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* Intro to Hanford Site & PNNL support for DOE
Hanford Mission

 PNNL technology maturation, support for
emerging technologies, and field testing

* Vertical characterization
1. Vadose zone
2. Groundwater

» Geophysical Characterization
1. Stratigraphy / framework
2. Monitoring transport through the vadose zone

* Knowledge/technology transfer and method
selection

= Method selection tools
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BT

Vadose Zone B

: » : - e 4
s o | -5 gy | ' Al ] Management of
Groundwater -{ . S iy uncertainty

Implementation
. and integration
Complic.:ated U of exit strategies
contaminant

behavior

Recalcitrant and co-
mingled contaminants &
continuing sources Physical

Large-scale contamination heterogenei?y
and complexity

The impact of tank leaks to subsurface contamination is inadvertently exaggerated in the illustration. .
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e During World War Il and the Cold War era, the
government built and operated nine nuclear
reactors along the Columbia River to produce
plutonium and other nuclear materials

l_j"r. = WILDLITE REFUGE :
&
“ajiin b
"
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| wanFORD
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« Large chemical processing facilities separated
plutonium from spent fuel rods

-'.l-.-

« Remediation efforts since the 1990s have been
addressing areas of groundwater contamination

* Over 3000 wells and more wells installed yearly

to expand sampling and monitoring g

capabilities, determine the extent B Grouncwater Plumes

of contamination, and support pump-and- Monitored Natural Attenuation (MNA) Plumes
treat operations | I overiapping MNA Plumes

— — e
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: 5
* Areal extent of sit d
rea eX e n O SI e a n Carbon Tetrachloride Plumes Uranium Plumes Hanford Areas O
CO n ta m i n a nt p | u m eS Hexavalent Chromium Low Plumes Technetium-99 Plumes [ Groundwater Operable Units [ ] s q
P&T Injection Wells W Groundwater Wells e
[ ] M u Iti p I e pl u m eS P&T Extraction Wells A Nitrate Plumes

 Deep vadose zone

Proximity to the Columbia River
& dynamics of the hydrologic

system
« Radiological contaminants \

 Cost of wells \ L
3D nature of contaminant plumes o A K'--'C"f""-”'f‘*"'?’ﬂ
* 3D heterogeneity X




:ﬁ// Vertical characterization in the Vadose Zone and

Northwest  Saturated Zone

 Vertical characterization is necessary for the
- | successful design and implementation of
= = remediation
— * Increase the mass removal with P&T systems
» Hanford 200 West Area P&T example

 VVadose zone: VZAMS

» Characterizing heterogeneity
» Characterizing contaminant distribution

« Saturated zone: Need to perform a combination of
contaminant and hydraulic profiling methods
» Understand the site-specific ‘personality’ of our long-
screened wells

» |dentify and focus our extraction on the high-
concentration zones

* This involves utilizing the large network of existing long-

Groundwater P& T remediation at the .
Hanford Site. screened P&T extraction wells

?‘ H,:I
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Subsurface heterogeneities n

Assessingeontarminant migre

AS
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cm — mm per year

amp 9 under low moisture
n% m0|sture conditions
e n saturated GW
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Vadose Zone: Advanced Vadose Zone Monitoring
System (VZAMS)

Vadose Zone Journal

Linneman, D. C., Strickland, C. E., Appriou, D., Rockhold, M. L., Thomle, J. N.,
Szecsody, J. E., Martin, P. F., Vermeul, V. R., Mackley, R. D., & Freedman, V. L.
(2022). Development of a vadose zone advanced monitoring system: Tools to
assess groundwater vulnerability. Vadose Zone Journal, 21, e20223.


https://doi.org/10.1002/vzj2.20223
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Pump-and-Treat Well Network
B Groundwater Plumes

Monitored Natural Attenuation (MNA) Plumes
o5 I Overlapping MNA Plume

Hanford Site Groundwater P&T Wells (DOE, 2024)

* Five P&T’s along the River Corridor
= Largely a success story
= Combined total flow of ~2,400 gpm

« P&T on the Central Plateau
= 200 West P&T facility (3,500 gpm)

» Extensive network of long-screened
extraction and injection wells

» Screened intervals >200 feet in length
» Case study for this discussion
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* Initial remedy optimization objectives
= Volumetric removal

= Hydraulic capture Ny

200-ZP

» Decrease plume areal extent

+ 200-ft thick aquifer with ws

299-W14-74  299.W12-4 699-43-67B
' NAVE)SB 299-W15-227 299-W14-73 4 " L

multiple contaminants L s
of concern i
= Fully-screened wells

Cosrdinate System NADSI State Plane Washington South

used commonly

« Contaminants are
vertically distributed

* Progression to 3-D
CSM and P&T remedy .

d e S i n 14x vertical exaggeration
g Three-dimensional carbon tetrachloride plume in the 200 West Area, 2022. (CPCCo, 2023)

| 120

O mm

Injection well

Carbon Tetrachloride (pgl/L)
234-50

z250-100

2100 - 500

2500 -1000

= 1000

O00EOD mm

Plunge +01
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* Next phase of optimization — more focused extraction
= Mass removal in high-concentration zones

= Balancing facility capacity N

= Existing long-screened | cusonim

299-W14-74 E z 699-43-67B
I NAVE)SB 299-W15-227 299-W14-73 4 299-W12-4 L ]

Wel |S y < ) 299-W15-225 p i
]

= Multi-level completions | |

180

200.UP il
(']

Cosrdinate System NADSI State Plane Washington South

* Focused extraction
= Retrofit existing LSWs ™

= New discrete-zone '
wells

Hanford South Geoframework
Model, Version 6 (CP-67635)
M Ringold Formation lower mud unit
B Ringold Formation member of
Wooded Island - unit A
Basalt
Well Screen Interval
| [ Extraction well
{ B Injection well
Carbon Tetrachloride (pgl/L)
234-50
z250-100
2100 - 500
2500 -1000
21000

| s [

Plunge +01
Azimuth 348

"o s00 1000 1500m

14x vertical exaggeration

Three-dimensional carbon tetrachloride plume in the 200 West Area, 2022. (CPCCo, 2023)
10
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* ldentify the high-
concentration zones

= Existing long-
screened wells

e |




" Mass Removal in a Long-Screened P&T Well
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= B 0- Ground eve » 200 West well example #1
V e 240

- - : : = P&T extraction well 299-W15-225
Y | . 260 = ~145 feet of screen

 Variation in hydraulic
conductivity (K) with depth

» Layered sands and gravels

[ 280

L 300

* Flow in each zone is
proportional to the relative K

=
=
=
B
i
| — [ 340
: ,t' E « Concentrations of a pumped

[ 320

depth bgs (ft)

- 360 sample are [mostly] flow-
' weighted averages

= Under equilibrium conditions

[ 380

: : . [ 400
IS“’¥ Gael 00 005 010 0.15 020 025

layer
relative hydraulic conductivity, K
P&T extraction well 299-W15-225 (PNNL-18732)
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« Common contaminant profiling
approaches for long-screened wells
Packer systems

Low/no-flow or passive sampling (bladder
pump, Snap Sampler)

FLUTe liners
Stacked dynamic profiling (BESST Inc.)

£ '

r] . 4

-
=

Passive sampling in a : F
long-screened well with Straddle-packer pumping within
Snap Samplers. a depth-discrete interval.
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» Consider these locations passively
sampled under ambient vertical flow

A. Inflow zone — concentration in the adjacent
aquifer layer at this depth

B. Flow-weighted concentration in the aquifer
layers at and above this depth

C. Outflow zones — provides no concentration
information for the aquifer at these depths
« Vertical flows need to be characterized
= Multiple field-based methods

0 - Ground level
240

= _V_ B oac 49%°¢e = %2 f
———

Depth bgs (ft)

Schematic of possible flow patterns and contaminant
mixing in a well,

14
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Elgci:tric
* Electromagnetic borehole flowmeter (EBF) wine

. ’ AR Y " i | ] 1 i~i.;~1'.t,_~‘—..—v ey
= Since the1990’s R T TR o
= Highly-sensitive (20 mL/min) % SubmerslbleX e’ " LESTRTERE
= Magnitude and direction of vertical flows Py e b
= Inflow and outflow zones along the screen i e
« Ambient flow profiles it G
= Needed for interpreting low/no-flow sample e e 2 s
concentrations ALty et R
* Dynamic flow profiles DL s
= Flow patterns while pumping e s oorn P
= Proportional inflow related to hydraulic conductivity (K) ' Etectromagnetic - - e g
i i . ., Borehole Flowmeter —_ R
= Needed for interpreting pumped sample concentrations = (E8F) @ .o o« & Aty
Schematic of ,‘1 1 e ;
dynamic EBF  &ii®iermoatan




el Quantitative combination of hydraulic and

Northwest

o cONtaminant profiling

* Analytical model:
= \Water balance model for well

» Steady-state radial flow in each layer
(Thiem Eqgn.)

» Radial advective exchange with aquifer
» Data used:

= Vertical flows from flowmeter data
= Sampled concentration at multiple depths
in the well (pumped, low flow, or passive)
* Inverse framework:
= Can combine flow and sample data sets
= Multiple pumping locations, rates, etc.
* Pumping associated with sampling

[Day-Lewis, Mackley & Bence, 2023, Groundwater]

Depth [L]

(b)

Vertical Borehole
Flow [L3IT]

obs
a |

16
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Analytical Model

2023 paper in Groundwater:

» Steady-state forward model
« Combining data collected under different flows
» Sensitivity & image appraisal (model resolution)

2024 paper in Groundwater:

» Type scenarios for borehole flow and implications for sampling

Ongoing extensions in this work:

 Conversion to discrete-time
* |nverse framework for time-series concentration data

Advantages:

* Analytical
» Rigorous inverse framework

» Application to dilution, “hydrophysical logging,” etc.

W) Check for updatq

Groundwater
M

Interpreting Concentrations Sampled
in Long-Screened Wells with Borehole Flow:
An Inverse Modeling Approach

by Frederick D. Day-Lewis"2(, Rob D. Mackley', and Joshua Thompson'?

Abstract

New approaches are needed
(LSWEOB). The interpretation of cof

the well. In the absence of pumping
or fractures as a result of hpeatlpdiﬂ Groundwater
far-field heads and hydraulic condu
aquifer may occur. Concentration s
rocess is commonly unknown or Issue Pa pe rlr

multi-level wells, packers, and well
design requirements [e.q., pump-ar|
analytical model for flow and transg
to estimate formation concentratiol
using synthetic examples. Our resy
of hydraulic conditions and aquife|
(3) point to the potential of the ney

Sampling in Long-Screened Wells: Issues,

Misconceptions, and Solutions
by Frederick D. Day-Lewis' @, Riob D. Mackley®, and Rebecka Bence®

_______.—-—-—-___————-—____________________-_____________.-—

Introduction
New approaches are needed
mass in aquifers based on samp

a d
. @ . G
10 *® 10 10 100 ®
L ] L]
E 20{{f, 2011/ 20 20 g
£
o
a 30 30 30 30} 0
[ )]
40 40 40 40 .
[ ]
50 50 50 50--®

0 500 0 500 0 500 0 500
Concentration (mg/L) Concentration (mg/L) Concentration (mg/L) Concentration (mg/L)

true true true true
®  samples O  samples ® LF# ® LF#
estimates estimates O L-F#2 O L-F#2
estimates estimates
e h
S T R ) RN () B
E .
s 20 05 20 05 20 I 0.5 20 05
& o
o 40 0 40 0 40 0 40 0
40 20 0 40 20 0 40 20 0O 40 20 O
Depth (m) Depth (m) Depth (m) Depth (m)

Figure 5. (a-d) Inversion results for (a) Example 1, inverting L-F data; (b) Example 2, inverting L-F data with secondary
pumping from 1m depth; (¢) Example 3, jointly inverting data from Examples 1 and 2; and (d) Example 4, using the same

data as 3 and a zonal mean. (e-h) Model resolution matrices for Examples 1-4, respectively.
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a. Hypothetical downward
ambient flow profile,
measured by EBF

b. Calculated radial
exchange, based on
EBF log

c. Hypothetical K and
concentration profile

35T

T (a) T

(b) (c)

[
I
I
[
I
I
[
I
[
I
I
[
I
I
[
I
I
[
I
[
I
I
[
I
I
[
I
I
[
I
[
I
I
I
0

40
45+
50 1 |
-1000 -50 -200 0 200 0 500
Upward Flow Flow to the Well Concentration (ppm)
(ml/min) (ml/min)
3 25 2

log,,(K [mis])

Low-K / high-
concentration
layers
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- Data Requirements

: (b) (c)
a. Flow log under pumping ’

b. Calculated radial exchange

c. Low-flow concentration

/ Samples

samples .
£ i i
Concentration can be: & Truth
* Low-flow ) - /
- Passively sampled
» Integrated
Do w0 0 00 0 200 500
In the presence of vertical borehole flow, Flmimin)mimnom)
samples are flow-weighted averages 3_25112

log, (K [m/s])
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0 : 5
| |
5F | | O
| |
| |
10 | |
| | o
15+ | |
| |
| |
20 I |
£ | | ©
SR
30 : | - o
| |
| | Q
35 | - r | u
| |
| |
407 | |
| |
45} | | - " 0
| |
50 1 li : . | J 1 I
-1000 -500 0 -200 0 200 0O 500 0 500 0 500 0 500
Upward Flow Flow to the Well Concentration Concentration Concentration Concentration
(ml/min) (ml/min) (ppm) (ppm) (ppm) (ppm)
-m true estimates
3 25 2 o L-F #1 @) L-F #2

log, (K [m/s])

Improvement compared to
conventional interpretation
of samples

Better identifies locations
and magnitude of
contaminated zones

Can integrate different
datasets collected under
different hydraulic
conditions

Still limited in zones of
outflow
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Assuming K profile and resulting
flow-log data, we conduct

1. Low-flow (L-F) sampling -
resolves shallow high-
concentration layer

2. L-F sampling with pump at
top of well to overcome

ambient flow - resolves
deeper high-concentration
layers o\ ] !

3. Joint inversion of the two oo w0 0w o doo J
datasets from previous P
examples - further — tue

2 ® LF#

Improvement " ongikDued
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. . . . P&T Remedy
 Vertical characterization is needed to support P&T
optimization (mass removal) l

* |Increasingly necessary with each new or subsequent
phase in the P&T lifecycle

Optimize P&T
o L Remedy
= Fully utilize the existing network of long-screened wells

 Characterization activities include
» Sampling and testing during drilling \
= Collection of more contaminant

concentration and flow profiles in
existing wells

» |dentification of higher
concentration zones for possible

— ' Performance
— Assessment

Isolation
= Mature and test next generation of Performance-based P&T remedy [ SRS
profiling technologies and methods  optimization framework (ITRC; or Site Closure

https.//pt-1.itrcweb.org/life-cycle-
optimization )
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Integrated Site Characterization

¢ BorehOIG data IS the ‘gO|d, Standard Define the problem and uncertainties

and assess the CSM

however....
u EXpG”Slve Identify data needs/gaps & resolution

= Spatial interpolation required, may not
capture heterogeneity, anistropy

Establish data collection objectives

» Gaps between sampling events, trends e e R R,
== may not be fully captured in quarterly or
= annual sampling Select Investigative Tools
= + Geophysical Data
; : = Improved spatial coverage
&, = Minimally invasive v _
= Cost-effective (compared to well sampling) L.
Geophysical data is best used when ER
complementing borehole data and should y
not be considered a replacement e e e s

(ITRC 2015b) https://rmcs-1.itrcweb.org/4-adaptive-site-management/



https://rmcs-1.itrcweb.org/4-adaptive-site-management/
https://rmcs-1.itrcweb.org/4-adaptive-site-management/
https://rmcs-1.itrcweb.org/4-adaptive-site-management/
https://rmcs-1.itrcweb.org/4-adaptive-site-management/
https://rmcs-1.itrcweb.org/4-adaptive-site-management/
https://rmcs-1.itrcweb.org/4-adaptive-site-management/
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« Geophysical data collected is governed by several properties related to remedial
« Since geophysical data is
sensitive to multiple physical

processes
Surface area
| (S)
Moisture
SRENE, properties, the interpretation
| can be non-unique
Geophysical Groundwater ~ \ N Flud — d
g composition conductivity
ata (ow)

orosity (43 Temperature * The interpretation will be

Y At (N more robust when using

several different methods,

Subsurface

Saturation<_ B
(S=4d9g)

iIncluding all available site
data
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- Characterize and monitor complex sites?

* Hanford Site Case Studies
v Refining geological framework models
v"Remedial soil flushing
v"Monitoring of reactive amendment applications

* Applications and Knowledge transfer
v' Sampling analysis plan (SAP) — Method Selection Tool (MST)

Methods Toolbox [References) M“”:m'm Site Conditions | Well Constuction Ouerall -
poo Recommendat

Borehole Hydraulic Testing in Existing Wells

Z1. Flug Tests -* I L L b4
Z22_ Pumping Tests [constant rate, step drawdows, etc.] ||
il _

Single-well L L il -

Multi-well L - - =
23. Borehole Flowmeter [=.g9. EBF) L L L L
Zd_ Tracer Testin q

Simgle-well L & L L




% What can geophysical methods offer to

Pacific
Northwest

- characterize and monitor complex sites?

« Hanford Site Case Studies
v Refining geological framework models

Methods Toolbox [References) Mwm:;c[:gﬂm Site Conditions | Well Constuction Ouerall -
Borehole Hydraulic Testing in Existing Wells
Z1. Flug Tests L L L b4
22_Pumping Tests [constant rate, step drawdows, ctc.)
Single-well L L il -
Malti-w el Ll = = H
23 Borehole Flowmeter [2.g. EEF] L L L L
Z2d_ Tracer Testing
Simgle-well L & L L
Malti-w Il L i L H
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Seismic Reflection, Refraction

0.1

Some typical
site conditions

High Velocity Sediment
(e.g., overconsolidated crust)

Low Velocity Sediment
(e.g., muds, loose sands)

Array of Horizontal
«— Geophones —>

SR o N o SR S Y o U o VNN . Y . N . N—

High Velocity Sediment L Y ",3‘
(e.g., glacial till, —> —
compact gravels) Q 0.4
Moderate to High E
Velocity Bedrock Vs~70-250m/s
\ 0.5
Ray paths TR
£e i // Vs~500m/s* e :
Refraction e ‘;’ e 0.6 Ll o g ' : a A j /"
"""" Reflection T T T T T T T T ys-oniimis T . o Y : . g o o
e e R e :/Sl 210?0:“"181 - ' I} a Comh g 1 . Yy : IJ...'.II'.* 'l'l"l
. A ' : - First Arrival

Hunter et al. (2015, 2022) .7

0.8

400 -300 -200 -100 O . <400 -300 -200 -100 O
Offset (m) Offset (m)



https://link.springer.com/article/10.1007/s10950-021-10042-z#ref-CR33
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200 East 200 East
North South

TS e o= HA

Hf2

Hf3

ool oy

A Al e e

I PR
- I e

Competent Basalt

upper gravel dominated — Rwia
unit A silttmud dominated — Rwia-smd
lower gravel dominated — Rwia-lgd

n
{=C
N
152
E -
=
@
i

I Basalt
[T

FY23-Line2
T 2 km . o
- "f‘_-Tm_-‘Tj A ,
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Elevation (m)
o
o

-h
o
o

Elevation (m)

W I, "'
_;\M """"

e "J'o i T
\A’mw“ "q # "

Elevation (m)

2500

\ ey Wi \
rat Y P

. W by il
N LMJ'}*,_
- o L Ay e ™

i) g iy T ey h"' "“

] 3

h ,_I"‘ ‘1'.'I| \ i

h .l.,_l_;'d"\l"".h' Il]""wl “\“;Lf ‘\,..._,-r..r - ”
F
Wiy v J' vy '

2000 1500 1000 500 0
Meters

Suprabasalt units other than
Hanford formation are absent

Reflector is the top of basalt, small
Vp anomaly correlates with basalt
topography imaged by pre-stack
depth migration (cyan circle)

Wells confirm absence of Ringold
Formation



bortic South of 200 East Area
it (NMO-shallow)

FY23-Line3

FY23-Line2
e 2.KIM
s . . N . R
FY23-Line2 FY23-Line3 FY23-Line4 FY23-Line1 0
200 |
E : 0.1
G 150 el
= ',l "-r..l
R ¢ 0.2
< 100 =4
FY23-Line1
50 — —— — - T P ™ it P Ny N 0.3
0 500 1000 1500 2000 2500 0 500 1000 1500
Distance (m) Distance (m)
. . . . 0.4
5000 FY23-Line2 FY23-Line3 FY23-Line4 FY23-Line1
4000 200§ 0.5
- E
£ 3000 S 150 '
a = 0.6
~ 2000 s '
% 100 | e ong? First Arrival
1000 FY23-Line4 0.7 g’ 4| ———Shallow V=950 m/s
50 \ ! ; o DeepV_ _ =1800 m/s
0 500 1000 1500 2000 0 500 1000 1500 iy
Distance (m) Distance (m) ' ) 0.8 '
400 -300 -200 100 O 400 -300 -200 100 O
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i F@nce Diagram

Ringold Units missing [ e i
Ringold Units thicken to - g
SOUth 3 : | FY23-Line2

PRUISZEZAS

T

e 2. KM

- —

%10°

Basalt Dips to South

5 5.74
=10 5.745

Easting (m) 5.755 Northing (m)




% What can geophysical methods offer to

Pacific
Northwest

- Characterize and monitor complex sites?

« Hanford Site Case Studies

v"Remedial soil flushing using Electrical Resistivity Tomography (ERT)

Methods Toolbox [References) Mwm:;c[:gﬂm Site Conditions | Well Constuction Ouerall -
Borehole Hydraulic Testing in Existing Wells
Z1. Flug Tests L L L b4
22_Pumping Tests [constant rate, step drawdows, ctc.)
Single-well L L il -
Malti-w el Ll = = H
23 Borehole Flowmeter [2.g. EEF] L L L L
Z2d_ Tracer Testing
Simgle-well L & L L
Malti-w Il L i L H
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Real-time Autonomous ,.;2?\3‘5?;3;””“
4D monitoring: o T

Hanford 100K Area Soil
Flushing Test

former chromium tank and 2022

flush zone boundary transfer pipes

 VVadose zone hexavalent surface electrodes . ¥ s T backfill/pit

chromium contamination from IRERS N el T interface
historical operations g101 mu
: S 140 - Lo
« Clean water applied at 3 150 | extraction |~
>
surface to flush water to g N v
aquifer
* Removed via pump and treat surface electrodes ~__ P |
: : : = 150 F.. """ - . Baokfill (coz |
* Monitored with sampling and E " ; Backill(coarse gravel)
. . S 140 = backfill/bit > >
4D ERT Imaging = : interface Hanford Fm. (sand and gravel)
E 130 extraction _,/-/'“
L . 4 wells ¥ Ringold Fm. (sand and silt)
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Real-time Autonomous
4D monitoring:

Hanford 100K Area Soil
Flushing Test

« Results provided an
enhanced understanding of

= |nfluence of the backfill
material

= Preferential flow paths
and flow distribution

569.42 569.44 569.48

—— 183-KE sodium dichromate tank
—— 183-KE french drain and rail spur

—— sodium dichromate pipelines .
infilfration zone boundary Change.In Corie (.agl EC/ED)

p ) T

Day.Hour=403.09 -0.20 -0.10 0.00 0.10 0.20




o

Pacific
Northwest

NATIONAL LABORATORY

ERT, Multiphysics
Simulation and
Machine Learning

* Using all available data to
calibrate a flow and reactive
simulator (PFLOTRAN)

* Flow, transport, ERT

= Flush water application
locations and rates from
actual test

= 28 days of flushing
* ERT every 2 days

= 29 unknown input
parameters

surface electrodes - _
Ny K-36  K-24(K-188

3 150 Fo _ ZZesmemss Backfill (coarse gravel)
g 140 4 backflbit |

E interface Hanford Fm. (sand and gravel)
o 130 extraction

L \4 wells Ringold Fm. (sand and silt)

Parameters Estimated for Each Unit
Porosity, horizontal permeability, vertical permeability, Archie’s parameters (4),
Van Genuchten parameters (3)
- Plus: native pore water fluid conductivity, flush water conductivity

Example Simulation: Change in Saturation at 14 Days

VAAAAAAAAAAAL

LAAAAAAAAAA

Hanford Fm.

Ringold Fm.

NAAAAAAAAAAAI

Ringold Fm.
60 80

20 40

0
e Easting Distance (m)

Change in Saturation (m)

0.0 .25 .50 .75 1.0
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1. Generate Training Data

ML for Calibrating Simulators with Uncertainty
Modified Generative Collaborative Network

2. Train Discriminator

) a9 8 i :
Random (bounded) = PFLOTRAN Parameter e ‘Fit’ for a given
parameter sets Training Data: Generate Sets / - s s s » model with
ERT or other Data PFLOTRAN == actual field data
models Discriminator is trained
Compute ‘Fit’ with actual to predict ‘fit’
field data
3. Train Generator
Rand Predicted A A
andom s redicte o 8 e e - op s target ‘fit’
. ® NS ==p StOo
vector - : | parameter |7 s Er At met? "
sets :%a= Yes

Traine
Discriminator No
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- Characterize and monitor complex sites?

« Hanford Site Case Studies

v"Monitoring of reactive amendment applications using
Induced polarization

Methods Toolbox [References) M“”:m'm Site Conditions | Well Constuction Ouerall -
poo Recommendat

Borehole Hydraulic Testing in Existing Wells

Z1. Flug Tests L L L b4
Z22_ Pumping Tests [constant rate, step drawdows, etc.]

Single-well L L il -

Multi-well L - - =
23. Borehole Flowmeter [=.g9. EBF) L L L L
Z2d_ Tracer Testing

Simgle-well L & L L

Malti-Well L i L -
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TcVII

ZVI or SMI e

Current ‘

Water filled
pores

Potential §
electrodes

i\\‘;—.(.J.‘

Lo

ﬁoure uidistanteleétroaes,two otential 1. s’
q p 3 ; : .‘ ,

(sensing) and two current (injection) - >

Laboratory column experiments collecting
temporal induced polarization (IP) data at
multiple frequences

» o IP measures provides information on the
Step 1: Initial zero Step 2 Step 3: Fe*? oxidation volume concentration, size, porosity, and

valent iron (with or Fe*? oxidation and and precipitation possibly mineralogy of electron-conducting
without sulfur) dissolution minerals
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AAAAAAAAAAAAAAAAAA Complex resistivity, ERT + Induced Polarization

* Electrical resistivity tomography (ERT)
* lonic and surface conduction (pore space physical properties)

* Induced polarization (IP)
= Reversible temporary charge storage (physical and geochemical properties)

=
@
= ]
L —
) »
U E ]
F ] °
2 z -
=]
5 2 ®
[ 3 ]
S 4
g g
E E
o
o
£ 2 %102 1
ek
100 1Hie
T —T—T—TrrTrT —T—Trrrre ———r T T — Ty Sman — T —T—T ——rrrr —T—TrrrTeT + —r T T
103 102 10-1 107 10! 107 103 103 102 10-1 100 10} 107 107
Frequency (Hz) Frequency (Hz)

Used together, ERT + IP provide detailed insights into subsurface environments.
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% Real Cond (S/m) Phase (mrad)

0.001 Hz

IP synthetic field
imaging

* Using laboratory values at
different frequencies,
synthetic field data was
generated

0.01 Hz

0.1 Hz
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1 Hz

IP synthetic field
imaging

Real conductivity (ERT)
answers:

= \Where is the
amendment located?

Phase (IP) answers:

= \Where is the oxidation
and reduction
occurring?

= What is the best 100 Hz
frequency to monitor
chemical reactions?

10 Hz
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- Characterize and monitor complex sites?

« Applications and Knowledge transfer
v'Sampling analysis plan (SAP) — Method Selection Tool (MST)

Method Contributes Owerall
Methods Toolbox [References) : Site Conditions | Well Constuction :
to OO0 Recommendation
Borehole Hydraulic Testing in Existing Wells
Z1. Flug Tests -n L L b4
Z22_ Pumping Tests [constant rate, step drawdows, etc.] ||
1] | =
Single-well L L il -
Multi-w ell (] = = ]
23. Borehole Flowmeter [=.g9. EBF) L L L L
Z2d_ Tracer Testing
Simgle-well L & L L
Malti-w ell L ] (] L ] H
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NATIONAL LABORATORY K n OWI e d e I ra n Sfe r Hydraulic S Surface During
i Drillin ‘
g Testing ‘] Geophysics Surface g9 |

= g Crosshole to Hole Borehole If [T
Geophysics Geophysics A

Motivation

» Facilitate an integrated and systematically
planned strategy

* Provide an access point for engineers,
hydrologists, geologists, project managers
and regulators to site characterization
methods

Goals Sample Analysis Plan (SAP)-

» Provide a common starting point for Method Selection Tool (Tool)
communicating how to meet site An excel based tool to facilitate a
objectives through method selection tools common starting point and

communication amongst remediation

* Design a tool that is easy to use and .
professionals

navigate

43
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Surface Borehole Existing Wells
| + Electrical resistivity tomography (ERT) | « EM Logging * Slug Tests
® . Induced Polarization (IP) - DAS/DTS " etoyPing (constant rate, step drawdown,
- Electromagnetic (EM) (frequency and | « Neutron Porosity/Density Logging = Single-well
time-domain) Neutron Moisture = Multi-well
. u istu
« Ground penetrating radar (GPR) Gamma/Spectral Gamma Logging * Borehole Flowmeter (e.g EBF)
J I . . . .
. Seismic Methods o Tracer Testing (single, multi-well)
—— * Resistivity
=— « Magnetics . . _—
= | + Optical Televiewer (OTV) Testing During Drilling
= Surface-to-Hole and Crosshole . Fluid EC  Depth-discrete hydraulic testing
-' = Slug
&% . ERT . .
' » Acoustical Televiewer (ATV) = Pumping Tests (constant rate, step
» Seismic _ drawdown, etc)
* Nuclear Magnetic Resonance (NMR) 0 Single-well
« Vertical seismic profiling (VSP) Logging Q Multi-well

« Sonic Logs « Sampling (Soil and Groundwater)
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wewuese |dentify Theme, Sat/Unsat, General objectives

* Draws from the Data Quality Objective (DQO) process to guide / plan for resource effective
acquisition of data

« General themes are provided, and specific site objectives are grouped between saturated
and unsaturated zones into Generalized DQOs

Saturated Zone
¥ Generalized DQO F_1 |Characterize the spatial distribution of
contamination
Contaminant Distribution and Behavior
F-7 Determine vertical contaminant concentration
Unsaturated Zone profile
A-1 Determine spatial distribution of contaminant Geology G-1 |Characterize the extent of specific geologic units
SOUrce
Contaminant S5ource and Behawvior B B - i )
A2 Determine downw ard Aux of a contaminant source Characterize spatial distribution and heterogeneity
= to groundw ater [vadose to saturated zone) H-1 |of hydrogeaclogic properties [e.g. groundwater
= velocity, preferential flow pathways. high K zones]
3 Geology B-1 DE'IZE'II'I_'III'IE subsurface structure [stratigraphy, soil
type. lithology) Estimate well and aquifer properties that relate to
= Hydrogeologic Properties H-2 groundw ater flow [e.g. specific capacity, hydraulic
1 Hydrogeologic Conditions C-1 (Estimate hydrogeologic properties [e.g., Kunsat] [spatial, lateral, vertical, leakage?) conductivity, specific yield andlor storage. aquifer
thickness])
H“f‘“"' vadose zone system d5'“a“"_i“5 ['E'-"-:!-- ) Estimate hydrologic properties that relate to
D-1 |moisture content changes. contaminant migration, H-3 |contaminant transpon [e.g. porosity, dispersivity,
etc.] sorption, mass transfer rates)

Monitoring Monitor aquifer system dynamics [e_qg.. saturation
Monitor the spatial and temporal distribution of an I-1 |change. water table fluctuation, contaminant
amendment [e.g.. delivery and transport of an migration, etc.]

O0-3 |injected chemical amendment, changes in moisture - - —
. _ n ) Monitor active remediation. such as extent of
or porew ater saturation during soil flushing] e i
d specific injectate [or amendment]) as delivered
[vadose zone) L -3 [e.g.. injected]. This could be for a specific
] Monitoring objective such as contaminant containment andior

Subsurface Detection E-1 Detectidelineate 5ub5_urfa|::e targets le.g.. source containment. Monitor contaminant migration
archaecology, tanks, pipes, etc.1[vadose zonel in response to active remediation.

-4 Monitor post-active remediation conditions [e.g,
monitored natural attenuation [MNA]]
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Specify your site conditions

L Site Conditions

Is the investigation during drilling [i.e.. not post
drilling)?

2 Are there nearby wells that can be used For
hydraulic observation?

Iz the goal depth of investigation [(O0O1) > 302< of the
length of a possible survey line?

Is there a large Auid conductivity contrast between
q native groundw ater and target Fluid=s [e_q..
contamination, amendments]?

¥ Well Construction
10 |Yhatis the well casing material?
Are the screenls] or open interval long relative to
1 R
the length of the casing?
12 YWhat material is in the annular space, around the
casing 7
13 |If there's a pump in the well, is removal possible?

5 Is the target depth of investigation [DO1] within the
top o m?

& Iz disturbance of the ground [e. g.. installation of
electrodes or geophones] prohibited?

Is there cultural EM interference [utilities, metal
pipes, etc.]

8 Are there high conductive shallow materials in the
near subsurface?

3 I= GPS signal problematic at the site?

Site conditions and well construction
qguestions represent controlling factors
for/against the implementation of one or
more geophysical or hydraulic methods
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e [flethods recommended

v" Recommended
X Not recommended

Not applicable

e Criteria did not limit the selection of a method
o Criteria did limit the selection of a method

Methods Toolbox [References) Mﬂmfuc;[:;ihumi Site Conditions | Well Constuction Hem:::;?!latiun
Borehole Hydraulic Testing in Existing Wells
21. Slug Tests L & =
22 Pumping Tests [constant rate, step drawdows, etc )
Single-well L & =
Malti-well = = =
23 Borehole Flowmeter [2.g9. EBF) L & L o
24. Tracer Testing
Simgle-well L & & ot
Multi-w 1l & & ®
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e [lethod detalls are provided

Method Contributes . . Overall
Methods Toolbox [References) to DQO Site Conditions | Well Constuction Recommendation

Surface Geophysical Methods

1. ERT - Electrical Resistivity Tomography

L ] ] o

2. Induced Polarization

3a. FOEM - Frequency Domain Electromagnetic Time Domain EM - = -

%;y/ Electrical Resistivity Tomography (ERT)
4_ GPR - Ground Penetrating Radar PN NL . o . _ "

Measures: Electrical resistivity to interpret (hydro)geologic features and contaminant transport within subsurface.

5. Seismic Methods

PROVIDES

« Identification of subsurface features, including bedrock, saturation levels, porosity, and zones of electrical conductivity

variation.

6. Magnetics

« Detection of fracture zones and conductive pathways, aiding in site characterization.
+ Continuous monitoring of subsurface trends, such as changes in groundwater flow or contaminant fransport.
« Valuable insights into the hydrogeology of a site, including aquifer properties and contaminant movement

DETAILS A Line 1 A B Line 2 B'
+ Electrodes are shallowly inserted into the ground in a linear or 2D array, with investigation depth depending on electrode T a

spacing (~0.2 — 0.3 times the survey length) =
+ Induced polarization (IP) data, capturing chargeability and pore-fluid properties, can be collected simultaneously using the Elg

ERT setup.
+ Surveys require accessible field space and reliable power sources (e.g., solar panels or batteries) for extended monitoring,
+ Conducted on land and water.

OPEN-SOURCE INVERSION SOFTWARE FOR 2D & 3D ERT DATA
« E4D (https:/iwww pnnl.gov/get-e4d)

Battery Ammeter
4l ]
A U
Voltmeter
Current Potential fjPotential A Current
+ +| - - '
p—

Depth (M) Depth (m) Depth (m) Depth (m)
ot
o A O bhoNEON® LD

-
~

o 10 20 30 40 50 60 70 80 1] 10 20 30 40 50 60
Distance (m} Distance (m)

Change in bulk conductivity (S/m)

Current flow lines| 0.0002 0.002 0.02
Schematic diagram of a Schlumberger array. Current and Elecirode configuration for resistivity imaging used to Example of time-lapse electrical resistivity imaging produced over the first 5 days of phosphate infiltration for uranium
potential electrodes are used to inject current and measure monitor in situ soil flushing at the Hanford 100-K East Area sequestration. (Johnson et. al,, 2022)
resistance. A geometric factor (based on electrode array and (Johnson et al., 2024).

=7\
\

@

ANNS

spacing) is applied to obtain apparent resistivity.
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« Selection Logic Matrix provides more detail on method selected
= An v indicates that the Generalized DQO was selected
= |f an X is shown in the Site Condition or Well Construction section, this rejected the usage of

this method

* |f a method is not selected and there is no X, the method is not appropriate to meet the needs
of the Generalized DQO selected

* Allows the user to determine impacts of individual selections

Method contributes to Active DQO Site Conditions ‘Well Construction

Methods Toolbox (References) Recommended A-l A2 B-1 1 o-1 -3 E1 F-1 F-2 61 H-1 H-2 H-3 -1 -3 -4 1 2 3 a 5 [ 7 a 9 10 11 12 13

Borehole Hydraulic Testing Determine downward [

» fluzx of a contaminant L4 #®

rawdown, etc.] grnundwater (VadDEeE

to saturated zone)
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AAAAAAAAAAAAAAAAAA Take aways

« Geophysical methods are being implemented and explored for use on the
Hanford Site to provide characterization and monitoring solutions for:
v Refining geological framework models (Seismic reflection and refraction)
v"Remedy monitoring (Electrical resistivity tomography)
v"Monitoring of remedial reactions (Lab based induced polarization)

* Applications and Knowledge transfer are allowing for access to unfamiliar
tools and a common starting point for site investigations

v'Sampling analysis plan (SAP) — Method Selection Tool (MST)
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