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Al/ML Applied to Monitoring and Sensing of Complex Systems

* SRNL'’s portfolio of projects where Al/ML strategies have
been used to fuse sensing/sampling/modeling data and
extract signal or make predictions based on various data
streams including:

* Meteorological data, q
* Environmental contaminants/signatures, g

Chemical/physical parameters (i.e., proxy variables)

Imagery
Characterization data
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Modeling
* Enabled Capabilities:

» Spatiotemporal optimization of sensing/sampling locations
for detection/prediction/estimation

* Source quantification/attribution
e Early detection with uncertainty quantification
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ALTEMIS - Advanced Long-Term Environmental Monitoring Systems

Remediation of DOE EM’s remaining complex plumes will take decades

GAO estimates that EM’s liability for environmental cleanup across the country will exceed $550 billion

Long term monitoring after sites have been cleaned up is a large component of that liability

DOE-EM Technology Office is sponsoring SRNL-led program since 2020
e Multi-lab and multi-agency team: SRNL, SRS-ACP, LBNL, PNNL, UC Berkeley, FIU/CRESP/MSIPP
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ALTEMIS — The Approach

ldentification of measurable in-situ variables that serve as proxies for
contaminant measurements

Use of machine learning approaches to predict spatiotemporal
concentrations across time, especially as environmental conditions
evolve.

In this way, the monitoring system serves as an early warning system
for unfavorable plume behavior in the dynamic environmental
conditions.

@ Savannah River National Laboratory-




ALTEMIS: Advanced Long-Term Environmental Monitoring Systems

Improve effectiveness and robustness of monitoring of contaminant plumes
* In situ monitoring approaches for monitoring master variables
e Spatially integrative technologies including geophysics and contaminant detection
Use of master variables transforms the monitoring paradigm from reactive monitoring — respond after

plume anomalies are detected — to proactive monitoring — detect the changes associated with the plume
mobility before concentration anomalies occur.

* In situ sensors,
wireless network, —

cloud computing x(((( ))))
- Autonomous T A -
9 || Sensors & modem Artificial Neural work
- Detect changes Network computer
- Water Table Ay Contaminant
> Red_uce_z - pH afenegiatons - concentrations
monitoring cost {fEmodel Zormiiet
well - § ot Big Data
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ALTEMIS Testbed — F-area Groundwater Plume, SRS

SRS F-area Groundwater Plume - 30 years of discharge of / U-238 Plume
low activity wastewater. Major contaminants of concern SEEEEg:e ﬂ Upper Aquifer Zone
are metals, uranium, tritium, and radioactive iodine. 8 : Funnel-and-Gate
Groundwater Testbed

OS-Advanced Characterization (2008), ASCEM Reactive :

Transport modeling (2012), ALTEMIS (2020) 15pg)|:’ll?0

TRE

S0 250 500 1,000 =y
et I I T N A B @
0 100 200 |b

Meters

@ Savannah River National Laboratory-




Altemis F-area Testbed — Remedial History

* Phased Remedial Strategy — Source Zone Isolation, Active Remediation, Enhanced Attenuation

* Enhanced attenuation strategies have improved remediation of low concentration plumes but have created
the potential for creation of secondary source terms (e.g., 112, U%38, Sr30)

e Require continuous monitoring over the course of the next several decades to ensure compliance with
regulatory requirements

Basins Closed/Capped Bioreduction Demo Barrier Extension
1955 1983l 1997 2004 \ /vﬁsem
I Waste Discharged to Basins pump Treat Funnel-and-Gate/ I

Base Injection

= -Eitr‘aétilgemweMe@als& '\'\\ P

Basin Operation

Pump/Treat/Re-inject FunneI-Gaté/B-ase Injection
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LBNL 3D Uranium Plume Modeling/Analysis (1956-2050)
—)

Reactive Transport Model (2012)

* Detailed stratigraphy from OS Advanced
Characterization project
« Complex uranium geochemistry
o sorption, cation exchange, pH
dependency on U mobility
o Adding strontium (2024)
» Key Remedial Dates
« (1990, 1997-2004, 2011)
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SRS F-Area Seepage Basins — Today

Approximately 1 Kilometer
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Current Monitoring Well Map/Sampling Frequency

Frequency Number of Wells at F-Area TSI EE T e
each Well
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Boundary Conditions/Master Variables

o ) F;
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Monitor Boundary Conditions and e el T

Master Variables 2w

* Physical processes responsible for
groundwater movement such as
water level, rainfall, etc.

Groundwater always flows down
gradient

* Water level measurements o
demonstrate distinct changes in
flow pattern

Provides leading information

* Changes in stability of
hydraulic/geochemical conditions
signal potential remobilization of
attenuated contaminants
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Plume Geochemistry

Primary objective is to monitor stability
of attenuated contaminants

Monitor Master Geochemical Variables Uranium(V1)

e Chemical processes (e.g., pH, redox,
conductivity, etc.) responsible for

. . Strontium-90
attenuation of contaminants

lodine-129

B More Mobile

B Less Mobile
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Zones of Vulnerability after 25+ years of Remediation

Basin Capping/Closure

 Contaminants remain in vadose zone soil

* Prevents infiltration that would drive
contaminants deeper

Groundwater Contamination

Passive Treatment Zone Attenuated Contaminants
* U and Sr-90 attenuated by raising pH

e |-129 attenuated by precipitation of Agl

Wetlands

* Contaminants attenuated by processes in
organic-rich soils

e Sorption to organic matter, plant uptake,
reduction/precipitation for some contaminants
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Conceptual Model and Data Paradigm

Continuous
Monitoring

Sampling Well

Sampling
Well_
. Continuous
Vater f——— = 5
\ AR Monitoring Continuous
Monitoring

Tea Oy confning 2one

Funnel Periodic

and K
Gate Momtormg T
(Geo-physical
characterization) Hyporheic 2one

Eddy-Dilek, et al. 2016
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ALTEMIS Al/ML Overview — Principal Component Analysis

ALTEMIS Al/ML Goals:

Variables factor map (PCA)

1.0

Exploratory Data
Analysis
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Correlations
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Contaminant Concentration
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Well FSB95DR, U-238
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Kalman Filter
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Identify spatiotemporal patterns of
contaminant concentrations
Optimize the placement of in situ
real-time monitoring networks to
capture contaminant concentration
distributions and measure proxy
variables

Estimate spatiotemporal
contaminant concentrations using
proxy variables

Quantify responses to climate
disturbances such as flooding or
drought




Sensor Network Optimization

Monitoring locations
are optimized across
space, time, and all
contaminants of
interest

d Layout
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Optimized Sensor Network Layout
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Zones of Vulnerability after 25+ of Remediation

Basin Capping/Closure

e Contaminants remain in vadose zone soil

* Prevents infiltration that would drive
contaminants deeper

Subsurface Barrier w/Treatment Zones
* U and Sr-90 attenuated by raising pH
e [-129 attenuated by precipitation of Agl

Wetlands

* Contaminants attenuated by processes in
organic-rich soils

Sorption to organic matter, plant uptake,
reduction/precipitation for some contaminants
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Electrical Resistance Tomography
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Monitoring Basin Soils Beneath Low Permeability Cap
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Zones of Vulnerability after 25+ of Remediation

Basin Capping/Closure

 Contaminants remain in vadose zone soil

* Prevents infiltration that would drive
contaminants deeper

Subsurface Barrier w/Treatment Zones
* U and Sr-90 attenuated by raising pH
e [-129 attenuated by precipitation of Agl

Wetland/Hyporheic Zone

* Contaminants attenuated by processes in
organic-rich soils

e Sorption to organic matter, plant uptake,
reduction/precipitation for some contaminants
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Wetland/Seepline monitoring

Vulnerability: Physical and chemical conditions change, High V}at?\r Table
releasing dissolved and/or particulate-bound contaminants i

Objective: Monitor wetlands to ensure no remobilization of & 4 v

attenuated contaminants
Monitoring Tools/Technologies:

 Spatially Integrative Tools

» Periodic UAV surveys: LIDAR, gamma,
photogrammetry

 Topography, vegetation, contaminant distribution,
springs distribution, etc.

» Distributed Temperature Sensors
« Temperature, soil moisture

» Point Source Measurements
» Sensors in surface water

Low Water Table
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F-Area Wetlands: Seasonal Variations of |-129

Installation of wetland sensor
network

 Sensors deployed in 6 shallow piezometer
wells and 6 surface water monitoring
points.

 Monitoring changes in
groundwater/surface-water chemistry that
could potentially remobilize contaminants.
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F-Area Wetlands: Groundwater-Surface Interaction

7 ,, ra

Temperature Sensor Network

* Depth discrete temperature probes at
97 locations in the wetlands.

* High spatial resolution measurements
(10 cm) of temperature with depth.
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Comprehensive Sensor Network F-area

[ F-Area Seepage Basins

* Multiple sensing modalities at various “zones of @ — Barier_Wall
. — Seepline
vulnerability” - ERT System

Well Sensor Network
Temperature Sensor Network
Wetland Sensor Network

* Refining Al/ML approaches to automate data
processing, make predictions, and detect

>0+ @

@) Air Monitoring Station
anomalous behavior
* Feedback loop between sensing, Al/ML, and
deterministic models
@ @

Locations of S Network Installed
at the F-Area Seepage Basins
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Path Forward — ALTEMIS

 Sensor network installation at the F-Area completed
« Current activities have shifted towards monitoring and maintenance of sensors.

 Development of a data management system to house the transmittal, storage, and
access of the continuous sensor data.

* Use of statistical tools to optimize monitoring.

» Use of Al/ML approaches to automatize data process, make predictions and
anomaly detection.

* Meetings with regulators, stakeholders
* Application to arid sites/problems
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Outstanding Challenges
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Overcoming Challenges

of 6f pﬁTf ATE
NO D P p
Graph Neural Networks v wE ¢Y ur

vé VE wo? prid
« Specialize in learning relationships
between nodes in a network (e.g., wells)
« Can accommodate temporal changes in >§I &I % &
graph structure (e.g., links between

nodes may not be static)

t=° ‘F| ‘-‘j_ f_' ":‘q

D-Area Selenium Concentration D-Area Selenium Concentration D-Area Selenium Concentration
. D(Spatial Interpolation) (Spatial Interpolation) 10 (Spatial Interpolation)

ConvLSTM 10 v

« Ability to learn across space and 2,
timein a single pass =N s

» Automatically performs interpolation due - R 02

to the nature of the input and out %800 025 050 075 100 %800 025 050 075 100 %800 025 050 075 100

Scaled Latitude Scaled Latitude Scaled Latitude
Input Frame: 9-30-2015 Output Frame: 10-31-2015 Full Sequence

GAN Architecture & Training
Generative Adversarial Networks ———— N
« Can be used to generate synthetic
d a t a S et S Discri mintor Network —
- Overcomes challenges associated Random Noise [ie—
with locations that have small -
datasets |

s Generator Loss
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Normalized Well Coordinates with TE Arrows (AB direction)

DCB 51D

[

0.0

0.2 0.4 0.6 0.8 1.0
Normalized Longitude

Transfer Entropy
Enhance per-well prediction
by considering potential
causality
Non-parametrically
produces matrix of directed
connections

— Lo

0.8

o
=
TE Value

o
=

0.2

0.0




SRNL Activities at Y-12 Mercury Use Facilities

» Y-12's legacy mercury-use facilities

« Significant levels of mercury present in equipment, piping systems, facility sumps, drain fields, and structures

 Challenge for D&D

* Presence of intermittent, variable, and high levels of mercury vapor distributed through the interior of the building
« Periodically exceeds established OSHA exposure limits for mercury
« Controlling mechanisms for the release of mercury vapors is poorly understood

Simplified “Archetype” Building Sketch

Thermal Convection “Chimney Effect”
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SRNL Activities at Y-12 Meroury Use Facilities
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ALTEMIS Applied at Chalk River
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Concluding Remarks

* With guidance from a strong conceptual model, installation of sensor networks
enhances environmental datasets and improves robustness of models

 Sensors coupled with Al/ML provides an opportunity to capture environmental
shifts and guide-decision making process

* End Result: Safer, more proactive, and cost-effective approach to long-term
monitoring and cleanup activities

Email: thomas.danielson@srnl.doe.gov

carol.eddy-dilek@srnl.doe.gov
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ALTEMIS Collaborators

Savannah River National Laboratory

* Carol Eddy-Dilek — Project Lead

* Hansell Gonzalez-Raymat

* Tom Danielson e
* Holly VerMeulen SRN L

SAVANNAH RIVER WATIOMAL LABORATORY

* Emily Fabricatore

Lawrence Berkeley National Laboratory

e Zexuan Xu

e Bhavna Arora

-~
* Baptiste Dafflon - Iﬁ
* Brian Quiter LELOCPL P ‘ ‘

* Jayson Vavrek BERKELEY LAB

* Joanna Szornel

Massachusetts Institute of Technology

* Haruko Wainwright — Co-Lead

Consultants I I I -
e Miles Denham I I
* Roelof Versteeg Massachusetts

Institute of

 Kathryn Higley Technology

@ Savannah River National Laboratory-

Pacific Northwest National Laboratory vi

« Tim Johnson Pacific
Northwest
Florida International University NATIONAL

LABORATORY

* Himanshu Upadhyay

* Pieter Hazenberg

* Angelique Lawrence

* Ravi Gudavalli

FIU Interns/Graduate Students/Post-Docs

* Lijing Wang
* Kay Whiteaker

* Jayesh Soni

* Aurelien Meray FLORIDA
 Aubrey Litzinger INTERNATIONAL
* Phuong Pham UNIVERSITY




Savannah River
National Laboratory-

EE

srnl.doe.gov

A~A




	Sensing and AI/ML Tools for Tracking Environmental Contamination
	AI/ML Applied to Monitoring and Sensing of Complex Systems
	ALTEMIS - Advanced Long-Term Monitoring of Environmental of DOE’s Legacy Sites
	ALTEMIS – The Approach
	ALTEMIS: Advanced Long-Term Environmental Monitoring Systems
	ALTEMIS Testbed – F-area Groundwater Plume, SRS
	Altemis F-area Testbed – Remedial History
	LBNL 3D Uranium Plume Modeling/Analysis (1956-2050)
	SRS F-Area Seepage Basins – Today
	Current Monitoring Well Map/Sampling Frequency
	Boundary Conditions/Master Variables
	Plume Geochemistry �
	Zones of Vulnerability after 25+ years of Remediation
	Conceptual Model and Data Paradigm
	ALTEMIS AI/ML Overview – Principal Component Analysis 
	Sensor Network Optimization
	Optimized Sensor Network Layout
	Zones of Vulnerability after 25+ of Remediation
	Electrical Resistance Tomography
	Monitoring Basin Soils Beneath Low Permeability Cap
	Zones of Vulnerability after 25+ of Remediation
	Wetland/Seepline monitoring
	F-Area Wetlands: Seasonal Variations of I-129
	F-Area Wetlands: Groundwater-Surface Interaction
	Comprehensive Sensor Network F-area 
	Path Forward – ALTEMIS 
	Outstanding Challenges
	Overcoming Challenges
	SRNL Activities at Y-12 Mercury Use Facilities
	SRNL Activities at Y-12 Mercury Use Facilities
	ALTEMIS Applied at Chalk River
	Concluding Remarks
	ALTEMIS Collaborators 
	Slide Number 34

