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Motivation

* Successful storage of large volumes of CO, in the subsurface
requires improved understanding of the state-of-stress in the
subsurface in order to mitigate the hazards associated with
storage integrity and induced seismicity.

* Significant advancements have been made in carbon storage
technology. However, key gaps in experience and knowledge
remain. One of these key gaps is the lack of certainty in
predicting the geomechanical impacts of pressure migration due
to Injection into a storage complex.



Project Goal

* Develop methodologies to constrain the in-situ principal stress,
at and below reservoir depths (1.5-6 km), through use of
multiple independent, but complementary seismic methods,
laboratory verification, and development of theoretical
frameworks

* DOE & Southern Co. funded 4-year 2
roject N %
proj oy eV
— $2 MM DOE & $500k cost-share Ty: rx}./ \L
Oy e‘ XX
— 2018-2022 (with 9 month no-cost = ; T 7
extension) , A T=,
Oyy
— Area of study: southern Kansas & | /P
northern Oklahoma — wastewater o.,

injection as proxy for CO, Hudson et al., (2003)
3



Project Participants

EPRI N NATIONAL
L. Chiaramonte, PhD, PI TL TECHNOLOGY
R. Trautz LABORATORY
I
I | |
Seismic Analysis Laboratory Testing Theory & Models
LLNL ou EPRI
K.A. Kroll, PhD J.I. Walter, PhD L. Chiaramonte, PhD,
E.M. Matzel, PhD B.M. Carpenter, PhD '
C. Morency, PhD A. Ghassemi, PhD )
/ “ LLNL
J.A. White, PhD Industry Advisor
USGS K.A. Kroll, PhD ryl :
E.S. Cochran, PhD ~
D. McPhillips, PhD South
ELECTRIC POWER F‘v-/ ou ern
EI:E' | RESEARCH INSTITUTE ‘{ USGS Com pany
OU science for a changing world

R.A. Esposito, PhD

J.l. Walter, PhD ) )
B.M. Carpenter, PhD M Lawrence Livermore N :
A. Ghassemi,PhD ) National Laboratory % Southern Company )



Methodology

/ Seismic Analysis \
Task 2

Seismic processing tools (VSM
& SWS) applied to seismicity

catalogs (from matched filter

\ techniques) /

/

Laboratory Testing \

Task 3

Stress estimation methods
validated by controlled
laboratory experiments on
relevant local rocks
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/ Theory & Models

Framework to understand links between local injection
information, observed changes in spatial and/or
temporal principal stress orientations, absolute
magnitudes of the stress field, and subsequently

>

\ observed geophysical signals /



Presenter Notes
Presentation Notes
Development will be carried on in three stages:
Method development - Kansas (BP1 & BP2)
Method refinement – Oklahoma (BP3)
Method validation – California (BP4)



Methodology (In-scope modification)

Development will be carried on in three stages:
* Method development - Kansas (BP1 & BP2)

* Method refinement — Oklahoma (BP3)
* Method validation — California (BP4)

* In-scope modification to focus on VSM-MT
uncertainty quantification and VSM-MT

comparison to traditional methods
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Theoretical framework to constrain the in-

situ stress & understand impact of
injection in this region

* Based on minimum stress magnitudes, overburden stresses, relative stress
ratios from FM inversion, estimates of Coulomb failure criterion for pre-
injection seismicity, & fluid pressure change due to injection

* Quantify stress conditions along faults during injection & inform whether
fault re-activation is due solely to increases in fluid pressure or rotations in
the stress field

* The fundamental concept suggests that

— standard deviation of range of re-activated fault orientations will be
larger during injection compared to before injection if the triggering
mechanism was caused by pressure changes

— conversely, a shift in population mean, would indicate a rotation in the
stress field, mostly likely associated with the disruption to the
subsurface


Presenter Notes
Presentation Notes
Focal mechanism inversion – 3/6 stress tensor components
Coseismic stress change – 2/6 stress tensor components
Total 5/6 stress tensor components
Isotropic - from pore-pressure change and geomechanic model
Can only be performed when focal mechanisms are available. 



Seismic Analysis (Task 2)

Evaluate the spatial and temporal rotation of the stress field

1. Matched Filter Catalog Development: reduces Mc and
increases number of events in catalog

2. Focal Mechanism and Moment Tensor Analysis: provides
kinematic estimates for fault slip; FM inversion recovers stress
tensor components

Seismic Interferometry: subsurface properties

3. Ambient Noise Tomography (ANC): uses the energy of the
ambient background field

4. Virtual Seismometer (VSM): focuses on the source region

5. Shear Wave Splitting (SWS): estimates of the change in crack

orientation and aperture due to injection



Accomplishments to Date Task 2:

Seismic Analysis

— Task 2: Seismic Analysis

* Local spatiotemporal SWS & focal mechanism inversion
analyses using microseismicity in Kansas (USGS) and
expanded to OK

* Machine-learning/ Al EQ catalog created for 2010-2021 in Jones
area of central Oklahoma (OU)

* Continuation of VSM analysis from Kansas to OK (LLNL)

* Initial estimates of stress orientations and magnitudes conducted
for Jones area based on SWS & focal mechanism inversion

(USGS & LLNL)



Shear Wave Splitting: Southern Kansas

Longitude

* We consider 5,831 relocated e e A M
earthquakes with 45,022 manual S-wave
phase arrivals during 2014-2017.
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Shear Wave Splitting: Oklahoma

* Using a catalog of 5,508 earthquakes
in Central Oklahoma, we made
2,090 high-quality SWS

measurements.

* We found relatively stable fast
directions in the study region that

are oriented ~089° (nearly E-W).

* Gaussian regression using a circular
variogram model considering the
TESSA orientations creates a 2D
stress map of the study region.
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Accomplishments to Date Task 2:

Seismic Analysis

— Task 2: Seismic Analysis

* Local spatiotemporal SWS & focal mechanism inversion analyses

using microseismicity in Kansas (USGS) and expanded to OK

* Machine-learning /Al EQ catalog created for 2010-2021 in
Jones area of central Oklahoma (OU)

* Continuation of VSM analysis from Kansas to OK (LLLNL)

* Initial estimates of stress orientations and magnitudes conducted
for Jones area based on SWS & focal mechanism inversion

(USGS & LLNL)
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Machine-learning /Al to find smaller earthquakes

* Catalog created for 2010-2021 in Jones area of central Oklahoma
* Lowers magnitude of completeness by ~1 unit

* Focal mechanisms from OGS analyst-picked catalog events re-computed
using HASH (Hardebeck and Shearer, 2002) results in 351 “A” and 1,663 “B”

quality events

* ML catalog being utilized for SWS (USGS) and VSM (LLNL)

Event detections (2014-01-01 - 2015-01-01)
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Accomplishments to Date Task 2:
Seismic Analysis

— Task 2: Seismic Analysis

* Local spatiotemporal SWS & focal mechanism inversion analyses
using microseismicity in Kansas (USGS) and expanded to OK

* Machine-learning/ Al EQ catalog created for 2010-2021 in Jones
area of central Oklahoma (OU)

* Initial estimates of stress orientations and magnitudes

conducted for Jones area based on SWS & focal mechanism
inversion (USGS & LLNL)

e Continuation of VSM analysis from Kansas to OK (LLNL)

14



Stress Inversion for Jones, Oklahoma
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Stress inversion performed in MSATSI for 3299 events with HASH-FM solutions near Jones

Magnitude range from M0.1 to M4.8

HASH-FM: 85 quality “A”, 436 quality “B”, 403 quality “C”, and 2375 quality “D”
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Presenter Notes
Presentation Notes
We performed a near field waveform comparison, i.e., we compared the synthetic and overserved waveforms generated from the each of the 36 events to the 11 virtual seismometers network.
We calculated the corresponding cross correlation coefficients, which varies between 1 (perfect waveform fit) and 0 (no correlation).
Results show that both HASH and VSM-based MTs seem to perform similarly, although beachballs can show very different mechanisms – this highlights the wide range of uncertainties.
We plan on plotting HASH derived first motion on the VSM-based focal mechanism to check that the solution falls within the degree of uncertainties.  



The Virtual Seismometer calculation can
identify the style of slip
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The amplitude of the VSM calculation as observed at different

points highlights fault planes.

* We can quickly identify
it the earthquakes are
sliding along the same
tault plane

* Or solve for the
individual components 1f
they are different

LI Reiary

"virtual seismometer”

We have developed codes
to measure focal
mechanisms from VSM
waveforms
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Virtual seismometer method (VSM) for
moment tensor inversion
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— Identified a subsection in the Oklahoma Jones sequence to perform VSM-based moment tensor
(MT) inversion

— Selected 19 clustered events of quality A & B from a dense seismicity catalog using the HASH
algorithm => 19 events reinverted for full M'T solution and used a virtual seismometer network

— Using this virtual seismometer network of 19 events, we reinverted quality C & D events as well
as events without a HASH solution, for full MT solution 17

»  Can we get more information from V' SM-based full MTs for stress orientation characterization?


Presenter Notes
Presentation Notes
We performed a near field waveform comparison, i.e., we compared the synthetic and overserved waveforms generated from the each of the 36 events to the 11 virtual seismometers network.
We calculated the corresponding cross correlation coefficients, which varies between 1 (perfect waveform fit) and 0 (no correlation).
Results show that both HASH and VSM-based MTs seem to perform similarly, although beachballs can show very different mechanisms – this highlights the wide range of uncertainties.
We plan on plotting HASH derived first motion on the VSM-based focal mechanism to check that the solution falls within the degree of uncertainties.  



Virtual seismometer method (VSM) for

moment tensor inversion (VSM-MT)

Quality A & B events reinverted based on VSM
These 19 events are then used as a virtual seismometer network

Quality C & D events are reinverted using the virtual seismometer network
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Moment tensor comparison

- M2.9 Kansas event compared across three methods:

HASH Focal Mechanisms from first motion
VSM-MT [moment tensor and double-couple (DC)]
Full Waveform Inversion [moment tensor and double-couple (DC)]
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Laboratory Testing (Validation of results
from seismic observations) - Task 3

Task 3.1: Characterization of Mid-Continent Basement Rocks
* Measure seismic anisotropy in laboratory samples.
* Retrieve Vp/Vs measurements for basement rocks.

e Use thin sections to determine microstructural controls on
anisotropy.

Task 3.2: Synthesis of Petrophysical Observations

e Jlluminate regional basement fracture

20



Accomplishments to Date Task 3:
Laboratory Testing

Velocity anisotropy characterization in crystalline basement rocks of Oklahoma
and Kansas.

Observations were paired with thin-section characterization of fractures to
demonstrate the effect of intrinsic anisotropy on basement rocks.

Results show there is a considerable degree of velocity anisotropy in basement
rocks. The basement rocks are shown to exhibit both pressure- and
orientation-dependent velocity anisotropy regardless of the stress directions.

Microstructural observations indicate crack anisotropy varies in the basement
with depth, location, and rock type. Within certain lithologies, sufficient
intrinsic anisotropy exists due to microcrack orientations to affect in-situ
stresses determined by well log and geophysical measurements of velocity.

The impact of intrinsic velocity anisotropy may be mitigated though with
sufficient understanding of the regional basement lithology and comparison
with other stress field determination methods.

Current work focused on link measured lab anisotropy with SWS analysis. )



Project Summary

— SWS & focal mechanism inversion are independent methods of

inferring S ortentation & can be used in tandem to constrain stress

Hmax
orientations within/below reservoir depths.

— Sy Ofientations in southern Kansas determined from SWS
(~N78°E) and focal mechanism inversion (~N77°E) are consistent
with previous regional estimates (e.g., Alt & Zoback, 2016) of an ENE
orientation and provide greater spatiotemporal resolution. Preliminary
Stmax Oftentations in central Oklahoma determined from SWS
(N71°E) and focal mechanism inversion (N69°E) are also consistent.

— While our results do not indicate any significant spatiotemporal stress
rotation, both SWS and focal mechanism inversion rely on spatially
binning observations. The potential for local rotations (<10x10 km)
may not be resolved.
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Project Summary, cont

Completed VSM-MT for Kansas and Oklahoma event clusters

VSM-MT errors are smaller for OK than KS owning to better
azimuthal station coverage

Comparison of VSM-MT solution for largest M2.8 event in KS cluster
shows agreement with HASH-FM and full waveform inversion MT
(moment tensor), but only within error. Best fitting solutions appear
considerably different

We will continue to investigate the mechanisms responsible for the key
differences in MT's across various methods

Stress inversion are being completed for VSM-MT results for the
Oklahoma cluster and will be compared to the stress inversions from
HASH-FM
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Questions?

Laura Chiaramonte (EPRI) — Ichiaramonte.epri.com
Kayla Kroll (LLNL) — kroll5@llnl.gov

Elizabeth Cochran (USGS) — ecochran(@usgs.gov
Jake Walter (OU) — jwalter(@ou.edu
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Benetit to the Program

This project will assist DOE’s Carbon Storage program and industry to address key
gaps in experience and knowledge in Carbon Storage Technologies such as the
lack of certainty in predicting the geomechanical impacts of pressure
migration due to injection into a storage complex

— To be able to predict the geomechanical impact of commercial scale carbon
storage in the subsurface, understanding of the in-situ state of stress is essential.
The work proposed here will develop, test, and refine a set of diagnostic tools for
determining the in-situ stress state which will reduce uncertainty at and below
reservoir depths (>1.5 km), allowing for better predictions of the geomechanical
impacts of pressure migration in a storage complex.

Furthermore, it will assist with one of this FOA goals of developing tools to better
measure and understand the in-situ stress state, in particular the maximum
principal stress in the deep subsurface

— The work proposed here will develop methodologies through use of multiple
independent, but complementary seismic methods, laboratory verification, and
development of theoretical frameworks to better measure and understand the in-
situ state of stress, in particular, the maximum horizontal stress.
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Project Overview
Goals and Objectives

* Develop methodologies to measure the in-situ principal
stress, at and below reservoir depths (1.5-6 km),
through use of multiple independent, but
complementary seismic methods, laboratory
verification, and development of theoretical
frameworks
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