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Key Questions

« What are the challenges in and reasons for using geophysical
techniques for characterizing deep geological repositories in
crystalline rocks?

» Crystalline bedrock units may not have easily defined geometries

* Imaging and characterization of fractures critical for safety case

 Are there any lessons learned from other industries (e.g., geothermal,
carbon sequestration, oil & gas industries)?

» Geothermal uses of geophysical methods may be most appropriate analogue, given
that some geothermal resources are hosted in crystalline rocks (not the case for
hydrocarbons, CO, storage)

« What are the scales of investigation and imaging resolution required?
» Large-scale features (faults, major contacts) can be resolved using surface methods
 Small-scale features (EDZ, fractures) detected using subsurface (borehole) techniques
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What Types of Geophysical Methods Can Be Used?

Geophysical
sensing

e Seismic methods

» Active (reflection, vertical seismic profiling (VSP), cross-well seismic)
« Passive (acoustic emissions, ambient noise, seismic monitoring)

Electrical methods

* Time-domain electromagnetics and magnetotellurics

» Electrical resistance tomography

Potential field methods
o Gravity
* Magnetics

Borehole logging methods

« Temperature, resistivity, neutron density, gamma, optical & acoustic

televiewers, full waveform sonic

Fiber optic sensing methods
 Distributed temperature sensing (DTS)
 Distributed acoustic sensing (DAS)
 Distributed strain sensing (DSS)
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Geophysical Characterization Technlques —
Seismic Methods e

e Seismic reflection - identify subsurface
geology and structures

« 3D seismic methods not used often to characterize
crystalline rocks due to lack of coherent structures &
stratigraphy, cost

e 2D seismic can be used to map out major subsurface
structures

 Cross-well seismic and vertical seismic
profiling (VSP) - look for seismic velocity
changes due to different lithologies and
presence of fractures & damaged rock

In Meters

THTHIIE T T R
Depth

: o _ _ Utah FORGE site — Top: 2D
e Seismicity — look for location of active faults seismic reflection profile (Simmons

and assess stress regime etal., 2021). Bottom: VSP profile
with Vp model (Nakata et al., 2023)
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Geophysical Characterization Technigues -
Electrical Methods

Electrical resistivity (time-
domain electromagnetics
(TDEM) &
magnetotellurics)

Streaming potential

Electrical resistance
tomography
Electrical methods useful

to detect changes in
electrical conductivity

* Presence of saline brine
* Presence of clays
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MT Cross Section — Medicine Lake, CA
(Cumming and Mackie, 2010)

4000

A NW ® Rim Rim SE
ol w M~

3000 8 A cleds E o Ho = o N

SR IR O ; EOSEy 3003 ¢ |

= s 5 g yE e %Eﬁ’ngﬁa%@“’ : 3 R

. i 4 A

@ 2000 - - L

= —

c 1000

]

.;

S o

2

L

EEEEEEEEEEEEE Ofﬁce Of

6 ENERGY ‘ NUCLEAR ENERGY



Geophysical Characterization Technigues -
Potential Fields Methods
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Both methods can be
used to identify buried
structures, and
Interpretations are
model-dependent

Joint inversion can
result in higher
resolution subsurface
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Complete Bouguer anomaly map of Milford Valley area and
resulting granitic basement model (Fercho et al., 2024)
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Geophysical Characterization Technigues -

Borehole Logging Methods

Optical and acoustic televiewers

* Imaging of foliation and fractures to determine their
distribution and orientation

* Identification of borehole breakouts and drilling induced
tensile fractures to estimate stress orientations (S ;ax)

Resistivity logs

Neutron density logs

Gamma logs

Fiber optic sensing (DTS, DAS, DSS)

Full waveform sonic logs

Extensive borehole logging conducted at

Forsmark (Sweden), Beishan (China) &
ONKALO (Finland) (Fabishenko et al., 2016)
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Borehole breakouts in 16A(78)-32
well, Utah FORGE (Xing et al., 2022)
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Tsang et al. (2016), Doughty et al. (2017)
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Parameters that can be estimated for each
hydraulically conductive inflow zone:
“»Depth z

“*Inflow rate g

*»Formation water salinity C (~ to FEC)

The Flowing Fluid Electrical Conductivity
Logging Method

 Peak height is
proportional to product
of inflow rate g and
formation salinity C

 Flow up the wellbore will
cause peaks to skew
upward, proportionally
to 2q

 Model peak growth with
computer code BORE Il
to fit observed FFEC
profiles and thereby
parameters of inflow
zones

Infer
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Integration of Geophysical Methods

Drill site & Drllrhz

e Use of different geophysical
methods at different scales
can provide increased
confidence In site
characterization

e Joint inversion techniques can
also be applied to improve
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Seismic reflection data (above) with interpreted fracture
zones, combined with borehole data to develop an \
improved fracture model for the Forsmark site (below). il faletelaltaly

Blue lines depict boreholes, black lines are interpreted
fractures; green dashed line shows location of upper
seismic section (SKB, 2008). 10 ENERGY | oot
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Geophysical Monitoring

e Detection of fluid movement in the
subsurface

 Localized thermal and hydraulic
stresses can impact fracture opening
and fluid movement

injection
point

fore ]Aher
tir jon 1 lation 1

DAS ambient noise 10!
profiles before and .|
after stimulation,
with peaks
corresponding to
open fractures for
well OB, EGS |
Collab project (Li et 40/
al., 2024) a5t
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Geophysical characterization of EDZ

« Damage zone created by
excavation could create
hydraulic connections to open
fractures in crystalline rock and
change local stress conditions

e Extent of damage zone can be o == e T
evaluated using variety of
geophysical techniques,
Including ground penetrating
radar (GPR), P-wave velocity, & |
acoustic emissions (AE) B RS N

Distance (m)

(c) (d)
Characterization of EDZ at the Beishan Underground Research Laboratory
using GPR (b), seismic velocity (c), and AE (d) (Wang et al., 2018)
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Coupled THMC Behavior of Anisotropic Granite for
Geologic Disposal of High-Level Radioactive Waste

Motivation
: - Samples
 Rock failure and permeability and
evolution are time dependent apparatus

* Fractures, temperature and
fluid/chemistry further
complicate the time- Case 1
dependent behaviors, while 90 °C
laboratory data are limited

* As another “bottleneck’” issue
In repository design and 14800 psigd0% TCS
performance assessment, the
anisotropic behavior of flow
and deformation within EDZ
rock needs systematic study

14800 pgj, 40% TCS 2000 psi

725 psi 1500 psi

15% permeability reduction | Shear failure within 2 days after heating | 75% permeability reduction

Results

Chang (in prep.); Hu et al. (2022)
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Takeaway Messages

e Fracture characterization key input into
DFN models — critical for crystalline

disposal safety case evaluation . .
] _ Pillars from previous DOE SubTER program
° Geo p hyS I Cal teC h ni q UES to b e us ed Subsurface Control for a Safe and Effective Energy Future
d e p e n d O n S C al e Of m eaS u re m e nt w.“bomlAdaptlve Control of Subsurface F:cturg:"avnd Fluid Flow |
and Drilling f::fm.fm Manipulation & Fluid "“";"::‘,‘:"“‘
« Some geophysical methods provide —

non-unique interpretations; use of o
multiple methods can improve il | o | peeswae | ou—"m
resolution and increase confidence mEmRT O ORRRT TR <SS

Remediation tools and

» Collaboration between nuclear waste, ey || R | SRR
geothermal, fossil energy, and geologic e R
CO, sequestratlon R&D efforts for R || e [ o | e
subsurface characterization is critical { — ;

https://www.energy.gov/subsurface-science-
technology-engineering-and-rd-crosscut-subter
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