predictive framework for 
subsurface interpretation 

► Case Studies of Application of ESS
• Silicon Valley: Geologic Mapping and 

Forensic Source Partitioning
• Eglin Air Force Base: Sequence 

Stratigraphy for Pump and Treat 
Optimization



The Problem of Aquifer Heterogeneity

► Outcrop analog of meandering fluvial deposits (white is sand, brown is clay)
(Upper Cretaceous Horseshoe Canyon Formation, Alberta, Canada) 

► At aquifer remediation site scale

► Ability to map sand channels in three dimensions
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► Correlating “first encountered sand” is 
common practice, but often is not the 
case and can be problematic

► Important implications for groundwater 
and contaminant flow paths

► Poses risks for accurate monitoring of 
contaminant plumes, remediation 
success

Cross Sections



Facies Models: Filling in the Blank Spaces

For one who has seen the Mona 
Lisa many times, the smile is 
sufficient information to complete 
the picture
Same is true for those familiar with 
depositional environments, with 
the right clue the picture can be 
filled in (correlation between wells)



Introduction:  ESS is About Pattern Recognition 

Depositional 
environments have 

distinctive vertical grain 
size distributions



Depositional Environments 
and Log Signatures



Barrier Island Depositional 
Environment Example: the concept of 
'Facies Models"



Facies Models
• Detailed model for a Barrier 

Shore
• “Distillation” of understanding of 

elements, processes, and 
preservation of strata, based on 
data acquired from:

• Modern systems
• Imagery and surficial 

features
• Drilling and coring
• Remote sensing 

(geophysics)
• Historical observations
• Theoretical and computer 

models
• Ancient systems

• Outcrops
• Subsurface examples (oil 

and gas fields)
• Provides a predictive framework 

for subsurface architecture
 



Case Study #1 - Silicon Valley : Applying 
Facies Models for Contaminant Pathway 
Validation 

► Silicon Valley, San Francisco Bay Area
► Former semiconductor and other electronics 

manufacturing, multiple source areas (complex, 
commingled plume, TCE plus)

► Superfund EPA oversight
► Many remedial actions 

including in-situ, removal 
actions



Original Conceptual Site Model
► EPA Five-Year Review flagged rising 

concentrations of TCE in T-9B as issue 
and suggested further source area 
remediation was needed (USEPA 5YR)

► potentiometric surface map suggested 
onsite source

► Source area within active office space
► Client turned to ESS to investigate
► Revised CSM confirmed off-site source 

of contamination, well screened 
through multiple channels 
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Original Conceptual Site Model

►  Layer-cake 
stratigraphy

► Continuous 
confining zones

► Depth-based 
zonation  (A, B1, 
B2)



Workflow: Creating Graphic Grain Size Logs

Page 29

• Normalize different vintages of data 
collection, sampling methods, geo-bias, etc.

• Identify trends in grain size (indicator of 
depositional processes)

• Logs show clear fining-upward channel 
deposits

• Frame expectations for channelized 
groundwater flow



► Detailed mapping of hydrostratigraphic units 
in three dimensions with maps and cross 
sections

► Constrained by existing well data, 
interpreted in context of depositional 
environment, facies models

ESS Cross 
Section



► Result: detailed 
understanding of source- 
to monitoring well 
hydraulic connection

► Confirmed by 
contaminant fingerprinting

► Resolved need for 
additional source area 
remediation

ESS-Based CSM



Case Study #2 - ESS for Pump and 
Treat Remedy Optimization

► Pump and Treat PCE Groundwater Plume
► Not achieving performance-based remediation (PBR) 

objectives
► ESS-Based CSM implementation: reconfigure 

extraction location, no change in capacity
► Dramatic improvement in mass removal, plume 

collapse



Classic Sequence Strat!
► Sea-level fluctuations caused by growth 

of continental glaciations (ice ages)
► Dramatic impact on shoreline dynamics, 

sedimentation
► Incised valleys are ubiquitous in the 

geologic record, high-permeability fluvial 
deposits

► Sea-level rise and the “maximum flooding 
surface”: the key to remediation at Eglin



► Citronelle 
Formation 
overlying Alum 
Bluff regional 
confining unit

► Conspicuous 
gamma-ray spikes, 
most correlative at 
50’ msl

► Revised 
interpretation 
identified incised 
valleys within 
Citronelle

ESS Cross 
Section



► Mapping of MFS and Incised 
Valleys indicated a lack of 
extraction well in the IVF

► Addition of EW-05D in permeable 
IVF resulted in dramatic 
performance improvement, 
attainment of performance goals

There is no such thing 
as a “sandbox” when 
it comes to 
remediation!
What’s missing is 
often as important as 
what’s there in 
stratigraphy!

ESS-Based CSM



ØPrior to ESS, predicted Site 
Closure (SC) date was 2032

ØPost-ESS implementation 
Site Closure was 2022 plus 
Post Active Remedial 
Monitoring

Ø Implementation of ESS  
reduced the time to 
achieve Site Closure by 10 
years

Ø87% PCE Mass Reduction in 
3 years

ESS Recommendations Implemented

Remediation Performance Model



Take-Aways

1. Can’t overemphasize the importance of the practitioner 
(stratigrapher).

2. ESS is applicable to contaminants.
3. DOE can reduce the risk of uncertainty at radioactive waste 

sites and increase environmental and worker safety by
• limiting exposure, 
• reducing inefficient engineering design, and 
• speeding up the remediation process through this targeted approach.



Supply Chain Management Center (SCMC) 
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Hanford Site Introduction

• Plutonium was produced as part of the 
Manhattan project during WWII

• Continued through the Cold War until 1989
• The site’s mission since the early 1990s is 

focused on cleanup
§ Tank waste
§ Environmental remediation of contaminated waste 

sites; protection and treatment of groundwater and 
downstream surface water receptors

https://www.pnnl.gov/main/publications/external/technic
al_reports/PNNL-32055.pdf

, 
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Outline
• Background

§ Hanford geoframework model (GFM) 
• Geophysical methods theory, data collection, information extracted

§ Seismic, electrical resistivity tomography (ERT)

• Field examples within the high-hydraulic conductivity zone (HCZ) 
§ Southeast of 200 East Area
§ Between the 200 Areas
§ South of 200 East Area

• ERT visualization within SOCRATES
• Conclusions
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Hanford Site Stratigraphy

• Site stratigraphy is an interpretation 
of borehole data and observations

• Core samples, borehole 
sampling/logs, hydraulic testing 
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Hanford Site Stratigraphy

• Site stratigraphy is an interpretation 
of borehole data and observations

• Core samples, borehole 
sampling/logs, hydraulic testing 

• Represented as hydrostratigraphic 
units (HSUs) 

• Used within flow and transport 
simulations
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Hanford Geologic Framework Model (GFM)

• Geoframework model (GFM) 
• Defines the spatial arrangement 

of major hydrostratigraphic units 
(HSUs)

• Forms the fundamental basis for 
decisions (siting wells, 
contaminant transport, 
distribution of contaminants)

• We need to interpolate between 
well locations

• New wells are costly
• How can we ‘see’ in between wells?
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Electrical Resistivity Tomography (ERT)Seismic Reflection, Refraction

Hunter et al. (2015, 2022)

Seismic wave speeds vary depending on the density 
and the elastic properties of the material
Vs = shear wave velocity
Using these geophysical methods together provides multiple lines of evidence of stratigraphic structure

ERT is sensitive to porosity, pore fluid conductivity, 
moisture content, temperature, and lithology
ΔV = change in potential   I = current

Geophysical Methods

https://link.springer.com/article/10.1007/s10950-021-10042-z
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ERT Data Collection

C+ P- C-P+Electrode

Variety of measurements collected

• Large and small electrode spacings provide higher resolution of deep and shallow features
• Different electrode configurations can also improve resolution

positive potential P+
negative potential P-
positive current C+
negative current C-
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Seismic Data

Refraction first arrivals (Vp)

Reflection
• Three interpreted phases from seismic data
• Shorter and longer offsets collected for shallow and deeper resolution

Dispersive
Surface 
Rayleigh
waves (Vs)

Seismic trace shot gather Interpreted phases
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Geophysical investigations 
to investigate stratigraphic 
structure began with 
synthetic simulations and 
progressed to field studies

Hanford Site, WA
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Plume Maps and HCZ at Hanford
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Stratigraphic Geophysical Investigations

1

2

3
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[1] Southeast of 200 East – 
Area 1: Proof of Concept
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[1] Southeast of 200 East – Area 1
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[2] Between 200 Areas

• Parallel ERT profiles were collected 
• Subsequent profiles were located after reviewing results of previous profile
• Located where there is a suspected high transmissive area (e.g., paleochannel)
• ERT provides 1st line of evidence of stratigraphic structure - Few wells to verify
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[2] Between 200 Areas - Quasi-3D ERT Inversion
Elevation where bulk EC = 0.0025 S/m

• Geophysics has helped provide a first line of evidence of subsurface structure
• Need a better understanding of electrical properties vs. hydraulic properties
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[2] Seismic Reflection and Refraction Tomography

• Compressional wave (Vp) contrasts (colored image) match reflection locations well
• Shallower resolution (shorter offsets) of features compared to ERT
• Channel like feature on NE side of line
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[3] South and within 200 East Area
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[3] South and within 200 East Area

• Coarse-grained, unconsolidated materials commonly exhibit lower 
Vp compared to more cemented and finer-grained material

• Seismic reflections can occur at stratigraphic contacts or incised 
channels 

Co-located ERT along Seis-NS-1
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[3] South and within 200 East Area

• Coarse-grained, unconsolidated materials commonly exhibit lower Vp compared to 
more cemented and finer-grained material

• Seismic reflections can occur at stratigraphic contacts or incised channels 

Co-located ERT along Seis-NS-1
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[3] South and within 200 East Area

• Coarser grained materials can exhibit higher bulk electrical 
conductivity (EC) but the site-specific relationship between 
hydraulic and EC needs to be studied

Co-located seismic along NS-2
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[3] South and within 200 East Area

• Coarser grained materials can exhibit higher bulk electrical conductivity 
(EC) but the site-specific relationship between hydraulic and EC needs 
to be studied

Co-located seismic along NS-2
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Visualization of Geophysical Data in SOCRATES
• ORIGEN module allows 3D 

visualization of ERT
• ERT images in the context of 

the 3D geologic framework
• Several ERT field campaigns have 

been prototyped
• ERT images as a point cloud

• Bulk conductivity
• Relative conductivity changes 

over time
• Can step through time for 

temporally varying ERT results

Visualization of ERT survey results as a point cloud in the ORIGEN 3D view.

https://socrates.pnnl.gov/

https://socrates.pnnl.gov/
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Summary

• Surface geophysical methods are helping to provide stratigraphic information 
on the Hanford Site
§ First line of evidence
§ Supports decisions about locations and need for new subsurface characterization wells
§ Provide better spatial understanding of lateral transitions

• Ground truthing through well observations can better guide interpretations 
(seismic)

• We still have work to do to understand the relationship between geophysical 
properties and hydraulic properties

• Visualization of geophysical data is ongoing in SOCRATES 



Thank You

remplex@pnnl.gov
www.pnnl.gov/projects/remplex/ 

mailto:remplex@pnnl.gov
https://www.pnnl.gov/projects/remplex/



