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To improve the microearthquake detection capability during the 2012 Newberry enhanced geothermal system
(EGS) demonstration, we applied two advanced earthquake detection algorithms to the continuous seismic data.
These techniques have the power to detect microearthquakes within the seismic noise that would otherwise be
missed using traditional techniques. We compare the e cacy of a matched eld processing algorithm with a
multi-channel waveform correlation algorithm. Both methods identi  ed between 60%-80% more events, with
each slightly outperforming the other indi  erent seismic noise contexts. Incorporating either template-matching
technique into a seismic processing routine could therefore e ectively increase the sensitivity of the seismic
network without changes to the existing hardware. Additionally, lowering the magnitude of completeness would

signi cantly add to the number of events that could subsequently inform future decision making at the reservoir

level.

1. Introduction

To engineer a sustaining subsurface geothermal system that pro-
vides clean and renewable energy, enhanced geothermal system (EGS)
technologies must create and maintain a hot subsurface reservoir that
allows for robust uid circulation loops between injection and pro-
duction wells (Brown et al., 1999). The creation of this reservoir re-
quires the injection of uids into the subsurface at optimal pressures
and temperatures to construct a complex interconnected fracture net-
work based on the pre-existing fractures within the matrix ( Evans et al.,
1999). This enhancement of permeability within the subsurface due to

uid injection is typically accompanied by microearthquakes ( Terzaghi,
1923), whose location and source mechanism can be a dynamic in-
dication of where fractures are being re-activated, or created, and the
extent of the stimulated zone (Jeanne et al., 2014; Rutqvist et al.,
2016). Therefore, microseismic mapping is a useful tool to characterize
the development of the subsurface fracture geometry of the reservoir.
Traditional earthquake detection and location techniques often are used
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to identify microearthquakes in real-time since they are fast and easy to
implement (Ambuter and Solomon, 1974; Allen, 1978). However, most
commonly used detection algorithms (e.g.STA/LTA detectors) can miss
a signi cant number of small events that are on the detection threshold
where the amplitude of the microseismic signal is at approximately the
same level as that of the background ambient noise or the coda am-
plitude of a recent larger event ( Trnkoczy, 2002).

As an alternative to traditional power detectors, template-based
detection algorithms have successfully identi ed small earthquakes in
di cult signal processing environments by using array-based waveform
correlation techniques (Gibbons and Ringdal, 2006). These template-
based techniques require a collection of representative, high signal-to-
noise ratio (SNR) earthquake waveforms recorded across a seismic
network in the frequency band of interest. These master templates are
subsequently used to detect events within the noise that are similar in
form, and thus similar in location and mechanism, to the original de-
tector. Template-based algorithms have been employed with great
success to identify small microearthquakes (M_>  4) during hydraulic

E-mail addressesempleton4@linl.gov (D.C. Templeton), jingbo.wang@anu.edu.au (J. Wang), mgoebel@stanford.edu (M.K. Goebel),

trenton.cladouhos@cyrgenergy.com (T.T. Cladouhos).

1 Present address: Australian National University, Canberra, ACT, 0200 Australia.

2 Present address: Stanford University, Stanford, CA, 94305, USA.

3 Present address: Cyrq Energy, Inc., 4010 Stone Way North, Suite 400, Seattle, WA 98103, USA.

https://doi.org/10.1016/j.geothermics.2019.101720

Received 17 May 2019; Received in revised form 10 August 2019; Accepted 23 August 2019

$YDLODEOH RQOLQH 6HSWHPEHU

< 7KH $XWKRUV 3XEOLVKHG BA\W(OQHREHQ DFEHVKLWUWLFOH XQGHU WKH && %< OLFHQVH

KWWS FUHDWLYHFRPPRQV RUJ OLFHQVHV %<















D.C. Templeton, et al.

*HRWKHUPLFV

Fig. 7. Example data from: (a) a newly detected M0.34 event that occurred on 19 November 2012 01:17:04.09 and (b) the corresponding M0.65 template event that
occurred on 06 December 2012 17:18:46.90. Each column contains plots from one station. The rst row shows the vertical component in the time domain. The
second, third and fourth rows show spectrograms of the vertical and two horizontal components.

Fig. 8. Map view plots showing the number of newly detected events as

lled circles: (a) during the stimulation and (b) after the stimulation. Catalog events are

plotted as small grey cirlces. Master events that did not detect any new events during the time period are plotted as small black circles. Surface and borehole seismic
stations are indicated by black and grey triangles, respectively. The surface location of the stimulation well is indicated by the black star.

PyWCC. After the stimulation, when the chance of having events from
signi cantly di erent source regions throughout the reservoir is les-
sened, the strength of the MFP algorithm, with its ability to detect
greater variations in source time history of subsequent events, becomes
more prominent.

Using the combined expanded earthquake catalog, we study the
spatiotemporal variations in seismicity during and after the 2012

Newberry EGS stimulation. At the start of the study, no detectable
microearthquakes occurred either during the "6 weeks preceding the
start of the stimulation program or during the  rst 13 days of the sti-
mulation. On day 14 the rst event occurred within the lower reservoir

and subsequent microseismicity was located roughly evenly distributed
around the stimulation well. Relocations from a subset of the 2012
events showed that events within the lower reservoir appear to
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Acronyms, Abbreviations, and Symbols

Term ‘ Description

2D Two-dimensional

3D Threedimensional

ANS| American National Standard Institute

ATLS Adaptive traffic light system

CcQ Carbon dioxide

CEUS Central and Eastern United States

CEUSSC Central and Eastern United StateSeismic Source Characterization

DOE Department of Energy
DSHA Deterministic seismic hazard analysis

EGS Enhanced geothermal system

EPA U.S. Environmental Protection Agency

FTA Federal Transit Administration

GCS Geologic carbon storage

GEM Global Earthquake Model
GMM Ground motion model

GPS Global positioning system

GRID Geothermal risk of induced seismicity diagnosis

IRISDMC Incorporated Research Institutions for Seismology Data Management Center

ISO International Organization for Standardization
LANL Los Alamos National Laboratory

LBNL Lawrence Berkley National Laboratory

LLNL Lawrence Livermore National Laboratory

Mc Minimum magnitude of completeness

MMI Modified Mercalli intensity

MRI Magnetic resonance imaging

Mw Earthquake moment magnitude

NEIC National Earthquake Information Center
NETL National Energy Technology Laboratory
NRAP National Risk Assessment Partnership

0&C Outreachand communication
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Acronyms, Abbreviations, Symbols (cont.)

Term ‘ Description
PAGER Prompt Assessment of Global Earthquakes for Response
PGA Peak ground accelerations
PGV Peak ground velocity
PISC Postinjection site care
PNNL Pacific Northwest National Laboratory
PSHA Probabilistic seismic hazard analysis
PSHF Probabilistic seismic hazard forecast
PSz Perturbed stress zone
RMS Rootmeansquare
ROC Regionof concern
SA Spectral acceleration
SNR Signalto-noise ratio
TLS Traffic light system
UCERF Unified California Earthquake Rupture Forecast
Usbw Underwater source of drinking water
USGS United States Geological Survey
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EXECUTIVE SUMMARY

The geologic storage of carbon dioxide (@ one method to help reduce or eliminate

atmospheric C@®emissions. The sequestereda©originally captured from the atmosphere or

from a stationary industrial source and subsequently injected into a deep subsurface porous rock
formation. To facilitate the successful deployment of field scatbon storage projects, theSJ
Department of Energy (DOE) is developing tools and protocols for defensible, soasest
frameworks to quantify and mitigate risks associated with the tiermg-storage of CO

This protocol specifically address#®e risk of induced seismicity due to injectioraigeologic
carbon storage (GS) site.This integrated and riskased protocdk a product othe U.S. IDE
Fossil Energy’dNational Risk Assessment Partnership (NRAPyultiyear collaborative
research efforbf Los Alamos National Laboratory (LANL), Lawrence Berkeley National
Labaatory (LBNL), Lawrence Livermore National Laboratory (LL)NLNational Energy
Technology Laboratory (NETL), and Pacific Northwest National Laboratory (PNNL).

These recommended practices describe a set of 7 steps to evaluate, manage, communicate, and
mitigate the risk of induced seismicity at GCS sites. The base methodology of the recommended
practices follows a framework similar to the Protocol for Addressing Induced Seismicity
Associated with Enhanced Geothermal Sys{®ager et al., 2012), developed fibre

Geothermal Technology Office of the U.S. DOE.

These recommended practices present a framework to systematically assess the induced
seismicity risk and quantify the associated uncertainties. These recommendations are based on
current research and angficiently general to allow for modification and application to a variety

of different types of sites. The substance of the recommended practices contained herein includes
both technical and notechnical issues, and coseall operational stages of the GCS project

lifecycle. They start at the preliminary risk assessment pbasé@nue through site assessment

and characterization, include best practice communication and seismic monitoring plan
methodologiesdiscuss the evaluati and mitigation of seismic hazard and risk, and closts

an exploration of operationatanagementlans, which concludevhen the induced seismicity

risk abates back to background level

The focus of these recommendations is on actively managingikiseassociated with induced
seismicity by developing an actionable risk management plan that starts at the project proposal
stage and continues through site closure through an iterative assessment and improvement
process. The audience of this document is expected to include all interested stakeholders (e.g.,
operators, project developers, regulators, and the general public) and is expressly written to be
accessible to this broad rangepairtners

This document is intended to disseminate knowledge gaimedgh recent advances in the

science of induced seismicity hazard and risk assessments, to provide updates based on recent
experience gained by similar corollary injectimuced seismicity cases, and most importantly

to establish a uniform framework to carry out a successful induced seismicity risk management
plan for carbon storage projects in the future. These recommendations do not directly address
anydomestic or international regulations or standards. A complementary NRAP report makes
recommendatianfor the assessment and management of environmental subsurface risks
associated with unwanted fluid migration at GCS gifé®mas et al., 2021) and should be

referred to in order to addref®seadditional GCS site risks.
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INTRODUCTION

Geologic carbon storage (GCS) is a technology promising negative greenhouse gas emissions by
injecting capturedarbon dioxide©QOy) into deep subsurface rock formations for ldagn
storagethereby removing C&from the atmosphere and sequestering itnderground

reservoirsof porous rockGCS is oneutting edge climate solutidhat can help address the

global climate crisis. Ainherent risk associated with this technology, howeganduced

seismicity. Injection operations can modify the existing subsurface conditions thereby creating
the potential for induced seismic events. Risks associated with that potential induced seismicity
must be appropriately assedsaind managed for GCS to be successful (White and Foxall, 2016).
The goal of this documeis to provide a suite of recommended practices to effectexadiuate,
manage, communicate, and mitigate the induced seismicity hazard aasgekiated witlicCS
projects. These recommended practices will serve as general guidelines to proactively deal with
induced seismicity issues, setting expectations for operators, regulators, and the general public.
While each carbon storage project will be unique anbregjuire a custom approach, these

general sciencbased recommended practices can be used as a starting point for-apgafie
induced seismicity risk management plan.

These recommended practices follow general risk management approaches ancapia\ttibe

induced seismicity problem (Fischhoff, 2015). The general risk management process involves:
x Preliminary risk analysis to identify and assess potential hazards

Complete risk analysis for a more formal estimation of the magnitude of the risks

Compkte risk assessment to evaluate the acceptability of the risks

Consideration of control mechanisms to mitigate risks

Monitoring to assess if actual observations follow expected behavior

Effective risk communication with potentially affected stakeholdersss all project
stages

X X X X X

A similar base methodology is follow@athe Protocol for Addressing Induced Seismicity
Associated with Enhanced Geothermal Sys{@tager et al., 2012; 2016), developed for the
Geothermal Technology Office of the U.S. Department of Energy (DOE) to address each of
these areas. Here, the geothermal protocol is adapted to include insights from recent scientific
developments in statgf-the-art evaluation, mitigation strategies, and modify the focus to
highlight issues specific to GC$he recommended practices for addressing induced seismicity
associated with subsurface injection can be subdivided into the following 7 steps:

Step 1: Preliminary Seismic Risk Screening Evaluation

Step 2: Outreach and Communication

Step 3: Ground Motion Thresholds

Step 4: Collection of Seismicity Data

Step 5: Hazard Evaluation of Natural and Induced Seismic Events
Step 6: Riskdnformed Decision Analysis

Step 7: Operational Management of Induced Seismicity Risks
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This document is structured such that each of the seven steps inaludé€xurpose section, b) a
Recommended Practicesction and c) a Supporting Information section. While the Purpose
section briefly describes the role of each step in the overall induced seismicity management plan,
the Recommended Practices section serves as a list of actionable items to fulfill in order to
successfully address the induced seismicity risk. Finally, the Supporting Information section
describes the reasoning behind the recommendations in detanchundks references to the

pertinent scientific literature.

While this document strives to be as quantitative as possible and outline actions, methods, and
procedures that represent the application of current stdabe-art best practices, it is recognize

that additional approachesd methods will be developed in the futanel thathese

recommended practices will inevitably evolve. Additionally, this document attempts to take a
policy-neutral position such that the recommendations do not attempt to specifically address
current policies or regulations. Specific tools and methodsarprescribed here and are,
therefore, left to the discretion of the user of this recommended practice guide
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1. STEP 1: PRELIMINARY SEISMIC RISK SCREENING EVALUATION

1.1 PURPOSE

The purpose of this step is to determine an initial probability of success of candidate sites before
investment of substantial resourchereinitial success is defined as the ability to inject and
sequester the supercritical €idto a deep geologic formation without inducing significant

seismic activity of concern for the operatarsl other stakeholdershe preliminary seismic risk
screening evaluation is based on simple methods and acceptability criteria with the goal of
determining a go/ngo decision for future planning. Investigations should focus on any issues
that could impede a candidate site’s licensing or acceptance by local stakeholders due to seismic
risk factors. The preliminary evaluation should be conducted with sufficient rigor to allow the
operator to make an informed decision as to whether a site is a good cafwiflatber study

and potential development. Information resulting from this preliminary evaluation can also be
used to support early technical communications with local stakeholders. This step assumes that
an overall candidate site selection screentbgsed on geology, hydrology, and other physical
considerations-has already been completed.

1.2 RECOMMENDED PRACTICES

1.2.1 Preliminary Classification of Site-Specific Seismic Risk

1.2.1.1A preliminary sitespecific seismic risk assessment should be completed tdedjualy
classify potential seismic risk into one of four general categories: (I) Very Low, (II) Low, (111)
Medium, or (IV) High Table ). This assessmeshould include, but is not limited to:

a) A review of local, state, and federal laws and regulations relevant to seismicity

b) A review of prior cases of injectieinduced seismicity in comparable operational and
geological settings

¢) An initial estimate of the Region of Concern

d) A listing of the potential impacts to the local community within the Region of €anc
e) An estimation of the magnitude of the potential impacts

f) An assessment of local stakeholder risk tolerance

g) An integrated assessment of the overall preliminary seismic risk of the planned operation,
based on a weighted combination of factors(fa)

Table 1: Overall Preliminary Seismic Risk Categories with Recommended Go/No-Go
Decisions(Modified from Majer et al., 2012)

I. Very Low II. Low Ill. Medium
Proceed with planning Can proceed with Probably should not Do not proceed.
planning but may proceed at this site, bu
require additional additional analysis mig
analysis to confirm. support proceeding.
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1.3 SUPPORTING INFORMATION

1.3.1 Preliminary Classification of Site-Specific Seismic Risk

Seismic risk is formally evaluated based on a combination of the seismic hazard, the level of
exposure of the population and built environment to the seismic hazard, and the vulnerability to
shaking of the buildings and infrastructure within the risk area (McGuire, 2004). However, Step
1 is not intended to require extensive calculations, comprehensive research, or the development
of extensive databases on seismicity and building vulnerabilities. It is instead a qualitative
assessment of seismic risk, providing an informed but subjective evaluation based on simple
bounding method® determinef a project may have some obvious flaws that may prevent
success in the short or long term

The screening analysis for some projects may be quite clear. For example, a plarvadrosv
injection at a remote site with no active hazardaud#ts or local seismicityand broad

stakeholder approvatould be categorized as a clear Level |, while fluid injection at a heavily
populated site with multiple mapped active faults and little public support could be a clear Level
IV (Table 1) For those projects in all but category Level 1V, which should be discarded after
initial screening, this process will also highlight the aspects contributing to risk that will need to
be addressed if the project were to move forward. If a candidate site is ultimately selected, a
more detailed and complete seismic risklgsis will need to be subsequently performed. Each
site is individual and will require customized treatment.

(a) Review of Local, State, and Federal Laws and Regulations

The relevant local, state, and federal laws and regulations should be assesszthinedétany
effects of induced seismicity, however minor or unlikely, are barred. An assessment of damage
liability requirements should also be made. At a minimum, documentation should include a list
of the laws and regulations reviewed.

(b) Review of Pior Injection-Induced Seismicity Cases

To obtain a broad qualitative evaluation of the susceptibility of the site to induced seismicity, a
review of prior cases d&CS injectioninduced seismicity should be completed. This assessment
should include a rewe of previous GCS sitewith injectioninduced seismicitysuspected

induced seismicityor no measured seismigitigeallyin a similar geologic province and

reservoir sizes that of the project. If no relevant GCS cases can be identified, the assessment
should also include a review of studies investigating induced seismicity associated with other
types of fluid injection operations in similar hydmechanical settingsuch as agas injection
projects for exampléCesca et al., 2014; van Thiengisserand Breunese, 2019 these

cases, a description of howetbperation andf fluid mechanics are different from GCS should

be included.

The purpose of this review is to attempt to incorporate regsnaé and operational trends
associated with induced seismicity (Skoumal et al., 2018; Weingarten et al., 2016nSta.,
2019). Examples of observed trends can include the abundant induced seismicity in Oklahoma
connected to widspread wastewater disposal in the Arbuckle group and the lack ofonjecti
induced seismicity in the Williston Basin in nowtantral United States where largeale fluid
disposal is also occurring (Skoumal et al., 2018). Similarly, operational trends that influence the
likelihood of injectioninduced seismicity should be dooented (Weingarten et al., 2015;

Scarhon et al., 2019). This evaluation will allow the operators to incorporate general trends into
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the decisiommaking process since the causative mechanisms of induced seismicity and the
geomechanical conditions at injext sites are diverse and involve many poorly constrained or
unknown parameters. Significant uncertainties as to the likelihood of inducing seismicity can
persist even after careful characterizatigit may not be fully understood why some operations
can cause significant induced seismicity while others do notatkix approachwhere a variety

of factors (e.g., injected volues, depth, reservoir formations, level of natural tectonic
seismicity, etc.) are identified and compared feayable tqrovide a structured mechanism by
whichto view and organizthe information for thigjualitative assessmef#.g., Trutnevyte and
Wiemer, 2017)

Documentation should include an overview description of the sites used for comparison
including a justifcation for why the selected sites are suitable for comparison to the project site
(e.q., geologic setting, population density, building stock, etc.). Furthermore, operational
parameters (e.ginjection duration, total injected fluid volume, maximum injection pressure,
nature of injected fluid, etc.) and a description of previously observed induced seismicity should
also be provided from those sitéisduced seismicity at comparative sites should also be
quantified by the rate and cumulative number of earthquakes above a given minimum magnitude
of completeness (M as well as the maximum observed earthquake magnitude. The frequency
magnitude distributionyhich describesheoccurrence rate of earthquakes across a range of
magnitudes, of the observed seistyishould also be described to understand the productivity
(i.e., the rate of seismic activity in a pefined spatigemporal volumgand the potential of the
seismicity. For reference, the:$ the minimum magnitude above which all earthquakes in a
certain area are expected to be reliably detected and locatednMepend on many factors
including subsurface attenuation, site npasad the distribution of the seismic monitoring

network. M: canal have a time/arying componentince M is progressively reduced as the
density of a seismic monitoring network is increased over. fithe spatial and tempdra

evolution of M, and the uncertainties associated with theeMtimate should be noted to add
context to the evaluation of historical observatiand to describe th@ropagation othese
uncertainties when calculatirsgismicity parametersuch as the alue in Gutenberdrichter
distributions(Woessner and Wiemer, 2005; Hutton et al., 2010)

(c) Region of Concern of Potential Seismic Events

An estimate of the Region of Concern (ROC) should be prepared. The ROC defines the ground
surface area that could be negatively impacteshtyced seismic events occurring at depth
throughout the fetime of the projectin practice, the ROC can be governed by many factors,

such as the reservoir size, local geology/hydrology, distance to known faults, natural background
seismicity, the irsitu state of stress, potential induced seismicity magnitudes and locations, and
expected fluid injection rategsolumes, and injection pressule.practice, the ground surface

area that could be negatively impacted by these seismic events would be expected to expand as
the fluid injection program progresses and @@ migrates away from the wellbore. The ROC
howeverdescribeshe total area of concern over the lifetime of the projmdtmaystill be

updated over time as new data becomes availlblbis Step howevethe goal is to obtain only

a first order approximation of the ROC. An estimate of the potential maximum magnitude
induced seismic evertihe location of suchn event, the ground motions associated with such an
event and an estimate @ie ground motion threshold above which negative impacts would
occurare critical to estimating the ROC.
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To produce a first order estimate of the maximum magnitude injeictiluted seismic event, it

is necessary to make simplifying assumptions. One assumptiazathbe made is that the

induced event would be spatially limited by the extent of the pore pressure perturbation zone,
thus scaling with the total volume of fluid injected (McGarr, 2(8Hdapiro et a) 2011; Yeck et

al., 2015). This assumption would produce a lower bound on the actual potential maximum
magnitude induced seismic event, since it ignoresspieeific stress conditions and tectonic
factors that have been shown to be important at other locations (Bhattacharya and Viesca, 2019).
Othermaximum magnitudenodelsattempt tancorporate tectoniconstraints on maximum
earthquake sizesén der Elskt al., 2016; Galis et al., 2017; Norbeck and Horne, 201®8)se
tectonic constraintattempt to incorporate the observation that subsurface stress changes
propagate much further out than subsurface-pogssure changesd that these stress changes
would then be interacting with the ps&ressed crust around the reservOipservations from
hydraulic fracturing projectgor example, using relatively small fluid volumes have been linked
to a M\4.6 earthquake in Canada (Atkinson et al., 2016). Similarly, injection of a rather modest
fluid volume associated with an enhanced geothermal system (EGS) has been connected to a
Mw5.4 arthquake in Pohang, South Korea (Kim et al., 2018; Lee et al., 2019; Yeo et al., 2020).
The largest induced earthquakedateattributed to fluid injection activities documented in the
scientific literature i My5.8 event in central OklahoniBarbour et al., 2017).

An alternative method to estimate the size of potential injeatidnced events at the sites under
consideration at this early stage would be to use comparable fluid injection scenarios from
similar geological conditions. An opéoa may also consider a series of scenario earthquakes
(e.g., an M3.5, My4.5, and M/5.5 at reservoir or basement depth) to assess how the ROC may
vary with the often significant uncertainty associated with the maximum event size.

The hypothetical locatioof the maimum magnitude evenbr scenario events, should be
assumedor this estimateFor example, it may be appropriate to assume that early in the

injection program, induced events would only occur near the injection zone. A discussion of
where induced events may occur later in the injection program should be included. For example,
some induced earthquakes due to fluid injection in the cent&ablgpear to be connected to
injection areas locate#ns of kilometers awayput along trends consgsit with regional

basement structureBéterie et al., 2018).

Ground motion estimation for the assumed maximum magnitude gresat the assumed
locations using general empirical relationships or comparable events is also acceptable at this
stage. Brodly applicable empirical ground motion relationships between key parameters
(magnitude, distance, surface shear wave velocity, etc.) and earthquake ground motions (peak or
spectral acceleration, velocity, displacement, Mercalli intensity, etc.) are dv&daboth

tectonic events and more recently for indueednts(for example, see Petersen et al. (2018) for

a list of commonly used ground motion models (GMM) included in the creation of $he U
national seismic hazard mapsMcNamara et al. (2018) fan evaluation of GMM for induced

and tectonic events in the Central and Easte8)UsMMs specifically developed for induced
eventsshould be preferentially chaser developed when possil{fiBommer et al., 2016Also,
whenever possible, stpecific parameters that consider local characteristics and geology
should be included within the simplified scope of this step. Applying several potentially
appropriatesGMMs to this calculationwould also bedvisableto attempt taaccount for

uncertaintis within the modelsAugmenting an existing seismic network could also be
considered in order to help inform these preliminary analyses.
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After the expected ground motions are calculédecn areaan estimate of the ground motion
threshold above which negative impacts would occunerrégion, such aghere ground
motionsare expected to lrecordedabove the background noise lewebuld define the
preliminary ROC The ROC would subsequently mdifiedas new information is collected
this and later steps

At a minimum, documentation for this Step should inclidean estimate of one or more
potential maximum magnitude seismic evehtst could be induced by fluid injection tine
reservoir 2) an esimate of the locations where these events could occur; 3) an estimate of the
ground shaking that could be associated with such atatg with a description of how the
shaking was calculated) an estimate of the ground motion threshold above whicativeg
impacts would be expected to occur; ané Sescription and estimate of the key uncertainties in
the above preliminary analysgsg., GMMs, M, maximum magnitude evesize, etc.)

(d) Potential Impacts to the Local Community Within the Region of Concern

Potential impacts to the local communities located within the ROC should be identified. These
should include physical damages, social disturbances, nuisance, economic disruption, and the
effects of secondary environmental hazards (ladésliliquefaction, seiches, etc.). This

assessment should be carried out with early input from local stakeholders to ensure it includes all
impacts that are of concern, thus building consensus and trust between alllpgraets of

concern may vary depending on if the region’s populati@pheviously been exposed to some

level of natural seismicitgnd if the buildings and infrastructure have bleeilt using

earthquake resistant designs.

Preliminary estimates of the population distribution and buglifrastructure inventories

within the ROC should be determined. A crude order of magnitude estimate of the building
inventory within the ROC is acceptable at this stage. Inventory data can include the number of
residential buildings, commercial buildinggvernment facilities, schools, historical buildings,
religious facilities, essential facilities (fire stations, police stations, hospitals, emergency
operation centers, etc.), transportation lifelines (highways, airports, rail, ports, bridges, etc.),
utilities (water, electricity, sewage, etc.), and potentially hazardous facilities (tank farms,
refineries, dams, levees, liquefied natural gas plants or storage areas, chemical plants, nuclear
plants, pipelines containing hazardous materials, unreinforesdnry buildings, etc.) (RC,

1989).

At a minimum, documentation should includg a description of potential impacend 2) an

estimate of the number of people, structures, and industries that might be exposed to impacts of
concern within the ROC. Pagtilarly fragile or highconsequence infrastructure should be
highlighted.

(e) Estimationof Potential ImpactMagnitudes

A description of the potential impacts due to at least two induced edetlifferent magnitudes
including a representative averagduoed seismicity magnitude event and the estimated-wors
case scenario maximum magnitude eyshould be included. Potential impacts can include a
description of the number of people and structures that would reasonably be expected to be
affected by each of the scenario events and the type of impact that would be reasonably
expected. This can bedmd on the estimated ground motions that would be produced by the
events, the population and preliminary building inventory estimates, and potential event
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locations. For the estimated worsase scenario event, a general scenario loss model, providing
estimates of economic losses and fatalities using general global models and databases, should
also be performede(g., Jaiswal and Wald, 201 There are various methodologies available for
the estimation of losses due to largarthquakesncluding those focused on rapid estimasion

for large global earthquakes, based on differing factors of increasing complexity. All methods
require some engineering and seismological expertise in order to intégresultsFraming

the comparison in terms of the impact due to a series of scenvantsof increasing magnitude
canprovide a structured way fwesent the information.

Additionally, apreliminary comparison between potential impacts due to natural tectonis event
and potential induced events should be conduétacassessment or literature search should
identify any tectonic events that may have occurred in the regionraag and catalog should

be created for seismic events which have occurred within at least 200 km from the reservoir
This should include a description of their locations, mechaniantsa description of the

network and catalog quality.aBeline expected ground motions from one or more representative
natural (tectonic) seismicity cde estimated using available data and simplified methods
reliable enough to give an order of magnitude estimate. Tléset@l ground motionand

potential impacts can lestimated similar to the induced eveatd subsequently compared. The
definition of what level of ground shaking could potentially cause a negative impact should be
clearly stated (e.g., peak ground acceleratidhOR g, Modified Mercalli Intensity W, etc.).

This preliminary analysis could also start to illuminate if natural tectonic seismicity may be of
concern for the site’s infrastructure or reservoir as well.

Alternatively, the longterm probabilistic seismic hazard across th®. 0an be obtained from

the regularly updated national hedanaps (USGS, 2019; Petersen et al., 2018; Petersen et al.,
2014).In the pastnited States Geological Surv@ySGS hazard maps also included short

term probabilistic seismic hazard forecasisthe central and eastern3J but no new maps

have been published since 2018. These baseline estimates could then be qualitatively compared
with the induced seismicity groundotion estimatesrecognizing that this is not a lier-like
comparison, but rathergeneralcomparison of the two.

Documentation should include, at a minimulh a description (map, tables, etc.) of the number

of people and the number and type of dtrices that might be affected by each of the eyé)ts

the type of impact (nuisance, possible cosmetic building damage, possible minor or significant
structural damage, etc.) to be expected based on ground motion estinatgaalitative

comparison beteen the baseline hazgyund motiongrom natural seismicity and the

expected ground motiorisom the induced seismic everatsd, if applicable, expected ground

motions from scenario natural tectonic eved)sa description (time, location, and magnitude) of

any nearby seismic events up to at least 200 km from the reservoir along with a description of the
network and catalog qualitgnd 5) a description and estimate of the key uncertainties in the

above preliminary analyse

() Assessment of Local Stakolder Risk Tolerance

The level of stakeholder concern regarding the project, used to calibrate the risk scale to an
individual location, should be assessed with the understanding that different communities may
have different risk acceptance levels. Ipayation of stakeholder input allows for a more robust
sociatechnical approach to risk governance, even at this early #tageuld be noted that the
process of soliciting input regarding risk can itself change how people perceive risk (e.g., by
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raising concerns about a risk they were not previously aware of or alleviating concerns by
knowing that competent personnel are looking into the issue). Therefore, the solicitation process
should be planned and carried out with cateally by an individual or team with experience in

this specialist area (e.g., social scientists). The solicitation prekesid also highlight the

positive impacts of the project, such as the benefits of releasing less greenhouse gases into the
atmosphere anany local benefits

Documentation should include a determination of the level of impact perceived to be acceptable
by all stakeholders (regulators, community, operator, etc.) for each of the risk factors.

(g) Overall Seismic Risk of the Planned Operatio

An integrated assessment of the seismic risk of the planned operation is developed by combining
the information from the technical and social factors. Outreach and transparency play an
important role in the determination of overall seismic risk. Thestulel for unacceptable risk is
project and operatespecific and is dependent upon a host of factors.

There are many methods by which the overall seismic risk related to an individual site may be
assigned to the broad seismic risk categories specified in Table 1: (I) Very Low, (II) Low, (11I)
Medium, or (IV) High. Individual risks can be categorized and ranked in terms of the likelihood
of occurrence anthe severity of the consequence. Acceptability criteria needs to be clearly
defined for the various risk factors in each of the categories. The more specific the criteria, the
easier it will be to communicate the risks to all stakeholders. One such neetbanteate a grid

and define what each category of risk would entail for each of the potential impacts, similar to
the Geothermal Risk of Induced seismicity Diagnosis (GRID) method proposed for Switzerland
(Trutnevyte and Wiemer, 2017).

Documentation stuld include a summary of the project and of the dominant risk issues, the
preliminary seismic risk category for the project and a description of the factors that went into
determining the risk category, the final decision regarding whether or not to pursue the project,
and a brief discussion of the factors which influenced the deaimsaking process. Key
uncertainties that would substantially alter the current assessment should be noted.

10
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2. STEP 2: OUTREACH AND COMMUNICATION

21 PURPOSE

The purpose of this step is to develop an induced seismicity component to a project’s general
Outreach and Communication (O&C) program to facilitate communication and maintain positive
relationships with stakeholders (e.g., community leaders, governnagetaties, tribal

governments, regulators, public safety officials, gorernmental organizations, the general

local community, etc.). Across all stages of project planning, operation, and decommission, it is
critical that stakeholders are kept informed #mat their input is considered and acted upon in a
timely and meaningful way. Stakeholder acceptance is a necessary component of any project. A
successful O&C program will help facilitate that goal. Each O&C program will bss#eific

and will requirea custom approachihis sectiordescribes general set of principles and
engagement options founded on both the theory of stakeholder engagement as well as informed
by previous experience with siting major energy and ewergy projects.

2.2 RECOMMENDED PRACTICES

2.2.1 Site-Specific Outreach and Communication Program

2.2.1.1 A sitespecific O&C program should be implemented and reviewed annually. The
program should include an induced seismicity component based on the following principles:

a) Institution of a broadvased participatory process

b) Broad agreement that the project is an improvement over the status quo

c) Broad stakeholder consensus regarding the project plan

d) Communication with stakeholders that stringent safety standards are being met

e) Commitment to fully address negative aspects of the project with stakeholders

f) Commitment to develop and maintain stakeholder trust

2.3 SUPPORTING INFORMATION

2.3.1 Site-Specific Outreach and CommunicationProgram

There is no one size fits all approach to O&C. It is expected that each project dealing with the
potential for induced seismicity will need to prepare an individualized O&C plan that addresses
the specific local issues associated Wit project site (GWPC and IOGCC, 2017) and the
requirements within the RisBased Mitigation Plan (Step 7). It is expected that the effort
expended on this step may vary significantly from site to sitg. @&C program should strive

to adhere to the gerad working principles associated with the theory of stakeholder engagement
and to build on previous experience associated with siting major energy ardeargg-projects

to achieve fair and efficient consensus building amongst all stakeholders (Kunesuthe

Suskind, 1991). The O&C program should also integrate concepatbnship management
theory between organizations and public soas to establish and maintain a positive and
mutually beneficial relationshiwith the local community and othelmgeholdergLedingham

and Bruning, 1998; Ledingham, 2003)e induced seismicity componedéscribed hereirs
expected to be part of the general outreach, communication, and education plan for GCS projects
(NETL, 2017). The O&(lan should be reviewed its entirely at least annually to ensure that it

11
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is meeting stakeholder needs. The O&C plan should also be periodically evaluated. This
evaluation ould include developing surveys, sestiuctured ethnographic interviewand/or

media and social media analyses to help determine the success of the plan amongst the local
community and other stakeholders.

(a) Institution of a BroadBased Participatory Process

Stakeholder groups (e.g., local communities, governmental agencies, tribal governments,
regulators, public safety officials, n@overnmental organizations, etc.) who may be impacted
by injectioninduced seismicity associated with the project should be identified early in the
process and preliminary discussions should be helgipiaia the project and determine
stakeholder concerns. In particular, people and organizations who have the trust of the
community at large should be engaged in these early discussions. Thestag@rlgiscussions
could focus on communicating with eledtend other local officials, and with various local civic
organizations. At later stages, representatives from all stakeholder groups, including the
community at large, should be invited to participate in the project at the appropriate level.
Evaluating opinions and concerns in the early stages of the project will ensure that the outreach
is responsive to the stakeholder community.

(b) Broad Agreement that the Project is an Improvement Over the Status Quo

General stakeholder acceptance of a project typistdits with an agreement that the project is
needed (Meller et al., 2018). Public education and outreach efforts can include information
regarding the consequences of not moving forward with the project (i.e., maintaining the status
quo), in particular mphasizing the impact to the community’s citizens. Discussions should
include the relevant policies and context, including how the project could meet broader societal
goals in addition to meeting local stakeholder needs as well.

(c) Stakeholder Consensusaigarding the Project Plan

All stakeholders should have the opportunity to communicate their comments and concerns to
ensure that the project plan is ultimately beneficial to the local community. Technical expertise
should be augmented with local knowledge. Alternative approaches, along with theteshort

and longterm implications should be included in public discussions and framed in both technical
and nontechnical language, depending on the audience involved. Vigorous public debate about
the pros and cons of the project also should be supported. Gainingegptlinanderstanding of

the diverse concerns of the community will allow the project proponents to gain better insights
into how the project can support the community. This information exchaniggseilhelp

provide context into the reasons behind the underlying views of the community about the project
risks and benefits.

Information that should be disseminated to stakeholders over the course of the project includes: a
general overview of the project, the motivation for conducting the project, what potential surface
structures might look like, how the project was funded, and who is on the team. It might be
desirable to include public institutions (e.g.,&S public universities) and private orgaaimons

(e.g., consulting companies) selected to provide théndy assessments or peeviews in the
discussions. This information should be disseminated during all phases of the project.

Specific seismic related information to include in stakeholder interactions should include
explanations about:

a) Why induced seismicity may occur

12
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b) The history of induced seismicity in other applications

c) The similarities and differences between induced seismicity and natural earthquakes (e.g.,
frequency, location, etc.)

d) The potential risks to the community

e) The risk mitigation strategies, including a description of the thresholds that will be used
for triggering mitigation strategies

f) The monitoring systems (e.g., seismic monitoring and fluid injection monitoniagy) a
associated analyses to be performed

g) Where to obtain more information about seismicity data gathered by the operator (e.g.,
frequently updated website with earthquake catalog information)

Even arly communications should cleadystinguish the differences between potential induced
seismicity associated with GCS and other types of subsurface fluid injection prajetias
wastewateinjectionandhydraulic fracturingFrom the beginning, local communitiaad other
stakeholdershould be kept informed about induced seismicity in general andahatithey
could expect in particular

(d) Communication with Stakeholders that Stringent Safety Standards are Being Met

Stakeholders should be informed of all best practice safety standards with respect to induced
seismicity mitigation that will be implemented at the project site. This should include all
mandated actionsnd best practice recommendaticas detailed in the RisRased Mitigation

Plan (Step 7), and responsibilities of the loc&tyeofficials. Moreoverthe communication
teamshould ensure that robust communication mechanisms exist between the project and local
safety officialsboth prior to and during any potential seismic event of concédralfothe local
communities mitigateprepare, and respond to any potential felt seismic events. Stakeholders
should also have an opportunity to recommend additional safety standards that would be of
importance to the local host community.

(e) Commitment to Fully Address Negative Aspects of the Project with Stakeholders

To prepare for potential future negative impacts (e.g., nuisance vibrations, property damage,
etc.), stakeholders should be fully informed of all potential negative impacts and come to an
agreement as to how to report potentiadative impacts (e.g., a callphone linewebpage,

etc) and the forms of compensation and mitigation measures that would be acceptable if such an
event were to occur. This will ultimately be documented in the-Beded Mitigation Plan (Step

7). Any discussion of induced seismicity risks should be framed in the proper context, potentially
through a comparison with the local natural seismicity or other common risks.

() Commitment to Develop and Maintain Stakeholder Trust

Lack of trust between groups can become a barrier to reaching consensus and acceptance of a
project. Project proponents should address potential sources of mistrust (e.g., lack of local
support, previous negative experiences, general suspicions toward government, industry and
otherinstitutions, etc.) through a vigorous and open O&C plan that is started early in the process.
This process should be ongoing throughout the lifetime of the project.

Communication with stakeholders should occur on a regular basis at a frequency that is
acceptable to the stakeholders. Special meetings may need to be arranged to specifically address
time-sensitive community concerns outside of regularly scheduled meetings. Meetings should be

13



Recommended Practices for Managing Induced Seismicity Risk Associated with Geologic Carbon Storage

accessible to all stakeholders, with some held outside of regotking hours to accommodate
members of the general public. Additionally, communication between teclandalon-
technical parties should be inclusionary and open to the greatest extent passidiag the
creation ofopaque communication environmerdadeéned wittdetailed technical language. The
communication language and style should be periodically evaluated with key stakeholders
providing feedback. Lastjythirdparty monitoring of seismicity (e.g., by the US®@r other
institutions) or a commitment to ensure that all data will be publicly available could assure
stakeholders of unbiased and reliable results. This information can be documented in the
Collection of Seismicity Data (Step 4).

The communications delivered to the public, particularly canogrreal or perceived risks,
should be coordinated by a central team to maintain consistent messaging, especially if the
project developer is made up of several operators, agencies, acohstdztors. The
communication team should have clearly defirdds and responsibilities. Communication
strategies that address specific potential scenarios should be created prior to operations to
decrease response time following an event or activity of concern. The effectiveness of
communication campaigns that support the faked Mitigation Plan (Step 7) atitkir impact

on different target groups should be carefully reviewed and evaluated (Matrti et al., 2020). The
communication team should be able to call upon a rdidaiplinary group of people who are
involved in key decisiomraking aspects of the project. These individuals could include project
managers, scientists, government officials, company spokespersons, safety personnel, and
technical service providers. The communications team should ensure thatséguest
information are fulfilled in a timely manner, including drafting and maintaining responses to
frequently asked questions.

Local stakeholders should feel that there are easy methods in which to communicate their
concerns and that their concerns are being addressed. This can include having a local project
office or visitor center open to the community, engaging in various social media castpaign
inform the local populations about the project, holding public meetings and site visits to discuss
both technical and nortechnical issues, and having regularly updated open communication
pathways (e.g., website, newsletters, articles in local newspapers with updates, email list, phone
hotline, etc.) to advise stakeholders as to the state of current opegttibasite and to solicit
feedback.

Outreach activities should focus on educating the public about the facts of the project and
technology involved. Outreach activitislould also include aspects of earthquake awareness
educationand preparednesspecially in areas that may not typically experience natural
seismicity. In areas where large historic earthquakaghave produced felt ground motions,
outreach should particularly include those aspects in the earthquake education and risk
discussionsin areas where natural earthquakes are not part of the relgamkground
knowledge earthquake education would be particularly important (e.g., discussing the
importance of securing water heaters and heavy furribuitee walls, discussing actions to take
if shaking were tatart, highlighting the fadhat people in different buildings or doing different
types of activities may experience differéetels ofground shaking even for the same eyent
etc.)ldeally, public meetings and site ¥gsshould be held before operations start at the site,
before injection beginsand periodically during the injection program.

Documentation associated with the O&C program should be annually reviewed and should
include 1) a list of relevant stakeholde®) an archive of official documentation associated with
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the program, including letters of endorsement from different stakeholder gemap3) a
description of the O&C plan, including a list of individual teanmrbers.
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3. STEP 3: GROUND MOTION THRESHOLDS

3.1 PURPOSE

The purpose of this step is to determine-sgecific ground motion thresholds to minimize

nuisance and damage risks. These threshold levels should be determined after careful assessment
of the local conditions and stakeholder risk tolerance. Existing standards specifying ground

motion criteria for nuisance and damage risks should be evaluated so as to comply with any
pertinent regulations instituted by other industries, such as mining and construction. Information
from this Step will be used for the design of a seismic monitoring program (Step 4), and-as a site
specific baseline against which subsequent induced seismicity hazard and risk analyses results
(Steps 5 and 6) can be juxtaposed. Additionally, a subset of the threshadddewgfied in this

Step may be used to inform the “traffic light” threshold levels within thebésed induced

seismicity mitigation plan (Step 7).

3.2 RECOMMENDED PRACTICES

3.2.1 Reviewof Existing Standards and Criteria

3.2.1.1 A review of international, federal, state, and local ground motion standards and criteria
relating to nuisance and damage due to ground shaking should be conducted. This review should
include, but should not be limited to:

a) Reviewing local, stateand fedeal ordinances applicable within the ROC relating to
ground motions.
b) Reviewing existing standards and criteria for ground motions developed for other

industrial activities so as to ensure conformance with any pertinent standards and
regulations.

c) Reviewing ground motion thresholds typically associated with both cosmetic damage and
structural damage for buildings and infrastructure, typically stated in terms of peak
ground accelerations (PGA), peak ground velocity (PGV), or spectral acceleration (SA)

3.2.1.2 A review of the standards and criteria relating to the limits of human perception of ground
motions should be conducted.

3.2.2 Assessment of Sit&Specific Conditions

3.2.2.1 A sitespecific assessment of the existing environmental conditions within the ROC
should be conducted to determine a baseline level of ground vibrations due to existing local
activities and industries.

3.2.2.2 A sitespecific assessment of the building stock within the ROC should be conducted.
This assessment should inclutet should not be limited t¢the number and type of residential
buildings, commercial buildings, fragile or historical buildings, and general infrastructure within
the ROC.

3.2.2.3 An assessment of the level of ground shaking that could potentially interfere with
industrial and institutional land uses within the ROC should be conducted. This assessment
should include, but should not be limited to, sensitive industrial and commercial activities,
research actities, medical activities, and wildlife habitats.
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3.2.3 Designation of SiteSpecific Ground Motion Thresholds

3.2.3.1 At a minimum, four types of ground motion threshold levels should be designated. They
should include

a) The ground motion threshold for reaching an unacceptable nuisance risk level, based on
the human perception of ground shaking within the ROC

b) The ground motion thresholds associated with both cosmetic and structural damage of
infrastructure and building stock within the ROC

c) The ground motion threstas for sensitive equipment (e.g., industrial, commercial,
medical, etc.) and institutional land uses

d) The ground motion thresholds stipulated in federal, state, or local regulations applicable
within the ROC

3.3 SUPPORTING INFORMATION

3.3.1 Reviewof Existing Standards and Criteria

Federal, stategnd local standards regarding ground motions should be reviewed to determine if
any regulatory criteria are applicable within the RO@u&d motions from injectiomduced
seismicity at shallow depths could be of simil&gluency and vibration content as those
associated with construction, mining, mass transit, and other similar industries. To a first order,
the experience and criteria developed for these industries could also be applied to the induced
seismicity case and should be investigated.

A review of the human limits to the perception of ground vibrations should also be conducted.
To describe events that do not cause damage but disrupt the local public, the nuisance risk
concept has been introduced for induced seigyn(i.e., Foulger et al., 2018). Even small events
might cause felt ground shaking that may pose a nuisance and cause anxiety to the local
population, and potentially generate resistance to the project. This may be particularly true in
areas that do n@xperience relatively frequent natural seismicity. Human perception of ground
motion can vary with the individual, the physical setting, and the type of ground motion. The
nuisance risk due to small events should be evaluated based spesiifec infornmation and
stakeholder input. Guidelines for assessing the human response to vibration have to a certain
extent been explored in the induced seismicity cor{i&omnmer et al., 2006; Douglas and

Aochi, 2014; Schultz et al., 2021@}hey havealsobeenmore rigorously, although more

generally explored by American National Standard Institute (ANSI) SPO8B-ANSI, 2020)

Guide to the Evaluation of Human Exposure to Vibration in Buildings. This standard
corresponds to International Organization for Standardization (ISO) 2631, parts 1 and 2 (ISO
2003). Similarly, the Federal Transit Administration (FTA, 20&8) theCalifornia Department

of Transportation (Caltrans, 2020) have also established relevant standards and recommendations
for both transient soaes (e.g., single isolated vibration events) and frega&rimittent sources
(e.g., events witlfirequent interrupted periods of continuaisration) (Table 2).

Lastly, a review of threshold ground motion levels which may cause cosmetic damage or
structural damage to different types of buildings and infrastructure should be reviewed. For
example, although it has been observed that vibrations between 125 mm/sec to 250 mm/sec PGV
will not cause damage to reinforced concrete structures, vibrations between 150 mm/sec and 275
mm/sec can cause cracking of figanding masonry walls and could therefore be included as a
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potential ground motion threshold level (Dowding, 1996; Siskind et al., 1980; Siskind, 2000).
Threshold ground motion levels can also be inferred from field observationsver care

should be taken to excludield observations of damage due to mediorlarge magnitude
earthquakesince thesenay not be reliable indicators of damage due to smaller magnitude
events ashedurations number of cycles of motion, and energy content wallldelower.

Ground moton thresholds associated with potential soil settlement which may disrupt structure
foundations should also be reviewéds to be expected that the lesef ground shaking
associated with cosmetic or structural damage woukigwéficantly higher than the levels of
ground shaking thatould constituteonly a nuisance to the local population. Additionally, it
should be noted that these damage threshold vajudgemselves would not automatically mean
that damage will ensyg@ust that the necessary conditions have been met.

Table 2: Potential Guideline Vibration Annoyance Criteria for T ransient and Frequent
Intermittent Sources (Caltrans, 2@0)

Human Maximum PGV Maximum PGV
Response Transient Source Frequentintermittent Source
Barel_y 0.04in./sec[1.02 mm/sec] 0.0lin./sec [0.25 mm/sec]
perceptible
D|st|nc_tly 0.25in./sec [6.35 mm/sec] 0.04in./sec [1.02 mm/sec]
perceptible
Strongly 0.90in./sec [22.86 mm/sec] 0.10in./sec [2.54 mm/sec]
perceptible
Severe 2.00in./sec [50.80 mm/sec] 0.40in./sec [10.16 mm/sec]

Documentation should includg) a list of any relevant federal, state, or local standards

regarding ground motions that are applicable within the RD@ list of any standards or

criteria relating to ground motions in similar industri@sa list of the ground motion thresholds
relating to human perceptioand 4) a catalog of ground motion threshold levels for which
cosmetic and structural damage could potentially occur for a range of building and infrastructure

types.

3.3.2 Assessment of Sit&Specific Conditions

An assessment of tlexisting environmental conditions within the ROC should be conducted to
determine the existing baseline level of ground motions associated with existing local activities
and industries, such as vibrations associated with mass transit.

An assessment of the building and structure types within the ROC should also be conducted,

with particular attention paid to identifying fragile structures, historical structures, and other
structures of particular importance to the local community. Particularly in regions of low natural
seismic hazard, the building stock may not be engineered to withstand ground shaking and so
even moderate earthquakes may lead to significant damage. These structures should be identified
and grouped by their construction attributes, physicadlition, age, and any other factors which

may affect their behavior during a seismic event. Several general building classification
frameworks have been developed, for example by H&resnpt Assessment of Global
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Earthquakes for Respon@AGER), and Gldal Earthquake ModeGEM) (NIBS, 2003; Porter,
2005; Gallagher et al., 201 3)owever sitespecific classifications are strongly encouraged.

Lastly, an assessment of sensitive local industrial equipment, activities, and institutional land use
areas whichmay be impacted by elevated levels of ground shaking should be conducted within
the ROC. For example, medical equipment such as magnetic resonance imjinméchines

or other hospital equipment have stringent requirements on the levels of acceptable vibrations,
which can be below the level of felt ground shaking.

Documentation should includ&) a report on the existing baseline level of ground motions
associated with existing local activities and indust2@s listing of the building and structure

types within the ROC categorized in the same manner as the building and infrastructure ground
motion threshold catalognd 3) a listing of the sensitive local industrial equipment, activities,

and institutional land use areas that may be impacted bgtetelevels of ground shaking, along
with the maximum acceptable ground shaking threshold levels of each.

3.3.3 Designation of SiteSpecific Ground Motion Thresholds

At a minimum, four ground motion threshold levels should be quantified in this step. They are
(in no particular order)1) the threshold for humans to perceive ground shakingpsmetic and
structural damage to each type of building and infrastructure within the ®@@ound motions
that may affect local industrial and institutional land uses within the;R@€4) ground

motions that are stipulated in federal, state, or local regulations that are applicable within the
ROC. These ground motion levels should be determined after careful assessment of the
regulations, local conditions, andreful evaluation of stakeholder risk tolerance. Additionally,
when designating nuisance levels of ground shaking, thesgepamd on the amplitude of the
shaking, the duration of shaking, and the number of shaking episodes.

Documentation for this step should includg a description of the type of threshold levels, 2) the
maximum ground shaking value or range of values for each threshold level, and 3) the
supporting documentation used to determine the threshold.
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4, STEP 4: COLLECTION OF SEISMICITY DATA

41 PURPOSE

The purpose of this step is to gather seismicity data that will be used for three related but
different needs. The first need is to accurately assess and periodiGsbess the natural and
induced seismic hazard and risk associated with the préjee second is to aid in the effective

and rapid detection and characterization of induced seismicity occurring in the Perturbed Stress
Zone PSZ) The final need is to provide accurate data for input into induced seismicity
mitigation plans (e.g., conméonal or adaptive traffic light systems). In short, observed

seismicity will be used not only to estimate and mitigate the hazard and risk at the site, but also
to aid in reservoir characterization and management. Not included in this step is thenalect
analysis of active seismic and other data required to characterize the subsurface reservoir system
and its surroundings. However, the results of those efforts would certainly be needssary
estimating the seismic hazar@@s described in Step.5)

4.2 RECOMMENDED PRACTICES

4.2.1 Seismic Activity BeforeOperations

4.2.1.1 Previous seismic activity should be characterized within a region of at least 200 km
radius around planned injection operations. Elements of the seismicity characterization should
include, but are not limited to, collecting existing information from:

a) Catalogs of instrumentally recorded earthquakes from national, state, or regional agencies

b) Historical records of earthquakes and observed fault ruptures, including but not limited
to, historical earthquake catalogs, and newspaper and other contemporary records, and
published reports of field geological investigations

c) Fault maps and fault characterizatipmeluding but not limited to, scientific maps and
publications

d) Paleoseismic fault displacement data, including but not limited to, published trenching
studies

e) Previous induced earthquake activity, including but not limited to, earthquake catalogs
and scientific publications investigating possible induced activity

4.2.1.2 Prior to comme&mg injection operations, a seismic monitoring network (as described in
Section 4.2.2) should be operated for preferably 1 year or longer, but doteastonths.

4.2.2 Seismic Monitoring Network Design

4.2.2.1 A local seismic monitoring network should betatled and should have the following
minimum requirements:

a) The seismic network should includecombination of weaknotion seismometers and
strongmotion accelerometers

b) Each seismic station should consist of 3 orthogonal sensor components and record with a
timing accuracy of 1 ms or better
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c) The network should be able to record and locate seismicity in the PSZ with at least a 2
sigmalocation accuracy of 0.5 km in the horizontal direction and 1.0 km in the vertical
direction

d) Seismic monitoring networks should be designed, and stations located such that ground
velocities of 600 nm/s can be recorded with a sigoraloise ratio of at least 6 in the
frequency range-810 Hz within the ROC

e) The velocity model used to locate earthquakes should be calibrated using calibration
shots or similar methods

4.2.3 Seismic Monitoring Network Operation and Reporting

4.2.3.1 The seismic monitoring network operation should be set up so that
a) Seismic waveform data should be aald in neareal time to detect, associate, locate,
and determine magnitudes of seismic events

b) The seismic monitoring network should continuously operate during the operational
phase of the project and throughout thisisic posinjection site caréPI1SQO period

c) The operator should ensure that raw seismic data waveéssuciated metadatnd
event catalogs are archived throughout the lifetime of the project

4.2.4 Public Reporting and Engagement

4.2.4.1 The operator should provide a summary report omaaseduced seismicity at least
annually. This report should be made publicly available.

4.2.4.2 Earthquake catalogisould be made available in neaal time to the public through a
web interface. The web interface should:

a) Provide information on each ent including, but not limited to, the event origin date and
time, 3D location, magnitude, number of stations used to compute the location, maximum
azimuthal gap, distance of closest station to the eventireaisquargRMS) travel
time residual, location uncertainty, and whether the event has been reviewed by a
seismologist

b) Allow automatic queries to retrieve event information by computer systems of third
parties

¢) Include implementation of standard seismological data formats such as miniSEED, and
data request and transfer schemas, such as FDSN StationXML and ArcLink

4.2.4.3 Continuous raw seismic data waveforms should be transmitted to a public data
repository, such as the Incorporated Research Institutions for Seismology Data Management
Center (IRISDMC), in neafreal time.

4.2.4.4 The waveform data should be accessible to the public from an online data repository
without limitations excepting for a reasonable embargo period to ensure quality control

4.2.4.5 The operator should supply additional seismic network metadata including, but not
limited to, instrument locations, instrument data sheets, and instrument response functions.

21



Recommended Practices for Managing Induced Seismicity Risk Associated with Geologic Carbon Storage

4.2.4.6 The operator should supply additional related information including, but not limited to,
the seismic velocity model and the seismic plmasles used for computation of the event
locations.

4.3 SUPPORTING INFORMATION

4.3.1 Seismic Activity B efore Operations

The first step in understanding the potential for induced seismicity from a new project is to
identify any nearby past and present seismicity and the faults on which it originates. These data
will be needed to: 1) perform the induced seismic hazard dndnayses (Steps 5 and 6)

initiated during the planning stage of the project; and 2) compare to any potential induced
seismicity observed during the operation stage. A region much larger than the ROC (minimum of
200 km radius) is chosen to ensure that wider regional trends are considered in the seismic
hazard assessment. This consideration reduces the possibility of overlooking infrequent but
possibly large events that could still impact the local hazard.

Seismic monitoring networks operated by natiortakes or regional entities can provide

information on larger events occurring in a region. The National Earthquake Information Center
(NEIC) for example, has a goal of detecting and locating events in.8xéndt are greater than
Mw2.5-M,3.0, depending on the geographic region. However, processing of smaller events may
take up to several weeks, or information on them may not be reported due to poor data quality or
their signal can be masked by larger events. In general, this level of monitoring idin@rauf

for monitoring induced seismicity. Routine detection of small events in the immediate vicinity of
the injection site is necessary to detect problematic developments as early as possible.

Historic reports of significant earthquakes can provide itapdinformation on time periods

that predate instrumental recording. For rare events that occur once every few hundred to
thousands of years, this may be the only evidence of seismic activity. Of course, the absence of
historic reports of significant eliquakes does not necessarily indicate that no fexiss that

no earthquakes occurred in the pgaghe region, or that induced seismicity would not occur in

the future. @ologic characterization of faults active in the Quaternary and paleoseismic studies
of known faults enables inclusion of prehistoric earthquakes and compédiment

characterization of historical seismicity.

Evidence of anthropogenic earthquake activityidd also be investigated. If the targeted region
has a history of induced seismicity, this would be a strong indication of a critically stressed crust,
i.e., relatively small perturbations to the subsurface stress field may be sufficient to induce
seismcity. Such cases would need to be carefully scrutinized.

As indicated above, national, state or regional seismic networks are typically not sensitive
enough to detect the level of seismic activity that should be recorded at local sites. Therefore,
installing or augmenting an existing local monitoring network masehaired in order to

understand the response of the project site to injection operations. It is important to quantify the
level of seismic activity before operations commence at the same deleggbas will be used
during injection operations. Recognizing that natural seismicity rates can vary ovahéme

local seismic network should begin operating as early as possible. One year or longer is
recommended, but a minimum of 6 months ofipjection monitoring is suggested.
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4.3.2 Seismic Monitoring Network Design

The seismic monitoring network should be designed to detect and characterize seismicity
occurring in the PSZ volumeéown to at least 4, and should be able to record all expected felt
ground motions due to those events effectively and rapidly. The PSZ is thdithesesional

(3D) subsurfaceegion originating athe injection wells with perturbed pressure and stress in
which seismicity could occur in a critically stressed crust. The PSZ could be estifoated
example by creating a hydronechanical modedf the reservoir injection scenarios and
determining where the Mol€oulomb stress changes would exceed alptermined critical

stress threshol(Figueiredo et al., 2015Yhe PSZ will also be expectedearpand over timas

the fluid migratesAs such, it would be expected tistatons could be added tthe seismic

network over time to expand the network to adequately cover the ev@8iigCollecting and
analyzing the necessary seismic data requires the appropriate sensors, electronics, network
design, and computational capability. With regard to the sensors, local monitoring networks
should include a combination of higjain sensors, which can optimally record weak ground
motions from small local earthquakes, and igain accelerometers, which can optimally record
strong ground motions from nearby larger earthquakes. Two common types gamgensors
include broadband seismometers and geophones (Trnkoczy et al., 2002). Broadband
seismometers typically have a wider frequency passband than geophones, can record lower
frequency ground motion, and can therefore more accurately measure event magnitudes and peak
ground velocities of induced seismic events (Yenier et al., 2016)dBaod seismometers are,
therefore, the preferred higiain instrument for monitoring induced seismicity. Strong ground
motion instruments (i.e., accelerometers) more accurately measure the forces associated with
larger earthquakes. Accelerometers can batém near sensitive structures to monitor for
potential large ground motions at critical locations and should be able to measure strong ground
motions up to at least 1 g.

Each seismic station should measure ground motion in three orthogonal directions (e.g., up-
down, northsouth, and eastest) to fully capture the movement of the seismic waves as they
travel through the earth. The data should be recorded using at leasit aigdtal data

acquisition system and a global positioning systéfRJ-based #ld timing system to achieve
the required timing accuracy of at least 1 ms. The instruments should be able to record the
dominant frequencies of the earthquakes.

When designing the seismic network, it is best to strive for as much sensitivity and aesusacy
economically possible for optimal earthquake detection, associlttation, and magnitude
determination of both small microseismic events and the largest potential events that may occur
due to injection activities. Amuthal gaps between the seisrstations greater than or equal to

120 degrees should be avoided.r&oord seismicity within the PSZ, it is expected that the
footprint of the seismic network would need to extend beyond the R&Znetwork should be
designed to record and locate seismicity in the RBZ at least a-8igma(i.e., 2 standard

deviation) location accuracy of 0.5 km in the horizontal direction and 1.0 km in the vertical
direction. Theseincertainty values include the formal location uncertainty given by the location
software and also any unmodeled uncertainties of the velocity model. The precision of locations
in any subsequently relocated earthquake catalog, assuming that the original catalog wa
systematically biasedanay be significantly sailer, allowing for identification of fault structures.

The seismic network should be designed to clearly record events that originate in the PSZ
subsurface volumaVNiemer et al. (2017) suggest that for sedimentary basins this would require
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measurement of ground velocity amplitudes as small as 600 nm/s with atsigoae ratio

(SNR) of at least 6 within the frequency range of 5-40 Hz; i.e., the noise level at each recording
site should not exceed 100 nm/s. This criterion should enable a magnitudeptdteomss on

the order of M1 to be achieved. To ensure the desired maximum noise level, Groos and Ritter
(2010) recommend that background noise should be melsueach candidate recording site

for least 7 days and a noise analysis be carried out pribetinstallation of permanent
instrumentation. The noise level should also be continuously assessed during the operational
phase of the project and throughout the PISC period.

Seismic stations should be sited using commonly accepted procedures (e.g., Trnkoczy et al.,
2002; Plenkers et al., 2015) to assure good mechanical contact with the ground and adequate
protection of the equipment. If possible, the sensor should be installed below the weathered and
alluvial layers in bedrock geology. If higluality surface sites are not available, the use of

shallow borehole installations (80—-150 m depth) would be necessary to minimize background
noise.

Velocity model uncertainties can lead to major uncertainties in earthquake locations, particularly
in depth. These uncertainties can be reduced by calibrating the velocity model using one or more
calibration shots (e.g., small explosions in a wellbore at target depth) (Akram and Eaton, 2013),
or similar methods. Additionally, if available, subsurface velocity inforomafiom active

seismic surveys or borehole sonic logs should be integrated into the seismic velocity model used
for event location.

4.3.3 Seismic Monitoring Network Operation and Reporting

Making the monitoring effort transparent to regulators and the public by providing seismic
waveform and earthquake catalog data to the public irreahtime is an important step to
maintain the support of the local community, facilitate project oversight, and allow scientists to
further analyze the data. While there maydggtimate operational reasons to briefly embargo

data to ensure quality control and accuracy of interpretation, it is highly recomntbatiad
openaccess data approach be takdren engaging with the public. This will improve

community trust and also improve the overall st#t&nowledge in the induced seismicity

research community. The seismic monitoring network should be operating continuously during
the preoperational backgund assessment phase, during the operational phase of the project and
throughout theeismic PISC period. Additionally, the operator should ensure that the continuous
raw seismic data and event catalogs are archived throughout the life of the project and until the
end of the sismic PISCMagnitudes in event catalogs should preferably be calcuated

moment magnitudes, although it is acknowledged that this is not always straightforward,
particularly in areas that have not historically had earthgu@adwardsand Douglas, 2014)n

these cases, the reportingloatal magnitudes may be necessary.

4.3.4 Public Reporting and Engagement

The operator should provide a summary report on observed induced seismicity at least annually.
This report should be made publicly available. Additionally, earthquake catalogs should be made
available in neareal time to the public through a web interface. This waveform data should be
accessible to the public without limitations, excepting for a reasonable embargo period to ensure
quality control(e.g., Salvage et al., 2021)
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Archiving raw waveform data in neagal time at data centers, such as HRIEC, can help with
longterm storage and facilitate easy access by third parties. In particular, tieM3$as

been certified as a trusted repository by the International Council for Science World Data System
and is a common repository for seismic waveform data and station metadata information in the
U.S. Additionally, seismic data protocols such as SEEDLink for real time seismitonawiata
transfer or ArcLink for waveform data and statroetadata transfer are highly recommended.
Standard seismic data formats, such as miniSEED, are also recommended. The use of standard
data schemas, suchlBBSN StationXML for station metadata and QuakeML for easiok

phase data, and standard coordinate reference systems is strongly recommended. Sensor and
station metadata documentation should include, but may not be limitagttament
coordinatesinstrument response functions, compression type, samplingaatefactos, etc.

The operator should also supply any related informasoaoh as the seismic velocity model
magnitude calculation method and if applicable the relationship.forigtrument data sheets,
changes to the processing routine, replacement of any equipment, equipment failjyraghetc.
seismicsummaryreportthat is produced at least annually. Pertiraranges to the seismic

network and processing routine should also be tgpldan the online web interface as changes

occur, including reporting when, or if, the catalisgrecalculated due to new informatidh.

significant new information were to be obtainedch as a new velocity mogdalwould be
recommended to retroactively correct the earthquake catalog

Beyond standard seismic processing techniques, advanced data processing can often prove
useful. This may include earthquake relocations using more advanced techniques, such as the
doubledifference relocation method, which reduces the uncertainty introduced by the velocity
model between sources and receivers and utilizes only the relative travel times between
neighboring events (Waldhauser dftsworth, 2000; Trugman arfshearer, 2017). Earthquake
relocation can provide improved understanding of what drives the local seismtiiy a

relation, if any, to fluid injection. Examples of other advanced analyses include the determination
of focal mechanisms or moment tensors, which describe the orientation and sense of slip on the
earthquake source plane that provide additional cingdron the sources of the seismicity.
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5. STEP 5: HAZARD EVALUATION OF NATURAL AND INDUCED SEISMIC
EVENTS

5.1 PURPOSE

The purpose of this step is to estimate the ground shaking hazard at the proposed site and within
the ROC due to natural tectonic seismicitg #ime additional hazard due to induced seismicity

using probabilistic seismic hazard analysis (PSHA). Assessing the ground shaking hazard from
natural seismicity will provide a baseline from which to evaluate the additional hazard from
induced seismicity. Once the surface ground shaking hazard is quantified, associated secondary
hazards such as liquefaction, slope failure, caprock integrity, or the potential opening of fault
leakage pathways, can be subsequently evaluated in separate procedures. Tusldtep s
performed before any operations are initiated at the site. Results from this seismic hazard
evaluation will be input into the subsequent Ristormed Decision Analysis (Step 6).

Additionally, these seismic hazard analyses will need to be updated as new information and
model enhancements become available, especially during the early evaluation period of the
project, as described in the RiBlesed Mitigation Plan (Step 7).

5.2 RECOMMENDED PRACTICES

5.2.1 Baseline Hazard from Natural Seismicity

5.2.1.1 A sitespecific PSHA should be conducted in accordance with current practice of
earthquake hazard estimation to evaluate the baseline hazard from natural tectonic seismicity.
Input into the PSHA should include, but should not be limited to, the following:

a) A database of potentially damaging earthquake sources that may impact the ROC, that
experienced activity during the Quaternary Period, including-fadtific sources and
areal sources where appropriate

b) Spatial, temporal, and frequenoyagnitude distribubn models for each seismic source

c) Region appropriate GMBfifor tectonic earthquakes as a function of at least earthquake
magnitude and travel path

d) Information from geological, geophysical, and topographical studies within the PSZ
should be included to incorporate local site responses

5.2.1.2 Results from the PSHA should include multiple hazard curves and hazard maps to report
the results from the baseline seismic hazard analysis due to natural seismicity before injection
operations commence.

5.2.1.3 A seisnic hazard report should be prepared, if required by the regulatory agency, by a
licensed professional having demonstrated competence in the field of seismic hazard assessment.
The seismic hazard report should contain-sjtecific assessments of the satshazard

affecting the project and relevant sites within the ROC. The report should identify any known
seismic hazards that could adversely affect relevant sites within the ROC in the event of an
earthquake. The contents of the seismic hazard reporidsimaiude, but should not be limited

to, the following:

a) A project description
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b) A description of the geologic, geotechnical, and geophysical conditions within the ROC,
including an appropriate site location map

c) An evaluation of sitspecific seismic hazards based on geological and geotechnical
conditions in accordance with current standards of practice
d) The name(s) and qualifications of the report preparer(s)

5.2.1.4 Prior to approving the project, the appropriate regulatory agency should independently
review the seismic hazard report to determine the adequacy of the hazard evalbation. T

reviews should be conducted by a licensed professional having demonstrated competence in the
field of seismic hazard assessment.

5.2.1.5 The sitspecific PSHAshould be updated and-saebmitted for approval to the
appropriate regulatory agency as needed if significant new information pertinent to the hazard
evaluation becomes available.

5.2.2 Additional Hazard from Induced Seismicity

5.2.2.1 8e-specific shorterm 1year probabilistic seismic hazard foresd&tSHF) should be
conducted in accordance with current practice to evaluate the hazard from induced and natural
seismicity. Information gathered ftne PSHF should include, but should not be limited to:

a) Input originaly obtained for the PSHA (5.1.1)

b) Site-specific reservoir and caprock properties and operation parameters such as: the
initial geometrical features of the subsurface reservoir; thermal and chemical properties
of the reservoir and fluids; hydraulic and meaualeal properties of the reservoir and
caprock; stress and pressure state of the reservoir and caprock; and planned injection and
pressure build rates

5.2.2.2 Results from the shderm PSHF should include multiple hazard curves and hazard
maps to report the results from the additional seismic hazard due to potential induced seismicity.

5.2.2.3 Thesite-specificshortterm 1-yearseismic hazard forecast report should be prepared by a
licensed profssional having demonstrated competence in the field of seismic hazard evaluation
(if required by the regulatory agency). The shiertn seismic hazard forecast report should
contain sitespecific evaluations of the shaegrm seismic hazards affecting the site from both
induced and natural earthquakes. This is in contrast to the report called for in Section 5.2.1.3,
which includes only natural events. The skertn seismic hazard forecast report should also
identify any known seismic hazards sources tbatccadversely affect relevant sites within the
ROC in the event of an earthquake. The contents of thetehortseismic hazard forecast report
should include the same items as those listed under 5.1.3.

5.2.2.4 Prior to approving the project, the appmprregulatory agency should independently
review the shorterm seismic hazard forecast report to determine the adequacy of the hazard
evaluation. Theeview should be conducted by a licensed professional having demonstrated
competence in the field of sanic hazard assessment.

5.2.2.5 The shotterm PSHF should be updated anguémitted for approval to the appropriate
regulatory agency annually, or more frequently as needed.
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5.3 SUPPORTING INFORMATION

5.3.1 Baseline Hazard from Natural Seismicity

Overview

Although there could be many sources of potential seismic hazards at a particular site (e.qg.,
ground shaking, fault offsets, soil liquefaction, landslides, etc.), for this purpose the baseline
seismic hazardaill focus exclusively on ground shaking hazards associated with natural tectonic
seismic eventthat could impact the site infrastructure (to inform any hazard mitigation
proceduresandthelocal population (to allow for ease of comparison of the haaaddrisk
associated witlkexisting natural seismicity and any induced seismichgditional hazards can

be incorporated at a later time, if needed (NRC, 1988).

Two general approaches have been developed for analyzing the seismic ground shaking hazard
at a particular site: deterministic, which focuses on specific earthquake scenarios without
considering their likelihood to reoccuand probabilistic, which incorporates all seismic events

that may impact a site and includes information on theurrence times and uncertainties in

source characterization and recurrence. A deterministic seismic hazard analysis (DSHA) may be
useful when describing potential effects to stakeholders due to its more straightforward
formulation. A PSHA allows for a brdar understanding of the overall seismic hazard and can

be input into subsequent seismic risk analyses (Cornell, 1968; McGuire, 2004). As such, PSHA
is recommended when calculating the baseline seismic hazard at a particular GCS site due to
natural tectora seismicity.

PSHA involves obtaining, through a formal mathematical process, the level of a selected ground
motion parameter (e.g., PGA, PGV, etc.) that has a selected probability of being exceeded (e.g.,
0.01% probability, 10% probability, etc.) duringpecified time interval (e.g., 50 years, 5,000

years, etc.) at a particular location due to future earthquakes. In practice, several different ground
motion parameters over a range of different probabilities and time intervals can be calculated for
a paricular site. Hazard curves visualize those exceedance probabilities and allow for different
sites to be easily compared.

A variety of computer programs are publicly available which can be used to perfospesitic
PSHA, such as the fre@nd opersourcesoftware OpenQuakengine(Pagani et al., 2014)
Severalothershave alsdeen validated by the Pacific Earthquake Engineering Research Center,
including the OpenSHA program (an opssurce program originally conceived by Ned Field of
the USGS), the HAZnogram (a free program originally developed by Norman Abrahamson at
UC Berkeley), and EFRISK (a licensed program available through Risk Engineering Inc.)
(Hale et al., 2018). Some available codes do not convert the rate ofiegcaeiven ground
motionintensityto the probability of exceeding given ground motion intensity within the code
itself, so this step must be conducted in gavecessing (Hale et al., 2018)his last step requires
estimating the probability distribution of time between ear#tk@ occurrenceand to date, is
almost always assumed to be Poissonian.

Thehazard and risk analyses in Stépand 6 will help better define thROC. The ROC was
preliminarily estimated in Step 1. The ROC defines the ground surface area that could be
negatively impacted by seismic events occurring at depth throughout the lifetime of the. project
Throughout the lifetime of the projedt is also expected that the PSHA analysis will need to be
updated if future geological, seismological geophysical investigations reveal significantly
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new and different information than that used in the original analjssROC may also expand
or contractdue to new information. Additionallyirce some parameters thie natural and
induced seismic lzard analyses should be simijaaligned to ensure consistendtiiose
performing the two analyses should either be the same entity or they should be in frequent
communication.

PSHA Inputs

Information from three general input categories are requiredIBlAP They are a) earthquake
source locations and geometry, b) spatial, temporal, and freqosampyitude (recurrence)
models for each of the earthquake sources, and c) ssite@ppropriate earthquake GMiVi
with adjustments for local site response caods.

(a) Earthquake seismic sources that could constitute a ground motion hazard to the local
communities, operational infrastructure, or to the subsurface reservoir itself should be
identified and incorporated in the PSHA. PSHA seismic sources fall into two general
categories: faulspecific sources and areal sources (SSHAC, 1997).

N W

For faultspecific sources, the current criteria for defining an “active”, “potentially

active”, or “capable” fault varies between different U.S. government regulatory agencies
(Jennings and Bryant, 2010). For this purpose, at a minimum, faults that have exhibited
coseismic surface deformation within the past 1.6 million years, (i.e., the Quaternary time
period as defined by the 1983 Geologic Time Scale) should be included asspéaifit
source. The USGS maintains &88JQuaternary Fault and Fold Database, which is a
source for faults used in the National Seismic Hazard Maps, and which could serve as a
starting point for the PSHA analysis (USGS, 2006). Surface fault location, fault length,
strike, dip direction and dip angle, slip rate, and slip sense ¢stigkenormal, or
reverse/thrust) are included in this database, although the quality and level of
completeness of information available for each source varies. Infomstould be

closely scrutinized and augmented with additional geological, geomorphological,
geodetic, geophysical, and seismological data, including review of recent literature when
available. Supplementary information from regional investigations, sutttedJnified
California Earthquake Rupture Forecast (UCERF) project for California or the Central
and Eastern United States — Seismic Source Characterization {E&U0Sproject for the
CEUS, have developed regigpecific databases that can be importantaes of more
detailed information (CEUSSC, 2012; Field et al., 2013). Nevertheless, site specific
studies will most likely be necessary. Additional information for fap#cific sources,
particularly within the PSZ, that will be needed for a-sppedfic PSHA would be 1) the
down-dip length and subsurface geometry of the f&)lthe identification of any blind

faults (i.e., faults that do not have a surface expressaod)3) an indication of any of

fault segmentation, which may pose a limit oa tapture length (e.g., Field et,&013;
SSHAC, 1997).

Areal seismic sources are distinct volumes within the Earth’s crust that encompass
concentrated zones of seismicity, seismic sources defined by regional seismotectonic
characteristics, or areas wiplotential for general background earthquakes. Areal sources
can account for the possibility of earthquakes occurring on faults that are not currently
mapped or to account for known large earthquakes that have yet to be associated with a
particular mapped fault. Areal sources are defined by their lateral and subsurface extents
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and slip sense (strikdip, normal, or reverse/thrust). Geologic, geophysical, and
seismological data can be used to identify local and regional areal sources (SSHAC,
1997).

A 3D stuctural and stratigraphic model of the PSZ should be developed. It should
include faults and fractures that could be sources of future seismicity. Inputs into the 3D
model could include information from drilling logs, wellbore image logs, seismic
reflection data, seismic tomography, potential field data, etc.

Each seismic source can be characterized by multiple plausible configurations, each with
an associatedieight or credibility(SSHAC, 1997). Lastly, regional and site

investigations used to identify seiic sources for input into the PSHA should have a
resolution at least consistent with a 1:5,000 scale map above the subsurface reservoir and
a scale of 1:50,000 above the PSZ for best fiddlit$s( Nuclear Regulatory

Commission 2007).

(b) For each seismic source, models of the spatial, temporal, and earthquake frequency
magnitude distributions should be determined in order to appropriately characterize each
source (SSHAC, 1997).

The spatial distribution models for earthquake sources are usedultatatbe distance
distribution between potential future events and sites within the ROC. Foesealfic
sources, the spatial distribution model describes the potential event locations across the
fault. Potential locations can be represented as either point sources edimémsional

(2D) or 3Dfault plane or as a rupture area with finite dimensions. Spatial distribution
models for areal sources can either be uniformly distributed over the entire zone, which
would allow for the possibility of incorpating future earthquakes within regions of little
observed historical seismicity, or they can attempt to match the historical earthquake
catalog, usually with some degree of spatial smoothing (Abrahamson, 2006). Estimating
distances for aregype finite failt seismic sources requires subjective assumptions of

fault rupture details (strike, dip, and rupture area) and should be well documented.

The selection of a model for the temporal distribution of earthquakes for each seismic
source is usually Poissonian, which assumes that each earthquake occurs independently
in time from each other (e.g., Cornell, 19683C, 1988).

Earthquake recurrence (frequerroagnitude) models provide information on the relative
frequencies of occurrence of seismic events of different magnitudes, between a pre
selected minimum earthquake magnitude of concern up tedepgamined maximum
magnitude that the source is considered capable of produtiagnihimum magnitude
threshold is typically considered the smallest magnitude event that can generate
potentially damaging ground motio(Bommer and Crowley, 20LAVhen conducting

the natural and induced seismic hazard analytbessame, or very simildgwer

threshold magnitudeshould be used. The maximum magnitude is a key paraimete
earthquake recurrence models but is often poorly constrained. Fesgauific sources,

the maximum earthquake magnitude can either be derived using empirical relationships
between magnitude and one or more key fault parameters (e.g., surfaceedigpia

fault rupture length, rupture area, etc.) (Slemmons, 1977; Bonilla et al., 1984; Wells and
Coppersmith, 19945tafford, 2014Allen and Hayes, 2017; Thingbaijam et al., 2017) or
observationally through the use of the historical seismic catalog. Maximum earthquake
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magnitude estimates for areal sources are particularly challenging since potential fault
dimensions are extremely difficult to determine. In practice, the maximum earthquake
magnitude is often presented as a distribution of potential yvahtber than as a single

value, based on the available information (SSHAC, 1997). When conducting the natural
and induced seismic hazard analyses, the maximum magnitude values could be the same
or independent from each other.

Earthquake recurrence relationships for fapkcific sources can include information

from both earthquake catalogs, which provide information on smaller magnitude, higher
frequency events, and paleoseismic/geologic information, which provides information on
larger magnitude, lower frequency events. Common earthquake recurrence models
include the truncated exponential meda form of the classical GutenbeRichter

model (1944) that assumes spatial and temporal independence of-eaedtthe
characteristic earthquake model, which often combines the GuteRxrigr model for
smaller magnitude events with a characteristic maximum event that displays a different
recurrence behavior (Youngs and Coppersmith, 1985; Gutenberg and Richter, 1944)

Earthquake reavence relationships for areal source zones typically ustudeered

historical catalogs as the primary source of information. Truncated exponential models
are often used to combine the observed data with the estimate of maximum magnitude to
determine tb recurrence parameters (SSHAC, 1997).

(c) Site-appropriate earthquake GMidpecify the estimated ground shaking at a particular
site as a function of, at least, the magnitude, distance of potential seismic events, and,
indirectly, the local tectonic regime (e.g., Boore and Atkinson, 2008). Other factors that
should be incorporated include focal mechanism, hanging wall eff@atsevent depth.
Additionally, local site effects can dramatically influence the amplitude, duration, and
frequency content of ground shaking at a particular site and should be incorporated into
the model. These site factors can include local geologic and soil characteristics,
topographic influences, and soil nbnearity (SSHAC, 1997). One way that earthquake
GMMs can incorporate t@l site response is through the use %0y the average shear
wave velocity (\) in the top 30 m of the subsurface. Thepybfile at a site can be
obtained through a range of common geophysical methods (ldriss et al., 2018).

A wide variety of peer revieged GMMs exisf(e.g., Bozorgnia et al., 201REER 2015).

A careful selection of the most appropriate-specific models should be conducted,

which should include a comparison between any available relevant observed data and the
calculated model resulteecognizing that caution must be exercised in interpreting

results if extrapolatingsMMs outside of their magnitude validity ranghse to a lack of
moreappropriate GMMsKeauval et al., 2012; Idriss et al., 2018). Additionally, to

ensure consistency between the natural and induced seismic hazard atiedyS&4iVis

should be the same between the two. Recognizing that this could be quite difficult, it may
therefoe be necessary to use different GMiMshe two casedut to verify that for

common magnitudes and depths, they yield comparable predictions.

PSHA Results

The primary products of the PSHA are seismic ground motion hazard curves that show the
estimated probability of exceedance per unit time (typically annually) on the vertical axis and
different levels of the selected ground motion parameter on the horizontéFigxise 1) Low
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levels of ground motion are exceeded relatively often (higher probability), while high levels of
ground motion are exceeded rarely (lower probability).

Figure 1. Example seismic hazard curve specifying the probabilityof exceednce
(theoretically between 61) as a function of increasing ground motion intensity (e.g., PGA,
spectral acceleration, etc.)An annual exceedance probabilityf 1 would indicatean expected
100% chance of exceeding the specified ground motion intensity

The ground motion parameters most frequently selected for the presentation of PSHA results are
PGA, PGV, orSA at selected periods. Rétsugiven in terms of PGA or response §#n be

compared to seismic design regulations and building codes, while results given in terms of PGV
can be compared to cosmetic and structural building damage criteria, criteria for vibration
sensitive research dmmanufacturing facilities, and with human activity interference criteria
(Petersen et al., 2014; Rutqvist et al., 2014).

Estimates of uncertainty can be captured on the hazard ckpresxamplegpistemic
uncertaintiegi.e., uncertainties arising from the potential of having a ranggpat sources
GMMs, and other input parameteh&t could be appropriatd a particular sitedan be estimated
using logic treesvhich allow for the incorporation of differenbmbinations of models and
parameter rangasto the hazardnalysis (e.g., NRC, 2012b; NRC, 2018he subsequegt
calculatechazard curvewould then be based on differebtt defensible, underlying
assumptionsvhich, when plotted togetheran illustrate the effect of thesacertainties on the
results. he mean hazard curves canpbatted along with two or more associated confidence
band curves, such as the 5% and 95% percentile curves (SSHAC,\A®@n)presenting
uncertainty in this mannga description of the center arahge of technically defensible
interpretations should be included in the discussion.
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Furthermore, PSHA result maps should show earthquake gehakiig levels for several

annual egeedance frequencies or return periddlszard maps present a more complete

overview of the hazard and may be easier to comprehend in a more general sense. PSHA maps
may show the various earthquake groghdking levels with a fixed probability of exceedance

over a specified time period. Omaportant value to define a priori would be the lowest annual
frequency of exceedance for which ground motions of interest should be evaluated, again
recognizing that this minimum value should be common between the natural and induced
seismic hazard analysd=or reference, for the design of critical facilities, the annual frequencies
of exceedance of intereste generally in the range of 46 10° (NRC, 20.8).

PSHA Report

The sitespecific seismic hazard report should contain sufficient informatiotholw the
regulatory agency’s technical reviewer(s) to satisfactorily evaluate the potential for seismic
ground shaking hazards (CGS, 2008).

(a) The project description should include at minimum the stated purpose of the project and a
listing of the ownersand operators.

(b) The geologic, geodetic, geotechnical, and geophysical descriptions of the site should
include at minimuma physical description and map of the carbon storage reservoir and
PSZ 3D crosssection(s) of the reservoir including locations of known drinking water
aquifers a description of the geologic and tectonic setting of theaidescription and
map of the seismic monitoring network and an estimate of the minimum magnitude of
completenessa description and map of any wells locatethimi the PSZa description of
any published or unpublished s#pecific or regional investigations pertinent to the
evaluation and a description of any sigpecific investigations undertaken during the
course of the evaluation.

(c) In addition to pres#ing the PSHA results, the PSHA report should document and justify
all assumptions, data, methods, models, uncertainties, and input parameters. The report
should include all sources of information, both published and unpublished, that were used
in the andysis. Specific effort should be applied to effectively communicating the effect
of the uncertaintiegboth epistemic and aleatoryh the resultso as to develop a true
understanding of the seismic hazard.

The database of potential sources of damaging earthquakes should include potential
locations, a description, parameter value ranges, and the stated basis for the identification
of the seismic sources. The earthquake recurrence relationships should include the
frequency of observed earthquakes with associated statistical error bars, the recurrence
intervals from paleoseismic data, and (if applicable) the mean recurrence curves derived
from the slip rate and magnitudestribution model should be included (%8C, 1997).

The PSHA report should also include a description of the spatial, ternguuaal

earthquake recurrence models and parameters for each source. A description of the
GMMs, input parameters, and the reason for choosing particular models should also be
documented. If a new sispecific GMM is derived, a full description of the development

of the new model should be included. Predictions from the GMMs should be compared to
relevant recorded data to determine the fidelity of the calculated results.
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A logic tree capturing the epistemic uncertainties in the source andsGMMId also be
included along with the assigned model and parameter weights representing the relative
merit of each of the alternatives. Logic trees allow for the incorporation adithrarige

of viable alternative source models, recurrence parameters, maximum magnitudes,
GMMs, etc. A Monte Carlo approach can be usétl logic treesfor example, to

sampe the uncertainty space of model parameter values and of ground motion model
aleatory uncertainties (natural random variability). Monte Carlo methods can be used to
sample the distributions whether they are represented by discrete branches or continuous
distributions. Logic trees are discrete representations of probability distributions where
many branches could potentially be replaced by continuous distribufioashosen
procedure should be carefully documented since the assessment of epistemic
uncertainties can be equivocal, given its dependence on expert judgement and data
availablity. These uncertainties can thiee propagated into the subsequent risk
assessmerso that decision makers can make better infordssisions.

(d) The name(s) and qualifications of the report preparer(s), who should have competence in
the field of seismic hazard evaluation, should be included in the report documentation.

PSHA Review

The technical review by the appropriate regulatory agency is a critical part of the evaluation
process. The regulatory reviewer ensures compliance with existing laws asmtt standards of
practice to protect both regulatory and stakeholder interests. The reviewer should be familiar
with the investigative methods employed and the techniques available to perform the analysis;
however, it would be appropriate for reviewersass for the opinion of others more qualified in
specialty fields if necessary. Reviews should be based on logical and defensible criteria.
Guidelines for the report and any supplementary material should be made available to applicants
beforehand. This information should cover procedures, report formats, and levels of appropriate
investigative detail that will expedite the review and approval of the project (CGS, 2008).

PSHA Update

Site-specific PSHA reports to the regulatory agency should be updated if future geological,
seismological, or geophysical investigations reveal significant new and different information
than that used in the original PSHA, such as new seismic sources or improved GMMs.
5.3.2 Additional Hazard From Induced Sismicity

Overview

The probabilistic shotterm seismic ground shaking hazard forecadeterminedyenerally the

same as for the loAgrm approach, with adjustments made for different source and GMMs to
accommodate the differences between induced and natural seismicity. For example, the range of
mechanisms which can induce seismicity at a local fluid injection site (e.g., pore pressure
changes due to fluid injection, temperature and chemical changes within the reservoir host rock
caused by the fluids, and poetastic stress changes) can be, but are not necessarily, different
than the mechanisms which typically create natural tectonic earthquakes.

These bortterm sitespecific seismic ground shaking hazard foregastorporating both
natural and induced seismicity, should be periodically computed during the lifetime of the
project These forecasts gtld ideally be for Jyear duration or shorter, depending on the
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planned injection schedule. These sherin forecasts are, however, difficult to calculate since
induced or potentially induced earthquakes can vary rapidly in space and time based on
anthropogenic activity. fle seismic response to injection can also vary drastically among nearby
sites or even between different injection depth intervdles& factors make it difficult to

extrapolate values, although regional trends in the seismic respoypsxistaWhile it may be

possible to make some estimates ahead of the initial injection program, real forecasting power
requires actual observations of the seismic response to injection tests to calibrate and validate the
forecasting models and assumptiomade in the initial assessment.

Estimating the frequenegnagnitude characteristics of induced seismjaitlyich are likely to be

time- and spacelependentbefore injection starts is a significant challenge since not all of the
geological and geomechaaldactors that govern the seismic response of a site can be accurately
guantified at this stage. Because of timsthis time period before injection starts, either a full
probabilistic hazard analysis or a pseymiobabilistichazard assessmesduld beappropriate

(Cornell, 1968Edwards et al., 2021It would only be during this relatively brief time perjod
andonly if anappropriate range of possildarthquake recurrenceodelscould not be

identified, where a pseudwrobabilistichazard assessment using scenario events would be
acceptable. Aftecollection of sufficienpostinjectiondata only a PSHF would be appropriate

The PSHF will necessarily need to be systematically checked, updated, and predictions
continuously calibrated against new observations. A new risk analysis (Step 6) will most likely

be necessary as wdilthe PSHF significantly changes. This may change the ROC asnekll

new data and models become available. To ensure consistency between the PSHF and,the PSHA
those performing the two analyses should either be the same entfigy should be in frequent
communication.

PSHF Inputs

Similar to the longterm approach, information from three general input categories are required
for the PSHF. They are: a) earthquake source locations and gedmeipgatial, temporal, and
recurrence (frequenayagnitude) models for each of the earthquake souaoelsc) site and
scaleappropriate earthquake GMiWvith adjustments for local site conditions.

(a) Earthquake sources, both natural and induced, that could constitute a ground motion
hazard to the local communities or operation infrastructure should be identified and input
into the PSHF. Both faukipecific sources and areal sources should be identified, similar
to the proedure for the longerm approach.

Differences from the PSHA analysis arise in that slip on faults and fractures may be
induced by the injection program due to changes in tlsgumormal stress field from

pore pressure changes, and changes in normal and shear stress from poroelastic stressing
and mass loading. Characterization of the local and regional stress field is therefore
necessary to identify which features are more likely to be triggered. The characterization
of the stress field can l@stimatedrom in situ stress measurements (e.g., hydraulic
fracturing, borehole breakouts, and corduced fractures), and is also needed for other
aspects of the project development. Characterization of the strain rate nean&ults

also be usefulHussain et al., 2018). Earthquake focal mechanisms can provide
information on the principal stress directions and their relativendmebsolute

magnitudes. With knowledge of the situ stress field, a MoRCoulomb stress analysis

can be performed to asss the critical stress required to trigger slip on favorably oriented
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faults and compare that to the expected stress changes due to the fluid injection program
in order to identify potential induced earthquake sources (e.g., \Gladstoback, 2016).
Howe\er, it must be noted that the distributions of stress and material properties at the
reservoir scale can be highly heterogeneous and are generally poorly constrained.
Therefore, uncertainties remain about the potential to reactivate an individual identifie
source.

(b) Spatial, temporal, and earthquake recurrence models for induced seismicity are
conceptually similar to the those used in conventional PSHA but must consider
differences between natural and induced seismicity in occurrence characteristics
(Peersen et al., 2016). Temporal models, for example, must consider expanding beyond
the conventional stationary Poissonian model to consider earthquake occurrence that
varies in space and time, which means that the-¢&ont hazard due to injection is
inherently nonstationary. The construction of these models is an area of active research.

Developing an occurrence model for induced seismicity is the most challenging task in
assessing the hazard. Induced seismicity results from the interaction betweeid the fl
injection parameters and the in situ lithologic, structural, hydrologic, and thermal
conditions. These are challenging characteristics to evaluate because of the difficulty in
imaging the subsurface and its inherent heterogeneity. Earthquake occunoetede for
induced seismicity can be based on statistical, phsised, or hybrid approaches, all of
which use different input and calibration data (e.g., Dieterich,e2@l5; van der Elst et

al., 2016; Broccardo et al., 2017). Some approaches eeimwed by Gaucher et al.
(2015). Recently, theapproaches that include physical modedse gained more attention
since they camtegratemoresite-specific hydromechanicahformationinto the seismic
hazard analysgéangenbruch et al., 2018; NorbeakdaRubinstein, 2018; Zhai and
Shirzaei, 2018; Dempsey and Riffault, 2019; Grigoratos et al., 2@R@ab)and appear

to more accurately forecast the hazard than observational modelsRildmes{ein et al.,
2021)

Determining the range of anticipated minimum and maximum magnitude events that may
be of concern is more difficult for sources of induced earthquake. The minimum
magnitude considered in typical PSHAs for engineering design is often in the range of
Mw 4.5-5.0, since empirical data indicate that smaller events seldom cause structural
damage. However, since induced events are typicallyostel] smaller magnitude

events will most likely also be of concern (Bommer et al., 2006), not least because events
as small as about )\ can conibute to the nuisance risk and also to cosmetic damage.
When conducting theatural and induced seismic hazassessments, it is recommended

to usetheinduced seismicity minimum magnitude threshold, or something very close to

it, for both analysesassurng it to be the lower threshold. For maximum magnitude
estimates, an evaluation of the sizes, nature and spatial distributionrexfigtriag

fractures and faults, the local stress field in the volume of rock surrounding the injection
wells, and the estimated characteristics of the pore pressure and poroelastic fields due to
injection need to be considered. Alternatively, various simple empirical relationships

have also been developed to estimate the maximum magnitude of an induced earthquake
based on, foexample, the inferred dimensions of the stimulated volume, total injected
fluid volume, or on probabilistic approaches based on the seismic activityMai@sirr,
2014;Shapiro et a) 2011; Yeck et al., 2015However, these proposed relationships
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geneally do not take into consideration tectonically influencest anthropogenically
induced, rupturesn critically stressed faulthat extend beyond the perturbed pressure

and stress volum@an der Elst et al., 2016; Galis et al., 2017; Norlkaeuk Horne,

2018) When conducting the natural and induced seismic hazard assessments, the
maximum magnitude threshold value could be the same or independent from each other.

(c) Site-appropriate earthquake GMMs, similar to those used in conventional PSHA, should
specify the estimated ground shaking at a particular site as a function of (at a minimum)
the magnitude and distance (e.g., Novakovic et al., 2018). Additional considerations for
induced seismicity sources include the fact that injeatidnced eehquakes are often
more shalbw than typical natural tectonic events, which increases the level of ground
shaking for comparable sized events. The majority of the existing GMMs however, were
created assuming tectonic sources and as such may not be well suited for induced
seismicity. Significant work has been done to incorporate induced seismic sources in
GMMs and it is essential that this work is included in the PSHF (e.g., Douglas et al.,
2013; Atkinson, 2015; Bommer et,a2017;Cremen et al 2020) Additionally, to ensure
consistency between the natural and induced seismic hazard analyses, the GMMs should
be the same between the two. Recognizing that this could be quite difficult, it may
therefore be necessary to use different GMMs in the two cagés, \erify that for
common magnitudes and depths, they yield comparable predictions.

PSHF Results

Primary results of the PSHF include seismic ground motion hazard curves that show the
estimated probability of exceedance per unit time (typically annually) on the vertical axis and
different levels of the selected ground motion parameter on the horizontal axis for a particular
location. For the shoterm approach, ground motion parameters suggested for the presentation
of PSHF results are PGA, PGV, SA pseidospectral velocity, and perhaps modified Mercalli
intensity scale (derived from PG& PG\) (Rutgvist et al., 2014; Petersen et al., 2016; Petersen
et al., 2018).

As with PSHA, estimates of uncertainty can be captured on the hazard curvesddhazel
models produced by the USGS of the CEUS report only the mean hazard curve due to the
complexity of the methodology. Uncertainties can be captured howsiregy, for examplea
bootstrapping approach to quantify the variability in the short term estimaiard curvesora
logic treeapproach{Mousavi et al., 2018; Petersen et al.,@0Regardless, when plotting the
seismic hazard curves, the rationale behind the icippitesand a description of the range of
technically defensible interpretations should be included with the results.

PSHF result maps could show the various earthquake gshaking levels with a fixed
probability of exceedance over a specified time periockrAdttive measures of ground shaking
intensity include Modified Mercalli Intensity (MMI), PGV, a time history of motion, or the
duration of strong shaking. One important value to define a priori would be the lowest annual
frequency of exceedance for whictognd motions of interest should be evaluated, again
recognizing that this minimum value should be common between the natural and induced
seismic hazard analyses.
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Short-Term Seismic Hazard AnalysiReport

The sitespecific shorterm seismic hazard report should contain sufficient information to allow
the regulatory agency'’s technical reviewer(s) to satisfactorily evaluate the potential for short
term seismic ground shaking hazards.

The PSHF report should follow the same guidelines as the PSHA reparedwthove. The
PSHF report should be similar in structure to the PSHA report, with the only significant
difference being the inclusion of details associated with the anticipated injection prtigram.
pseudoprobabilistic hazard assessment was opted for prior to injection, ti@gxton report
should follow a similar format to the PSHA report, where appropriate.

Short-Term Seismic Hazard AnalysiReview

The technical review by the appropriate regulatory agency is a critical part of the evaluation
process. The regulatory reviewer ensures compliance with existing laws and current standards of
practice to protect both government and community interests. The reviewer should be familiar
with the investigative methods employed and the techniques available to perform the analysis,
however it would be appropriate for reviewers to ask for the opinion of others more qualified in
specialty fields. Reviews should be based on logical and defensible criteria. Guidelines for the
report and any supplementary material should be made available to applicants beforehand. This
information should cover procedures, report formats, and levels of appropriate investigative
detail that will expedite the review and approval of the project (CGS, 2008).

ShortTerm Seismic Hazard Anagis Updates

Site-specific PSHF reports to the regulatory agency should be updated annually or more
frequently if future geological, seismological geophysical investigations reveal significantly
new and different information than that used in the original PSHF, or if the observed induced
seismicity is significantly different from initial expectations of induced seismiiipyrior to

injection a pseudgrobabilistic hazard assessment was conducted instead of a PSHF, a PSHF
report should be delivered to the regulatory agenggdk-after injection start
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6. STEP 6: RISK-INFORMED DECISION ANALYSIS

6.1 PURPOSE

The purpose of this step is to add elements to the project plan that are based on rigorous and
credible estimates of the seismic risk associated with the design, operation, and closure of a
carbon storage project. This will include identification and quantification of the seismic risks, an
evaluation of their acceptability by stakeholders, and a final determination as to the most
favorable options. Ground shaking due to geologic carbon storage operations may impact the
guality of people’s lives, the built environment, and the economy in several ways, therefore, the
risk needs to be evaluated. The risk analysis will need to bed@mendent to account for the
expected time varying stress conditions in and around the reservoir due to the sequestered CO
Conceptually, this step is similar to the preliminary seismic risk assessment in Step 1; however
instead of aiming for an order of magnitude assessment, a more precise estimate of risk is
required. Once the seismic risks have been evaluated, associated risks, such as bgine or CO
contamination of underground drinking water sources, can be subsggletatimined. Results

from the risk informed decision analysis described here will be tightly coupled with the risk
management framework described in Step 7.

6.2 RECOMMENDED PRACTICES

6.2.1 Seismic Risk from Natural Seismicity

6.2.1.1 A sitespecific seismic risk atysis should be conducted to determine the baseline risk
from natural tectonic seismicity. This assessment should include, but should not be limited to,
the following:

a) Incorporation of seismic hazard results from natural tectonic seismicity

b) Identificationof assets and activities that could be adversely affected by natural tectonic
seismic activity within the ROC

c) Characterization of the vulnerability of the assets and activities to the natural tectonic
seismic hazard within the ROC

d) Quantification of the semic risk due to natural tectonic seismicity. At a minimum this
should include a mean or median estimate in addition to confidence intervals on expected
annual losses due to seismic activity

6.2.2 Seismic Risk from Induced Seismicity

6.2.2.1 A sitespecific sesmic risk analysis should be conducted to determine the risk from
induced seismic events. This assessment should include, but should not be limited to, the
following:

a) Incorporation of seismic hazard results from induced seismicity (Step 5.2)

b) Identificationof assets and activities that could be adversely affected by induced seismic
activity within the ROC

c) Characterization of the vulnerability, including nuisance vulnerability of the assets,
activities and local communitieso the induced seismic hazardhimn the ROC
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d) Quantification of the seismic risk due to induced seismicity. At a minimum this should
include a mean or median estimate in addition to confidence intervals on expected annual
losses due to seismic activity

6.2.3 Risk Informed Decision Analysis

6.2.3.1 Evaluate and compare steecific seismic risks and make rsformed decisions
concerning the project plan based on the tad&rance of the affected stakeholders.

6.3 SUPPORTING INFORMATION

6.3.1 Seismic Risk from Natural Seismicity

Seismic risk is calculated from three main contributing fact@)sthe seismic hazard at

locations within the RO(?2) the collection of exposed assets, activjtasl communities at

those locationsand (3) their vulnerability to the hazaddcGuire, 2004). As an example diet

interplay between these three factors, consider a location next to an active earthquake fault which
has a high potential for damaging ground shaking (high seismic hazard), but which has only one
untenanted building located within the ROC (low exposure) that has been seismically retrofitted
to withstand the anticipated maximum magnitude event (low vulnerability). In this case, it could
be determined that the overall seismic risk in that particular location would be low.

Seismic risks from natural tectonic earthquakes in particular describe the harm or loss that would
be likely due to exposure to natural seismic hazards. These risks can be measured in a number of
ways, including direct economic losses (dollar loss due to the repair and replacestenf ¢

physical assets), indirect economic losses (losses due to interruptions to the supply chain),
downtime, and the potential number of injuries and fatalities (FEMA, 1989, 2013).

Calculating the risk due to natural seismicity will allow for a quatntgacomparison between
the accepted natural seismicity risks and the potential additional induced seismicity risks
associated with the project. The calculated risks also enable an a prigostélenefit analysis
for the considered operation.

(a) Incorporation of Seismic Hazard Results from Natural Tectonic Seismicity

One of the three major inputs into the seismic risk analysis are the hazard curves for natural
seismicity generated from the PSHA conducted in Step 5.1. Feeismic riskanalysis, it

should be noted that sintee riskdepends strongly on the anticipated ground shaking that can
occur, just using the median hazard often leads to an underestimation of the risk and so the mean
hazard curve should be used inst@ddGuire etal., 2005; MuntendarBos et al., 2015).

Additionally, hazard curves from a scenabiased approach using Monte Carlo analysis will be
needed to create a stochastic catalogweveits

(b) Identify Assets and Activities that could be Adversely Affecteddigtdnic Seismicity

Assets and activities within the ROC that could be adversely affected by exposure to natural
tectonic seismicity should be identified. Some of these assets and activities may be relatively
straightforward to include, such as the number of potentially affected people and structures (e.qg.,
residential housing, community facilities, government facilities, schools, historical buildings,
religious facilities, critical infrastructure, commercial facilities, industrial facilities, medical
facilities, essential facilities, transportation lifelines, utilities, potentially hazardous facilities, the
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GCS injection infrastructure, etc.) RC, 1989). There are publicly available general building

stock databases and waltcepted direct and indirect metts to supplement general database
information (Anagnos et al., 2012). General building information should include the geographic
location, construction classification, the category of seismic resistance, the economic value of the
building, the number of occupants, and the type of occupancy of the building (FEMA, 1989).
Buildings and structures of the same type may be grouped together for analysis and reporting
purposes in larger studies (FEMA, 1989)nay also be useful to assess thegxisting

conditions of certain highly vulnerable propert@sto considermincentiveprogram whery

local residents can perform a safsessmerdf their property before operations start so as to

obtain a more accurate determination of anygxisting conditions.

The socioeconomic impact from damaged infrastructure and business operation interference can
also be included using standard tools (FEMA, 2018). Social, economic, and persoibaingl|

rely heavily on the reliability of complex and often interconnectdiyutietworks (e.g.,

telephone, internet, water, gas, electricity, public transportation systems, etc.) that are vital to

both business and personal needs. Any damage leading to operational malfunctions (e.g., internet
service becoming unavailable) can create interruptions that should be included in the risk
analysis. These types of losses should inglbdeare not limited tol) the loss of the utilities
themselves, 2) business interruptions caused by the loss of the basic utilities, and 3) business
interruptions due to a lack of supplies.

The determination of the ROC when identifying these assets and activities should be based on a
maximum acceptable level of expected surface ground motions. In projects where there are
residents within the assessmentatbe choice of a ground motion threshold could be based on
the ground shaking levaksociated witlhuman perceptio(Step 3\Bommer et al., 2006;

Caltrans, 2020; Schultz et al., 2021A)site-specific computer simulation of expected levels of
ground shaking due to hypothetical events could therefore help delineate the ROC.

(c) Vulnerability Potential of the Assets and Activities to the Seismic Hazard

The vulnerability of the identified assets and activities within a particular dite s@isnic

hazard should be quantified through a vulnerability assessment of th&legenost appropriate
relationships correlating ground shaking intensity, resulting damage, and associate@ lgsses (
economic losses, downtime, injuries, fataditietc) atthe site will need tde chosen for input

into the seismic risk assessment. The evaluation of the anticipated losses as a function of ground
motion intensity can be achieved either directlyusing vulnerability functions or indirectly
through the use dfagility functions (Rossetto et al., 2015; Silva et al., 2013, Porter, 2020).
Vulnerability functions directly relate ground motion intensity to anticipated losses (Figure 2
Fragility functions on the other handelate ground motion intensity to the probability of
damage and are often expressed as either loss ratio curves, damage probability matrices, or
fragility curves(Figure 3. Thereforewhen using fragility functions,pgpropriate damagts-loss
functions arealsoneeded to link the anticipated losses with ground shaking inter(SIE&4A,
1989) Additionally, in the literature, these vulnerabildpd fragilityfunctions are often also
referred to as curveand it is worth noting that more research has been conducted on fragility
functions than on vulnerability functions.

The vulnerability of standard construction is a lalagpumented field and there are many tools
publicly available Standard vulnerability models applicable to natural tectonic earthquakes are
included in publicly gailable software packages for seismic loss estimation, such as Hazus
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(FEMA, 2013). Commercially available seismic risk analysis codes may provide more detailed
vulnerability assessment information. Additionally, databases of vulnerability and fragility
functions for economic losses, downtime, and casualties associated with natural tectonic
earthquakes are publicly available (Rossetto et al., 2015; Megieeda et al., 2016; Martins and
Silva, 2020). Lastly, Wwen accounting for property lossegherreplacement costs or market

value can be used in the calculatpwith the choicelearly stated

Figure 2: Example seismic vulnerability functions specifying the loss ratio (i.e., anticipated
repair costs normalized by the replacement value) of various assets or asset classes, illustrated
as individual grey lines, as a function of increasing ground motion intensity (e.g., PGA,
spectral acceleration, etc.) A loss ratio of 1 would indicate that the repair of an asset would
equal thereplacement cost.
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Figure 3: Example seismic fragility functionsrepresentingthe probability of exceeding a given
damage state (e.g., slight damage, moderate damage, extensive damatgg as a function of
increasing ground motion intensity (e.g., PGA, spectral acceleration, etcA probability of
exceedance of 1 would indicatehit the damage state is expected to happen at that ground
motion intensity.

(d) Quantification of Seismic Risk Due to Natural Tectonic Seismicity

Regional or global seismic risk modetsich ashe GEM(Silva et al., 202Q)can be used to gain

a broad understanding about the risk of natural seisniicttye areahowever a sitespecific

seismic risk assessment due to natural seismicity should also be conducted. Seismic risk analysis
can provide results in a variety fofrms (Jonkman eal., 2003) Thesecanincludethe mean
annualized loss (the mean annual frequency with which the loss in question,dbeunsgan

annual number of damaged buildings, the probability that at least a certain level of loss will be
exceeded during a specific period of tirttee probable maximum loss, the local personal risk
metric (e.g., th@annual probability of fatality for a hypothetical person who is continuously
present inside a buildingdnd many othersSomeof these results can only be obtained using a
stochastic catalogue of events generated frorsdlsenic hazard modét.g, Van EIk et al.

2019). Results can be provided as individual risk curves or as maps that show results for each
type of loss of concern for the region of concern.

Thereare a variety of seismic risk assessment software packages available to assess seismic risk
due to natural tectonic seismicity. Some are open and freely available (FEMA, 2013; Lang et al.,
2007; Porter and Scawthorn, 2007; Trendafiloski et al., 2088ani et al., 2014&ilva et al.,

2014;Silva et al., 2018), while others are provided by commercial risk management companies
that can also perform the analysis for a fee.

6.3.2 Seismic Risk from Induced Seismicity

The induced seismicity seismic risk analysis will facilitate sound and efficient decision making
relatingto induced seismity. Seismic risk assessment methodologies applied to ia $ite
design phasdor example, can highlight unacceptable potential future damages due to a

43



Recommended Practices for Managing Induced Seismicity Risk Associated with Geologic Carbon Storage

particular proposed well location, injection pl&t. Therefore, por to operations, plansan be
modified and the risk iteratively 1@&ssesedso as to come torésk levelacceptable to
stakeholdergSilva et al., 2021).

Previously, much of the research inémd applications pfnduced seismic risk da&focused on

the impact of lower-probability, highefimpact moderat¢o-large earthquakg&rigoratos et al.,
2021) Moving forward, njectiorinduced seismicity risksibeginning to more frequently
incorporate smaller magnitude earthquakes which may cause significant nuisance to the local
population, but only relatively minor physical damage to struciwaes Elk et al., 2019;

Edwardset al., 202).

Although the fundamentals of risk estimation do not change for small ground motion events, the
models used in the characterization of these risks will need to be calibrated for the lower
amplitudes of ground shaking and shorter distances often associated with iredsiced events.

For example, physical damage to structures will have to account for the appearance of small
cracks and other minor architectural damage in addition to more severe structural damages. Also,
human perception of low amplitude ground shaking, and the associated nuisance need to be
considered as elements of the risk. The nuisance produced by small vibrations will depend not
only on the amplitude and dominant frequency of the ground shaking, but also on how often the
events occur.

The induced seisitity risk assessment will also need to include a tttapendent component
governed by the time dependent nature of the induced seismic hazard. The risk will often change
due to operational changes at the site, changes in the exposure within the ROC (e.g., population
changesnew building creatignor structural strengthening of existing buildipgshanges in the
tolerance of risk at the site, or with the addition of new information (van Elk et al.,.2019)
Additionally, the hazard and risk analysis should be revisited periodically during the operational
period of the project and after site closure, especially if observed seismicity differs significantly
from the expected location or rate. Additionally, since forecasting the vigor of a site’s
seismogenic rgmnse prior to the start of injection is difficult, there should be a dedicated effort

at the beginning of injection to evaluate and model the seismogenic response based on the
observations in near reime, which will inform and help refine the initiahhard and risk

analyses (Wiemer et al., 201A)ter the early evaluation period, the probabilistic seismic risk
assessment should also be periodically updated as new data arrives

Specific plans should be made for the involvement of key stakeholders throughout the study.
Additionally, experts unaffiliated with those conducting the risk analysis should provide periodic
independent guidance and review over the course of the study that should address its goals, the
seismic hazard analysis, the asset andictiwentory-defining process, the vulnerability

functions, and the final results. This will increase confidence in the results of the study and
conform to generally accepted validation procedures (FEMA, 1989).

(a) Incorporation of Induced Seismic Hazard Results

Induced seismicity hazard curves generated from the PSHF conducted in Step 5.2 will be the
primary input into the induced seismicity risk analysis. Hazard curves for multiple seismic
hazard forecasts based on varying injection operational sceshdokl be included to create
alternative estimates of seismic risk to inform project planning (e.g., different injection well
locations, differing fluid flow path lithologies, modifications to injection pressure and volumes,
etc.).
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(b) Identification of Assets and Activities Adversely Affected by Seismicity within the ROC

Similar as forthe tectonic seismicity saets and activities within the ROC that could be

adversely impacted by exposure to induced seismicity should be identified ardssgssment
performed to the degree feasible. In addition to the negative impacts considered in relation to
natural seismicity, impacts resulting from lower magnitude induced events, such as interference
in human activity (e.g., sleep disturbance, creaking walls, enjoyment of recreation or
entertainment, etc.), minor cosmetic damage, or psychological effects (e.g., anxiety due to the
frequent occurrence of felt earthquakes), must also be included. The definition of the ROC could
be based on a maximum acceptable le¥ekpected surface ground motions associated with

these lesser impacts

(c) Characterization of the Vulnerability of the Assets and Activities to the Seismic Hazard

Development of fragility and vulnerability functions in general deal primarily with damage and
losses €.9., economic losses, downtime, injuries, fatalities, etc.) resulting from maiange
earthquakes. Vulnerability functions specific to the site and other nearby locations will need to
be developed, and in particular need to include thpaats fom relatively low levels of ground
shaking outlined above.

The interference with human activities should also include nuisance, which refers to the
annoyance that is created by level ground shaking that does not necessarily generate
physical danage on the built and natural environment but can be felt by humans. Repeated
vibration or noise, even of very small amplitude, can negatively impact people’s way of life and
well-being. This type of impact is difficult to quantify and there is as yeteibestablished
methodology to do so for induced seismicity. At present, following practicesditoen fields is
recommended such as mining, geothermal energy production, or transportation. This would
include using ground motion or noise criteria determined in Step 3 to be used in the formulation
of vulnerability functions. An estimate of the annual probability of the number or percentage of
people mildly, normally, or severely inconvenienced by the induced seismicity would be ideal.

(d) Quantification of Seismic Risk Due to Induced Seismicity

The seismic risk analysis can provide results in a variefyrofs to address the different aspects

of risk that are of importance to the various stakehaolddrs choice of which risk metrics to

focus on will also dtermine which aspects of the hazard and risk assessment should receive
additional consideration (Bommer et al., 20TH)e assessment of seismic risk due to induced
seismicity should be site specific and adaptable in the case of new information. &peiticdon

the calculated seismic hazard, including the influence of operational factors (e.g., different
injection programs, different injection formations, etc.), on the number and nature of exposed
assets and activities that may be impacted, and on the determination of their level of vulnerability
to the hazardThe risk analysignd resulting risk metricshould be similar in form tthe

tectonic seismicitjor ease of comparison.

The seismic risk assessment will need to include hazards from both large and small seismic
events. 8ismic risk assessment methodologies and software have largely been developed
assuming only larger tectonic events are the events of concdasediently howeveresmic

risk assessments due to induced seismicity have stadeding the risks associated with
smaller events as well. Additionally, a probabilistic seismic risk analysis, usinglépendent
induced seismicity forecast models and a logie &neproach will permit epistemic uncertainties
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in the induced seismicity risk assessment to be incorporated in a more cohesive manner (Mignan
et al., 2015).

6.3.3 Risk Informed Decision Analysis

The evaluation of the seismic risk due to induced seismicity is expected to depend significantly
upon the project plan and would be expected to be updated as more information becomes
available during the lifetime of the proje@therefore, determination of the project plan specifics
should occur in conjunction with theskiassessment. This risk informed planning can help with
decisions such as evaluating wellbore placement and operational injection plans. Using the site
specific seismic risk analysis, rishkformed decisions for the project plan based on the risk-
tolerance of the affected stakeholders can be made. Effort should be made to appropriately
communicate the uncertainty present in the risk assessmstatkkeholders and decision makers.
Risk-tolerance matrices are one method that can balance the level ofersktal of

stakeholders with the expected benefits of the project (Walters et al., 2015)IRiakce

matrices allow for an estimation of the intersection between the anticipated risks and stakeholder
tolerance for those risks.

Documentation should include the data used to inform the risk analysis, how the data were
analyzed to determine risk, the results of the risk analysis (including uncertainties), and how
management decisions will be determined based on the results of the risk analysis. This should
include the types of losses considered, how the extent of thenR©®©@eterminedhe kinds of
structures and facilities included in the analysis, a description of the vulnerability of sites within
the ROC to the natural and induced seismic hazards in tdrnmpacts on the assets and

activities, and a description of the sources of uncertainties in the analysis. The hazard and risk
analyses should be presented in similar terms (e.g., PGA, PGV, etc.). Results can be presented as
an estimate of the total losgpected annually (monetary, downtime, annoyance, injuries,
casualties, etc.), losses expected as a function of time from the start of operation (with
uncertainty ranges), and as a geographic map showing the spatial distribution of expected value
lossesm the region as a function of time and for several annual probabilities of exceedance.
Variations of these results should be included when discussing different project plan options
being considered.
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7. STEP 7: OPERATIONAL MANAGEMENT OF INDUCED SEISMICITY Rl SKS

7.1 PURPOSE

The purpose of this step is to create and implement-afsigfic, reakime plan to monitor,

assess, control, and mitigate the risks associated with induced seismicity during and after fluid
injection. The framework of the rigkased mitigation plan should be based on a traffic light

system (TLS), which can provide clear and direct actions to take in response to given situations
according to preletermined criteria. The plan should be in place before injection operations
commence and before any level of induced seismicity may be observed. Tihiagesk-

mitigation plan for induced seismicity is expected to be one component of a more comprehensive
risk management plan covering the entire project.

7.2 RECOMMENDED PRACTICES

7.2.1 Induced Seismicity Mitigation Plan

7.2.1.1 The operator should create a sggeeific induced seismicity mitigation plan based on a
TLS framework. The TLS framework should include, but should not be limited to:

a) At least three response levels, indicating operation as usual (green), heightened
awareness and reassessing and modifying as appropriate of injection operations (yellow),
and stopping injection (red)

b) Clear threshold level criteria defining when an increase in response level is necessary

c) A clear description of mandatory and optional actions and procedures at each of the
response levels

d) A description of the conditions, actions, and procedures necessary to reduce the response
level to a lower level

e) Adequate near redgime data input from theeismic monitoring network

7.2.1.2 The induced seismicity mitigation plan should be operational throughout the active
operation of the site and through the end of themsic PISC period.

7.2.1.3 The induced seismicity mitigation plan shdxécendorsed by the Expert Panel and
approved by the regulatory agency.

7.2.1.4 A reduction in the response level should occur when recommended by the Expert Panel
and approved bthe regulatory agency.

7.2.2 Expert Panel

7.2.2.1 An Expert Panshould be created whose purpose is to provide evideased
information and recommendations pertaining to the induced seismicity risk posed by the project.

7.2.2.2 The Expert Panghould be comprigeof representatives from the operator, local
stakeholders, the regulatory agenayd appropriate independent subject matter experts. The
chairperson should be selected from the independent subject matter experts.

7.2.2.3 Should there be other active or planned projects involving fluid injection that jointly
contribute to a composite PSZ, representatives of the respective operators should be additional
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members on the Expert Panel. The regulatory agency should approve the members and the
chairperson of the ExpePanel.

7.2.2.4 The Expert Panghould convene at least annually to independently review past seismic
activity, the appropriateness of the seismic monitoring network and operation, updated hazard
and risk assessments, and the current induced seismicity mitigation plan. The operator should
supply the Expert Panel with all reports and information necessary to perform the review.

7.2.3 Early Evaluation Period

7.2.3.1 he first year of injection operations should be considered an Early Evaluation Period.

7.2.3.2 he Expert Panahould convene at least weekly during the first month of the Early
Evaluation Period and at least monthly during the following 5 months of the Early Evaluation
Period to review the seismogemind hydraulic site response and to verify the continued
appropriateness of the induced seismicity mitigation plan, including the hazard and risk
assessments originally performed in Steps 5 and 6 prior to injection operations.

7.2.3.3 Reduction of the reaw schedule during the Early Evaluation Period after the first 6
months should be approved by the regulatory agency.

7.2.3.4 Injection operations should ramp up gradually during the Early Evaluation Period and the
Expert Panel may recommend to the regulatory agency that injection activities be slowed or
halted if warranted.

7.2.4 Seismic PISC

7.2.4.1 The default duration of theismic PISC should be the duration of the regular PISC after
the end of injection operations.

7.2.4.2 The Expert Pangthould make a recommendation whether or not to modifyetisengc
PISC period, considering the seismic response of the site during and after active injection.

a) The regulatory agency may approve a reduced, or require an increase in, the duration of
the ®ismic PISC.

b) The ®ismic PISC period should not end before pressure and stress perturbations in and
surrounding the reservoir have stabilized and observed seismicity approaches tectonic
baseline levels.

7.2.5 Liability and | nsurance

7.2.5.1 The operator should be insured against potential damages associated with induced
seismicity or demonstrate sufficient assets toissliire for potential damage outlays coresist
with the estimated seismic risk.

7.2.5.2 Levels of insurance coverage should be set based on the estimated induced seismicity risk
and should be revaluated annually.

7.2.5.3 Liability for the consequences of induced seismic events should be shangd am
operators whose estimated PSZ extends to the epicemtelanhaging or felt event.
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7.3 SUPPORTING INFORMATION

7.3.1 Induced Seismicity Mitigation Plan

An Induced Seismicity Mitigation Plan should be in place before any injection operations begin.
The framework of the plan should be based on a TLS protocol. A TLS, as defined here, is a risk
management tool which serves several purposes: it communicates the status of the project; it
specifies predefined actions that should occur in order to attempt to prevent large magnitude
induced events, and it prompts the operator to consider changes to the operations if a concerning
trend of seismic activity has been observed. The TLS status should be made easily available to
both the operators and the pubKcTLS will typically have three or more response levels,
corresponding at a minimum to: a continuation of operations as planned (green), heightened
awareness and revisiting of injection operations due to concerning observed seismicity or trends
(yellow), and stopping ohjection due to an unacceptable level of induced seismicity (red).

TLS, the status of a project is continuously evaluated with the goal of avoiding induced
seismicity that could endanger the local population or damage infrastructure (NRQ, E0t2a
example, dring the Basel EGS project, their yellow level was triggered due to a medium size
seismic event, which caused them to reducie thigction rate. Ongoing seismic activity

increased the level to red, which lead teasition of the injectimm program However,

unfortunately, anagnitude M3.4 could not be prevented with the TLS (Haering e28I08).

A traditional TLS such as that used in the Basel EGS project, typically defines the actions to be
taken solely in response to the occurrence of certain observed criteria (e.g., the occurrence of a
seismic event above a certain magnitude or a level of surface ground shaking above a certain
threshold). A major shortcoming of traditional TLSs$hat they are not forwardoking and do

not providea forecast of future seismic activity. Adaptive traffic light systems (ATLS) and
physicsbased forecasting methods, however, can help to inform operation decisions, such that
elevated risk levels might not be reached in the first place (Figure 4)

An ATLS is fully probabilistic, incorporates new data on the fly (automatically as much as
possible) to update geomechanical and seismicity forecasting models, and integrates hazard,
exposure, and vulnerability into the automatic system (Wiemer et al., 2014; Mignan et al., 2017;
Langenbruch et al., 2020). In this way the hazard and risk calculations originally produced in
Steps 5 and 6 can be automatically updated as new data and models become available. An ATLS
incorporates not only the past observations of seignmbut produces projections of seismicity

rates based on the actual or projected injection and production rates in a reservoir (e.g.,
Bachmann et al., 2011). Although the deployment of an ATLS is currently an active research
topic, operata areencouraged to implement the mosttoglate system with a sigpecific
forecasting method that is adapted to the local conditions. This would allow for a more proactive
management approach to induced seismicity compared to the reactive approach in traditional
TLS. Additionally, an ATLS could potentially be used to optimize operations in addition to
minimizing seismicity by providing forecasts based on different injection scenarios.

In both TLSs and ATLSsSs, the threshold criteria determining when an increaspansedevel is
necessary should be defined such that they allow effective intervention to prevent the traffic light
from reaching the highest response level requiring a full stop of the operation (Kao et al., 2018).
Threshold criteria that could be addedatsitespecific plan includea basic magnitude threshold
criterig a peak ground velocity threshold (such as those determined in Step 3) (Bommer et al.,
2006) the identification of a concerning seismic trend (such as observed seismicity delineating a
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potential fault capable of producing an event of concern) (Lee et al.,; 20d@nparison with
magnitude exceedance probabilities (van der Elst et al., 2016; Shapiro et al., 2010; Langenbruch
et al., 2016)a comparison with calculated seismic risk criteria (Douglas and Aochi, 2014;

Mignan et al., 201%)a comparison to economic loss criteria (Langenbruch et al., 2620)

public response (Wiemer et al., 2017).

Figure 4: Example adaptive traffic light system. Real time seismic, hydraulic, and operational
monitoring can either directly increase the response level or indirectly help inform rapid
hazard and risk analyses which may prompt a change in response level due to updated result

When selecting the threshold criteria, two points need to be considered: (1) the magnitude
frequency relationship of earthquakes (Gutenberg and Richter,; H9w#)2) the temporal delay
between changes in injection operations and the response oicsatsivity. Regarding the first
point, it has been observed that for every tectonic earthquake of a given magnitude occurring in a
volume of the Earth’s crust about 10 times as many earthquakes one magnitude uniasealler
expecedto be obsena: For ekample, for every 100 M earthquakes, on average 1Q2V
earthquakes and oneJ8l earthquakare expected to be observathis behavior is embodied by

the Gutenberg and Richter (1944) relationship with a b value approximately equal to 1. This
empirical rulegenerally holds for induced seismicity as well, although the precise relationship
may vary from site to site and can vary during the injection cycles (e.g., Bachmann et al., 2012;
ODUWtQH](*D,20y4) .ItHis\hgDr@agnitude thresholds, Schudtzal. (2020) argue that the
yellow light threshold should be set 2 magnitude units below the red light. Using this criterion
and assuming a GutenbeRiehter b value of 1, 99% of the cases would be expected to present
an opportunity to initiate rtigation measures to avoid the highest response state and in only 1%
of the cases would the traffic light be expected to jump from green to red, skipping the yellow
level. Additionally, b values greater thanat a siteas found in some EG&-injection and post
injection settings (Bachmann et al., 2012), would be expected to lead to even fewer cases of
jumping directly from green to red. Recent research has also focusis#-based approaels
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for choosing appropriate rduht thresholdsat certain typs of fluid injectionsites (Schultz et
al., 2021

Regarding the second point and particularly for typical GCS teng-injections, the pressure

plume potentially causing seismicity may reach many kilometers or tens of kilometers away
from the injection point (Goebel et al., 2017; Peterie et al., 2018). While the pressure around the
injection well may fall rapidly in response to reductions of the injection rate, it may continue to
rise further away, where earthquakes may continibe toduced by small pssure

perturbations. It may be months or longer for changes in the injection operations to take effect,
especially if seismicity has already been observed far away from the injection point. It has been
observed in several injection projects that the trgeents occurred after injection ceased

which can be explained in part by the continuing propagation of pressure plumes and delayed
aftershocks (Diexich et al., 2015). Event triggering by poroelastic stress changes rather than
directly by elevated perpressure is subject to the same temporal behavior as described above. In
addition, aftershock sequences may produce seismicity several years after their mainshock.

At the normal greeri TLS operating state, routine operation of the-teaé monitoring system
should also include more detailed analysis of potentiahpeitory seismicity. These detailed
analyses should include enhanced event detection (e.g., through template matkbuingp($&t

al., 2014; Chamberlain et al., 2018; Templeton et al., 2020), precise relative relocation
(Waldhauser and Ellsworth, 2000; Trugman &mearer, 2017and focal mechanism analyses

to identify fault planes. Additionally, seismological signatureldating the possibility of fault
rupture may also be visible in the data, as it was for example in the Pohang EGS case (Ellsworth
et al., 2019). At this early stageotentially concerning trends such as an injection pressure
increasedven if it is still within normal ranggsincremental increases in induced earthquake
magnitudes that are still below the threshold level, and the observation of evolving patterns of
seismicity guch as clusters or delineations of fguktsin be evaluated so as to indgigbtential
mitigation measures before more concerning induced seismicity is induced. The information
from these studies should be made available to the Expert Panel so that they can make
appropriate recommendations.

Operation at elevated alert levels sldanclude informing the regulatory agency and other

project stakeholders. Observed seismicity should be further analyzed in order to understand the
causative mechanisms and inform the choice of potential mitigation steps. Should the alert level
continue ¢ increase due to ongoing seismicity, injection should be reduced or stopped, and other
steps taken to ensure the safety of the site and local populations.

Once seismic activity has been induced above a threshold level there is only a limited range of
possble operational procedures that may be able to mitigate further seismicity. The operator can
modify the injection operation by reducing injection rates or volume, stopping injection,
producing from the injection well, or producing fluid elsewhere withgtb&d of reducing the

pressure at a location distant from the original injection wedbtentially steer the pressure

plume. The efficacy of active pressure management is an area of active research (Kroll et al
2020).

With any of these changes to op@ras it should to be acknowledged that they may take a
significant amount of time until a geomechanical effect is achieved. Hercenportant to
implement low enough traffic light thresholds in order to react early enough to avoid damaging
levels of seismicity.
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It is important to document a clear procedure that would allow for the reduction of the response
level of a traffic light framework. The conditions to be met for reducing the response level will
vary from site to site. However, in every case ¢ibserved seismicity should be carefully

analyzed along with the pertinent operational parameters and geomechanical models to
understand what conditions led to the heightened alert level. This analysis should engage the
appropriate specialists, including seismologist, geolggstd engineers to review available data
and if necessary, design and conduct engineered trials to inform operating procedure
adjustments. Subsequently, subsurface models should be modified to determine what has
changed from the itial assumptions and determine how operations can be modified such that a
higher response level will not be reached. The Expert Panel should recommend, and the
regulatory agency should approaay reduction in the response level at a site.

All traffic light frameworks are dependent on adequate neatimealseismic monitoring. While

a traditional TLS may be operated successfully with a magnitude of completeness about 0.5 units
below the lowesthreshold criteria defined in the s&pecific plan, a prospective ATLS greatly
benefits from a much lower completeness. Seismic forecast models that are incorporated into
ATLS perform best when their statistical features (e-galbes or seismicity ta variations) are

based on the lowest completeness achievable. These lower magnitude events are also necessary
for nearreattime evaluation of the effectiveness of enacted risk mitigation protocols and for a
more rapid identification of potential signs of fault activation.

7.3.2 Expert Panel

An Expert Panel shoulbe formed to provide eviderdrased information and recommendations
pertaining to the induced seismicity risk posed by the project. The panel should serve as a forum
in which the operator, the regulatory agency, other stakeholders, and independentsaitgect
experts will be able to monitor and assess the induced seismicity and develop recommendations
for necessary operational responses, such as changes to the injection operations, increased
seismic monitoring, more detailed analyses, and other mitigation measures. Expert panels and
expert elicitations have proven successful particularly in the presence of substantial epistemic
uncertainties, such as at a greenfield site and investigating the potential for induced seismicity
(Trutnevyte andAzevedo, 2018).

The Expert Panel is tasked witlecommending for approvéie induced seismicity mitigation

plan prior to subsurface injectiorecommenghg actions on an aseeded basis during injection

and during theasmic PISC periodecommenthg actions after a change to the response;level
and recommending the lowering of a response level. The Expert Panel is expected to review, at
least annually, the induced seismicity mitigation plan, the appropriateness of the seismic
monitoring network and operation, updateazard and risk assessments, and the detailed
seismological analyses that will be routinely conducted by the operator.

Because the ROC may be extensive, it may overlap with other uses of the subsurface or with the
ROC of another GCS project or other otjen operations. If several ROCs overlap, the

probability of inducing seismicity is determined by the sum of individual pfsjecntributions
(Dempsey andriffault, 2019). Therefore, the task of managing induced seismicity should be
addressed by a larger group of stakeholders including representatives from all subsurface
projects whose ROCs may overlap.
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7.3.3 Early Evaluation Period

The first year of injection operations should be considered an early evaluation period. During the
early evaluation period, the seismogenic and hydrologic behavior of the target reservoir and
underlying basements units should be analyzed to calibrate, verify, and/or update the pre
injection models ath parameters. Forecasts of the level of induced seismicity derived frem pre
injection assessment using estimated values are likely to be of limited value without this
calibration and verification step. Therefore, the Expert Panel should comugnally or in

person, at least weekly during the first month of the early evaluation period and monthly during
the following 5 months to assess the appropriateness of the models, input parameters, the
induced seismicity mitigation plan, and to recommend modifications if necelsany.

seismicity is observed meetings caradlapted tsimple check ins.

During this critical timgthe relative changes in pressure and stress may be at their greatest.
Therefore, it is suggested that injection operations should be gradually increased and that any
increases in the planned injection ratedmmmendedy the Expert Panel. The Expert Panel
should be empowered to recommend a slowing or halting of injections to the regulator if
hazardous conditions warrant it.

7.3.4 Seismic PISC

The PISC duration is defined as the time period following cessation pin&otion in which
appropriate monitoring and other actions are needed to ensuamyhatnderwater source of
drinking water USDW) is not endangered. With regard to induced saigyithe Expert Panel

may recommend implementing @smic PISC which may have a duration that is different from
the PISC. It may be reduced or extended relative to the PISC in order to account for the different
requirements of the induced seismicity mitigation plan. For example, if only very low levels of
induced seismicity were detected during the active injection phase of the project, the Expert
Panel may be justified in recommending an earlier end tcetemi PISC than for the PISC. If,
however, significant seismicity was observed, it may be required to continue execution of the
induced seismicity mitigation plan throughout and beyond the PISC period. Determinations
should be based on two factors: (1) stabilization of pressure and stress perturbations-to steady
state valuesand (2) clear demonstration that the seismic frequemagynitude behavior is
approaching baseline tectonic conditions. For example, at the site of the Basel EGS there has
been observed seismicity for over 10 years following-ghafter a fluidinjection program that
lasted only 2 weeks (Herrmann et al., 2019).

During the gismic PISC, seismic monitorinthe outreach and communication program, and the
implementation of the Induced Seismicity Mitigation Plan should continue, airaimg the

number of monitoring stations and review procedures. Additionally, duringigrais PISC, the
schedule of review meetings by the Expert Panel may be reduced if deemed appropriate by the
Expert PanelThis should require approval by the regulatory agency.

7.3.5 Liability and | nsurance

Liability and compensation coverage for damages cause by induced earthquakes should be
included in the Induced Seismicity Mitigation Plan as a last means of indirect mitigagicim
indirect mitigationhas been used in EG&ntextsn the pas(Giardini, 2009) Further, having
insurance and a compensation scheme in place prior to operations may significantly increase
public acceptance for a subsurface injection project. Operators shaudfibently covered or
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demonstrate sufficient assets to $effure against damages from induced seismicity. Insurance
coverage for potential losses at the median annual exceedance probabilifyoofgt€ater have

been suggested for EGS (Wiemer et2017). The amount of coverage should bevauated
annually. In the case of a damaging event there are often legal disputes about who is at fault.
This may occur specifically in cases where several operators have overlapping ROCs. Assigning
a single operator to be at fault would ignore the fact that pressure diffusion from several injection
sources is additive (e.g., Dempsey &iffault, 2019). An induced event could occur because of

the sum of all injection operations in its vicinity. Therefore, reskommended that operators pay
contributions to an insurance fund that would compensate for any damages resulting from
induced seismicity in a shared ROC. Operators who expect to have overlapping ROCs should
negotiate these details in advance of injection
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APPENDIX | - TERMINOLOGY
2-sigma: The two standard deviation uncertainty.

Region of Concern (ROC) The expected ground surface aaeaund an injection well where
there could be a negative impact due to potential seismic events ocauthegoerturbed stress
zone (PSZ) throughout the lifetime of the project

Area of Review (AOR): The region around an injection well where USDWs may be endangered
by the injection activity.

Geologic Carbon Storage (GCS)The longterm containment of a gaseous, liquid, or
supercritical carbon dioxide stream in subsurface geologic formations.

Peak Ground Acceleration (PGA):Maximum ground acceleratiohdt occurs at a particular
location due to a seismic event and is typically expressed as a fraction of gravitational
acceleration (g).

Peak Ground Velocity (PGV): Maximum ground velocity that occurs at a particular location
due to a seismic event.

Perturbed Stress Zone (PSZ)The subsurface region around an injection well with perturbed
pressure and stress in which seismicity could occur in a critically stressed bisgtone is
expected to expand over tiras the subsurface fluid migrat@way from the injection point.

PostInjection Site Care (PISC): Appropriate monitoring and other actions (including
corrective action) needed following cessation of injection to ensure that USDWSs are not
endangered. PISC monitoring must continue until it can be deratatsthat the site poses no
further endangerment to USDWSs. The default duration for PISC, as stated in the U.S.
Environmental Protection AgenciRA) guidelines, is 50 years.

Seismic PISC The PISC that relates to the Induced Seismicity Mitigation Plag sditmic
PISC duration may be decoupled from the duration of the general PISC depending on the seismic
response of the site during active injection.

Underground Source of Drinking Water (USDW): An aquifer or portion of an aquifer that
supplies any public water system or that contains a sufficient quantity of ground water to supply
a public water system, and currently supplies drinking water for human consumption, or that
contains fewer than 100,000 mg/I total dissolved solids and is not an exempted aquifer
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Failure Investigation Report Denbury Gulf Coast Pipelines LLC
PipelineRupture/Natural Force Damage
February 22, 2020

Key Points

X

On February 22, 2020, a carbon diox{@®) pipelineoperated by Denbury Gulf Coast Pipetine
LLC(Denbury)ruptured in proximity to the community of Satartia, iddissippi.The rupture
followed heavy rains that resulted in a landslide, creagmxgessivaxial strain ora pipelineweld.

Carbon dioxidds considered minimally toxic by inhalatiamd is classified as an asphyxiant,

displacing the oxygen in air. Symptoms of, €posure may include headache and drowsiness.
Individuals exposed to higher concentratisnmay experience rapid breathing, confusion,

increased cardiac output, elevated blood pressuaad increased arrhythmias. Extreme -CO

concentrations can lead to death by asphyxiation

WhenCQ in a supefcritical phasewhich is common for CQipelines) releases into open air, it
naturally vaporizes into a heavier than air gawl dissipates. During the February 22 event,
atmospheric conditions and unique topographical features of the acciddatsignificantly
delayed dissipation of the heaviethan-air vapor cloud.Pipeline operators are required to
establish atmospheric models to prepare for emergeneienbury’s model did not contemplate
a release that could affect théillageof Satartia.

Local emergency responders were not informed by Denlofithe rupture and the nature of the
unique safety risks of the GRipeline As a result, responders had to guess the nature of the risk,
in part making assumptions based on reports of a “green gas” and “rottesraglf and had to
contemplate appropriatamitigative actions.Fortunately, responders decided to quickly isolate
the affected area by shutting down local highways and evacuag people in proximity to the
release Denbury reportedn its PHMSA F 7000.1 accident repbet 200 residents surrounding

the rupture location were evacuated, andrfy-five peoplewere taken to the hospital. Denbury
also reported that to the company’s knowledge, one individual was admitted to the hospital for
reasons unrelated to the pipeline failumdo fatalities were reported

This event demonstrated the need for:

o0 Pipeline company awareness and mitigation efforts directed at addressing integrity
threats due to changing climate, gesards, and soil stability issues.

o Improved public engagementefforts to ensure public and emergency responder
awareness ofiearbyCQ pipeline and pipeline facilities and what to do if a.@fease
occurs. This is especially important for communities in {ying areas, with certain
topographical features such asers andvalleys.
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Figurel: Map of Cities Relative to Satartia and Their Respective Raitis
Between January 1, 2020, and February 29, 2020

On November 9, 2018, the DelApeline experienced a girttveld rupture at a valve location during
pipeline reloading activitiesnd notattributed to natural force damage. Laboratory analys@icated the
release was the result of large thermal differential stresses being exerted on the pipeline fedoadity
at two different locationst the same timeThe pipe between the two loading points shrahke to chilling
from the CQ, causing tk girth weld connecting the pipeline to the valve bodly rupture. The report
found no evidence of inadequatenechanical propefes or chemical composition anomalies the
ruptured weld. Denbury updated their procedure to prevent similar occurrences.

Prior to the accident, m November 8, 2019, Yazoo County first responders practiced scéd-county
response during a drill for a rail accidemoweverDenburywas not a participantni the drill. Local
responders believe that the drill prepared them to respond to this event. Denbury had not conducted any
drills with local responders siné@enbury’s modeling hadot identified that Satartia would be impacted

by a rupture of the pipeline.

EmergencyResponse

TheDelhiHpeline was operating normally prior to the February 2@20accident
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passed out upon investigating the cloud. She later céonand was able to evacuate to safety with her
partner.Denbury reported a total oforty-five people sought medat attention at local hospitals

Emergency Response Air Monitoring Plan

CTEHDenbury’'sthird-party contractor)in consultation with tie ICdevelopedan air monitoring plan to

ensure the safety ofesponse personnethe community, and site characterizatiorCTEHmplemented

the planto monitor for concentrations of K kydrogensulfide (HS) and o/ ECP v ~K ¢ pe]JvP Z v Z o
realdime instrumentation throughout the communitand within homes of residents who requested
monitoring. Air monitoring was conducted from 10:30 p.m. on February ZR20, until approximately

11:30 a.m. on February 23, 202@0nitoring was performed using calibraté&AE Systems instruments

madeby Honeywell.

Carbon dioxideis considered minimally toxic by inhalation, unless in higher concentratioasis
classified as an asphyxiant, displacing the oxygen in breathing air. SymptomsapGdire may include
headache and drowsiness. Those exposed to higher concentsatiay experience rapid breathing,
confusion, increased cardiac output, elevated blood pressamd increased arrhythmias. Extreme CO
concentrations can lead to death by asphyxiation

In the hours after the rupture,féer outdoor ambient airCQ levels coninuously measured below 5,000
ppm, responders performed initial indoor assessment monitoring within residences and church buildings
potentially impacted by the acciderDuring initial indoor assessmenyCQ concentrations ranged from

200 through 28,000 pm, with six detections exceeding 5,000m. In these instances, occupants of these
structures were advised to open doors and winddwallow ventilation to dissipate the concentration of
CQand not toenter prior to re-assessment. No subseque@@ readingsin the hours after the accident
were recorded abov8,500 pom duringre-assessments.

According to firsthandaccounts, as well asecondhandaccounts from first responderghere wasa

“rotten eggs” odorassociated with the C@eleaseand gas plumeArotten eggs odor can be attributed

to the presence of k8§ which is naturally occurring in the geologic formation that serves as a source of

the CQin the pipeline. PHMSA reviewed the CTEH air monitoring results and did not identify any observed
reading of HSby monitoring equipment.dZ u}Vv]S}E]JVP <u]%u vS[e § 38]}v o]uls (}&E
ppm.

Summary of Returrio-Service

Prior to repairing the pipelineDenbury contracted an engineering firm to develop plans to cutbat
failed section of pipe anib mitigate potential future land movement. Denbury installed sbibringalong
HWY433to stabilize the areaPHMSA evaluated the repair plan and monitored its execution.

On September 1, 2020, Denburggan replacing the failed pipe section, and®eptember 26Denbury
welded the new sections of pipe into the pipeline at the accident locatiglannesmann Line Pipe
manufactured the newly installe@0foot section of 24inch nominal diameter pip&é 2019. The pipé&s
API 5L X70 grade, has 0.562h wall thicknesand an ERWongitudinal weld seamand is coated with
FBE

Denbury restarted th@ipeline onOctober 26, 2020 Rior to the restart of the pipelineDenbury provided
PHMSA with a proposed restart pléor review and approvalConcurrently with Denbury’s repair and
restart efforts, PHMSA conducted an inspection of Denbury’s pipeline operations, which resulted in the
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The topography along the pipeline right-way (ROWin this area is a steep hill that riskem the valley
containing the Big Black River to tbast,goes relatively flat across the crest of the hill containing HWY
433 and then slopes downward toward the valley containing the Yazoo River to the west

Figure3: CraterQreated bythe Ripture ContainingFallen Debris(dry ice, and the failed pipe sectidns
(Bue Arrow is Rinting at thePipelineSeparation)

The pipeline separated at a girth weld. The pipeline eetlavated due to the discharge of LThe auto
refrigeration generated by the G@ischargeand accompanying chance in phaswered the area with a
thick layer of icdFigures 2, 3, and4). The ugtream section of pipe was not covered in ice, and a slightly
jagged edge was observed on the rupture edge (Figur&he crater was an estimated-f€et-deep on

the downstream HWY 433 side and about foufeet-deep on the upstream side.
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Contributing factors include:

X

Denbury’sO&M procedures dichot appear to address the potential for pipeline damage due to
soil instability despite havingrior experience with and knowledge of land movemeisks

Denbury’s IMP dichot appear toaddressintegrity threat identification and/or assessment for
geohazard®r preventative or mitigative measures

Denbury’s aerial patroldid not identify ageohazard at the failure locatigurior to the accident

Denbury’sCQ dispersion modelunderestimated the potentiabffected area that could be
impacted by a release. As a result, the pipeline segment was not identified as a “could affect
HCA, and Satartia wamt included in Denbury’'s PAP

Denburydid not notifylocal responders advizg them of a potential failureLocal responders
contacted Denbury approximately 4fiinutes after the rupture.This led toconfusionin
understandingcircumstances associated withe emergencyand hindered the ability ofirst
responders and community mebers to safely navigate the emergency

Appendices

Appendix A Map

Appendix B NRC Reports Nos. 1271847 and 1272001
Appendix C  PHMSA 7000.1 Final Report

Appendix D  MearsMetallurgical and Root Cause Failure Analysis

Appendix E  CTEH Air Monitoring Summary Report
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Appendix A Map

Figure 7: An ArcGlfenerated Satellite Map with the Site of the Rupture Marked by the Red Star (the Insert Map on the Bottom
Right Shows the Rupture Site Location Within the State of Mississippi)
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Appendix B NRC Report No. 1271847
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14. Was the pipeline/facility shut down due to the Accident?

Yes

- If No, Explain:

- If Yes, complete Questions 14a and 14b: (use local time, 24-hr clock)

14a. Local time and date of shutdown:

02/22/2020 19:15

14b. Local time pipeline/facility restarted:

10/26/2020 12:30

- Still shut down? (* Supplemental Report Required)

15. Did the commodity ignite? No
16. Did the commodity explode? No
17. Number of general public evacuated: 200

18. Time sequence (use local time, 24-hour clock):

18a. Local time Operator identified Accident - effective 7- 2014
changed to "Local time Operator identified failure":

02/22/2020 20:20

18b. Local time Operator resources arrived on site:

02/22/2020 20:20

PART B - ADDITIONAL LOCATION INFORMATION

1. Was the origin of the Accident onshore?

| Yes

If Yes, Complete Questions (2-12)

If No, Complete Questions (13-15)

- If Onshore:
2. State: Mississippi
3. Zip Code: 39194
4. City Not Within a Municipality
5. County or Parish Yazoo County
6. Operator-designated location: Milepost/Valve Station
Specify: 6.6
7. Pipeline/Facility name: Delhi
8. Segment name/ID: Delhi
9. Was Accident on Federal land, other than the Outer Continental Shelf
No
(0Cs)?
10. Location of Accident: Pipeline Right-of-way
11. Area of Accident (as found): Underground
Specify: Under soil
- If Other, Describe:
Depth-of-Cover (in): 360
12. Did Accident occur in a crossing? No
- If Yes, specify type below:
- If Bridge crossing
Cased/ Uncased:
- If Railroad crossing
Cased/ Uncased/ Bored/drilled
- If Road crossing
Cased/ Uncased/ Bored/drilled
- If Water crossing
Cased/ Uncased
- Name of body of water, if commonly known:
- Approx. water depth (ft) at the point of the Accident:
- Select:
- If Offshore:
13. Approximate water depth (ft) at the point of the Accident:
14. Origin of Accident:
- In State waters - Specify:
- State:
- Area:
- Block/Tract #:
- Nearest County/Parish:
- On the Outer Continental Shelf (OCS) - Specify:
- Area:
- Block #:
15. Area of Accident:
PART C - ADDITIONAL FACILITY INFORMATION
1. Is the pipeline or facility: Interstate
2. Part of system involved in Accident: Onshore Pipeline, Including Valve Sites
- If Onshore Breakout Tank or Storage Vessel, Including Attached
Appurtenances, specify:
3. Item involved in Accident: Weld, including heat-affected zone
- If Pipe, specify:
3a. Nominal diameter of pipe (in): 24
3b. Wall thickness (in): .540
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3c. SMYS (Specified Minimum Yield Strength) of pipe (psi):

80,000

3d. Pipe specification:

API 5L

3e. Pipe Seam , specify:

Longitudinal ERW - High Frequency

- If Other, Describe:

3f. Pipe manufacturer:

Stupp Corporation

3g. Year of manufacture:

2007

3h. Pipeline coating type at point of Accident, specify:

Field Applied Epoxy

- If Other, Describe:

- If Weld, including heat-affected zone, specify. If Pipe Girth Weld,
3a through 3h above are required:

Pipe Girth Weld

- If Other, Describe:

- If Valve, specify:

- If Mainline, specify:

- If Other, Describe:

3i. Manufactured by:

3j. Year of manufacture:

- If Tank/Vessel, specify:

- If Other - Describe:

- If Other, describe:

4. Year item involved in Accident was installed:

2009

5. Material involved in Accident:

Carbon Steel

- If Material other than Carbon Steel, specify:

6. Type of Accident Involved:

Other

- If Mechanical Puncture Specify Approx. size:

in. (axial) by

in. (circumferential)

- If Leak - Select Type:

- If Other, Describe:

- If Rupture - Select Orientation:

- If Other, Describe:

Approx. size: in. (widest opening) by

in. (length circumferentially or axially)

- If Other Describe:

Guillotine Type Failure

PART D - ADDITIONAL CONSEQUENCE INFORMATION

1. Wildlife impact: | No
la. If Yes, specify all that apply:
- Fish/aquatic
- Birds
- Terrestrial
2. Soil contamination: No
3. Long term impact assessment performed or planned: No
4. Anticipated remediation: No
4a. If Yes, specify all that apply:
- Surface water
- Groundwater
- Soll
- Vegetation
- Wildlife
5. Water contamination: No
5a. If Yes, specify all that apply:
- Ocean/Seawater
- Surface
- Groundwater
- Drinking water: (Select one or both)
- Private Well
- Public Water Intake
5b. Estimated amount released in or reaching water (Barrels):
5c¢. Name of body of water, if commonly known:
6. At the location of this Accident, had the pipeline segment or facility
been identified as one that "could affect" a High Consequence Area No
(HCA) as determined in the Operator's Integrity Management Program?
7. Did the released commodity reach or occur in one or more High Yes

Consequence Area (HCA)?

7a. If Yes, specify HCA type(s): (Select all that apply)

- Commercially Navigable Waterway:

Was this HCA identified in the "could affect”
determination for this Accident site in the Operator's
Integrity Management Program?
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- High Population Area:

Was this HCA identified in the "could affect”
determination for this Accident site in the Operator's
Integrity Management Program?

- Other Populated Area Yes
Was this HCA identified in the "could affect" determination
for this Accident site in the Operator's Integrity No

Management Program?

- Unusually Sensitive Area (USA) - Drinking Water

Was this HCA identified in the "could affect" determination
for this Accident site in the Operator's Integrity
Management Program?

- Unusually Sensitive Area (USA) - Ecological

Was this HCA identified in the “"could affect” determination
for this Accident site in the Operator's Integrity
Management Program?

8. Estimated cost to Operator effective 12-2012, changed to "Estimated Property Damage™:

8a. Estimated cost of public and non-Operator private property

damage paid/reimbursed by the Operator effective 12-2012, $ 225,899
"paid/reimbursed by the Operator" removed
8b. Estimated cost of commodity lost $ 11,130
8c. Estimated cost of Operator's property damage & repairs $ 3,504,518
8d. Estimated cost of Operator's emergency response $ 205,462
8e. Estimated cost of Operator's environmental remediation $ 0
8f. Estimated other costs $ 0
Describe:
8g. Estimated total costs (sum of above) effective 12-2012, $ 3.947.009
changed to "Total estimated property damage (sum of above)" T
PART E - ADDITIONAL OPERATING INFORMATION
1. Estimated pressure at the point and time of the Accident (psig): 1,402.00
2. Maximum Operating Pressure (MOP) at the point and time of the 2.160.00

Accident (psig):

3. Describe the pressure on the system or facility relating to the
Accident (psig):

Pressure did not exceed MOP

4. Not including pressure reductions required by PHMSA regulations
(such as for repairs and pipe movement), was the system or facility

relating to the Accident operating under an established pressure No
restriction with pressure limits below those normally allowed by the
MOP?
- If Yes, Complete 4.a and 4.b below:
4a. Did the pressure exceed this established pressure
restriction?
4b. Was this pressure restriction mandated by PHMSA or the
State?
5. Was "Onshore Pipeline, Including Valve Sites" OR "Offshore
Pipeline, Including Riser and Riser Bend" selected in PART C, Question | Yes

2?

- If Yes - (Complete 5a. 5f below) effective 12-2012, changed to "(Complete 5.a 5.e below)"

5a. Type of upstream valve used to initially isolate release

Remotely Controlled

source:

g(t_))u;l(':)épe of downstream valve used to initially isolate release Remotely Controlled
5c. Length of segment isolated between valves (ft): 50,406

5d. Is the pipeline configured to accommodate internal Yes

inspection tools?

- If No, Which physical features limit tool accommodation?

select all that apply)

- Changes in line pipe diameter

- Presence of unsuitable mainline valves

- Tight or mitered pipe bends

- Other passage restrictions (i.e. unbarred tee's,
projecting instrumentation, etc.)

- Extra thick pipe wall (applicable only for magnetic
flux leakage internal inspection tools)

- Other -

- If Other, Describe:

5e. For this pipeline, are there operational factors which
significantly complicate the execution of an internal inspection tool
run?

Yes

- If Yes, Which operational factors complicate execution? (select all that apply)

- Excessive debris or scale, wax, or other wall buildup
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- Low operating pressure(s)

- Low flow or absence of flow

Yes

- Incompatible commodity

- Other -

- If Other, Describe:

5f. Function of pipeline system:

> 20% SMYS Regulated Trunkline/Transmission

6. Was a Supervisory Control and Data Acquisition (SCADA)-based

system in place on the pipeline or facility involved in the Accident? ves
If Yes -
6a. Was it operating at the time of the Accident? Yes
6b. Was it fully functional at the time of the Accident? Yes
6c. Did SCADA-based information (such as alarm(s),
alert(s), event(s), and/or volume calculations) assist with Yes
the detection of the Accident?
6d. Did SCADA-based information (such as alarm(s),
alert(s), event(s), and/or volume calculations) assist with Yes
the confirmation of the Accident?
7. Was a CPM leak detection system in place on the pipeline or facility No

involved in the Accident?

- If Yes:

7a. Was it operating at the time of the Accident?

7b. Was it fully functional at the time of the Accident?

7c. Did CPM leak detection system information (such as alarm
(s), alert(s), event(s), and/or volume calculations) assist with
the detection of the Accident?

7d. Did CPM leak detection system information (such as alarm
(s), alert(s), event(s), and/or volume calculations) assist with
the confirmation of the Accident?

8. How was the Accident initially identified for the Operator?

CPM leak detection system or SCADA-based information
(such as alarm(s), alert(s), event(s), and/or volume
calculations)

- If Other, Specify:

8a. If "Controller", "Local Operating Personnel”, including
contractors”, "Air Patrol", or "Ground Patrol by Operator or its
contractor" is selected in Question 8, specify:

9. Was an investigation initiated into whether or not the controller(s) or
control room issues were the cause of or a contributing factor to the
Accident?

Yes, specify investigation result(s): (select all that apply)

- If No, the Operator did not find that an investigation of the
controller(s) actions or control room issues was necessary due to:
(provide an explanation for why the operator did not investigate)

- If Yes, specify investigation result(s): (select all that apply)

- Investigation reviewed work schedule rotations,
continuous hours of service (while working for the
Operator), and other factors associated with fatigue

Yes

- Investigation did NOT review work schedule rotations,
continuous hours of service (while working for the
Operator), and other factors associated with fatigue

Provide an explanation for why not:

- Investigation identified no control room issues

Yes

- _Investigation identified no controller issues

Yes

- Investigation identified incorrect controller action or
controller error

- Investigation identified that fatigue may have affected the
controller(s) involved or impacted the involved controller(s)
response

- Investigation identified incorrect procedures

- Investigation identified incorrect control room equipment
operation

- Investigation identified maintenance activities that affected
control room operations, procedures, and/or controller
response

- Investigation identified areas other than those above:

Describe:

PART F - DRUG & ALCOHOL TESTING INFORMATION

1. As aresult of this Accident, were any Operator employees tested
under the post-accident drug and alcohol testing requirements of DOT's
Drug & Alcohol Testing regulations?

No

- If Yes:

la. Specify how many were tested:
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1b. Specify how many failed:

2. As aresult of this Accident, were any Operator contractor employees
tested under the post-accident drug and alcohol testing requirements of No
DOT's Drug & Alcohol Testing regulations?

- If Yes:

2a. Specify how many were tested:

2b. Specify how many failed:

PART G APPARENT CAUSE

Select only one box from PART G in shaded column on left representing the APPARENT Cause of the Accident, and answer
the questions on the right. Describe secondary, contributing or root causes of the Accident in the narrative (PART H).

Apparent Cause: | G2 - Natural Force Damage

G1 - Corrosion Failure - only one sub-cause can be picked from shaded left-hand column

Corrosion Failure Sub-Cause: |

- If External Corrosion:

1. Results of visual examination:

- If Other, Describe:

2. Type of corrosion: (select all that apply)

- Galvanic

- Atmospheric

- Stray Current

- Microbiological

- Selective Seam

- Other:

- If Other, Describe:

3. The type(s) of corrosion selected in Question 2 is based on the following: (select all that apply)

- Field examination

- Determined by metallurgical analysis

- Other:

- If Other, Describe:

4. Was the failed item buried under the ground?

-1f Yes:

4a. Was failed item considered to be under cathodic
protection at the time of the Accident?

If Yes - Year protection started:

4b. Was shielding, tenting, or disbonding of coating evident at
the point of the Accident?

4c. Has one or more Cathodic Protection Survey been
conducted at the point of the Accident?

If "Yes, CP Annual Survey" Most recent year conducted:

If "Yes, Close Interval Survey" Most recent year conducted:

If "Yes, Other CP Survey" Most recent year conducted:

- If No:

4d. Was the failed item externally coated or painted?

5. Was there observable damage to the coating or paint in the vicinity of
the corrosion?

- If Internal Corrosion:

6. Results of visual examination:

- Other:

7. Type of corrosion (select all that apply): -

- Corrosive Commaodity

- Water drop-out/Acid

- Microbiological

- Erosion

- Other:

- If Other, Describe:

8. The cause(s) of corrosion selected in Question 7 is based on the following (select all that apply): -

- Field examination

- Determined by metallurgical analysis

- Other:

- If Other, Describe:

9. Location of corrosion (select all that apply): -

- Low point in pipe

- Elbow

- Other:
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- If Other, Describe:

10. Was the commodity treated with corrosion inhibitors or biocides?

11. Was the interior coated or lined with protective coating?

12. Were cleaning/dewatering pigs (or other operations) routinely
utilized?

13. Were corrosion coupons routinely utilized?

Complete the following if any Corrosion Failure sub-cause is selected AND the “ltem Involved in Accident” (from PART C,
Question 3) is Tank/Vessel.

14. List the year of the most recent inspections:

14a. API Std 653 Out-of-Service Inspection

- No Out-of-Service Inspection completed

14b. API Std 653 In-Service Inspection

- No In-Service Inspection completed

Complete the following if any Corrosion Failure sub-cause is selected AND the “ltem Involved in Accident” (from PART C,
Question 3) is Pipe or Weld.

15. Has one or more internal inspection tool collected data at the point of the
Accident?

15a. If Yes, for each tool used, select type of internal inspection tool and indicate most recent year run: -

- Magnetic Flux Leakage Tool

Most recent year:

- Ultrasonic

Most recent year:
- Geometry

Most recent year:
- Caliper

Most recent year:
- Crack

Most recent year:
- Hard Spot

Most recent year:

- Combination Tool

Most recent year:

- Transverse Field/Triaxial

Most recent year:

- Other

Most recent year:

Describe:

16. Has one or more hydrotest or other pressure test been conducted since
original construction at the point of the Accident?

If Yes -

Most recent year tested:

Test pressure:

17. Has one or more Direct Assessment been conducted on this segment?

- If Yes, and an investigative dig was conducted at the point of the Accident::

Most recent year conducted: |

- If Yes, but the point of the Accident was not identified as a dig site:

Most recent year conducted:

18. Has one or more non-destructive examination been conducted at the
point of the Accident since January 1, 2002?

18a. If Yes, for each examination conducted since January 1, 2002, select type of non-destructive examination and indicate most
recent year the examination was conducted:

- Radiography

Most recent year conducted:

- Guided Wave Ultrasonic

Most recent year conducted:

- Handheld Ultrasonic Tool

Most recent year conducted:

- Wet Magnetic Particle Test

Most recent year conducted:

- Dry Magnetic Particle Test

Most recent year conducted:

- Other

Most recent year conducted:

Describe:

G2 - Natural Force Damage - only one sub-cause can be picked from shaded left-handed column

Natural Force Damage Sub-Cause: Heavy Rains/Floods

- If Earth Movement, NOT due to Heavy Rains/Floods:

1. Specify: |
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-_If Other, Describe: |

- If Heavy Rains/Floods:

2. Specify: Other

,Soil movement, promoted by unusually high rainfall
- If Other, Describe: | averages and not a singular event, induced axial stresses
sufficient to cause an overload condition.,,

- If Lightning:

3. Specify: |

- If Temperature:

4. Specify:

- If Other, Describe:

- If Other Natural Force Damage:

5. Describe: |

Complete the following if any  Natural Force Damage sub-cause is selected.

6. Were the natural forces causing the Accident generated in

; . . No
conjunction with an extreme weather event?

6a. If Yes, specify: (select all that apply)

- Hurricane

- Tropical Storm

- Tornado

- Other

- If Other, Describe:

G3 - Excavation Damage - only one sub-cause can be picked from shaded left-hand column

Excavation Damage Sub-Cause:

- If Previous Damage due to Excavation Activity: Complete Questions 1-5 ONLY IF the “Item Involved in Accident" (from PART
C, Question 3) is Pipe or Weld.

1. Has one or more internal inspection tool collected data at the point of
the Accident?

la. If Yes, for each tool used, select type of internal inspection tool and indicate most recent year run: -

- Magnetic Flux Leakage

Most recent year conducted:

- Ultrasonic

Most recent year conducted:
- Geometry

Most recent year conducted:
- Caliper

Most recent year conducted:
- Crack

Most recent year conducted:
- Hard Spot

Most recent year conducted:

- Combination Tool

Most recent year conducted:

- Transverse Field/Triaxial

Most recent year conducted:

- Other

Most recent year conducted:

Describe:

2. Do you have reason to believe that the internal inspection was
completed BEFORE the damage was sustained?

3. Has one or more hydrotest or other pressure test been conducted since
original construction at the point of the Accident?

- If Yes:

Most recent year tested:

Test pressure (psig):

4. Has one or more Direct Assessment been conducted on the pipeline
segment?

- If Yes, and an investigative dig was conducted at the point of the Accident:

Most recent year conducted: |

- If Yes, but the point of the Accident was not identified as a dig site:

Most recent year conducted:

5. Has one or more non-destructive examination been conducted at the
point of the Accident since January 1, 2002?

5a. If Yes, for each examination, conducted since January 1, 2002, select type of non-destructive examination and indicate most
recent year the examination was conducted:

- Radiography

Most recent year conducted:

- Guided Wave Ultrasonic
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3. Has one or more internal inspection tool collected data at the point of
the Accident?

3a. If Yes, for each tool used, select type of internal inspection tool and indicate most recent year run:

- Magnetic Flux Leakage

Most recent year conducted:

- Ultrasonic

Most recent year conducted:
- Geometry

Most recent year conducted:
- Caliper

Most recent year conducted:
- Crack

Most recent year conducted:
- Hard Spot

Most recent year conducted:

- Combination Tool

Most recent year conducted:

- Transverse Field/Triaxial

Most recent year conducted:

- Other

Most recent year conducted:

Describe:

4. Do you have reason to believe that the internal inspection was
completed BEFORE the damage was sustained?

5. Has one or more hydrotest or other pressure test been conducted
since original construction at the point of the Accident?

- If Yes:

Most recent year tested:

Test pressure (psig):

6. Has one or more Direct Assessment been conducted on the pipeline
segment?

- If Yes, and an investigative dig was conducted at the point of the Accident:

Most recent year conducted: [

- If Yes, but the point of the Accident was not identified as a dig site:

Most recent year conducted:

7. Has one or more non-destructive examination been conducted at the
point of the Accident since January 1, 2002?

7a. If Yes, for each examination conducted since January 1, 2002, select type of non-destructive examination and indicate most
recent year the examination was conducted:

- Radiography

Most recent year conducted:

- Guided Wave Ultrasonic

Most recent year conducted:

- Handheld Ultrasonic Tool

Most recent year conducted:

- Wet Magnetic Particle Test

Most recent year conducted:

- Dry Magnetic Particle Test

Most recent year conducted:

- Other

Most recent year conducted:

Describe:

- If Intentional Damage:

8. Specify:

- If Other, Describe:

- If Other Outside Force Damage:

9. Describe: |

G5 - Material Failure of Pipe or Weld - only one sub-cause can be selected from the shaded left-hand column

Use this section to report material failures ONLY IF the "ltem Involved in Accident" (from PART C, Question 3) is "Pipe" or
"Weld."

Material Failure of Pipe or Weld Sub-Cause:

1. The sub-cause shown above is based on the following: (select all that apply)

- Field Examination

- Determined by Metallurgical Analysis

- Other Analysis

- If "Other Analysis", Describe:

- Sub-cause is Tentative or Suspected; Still Under Investigation
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(Supplemental Report required)

- If Construction, Installation, or Fabrication-related:

2. List contributing factors: (select all that apply)

- Fatigue or Vibration-related

Specify:

- If Other, Describe:

- Mechanical Stress:

- Other

- If Other, Describe:

- If Environmental Cracking-related:

3. Specify:

- If Other - Describe:

Complete the following if any ~ Material Failure of Pipe or Weld sub-cause is selected.

4. Additional factors: (select all that apply):

- Dent

- Gouge

- Pipe Bend

- Arc Burn

- Crack

- Lack of Fusion

- Lamination

- Buckle

- Wrinkle

- Misalignment

- Burnt Steel

- Other:

- If Other, Describe:

5. Has one or more internal inspection tool collected data at the point of
the Accident?

5a. If Yes, for each tool used, select type of internal inspection tool and indicate most recent year run:

- Magnetic Flux Leakage

Most recent year run:

- Ultrasonic

Most recent year run:
- Geometry

Most recent year run:
- Caliper

Most recent year run:
- Crack

Most recent year run:
- Hard Spot

Most recent year run:

- Combination Tool

Most recent year run:

- Transverse Field/Triaxial

Most recent year run:

- Other

Most recent year run:

Describe:

6. Has one or more hydrotest or other pressure test been conducted since
original construction at the point of the Accident?

- If Yes:

Most recent year tested:

Test pressure (psig):

7. Has one or more Direct Assessment been conducted on the pipeline
segment?

- If Yes, and an investigative dig was conducted at the point of the Accident -

Most recent year conducted: |

- If Yes, but the point of the Accident was not identified as a dig site -

Most recent year conducted:

8. Has one or more non-destructive examination(s) been conducted at the
point of the Accident since January 1, 2002?

8a. If Yes, for each examination conducted since January 1, 2002, select type of non-destructive examination and indicate most
recent year the examination was conducted: -

- Radiography

Most recent year conducted:

- Guided Wave Ultrasonic

Most recent year conducted:

- Handheld Ultrasonic Tool
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Most recent year conducted:

- Wet Magnetic Particle Test

Most recent year conducted:

- Dry Magnetic Particle Test

Most recent year conducted:

- Other

Most recent year conducted:

Describe:

G6 Equipment Failure - only one sub-cause can be selected from the shaded left-hand column

Equipment Failure Sub-Cause:

- If Malfunction of Control/Relief Equipment:

1. Specify: (select all that apply) -

- Control Valve

- Instrumentation

- SCADA

- Communications

- Block Valve

- Check Valve

- Relief Valve

- Power Failure

- Stopple/Control Fitting

- ESD System Failure

- Other

- If Other Describe:

- If Pump or Pump-related Equipment:

2. Specify:

- If Other Describe:

- If Threaded Connection/Coupling Failure:

3. Specify:

- If Other Describe:

- If Non-threaded Connection Failure:

4. Specify:

- If Other Describe:

- If Other Equipment Failure:

5. Describe: |

Complete the following if any  Equipment Failure sub-cause is selected.

6. Additional factors that contributed to the equipment failure: (select all that apply)

- Excessive vibration

- Overpressurization

- No support or loss of support

- Manufacturing defect

- Loss of electricity

- Improper installation

- Mismatched items (different manufacturer for tubing and tubing
fittings)

- Dissimilar metals

- Breakdown of soft goods due to compatibility issues with
transported commodity

- Valve vault or valve can contributed to the release

- Alarm/status failure

- Misalignment

- Thermal stress

- Other

- If Other, Describe:

G7 - Incorrect Operation - only one sub-cause can be selected from the shaded left-hand column

Incorrect Operation Sub-Cause:

- If Tank, Vessel, or Sump/Separator Allowed or Caused to Overfill or Overflow

1. Specify:

- If Other, Describe:
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- If Other Incorrect Operation

2. Describe: |

Complete the following if any  Incorrect Operation sub-cause is selected.

3. Was this Accident related to (select all that apply): -

- Inadequate procedure

- No procedure established

- Failure to follow procedure

- Other:

- If Other, Describe:

4. What category type was the activity that caused the Accident?

5. Was the task(s) that led to the Accident identified as a covered task
in your Operator Qualification Program?

5a. If Yes, were the individuals performing the task(s) qualified for
the task(s)?

G8 - Other Accident Cause - only one sub-cause can be selected from the shaded left-hand column

Other Accident Cause Sub-Cause:

- If Miscellaneous:

1. Describe: |

- If Unknown:

2. Specify: |

PART H - NARRATIVE DESCRIPTION OF THE ACCIDENT

On 2/22/2020 at 19:07, the Denbury Control Center (DCC) observed a low-pressure alarm at the Satartia motor operated valve (MOV) location on the Delhi
segment. The Control Center Supervisor was notified and at 19:15 the upstream MOV, downstream MOV, and the Satartia MOV were closed by the DCC.
Denbury operations personnel were immediately notified by the DCC of low-pressure alarms and valve closures and were mobilized to the area in addition
to emergency response contractors. While mobilization of personnel occurred, the DCC closed all CO2 sources to Delhi segment between 19:26 and 19:
28. At 19:54, a Denbury representative contacted the Tri-Community Fire Chief, who was on-site and identified himself as the Incident Commander on
location acknowledging the incident was being managed in the Unified Command. Denbury personnel arrived on-site at 20:20 to confirm the Delhi segment
had experienced a pipeline failure upstream of the Hwy 433 road crossing. At 20:21, a Denbury representative contacted the Yazoo County EMA, who
was directing the Yazoo County Sheriffs Department, MS Highway Patrol, and MDOT. The Yazoo County EMA confirmed that they began facilitating the
evacuation of residence near Satartia, MS at approximately 19:20. MSDEQ was notified at 19:58. Both MSDEQ and MEMA were on-scene and
performing supporting agency roles during the emergency phase of the response (4 hours). At 20:51, the NRC was notified, and the CO2 leak was
reported (NRC #1271847). At 21:36 emergency response contractors arrived on-site and began conducting preliminary air-monitoring for response
personnel. At 21:55 additional emergency response contractors arrived on-site and began conducting community air monitoring and atmospheric testing in
and around the failure site and the City of Satartia and the surrounding area. Air monitoring and atmospheric testing continued throughout the night. At 23:
06, Denbury personnel observed no product coming from the failure location. At 0:00 on 2/23/2020, an Operation Period Briefing was conducted by the
Unified Command. During the briefing, the incident command team instructed responders to continue air monitoring, conduct reconnaissance within the
evacuated areas to ensure no people were left behind, clear the debris and soil off of HWY 433, and begin developing a plan to lift the evacuation. At 06:
00 a planning meeting was conducted by the Unified Command. The recon team confirmed all personnel had been evacuated and reported seeing live
cows, dogs, and cats throughout the evacuated area. The air monitoring team also reported that CO2 levels were down to ambient levels and the
evacuation could be lifted. At 08:00 the Unified Command gave the All Clear, and the roads were opened and residents in the surrounding area were
allowed to return to their homes. Personnel and a toxicologist from CTEH were made available to inspect homes prior to the residence re-entry. At 18:39
on 2/24/2020, the NRC was contacted and given a 48-hour update report (NRC #1272001). A total of 200 residents were evacuated and 45 residents were
taken to the hospital. To Denburys knowledge, one individual was admitted to the hospital for reasons unrelated to the pipeline failure.

On 3/9/2020 pipeline samples of the failure location were removed, prepared for shipment, and sent to a testing laboratory on 3/11/2020. The results from
the laboratory testing were received and shared with PHMSA on 6/26/2020.

Based on the findings of metallurgical and stress evaluations and the evidence of a code compliant pipeline, it is concluded that soil movement upstream of
the failure location induced axial stresses sufficient to cause an overload condition and resulted in the pipeline rupture. Soil movement was promoted by
unusually high rainfall averages and not a singular rainfall event.

The pipeline segment was repaired and on 10/26/2020 at 12:30 the pipeline was restarted with no issues.

PART | - PREPARER AND AUTHORIZED SIGNATURE

Preparer's Name Chad Docekal

Preparer's Title Regulatory Compliance Specialist
Preparer's Telephone Number 9726732734

Preparer's E-mail Address chad.docekal@denbury.com
Preparer's Facsimile Number

Authorized Signer Name David Sheppard

Authorized Signer Title Senior Vice President - Operations
Authorized Signer Telephone Number 9726732038

Authorized Signer Email david.sheppard@denbury.com
Date 11/24/2020
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Pipe Sample Collection Protocol

Denbury Yazoo County Pipeline

1. Each pipe sample location will be identified and documented according to Mears
procedures.

2. The as-found condition of the site will be documented and photographed, and the areas
previously identified will be excavated to uncover the pipeline.

3. Any welded sleeves or temporary repair clamps covering the area of interest are to be
left in place for removal after delivery of the sample to the laboratory.

4. If any bolted connections are disconnected or removed, fasteners and gaskets will be
marked for identific ation purposes, photographed and retained for further analysis (if
applicable).

5. If the pipeline is encased at the area of interest:

a. The exterior of the casing will be visually inspected, condition documented, and a
section of the casing will be selected and marked for identification purposes.

b. The identified casing section will then be removed in a manner that preserves
the condition of the pipeline and casing in the area of interest to provide access
for inspection of the pipeline in the area of interest.

c. The interior surface of the casing will be visually inspected, documented and
photographed.

d. If applicable, samples of the casing or materials inside the casing will be selected
and collected for detailed analysis.

6. The as-found condition of the carr ier pipe will be documented and photographed.
Labeling will include the 12:00 position of the pipe and direction of flow, prior to coating
removal and pipe inspection.

7. Prior to disturbing or removing the pipe coating, sample s of any liquids or solids deposits
located between the carrier pipe and coating or adhered to the pipe surface located in
the area of interest will be collected in duplicate. Liquid samples will be retrieved using
a syringe. Solids samples will be collected using a wooden spatula/tongue depressor.

All samples will be placed in sealed enclosures (test tubes or sample bags). Samples will
then be labeled and photographed. Duplicate samples will be transferred to designated
representatives of IPL or shall be retained for future trans fer.

8. If no liquids are present, pH paper may be used to evaluate any moisture present on the
pipe section.

Feld sample collection protocol, rev.1 02/26/2020



Pipe Sample Collection Protocol

Denbury Yazoo County Pipeline

9. The pipeline in the area of interest will then be evaluated to determine if pipe samples
are required for further detai led analysis.

10. If temporary repairs are required at the area of interest in order to allow future removal
of a pipe sample, the repair will be installed preserving the condition of the area of
interest and will be left in place for removal after delivery t o the laboratory.

11. Sample(s) to be removed for detailed analysis and testing from the pipe section cut out
of the pipeline will be identified:

a. The sample(s) will be marked for identification, including the 12:00 position of
the pipe and direction of flo w.

b. The identified sample(s) will be photographed prior to removal from the pipeline.

c. Coating removal and cuts will be made at least 12" from the identified
defect/damage location, with care taken not to disturb the area of interest.

d. If welded sleeves or temporary repair clamps cover the area of interest, cuts will
be performed at least six inches from the edges of the sleeve or clamp.

12. After removal, the pipe sample(s) will be photographed prior to packaging for shipment:
a. The pipe sample(s) will be wrapped in hydrophobic material like polyethylene
to prevent contamination.
b. The pipe sample(s) will then be crated for shipment, along with any other
portable evidence identified for further testing.
c. The pipe sample(s) will be immobilized within the container.

13. Transport documentation and chain of custody will then be initiated.

14. The pipe sample will then be shipped to DNV GL, Columbus, OH or Plain City, OH
receiving yard.

Feld sample collection protocol, rev.1 02/26/2020
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METALLURGICAL F AILURE INVESTIGATION PROTOCOL

Denbury Delhi 24 inch Transmission Pipeline

1. INTRODUCTION

The purpose of the failure analysis is to assign one or more probable causes to the failure.
This failure analysis protocol specifically addresses the failure analysis of line pipe.

The protocol was written in accordance with the March 21, 2019 Metallurgical Laboratory
Failure Examination Protocol by PHMSA.

2. VISUAL AND NONDESTRUCTIVE EXAMINATION

2.1 Open the crate to visually inspect the failed pipe sections. The crates should
contain the failed pipe section, including one intact girth weld.

2.2 Photographically document each pipe section in the “as-received” condition before
initiating the metallurgical evaluation.

2.3 Remove the protective wrapping from the failed pipe sections and perform visual
examination of the external and internal pipe surfaces in the “as received” condition.
Measure the length of the failed pipe sections and document the position and
orientation of anomalies that may be present in the failed pipe sections. This step

shall include:
x Fracture area and surface
X Seams
X Girth welds
x Coating condition
X Anomalies
X Manufacturing flaws and defects
X Presence of External or internal corrosion

2.4  Collect coating samples, solid and liquid samples (if present). All samples will be
collected with companion samples or retained. If a sample is determined to be of
insufficient volume for a companion sample to be collected, the sample will be
retained for evaluation at a later date. Solid deposits and liquid samples, if present,
from the internal and external pipe surfaces will be submitted for energy dispersive
spectroscopy (EDS) elemental analysis, X-ray diffraction (XRD) and microbial tests.
If not enough liquid is present for collection, consider using pH paper to characterize

Mears Group, Inc. 4500 N. Mission Rd. " Rosebush, Ml 48878 ' ph: (800) 632-7727 " (989) 433-2929 " fx: (989) 433-5433
2021 Omega Rd., Ste. 110 " San Ramon, CA 94583 " ph: (925) 820-7630 " fx: (925) 820-4543 ~ www.mears.net

We Listen. We Plan. We Deliver.
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Step 4 — metallurgical Failure Investigation Protocol

pH. Use a soft clean/uncontaminated knife or spatula to collect samples and re-
inspect the pipe section after collecting samples. Knives/Tools should be cleaned
with alcohol wipes before each use. The films or deposits may be from the steel
surface, coating surface, interior of a corrosion pit, or the backside of the coating.
The color and type of sample should be recorded. Carefully transfer the sample to
the test kit vial for testing and carefully follow the instruction given in the kit manual.

Carefully remove and retain samples of the coating around the suspected area of
damage using a knife or similar instrument. Knives/Tools should be cleaned with
alcohol wipes before each use. Avoid touching the soil, pipe surface deposits or
product, or film with hands or tools other than those to be used in sample collection
and/or provided with the test kits. Any liquid under the coating should be sampled if
sufficient quantities are available. If insufficient quantities are found, the pH shall be
tested with litmus paper.

After the coating sample is collected, visually inspect the internal and external
surfaces of the failed section. Identify areas that may contain other types of
anomalies such as cracking, stress corrosion cracking, or any other condition that
could affect the long-term integrity of the pipeline. Clean and examine the external
pipe surfaces adjacent to the failure using nondestructive testing techniques, such
as magnetic particle inspection (MPI) such as wet fluorescent magnetic particle
(WFMT). The surfaces of the pipe surrounding the corrosion or cracks must be
clean, dry, and free of surface contaminants such as dirt, oil, grease, corrosion
products and coating remnants.

The physical location of all samples that are removed from the pipe section for
examination and metallurgical analysis will be documented such that all relevant
features are visible (graphically and/or photographically). A pipe section schematic
detailing the location and orientation of any samples will be prepared.

Determine the appropriate failure analysis processes to complete based on the
initial observations and testing.

PHYSICAL MEASUREMENTS

Measure the diameter and wall thickness at the 12, 3, 6 and 9 o’clock orientations
on undisturbed areas of the pipe.

Measure and record the length of each sample.

Examine the details of the failed area. Measure and record any additional defects
identified.

Measure the diameter and wall thickness at selected locations of anomalies.

Verify roundness and geometry of pipe at the extremities and near the failed
surface.

Delhi 24 inch Transmission 3/8/2020 2
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Step 4 — metallurgical Failure Investigation Protocol

Measure the wall thickness around the failure and any damaged areas. Provide a
schematic detailing the extent of the damage on the pipe surface and the pipe wall
thickness on those areas. Supplement with photographic records. Supplement
these measurements with laser scanning.

Determine and mark the locations of the long seam weld at each end of the sample.

Measure and record the size and location of anomalies and confirm the dimensions
of the failed pipe section. Measure crack depths (if present) using direct exploration
(grinding), shear wave ultrasonic testing, or other suitable method.

Measure the shortest axial distance from the failure to the nearest long seam weld
(if applicable). Measure the shortest longitudinal distance from the failure to the
nearest girth weld (if applicable).

CORROSION EXAMINATION

Examine the pipe external surface near the failure location to determine if
anomalies exist.

Examine the pipe internal surface at the failure location to determine if anomalies
exist.

If not already performed as described in Section 2, collect surface deposits and
residues associated with the external pipe surface at the failure area and adjacent
areas and analyze using MIC IV kits (or equivalent) and energy dispersive
spectrometry (EDS) and microbial analysis. Knives/Tools should be cleaned with
alcohol wipes before each use.

Photographically document the pipe internal surface conditions and any anomalies
present.

Evaluate and document processes that potentially contributed to the failure to
support selection of samples within the failed pipe section.

If internal anomalies are found, proceed with collection of surface deposits and
residues associated with the failure area and analyze using MIC IV and MIC V kits
(or equivalent) and energy dispersive spectrometry (EDS) and microbial analysis.

Determine specific locations of the failed pipe section for further investigation.

Cut and clean the selected locations for selection of initial metallographic sections,
taking additional solids and liquid samples as necessary.

Perform hardness measurements in areas near the anomalies and also remote from
the failure site.

Delhi 24 inch Transmission 3/8/2020 3
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NOTE:

Step 4 — metallurgical Failure Investigation Protocol

Take initial metallographic sections at appropriate locations within the failure area.

Anomaly depths may be determined using pit depth gauge, ultrasonic thickness
probe, profile gauges, 3D laser scanning, etc.

FRACTOGRAPHIC EXAMINATION

Visually examine the fracture surface in detail to identify specific characteristics, the
nature of the original defect, and the failure initiation point (s). If it becomes
necessary, a metallographic section will be made through the sample to open the
failure for further examination.

Clean samples in an appropriate manner to remove loose rust, scale, etc. as
necessary.

Remove selected fractographic samples as necessary for detailed microscopic
examination using a scanning electron microscope equipped with EDS. Examine
and document the fracture surface morphology.

Thoroughly document the location of the samples taken from the pipe section at or
near the failure.

METALLOGRAPHIC EXAMINATION

Identify metallographic sample origin (sample identification, location, orientation,
etc.), perform metallographic evaluation, and take representative photomicrographs.

Perform micro-hardness profiles at appropriate locations.

Document microstructural appearance of samples.

Document the extent of the wall loss, if any, of the cross section.

Based on the results of the visual, non-destructive, and metallographic

examinations, the presence of corrosion will be documented, and the type and
characteristics of any corrosion present should be evaluated.

This protocol is subject to change.

Additional tests may be added and/or changes made as necessary to accomplish

the purpose of this failure analysis and complete this process.
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Executive Summary

Mears Groups , | nc. ( Mears) retained DNV GL USA, Inc. (DNV-GL) to perform a meta llurgical
analysi s on a portion of the Delhi 24-inch diameter carbon diox ide ( COz, dry) transmission
pipeline, that failed at a girth weld while in s ervice , result ing in full s eparation . The failure
occur red on February 22, 2020 in Satartia, Mississippi at Stationing 348+26, 6.59 miles
from the nearest upstream (U/S) pump station .

The segment of the pipeline that faile  d is compris ed of 24-inch d iameter by 0. 540 -inch wall,
API 5L Grade X80 M PSL 2 line pipe steel that conta ins a high frequency electric r  esistan ce
welded (HF ERW) seam. The maximum allowable operat ing pressure (MAOP) is 2,160-psig,
whic h corresponds to 59.6 % of the specified minimum yield strength (SMYS). The pr essure
at the Tinsley Meter S tation (Stationing 0+00) at the time of the failu re was 1,336-psig
(36.9% of SMYS). The pipeline normally ope rates between 1 ,200 and 1,450-psig (3 3.1 and
40.0% of SMYS, respectively ).

The pipe line was installed in 2009 and i s externally coated with a factory applied fusion
bonded epoxy (FBE) and abrasion resistant overlay (ARO) coatin g. A liquid epoxy coati ng
was applied to the pipelin e at the girth welds in the field . Followi ng con struction, a
hydrostatic pressure test was perf ormed on January 14 , 2009 to a minimum pressure at the
dead weight gage of 2,908 psig ( 80.3% of SM YS). The pipeline has an impressed cu  rrent
cath odic p rotection (CP) system that was commissione d in 2009, directly followin g pipeline
installation.

Three pipe sect ions (Pipe Section s [PSs] A, B, and C ) were deliveredt o DNV GL for analysis.
Pipe Section A was 5.99 feetlong and cont ained the downstream ( D/S) portion of the failed
girth weld. Pipe Section B was 6.08 feetlo ng and cont ained U/S portion of the failed girth
weld. Pipe Section C was 8.00 feetlong and contained an adjacent U/S intact girth weld.
The objectives of the analysis were to determine the metallurgical cause of the failure and
identify any contributin g factors.

The results of the metallurgical analysis indicate that the failure initiated at a field

girth wel d, due to axial stresses suffici ent to produce overload failure . No pre -
existing f law s were p resent on the fracture surface. A contributing factor to the
failure was that the pipe steel was stronger than the girth weld.

The scope of the work  consisted of

Visual inspection a nd pho tography
Magnetic particle inspection
Fractography

Scanning electron microscopy
Metallography

Energy disp ersive spectroscopy

X X X X X X

DNV GL - O-AP-FINV/G TQU (10206282 ) iii
June 4, 2020



X Hardness testing
X Mechanical testin g
X Chemical ana lysis

The results of the metallurgical analysis indicate t hat the fai lure initiated at a field girth
weld, completely separating the girth weld. The exact location of the initiation could not be

determined due to a lack of chevron s on the fracture surfaces and the fact that no
significant pre -existing (prior to  failure ) cracks were iden tified . Microscopically, the frac  ture
surface con tained regions with dimples (ductile fracture ) and cle avage facets (brittle
fracture) . The dimp les were located wher e the fracture surface was at a shear angle and
macroscopical ly smooth , and the cl eavage face ts w ere located where the fracture  surface
was perpendicular to the free surfaces and macroscop ically r ough. Both fractographic
features are an indication of the overload nature on the fracture surface

The failure occu rred due to axial stresses sufficien t to produce an overload failure
Supporting evidence for the presence of large axial stresses include 1) a relatively large
opening between the failed ends and 2) cracked and missing epoxy coating  U/S of the failed
girth w eld indicating a high strain prior/during fracture . A possible contributing factor to
relatively large axial stresses includes stre sses associated with  movement .

No excessively high h ardness areas were identified in the girth we Id cross -sections. The
weld metal of thei ntactgir thweld had alower hardness thanthe surrounding pi pe material,
indicating that the weld metal is weaker than the surrounding pipe material. T his trend was
somewh at followed for the failed girth weld , although cold work from the failure lik ely
skewed some of th e data. The softest regions in all the mounts was the weld metal root
pass. The lower overall hardness values of the weld metal compared to the surrounding
pipe mater ial is cons istent with the axial tensile re sults. The ultimate tensile strength for
the girth weld of 103. 3 ksi is less than the axial tensile  strength of 109.7 ksi and 106 ksi for
the joint's D/S and U/S, respe ctively, of the failed girth  weld. The axial tensile tests across
the intact GW failed in the GW, simil ar to the actual failure. Th erefore , a co ntributing factor
to the failure was that the pipe steel was stronger than the girth weld.

Below is a summary of addition al conclusions:

X There was no evidence of notable internal or external co rrosion.

X The tensi le and t oughness p roperties of t he joint's U/S and D/S of the fai led girth
weld me et requirements for API5L X80M PSL 2 line pipe atthetime o fconstruction.

X The chemical compositions of the joint's U/S and D/S of the faile d girth weld meet
the requirements for APl 5L X80M PSL 2 line pipe atthetime o fconst ruction.

DNV GL - O-AP-FINV/GTQ U (10206282 ) iv
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X The microstruc tures of the joint's U/S and D/ S of the faile d girth are consis tent with
modern API 5L X80 line pipe steel

X An an alysis of the Charpy V-notch impact te sting data for the intact girt h weld
indicates t hat the 85% fracture appearance transition temperature ( FATT) is 59.9 °F
and upper shelf Charpy en ergyis 114 ft Ibs.
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1.0 BACKGROUND

Mears Groups , | nc. ( Mears) retained DNV GL USA, Inc. (DNV-GL) to performa  meta llurgical
analysi s on a portion of the Delhi 24-inch diameter carbon diox ide ( CO2, dry) transmission
pipeline, that failed at a girth weld while in s ervice , result ing in full s eparation . The failure
occur red on February 22, 2020 in Satartia, Mississippi at Stati oning 348+26, 6.59 miles
from the nearest upstream (U/S) pump station .

The segment of the pipeline that faile  d is compris ed of 24-inch d iameter by 0. 540 -inch wall ,
API 5L G rade X80 M PSL 2 line pipe steel that conta ins a high frequency electric resistan ce
welded (HF ERW) seam. The maximum allowable operat ing pressure (MAOP) is 2,160-psig,
whic h corresponds to 59.6 % of the specifie d minimum yield strength (SMYS) . The pr essure
at the Tinsley Meter S tation (Stationing 0+00) at the time of th e failure was 1,336-psig
(36.9% of SMYS). The pipeline normally ope rates between 1 ,200 and 1,450-psig (3 3.1 and
40.0% of SMYS, respectively ).

The pipe line was installed in 2009 and is exter nally coated with a factory applied fusion
bonded epoxy (FBE) and abrasion resistan t overlay (ARO) coating. A liquid epoxy coati ng
was applied to the pipelin e at the girth welds in the field . Followi ng con stru ction, a
hydrost atic pressure test was perf ormed on January 14 , 2009 to a minimum pressure at the
dead weight gage of 2,908 psig ( 80.3% of SM YS). The pipeline has an impressed cu  rrent
cath odic p rotection (CP) system that was commissione d in 2009, directly followin g pipel ine
installation.

Three pip e sections (Pipe Section s [PSs] A, B, and C ) were deliveredt o DNV GL for analysis.
Pipe Section A was 5.99 feetlong and cont ained the downstream ( D/S) portion of the failed
girth weld. Pipe Section B was 6.08 feetlo ng and contained U/S portion of the failed girth
weld. Pipe Section C was 8.00 feetlong and containe d an adjacent U/S intact girth weld.
The objectives of the analysis were to determine the metallurgical cause of the failure and
identify any co ntributin g facto rs.

2.0 TECHNICAL APPROACH

The pr ocedure s used in the an alysis were i n accordan ce with industry -accepted standards.
Five of th e general standards governing terminology , specific metallographic procedures,
mecha nical te sting, and chemical analy sisused are as follows:

x ASTM E7, “St andard T erminol ogy Re latingto Metallography .”
X ASTM E3, “Standard Methods of Preparation of Metallogra  phic Specimens.”

X ASTM ES8, “Test Methods f  or Tension Testing of Metallic Materials.”
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40 CONCLUSION S

The r esults of the metallurgical analysis indicate that the fai lure initiated at a field girth
weld, completely se parating the girth weld. The exact loca tion of the initiation could not be
determined due to a lack of chevron s on the fracture su rfaces and the fact that no
significant pre -e xisting (prior to f  ailure ) cracks were iden tified . Microscopically, the frac  tur e
surface con tained regions with dimples (ductile fracture ) and cle avage facets (brittle
fracture) . The dimp les were located wher e the fracture surface  was at a shear angle  and
macrosc opically smooth , and the cl eavage facets w ere located where the fracture  surface

was perpendicular to the free surfaces and macroscop ically r ough. Both fractographic
features are an indication of the overload nature o n the fracture surface.

The failure occu rred due to axial stresses sufficient to produce an overload failure
Supporting evidence for the presence of large axial stresses include 1) a relatively large
opening between the failed ends and 2) cracked and mis sing epoxy coating U/S of t he failed
girth weld indicating a high strain prior/during fracture . A possible co ntrib uting factor to
relatively large axial stresses include stre sses associated with  movement .

No excessively high h ardness areas were identified in the girth we |Id cross -sections. The
weld metal of the i ntact gir thweld had alower hardness thanthe surrounding pi pe material,
indicating that the weld metal is weaker than the surrounding pipe material. T his trend was
somewh at followed for the fail ed girth weld , although cold work f rom the failure lik ely
skewed some of the data. The softest regions in all the mounts was the weld metal root
pass. The lower overall hardness values of the weld metal compared to the surrounding
pipe mater ial is cons istent w ith the axial tensile results. The ultimate tensile strength for
the girth weld of  103. 3 ksi is less t han the axial tensile  strength of 109.7 ksi and 106 ksi for
the joints D/S and U/S  , respe ctively, of the failed girth  weld. The axial tensile te sts across
the intact GW fail ed in the GW, similar to the actual failure. Therefore , a co ntributing factor
to the fail ure was that the pipe steel was stronger than the girth weld.

Below is a summary of addition al conclusions:

X There was no e vidence of notab le internal or external co rrosion .

X The tensile and toughness p  roperties o f the joints U/S and D/S of the fai led girth
weld me et requirements for API5L X80M PSL 2 line pipe atthetime o fconstruction.

X The chemical compositions of the joints U/S and D/S of the faile d girth weld meet the
requirements for API 5L X80M PSL 2 line pipe atthe time o f const ruction.

x The microstruc tures of the joi nts U/S and D/ S of th e faile d girth are consis tent with
modern API 5L X80 line pipe steel
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X An an alysis of the
indicates t hat the 85%

Charpy V-notch impact te sting data for the intact girth w eld

FATT is 59.9 °F and upper

shelf Charp yenergyis 114 ft Ibs.
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Table 1. Results of circumference and diameter mea sureme nts performed at the field cut
ends of Pipe Sections (PS) A, B, and C

Diameter (inches)
Pipe From
Pipe Section | Circumference Circumfer ence
Section End (feet) Measurement | 3to 9 o'clock 6 to 12 o’clock
A D/S 6.31 24.1 24.1 24.1
B u/s 6.31 24.1 24.0 24.0
C D/S 6.32 24.2 24.0 24.0
C u/s 6.31 24.1 24.0 24.0
Table 2. Results of wall thickness measurement s performed at the field cut ends of PS A,
B, and C.
Wall Thickn ess (inches)
O’cloc k
Orientation | PSA D/SEnd | PSB,U/SEnd | PSC,D/ISEnd | PSC, U/S End
12 0.539 0.536 0.537 0.531
3 0.533 0.538 0.536 0.530
6 0.536 0.535 0.534 0.530
9 0.533 0.540 0.537 0.530
Average 0.535 0.537 0.536 0.530

Table 3. Result s of ten sile tests p erform ed on circumferential specime ns from PS A (Joint
D/S of failed GW) compare d with requirement s for APl 5L X80M PSL 2 line pipe
steel, and axial base metal specimens from Pipe Section A.

API 5L X80M
Circumfere ntial Line Pipe Steel 2 Axial
Yield Strength, ksi 93.5 80.5-102.3 101.5
Tensile Strength, ksi 1 112.4 90.6 — 119.7 109.7
Elongation in 2 inches, % ! 29.5 20.7 (min) 31.1
Reduction of Area, % ! 61.6 - 67.1
1 — Average o f duplicate tests.
2 — API5L 44 ™ Edition, October 1, 2007.
DNV GL — O-AP-FINV/G TQU (10206282 ) 14
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Table 4.

Results of ten sile te sts performed o n circumferential

U/S of failed GW) co

Pipe Section C.

mpared with requireme
steel and axial base metal

specime ns from PS C (Joint

API'5L X80M Cross Gir th
Circumfer ential | Line Pipe Steel ? Axial Weld
Yield Strength, ksi 91.0 80.5-102.3 97.7 -
Tensile Strength, ksi 1 104.8 90.6 —119.7 106.0 103.3
Elongation in 2 inches, % ! 29.0 20.7 (min) 31.8 -
Reduction of Area, % * 62.1 - 70.9 -

1 — Average of duplicate tests.
2 — API5L 44™ Editi on, October 1, 2007.

nts for API 5L X80M PSL 2 line pipe
specime ns and axial /cr oss-girth we Id specim ens from
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Table 5. Results of Charpy V-notch im pact tests for

remo ved from th e PS A (Joint D/S of failed GW)

circumferential

base meta | specimens

GW). Specimens weretestedat 32F.
Sub Size Impact Full Size Impact Lateral
Sample Energy, Energy, Expansion,
ID ft-Ibs ft-Ibs Shear, % mils
Pipe Section A
PSA1 93 93 100 56
PSA2 109 109 100 71
PSA3 105 105 100 68
Avg. 102 102 100 65
Pipe Section C
PSC1 164 164 100 71
PSC2 148 148 100 81
PSC3 155 155 100 73
Avg. 156 156 100 75
ApI5L Y - 30 >85 -

1— API 5L 44 ™ Edition, October 1, 2007.

and PS C (Joint U/S of failed
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Table 6. Results of Charpy V-notch imp act tests per formed on axial/cross -girth weld
(heat affected zo ne [HAZ] notch) specimens remov ed from PS C.
Sub Size Full Size Lateral
Sample | Temperature, Impact Energy, Impact E nergy, Shear, Expansion,
ID °F ft-lbs ft-lbs % mils
1 -184 4 4 5 0
2 -112 7 7 16 6
3 -76 32 32 44 22
4 -40 59 59 51 41
5 32 69 69 69 48
6 73 116 116 97 81
7 104 117 117 87 65
8 140 122 122 100 86
9 176 95 95 92 64
10 194 118 118 100 87
Table 7. Results of analyses of Charpy V-n otch impa ct en ergy and perce nt shear

plots

for axial/cross -girth wel d (HAZ notch) specime ns rem oved from PS C (Joint
U/S of fa iled GW) .

Girth Weld
Upper Shelf Impact Energy (Full Size), Ft-Ibs 114
85% FATT, °F 59.9

DNV GL - O-AP-FINV/GTQ U (10206282 )
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The

Table 8. Results of c hemic al analyses of base meta | samples remov ed from PS A (Joint
D/S of faled G W) and PS C (Joint U/S of failed GW) , compared with
composition requiremen ts for APl 5L X80M PSL 2 line pipe st eel.
high ligh ted C E values are the on estha t are appl icable base d on carbon wt%.

Compos ition (Wt. %)
PS A PSC API 5L X80M 1
Element (Joint D/S of failed GW) (Joint U/S of failed GW) Req.
C (Carbon) 0.059 0.053 0.12 (max)
Mn (Manganese) 1.62 1.65 1.85 (max)
(Phosphorus) 0.012 0.009 0.025 (max)
(Sulfur) 0.003 0.005 0.015 (max)
Si (Silicon) 0.202 0.219 0.45 (max)
Cu (Copper) 0.016 0.023 <0.50
Sn  (Tin) 0.006 0.002 -
Ni  (Nickel) 0.006 0.009 <1.00
Cr  (Chromium) 0.047 0.038 <0.50
Mo (Molybdenum) 0.260 0.249 <0.50
Al (Aluminum) 0.042 0.039 -
V  (Vanadium) 0.006 0.007 -
Nb  (Niobium) 0.082 0.081 -
Zr  (Zirconium) 0.002 0.002 -
Ti  (Titanium) 0.020 0.019 -
B  (Boron) 0.0003 0.0003 -
Ca (Calcium) 0.0034 0.0025 -
Co (Cobalt) 0.002 0.004 -
Fe (Iron) Balance Balance Balance
Nb +V +Ti 0.108 0.107 <0.15
CEiw? 0.39 0.39 0.43 (max)
CEpem 3 0.17 0.16 0.25 (max)
1 — API 5L 4 4% Edition, October 1 , 20 07.
2 - CEw =C+Mn/6+ (Cu+ Ni)/15+(Cr +Mo+V )/5
3 —CEpem =C +Si/30 +Mn/20 +Cu/2 0+ Ni/60+ Cr /20 + Mo/15 +V/10 + 5B.
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Figure 1. Schematic of Pipe Secti ons (PSs) A, B, and C showing the locations of the girth welds and seam welds, and whe re
samples for m etal logra phy (Mo unts M1, M2, M3, M4, M5, a nd MU1 ), fractography ( Sample S1, S2, S 3, and S4),

mechanical testing (CVN, cross -weld m echanicals, and ten siles), and chemical analyses (chemistry) were
remo ved.
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Figure 2.

Photograp h of the wooden crat e that contained PS A, asreceived at DNV GL.
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T T

A

Figure 3. Photo graph of PS A after remov al from the wood en crate. The tape measure indicates the distance fro
end of PSA.

m the U /S
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2 fee t m

< Failed GW
e a1 foot CW of TDC , 1:54
- Failed GW b @ll> feet CW of TDC |, 9:30

1200 Fiow|

Figure 4. Photograp hs of PS A after re moval of th e protective w rappings. The horizontal tape m easure indicates the
dista nce fro m the U/S end of PS A, and circumferent ial tape measure indicates the distance cl ockwise (CW) of
top -dead -center ( TDC) | ooking down stream (D/S) .
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Figure 5.

Photograp h of the wooden crate that con tained PS B, asreceived at DNV GL.
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Flo w

Figure 6. Photograph of PS B after remov al from the wooden crate
end of PS B.

The tape measure indicates the

Failed GW B

distance from the D/S
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I | ==
12 :00 , Flow

Figure 7. Photograph of PS B after remov al of the prote ctive wrapp ings. The tape mea sure indicates the
D/S end of PS B.

Failed GW B

distance from the
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Figure 8.

Photograp h of the wooden crate that contained PS C, asreceived at DNV GL.
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12 :00 , Flow

—l

6 fe et

—

Figure 9. Photo graph of PS C after remov al from the wooden cr ate. The tape measure ind icates the distance fro
endof PS C.

12:00 , Flow T
—l

I
—

Figure 10. Photograph of PS C after remov al of the p rote ctive w rappings. The tape measure i
U/Send of PSC.

m th e U/S

ndicates the distance fro m the
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Mount M1 Flo w

>
Figure 11. Photograph of the e xte rnal of surface s of PSs A and B adjacentt o the fracture surfaces, between the 12 and 3

o'clock o rientations, show ing the failed girth weld and the morphology of the coating. The tape measure
indicat es the approx imate dista nce CW of TDC (look ing D/ S con vention).
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Mount M2
Flow
Figure 12. Photograph of the external of surfaces of PSs A and B adjacent to the fracture surfaces, betwe en the 3 and 6
o'clock o rientations, show ing the failed girth weld and the morphology of the coa ting. The tape measu re

indi cat es the app rox imate dista nce CW of TDC (looking D/ S convent ion) .
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v

Mount M3

Figure 13. Photograp h of the e xternal of surfaces of PSs A and B adjac ent t o the fra cture surfaces, betwee n the 6 and 9
o'clock o rientations, show ing the failed girth weld and the morphology of the coating. The tape measure
ind icates th e app rox imate dista nce CW of TDC (looking D/ S con ven tion).
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Figure 14.

Mount M5

Photograph of the extern al of surface s of PSs A and B adjacentt o the fracture

A 4

surf aces, between the 9 and 12

o'clock o rientations, showing the failed gir th weld and the morphology of the coating. The tape measure

ind icates the a pprox imate dista nce CW of TDC (looking D/ S convent ion) .
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Figure 15.

Photo graph of the inte rnal pipe sur face adjacentt o the fr acture surface of PS B, between the 12 and 6 o’clock

orientations . T he ta pe measure indi

cates the appr oximate distan ce CW of T DC (looking D/S conv entio n).
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9:00

Figure 16. Photo graph s of t he internal pipe surf ace adjacent to the fracture surface of PS B, between the 6 and 12 o'clo ck
orientations . The tape meas ure indicatest he approximate distance CW of T DC (looking D/S  conv ention).
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Mount MU1

l

Figure 17. Photograph of the external
12: 00 and 6: 00 orientations
convent ion) .

v

pipe surface at the intact gir th weld following g rit blasting a nd MPI, betwe en the

The tape measure i

ndic ates the approxim ate distance CW of TDC (look ing D/S
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v

3:00
S

but ton
12:00
Figure 18. Photograph of the external pipe surface at the intact girth weld following gri t blasting and MPI, between the 6:00

and 12:00 orientations. Th e tape measure indicates the approx imate distance CW of TDC (lo oking D/S
convent ion).
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Figure 19.

Photograph o fthe fracture surfa ce and interna | pipe surface of PS A. Flow direction is into

the photograp h. Labels on m agnets indicate o’clock orientat ions.
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Figure 20. Photograph of the fract ure surface of PS A betweent he 12 and 1 o’clock orie ntations. Unitsofru lerareincm.  Flow direc tionis intot he ph otograph.
m Mount M1
Figure 21. Photograph of the fract  ure su rface of PS A betweenthe 1and 2  o'clock orientations.  Units of ruler are in cm. Flow d irection is into the photograph.
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Figure 24.

Figure 25.

Photo graph of th e fracture surface of PS A betweenthe 4and5 o’clock orientations.

Photograph of the fracture surfa ce of PS A betw een the 5 and 6 o’clock orientations.

Units of ruler are

in cm.

Units of ruler are in cm.

Flow direc tion is into t

he photograph.

Flow direc tion is into the photograph.
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Figure 26. Photograph of the fracture surfa ce of PS A betweenthe 6 and 7 o’clock orie ntations. Units of ruler are in cm. Flow direc tion is int o the p hotograph.

Figure 27. Phot ograph of the fracture surface of PS A betw eenthe 7 and 8 o’clock orienta tions. Units of ruler are in cm. Flow dir ection is into the photograp h.
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E Mount M4

Figure 30. Photog raph of the fra cture surfac e of PS A between the 10 and 11 o’clock orientations. Units of ruler are in cm. Flow direc tion is in to the photog raph.

11:00 Mount M5 12:00

Figure 31. Photograph of t he frac ture surface of PS A betweenthe 11 and 12 o'clock orientation s. Units of ruler are in cm. Flow direc tion is into the photograph.
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Mount M4

Figure 47. Photograph of the mounts (M1
Etchant) .

, M2, M3, M4, and

M5) that were removed acro

ss the failure opening

(2% Nital
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Figure 53. High mag nific ation light photomi crograph of

Mount M 1 showing th e typ ical

base meta | microstructu re oft he U/S Joint (PS B, 2 % Nital Etchant ).

Figure 54. High ma gnificat ion light photomicrograph of M

ount M1 showing t he typical

base met al micr ostru ctur e of the D/ S Joint ( PS A, 2 % Nital Etchant).
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Figure 73. Hardnes s map ove rlay following hard

ness test ing (Vickers 1kg load) perform ed on Mo unt M1.
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Light photo micrograph montage of Mount M2 (axial cross -secti on), showing t he hardness
hardness valu esin HV (2 % Nita | Etchant) .
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indenta tions and
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249
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272
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270
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249
264 253
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262
254
251 260 253
262 262
251
222 222 256
Figure 75. Light photomicrograph montage of Mount M3 (axial cross -secti on), showing t he hardne ss indent ations and the

hardness valuesin HV (2 % Nita | Etchant) .
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Figure 76. Hardnes s map ove rlay following hardness testing

(Vickers 1kg load) performed on Mount

M4,
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Figure 77.

hardness values in HV
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(2 % Nita | Etchant) .

266
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Light photo micrograph montage of Mount M5 (axial cross -section) , showing t he h ardness indenta tions and

the

DNV GL — O-AP-FINV/GT QU (10206282 )

June 4, 2020

75



Figure 78. Hardnes s map ove rlay following hardness

testing (Vickers 1kg load) performe don Mount MUL.
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Figure 79. Percent s hear from Charpy V -notch tes ts as a f uncti on of te mperature for
axial/c ross-gir th weld (HAZ not ch) specimens rem oved f rom Pipe Section C.

Figure 80. Charpy V -notch i mpact energy as a function of tempe rature for axial/cross -
girth weld (HAZ not ch) specime nsre moved from Pipe Section C.
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ABOUT DNV GL

Driven by our purpose of safeguarding life, p roperty , and th e enviro nmen t, DNV GL en ables
organizations to ad vance the safe ty and sus taina bility o f their business. We provide
classif ication and tec hnical as suran ce alon g with software  and indepen dent e xpert advisory
services to th e mari time, oil and ga s, and energy industr ies. We also pr ovide certification
services to custome rs acros s a wid e range of indu stries. Operating in more than 10 0
countries , our pro fessionals a re dedicated to  helping our custo mer s m ake the worl d safer,
smarter, and gr eener.



Appendix D
Responses to Questions Provided by PHMSA 4/7/2021



Questions and responsesrelated to the Denbury Yazoo County RCA Final Report dated
8/7/2020:

1. The metallurgy report does not reference chain -of -custody. Were chain -of -
custody procedures used

Chain of custody procedures were used for collection and transport of the failed pipe
section and samples. Copies of the chain-of-custody documentation have been provided
to PHMSAand have been added to the appendices of this report.

2. Copy and discussion of welding procedure used needed

A summary of the review of Denbury’s welding pr ocedure for the Delhi 24-inch
Transmission Line utilized for original construction is provided below:

Material: In this case the pipe material was high strength APl 5L-X80-PSL2, 24inch
diameter, and 0.54-inch wall thickness.

It is a requirement of the welding procedure that it produce a completed girth weld with
similar strength properties of the pipe's base metal. This helps to ensure that the strains
caused by loads imposed on the completed pipeline structure, do not concentrate in the
vicinity of the weld. Another important aspect of the welding procedure is that it mitigates
the risk of hydrogen embrittlement, which could lead to hydrogen cracking at the weld.

There are 3 requirements for hydrogen cracking:
a) Hydrogen in the weld,

b) A crack susceptible microstructure, and

c) Tensile stresses acting on the weld

Weld Material: The Welding Procedure Specification WPS 14 indicates the use of the
following electrodes:

a) Root Bead: E6010

b) Hot: E9010-G

c) 1% Fill: E10045 P2 H4R

d) Fill (s): E10045 P2 H4R

e) Cap (s): E10045 P2 H4R

Post Weld Heat Treatment: Not recommended
Comments:

1) Cellulosiccoated electrodes (AWS EXX1éype) contain moisture and organic
compounds in the electrode coatings and result in a considerable amount of hydrogen
in the weld. In the Denbury pr ocedure electrode AWS E6010 ad E9010-G were used
for the root and hot pass in conjunction with low -hydrogen electrodes for the fill and
cap passes. TheWelding Procedure indicated that this is permissible because the heat
from the fill and cap passes allows the hydrogen from the firs t 2 passes to diffuse out
of the weld.



2)

3)

Electrode E10045 P2 H4R was used as a strength level low hydrogen downhill
electrode. Only consumables with a maximum diffusible hydrogen content of
4ml/100g of deposited weld metal were selected for this case. “H” st ands for
hydrogen, the “4” stands for a maximum of 4ml of hydrogen per 100 grams of
deposited weld metal, and “R” means the consumable is resistant to absorbing
moisture from atmospheric conditions. During the qualification procedure, this
electrode was found to be the mo st suitable electrode for this project. After the
destructive testing, it was determined that the 100 ksi electrodes were a better match
for use on this particular X80 line material which has a yield strength approaching
100 ksi.

Samples oltained during the failure analysis were evaluated using standard
microscopy techniques including stereographic evaluations, microscopic evaluation,
and scanning electron microscopy. Five axial and crosssections were removed from
the failed girth weld and one from an intact weld for metallographic analysis.

Actual findings during the failure analysis process:

a)
b)
c)
d)

e)

f)

g9)

There was no evidence of pre-existing manufacturing or welding flaws,

No indications of excessive porosity and/or inclusions,

Slight misalignment of high-low weld in the failed girth weld between 2.6% and 6.9%
of the NWT,

Grain elongations due to the cold work that took place during the rupture process
which is consistent with ductile overloading (see fig. 21 of the Mears report) ,

The sample obtained from the intact GW presented a similar morphology to the
previous mounts. The high-low weld misalignment at this location was 4.6% of the
NWT. The metallography of the section does not indicate a presence of a martensitic
phase.

Hardness measurements were conducted on all metallographic cross sections. The
values ranged between 205 and 304 HV. All the values were found to be in
accordance with the applicable standards. Hardness testing of the failed weld
presented variability that is likely associated with cold work sustained during the
failure. The intact weld was the best representation of the base hardness of the pipe
metal. The results indicate lower hardness of the weld metal compared to the pipe
metal, which indicates that the w eld metal is softer than the parent metal, however
tests results were consistent with specifications for pipe of this vintage and yield
strength in both the base metal and weld metal. Typically, the parent metal is harder
than the weld metal. The axial tensile tests on the intact GW show similar failure to
the actual failed pipe sample, further indicating that the lower hardness typical of the
weld was the preferred location for the overload failure under applied axial stress.
(See fig. 39 of the Mears report).

The mechanical testing indicated the average yield (YS) and ultimate tensile strength
(UTS) meet the requirements for API X80M PSL 2 Line pipe. The average UTS of
duplicate axial specimens taken from the intact girth weld was 103.3 ksi. The same
applies to the Charpy V-Notch Testing.

Based upon review of the welding procedure, we conclude that:



1) The Welding Procedure Specification WPS 14 was appropate to be use as a welding
process for the material involved in this project.

2) The testing performed on the samples obtained during the failure investigation
indicate that the welds showed that the microstru cture and the mechanical
properties of the base material and girth weld were in accordance with industry
accepted standards.

Report states on pa ge iv: “The exact location of the initiation could not be
determined due to a lack of chevrons on the fracture surfaces and the fact
that no significant pre  -existing (prior to failure) cracks were identified.”
significant” how was this determined?

no

The failure surfaces were inspected visually and optically for indications of surface
oxides associated with development and deepening of cracks over an extended period.
The lack of oxides precludes the possibility of pre-existing cracks and supports the
determination that the failure occurred due to a sudden axial stress. In addition, the
visual and optical inspections did not identify any marks or indications on the surface of
the fracture that indicated an initiation point of the failure.

The section on page 7 describes figures 53 and 54 and describes the area as
“mainly ferrite”. Specifically characterize the complete microstructure of the
pipe and the weld metal.

Figures 53 and 54 of the DNV Metallurgical Analysis Report (Section 3.4) characterize
the microstructure of the upstream and downstream pipe. Analysis of these
photomicrographs indicate a significantly larger amount of ferrite than pearlite, which is
consistent with the expected microstructure for pipe with the specified minimum yield
strength and vintage of the Delhi 24-inch pipeline. Comparedwith photomicrographs of
metal samples provided through industry literature, the microstructure of the 24 -inch
pipeline has a low carbon content, consistent with other X-80 pipelines. The
microstructure of the failed girth show s similar characteristics (see Figure 62 of the DNV
Metallurgical Analysis Report.

Provide the hardness montage for MU1

The hardness montage for mount MU1 is provided in Figure 78 of the DNV Metallurgical
Analysis Report(Appendix C).

Section 3.5 on hardness testing indicates various areas related to the weld
area, include a discussion of the welding procedure utilized to produce the
weld.

Discussion of the welding procedure is provided in the response to question #2 above.



7. Typically, there is narrowing of a tensile specimen due to the area reduction
during tensile overload. In this case was there a measurable necking down of
the wall thickness adjacent to the fracture surface

Evaluation of the metallurgical samples indicated slight reduction in wall thickness in

each sample, ranging from 1.44% to 6.46% . Photos and measurements are provided in
in figures 1 through 5 below:

Figure 1: Cross -Sectional Measurements, Mount M1



Figure 2: Cross -Sectional Measurements, Mount M2

Figure 3: Cross -Sectional Measurements, Mount M3



Figure 4: Cross -Sectional Measurements, Mount M4

Figure 5: Cross -Sectional Measurements, Mount M5

These results are consistent with the characteristics of APl X80M PSL 2.ine pipe.

In tact girth weld was tensile tested — compare and contrast fracture
appearance of tested intact weld to failed girth weld

The average UTS of the axial specimens taken from the intact girth weld was 103.3 ksi,
and both samples failed in the girth weld (DNV Metallurgical Analysis Report section
3.6). While visual examination of the tensile sample fractures will confirm the location

of each fracture, a comparison of the samples would only provide confirmation of the
location of each fracture and not provide additional insight as to the reason for the
failure, as the applied stresses would not be similar. The Pipeline Stress Anaysis Report



10.

11.

12.

13.

14,

15.

provided by Mott MacDonald provides information related to the stress analysis
associated with this failure.

Was leak before fracture mode of failure considered

Occurrence of a leak prior to the failure was considered, however the available
information supports a rupture of the pipeline , including the following :

1) There was no indication of a pre-existing defect that would have contributed to a leak
and a specific failure initiation site was not apparent.

2) Based upona witnessed examination of the pipe, there was no evidence of internal or
external corrosion that may have contributed to the failure mode .

3) No indication of a leak prior to the failure was identified in operating pressure trends.

Failure mode and influence of CO2 on ductil e/brittle transition considering
leak before rupture

Based upon the metallurgical examination, there is no evidence a leak occurred prior to
the failure, therefore brittle fa ilure mode is not feasible.

Chemistry of weld needed as this was a girth weld failure

Chemical analysis of the GW was not performed during the investigation. The
mechanical testing results were within the accepted criteria during the preparation of
the Welding Procedure Specification WPS 14 No additional testing of the chemistry of
the girth weld was considered necessary based upon the results of the testing
conducted.

Report states failure caused by large axial stress but fails to quantify strain

The Pipeline Stress Analysis Reportprovided by Mott MacDonald identified a stress ratio
approximately 43% greater than allowable stresses per ASME B31.4(2016).

Strain analysis would be an input for a geohazard management plan

The Pipeline Stress Analysis Report provided byMott MacDonald provides information
related to the strain analysis associated with this failure.

Brittle (cleavage facets) mode of failure noted, but no chevrons — significance

V-shaped chevron markings are characteristic of brittle fracture . These markings may
indicate the origin of the fracture , however in this case no chevrons were identified.

Explanation of ductile/brittle appearance of the failed girth weld



Asdescribed in section 5.3 of the Mears report, the samples were evaluated utilizing
standard microscopy techniques including stereographic evaluations, microscopic
evaluation and scanning electron microscopy. Five (5) axial and crosssections were
removed from the failed girth weld and one (1) from the intact weld for metallographic
analysis. Some of the samples contain fracture paths at a shear angle (fracture path
through the smooth surfaces) and other show the fracture path perpendicular to the free
surface and regions of shear failure (fracture surface is rough). The appearance of these
surfaces further support the mode of failure as described in the executive summary of the
DNV Metallurgical Analysis Report‘The results of the metallurgical analysis indicate that
the failure initiated at a field girth weld, due to axial stresses sufficient to produce overload
failure. No pre-existing flaws were present on the fracture surface. A contributing factor
was that the pipe steel was stronger than the girth weld.”

16. Correlation of hardness areas and welding procedure

Hardness measurements were conducted on all metallographic cross sections. The
values ranged between 205 and 304 HV. All the values were found to be in accordance
with the applicable standards. Hardness testing of the failed weld presented variability
that is likely associated with cold work sustained during the failure. The intact weld was
the best representation of the base hardness of the pipe metal. The results indicate
lower hardness of the weld metal compared to the pipe metal. Which indicates that the
weld metal is softer th an the parent metal, which was in accordance with the results of
the welding qualification. Typically, the parent metal is harder than the weld metal. The
axial tensile tests on the intact GW show similar failure to the actual fracture to the
actual fracture, further indicating that the lower hardness typical of the weld was the
preferred location for the overload failure under applied axial stress. (See fig. 39 of the
Mears report).

17. How does the welding procedure tensile tests compare to the intact weld
tensile tests

The mechanical testing indicated the average yield (YS) and ultimate tensile strength
(UTS) meet the requirements for APl X80M PSL 2 Line pipe. The average UTS of
duplicate axial specimens taken from the intact girth weld was 103.3 ksi. The same
applies to the Charpy V-Notch Testing (see section 5.6.2 of the Mears RCA Final Rport).

The results of the Procedure Qualification Recod (PQR14a) indicated cross weld UTS of
115.6 ksito 117.3 ksi. Per the Welding Procedure Development and Qualifcation for
X80 Line Pipe dated 8/13/2008 , section 3.1, “After destructive testing it was determined
that the 100 ksi electrodes were a better match for use on this particular X80 line pipe
material, which has a yield strength approaching 100 ksi.” Therefore test results from
the mechanical testing of the intact girth weld are consi stent with the pipeline’s
specifications.
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Welding Procedure Development and Qualification for X80 Line Pipe
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Welding Procedure Specification WPSL4
6/18/2008



Welding Procedure Specification

WPS 14 6/18/2008

This welding procedure specification details the procedure to be followed for the

Scope of production of field butt welds in line pipe as required by the 19" and 20™ editions of
Procedure API 1104, Welding of Pipelines and Related Facilities
_ B 19" & 20" Editions of API 1104 [] ASME B 31.3 [] ASME B 31.8
Applicable
Codes and [ ] DOT 49 CFR Part 195 [ ] ASME B 31.4
Specifications

] DOT 49 CFR Part 192 ] ASME BPVC Section IX

PQR: PQR-14a Date Qualified: 5/14/08
Supporting PQR Minessed By: Brad Etheridge Location: Meridian, Mississippi
Grades Qualified X80 PQR Material API 5L — X80 - PSL2
Materials Qualified Diameter All Diameter of PQR 24 inches
Range
Qualified Wall from 0.188" Wall Thickness of 0.54 inches
Thickness Range through 0.750” POR
API 1104 Dlameter(nch) | M op<275 [ 275<op 12750 M OD 12.750
Material Wall Thickness | ] wT<o0.188 I 0.188 WT 0.750 [] WT>0.750
Groupings (inch)
Qualified SMYS (psi) [0 42,000 [J 42,000 <SMYS<65000 ll 65000
3C°
Joint Design

B Horizontal (1G or 5G) B Fixed Generic Bead Sequence
Position of P|pe D Vertical (ZG) D Rolled
AXIS (1 Inclined (6G) EI’
Minimum [] one M Two [] Other 1
Number of N
Welders
Type: External or Internal A minimum of 50% the root bead must be completed
Line Up Clamp before removal of the clamp.
Gas torch, electric induction coils, or any other | Preheat Temp. Min. 200F
Preheating company approved method. Verify Interpass Temp. Max. | N/A
temperature using company approved method Interpass Temp. Min. | 200F

WPS 14 1




Welding Procedure Specification
WPS 14

6/18/2008

Time Between Passes

Root and Hot

| 5 minutes

| Hot and First Fill

| 24 hours

Cleaning

The use of both hand and power tools is acceptable. The base material should
be free of scale or anything else that may impede welding before the start of
any welding. Each pass should be thoroughly cleaned and free from slag and
spatter before the next pass is made.

Defect Removal

The only area that may be repaired is the weld cap. Other repairs are to be
addressed by qualified repair welding procedures. Defects in the cap should
be removed by grinding and welding shall follow the guidelines set forth in this

procedure.
Post Weld Heat [] Yes l No
Treatment
Welding Pass Root Bead Hot 15 Fill Fill(s) Cap(s)
Welding Process SMAW SMAW SMAW SMAW SMAW
Manual or Automatic Manual Manual Manual Manual Manual
Direction of Welding Vert. Down Vert. Down Vert. Down Vert. Down Vert. Down
Shielding Gas N/A N/A N/A N/A N/A
Flow Rate N/A N/A N/A N/A N/A
Wire Feed Speed N/A N/A N/A N/A N/A
Deposition Type Stringer Stringer/Weave Weave Weave Weave
Technique Backhand Backhand Backhand Backhand Backhand
Filler Manufacturer Lincoln Lincoln Lincoln Lincoln Lincoln
Filler Trade Name Fleetweld 5P+ Shield-Arc 90 LH-D100 LH-D100 LH-D100
AWS Group 1 2 3 3 3
AWS Specification A5.1 A5.5 A5.5 A5.5 A5.5
AWS Classification E6010 E9010-G E10045 P2 H4R | E10045 P2 H4R | E10045 P2 H4R
Polarity DCEP DCEP DCEP DCEP DCEP
Electrode Diameter(s) | 1/8” or 5/32" 5/32" 5/32" 5/32" 5/32"
Arc \(/\‘/’)'tage 20 - 32 20 - 30 18 - 26 18- 26 18 - 26
Current Range 100 — 150
(Amp) 110 - 170 110-170 150 - 230 150 - 230 150 - 230
Travel Speed Range 5-15 5-15 5-20 5-20 5-20
(inch/min)

Wall Thickness Range (in)

Number of passes

Minimum does not

Minimum number of 0.188 3 includ_e stripper passes
Passes >0.188 t0 0.25 4 or split caps.
> 0.25t0 0.50 5
> 0.50t0 0.750 7
Notes Weave the hot pass as necessary to prevent wagon tracks. Stripper passes are optional. Either a
two or three bead cap is acceptable.
Submittal Author: Brad Etheridge | Title: Welding Engineer
Company: CC Technologies Inc. A DNV Company | Date: 5/30/08
Title Name Signature Date
Owner
Approvals
WPS 14 2




Procedure Qualification Record

PQR 14a

6/18/2008

Company Name: Progressive Pipeline

Date: 5/14/08

Project Number:

Location: Meridian, MS @ Progressive Pipeline facility

Notes: Welding machine
used was a Lincoln Red-
D-ARC, D300K 3+3

PQR #: 14a Inside/Outside: Inside, with open bay doors Diesel
(WPS #: 14 ‘Temperature: 78 inside shop
Coupon #: Recorded by: Brad Etheridge
# Material oD WT Length Joint ID # Heat # Test Position [Horizontal] Time between root and hot 2:55
1 API 5L - X80 - PSL2 24 0.54 2 feet L 8791-1940-06 Preheat Temp 200 Time between hot and first
2 API 5L - X80 - PSL2 24 0.54 N/A R 8791-1943-06 Clamp Type EXT Start | 9:41 AM[Stop T11.00 PM
_ # | Manufacturer Trade name Classification Specification| Diameter| Batch/Lot # Welder Information
£ [ 1 [uincon Fleetweld 5P+ E6010 5/32 | 11558962 |Side A Welder Randall Nunez
= [2]Lincon Shield-Arc 90 E9010 G 5/32_| 11558966 |Welder Stamp
% 3 |Lincoln LH-D100 E10045 P2 HAR 5/32 | Lot Q2 863C |Side B Welder Ken Abernathy
4 ‘Welder Stamp
Notes External linup clamp used to tack 2 foot coupon onto long joint. The short side of the coupon is "R" and the long side is “L". Pass 2 and 3 were split passes; they were placed side by si
Interpass
Oscillati Method Welding G.
N sts ;I'z‘;lyelld Filler P Travel A Volt: Distance | Arc Time | Travel Speed| WFS lHea: selfation et edng oas Temp
umber [ Welder ]~ | Frocess | pirection mps olts (in) (Sec) (IPM) apwmy | Py Freq width [ Stringer or Flow
ID (KJ/in) Type ( )
cycle/sec ( )| Weave ()
Root A 1 | SMAW| VD 116 22 6 33 10.91 13.7 S
Root A 1 | SMAW| VD 118 23 2.25 14 9.64 16.5 S
Root A 1 | SMAW| VD 107 24 8 45 10.67 14.1 S
Root B 1 | SMAW| VD 128 23 9 54 10.00 17.3 S
Root B 1 | SMAW| VD 137 24 2.5 16 9.38 21.0 S
Hot A 2 | SMAW| VD 141 29 8 32 15.00 16.0 SIW
Hot B 2 | SMAW| VD 138 30 6 36 10.00 24.3 SIW
Hot B 2 | SMAW| VD 136 30 6 36 10.00 24.1 SIW
Fill1-1 A 3 | SMAW| VD 194 22 7 50 8.40 30.4 SIW
Fill1-2 A 3 | SMAW| VD 218 21 8.5 46 11.09 24.8 SIW
Fill A 3 | SMAW| VD 208 24 13 51 15.29 19.2 SIW
Interpass
Oscillation Method Welding Gas
N Piss /Tywpel/d Filler Process Travel Amps Volts Distance | Arc Time | Travel Speed| WFS ::]eﬁ: - Temp
umber [ Welder | -, Direction P (in) (Sec) (IPM) (IPM) P Freq Width | stringer or] Flow
ID (KJ/in) Type ( )
cycle/sec ( )| Weave ()
Fil1-1B 3 | SMAW| VD 198 20 6.5 48 8.13 28.4 SIW
Fil1-3B 3 | SMAW| VD 216 20 8.5 48 10.63 24.4 SIW
Fill2-1 A 3 | SMAW| VD 199 22 8.5 48 10.63 24.1 SIW
Fill2-3 A 3 | SMAW| VD 215 20 8 43 11.16 23.1 SIW
Fil2-1B 3 | SMAW| VD 205 21 8.75 55 9.55 26.4 SIW
Fil2-2B 3 | SMAW| VD 199 20 12 55 13.09 17.8 SIW
Fill 3-1 A 3 | SMAW| VD 197 22 8.5 51 10.00 25.4 SIW
Fill 3-3 A 3 | SMAW| VD 176 21 8 35 13.71 16.1 SIW
Fill3-1B 3 | SMAW| VD 196 20 7.5 49 9.18 25.6 SIwW
Fil3 B 3 | SMAW| VD 201 20 8.75 49 10.71 219 SIwW
Fill 4-1 A 3 | SMAW| VD 195 20 8 46 10.43 22.4 SIwW
Fill 4-3 A 3 | SMAW| VD 215 20 9 36 15.00 17.2 SIwW
Fil4-1B 3 | SMAW| VD 184 21 8.5 45 11.33 20.4 SIwW
Fill5-1 A 3 | SMAW| VD 195 21 8 42 11.43 21.4 SIW
Fill5 A 3 | SMAW| VD 212 20 9 34 15.88 16.0 SIW
Fil5-1B 3 | SMAW| VD 205 20 135 53 15.28 16.1 SIW
Fil5s B 3 | SMAW| VD 198 20 9.5 49 11.63 20.4 SIW
Capl A 3 | SMAW| VD 205 20 7 42 10.00 24.6 w

PQR 14a




Procedure Qualification Record
POR 14a 6/18/2008

- " Interpass
Oscill Method Welding G
N PZSS /Tywpel/d Filler P Travel A Volt: Distance | Arc Time | Travel Speed| WFS lHea: scillation etho eing Bas Temp
umber / Welder { =, - | Process | niection mps olts (in) (Sec) M) | apwy | IRy Freq width | Stringer or] Flow
ID (KJ/in) Type ( )
cycle/sec ( )| Weave ()
Capl A 3 | SMAW| VD 208 20 9.5 58 9.83 24.8 w
Capl B 3 | SMAW| VD 198 20 9 37 14.59 16.3 w
Capl B 3 | SMAW| VD 214 20 8 33 14.55 17.6 w
Cap2 A 3 | SMAW| VD 201 20 7.5 44 10.23 23.6 w
Cap2 B 3 | SMAW| VD 207 20 10 46 13.04 19.0 w
Cap2 B 3 | SMAW| VD 212 20 7 27 15.56 15.9 w

PQR 14a 4



Procedure Qualification Record
POR 14a 6/18/2008

PQR 14a 5



Procedure Qualification Record
POR 14a 6/18/2008

The failed two nick break tests were replaced
by four acceptable retests of adjacent
specimens. This is common practice in
welding procedure qualification testing. The
retest results can be found on the next page.
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Document No.

Report_ EN_00 15

20200 724 MM 507102444 Pipeline Stress Analysis

PIPELINE STRESS ANALYSIS REPORT
DENBURY GULF COAST PIPELINES, LLC

DELHI PIPELINEREPAIRPROJECT

SATARTIA, MISSISSIPPI

Rev | Date Originator Checker Approver Description
A 06/12/20 D. Dowling, PE | R. Sprague R. Spence, PE | Draft
B 07/27/20 D. Dowling, PE | R. Sprague R. Spence, PE | For Review
C 07/28/20 D. Dowling, PE | R. Sprague R. Spence, PE | Final
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DENBURIRESOURCES

ARMONITORINEEPORT

Satartia Mississippi

Carbon Dioxide Pipeline Release
February 2223, 2020
Project 412628

Report Submitted odune05, 2020



1.0 INTRODUCTION

OnFebruary 2,2020 CTER) LLC (CTEKsponded to a request frordenburyResources (Denburyd
provide toxicology and air monitoring suppdadilowing acarbon dioxiddCO ypipeline eleasenearthe
town of Satartig MississippiThe village of Satartia was evacuatedjgiroximately2100Central Standard
Time (CSY)by local emergency management personnel and first respondérd230 on February2 a
CTEHRonsultant arrived onsite with air monitoring instrumentation and began monitoring areasd
around thevillageof Satartiafor the presence of COAs the potential for residual hydrogen sulfide;&)
resided in the line and complaints of an odor were recejvadnitoring was also conducted fdhe
presenceof H,S Additional CTEHpersonnelarrived and conducted air monitoringthroughout the
community. OnceCO levels returned to near ambientithin the community CTEH personnebnducted
clearance monitoringvithin eighteenhomesandthree churches and their associated buildingdenbury
demobilized CTEH oneenbientCO  }v v 8§ (E withiwvthose structuresvere sustained belovb,000
parts per milliongpm) andresidentshadreturnedto their homes This report summarizes data collected
from February 2 through February 2

2.0 METHODS

2.1 Handreld RealTime Air Monitoring

Priorto d ,[arrival anair Sampling and Analysis Plan (SAtBachmentA) wasdevelopedfor worker
monitoring, community monitoring, and site characterization. Based on site deaisticsand associated
scope of work, no worker monitoring or site characterization readings were recoli@dcordance with
the SAP,CO, HS and oxygen (O econcentrations were monitored using handheld redime
instrumentation throughout the community as well as within homes of residemt® requesed
monitoring prior to re-occupancyMonitoring was performed using RAE Systems by HoneluafiRAE
Pro instuments.All instrumentation was calibrated prior tsse

Community monitoring was delineated into two subcategories: community-treed monitoring and
indoorassessmenteaktime monitoring Community reatime monitoring consisted of roaming handheld
monitoring performed outdoorsand downhillfrom the incident site, including checkpoints and church
parking lots. Indoor assessmeitbnsisted of reatime monitoring within residences and chulr buildings
potentially affected by the incident at the request of community members. If the initial indoor assessment
resulted in C@levels abovethe CTEH projeetpecific action levelanother indoor assessment was
performed after allowing the buildingp air out. For example, if redgilme monitoring during the initial
indoor assessment detected €{@vels abovahe CTEHroject-specific action levelthe windows and
doors were opened and the occupant was advised not tener until CQ concentrationsreturned to
ambient levels, as determined by another indoor assessnigr@ambientlevelsCQ in the nonrindustrial

L All other times referenced in the report will be CST unless otherwise delineated.

Denbury Onshore C®@ipeline Release
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indoor environmens mayhave a variety of sources, includingman metabolismandCQ levelscan vary
based on the number of people pragehow long the area has been occupied, andah@untof outdoor
fresh air entering the area.

2.2  Protective Action Criteria and CTHMojectSpecific Action Levels

dz hX~X % ESu vs }( v EGPC[e " }uul]sSs }v lve cp v S eoy VS
(SCAPA) has established Protective Action Criteria (PACs) for over 3,300 chemicals for planning and
response to uncontrolledeleases of hazardous chemicBOE/SCAP2018) These criteria, combined

with estimates of actual exposure, provide information necessary to evaluate chemical release events for
the purpose of taking appropriatgrotective actions. During an emergency response, these criteria may

be used to evaluatehie severity of the event and to inform decisions regarding what protective actions
may be takenThePACvalues for thechemicals oEoncernfor this responseare provided inAttachment

B. The PAQ, -2, and-3 for CQ are 30000, 40000, and 50000 ppm, resfively. For comparison, the
American Conference of Governmental Industrial Hygienists (ACGIH) threshold limit values (TLVSs) are also
included in Attachment BAlthough the TLVs are intended for occupatiodally work shiftexposures

over an entirevorking lifetime the literature regardingeviewedhuman studies involvinGQ within the

TLV documentation wereeferred to and will be discussed in Section 4:Becurrent ACGIHLVTime
Weighted Average (TEMVA)for CQ (5,000 ppm)is based orthe lack ofinhalation toxicity data in
humansat this leveland the ACGIH TtShort Term Exposure Limit (STELXQ is 30,000 ppm The TLV
documentationcites data indicatingelevated concentratios (above50,000 ppm)of CQ can produce

mild narcotic effects, stimulation of the respiratory center, and asphyxita@pending on exposure
duration and conditionACGIH 2001L TEHbrojectspecific action levelf®or both monitoring plans were

set at 5,000 ppnfsustained for 15 minutesdr CQ based on theACGIH TL-YWA(well below PA& and

ACGIH TLBTE), and the action level foH,S was set at 1 ppm, which was also based on the ACGIH TLV
TWA.

In accordance with the SABRTEH projeespecific action levels weresedto provide information for
assessing need to take corrective action to lithié potential of exposure. These values do not replace
community exposure standards or guidelines but are intended to be a conciemtianit that triggers a
course of action to better address public safety.

3.0 RESULTS

Handheldreaktime air monitoringresultsare summarizedy subcategoryn Tables land 2 community
reaktime air monitoring and indoor assessmermeaktime air monitoring. Maps of the site location,
community reaftime monitoring locations, anthdoor assessmeneaktime air monitoring locationsare
providedin AttachmentC.
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Table 2.Community ReallimeAir Monitoring Results

Number of Number of

Analyte Instrument Readings Detections Concentration Range
CO MultiRAE Pro 108 108 100 t 26,000 ppm
HS MultiRAEPro 85 0 < 0.1 ppm
O MultiRAEPro 84 84 20.9-21.1%

1 Aop %E

C S Ziscobsider€dbejav the instrumestimit of detectionand thevalue to the righis the instrument

detection limit.ppm = parts per million.

Table 2Indoor AssessmenReatTimeAir Monitoring Results

Number of Number of .
Analyte Instrument Readings Detections ConcentratiorRangé
(6{0) MultiRAE Pro 30 30 200 t 28,000 ppm
HS MultiRAEPro 18 0 < 0.1 ppm
O MultiRAEPro 8 8 209 %
1 A op %CE C 8Z ~D_ «Cu }o ]* }ve] & 0}A §Z JveSEpuu v3e o]u]dndtitument $]}v

detection limit.ppm =parts per million.

4.0 DISCUSSION

v

CTEH performed reéime air monitoring using handhelg:attime instrumenition. Results of handheld

reaktime air monitoringare discussetelow.

No HS detections were observed during handheld +@&ake air monitoring in the community dndoor
assessmenteaktime monitoring. O concentrationswere not observed bele 20.9% Outdoor CO

concentrations raged from100through 26,000 ppmin the community Hve detectionsof CQ exceeded
5,000 ppm Residents of theommunitywere already evacuatethen thesedetectionswere observed.

After outdoor community C@Qevels weresustainedcontinually measuretelow 5,000 ppminitial indoor

assessmentreaktime monitoring was performed inside residencemd churchbuildings potentially

impacted by the incidentat ownersfoccu%. Vv $edquest. During initialindoor assessmenteattime
monitoring, C@ concentrations ranged from 200 through 28,000 ppm, with six detections exceeding
5,000 ppm.n these instancesccupants of these structures were advised to open doors and windows
and not to occup those structureprior to re-assessient.

Indoor assessmenteaktime monitoring was performedfor sixstructuresto further assess homeand

church buildingsin which CQ concentrationsabove 5,000 ppnwere observedduring initial indoor

assessmenteaktime monitoring.No readingsof CQ greater than3,500 ppmwere recorded following

any of thesge-assessments
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Air Monitoring Strategy

CTE®is focusing on the chemicalselow chosen below because they are among the most important and readily
monitored hazards o& carbon dioxide (GPreleaselt is notable, however, that some chemicals may also be included
within the SAP on the basisadhsome uncertainty exists during incidents and monitoring for these chemicals is necessary
to ensure that a hazard does not exidMonitoring for some chemicals or indicators of the presenceC@f may be
conducted less frequently or even discontinued meductspecific information becomes available or as inital
monitoring results indicate that these chemicals and indicators do not pose a health concern.

Thestrategyisto utilizethreebroadly definednonitoring plans1) Work AreaMonitoring; 2) Canmunity Monitoring; and

3) Ste Assessment. Work Aremonitoring will generally take place in those areas wheserkers are actively
performing/supporting remediation operation3he readings will generally be taken at a height consistent with that of
the workers lreathing zone and in close proximity to workers without interfering or oliting their remediation tasks.
CommunityMonitoring may take place ithoseresidential andor commerciallocations inmediately surrounding the
incident site, not necessidy currently occupied by members of the community. UnlikerkVArea and Community
monitoring, Site Assessmeldoes not necessarilyrepresent ambient aimonitoring near breathing zone levebite
Assessment may involve a variety of differamgnitoringtasksintended to provide information thamayhelp to delineate

the nature and extent of the releage.g.fence line monitoringworst case determinabin, container head space, ground
level, etc.).

Freeroaming handheld redime ar monitoring may beconducted in a variety of areas based on levels of activity,
proximity to the release, and site conditions. Fixedation handheld reafime locationsmay be established in the
Community in order to provide concentration averages thatay be observed and raalyzed over time in distinct
geograhic locations in the communitAreaRAEs may be utilized to monitor the scene from remote location, if necessary.

CTEH® has the cajiidles on site to collect ambient air samples, if necess@hese sampling methodwjiesmay be
utilized if the results from reatime air monitoring efforts indicateghe potential for exposure above acceptable
occupational or community exposure levels. CTEH® will discuss these methodologid3embilry staff prior to
implementation.

CTEH SitSpecific Action Levels

CTEH® sitepecific action levels may be employed in all air monitoring plans to provide information for corrective action
to limit potential exposures. These values do not replace occupational or community exposure standzuitelbnes

but are intendal to represent a concentration limit that triggers a course of action to better address worker and public
safety. Action level exceedances will be communicated to Site Management and the CTEH Project Technical Directol
the CTEH Project Manager (PM). Wpractice may be assessed and then altered if necessanSstafic Action Levels

are not utilized for Site Assessment monitoring.

Air Monitoring Plan
DenburyResource€arbon Dioxide Incident
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Plan 1:Work AreaMonitoring

Objective: Repordir levels before they readhose requiring respiratory protection

Detection Correctin
Analyte Action Level Action to be Taken Basis Instrument Limit Notes Factor
5,000 ppm .
15 m?: Egress & Notify PM OSHA PEL & ACGIH TL _
co : MUItiRAE Sensor 100 ppm  Measuring Range: 0 N/A
30,000 ppm* , 50,000 ppm
. Egress &otify PM ACGIH STEL
1 min.
O <20.3% Egress and Notify PM ACGIH STEL forL£O MultiRAE Sensor 0.1% Range: 0t 30 % N/ A
Hvdrogen ACGIH TLYWA
éulfié}e 1 ppm Egress and Notify PM Precautionary Monitoring tc  MultiRAE Sensor 0.1 ppm Range: 0t 100 ppm N/A
Rule Out

* Note small margin between STEL and NIOSH IDLH (40,000 ppm)

Plan2: CommunityAssessment

Objective: Report air levels before they reach thoaasing nuisancer healthissues

Action Detection Correction
Analyte Level Action to be Taken Basis Instrument Limit Notes Factor
5,000 PPM* . . . . . Measuring Range: ©
CQ . Notify PM Warning prior to reaching PAC  MultiRAE Sensol 100 ppm N/A
15 min. v gp 9 PP 50,000 ppm
O <20.3% Notify PM Precautionary MultiRAE Sensoi 0.1 % Range: 0t 30 % N/A
Hydrogen . . . . )
Sulfide Detection Notify PM Precautionary MultiRAE Sensol 0.1 ppm Range: 0t 100 ppm N/A

* Note: PAEL is 30,000 ppm, PAZis 40,000 ppm, PAEis 50,000 ppm

Air Monitoring Plan
DenburyResource€arbon Dioxide Incident Page |3
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Plan 3: SiteAssessment

Objective: Characterize nature and extentelease

Action
Analyte Level Action to be Taken Basis Instrument Detection Limit Notes Correction Factor
ofe NA Report reading to PM  NA MultiRAEPID 0.1 ppm Measuring range: 15,000ppm NA
All Plans (13): Flammability
Action Corrected Value
Analyte Level Instrument Reading Action to be Taken Basis Instrument Detection Limit Notes Correction Factor
LEL CQis nonflammable; Notify PM & PTD if LEL detected.

General Information orProceduregAssessment Techniqueb)sed

Procedure ‘ Description

CTEH staff membensayutilize handheld instruments (e.g. MultiRAE Plus; ppbRAE, Gastec colorimetric detector tubes, etc.) to measure

RealTimeHandheld chemical concentrationsCTEH will use these handheld instruments prignarmonitor theambient air quality at breathing zone level

QUrvey Additionally, measurementaaybe made at grade level, as well as in elevated workspaces, as indicated by chemical properties or site co
CTEHmNayalso use these techniques to veritections observed by thAreaRABetwork

RadieTelemetering CTEH may deploy a rad@emetering network of AreaRAmBdocations where monitoring from a remote location would be beneficial. These

Network instruments will relay readings back to a centralization location that is monitored by CTEH.

Fixed Realime Multiple @mmunity locationsnaybe identifed and monitored at the same location approximately once per hour using handheld instrumer

Monitoring locations This allowshe useof statistical analysis more effectively than with a random approach.

Quiality Assurance/Quality Control Procedures

Method Procedure

RealTime Realtime instrumentanaybe calibrated in excess &Z u vpu( $re@m@Edndations.

Air Monitoring Plan
DenburyResource€arbon Dioxide Incident
February22, 220
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Method Procedure

At a minimum whenever indicated by site conditiongnstrument readings
Colocatedsampling for analytical analysigybe conductedif necessaryto assess accuracy and precision in the field
Lot numbers and expiration datamybe recorded with use of Gastec colorimetric tubes

Dailydata summariesay be providedor informationalpurposes usingata that have not undergone complefd/QC

Reporting Comprehensive reports of retiine and/or analytical data may be generated following QA/QC and may be delivered 60 days following receipt of v
results, if applicable.

Glossary
Term ‘ Definition
Sustained Instrument reading above the action legehtinuously for the listed time period.
Breathing zone The area within an approximate 4fich radiuof anindividualg nose and mouth.
AmbientAir That portion of the atmospher@ndoor or outdoorto which workers and the general public have access

Air Monitoring Plan
DenburyResource€arbon Dioxide Incident Page |5
February22, 220
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PACs based on AEGLs, ERPGs,

No. | Chemical N\amg CASRN TEELs Units
PAC1 PAG2 PAC3
570 | Carbondioxide 124-38-9 30,000 40,000 50,000 ppm
1426 | Hydrogen sulfide | 778306-4 0.51 27 50 ppm
. ACGIH TLVs _

Chemical Name CASRN TWA STEL Units
Carbon dioxide 124-38-9 5,000 30,000 ppm
Hydrogen sulfide 778306-4 1.0 5.0 ppm

DenburyOnshoreCO W] %o dlos
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AttachmentC

Site Maps
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Site Location I Project: 112628
CQ Pipeline Release

Client: Denbury

City: Satartia, MS
County: Yazoo
9
g
1]
0 12.5 25 ® @123 023 "G i
) Miles Viles} Site Location
Projection System: Albers Datum: North American 1983 Document Name: 112628_site_location Last Updated: 3/19/2020 1:44:18 PM




Community Real-Time Air Monitoring Locations _ )
CQ Pipeline Release | Satartia, MS | 2/22/2020 2230 - 2/23/2020 1134 CST Ciy: Satartia, M

County: Yazop

Site Location

Real-Time Monitoring Location




Indoor Assessment Real-Time Monitoring Locations . )
CQ Pipeline Release | Satartia, MS | 2/23/2020 0636 - 2/23/2020 1805 CST Ciy: Satartia, M

County: Yazop

Site Location

Real-Time Monitoring Location
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Disclaimer

7 KIFederal Requirements under the Underground Injection Control Program for Carbon
Dioxide Geologic Sequestration Wells )5 '"HFHPEHU NQRZQ DV W
9, 5XOH HVWDEOLVKHV D QHZ FODVV RI LQMHFWLRQ ZHOO &

7KH 6DIH '"ULQNLQJ :DWHU $FW 6':$ SURYLVLRQV DQG 8 6 (Q
(33 UHJXODWLRQV FLWHG LQ VEKDQWGGRFXPHRIWHAREYDHVQ ,@H\
FKDSWHUV WKLV JXLGDQFH GRFXPHQW PDNHV VXJJHVWLRQV
PLQLPXP UHTXLUHPHQWY LQGLFDWHG E\ WKH &0DVV 9, 5XOH
DQG VXJJHVWLRQV WKDW PD\ EH KHOSIXO IRU LPSOHPHQWDW
sPD\" RU 3VKRXOG  DQG DUH WR EH FRQVLGHUHG DGYLVRU\ 7
7KHUHIRUH WKLV GRFXPHQW GRHV QRW VXEVWLWXWH IRU WH
UHJXODWLRQ LWVHOI VR EMQGR®Y WQHRVX LLIPISRNVGWOHBRDOGS VV
UHJXODWHG FRPPXQLW\ 7KH UHFRPPHQGDWLRQV KHUHLQ PD
VLWXDWLRQ

(33 DQG VWDWH GHFLVLRQ PDNHUV UHWDLQ WBKFD®IHVE D MMM R (
WKDW GLIITHU IURKMKLYWISUBBQENWH $Q\ GHFLVLRQV UHJDU
ZLOO EH PDGH EDVHG RQ WKH DSSOLFDEOH VWDWXWHY DQG |
FRPPHUFLDO SURGXFWV GRHY QRW FRQVWLWXWH HQGRUVHP}
DQ DEBSWKIOHPDNLQJ DSSURDFK WR UHJXODWLQJ &0DVYV 9, LC
FRQWLQXH WR HYDOXDWH RQJRLQJ UHVHDUFK DQG GHPRQVW
LQIRUPDWLRQ DV QHHGHG WR UHILQH WKH UXOH &RQVHTXHQ
ZLWKRXW D IRUPDO QRWLFH DQG FRPPHQW SHULRG

‘KLOH (3$ KDV PDGH HYHU\ HIIRUW WR HQVXUH WKH DFFXUDF\
REOLJDWLRQV Rl WKH UHJXODWHG FRPPXQLW\ DUH GHWHUPL
ELQGLQJ UHTXLUHPHQWY ,Q WKH HYHQW RI D FRQIOLFW EHW
VWDWXWH RU UHIJXODWLRQ WKLV GRFXPHQW ZRXOG QRW EH

1RWH WKDW WKLV GRFXPHQW RQO\ DGGUHVVHV LVVXHV FRYH
2WKHU (3% DXWKRULWLHV VXFK DV &0HDQ $LU $FW &$$ UHT
LOMHFWLRQ DFWLYLWLHVY XQGHU WKH *UHHQKRXVH *DV 0DQG
ZLWKLQ WKH VFRSH RI WKLV GRFXPHQW
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Evaluation and Corrective Action Guidance






)RU H\DHFKW L RQ. G\ R IF H

y ([SODLQV KRZ WR SHUIRUP DFWLYLWLH\WRQUIFHWYDPH\ WR
DFWLRQ UHTXLUHPHQWYV H J S H U | FOWCPA\QW UAIRW IS KRV Bl Y\DL
DUH SURYLGHG LQ VHYHUDO FDVHYV

y 3URYLGHVY UHIHUHQFHV WR FRPSUHKHQVLYH UHIHUHQF|
OLWHUDWXUH IRU DGBQ® LRQDO LQIRUPDWLRQ

y ([SODLQV KRZ WR UHSRUW WR WKH 8,& B3URJUDP '"LUHFYV
$R5 DRGUWFHBWWYRQ
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Evaluation and Corrective Action Guidance















Acronyms and Abbreviations

$R5 S$UHDWHRILHZ

$3, $PHULFDQ SHWUROHXP ,QVWLWXWH

&$$ &OHDQ $LU $FW

&)5 &RGH RI )HGHUDO 5HIJXODWLRQV

"2 ( 8QLWHG 6WDWHY "HSDUWPHQW RI (QHUJ\

(3% 8QLWHG 6WDWHY (QYLURQPHQWDO 3URWHFWLRQ $JH
*+* 055 *UHHQKRXVH *DV ODQGDWRU\ 5HSRUWLQJ 5XOH

*35 *URXQG SHREWWDWLQJ

*6 *HRORALCKHVWUDWLRQ

1%1/ IDZUHQFH %HUNHOH\ 1DWLRQDO /DERUDWRU\

0% ( OHDRQEVROXWH HUURU

= OLOOLBWDUF

0( OHDQ HUURU

0,7 OHFKD QIOADIOE YV MWW\ W

03D OHJDSDVFDOV

3,6& SRWQMHEWHRKE V

5&63 SHILRQDO &DUERQ 6HTXHVWUDWLRQ 3DUWQHUVKLS
506 ( SRRMDQ VTXDUHG HUURU

6':% 6DIH '"ULQNLQJ :DWHU $FW

8,& B8QGHUJURXQG ,QMHFWLRQ &RQWURO

86": BQGHUJBRRXEGGUNIQ NDL\\WQH I

86*6 8QLWHG 6WDWHYV '"HSDUWPHQW RI WKH ,QWHULRU 8Q
UIC ProgramClass VIWell Area ofReview viii

Evaluation and Corrective Action Guidance



Definitions
.H\ WR GHILQLWLRQ VRXUFHV

&)5 G
'"HILQLWLRQ GUDIWHG IRU WKH SXUSRVHV RI WKLY GRFXPHC
&ODVV @B UHDPE O H

&)5

Area of Review(AoR) PHD @W¥Y WHILRQ VXUURXRGLRE VY MWKAHHVWUDWLRQ S
86':V PD\ EH HQGDQJHUHG E\ WKH LQMHFWLRQ DFWLYLW\ 7KH
FRPSXWDWLRQDO PRGHOLQJ WKDW DFFRXQWYV IRU WKH SK\VL
WKH LOMHFWHG FDUERQ GLR[LGH VWUHDP DQG GLVSODFHG I(
FKDUDFWHUL]DWLRQ PRQLWRULQJ DQG RSHUDWLRQDO GDWI

Boundary condition parameters UHIHUV WR WKH SDUDPHWHUYV WKDW GHVF
SUHVVXUHV DWHRKRHKPARGCGIAHGRPDLQ DQG LQ WKH ORFDWLRQ RI

Capillary Pressure UHIHKM RIWUHQFH RI SUHVVXUHYVY EHWZHHQ WZR
RI LOWHUFRQQHFWLQJ SRUHV RU FDSLOODULHYV 7KH GLIIHUH
VXUIDFH WHQVLRQ DQG FXUYDWXUH LQ WKH FDSLOODULHYV

Computational code UHIHUV WR D VHULHV Rl LQWHUUHODWHG PDWKH!
FRPSXWHU WR UHSUHVHQW WKH EHKDYLRU RI D FRPSOH[ V\V\
PRGHOV UHBWHVPQW. PXP WKH IORZ DQG WUDQVSRUW RI PXO
YDU\LQJ SKDVHV WKURXJK SRURXV PHGLD &RPSXWDWLRQDO
LQ WKH VXEVXUIDFH XVLQJ VFLHQWLILFDOO\ DRRFHIWH X WP W |
RI FRPSXWDWLRQDO FRGHV LV QHFHVVDU\ EHFDXVH WKH PDW
DUH FRPSOLFDWHG DQGLIQ}MPD Q6 FDNWHINO FRGHV KDYH EHHQ V
RU WDLORUHG IRU LQMHFWQRQF DBWELHY XWH B VI R/U PAIOIDW SXR S B \

Computational model PHDQV D PDWKHPDWLFDO UHSUHVHQWDWLRQ RI
IHDWXUHV LQFOXGLQJ LQMHFWLRQ ZHOOV VLWH JHRORJ\ D¢
JHRORJLF LQIRHBDDWLRQSEXMWXWR D FRPSXWDWLRQDO FRGH FLU
WKDW SURYLGHV SUHGLFWLRQV RI VXEVXUIDFH FRQGLWLRQV
SUHVVXUH IURQW PRYHPHQW DW WKDW VLWH 7KH FRPSXWDW
SBGHFWLRQV L H RXWSXWYV

Confining zone PHDQV D JHRORJLF IRUPDWLRQ JURXS RI IRUPDWLR
VWUDWLJUDSKLFDOO\ RYHUO\LQJ WKH LQMHFWLRQ JRQH V W
9, ZHOOV RSHUDWLQJ XQGHU DQ LQMHFWLRQ GHSWK ZDLYHU
JURXS RI IRUPDWLRQV RU SDUW RI D IRUPDWLRQ VWUDWLJUI
LOQMHFWLRQ JRQH
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Constitutive relationship WV6LFDO O\HFPFSLQVYFDOO\ EDVHG DSSUR[LPDWLRC
WKH V\VWHP DQG HVWLPDWH XQNQRZQV LQ FDVHV ZKHUH WKF
QRW UHDGLO\ DYDLODEOH IRU XVH LQ WKH HTXDWLRQ EHFDX"
PHDVXUDEOH DQG WKXV QRW GLUHFWO\ LQSXW LQWR WKH PF
LY UHODWLYH BWYXRBDDHIRGQL WQFWLRQYV 7KHVH IXQFWLRQV HYV
Rl D SDUWLFXODU IOXLG LQ D SRURXV PHGLD DV D IXQFWLRQ
7KLV SHUPHDEVOGIGWAQ WMKMWHREHRYHUQLQJ HTXDWLRQ WR SUHGLF

Equation of state UHIH QVHWRIODNVLRQ WKDW H[SUHVVHV WKH HTXLOLE!
EHWZHHQ SUHVVXUH YROXPH DQG WHPSHUDWXUH IRU D SDUYV

Geologic sequestration (GS)PHDQV QMKWHWRP FRQWDLQPHQW RI D JDVHRX)
VXSHUFULWLFDO FDUERQ GLR[LGH VWUHDP LQ VXEVXUIDFH Jt
WR FDUERQ GLR[LGH FDSWXUH RU WUDQVSRUW

Geophysical surveysUHIH KW WRHWRI JHRSK\VLFDO/ PMHFKHOHXWWY L HDD
JubyLw\ RU HOHFWURPDJQHWLF VXUYH\V RU ZHOO ORJJLQJ |
SRWHQWRLBRODUDFWHUL]JH VXEVXUIDFH URFN IRUPDWLRQV

Governing equation UHIH KW WBWKHPDWLFDO IRUPXODH WKDW IRUP W
FRPSXWDWLRQDO FRGH DUH WHUPHG JRYHUQLQJ HTXDWLRQV
EHKDYLRU RI IOXLGV LQ WKH VXEVXUIDFH SURYLGHG E\ WKH |
DSSUR[LPDWLRQV IRU GHVFULELQJ IORZ DQG WUDQVSRUW RI
HQYLURQPHQW

Ground Penetrating Radar (GPR) UHIHUV WR D JHRSK\VLFDO PHWKRG WKD
WHFKQRORJ\ LQ RUGHU WR FKDUDFWHUL]JH IHDWXUHV IRXQG |

Heterogeneity UHIHU VSW R/ MDKCHWD UL D EL O XWWIXQ AWV R B G HRRIORK LWL ¥ i/Q
RI WKH VLWH

Hysteresis PHDQV WKH SKHQRPHQRQ ZKHUH WKH UHVSRQVH RI D \
SUHVHQW VWLPXOXV EXW DOVR RQ WKH SUHYLRXV KLVWRU\
UHODWLYH SHULPHDELNOSWHVFBOUH DQG UHVLGXDO WUDSSLQJ
KLVWRU\ RI WKH IRUPDWLRQ

Immiscible UHIHUW¥ WBREBHUQWZRKRUHPRUH OLTXLGY RU SKDVHV GR
LQ RQH DQRWKHU

Initial conditions UHIHWW WRMB/GIXUIHY DW WKH VWDUW RI WKH PRGHO

Intrinsic permeabilty UHIHUSYDWRAHWHU WKDW GHVFULEHV SURSHUWL
LPSDFW WKH UDWH RI IOXLG IORZ /DUJHU LQWULQVLF SHUPH
IORZ UDWHV ,QWULQVLF SHUPHDELOLW\ KDV XQLWV RI DUHD

Model calibraton PHDQV DGMXVWLQJ PRGHO SDUDPHWHUV LQ RUGH
EHWZHHQ PRGHO SUHGLFWLRQV DQG PRQLWRULQJ GDWD DW '
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Multiphase flow UHIHU¥YRW R Q ZKLFK WZR RU PRUH GLVWLQFW SKDV}E
JDV VXSHUFULWLFDO IOXLG

Numerical Artifacts UHIHUV WR PRGHO UHVXOWY WKDW DUH FUHDWH(
OLPLWDWLRQV RI WKH PRGHO ZKLFK PD\ UHVXOW IURP LPSUI

Parameter PHD ®O\WKHPDWLFDO YDULDEOH XVHG LQ JRYHUQLQJ H
FRQVWLWXWLYH UHODWLRQVKLSY 3DUDPHWHUV GHVFULEH S
IOXLG VRXUFHV DQG VLQNV H J LQMHFAW\RQQRHIOXGS H (I Q MSILK
SHUPHDELOLW)\ IOXLG YLVFRVLW\ DQG IOXLG LQMHFWLRQ UL

Relative permeabilty UHIHUMD WMRRDY EHWZHHQ DQG WKDW LV PXOW
SHUPHDELOLW\ RI D IRUPDWLRQ WR FRPSXWMH S\DKUW H FXI® MU \SH
VSDFH :KHQ LPPLVFLEOH IOXLGV H J FDUERQ GLR[LGH ZzZDW
D IRUPDWLRQ WKH DELOLW\ IRU IORZ RI WKRVH IOXLGV LV UL
SUHVHQFH RI WKH RWKHU IOXLG 7KLV UHGXFWLRQ LV UHSUH

Sensitivity Analyses UHITH YA WWR X\ RI KRZ WKH RXWSXW RI D PRGHO Y
DQ LQSXW YDULDEOH RU PRGHO SDUDPHWHU RYHU D VSHFLIL
DQDO\WLVY GHWHUPLQH WKH ZKLFK LQSXW YDULDEOH DQG PRG
HITHFW RQ WKH PRGHO UHVXOWYV

Stochastic Methods PHDQV WKH XVH RI SUREDELOLW\ VWDWLVWLFDO
PRUH SRVVLEOH UHDOL]DWLRIQW ROX\WKM VDIV I1DYOHQDWVWHWWHR QR
SDUDPHWHUYV

Underground Injection Control Program UHIHUV WR WKH SURJUDP (3% RU DQ
DXWKRUL]JHG WR LPSOHPHQW XQGHU WKH 6DIH '"ULQNLQJ :DWH
UHIJXODWLQJ WKH XQGHUJURXQG LQMHFWLRQ RI IOXLGV E\ Z¢t
PLQLPXP UHTXLUHPHQWYV IRU FRQVWUXFWLRQ RSHUDWLRQ ¢
LOMHFWLRQ ZHOOV

Underground Source of Drinking Water (USDW) PHDQV DQ DTXLIHU RU LWV SRU
VXSSOLHYVY DQ\ SXEOLF ZDWHU V\VWHP RU ZKLFK FRQWDLQV L
VXSSO\ D SXEOLF ZDWHU VA\VWHP DQG FXUUHQWO\ VXSSOLHYV
FRQWDLQV IHZHU WKDQ PJ O WRWDO GLVVROYHG VROLG"
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Unit Conversions

3RXQG OE

&XELF )RRW

Imperial/Non-Metric Unit Metric U nit
JRRW OHWHUV
OLOH .LORPHWHUV

SRXQGTXIDIMHK SV

THPSHUDWXUH LQ '"HJU

OHJDWRQQH 0V
OHWULF 7RQ WR

OHJDSDVFDOV
THPSHUDWXUH LQ '"HJU

Zp [
.LORJUDPYV
[ 7RQQHV
NJ

&XELF OHWHU
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1. Introduction

$UHD RI UHYHND OB GRRR'UUHFWLYNWBWERQIJDSHUGRWJIUHT X1
WKH 8QGHUJURXQG ,QMHFWLRQ &RQWURO 8,& 3URJUDP RI W
(3% 7KH $R5 UHIHUV WR WKH GHOLQHDWHG UHJLRQ VXUURXQ
SRWHQWLDO H[LVWV IRU XQGHUJURXQG VRXUFHV RI GULQNLC
OHDNDJH RI LOMHFWDWH DQG RU IRUPDWLRQ IOXLGV 7\SLFD
9, WKH $R5 IMGIKHM HGHG UDGLXV DURXQG WKH LQMHFWLRQ
UDGLDO FD2XZEXODMWRB®RSHUDWRUV RI LQMHFWLRQ ZHOOV DUH
FRQGXLWYV IRU IOXLG PRYHPHQW LQFOXGLQJ DUWLILFLDO SH
WKH $R5 BIVVHWMIWKW\ RI DQ\ DUWLILFLDO SHQHWUDWLRQV

QHFHVVDU\ WR SUHYHQW IOXLG PRYHPHQW LQWR D 86': > &)

7KBRODVV 9L QWAHRGXFHVY HQKDQFHG $R5 DQG FRUUHFWLYH DF
LOMHEWORY WKDW DUH WDLORUHG WR WKH XQLTKXHRFLUFXPV)
FDUERQ GLR[LGH SURMHFWYV > &)5 @ 7KH SXUSRVH RI W
PHWKRGV IRU GHOLQHDWLQJ WKH $R5 DQ SHURWHRWIRRUZHY
7TKH LQWHQGHG SULPDU\ DXGLHQFHV RI WKLV JXLGDQFH GRF>
RSHUDWRUVY DQG WKHLU UHSUHVHQWDWLYHYVY FRQGXFWLQJ $F
SHQHWUDWLRQ LGHQWLILFDWLRQ DVVHKMPH& WU R QLD P RUNBAI
ZKR DUH UHVSRQVLEOH IRU UHYLHZLQJ DQG DSSURYLQJ &0OD\
UHODWHG UHSRUWY FRQFHUQLQJ $R5 GHOLQHDWLRQ DQG FRL
Rl WKLGZDIXFH GRFXPHQW

7KLV GRFXPHQW LV RQH RI D VHULHV RI WHFKQLFDO JXLGDQF
LQIRUPDWLRQ DQG SRVVLEOH DSSURDFKHV IRU DGGUHVVLQJ
&ODVY®WHFWIKRIH A -HRFREKHIVGILRQ JXLGDQFH GRFXPHQWYV IRFX
FKDUDFWHZUHLPODWARQVWUXFWLRQ DQG WHVWLQJ DQG PRQLWR

y 7 KHIC Program Class VI Well Site Characterization Guidance
y 7 KHIC Program Class VI Well Construction Guidancd Q G

y 7 KHIC Program Class VI Well Testing and Monitoring Guidance.

7TKHVH JXLGDQFH GRFXPHQWY DUH LQWHQGHG WR FRPSOHPHC
RSHUDWRUY LQ SUHSDULQJ SHUPLW DSSOLFDWLRQV WKDW VI
&ODVVQMHFWURXDBD&MMWRIIWRUHG WR WKH FKDUDRWHULVWLF\
HIDPSOH WKH UHTXLUHG VLWH FKDUDFWHUL]DWLRQ GDWD FF
$R5 GHOLQHDWLRQ DQG $R5 PRGHOV ZLOO EH UHHYDOXDWHC
RI MLWHVWLQJ DQG PRQLWRURMQANDWBY JEHWIHHQ JXLGDQFH
QRWHG LQ WKH WH[W ZKHUH DSSURSULDWH 3$GHQG/XRQQOD JX|
WKH UHTXLUHAGR MOIBVMBDPQWLRQ DV SBEW LRRQD Z&MmV 8 Y RIOW
DSSOLFDWLRQ LV SURYLGHG LQ WKH UIC Program Class VI Well Project Plan
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1.1. Overview of the Class VI RuleAoR and Corrective Action Requirements

7KBODVV 9GHXIOHHYV WKH $R5 DV WKH UHJLRQ VXUURXQGLQJ W
EH HQGDQJHUHG E\ WKH RQMHFWLIR@ DFKH SXAMWSRVH RI WKH $
FRUUHFWLYH DFWLRQ UHTXLUHPHQWY RI WKH &ODVV 9, 5X0OH
LPSDFWHG E\ D SURSRVHG *6 RSHUDWLRQ DUH GHOLQHDWHG
LW DQG WKDW WKLV SURFHVYV LV XSGDWHG W K WRXAJ KRR XWWK W K
UHTXLUHPHQWY DUH SUHVHQWHG LQ ODWHU VHFWLRQV RI WK
RU RSHUDWRUV RI *6 SURMHFWY PXVW PHHW LQFOXGH

x 3UHSDUH PDLQWDLQ DQG FRPSO\ ZLWK DQ $R5 DQG &RU
RI WKH UHTXLUHG HOHPHQWY RI WKH SODQ > &)5 E

X '"HOLQHDWHKW.IH FRPSXWDWLRQDO PRGHOLQJ DQG LGHQV
FRUUHFWLYH DFWLRQ > &)5 F @

x 3HUIPWRD UHRUWHRBNLYH DFWLRQ RQ ZHOOV LQ WKH $R5 :
X BHHYDOXDWH WKH $R5 WKURXJKRXW WKH OLIH RI WKH SU

X (QVXUH WKW MKEHP B GoHD/G RIIVMHQ DQG ILQDQFLDO UHVSR
GHPRQVWUDWLRQ DFFRXQW IRU WKH PRVW UHFHQWO\ DS

X SHWDLQ PRGHOLQJ LQSXWYV DQG GDWD XVHG WR VXSSRU\
J @

,/ D YHUWLFDO OHDNDJH SDWKZD\ RXW RI WKH LQMHFWLRQ ]R
SURSRVHG &0DVV BDLEMHFRWARR@QIAHABG E\ PRYHPHQW RI FD
86': LPSDLULQJ GULQNLQJ ZDWHU TXDOLW\ WKURXJK FKDQJH
LPSXULWLHYV LQ WIRH WEMHFWBWHRIHQ VXOILGH DQG OHDEFKL
RUJDQLFV DQG PRYHPHQW RI QRQ SRWDEOH ZDWHU H J

D 86':DV FDXVHG E\ HOHYBWWBUIRW RDQW X FEHKEGUEHN | RQYMH PWKIHR ®R 5
HQFRPSDVVHV WKH UHJLR Q KRDWHHU CH\ LJIQ J WXISH WHWBIDWIDADKD OL T X
FDUERQ GLR[LGH SOXPH DQG WKH UHJLRQ RYHUO\LQJ WKH SL
VXIILFLHQW WR IRUFH IOXLGV LQWR HD 98KWKKLPRE LALPD\ RIW
HQFRPSIEWRXYEBHEHU\ BIURKHFW ZLWKLQ ZKLFK DOOWKWHRMHFW LC
&ODVV 9, 5XOH GRHVY QRW UHTXLUH WKDW WKH $R5 DQG RYHL
FDVHV

7K&ODVYV QUBX®R@HUHY WKDW 3WKH $R5 LV GHOLQHDWHG XVLQJ
DFFRXQWYV IRU WKH SK\VLFDO DQG FKHPLFDO SURSHUWLHV R
VWUHDP DQG LV EDVHG RQ DYDLODEOH VLWH FKDUDFWHUL]D\

D@ $V GLVFXVVHG EHORZ *6 FRPSXWDWLRQ@MO PRGHOL
FRPSO®WG UHTXLUHWRGYDREBGWIHRQYPDOO\ WKH $R5 PXVW EH
PLQLPXP IL[HG IUHTXHQF\ QRW WR H[FHHG ILYH \HDUV RU ZK
FRQGLWLRQV ZDUUDQW > &)5 H @RFKUIHHBEXIVOIRMOMWRR @EOL

UIC ProgramClass VIWell Area ofReview 2
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HQVXUH WKDW \GDWEDWREGHWRR XS QDWH PRGHOLQJ UHVXOWV D
UHIOHFWVY DQ\ FKDQJHV LQ RSHUDWLRQDO FRQGLWLRQV 7KH
FKDUDFWHUL]DWLRQ PRGHOLQJ DQG PRIQRIRUQQLIXFMALY LW

Figure 1-1: Flow Chart of Monitoring and Modeling at a GS Project.
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$Q LQGLYLGXDO &ODVV 9, SHUPLW PXVW EH REWDLQHG VHSD!
SHUPLWY DUH QRW DOORBXBE XQ®@HY WKH@OHRZHYHU (3$ DQW
WKDW LQ PDQ\ FDVHV PXOWLSOH LOQMHFWLRQ ZHOOV ZLOO
DSSURYHG E\ WKH 8,& 3URJUDP 'LUHFWRU $R5 GHOLQHDWLRC
SHUIRUPHG ¥ RROW BPWLAH®OV LQFOXGHG ZLWKLQ D VLQJOH SU
PDSV RI WKH GHOLQHDWHG WKH $R5 DQG WKH $R5 DQG &RUUI
VHSDUDWHO\ IRU HDFK ZHOO KRZHYHU VR WKDO®WKB)\ PD\ E
SHUPLW ,Q DOO FDVHV (3% UHFRPPHQGY WKDW $R5 GHOLQHI
LOMHFWLQJ LOWR LQFOXGLQJ DQ\ LQMHFW LHRRUZRIWRMN DY TRF
9, RSHUDWLRQV RU SXPSLQJ IURPUWRID H QD MHKDW. RQ H RQ & UFDX
FRQQHFWHG WR WKH LQMHFWLRQ ]JRQH

7KH FRUUHFWLYH DFWLRQ UHTXLUHPHQWYVY IRU &0DVV 9, ZHOC
LQMHFWLRQ ZHOO FODVVHV +RZHYHU GXH WR WKH SRWHQW
DOBRZWKH XVH Rl SKDVHG FRUUHFWLYH DFWLRQ LI DSSURYH

E LY BGDVHG FRUUHMVDLYSURNYWIGRE\ WKH 8,& 3URJUDP 'L
RU RSHUDWRUV ZRXOG EH DOORZHG WR EMHWRBP FRWUHFWDD
SHQHWUDWLRQV ORFDWHG ZLWKLQ WKH $R5 SULRU WR LQMHTF
LQMHFWLRQ ZHOO V &RUUHFWLYH DFWLRQ ZRXOG FRQWLQXI
WKH $R5 SULRU WR FDUERQ GLR[LGH PLJUDWLRQ RU SUHVVXL
RZQHUV RU RSHUDWRUV WHRUSHE VR IEYSH DOBFOY DIRMIGIW VZHO OV L G H C
GXULQJ WKH LQLWLDO $R5 GHOLQHDWDRRQRR W & RESK I MIHHYF DV R

$vV D SDUW RI D &DOYOLFDSHRRLWWKH RZQHU $RROIRSGHUDWRU P
SRUUHFMMLYBRIDQB WKDW GHVFULEHVY WKH DQWLFLSDWHG DFWLY
ZLWK WKHVH UHTXLUHPHQWYV > &BUHEFMME Y@ Q 7XAHD R B XD/AG E&
DSSURYHG E\ WKH 8,& 3URJUDP 'LUHFWRU SULRU WR VXEPLW\
LVVXDQFH RI D SHUPLW > &)5 E @ 7KLV SODQ ZLOO IDF
RU RSHUDWRUYV DQG WKH 8,& SURJUDP 'DPHEWHRRIWWRB KQGMUM!
DQG DJUHHVY HDUO\ LQ WKH SURMHFW OLIHWLPH ZLWK WKH PFE
FRPSOHWH DOO UHTXL{U&GDAVRAR Y BDRMELE RUDUAHFMWRQ'H $FWLRQ 3C
LQFOXGH WKH IROORZLQJ LQI®UPDWLRQ > &)5 E

7KH PHWKRG IRU GHOLQHDWLQJ WKH $R5 LQFOXGLQJ WK
ZLOO EH PDGH DQG WKH VLWH FKDUDFWHUL]DWLRQ GDW

7KH PLQLPXP IL[HG IUHTXHQF\ DW DWHAVRNIH ARQHH B YRHU\ L
RSHUDWRU SURSRVHV WR UHHYDOXDWH WKH $R5

TKMNLWHQ G SVENMAFEHRMFLWRULQJ DQG RSHUDWLRQDO FRQGL
UHHYDOXDWLRQ RI WKH $R5 VFKIHGX &/ IRGWKHHH @ B PAX W X RVUQ. C

+R2VSHFLILF PRQLWRULQJ DQG RSHUDWLRQDO GDWD H J
XVHG WR LQIRUP DQ $R5 UHHYDOXDWLRQ
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+RZ FRUUHFWLYH DFWLRQ ZLOO EH FRQGXFWHG LQFOXG
SHUIRUPHG SULRU WR LQMHFWLRQ DRIGODKRWY H IFBRQ U HSRA
DFWLRQ DGGUHVVHG RQ D SKDVHG EDVLVY DQG KRZ WKH S

+RZ FRUUHFWLYH DFWLRQ ZLOO EH D&M OWWWMEHG LI WKHUH
+RZ VLWH DFFHVYV ZLOO EH JXDUDQWHHG IRU IXWXUH FRU

7KH UHTXLUHPHQWY UHODWHG WR WKH $R5 DQG &RUUHFWLYH
UIC Program Class VI Well Project Plan Developméatidance

1.2. Organization of this Guidance

7KLV JXLGDQFH GRFXPHQW LV RUJDQL]HG WR JHQWBMWQWIOO\ IRO
FRUUHFWLYHWOLHWLWRDDFWDRYRZQHU RU RSHUDSWRRIS RVOIG DG |
ODWHUPLWWHG & OBWVK VBHKIMY MW HIFRMALIRQA WLHY ZLOO JHQHUDOO\
EHORZ

3ULRU WR WKH LVVXDQFH RI D SHUPLW IRU WKH FRQVWUXFWL
DQ H[LVWLQJ ZHOO

&ROOHFWLRQ RI UHOHYDQW VLWH FKDUDFWHUL]DWLRQ D¢
D D D @G

'"HWHUPLQDWLRRSRUDWQRYDOW,DWD WKDW ZL&GQS5LQIRUP
D DQG D@

'HYHORSPHQW RI DQ $R5 DQG &RUUHFWLYH $FWLRQ 30DQ
E @

SHUIRUPLQJ $R5 PRGHOLQJ DQG GHO®@QWDWLRQ > &)5

,GHQWLILFDWLRQ DQG DVVHV\VRMOIWRWBEKHEYSREFLDO SHQHI
D @

SULRU WR JUDQWLQJ DSSURYDO IRU LQMHFWLRQ

&ROOHFWAL RQ XSGHOMHYIOQRN VLWH FKDUDFWHUL]DWLRQ DC

LQIRUP $R5 PRGHOLQJ > &)5 F FDQG @
,GHQMWI LIRRQ RI DX CPDHWHHEVHB/ R WKH $R5 DQG &RUUHFWLYH
F @
JLQDOERBQBRGHOLQJ DQG GHOLQHD®DRG > &)5 F
SHUIRUPLQJ FRUUHFWLYH DFWLRQ RQ WKRVH SHQHWUDW
PRYHPHQW > &)5 F G QG
UIC ProgramClass VIWell Area ofReview 5
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'XULQJ LQMHFW QRI®I PWIGR QRWIWH FDUH 3,6&

S5SHHYDOXDWLRSHRLRXIH-BR®\ DW OHDVW RQF%FH HYHU\ ILY
F DQG H @ DQG XSGDWLQJ WKH $R5 DQG &RUUHF

,ISKDVHG FRUUHFWLYH DFWLRQ LV DSSURYHG RU ZKHQ D
EDVHG RUHSRD O XIHVULRQNFLQJ FRUVUH&EMELYH DFWLR® G
G @

$SFWLYLWLHV WKURXJK PXVW DI SIHRNRQ@QPW B XFFW. DUL&W R W
LOMHFWLRQ ZHOO DQG DHXWW IBML SN U | RUMKHBER B LUIQ R DD S\SRURY D O
LOQMHFW FDUERQ GLR[LGH DQG WKHLU UHVXOWWD\ XDW VE HR IV X
WKH &ODVV 9, LOQOMHFWLRQ@ ZK®P3D SHUBRPK®W DSBDLEDQYWI®EWLYL
EH SHUIRUPHG DIWHU D SHUPLW DSSOLFDWLRQ KDV EHHQ DS:
&ODVV 9, LOMHFWLRQ ZHOO LV DFWLYHO\ RSHUDWLQJ

7KLV JXLGDQFH GRFXPHQW JHQHUDOO\ IRFXVHD@®® DFWLYLW
IROORZYV

x 6HFWLRQ SURYLGHVY EDFNJURXQG RQ FRPSXWDWLRQDO

x 6HFWLRQ GLVFXVVHV SHUIRUPLQJ FRPSXWDWLRQDO PR(
ZLWK SHUPLW UHTXLUHPHQWY DFWLYLWLHV DQG

x 6HFWLRQ IRFXVHV RQ DEDQGRQHG ZHOO LGHQWLILFDWL
DOO DUWLILALZOVWKIIXHWKBWRBQDFWLQGWLHYV DQG

x 6HFWLRQ IRFXVHV RQ UHHYDOXDWLRQ RI WKH $R5 DFW|

6LWH FKDUDFWHUL]|DWLRIQRDBFW DYIHVG HVYF DWVWWH & [EBIEWDR Q Q W

DQG DUH FRYHUHG LQ PRUH GHWDLO LQ WKH UIC Program Class
Guidance BUHSDUDWLRQ RI WKH $R5 DQG &RUUHFWLYH $FWLRQ :
DQ\ XSGDWHVDWDHOWRYGWYFXVVHG EULHIO\ KHWKIP@gaQ G LQ PR
Class VIWell Project Plan Development Guidance
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2. Computational Modeling for Geologic Sequestration

7KIMHFWLRQ GLVFX\OWHYOW KRH PRPEXRHRWA. RIRD HURR G 8 8 LYK H

QHFHVVDU\ EDFNJURXQG IRU RZQHUV RU RSHUDWRUV DQG W
ZLWK WKH &0ODVV 9, 5XOH :KLOH FRPSXWDWLRW PP RRGWH CRIQ .
FRPSOH[ LQIRUBXWSRQH WK W ISR YHEMW DREULW IWMRWURGXFWL|
PRGHOLQJ WHFKQLTXHV D Q GQIXBHVRRAHDIW Q O M. FADKDWVK R\ \EDHW L
VSHFLILF UXOH)ROTOARUHPHDHYQWURGXFWLRQ WKDW H[SODL
FRQWH[W RI PHHWLQJ WKH UHTXLUHPHQWYV RI WKH &0ODVV 9,

X 6HFWLRQ GLVFXVVHV WKH SURFHVVHV WKDW FDQ EH P
X 6HFWLRQ SUHVHQWYVY D GLVFXVVLRQ RI WKH SDUDPHWH

X 6HFWLRQ SUHVHQWY DYDLODEOH FRPSXWDWLRQDO DS
VHBDIQDO\WWLFDO DQG K\EULG DSSURDFKHYV

X 6HFWLRQ GLVFXVVHV PRGHO XQFHUWDLQW\ DQG VHQV
X 6HFWLRQ GLVFXVVHV PRGHO FDOLEUDWLRQ DQG
X 6HFWLRQ SURYLGHY DQ RYHUYLHZ RI H[LVWLQJ FRGHYV

7KH $R5 IRU D &0DVV 9, LQMHFWLRQ SURMHFW PXVW EH GHOL
DFFRXQWYV IRU WKH SK\WVLFDO DQG FKHPLFDO SGRBHUWGMLHYV RI
&)5 D@ $ FRPSXWDWDREGDOCRRREIYDO QUE @D WWONAD WLF® Q@ W
UHSUHVHQWDWLRQ RI WKH *6 SURMHFW DQG UHOHYDQW IHDW
DQG IOXLGYV SUHVHQW $W SHNIFIUEEFRCAEEIAE R AGCHRYDYHG E\
LQFRUSRUDWLQJ WKH *6 VLWH DQG RSHUDMdeR QBIOF KKD/UD FW F
FRPSXWHU SURJUDP WKDW KDV EHHQ GHVLIJQHG WR VLPXODW
SURFHVVHV LQ JHRORJLF PHGLD EDVHG RQ VFLHOQWLILF SULQ
JRYHUQLQJ HTXDWLRQV

&RPSXWDWLRQDO FRGHV WKDW PD\ EH XVHG IRU PRGHOLQJ R
FRPSOH[ WKDQ FRPPRQO\ XVHG JURXQG ZDWHU IORZ FRGHV E
PXOWLSKDVHADYV OLTXLG VXSHUFULWLFDOUIRXQG ZIDDMRHEA UR | F\DH)
GLR[LGH K\GURFDUERQV SKDVH FKDQJHV RI FDUERQ GLRJ[LC
FKDQYXWWKHUPRUH LQ VRPH FDVHV PRGHOV FRQVLGHU UHDF
EHWZHHQ FRQVWLWXHQWY DQG JHRPHFKDQLFDO SURFHVVHYV
EHORZ WKH &QBVYXIOY BKWMKDW WKH $R5 EH GHOLQHDWHG XV
PXOWLSKDVH&)BRZ BEX&% QRW QHFHVVDULO\ UHDFWLYH WUD ¢
SRFHV¥RYHYHU LQFOXVLRQ RI WKHVH SURFHVVHV LQ WKH $R
LPSRUWDQW LQ VRPH FDVHV DQG PD\ EH UHTXLUHG E\ WKH 8,
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6HYHUDO FRGHY DUH DYDLODEOH WKDW DUH FDSDEOH IRU XV
GHOL®BGDRM WKH $REWHMVDID 66 IRU FRPSO\LQJ ZLWK &0DVV 9, LC
UHTXLUHPHQWV$BWRWRKRIQ DYDLODEOH FRGHV DUH VRSKLVWL]
DYDLODEOH VFLHQWLILF XQGHUVWDQGLQJ FRMSEWDNULRQDO
SHUIHFW UH®% RH VWHHD/OL W DRXBDRWWSKIRYLGH D FRPSOHWHO\ DFF
IOXLG PRYHPHQW IMUBIRAUMLWHKH FKDUDFWHUL]DWLRQ RI PRC
VHQVLWLYLW\ DQDO\WHV DQG FRQGXPERQWPRGH SDRDN RU P
FRPSXWDWLRQDO DSSURDFKHYV

SHVHDUFK VWXGLHVY KDYH SURYLGHG YDOXDEOH LQIRUPDWLR
ZKDW LQIRUMEMHWRRQOMHIFIWHG LQ RUGHU WR SURSHUO\ LQIRUP
PRGHO PBEXIOMWMVHPEWHBDQWO\ WKH LQIRUPDWLRQ DQG JXL
EDVHG RQ FXUUHQWO\ DYDLODEOH GDWD VFLHQWLILF UHVHD
WKDW GDWD FROOHFWHG IURP IXWXUH *6 SURMHFWY PD\ DGY
GHOLQHBWLNQGRPPLWWHG WR DQ DGDSWLYH DSSURDFK IRU U
UHYLVLW DVSHFWV RI &0DVYV 9, IHGHUDO UHJXODWLRQV DQG

7KHUH LV D ORQJ KLVWRU\ RI VLPXOIRVUMY I @ XSRW RXK/DR/HGIICLR 3
FRPSXWDWLRQDO PRGHOV &RPSUHKHQVLYH UHYLHZV RI PXO)
PRGHOLQJ DUH SURYLGHG HOVHZKHUH HJ 3LQGHU DQG *UD
'XUORIVN\ JLOQOVWHUOH VROY H IPHVHURRIG HOVIRYHUQLQJ HT
WKH FRPSRVLWLRQ DQG YROXPHWULF IUDFWLRQ RI HDFK SKD
DV D IXQFWLRQ RI VSDFH DQG WLPH |IR®RYDHSYDUW 1 AHXTOXDW Y R OV
IRUPXOMRVBEVFULEH WKH IORZ DQG WUDQVSRUW RI VHYHUDO
ZKLFK LQWHUSKDVH PDVV W @5QV¥IDHWOR DNORYZ LHPTSFOUMLIRQW D U H
VXEVWLWXWLQJ D PXOWLSKDVH IRUP RI 'DUF\{V /DZ LQWR FR

7TKH VROXWLRQ RI WKH FRQWLQXXP EDODQFH HTXDWLRQV UH"
UHODWLRQV WKDW H[SUHVV XQNQRZQV LQ WHUPV RI DFFHVVL
VWDWH DQG FRQVWLWXWLYH UHODWLRQVKLSV (TXDWLRQV R
EHWZHHQ SUHVVXUH YROXPH DQG WHBSHHUIWKE HTRDWLEBQYV
IRU FDUERQ GLR[LGH DUH SUHVHQWHG LQ )LJXEBRQVWD@& VDY
UHODWLRQVKLGWVHPSH W\SDREGED\ EDVHG DSSUR[LPDWLRQV XVHC
HVWLPDWH XQNQRZQV ([DPSOHV RI FRQUWOWWWYMH HHBPIDDHEL
UHODWLRQVKLSYV LQWHUSKDVH PDVV WUDQVIHU UHODWLRQV
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Figure 2-1: Eguations of State for Carbon Dioxide.
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2.1.Modeled Processes

&RPSXWDWLRYHBO FRBWS/LQ FRPSOH[LW\ DQG PD\ LQFOXGH UR
IORZ UHDFWLYH WUDQVSRUW T7UDG L WRFRREHDEOMR LER-CHID SAHRFHHOYR
DV VHSDUDWH & QW HW\KH/V 8 RS WERP WV I/ PO\ WRDGEU HVV DQ G

FRXSOH PXOWLSKIRAHFEBDRERMK/HV RU JHRFKREHNDBI® SURFH\
GHSHQGLQUSRIGLVLWHARKDUDFWHULVWLFV ZKHUH WKH JHRFKHP
DUH VLJQIRERD QW LPX®DWURDXRIUHE L QW HRU IDFONDL WHK F IR X SSQULRFF
7KBODVV 9RROOHHTXLUHVY WKDW PXOWLSKDVH ICCRDQEH LQFO
+RZHYHU WKH RZQHU RU RSHUDWRU RU WKH 8,& 3URJUDP 'L
WUDQVSRUW DQG RU JHRPHFKDRQF O R®RGHRG HROL Q JS\DHRWKLOFXK MDY
SURMREWH[DPI®GMWLYH WUDQVSRUW FRX®WO EGGUR 0 FKRIRW LW \S
SUHGLEWWKG RQ SUHYLRXV WHVWLQJ WR FKDQUH DDPWVD RUGHW X
*HRPHFKDQLFDPRXORFEMVSHEMYRQOWWHVWLQJ KDV LQGLFDWH
VWUHVV KRICDRIMBORIHDYGHR FRQHEWQJI XQLW LQWHJIULW)

&RGHV XVHG WR VLPXODWH PXOWLBRPN HR UORA QJ RO AKIHO IR\OLAG
SURFHWKXDOWW WUDQVLWLRQ EHKDYLRU RI FDUERQ GLR[LGH JD\
DVVRFLDWHG EXR\DBGPUERL GRAKVEHRDOQREULQH DQG RLO DQG
GHQVLW\ GLVVRGOWERD BILRDMGH) MDUG DSEHMPY/ YWV RR VALW\Q H D
FDUERQ GLR[KGIN XD WHM AWV VXFK DV FRRIRCAR)Y GURILIBH]LQJ
H[SDQVLRQ IURP VXSHUFULWLFDO DQG OLTXLG SKDVHV DQG
SUHVHQFH RI VHYHUDO LPPLVFLEOH IOXLGV ZLWKLQ D SRUH V

&RGHV XVHG WR VLPXODWH UHDFWLY & MPU BMHIES RE WXUH QHUDO
UHDFWLRQNMO RFAIQ/VROXWLRQ DQG SUHFLSLWDWLRQ FKDQJHV
WKHVH UHDFWLRQV DQG PXOWL FRPSRQHQW JDV PL[WXUHYV
GHWHUPLQH WRN HRS OGAVR JRWE G MHFGV IKWEHWVR HHO VXOIXGH
GLR[LGH RQ DTXLIHERFERSR LMWDWW. PR EWBHDWLRQ RI PHWDO
WUDSSLQJ RI FDUERQ GLR[LGH H J SUHFLSLWDWLRQ RI FDU
FDQ DOVR EH XVHG WR DVVHVV FRUURVLRQ RIFDWEB FRQVWU]
GLR[LGH

7KH OHQJWK VFDOHY DVVRFLDWHG ZLWK LQWHUIDFLDO JHRFK
PLOOLPHWHUV FRPSDUHG WR PXOWLSKDVIPDEBQ YUP&OLBWIER
DURXQG WKHVH UBDMVWRALPWHGPSPDOO WLPH VWHSV VR WKD\
FRPSXWDWLRQDOO\ GHPDQGLQJ ZKHQ WU\LQJ WR FRXSOH WK
UHODWHG WR JHRFKHPUHBQHUDWIKD\SODBRH@IH WV J .QDXVV HW

DQG KEMHHWWLPDWHG IRU D ZLGH UDQJH RI SRVVLEOH H(
PLQHUDORJLFBO YLHWOHU FIRBHANR QVKDW PD\ EH XVHG IRU $R5 GH
(&/,36(QRUPDOO\ GR QRW LQFOXGH URXWLQHV IRU UHDFWLYH

*HRPHFKDQLFD®@ ERIGHWHG WR HYDOXDWH WKH HIIHFW RI UHVI
RQ WKH LQWHJULW\ RI JHRORJLF FRQILQLQJ XQLWV UHDFWL)
SURSHUWLHY VXFK DV SRURVLWDRGGVSBWRBDEG DV WU LEKN DR
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EXLOGXS LQIBURBRWRBOFZLOO GHSHQG RQ WKH UDWH RI LQMH
WKLFEFNQHVV RI WKH L OQWHHKDICRY WR. B POWRLSRHU WY IKIN RI WKH UR!
SHUPHDELOLW\ RI WBI & RMKHOQILWHVH@QIPAMVRU DEVHDEOKB RI SHUF
ERXQGDU\ FRQGLWLRQV RI WKH V\VWHP ORGHOV XVHG WR VL
LQFRUSRUDWH HIITHFWLYH VWUHVYVY VWUDLQ UHODWLRQVKLSV
ZLGHQLQJ DQG YDULDWLRQ LQ SRURVLW\ DQG SHUPHDELOLW
VLPXODWLRQ RQ ERWK D ODUJH DQG VPDOO VFDOH LQGLYLG
FKDOOHQH@JI XLUH ORQJ PRGHO SURFHVVLQJ WLPHV RQ WKH
IUDFWXUHY DUH FRQVLGHUHG WKHBMSBR®Q MWMIKOHIRUG HUHRR @ XKW
7TKHUHIRUHGRPDOD@QWRGHOV PD\ EH QHFHVVDU\ WR LQYHVWLJI
IUDFWXHIGIWUDOO\ VLPXODWLRQ RI IORZ WKURXJK D IUDFWXU|
EHHQ GHVLIQHG IRU WKLV SXUSRVH

2.2.Model Parameters

$ SDUDPHWHU LV D YDULDEOH LQ WKH JRY HRU QLI RUK Y\ DX @
WKURXJKRXW WK BRPIDQ ¥ SREHR DOQIE RADLRHWVDLQLQJ VDOLHQW
K\GURJHRORJLF VIVWHP VRPH V\VWHP DVSMFODWLRK RIRGHD §
GHVFULEHG E\ HIIHFWLYH SDUDPHWHUV WKDW DUH HVWLPDW!#
SHOHYDQW SDUDS®KDIWHIVOIRA PERXCHNMH. X FRADUL]HG D@QG7DEOH
LQFOXGH K\GURJHRORJLF FKDUDFWHULVWLFVL. QR KE® SRR DHLEG
ZLWKGUDZDO UEFWRMNYGDYLWRDG DWIGR QW NV P\RGHRD FELRADIVYD WU |
FHOOVLIHQG VLPXODWLRQ FRIOW.WDROFRMWGLAH\WRBYVGHVFULEH SD
VWDUW RI WKH PRGHO UXQ %RXQGDU\ FRQGLWLRQ SDUDPHW
IOXLG IORZ UDWHVDIWQW KRHJ HSGUHHWAY K U MDIQHG FDRAG MK 16 RORRDFIDQV L R Q
LOQMHFWLRQ DQG RUKHPMUIIDPW GRIQEHEDNL.RQ DQG RU ZLWKGU
FRQWURO SDUDP N HEW ICBDH WHRKXGIEFWO \ D6 S RUNRBIGM WFL W H
SDUDPHWHUV IRU *6 QOWOLDQGMH. A RIHUDPMIDEQ @LW\ SRURVLW\ U
FRPSUHVVLELOLW\D QGXILGGX Y GR/E R SMDM\DPHWHUY WHH GLVFXVV
IROORZLQJ VXEVHFWLRQV

SDUDPHWHU YPHOEBYHDGARWRLWH GDWD WR WKIHVAKWHR®/ SRV\
EHORZ LQ FDVHV ZKHUH GHWDLOHG VLWH JHRORJLF FKDUDFV
IRUPDWLRQ WHVWLQJ LV QRW FRPSOH®DBURP HFRWRIH\ ¥BEOIXAGHWV I
HYVWLPDWHG IURP VWDQGDUG Y IOKH VFROQLRVEHUD\WDFOHE K IDSWL R (
ZKLFK PD\ RFFXU GXULQJ $R5 UHHYDOXDWLRQ FRQVLVWYV RI
SDUDPHWMAR YDLOXIRY]H WKH GPRBUOQFLHPDRREWHR QM G
PRQLWRULQJ GDWD ORGHDSMXMMWHVEHENVMD PQ \ORHEBG\ DFTXL
FKDUDFWHULPWHRIPSOWDGDWD JDWKHUHG GXULQJ ZHOO OR
SDUDPHW HGH M IMOKRHbYram @ass VI Well Site Characterizatidduidance | RP.IR U H
LQIRUPDWLRQ
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Table 2-1: Model Parameters for Multiphase Fluid Modeling of Geologic Sequestration

Parameter Description Estimation Methods Dimensions
Hydrogeologic Properties
. See theUIC Program Clas
Represents properties of the VI Well Site Characterizati
Intrinsic Permeability | subsurfacehat impact the rate L2

of fluid flow.

Guidance, and Section221
of this guidance

Porosity

The relative volume of void
space within a formation.
Controls the volume of carbor

dioxide that may betored.

See theUIC Program Clas
VI Well Site Characterizati
Guidance

|72}

Dimensionless

Capillary Pressure

The pressure difference acrog

the interface of two immisciblg

fluids (e.g., carbon dioxide an
water)

Calculated based on fluid
saturations (see $#on

g 2.2.2 of this guidance)

M/LT?

Relative Permeability

Factor that determines the

decrease in permeability for g

fluid due to the presence of
other immiscible fluids

Calculated based on fluid
saturations (see Section
2.2.2 of this guidance)

Dimensionless

Fluid Pressure

Force acting on a unit area,
measure of the potential energ
per volume of fluid

See theUIC Program Clas
W1 Well Site Characterizatig
Guidance

M/LT?

Temperature

Measure of the internal energy
of a fluid

See theUICProgram Class
VI Well Site Characterizati
Guidance

Temperature

Formation Compressibility

Measure of change in aquifer
volume with a change in fluid
pressure

See theUIC Program Clas
VI Well Site Characterizati
Guidance

LTF/M

Water Saturation

Thepercent of system void
space occupied by aqueous
fluids

See theUIC Program Clas
VI Well Site Characterizati(
Guidance

Dimensionless

Carbon Dioxide Saturatio

h

The percent of system void
space occupied by carbon
dioxide

Calculated by the
computationalmodel

Dimensionless

Storativity

The volume of fluid released

from storage per unit decline i

head per unit area of the
formation

n See Standard References,
e.g., Fetter, 2001

Dimensionless

Fluid Properties

Viscosity

Measure of the internal
resistanceo flow

Calculated based on
equations of state, also
influenced by fluid
composition gee Section

2.2.4 of this guidance)

M/LT
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Parameter

Description

Estimation Methods Dimensions
Calculated based on
. ; equations of state, also
Density The mass of a fluid per unit influenced by fluid ML
volume ” )
composition(see Section
2.2.4 of this guidance)
Molecular makeup, by volume
or mass, of a fluid. See theUIC Program Class
Composition Measurement of salinity, | VI Well Site Characterizati Mm/L3
concentration of trace Guidance
compounds
Fluid Compressibility Thechangg in volurr_1e of a fluiQ See Standard References LM
from a unit change in pressurq e.g., Perry and Green, 198
Chemical Properties
Aqueous Diffusion The rate of chemical transpor] See Standard References 2T
Coefficient due to a concentration gradien e.g., Tamimi et al., 1994
The maximum concentration df S?ellgggr’;%rgpgfjts;f (‘1 2:
Agueous Solubility | a chemical (e.g., carbon dioxide) P b . M/
dissolved in the aqueous phage Spycher et 3 2003;
77 Spycher andPruess2005)
The maximum concentration g Temperature and pressure
e L a chemical (e.g., water) dependent (see Spycher et 3
Solubility in Carbon Dioxide dissolved in separatphase al., 2003; Spycher and MIL
carbon dioxide. Pruess2005)
Fluid injectionand withdrawal rates
Injection Rates Injection rates at each well PIan_n ed site T
operational data
S Measure rates for wells
Withdrawal Rates Any-flgld withdrawal r_ates conducting pumping T
within model domain o
within the AoR
. Tested in conjunction with
Fluid pressures and/or flow
. model extent, to ensure ndg .
Boundary Conditions | rates at the edges of the model_ .. - -~ Varies
. artificial influence on mode|
domain
results
Fluid injection and withdrawal rates (Continued)
Based on prénjection site
Fluid pressures and/or flow | characterization data, seg
Initial Conditions rates within the domain at the| the UIC Program Class V| Varies
beginning of the model run | Well Site Characterizatior]
Guidance
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Parameter Description Estimation Methods Dimensions

System Orientation and Simulation Controls

Tested in conjunction with

The lateral extent of the mode] boundary conditions, to
in all directions ensure no artificial influence

on model results

Model Extent (domain)

Based on conceptual site
model of site stratigraphy,
Number of Model Layers| Model vertical discretization | see the UIC Program Clags Dimensionless
VI Well Site Characterizati

Guidance

Vertical extent of each model See theUIC Program Clas
Layer Thickness VI Well Site Characterizati L

layer Guidance

May vary throughout
domain, as dictated by
conceptual model and
computational necessities

Grid Cell Size Lateral size of each model ce

Tested to ensure long

The complete duration of the enough to allow for
model run pressure decline to pre

injection conditions

Model Timeframe

The duration of each tempora Often controlied by code,
tested to ensure small

Time Step Size interval during the model . T
. enough to not artificially
timeframe

influence results

L = LengthM = MassT = Time

2.2.1. Intrinsic Permeability

,QWULQVLF SHUPHD RWEKIHWROLEG SKRSHUW H SRURXV PHGLXF
LPSVFWKH UDWH PIUVIONLEQWYRZQVLF SHUPHDELOLW\ YDOXHV |
IORZ UDDWVWHM- QVLF SHUPHDELOLW\ KDV XQLWV RI OHQJWK VTXI
PLOOLGDUFLHV P' RQH PVIXDHUIKPEWMRU¥D® SHUPHDELOLW\
IRUDQ LOMHFWLRQ JRQH DW D % SURMIIBRWHLDOHIMH) HWRERB UW R
HW DO 0*6& XQGDWHG7\8t&DO SHUPHDELOLW)\ YDOXHV IRU

VKDOH UDQJWRURPH J6RHGHU

QWU LHUWHDELOLW\ LQFRUSRUDWHY WKH HIIHFWV Rl IRUPDWL
VLIHVGWULEXWLRQ DQG FRQQHFWLYLW\ DQG WKH SUHVHQFH F
KHWHURJHQHRXV QDWXUH RI VXEVXUIDHAHADWE VLD GW WHYXD!
GLVWULEXWLRQ L@ GRMMW. RRUDRDONLRQWULQVLF SHUPHDELOLW
LQ WKDW ODWHUDO LQWULQVLF SHUPHDELOLW\ LV RIWHQ VL.
SHUPHDELOLW\ GXH WR $&RHYRWWR.R S0 P@DABILQIPMF ERWK YH
KRULJRQWDO PD\ DOVR EH DQ HIIHFWLOQMWBUQSHIU \§MHRP HDEE @
W\SLFDOO\ HVWLPDWHG IURP D FRP E L Q DINTLRWYHRASAKNHIAVRKIHR O |
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IDEO WHOWERUDWRU\ FRUH DQDO\VLV 7IKMG PhgrBnsBasg LFDO ZHC
VI Well Site Characterization GuidancEURYLGHYV GHWDLOV UHJDUGLQJ HVWL]|
LOWULQVLF SQURHDVILEGLY¥HO R H U HADMHAMBIVWHIG GXULQJ PRGHO
6HH % R[IRU PRUH LQIRUPDWLRQ

'XULQJ WKH GHYHORSPHQW RI WKH FRPSXWDWLRQDO PRGHO

HVWLPDWH YDOXHV RI LQWULQVLF SHUPED¥HGLRQ DHWKO® W I
FKDUDFWHUL]DWLRQ DFWL)YRWEPREHW Gl BKWIS\R W HO/R FADRMHL B QR
RLQWULQVLF SV DPKPERDH@R XYV GLVWULEXWLRQ ZKLFK LQFRI
HQWLUH VXEVXADODHB GRPDQ®YHUDJH RI DYDLODEOH GDWD $
KRPRJHQHRXV SHUPHDELOLW\ GLVWULEXWLRQ LKRZAM ¥HHIUV VEZ VY C
WKDW BDXVHVHQWLDO IORZ SDWKV RU FRQILQLQJ VWUDWD R
SHUPHDELOLW\ LQ DQ XSGLSSLQJ IRUPDWLRQ $QRWKHU RSW
ZKLAKQFROUWSHRW D VLQJOH SHUP HDHEROMR W \F DX BIW RPQIBQFAKRH G
EH FRQVW UXGIHR® R I P D SAH DPWRERBWRIVSYURSRVHG SURMHFW

$OWHUQDWLYH®QGHRVRVHXWVWLEFPIWKRGY DUH DYDLODEOH
RI SRVVLEOH SHUPHDELOLW\ GLVWULEXWLRQV WKDW LQFRUS
EDVHG RQ DYDLODEOH VL&SH WK D O DYFIUH-UDLE] DIOWI\RAR X®/C5@HD\NPFHDLEE
E\ DHODWLYHO\ VPDOO QXPEHU RQNRG WWDIWIN WK YA DADR 8 IWd D B I
DOQWLFLSPWBEOWHWHRGEHRU $R5 GHOLQHDWLRQV RI SURSRVHG &O
WHFKQLTXHWEKBHEBRROQBHWKRGY IRU LQFRUSRW D WHXQW LUIRHD/O IL
WKH FRPSXWDWLRQDO PRGHO ZLWK OLPLWHG GDWD VHH LQV

&RPSDUHG WR KRPRJHQHRXV RU OD\HUHG SHUPHDELOLW\ GL\
GDWOQWULQVLF SHUPHDELOLW\ ILHOGV G HYDH®URRHLGE A LIV R RIKHR
UHDOLVWLF UHSUHVHQWDWLRQ RI FRQGLWLRQ¥EY HWWKIUQ WKH
UHSUHVHQW FDUERQ GLR[LSHURPHLDHDMNOLRER WRBIRXHIOK . RKW Z D
SDFNDJHYV DUH DYDLO MHEQRS PRIQ W VRH IKHWHBRA@HYHRXYV LQWUL(
GLVWULEXWLRQV EDVHG RQ DYDLODEOH V'RXHKGDWI GH3U X KA\

-XDQHV HW DO 2EL DQG %OXQW DQG )OHWW
GHYHORSPHQW Rl KHWHURJHQHRXV SURILOHVY EDVHG RQ JHR
UHJDUGH K XVH RI JHRVW D W LWQOVRrégadh CassW IKSReEWaractdrizationk H
Guidance

BHYHUDO SUHYLRXV VWXGLHV KDYH HYDOXHDWRG RREHS X VDD
PRGHOLQJ UHVXOWYV WKURXJK WKH XVH Rl SDUDPHWHU VHQV
ILQGHEXUJ GHPRQVWUDWHG WKDW IRU D KRPRJHQHRXV
LQFUHDVHV ZLWK LQFUHDVK®ARBDBDWIL R R PRI RHHIREXLMO LRAAP D W
ZLWK OD\HUHG KHWHURJHQHLWLHY /LQGHEHUJ VKRZHG
LQFUHDVHV VZHHBEERQ G WK[X'\G H BG\WMWHRROW WKRP® DPRIH KHWHURJ
GLPHQVIRMWW HW OOXVWUDWHG WKDW LQFUHDVHG KHWHURJI
PLJUDWLRQ DQG WKHUHIRUH GLVVROXWLRQ +RZHYHU LQFUH
UHVLGXDO SKDVH WUDSSLQJ E\ GHOD\LQJ ZDWHU LPELELWLR
VSDRMHUDOO LEBBHPYHGWHWHVXOWHG LQ VORZHU FDUERQ (
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GHFUHDVHG DFFXHRXO DYILARID DN HR) KEHR P S DHUGHHER WXRHADW H
VKRZHG WKDW IRU GLVFKDUJH W KRHRXB KOD. WD XJHV X G WHEH DY H3
OHDNDJH WR WKH VXUIDFH DQG DQ LQFUHDVHG PD[LPXP OHDN

6LPXODWLRQV E\ =KRX HW DO LQGLFDWH WKDW SDWWHL
E\VFVDUERQ GLR[LGH LQMHFWLRQ /DURRUHAPW MWRY 5 MURP IS B B PGI IDWE
UHVXOWHG LQ OHVV ORFDOL]J]HG SUHVVXUH LQFUHDVH VXUUR.
FRQILQLQJ OD\HU SHUPHDELOLW\ UHVXOWHG LQ OHVV SUHVYV.
SUHVVXUH GLVVLSDWLRQ DQG DVVRFLDWHG EULQH OHDNDJH

2.2.2. Relative Permeability and Capillary Pressure

‘KHQ LPPLVFLEOH IOXLGVY HJ FDUERQ GLR[LGH ZDWHU DU
JHRORJLF IRUPDWLRQ WKH DELOLW\ IRU IORZ RI RQH RI WKR
HHFW RI WKH SUHVHQFH RI WKH RWKHU IOXLG 1RWH WKDW X
DQG FDUERQ GLR[LGH RZRGOJERXP® ADPLEOH QG K\GURFDUERQC
&DUERQ GLR[LGH DQG K\GURFDUERQV KRZHYHU PD\ EH PLVF
FRQGLWLRQV 7KH UHODWLYH SHUPHDEKE LWHGXF I/ VEDQ @ QQW K
FDSDFLW\ IRGXEXWRJWY¥MODFH Rl RWKHU S KILWHKV DL ¢ DSGRUR E W \R ]

DQG 7KLV YDOXH LVPXOM\SLFLSIBUPHBEHOLW\ RI D JHROR
FRPSXWH WKH HIIHFWLYH SHUPHDELOLWYXKRWEQDWLGHQ D ST
SHUPHDELOLW\ RI D IOXLG LV EDVHG RQ WKH SURSHUWLHYV D
V\VWHAHIPH JUHDWHU WKH DPRXQW RI SRUH VSDFH RFFXSLHG E\
DV IOXLG VDWXUDWLRQ WKH JUHDWHU WKMHEDR DM LT MLSEHUF
VDWXUDWLRQV FKDQJH RYHU WLPH DQGWIKEPMOLARQY DUH GEDAWL ¥
PRGHO VLPXODWLRQV

7TKWWHODWLYH SHUPHDELOLW F DROWF XHOEFW HG XL\G DV XQSWERQ QR

HDFK ORFDWLRQ DQG WKLLPH LZ/L BVAKK.IQH B HRR & HID [V W O DBWL ¥ R QS H
IXQFWLRQ 7KH UHODDW XH BWURPGDEQEWWRQ VKDSH LV EDVHG
PHGLD DQG IOXLGV SUHVHIQW. ®XDD SOXWVEL FRO/XW VWWRIQ DO VF
WKH UHODWLYH SHUPHDELOLW)\ IXQFWLRQWRRQ BHW K UQ EWK HV
PHGLXP IROORZLQJ LPPLVFLEDH [D0PSGH GLINVG D\DVEMF KW LHDE L
IXQFWLRQ LV JLYHDRMWH )WKXOUWH WKLV H[DPSOH IXQFWLRQ KDV
VLWRXJKW\ DQG P DF DRWH BHROB\E®RSE UOG DUV B WK YDXWLHR Q

UHODWLRQVKLSY DOVR NQRZQ DV FKDUDFWHULVWLF FXUYHV
SUHVVXUH JUDGLHQWY SURYLGH D GULYLQJ IRUFH IRU IOXLG
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Figure 2-2: Example Relative PermeabilitySaturation and Capillary Pressure-
Saturation Relationships for Water and Carbon Dioxide.
5HSURGXFHG ZLWK SHUPLVVLRQ RI 6SULQJHU 6FLHQF
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SUHYLRXVKDHWMRRER WKDW PRGHO SUHGLFWLRQV DUH YHU\ \
SHUPHDEDWXWDWLRQ I XQFWLR Q Vila¥sWH\ell Sit& Eharscteramtaon C

Guidance SURYLGHYVY GHWDLOV UHJDUGLQJ PHDVXUWIPAHRWDWRUWHO|
FRDOD®PDO\VLV WHFKQLTXHV ZLOO EH XVHG IRU H[SHULPHQWDO
VDWXUDWLRQ DQG FDSLOODU\ SUHVVXUH VDWXUDWLRQ IXQF\
ZLWK FDUERQ GLR[LGH DQG UHSUHVHQWDWLYH QDWLYH IOXL:

%HQQLRQ 30XJ DQG %UXLQLQJ I WKLV LV QRW IHD
UHODWLRQVKLSY PD\ EH HVYWLPDWHG IURP FRUH DQDO\VLV X\
DO $OWHUQDWLYHO\ SUHYLRXVO\ UHSRUWHG IXQFWLR:

JLIXUH LI WKH H[SHULPHQWDO V\VWHP ZDV YHU\ VLPLODU WR
PRGHO ZLOO EH DSSOLH G/ DSMXOUWDDWLLYRHQ SUHH® EPIP REXIDMKAAG M XOVWINHH
GXULQJ PRGHO FDOLEUDWLRQ

"RXJKW\ DQG 3UXHVV VSHRIPE D UFKG YVDMWWHHULVWLFEF FXUYHV W
WKH J)ULR 7; *6 SLORW SURMHFW VLWH DQG IRXQG WKDW WKF
VLIQLILFDQW LPSDFW RQ SOXPH VL]H VKDSH DQG PRELOLW\
LQ SOXPH EHKDYLRU IRU GLITHUHQW VHWYV RI FKDUDFWHULVW
RSHUDWLRQ DQG PRQLWRULQJ RI WKH SLORW WHVW 6LPLODL
UHVXOWY ZHUH YHU\ VHQVLWLYH WK H DXWKRUNVUER QW FXUQ |
RI FKDUDFWHULVWLFFXQLEBEUBWULRBHWER P\REGLWRULQJ GD

SUXHVV FRPSDUHG WKBKHDVHHFAWAK B U B VWU WWIHHFXUY HV
RUJDQLE DWW &/\VWHPYV 6WRQH DQG VLPSDKIHOLQHDU FI
FKRLFH RI FKDUDFWHULVWLF FXUYHV ZDV IRXQG WR KDYH D \
UDWHDRERQ GLR[LGH WKURXJK D IDXOW V\VWHP 7KH OLQHDU
VLPXODDNUKEHU BBIDEPQHGRR[LGH WR WKH VXU IIB/HMAHRI QBGKORHAH L
SKDVH UHODWLRQVKDPSNG WSHMXFHDHEG A.LQOVY BWO OQWHUPHGLDWH
LOQOWHUIHUHQFH HIIHFWYV

7KH LPSDFW RI XVLQJ KKYVWHRBINWM EFYFHKD/XVFRRIQLVWLF FXUYF
FRPSDYWAGVHUHVLY UHIHUV WR WKH GHSHQGHQFH RI WKH VKD
KLVWRU\ Rl IOXLG IORZ ZLWKLQ WKH IRUPDWLRQ )RU H[DPSO
WR KDYH D GLIITHUHQMWWWKIDSH I DEKH G VQ R ER ¥ )XGIHRYEGHWDRBBO F
GLVSODFLQJ ZHWWLQJ IOXLGVY H J IRUPDWLRQ ZDWHU WKTE
ZHWW L QJIXIIDXHEHW DO VKRZHG WKDW FRQVLGHUDWLRQ
UHVXOWHG LQ WKH FDUE®\QGGE VRV UG EXE\HL® LRWH DWMV®DUJHU DU
DFFXPXODWLRQ DW WKH FRQILQLQJ OD\HU 'RXJKW\ IRXQ
QRQ K\WWWHUHWLF FXUYHV GLG D SRRUVMREJRWR B VFEKKLYGIV LGP
KRPRJHQHRXV DQG KB YAH QR WHOKNRNR BIRW L P XXONWVYRQV LQFO)
K\VW HHU[KY EDWAHRGJH PRELOH SOXPH OHDGLQJ HGJH ZKHUH WK
D VORZHU WUDLOLQJ HGJH ZLWK D VLJQLILFDQW DPRXQW RI |
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2.2.3. I njection Rate

7KH FDUERQ GLR[LGH LQMHFWLRQ UDWH DW SURSRVHG &0DV"
PRGHO E\ DVVLIJQLQJ WKH LQMHFWLRQ UDWH SDUDPHWHU DW
RE\GHILQLQJ YDULRXV VRXUFH WHUPV IRU VSHFLILF QRGHV W
+RZHYHU LW LV LPSRUWDQW WR QRWH WKDW FDOFXODWHG S
PD\ QHHG WR EH PRQLWRUHG WR LGBODMLIWHICO RRVAHRQ VeUR 8 0B
UHVHDUFKHUV KDYH UHSRDWHRBQWHIIRYL GGFUGNMME YL RX YD WH
PLIJUDWLRQ UDWHV HJ /DZ DQG %DFKX 6DULSDOOL DQ
-XDQHV HW DO FRQVLGHUHG FDSLOODU\ WUDSSLQJ LQ K
LQFUHDVHG LQMHFW L RQ RDDAVLHMHIGOOOWW G DLISE PRUKBE XH WR LQ°
GLR[LGH LQWR D ZLGHU UDQJH RI SRUH VL]J]HV 7KHUHIRUH LC
DFWXDOO\\WKIFUHQVEG/LP X WEWR G HRWMHEHVPRIFDWLRQ DV PR
LPPRELOL]HG WKURXJUKBSNOODUWPRIAHBGWNWG OHDNDJH WR WK
WKURXJK D IDXOW V\VWHP W®&0 W ICPDXUWDIHW LIREQWH E@VE IRED WH\EG H \
PD[LPXP VXUIDFH GLVFKDUJH UDWHYV UHODWLYH WR LQMHFWL

2.2.4. Fluid Properties and Equations of State

7TKH GHQVLW\ YLVNVRWLWH BUFEERKGFKIOLNRHLGHROQMHEWWWWBW DQG I
RWKHU IOXLGV WKDW PD\ EH SUHVHQW H J K DPUHRFFIDW\E R Q V

+RZHYHU WKHVH SURSHUWLHYV FKDQJH VLIJQLILFDQWO\ DFUR\
ZLOO EH HQFRXQWH WG DVK M6 S U R MDF-DRAVRVDK HH A WX BWH \RWQIVOR Q \
GHVFULEH WKHYVH Q@X WK 5 WHR SHWAWQ BN RQ FWDR@WRI SUHVVXUH
WHPSHUDWXYXWHXWHKCHE\ WKH PRGHO WR FDOFXODWH SURSHUW
VLPXODWLRQ DV WKH\ FKD Q33U DASKWKGHOIR HDW ISRIG DQRSP WOLHFHH S W
VWDWH IRU FDUERQ GURPGH DPWHYGRIVRAWHGCG LY KDYH VKR Z(
UHVXOWY DUH VHQVLWLYH WR WKH HTXDWLRQV RI VWDWH XV

7KHFRPSRVLWLRQ RI WKH LQMHFWIXW R LEADGED S KNV U A DMH & BVUHIEP H
DVVLJQHG WR WKH FDUERQ GLR[LGH IOXLG LQ WKH PRGHO VL
LPSDFW RI FRPPRQ FD UEmRSX GKRIHBRE WVQVUXDORGH DQG VXOIXU
JHRFKHPLFDO UHDFWLRQ%PWK FLMMWBWVDOSSLQIDQG ;X H\
VKRZHG WKDW WKH DGGLWLRQ RI K\GURJHQ VXWIXGIHKKKDG OL)\
GLR[LGH UHVXOWHG LQ D ORZHU S+EHD WLKHI LFQND H F)\WD DR RUIHRRLH
DQG PRUH IRUPHWILBR GLVVROXWLRQ

2.2.5. Mass-Transfer Coefficients

ODVV WUDQVIHU FRHIILFLHQWY GHVFULEH WKH HTXLOLEULXP
ZDWHU FDUERQ GLR[LGH E)HRW ZH[P®@ S/E DW R M/ H BXIDOAHEW L X P T
FRQFHQWUDWLRQ RI FDUERQ GLR[LGH GLVVROYHG LQ JURXQC
VXSHUFULWLFDO FDUERQ GLR[LGH LV GHVFUMEWHEQEVHDUSDUW
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FRHIILFLHQWY GHVFULEH WKH GLVWULEXWLR QVRISBRI@WAHL W X |
SKDVH FDUERQ GLR[LGH DQG VROLG SKDVHV )RU WKH FDVH
WUDQVIHU FRHIILFLHQWY GHVFULEH HTXLOLEULXP FRQFHQWL
GLVVROYHG SKDVHV 6LPLODNUNGRHONIE HQUWR'S HDUWW LIHY PPV \F
WHPSHUDWXUH DQG SUHNYXQWI Y SHROGIHEOMHQWV\WD\ DOVR El
SURSHUWLHV RI WKH IRUPDWLRQ DQG IOXLGY SUHVHQW VXFlI
GRFXPHQWY DUH DYDLODEOH W K B/W BQ\RMIUG FHRMD IQ F QHE WV V BiU
3HUU\ DQG VHYHUDO FRPPRQO\ XVWGE FRGIHWY [FRAHON G HHQ
HJ728*+&2 1 3UXHVV DQG 6S\FKHU

2.2.6. Mineral Precipitation Kinetic Parameters

OLQHUDO SUHA LSHWODWRRQHINFWLYH WUDQVSRUW SUREOHPYV |
PHFKDQLWNPUIRRQ GLR[LGH DV ZHOO DV D PHFKD@VV@PRIWHG HUF
DERYH WKH &ODVV 9, 5XOH GRHV QRW VWLSXODWH WKDW UH
GHOLQRB®HROQQRJ +RZHYHU WKH RZQHU RU RSHUDWRU RU W
GHWHUPLQH WKDW UHDNVWRXBGVED FRIRUWE HHFHREHORBDD SDUWI

BWXGLHV DFFRXQWLQJ IRU PLQHUDO SUHFLSLWDWDR® W\SLFI
SDUDPHWMKRXJIK SUHFLSLWDWLRQ UDWHY KDYH D ODUJH LPS
GHDO RI XQFHUWDLQW\ UHODWHG WR WKHVH SDUDPHWHUV .«
)XUWKHUPRUH FRPSOH[ LQWHUUMODWRRQNEDE D WHLFWQ BEH DA
IRUPDWLRQ )RU H[DPSOH D VHQVLWLYLW\ DQDO\\2LV@ RU WU
SUHFLSLWDWLRQ VK ReZHZG/ RUKIDMH GHFUHDVA UHV XOWHG LQ LG
WUDSSLQJ P L Q&SI \D @ B CPFLVOHI \EL W B DXV ¥ 2H W] ITHF HW DO

VKRZHG WKDW FKDQJHV LQ IRUPDWLRQ SHUPHDELOLW\ U
ZHUH YHU\ VHQVLWLYH WRENYBHIQ P B BWE LIUDW K @/HUW KD Y H
JHRHFRLFDO HTXLOLEULXP IROORZLQJ LQMHFWLRQ PD\ QRW RF
DO *DXV HW DO

2.2.7. Model Orientation and Gridding Parameters

I1XPHULFDO PRGHOLQJ UHTXLUHV WKH GHYHORSHU WR GHILQI
VSDFLQJ DQG JULGGLQJ URXWWVEH VEQA&DSNRPDHY EIRWRB PRGH
GHVLIQHG ZLWK DQ HIIRUW WR PLQLPL]J]H FRPSXWDWLRQDO G
+RZHYHU WKHUH LV SRWHQWLD OUILRBUD MIRXWWE H RPRGH BV XOHV V |
QXPHULFDO DUWLIDFWY ZKLFK FDQ PDVN RUS$HIQHKDQW M GNKIN |
KDYH IRFXVHG RQ HYDOXDWLQJ WKH LPSDFWV RI QXPHULFDO

'RXIKW\N DQG 3UXHVV WHVWHBHWIOHH VPIRIUF /) RR DO \R QW K
IRUPDWLERW *6 SURMHFMHYUWKQG WKDW WKH RYHUDOO SDWY
ZDV VLPLODU IRU GLIITHUHQW JULG VL]HV EXW RYHUO\ FRDUYV
GULYHQ IORZ ZLWKLQ LQGKHLGXWRRMDOQUDBDORKRD RQWIBYYHG WKD)
EORFN VLIHV DQG JULGGLQJ URXWLQH FRXOG UHVXOW LQ SUI
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QXPHUWIADSHUVLRQ 6LPLODUO\ -XDQHV HW DO RFN RIEWNUY F
WKDW GLG QRW FDSWXUH VSHFLILF PUERMWE RRY LSDHVRE B M\P R Y
DPRXQW RI FDSLOODU\ WUDSSLQJ 'RXJKW\ HW DO QRWF
QHHGHG IRU XQGHUV\ERQIG LHQ SIP\I@ RHWR ZRIHOIEK W \ GHPRQV
WKDW JULG UHILQHPHQW PD\ KDYH D V YSEOW/P B QM WIHGD) W | | B IF W KF
KDYH EHHQ GHYHORSHG WR HVWDEOLVK QXPHULFDO JULGV Z|
QHDU ZRIOKMYV DQG DUPFWRIZHY UHVROXWLRQ LQ RWKHU DUHDYV
ERXQGDULHYV

2.3. Computational Approaches

&RPSXWDWLRQDO FRGHV FRQVLVW RI WKH VHW RI LQWHUUHO
HTXDWLRQV FRQVWLWXWLYH UHODWLRQVKLSY DQG HTXDWLI
RUGHU WR SUHGLFW IOXLG PRYHPHQW SUHVVXUH FKDQJHV I
ORFDWLRQ7BE@HVHPXDWLRQV LQFOXGH FRPSOH[ SDUWLDO GL
HDVLO\ VROYHG DQG UHTXLUH FRPPFSFOMY AP WH P DX RIQUWHF® Q
DSSUR[LPDWLRQ PHWKRGV GHNWGMNGVWR BEEBRXDWH®DO EHSUHYV
SK\VLFDO SURFHVVHV QHFHVVDU\ WR G ODYNDIY H X\OKkH $R5 D

,Q FHUWDLQ FLUFXPVWDQFH\D QLAP\S\AHFUDSS DR DWKF \D @6 \VEHP X
FRPSOHPHQW QXPHULFDO HIIRYWS LIMF XCVHVHE® EBEWR Q J DAMQCHD $\R
DQDO\WLF DSSURDFKHV DUH QRW FDSDEOH RI UHSUHVHQWLQ.
LPSRUWDQW IRU SUHGLFWLRQRIWIHI®BNVE XRY MPPRYOH DIDPRSP WW
KRPRJHQHLW\

2.3.1. Numerical Approaches

&RPSXWDWLRQDO PRGHOV XVHG IRU SUDFWLFDO DSSOLFDWLTF
IRUPXODWLRQ RI WKH JRYHUQLQJ HTXDWLRQV DSSWKIHG RYHL
GHILQHV WKH VSDWLDO H[WHQW DQG UHVROXWLRQ RI WKH SL
VROYHG E\ D QXPHULFDO PHWKRG VXFK DV ILQLWH HOHPHQW
PRGHO JULG LV SDUWLWLRQHG LR@RNI Z GWAH G KGA PAQREZOHH
KHDW IORZ LV WKHQ VROYHG EHWZHHQ DGMRQQLHIHWING FHO
EDODQFH ZLWKLQ WKH PRGHO 3KDVH FKDQJHV PDVV WUDQVI
FDOFXODWHG IRU SKDVHV DQ® FR G YW OWDHQ BN ZVWKIQHG KB
YDOXHV IRU SK\VLFDO SURSHUWLHY L H LQWULQVLF SHUPH
GLPHQVLRQDO GHWDLOHG UHSUHVHQWBWLRY FRR GHKOVLFEDOE
IRU VWHMWDIBNH SUREOHPVY LQ ZKLFK LQMHFWLRQ DQG ZLWKGUI
LV REWDLQHG RQOXKRQ VOV WMPNVHDWLPHOHY EHFRPH FRQVWD
EHFRPHV LQGHSHQGHQW mMIQWE KW UIQ W HONFROQFBEOHRY LQ ZK
ZLWKGUDZDO UDWHV PD\ YDU\ LQ WLPH DQG WKH VROXWLRQ
WKH PRGHO ZKLLFOHH UDWRHI VA\VWHP YDULDEOHV H[KLELW FKDQJH
LQLWLDO FRQGLWLRQ
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,Q DGGLWLRQ WR GHWDLOHG JHRORJLF KHWHURJHQHLW\ QXP
UHSUHVHQWGQUYGEHHQMDNWNG IORZ HJ WKH EXR\DQF\ RI FDUEF
RI FDUERQ GLR[LGH LOQOWR JURXQG ZDWHU 1XPHUIHFDO PRGHAQ
UHVLGOODIGG VDWXUDWLRQV L H WUBRDBS EOPENRWRRERLFORIU® EWLR
VSDFH HYHQ DIWHU DQRWKHU LPPLVFLEOH IOXLG KDV SDVVHC
DQG WKH FRQFRPLWDQW UHGXFHG SHUPHDELOLW\

7KH VFDOH RI VSDWLDO DQG WHPSRUDO GLVFUHWL]DWLRQ RI
WR WKHVH QXPHULEDQGO URWAHDAODWRRQYYPH DQG VSDFH UHGXFH
+RZHYHU FRPSXWDWLRQDOOGHKRWXGY EQ BWHN IHVEH VDIDE BVER B O/ F
HJ WWM$ VLIH GHFUHDVH DQG DV DGGHWKRGQGV XK BYR AEHHHQ
GHYHORSHG WR PLWLJDWH LQFUHDVHYV LQ FRPSXWDWLRQDO
RI LQWHUHVW VXFK DV DGDSWLYH JULG EORFN VL]H L H PH
RI SDUDOOHO FRPSXWLQJ LQ ZKLFK D VLQJOH SUREOHP LV E
SURFHVVRUV HJ =KDQJ HW DO

2.3.2. Analytical, Semi-Analytical, and Hybrid Approaches

$QDO\WLFDO @IEWHPRO PRGHOV PD\ EH XVHG WR FRIREOHPH (
$R5 GHOLQHDWLRQ |RB RSDIMGIWRHIXPHULFDO PRGHOV DQD
PXFK ORZHU FRPSXWDWLRQDO UHSREHM P HQIWLIPHNL WKEG DH) &
VHQDO\WLFDO FRKS ISV PW L DXOO/IRU O\ X V\M LD VISR DW VRHI VIV QB RV
GLR[LGH WKURXJK DREIDHMNG RKMEKZHO G LIILFXOW LQ QXPHULFDC
GLVSDULW)\ LQ ¥GDO\MWLF DFQEIBEWRRPGHOV DOVR PD\ EH XVHG
WRROV WR TXLFNO\ DVVH\RWU SRWH QW 0D/ WVYHROU DA SOW HFRP S
QXPHULFDO PRG&IHQIQN DA XIRWEERWWHQ VXJIJHVW WKH
DQDO\WLFDO PRGHOV |R B DRDH 9 FZH B RDIS GERIGBIMPELQHG ZL W]
DQDO\WLFDO PRGHOV H J GHVFDIC@QWZIHKOOW RR YWD X \zZH
VROXWLRQ LV XVHG LQ WKH VSDWLDO GLPHQVLRQ DQG ILQLW

+RZHYHU QW OTFDMONVDO BOLHP\W LF DO HP REMO N E OHF WRX VB ORBL W C
GHWDLOHG SK\VLFDO DQG FKHPLFDO FKDYWDEWHULIWNGL KD RH &
&ODVV 9, 7%¥% 0D HOUH DOVR QRRWEEHOHL ¥RRUMWPXOW VB RFHVVHV \
WUDSSLQJ RU DFFRXQW IRURVYPDW QR Q & WWHWREIIOQUELWEL\O RW |
WKHVH PRGHOV LV OLPLWHG WR VLPSOLILHG FDVHV ZKHUH Dt
JRYHUQLQJ HTXDWLRQ DQG ERXQGDU\ DQ & R WWKENHIFR QG LW
PRGHOV DVVXPH KRPRJHQRXV DTXLIHUV L H QR YDULDELOL
LQWULQVLF SHRUPAREZ2WOIRWWPDWLRQV WKLV LV RQEFEPQMYHDOLVW
SUHIHUHQWLDO I0XLG PRYHPHQW WKURXJK KHWHURJHQHRXYV

2.4.Model Uncertainty and Sensitivity Analyses

$V GLVFXVVHG DERYH FRPSXWDWLRQDO PRGHOV DUH DQ DSS
SUHGLFWLRQN @G HKUEHHVRVY RERSHOWDQ OMUWDLQW\N LV D UHVXOW
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UHODWHG WR WKH XQGHUO\LQJ VFLHQFH RI WKH JRYHUQLQJ |
YDOXHV LQSXW WR UHSUHVHQW WKH DFWXDO V\VWHP 86(3%
DQG PRGHO IUDPHZRUN PD\ DULVH IURP LQFRPSOHWH VFLHQV
WKH QHFHVVDU\ VLPSOLILFDWLRQV WKDW WUDQVODWH VFLHC
SDUDPHWHU XQFHUWDLQW\ UHVXOWYV IURP SRRU GDWD TXDOL
LPSUHFLVLRQ OLPLWHG VDPSOH VLIH ODFN RI GDWD DQG V
ORGHO SUHGLFWLRQV GHSHQG ODUJHO\ RQ WKH YDOXHV LQS:
PD\ EH VLJQLILFDRWQFRPSHDAHMWHGNQRZOHGJIJH RU WKH\ PD\ E
GHSHQGHSWHGAIKWWLYH DFFXRIUR YH W ZRREKHIOP SURFHGHBEO WG T
GDWODQWLW\ UHDOLVWLF DVVXPSWLRQV WKDW UHIOHFW REYV
DQG D PRGHOLQJ GRPDLQ H[WHQW DG DUWHXRKROMXWWIOR Q HS K B Wt
SURMHFW

6LIJQLILFDQW XQFHUWDLQW\ H[LVWV LQ PRGHOLQJ SUHGLFWL
WKH JHRORJLFDO IRUPDWLRQ VWUXFWXUH DQG SHUPHDELOLYV
EH LPSDFWHG E\ SURSRVHG ODUJH LQMHFWLRQ YROXPHV D LU
VXSHUFULWLFDO FDUERQ GLR[LGH LQ WKH VXEVXUIDFH WKH
GLR[LGH FDXVHG E\ FKDQJHV LQ SUHVVXUH DQG RU WHPSHUD
GLR[LGH UHODWLYH WR QDWLYH IRUPDWLRQ JURXQG ZDWHU

7KH LPSDFW Rl SDUDPHWHU XQFHUWDLQW\ RQ PRGHOLQJ UHYV
VHQVLWLYLBKLFEDFRRYVYVWY Rl VHTXHQWLDRQXF¥FBIWMIQUHD VL
PRGHO VLP2KQDWILREN® RWKHU PR G H 06 HCDAM B/Q B D WWRHEV SWDROM. G
DQ LQGLFDWERG HI LK RRHDAMHRRMNY WHKODWL.WLYH L H WKDW
SUHGLFWLRQV Rl FDUERWY BE8LIOGH PQGUDPWHMVX UH FKDQJIHV
IROKDW SDUDPHWHUV WR IRFXV RQ GXULQJ GDWD FROOHFWLF
FDOLE UPRMHRVQH GV RQGHM QPHQWDO PRGHOHGR P AWIQKE LS \&H

RI VHQVLWLYLQVV DEMLOAWIHR/Q R PERUGIHRHUGEDMNH VM Q WMV LY H IR U
SDUWLFXODU PRGHO XISH® LB HFEPIMHRX RENWIQGEH ¥ WD QLG G LYOLD
VHQVLWLYLW\ DQDO\VHV

2.5. Model Calibration

ORGHO FDOLEUDWLRQ FRQVLVWV RI XVLQJ WKH FRPSXWDWLR
ZKLFK PRQLWRULQJ GDWD DUH DYDLODEOHVRQGHBEMMNVWLQJ
GLIIHUE®WHEWHQ PRGHO UHVXOWYV DQG)RAK H [RPP\BIDUHY H3X B R@L b
PRGHO GHYHORSPHQW LQ VLWX SUHVVXUH GDWD RI WKH LQM
WR PRGHO SUHGLFWLRQV RI SUH LOQOMHFWERQHERRLGL UM X U
LOQMHFWLRQ PRQLWRULQJ GDWD PD\ EH DYDLODEOH UHJDUGL
SURSHUWLHY WKDW PD\ EH XWH G \W.RH BDBHIQ DEOUD WKHD &/HKBIVRRRRHD
FDOLEUDWLRQ UHGXFHVY PRGHO HUURU LQ SUHGLFWLRQ RI IX

((DPSORRERHUYHG GDWD WKDW PD\ EH XVHG IRU PRGHO FDOLI
VDWORUD WD O KMHXLBSIUJHVVXUHY ORGHO FDOLEUDWLRQ LQYROY
SDUDPHWHEADOLBEUPWGE RQLSDBRDBHWHWR/ PLQLPL]H WKH GLIIHU
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VLPXODWHG DQG R E GO/ B\D WRDQYDMXMHRHWHUY IRU D SDUW
VSHFLILF ZE)XOW WRPPRQO\ LQFOXGH LQWULQVLF SHUPHDELOL)\
VDWXUDWLRQ IXQFWLRQ SDQEFRBWH WY FRDG REWINV QR QD BB\L W L
RU KLSKOPHDEOH $DADKEDYWXG\ RI PRGHO FDOLEUDWLRQ WR
*6 UHVHDUFK VLWH WKH JULR %ULQH 3LORW LQ 7H[DV LV SU

ORGHO FDOLEUDWLRQ LV QHYHU SHUIHFW LQ WKDW VLPXODW
PRGHO ZzLOO QRW DJUHH H[DFWO\ &DOLEUDWLRQ VWDWLVWL
GLIIHUHQFH EHWZHHQ PRGHO VLPXODWLRQV DQG REVHUYHG
FDOLEUDWLRQ LV WR PLQLPL]H WKH YDOXH RI WKH FDOLEUDYV
PRGHO SDUDPHWHUY YDOXHVY FRQVLVWHQW ZLWK VLWH GDWL

&RPPRQ FDOLEUDWLRQ VWDWLVWLFWEQROX®/Mbi$ (MK B @CH MK HH U
URRMDQ VTXDUHG HUURU 506( 7KH O(LV DVLPSOH DYHUDJH
REVHUYHG DQG VLPXODWHG YDOXHVY DQG WKHUHIRUH SRVLYV
O0( WKHUHIRUH SURYLGHV DQ LQ®LKBPWRAWR Q HRIDWKLH H) HRV B/IKDHV F
YDOXHM LV VLPLODU WR WKH 0( ZLWK WKH LPSRUWDQW GLVYV
YDOXHV RI WKH UHVLGXDOV LV FDOFXODWHGD W&IHYHER WIOW P
DQG QHJIJDWLMH YOObQ XWKHUHIRUH LV DOZD\V SRVLWLYH DQG U
GLIIHUHQFH EHWZHHQ REVHUYKIE 0BG M. XO DWHG WR OXKKIH 0%
QHIJDWLYH YDOXHV RI WKH UHVLGXDO EHWZHHQ REVHUYHG D
VTXDULQJ WKH GLITHUHQFH DQG WKHQ WKH VTXDUH URRW RI
DYHUDJH

ORGHO FDOLEUDWLRQ PD\ EH FRQGXFWHG E\ XVH RI FRPSXWH
LH DXWRPDWHG FDOLEUDWLRQ VHH )LQVWHUOH DQG
SURIHVVLRQD@ $MXGFRIWRFMRWEWHG SURJUDPV FDQ EH FXPEHU
PDQXDO SDUDPHWHU DGMXVWPHQWFD\O DERRPWH. R/ RQ GBB 6 OHJ
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Box 2-1. Model Calibration Case Study: Frio Brine Pilot Project

3LORW SURMHFWYV RI *6 FDQ SURYLGH YDOXDEOH LQ
UHVXOWY FRPSDULVRQ 7KH )ULR %ULQH 3LORW 3UR
SURMHFW FRQGXFWHG SULPDULO\ E\ UHVHDUFKHUV
IDZUHQFH %HUNHOH\ 1DWLRQDO /DERUDWRU\ /%1/

PRQLWRULQJ H[SHULPHQWYV )ULR , DQG )ULR ,, KDY
QXPHULFDO PRGHOLQJ
DQG GLVFXVVLRQ DUH WDNHQ IURP 'RXJKW\ HW DO
$ JHRORJLF VFKHPDWLFLKI VWKKRH QUIL® S LUEARW VLWRU

PHWULF WRQV RI FDUERQ GLR[LGH ZHUH LQMHFWHG
VDWXUDWHG ODWHU DW D GHSWK RI P )J)RU WKH

DORQJ ZLWK ERWK LQMHFWLRQV

Figure 2-3: Geologic Schematic of Frio Brine Pilot Project. The arrow at top indicates the north direction.
JURPRXJKW\ HW BB ISURGXFHG ZLWK SHUPLVVLRQ RI 6SULQ

JRU WKH )ULR , SLORW D QXPHULFDO PRYCIH®XHADR/I N
SDUDPHWHUV WR D YDULHW\ RI PRQLWRULQJ GDWD
PXOBXIDVH IORZ SDUDPHWHUYV WKDW GWNWXUDHNV WK

 QSWIKUN RDHU WRER G LRHIS®R D5\
ZHOOV SUHVVXUH PRQLWRULQJ GDWD DQG JHRSK\V

FDUERQ GLR[LGH ZDV LQMHFWHG DW D @WHSPKLRQ VL
FKDUDFWHUL]DWLRQ D QGMHFWILIRQLRRQ DWRUGE GR D W,

VLIKW L
MHFW L
DW WKH
7ZR FDU
H EHHQ
JM/D [URI
LFDO PF

DQG

WKH UL
RYHU
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Box 2-1. Model Calibration Case Study: Frio Brine Pilot Project, continued

UHIHUUHG WR LQ WKH VWXG\ DV W BRK & VWK X PLCE OHHQ & E KXV HX
FKDUDFWHULVWLHMFXAK\HYBOXB PHWHKWMHVH SDUDPHWHUYV ZDV
WA\SHV RI PRQLWRULQJ GDWD VHH 'RXJKW\ HW DO 7KH
WKH DUULYDO WLPH RI FDUERQ GLR[LGH DW WKH PRQLWRUL:
LOMHFWLRQ DQG PRQLWRULQJ ZHOOV 7KH DUULYDO WLPH R
GHWHUPLQHG EDVHG RQ D UHGXFWLRQ RI IOXLG GHQVLW\ FR
WXEH VDPSOLQJ DSSDUDWXV 7KH REVHUYHG GUHOLYRQWLPH
YDU\§QD @G )LIXUH ,Q DGGLWLRQ WKH REVHUYHG SUHVVXUH

PROQLWRULQJ DQG WKH LQMHFWLRQ ZHOOV ZHUHKBRBHE&SDUHG
RQ WKHVH UHVXOWYV WKHZYVYORRIQRN WW RHQDA WHRHW HDQJH RI
WKH YDOZXIHVRAHRQVWUDLQHG WR

Figure 2-4: Observed and Modeled Carbon Dioxide Arrival at the Observation Well Based on Change in
Fluid Density. )URP 'RXJKW\ HWHBB@WRGXFHG ZLWK SHUPLVVLRQ RI 6SULQJHU
OHGLD

Figure 2-5: Observed and Modeled Pressure Increase at (a) the Injection Well and (b) the Monitoring
Well (from Doughty et al., 2007).5HSURGXFHG ZLWK SHUPLVVLRQ RI 6SULQJHU 6FLH
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Box 2-1. Model Calibration Case Study: Frio Brine Pilot Project, continued

JULR ,, XVHG DQ LQLWLDO QXPHULFDO PRGHO WR SUHGLFW V

RYHU WLPH 2EVHUYHG VHLVPLF JHRSK\VLFDO GDWD

R1 SOXF

FDUERQ GLR[LGH PRYHG IXUWKHU XS GLS WKDQ LQLWLDOO\
FDOLEUDWHG WR WKH VHLVPLF PRQLWRULQJ UHD/XXOWRIE\ D

WKH LQWULQVLF SHUPHDELOLW\ WKURXJKRXW WKH B

RGHO L

SHUPHDELOLW\ FKDQQHO DW WKH FRQILQLQJ JRQH LQMHFWL

FDOLEUDWHG PRGHO UHVXOWY DUH VKRZQ LQ )LJXUH

E

Figure 2-6: Comparison of (a) Initial and (b) PostCalibration Model Predictions of Carbon Dioxide
Plume Evolution. )JURP $MBQNOLQ HW DO
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2.6. Existing Codes used for Development of GS Models

$ ZLGH YDULHW\ Rl PRGHOLQJ H[HUFL\UHW KHZHIGE ® 6 HWHDSARUN
DQG KDYH EHHQ UHYLHZHG SUHYLRX%8 Y HEFER®DW D WLR® DLA PR
KDYH EHHQ GHYHORSHG IRU PXOWLSKDVH IORZ DQG WUDQVSHF
DUH SXEOLFO\ RU FRPPHUFLDOO\ DYDLODEOH IRU WKH RZQHU
GHOLQHDWLRQ PRGHOLQJ &RGHV UHSRUWG6 GQLF® YW&HH OLWHUI
SHWUROHXP UHVHUYRLU FRGHV 67$5%PDNZHDN) G O DFKX (&/,36
=KRX HW DO -XDQHV HW DO &+($56 )OHWW HW DO
GHYHORSHG DW BR® \ISWMI\ QRW DPEBRO DRVRD LHVQJH RI PXOWLS
IORZ DQG WUDQWSROUYESBURE OBIPXVY HW DO VHULHYB*H. QVWH L

X HW DO 'RXJKW\ DQG 3UXHVV "RXJKW\ $C
VXPPDU\ RI DYDLODEOH PRGHOV WKDW KDYH EHHQ XVHG WR |
IRU *6 DW WKH 5HJLRQDO &DUERQ 6HTXHVWUDWLRQ 3DUWQHL
SUHVHQWY WKH W\SHV Rl GDWD WKDW DUH QHHGHG IRU YDUL
1(7/ 7KHVH FRGHV YDU\ QRW RQO\ LQ WKH SK\VLFDO SU
QXPHULFDO WHFKQLTXHV VXFK DV WKH VSDWLDO GLVFUHWL]L
URXWLQHY 7KH FRGHVY PHQWLRQHG DERYH DUH SURYLGHG D\
PRGHOLQJ DQG WKH OLVWV JLYHQ DUH QRWR R/KDQWWWR LQFO
SUHIHUHQFH IRU FHUWDLQ FRGHV RYHU RWKHUYV

&RGHV XVHG IRUFRRG/HGHYIPYOWLSKDVH IORZ Rl RDLUKRG GLR
DQG JDVHRXV SKDVHV LQFOXGLQJ PLVFLEOH DQG LPPLVFLEOH
GLR[LGH LQ JURXQG ZDWHU GHQVLW\ GULYHQ IORZ DQG IOR
$YDLODEOH FRGHV PD\ DOVR EH IXUWKHU FDWHJRUL]HG EDVF
DGMXVWHG WR FRQVLGHU FRPSOH[ WKUHH GLPHQVLRQDOO\ |
WUDSSLQJ DQGFKKIDYWHDKEW MHUHWLEY PLQHUDO SUHFLSLWDWLR
VXEVHTXHQW PLQHUDO SKDVH WUDSSLQJ DQG OHDFKLQJ RI K
FRE®G PHWKDQH SUREOHPV DQG OHIRMMRHE MWW E DI 6 BFOD &/F
728*+VHULHV FRGHV KDYH EHHQ ZLGHO\ UHSRUWHG LQ WKH O
WKUHH GLPHQVLRQDO KHWHURJHQHRXV IRUPDWLRQV FDUER(
DQG FKDUBRWYN KMVWRNSBWGYIOXLG IORZ DQG JBRE HPRIQMHULDFD
SUHFLSLWDWLRQ HJ )LQVWHUOH S5XWRXUKW\HW DQX HW D

BHYHUDO FRGHV ZHUH FRESDRIHGHRW LLGGBQWWAD ®WXG\ 3UXH
LQ RUGHU WR HYDOXDWH @ RGIH FRBER UDRXSMWHSUHVHQWLQ
SDUWLFLSDW H/®& H @ R\GKHV VAW O®\X DW HGH UQ R 0 XFQRIGGH V7 2 8%+ / &6 ,5
3HWUROHXP ,QGXVWULDO 5HVHDUFK /LPLWHG (&/,36( /R
67203 3DFLILF 1IRUWKZHVW 1DWLRQDO /DERUDWRU\ DPRQJ F
YDULHG LQ FRPSOH[LW\ DQG LQFOXGHG PL[WXUH RI JDVHV LQ
LOQMHFWLRQ ZHOO GLVFKDUJH DORQW DDI®XIQN JRQB  LLGMHFRAM
HQKD RAMGUHFRYHU\ )RU WKH PRVW SDUW PRGHO UHVXOWYV
LQ JRRG DJUHHPHQW ORVW GLVFUHS DVKH H\D @ AX G DWULEROHB | W
SURSHUWLHY HJ YLVFRVLW\ 7KHVH UHVXOWWBEBBRQVL]H
GLR[LGH WUDQVSRUW SURSHUWLHY DQG HTXDWLRQV RI VWDW
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7KH XVH Rl SURSULHWRBWFBGBIVODREKH ARBGHVHH WR WKH JHQ
IXOO HYDOXDWLRQ RI PRGHO UHVXOWYV H J 15& 7KHUH
EH SURSULHWDU\ DQG VRPH PD\ EH PRUH LPSRUWDQW WKDQ
HYDOXDWLRQ )RU H[DPSOHL®WH RIDEF 5 ZR® LB \8REMDXNGWUDY D
QRW SUHVHBEDWQW \SLUREOHP 6HYHUDO SRSN®BUYRREHVQLIQ QW
GLVFLSOLQH DUH SURSU+RIWYHU HWKHMH, FRGHY KDYH EHHQ »
UHYLHZHG VWXGLHY WR PRGHO *6VDWBVRBBWUSWHRIHY RURS BVMW
DV WKH\ KDYH SUHYLRXV $M SHWIAXYNHH G LEVMO RIKHPKHQ XVLQJ C
PRGHO IRU $R5 GHOLQHDWLRQ VLWH RSHBPOMWRUY R WASERM
8,& 3URJUDP WKIHHFW&BH DVVXPSWLRQMHDQBGQLIHF K BMALRIMUA DIR
HTXDWLRQV Rl VWDWH ZLWK WKH SHUPLW DSSOLFDWLRQ
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3. AoR Delineation Using Computational Models

'"HWHUPLQDWLRQ RI WKH $R5 IRU SURSRVHG &0ODVV 9, ZHOOV
FRPSLODWLRQ GHYHORSPHQW RI WKH VLWH FRPSXWDWLRQD¢
PRGHO UHVXOWARIMOWX KN XPERREIHO UHVXOWY DQG $R5 GHOLQHD\
'LUHFWRU ZLWK WKH &ODVK#HR5SBPHQBLARDSBEOWENWLHFQVLRQ 30
GHVFULEH KRZ WKH RZQHU RU RSHUDWRU SOD@V&WR FRQGXF
SURJUDP 'LUHFWRU DSSUR&¥DO > &)5 E

7KH $R5 GHOLQHDWLRQ PRGHO PXVW EH VXEPiLWKVHGLINLKNVK W
WKHIRSRVHG $R5 DQG &RUUHFWLYH $FWLRQ 30DQ DV UHTXLL
PRGHOHG $R5 ZLOO EH ILQDOL]JHG DIWH Q NDDREOW\L R HWGID/'WDL. @I
FRPSOHWHK)SHU F 7TKHUHIRUH WKH VXEPLWWDO HYDOXDW
$R5 DV SDUW RI WKH $R5 DQ®RBRREH HHDR/NLWH BBPWLRIQ SORBH V\
PXOWLSOH GUDIWY XQWLO DOO WKH LQIRUPDWLRQ UHTXLUH
GHWHUPLQHG E\ WKH 8, & BVWKmaIRydyRmM Clddd MWeRRioje6t Plan

Development GuidanceRU PRUH LQIRUPDWLRQ RQ WKH $R5 DQG &RUUH
W KIlg Program Class Vimplementation ManuallRU DGGLWLRQDO LQIRUPDWLRQ
DXWKRULWLHYV ZLOO UHYLHZ WKH LQIRUPDWLRQ VXEPLWWHG

7TKOMWFWGREENY WKH $R5 SSHRFIHQUWDIMQ® GURYLGHY VHYHUDO TX
UHYROYLQJ DURXQG D K\SRWKHW L F IRGG HE VG MMH QRS RIHHE W PLPQH (
EH FRQGXFWHG E\ D SURIHVVLRQDO H[SHUW ZLWK WKH XQGH!
H[SHULHQFH ZLWK DSSOLFDWLRQ RI VRSKLVWLFDWHG FRPSXV

3.1.AoR Delineation Class VI Rule Requirements

7KH IROORZLGBX @O DNV RL.UHPHQWY SHUWDLQ WR $R5 GHOLQH

X &)5 D 7KH $R5 LV WKH UHJLRQ WHURS® OLQJ WKF
PD\ EH HQGDQJHUHG E\ WKH LQMHFWLRQ DFWLYLW\ 7KH
PRGHOLQJ WKDW DFFRXQWV IRU WKH SK\WVLFDO DQG FKHF
LQMHFWHG FDUERQ GLR[LGH VWUHDP DO@&LREDVHG RQ D
PRQLWRULQJ DQG RSHUDWLRQDO GDWD

X &)5 F 2ZQHUV RU RSHUDWRUVSEH&OPBW V XV LAHIOK\.
VLWH FKDUDFWHUL]DWLRQ PRQLWRULQJ DQG RSHUDWLR:
SURMHFWHG ODWHURQ RQWKHEFWUERQ BILRJD®H SOXPH D
LQ WKH VXEVXUIDFH IURP WKH FRPPHQFHPHQW RI LQMHEF
PRYHPHQW FHDVHV XQWLO SUHVVXUH GLITHUHQWLDOV V]
IOXLGY RU IRUPDWLRQ IOXLGYVY LQWR D 86': DUH QR ORQJI
WLPH SHULRG DV GH&NBURLQMIKEFWRWKHKH PRGHO PXVW

L %H EDVHG RQ GHWDLOHG JHRORJLF GDWD FROOHFW
FRQILQLQJ JRQH V DQG DQ\ DGGLWLRQDO JRQHV DQ
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LQFOXGLQJ LOQMHFWLRQ SUHVVXUHV UDWHV DQG WR
WKB SURMHFW

LL 7DNH LQWR DFFRXQW DQ\ JHRORJLF KHWHURJHQHL
DQG WKHLU SRVVLEOH LPSDFW RQ PRGHO SUHGLFWLI

LLL &RQVLGHU SRWHQWLDO PLJUDWLRQ WKURXJK IDX

3.2. Data Collection and Compilation

&RPSXWDWLRQDO WKGHOHDILYWGOMLJWW FKDUDFWOGDYMWLRQ
LOQMHFWLRQ ZHOO VLWH DQG DSSOLHV VFLHQWLILFDOO\ DFFF
SOXPH DQG SUHVVXUH IURQW PLJUDWLRQ 7KH H[WHQW WR ZI
UHDOLVWLFDOO\ UHSUHVHQW HGI GXOWAIUPL @ R GHDKHE UYHDGOLLFGAL VR
FKDUDFWHUL]DWLRQ GDWD LQDRGPWHKRGE B YSDORSPHQMU R]IIDWK H
WKHUHIRUH DGHTXDWH GDOWPD AR IDPWLIRE® DB AAYWWJIUDO
GHYHORSPHQW 7DEOH Rl WKLV JXLGDQFH SURYLGHV D VXI
PDQ\ RI ZKLFK DUH GHWHUPLQHG EDVHG RQ VLWH FKDUDFWHL

$ YDULHW\ RI VLWH FKDUDFWHUL]DWLRQ GDWD DUHK UHTXLUHC
&)5 DOQG @ 7KHOHHGODWDXLUHG WR YHULI\ WKDW WKH SUI
FKDUDFWHUL]JHG VLWH KDV DGHTXDWH LQMHFWLYLW\ WR DFF!
UDWH DQG DGHTXDWH YROXPH WR VWRUH WKHWVWE&MYEWDBDWH R
FKDUDFWHUL]DWLRQ GDWD YHULI\ WKDW VXLWDEOH FRQILQLC
PRYHPHQW RI FDUERQ GLR[LGH $GGLWLRQDO IHDWXUHV RI W
SUHQMHFWLRQ IOXLG SUHVVXUHYV LQIRUP WKH LQWHUSUHWD'
UHDFWLYH WUDQVSRUW PRGHOLQJ LI LW LV FKRVHQ WR EH X\
FKDUDFWHUL]DWLRQ GDWD FROOHFWHG DW WKH SURSRVHG &
LQIRUP FRPSXWDWLRQDO PRGHO GHYHORSPHQW DQG $R5 GHC
UHTXLUHPHQWY DQG PHWKRGY DUH GLVFXVVHG LQ PRUH GHW
Characterization Guidance

3.2.1. Site Hydrogeology

5HIJLRQDO DQG VLWH VSHFLILF JHRORJ\ SURYLGH WKH IRXQGI
GHOLQHDWHKW®RR®BRGHY VLWH VWUDWLJUDSK\ LQFOXGLQJ IR
DV SUHVHQWHG LQ FURVYV VHFWWRQVUHFR RAQI\YGREBW DWW RBWLDB F
UHIJD WG YR PWXIRORBOD XGLQJ IROGLQJ DQG IUDEMXW HI IDHG DD
XVHG ZKHQ FUHDWLQJ WK B RPHEEKN DHMRIARRID 6 PRRGPHDOWLRQ DW
LOMHFWLABQRUHRIO RKLF LQIRUPDWLRQ LQFOXGLQJ LQLWLDO |
JUDGLHQWYV DQG JURXQG ZDWHU IORZ GLUHFWLRQ DQG YHOF
FKDUDFWRBDXWHFVQWULQVLF SHUPHDELOLW\ DQG SRURVLW\
XSSHUPRVW 86': WR EHQHDWK WKH LQMHFWLRQ JRQH :KHUH |
FRQVLGHUHG (3% UHFRPPHQGY WKDW WKHVH SGRDPD@HWVWRHUYV E|
DQG LQFOXGLQJ WKH ILUVW 86': E HORREFogvamHCIasQWIWEIW LR Q JRQ'
Injection Depth Waivers GuidandeRU DGGLWLRQDO LQIRUPDWLRQ (3% UHFR
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KHWHURJHQHLW)\ RI WKHVH IFRUDADDF MRHEU 1D VIV R B B/\B HHIIDQ) G DE K
KHWHURJHQHLW\ RDURH FS\DHUWDRBROBWHBSRUWDQFH LQ UHSUH"
FRQILQLQAJ [RQHD VYV 9 USKOWKBW $R5 FRPSXWDWLRQDO PRGHO
DFFRXQW DQ\ JHRORIDGERWHKHR JEIQHARQWVD XLWLH& > &)5

7KRURXJK FKDUDFWHUL]DWLRQ RY MX0AR LIS KPR PP IFDREHED WR P
LQIRUP WKH FRPSXWDRMHMHQ DQFPRGHOIMUDPHWHUY GHVFULEL!
VDWXUDWLRQ DQG UHIMWDXWDWLRHQUBHOBMWAIRQVKLSY Rl HDFK |
DQG FRQILQLQJ JRQHV EHLQJ RJLIRUWRFWHEDY 1RSKRDQMH FRIU
LQIRUPO®E RBIFRPPHQGY WKDW DFFHSWHG IRUPXODWLRQV RI
DUH DV VSHFLILF WR WKH VLWH DQG IOXLGV RI LQWHUHVW H

7TKH TXDQWLW\ RI GDWD XVHG WR LQIRUP PRGHOE®WHH-ORGPH
WKRHDVYV 9VEWOGIHFKDUDFWHUL]DWLRQ WHKIEK UICH R &@VCMssYN G LV
Well Site Characterizatio®uidance )RU SHUWLQHQW GDWD W\SHV DV GLVF?’
FROOHFWHG\ WRWHRNFNLWH FKDUDFWHEH]BPWQR QGUHHITHXA. W B P\W KNV ¥
GHOLQHDWLRQ(3XUMRKRPPAHOQUHN DGKOWLRQDO SHUWLQHQW GD!
YLFLQLW\ RI WKH VLWHIH6R YHHR[@ R BLA-H e ERRWY RARKKMIBFHY DOVR
EH LQFOXGHG LQ PRGHO GHYHORSPHQW

$GGLWLRQDOO\ (3% KLHFRPWHQOQY WRBW MUWLFDO H[WHQWV F
H[KLELW FRQWDFW ZLWK VXSHUFULWLFDO FDUERQ GLR[LGH R
SURSRVHG *EH BRDUBIRWHAGHRBIHRORIJLF SURSHUWLHV 7KLV
SURFENMDYEMVMLIDO PRGHO HVWLPDWHY Rl SOXPH DQG SUHVVXI
IXUWKHU PLJUDWLRQ WKDQVEKBNYLRXVIOY DWR/KH DG GRQYLRQDO
LQ WKHVH UHJLRQV PD\ EH UHTXHVWHG E\ WKH 8,& 3URJUDP '

(3$ UHFRPPHQGY WKDW DGHTXDWH GDWD EH FROOHFWHG WR
&ROOHFWLRQ RIL\DAQKDRVHDQ WK®ODWBIQJH LQ JHRORJLF VWXGLH'
WKH ODUJH DUHDV WKDONSRRWEH WRSBNVWHG ENRSK\VLFDO VLW
WHFKQLTXHYV PD\ UHGXFH WKH EXUGHQ RI| 6/MWM{H BIK ProdgpamV H U L
Class VI Well Site Characterization Guidand&R U PRUH LQIRUPDWLRQ RQ XVLQJ J
PHWKRGV WR DVVLVW ZLWK FROOHFWLQJ WKH UHTXLUHG VLW
ZHOO SHUPLW DSSOLFDWLRQ

3.2.2. Operational Data

7KBODVV 9B HVYHW KOG WRASXWDWLRQDO PRGHOLQJ IRU D &O
EDVHG RQ H[LVWLQJ RU SURGRO KGLRS HLIOWHFRDLORI GBI V V X U F
YROXPHV RYHU WKH OLIHWLPH Rl WKH *6 SURMHFW > &)5

RSHUDWLRQID@F GR@/WM WRNFRORFDWLRQ DQG QXPEHU RI LQMHFW
FRQVWUXFWLRQ GHWWKO S HMDI\R H, VNRKEIBOFDVH RI *6 SURMHFW YV
PXOW&SDWNVQMHFWLRQ ZHOOV LW L\&OPYRHIDDQMK MUR] @ RWRH EV
SHUPLWWHG VHSDUDWHO\ DV DE}D SHUP®@W YRZBH KR W 30 OR
VWURQJO\ HQFRXUDJHV SRWHQWLDRS&UDWWR ,VL\Y R HDFFF RRQ VX |
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LOQMHFWLRQ ZHOOV DUR/REL DG/ IS G RZN MAKWWARE HX @A\ ZBNDYOR/EILQOQ M F
WKH RKHQ GHYHGRSPRGMXH3$ UHFREBPH@IOWERWGHOLQHDYV
PRGHO EH XVHG IRU DQ2BOSO/MDNW D VQ Y B@M MR KDWVR MHKFHWP R G H (
WKH LQIOXHQFHV RI (B® ® OWR WHFRRFZHQIEDSBK W SUHVV X UH

SHUWXUEDWLRQV EH HYDOXDWHG IRU D JLYHQ EDVLQ RU K\G!
DQFRPELQHG ULVN WR 86':V 7KHFROQQHW WK HR 8 HUBDWRIW PP \'L L
UHJDUGLQJ DQ\ H[LVWLQJ RU SODQQHG SURMHFWV LQ WKH Yl

3.3. Model Development

2QFH DGHTXDWH GDWD DUH FROOHFWHG PRGHO GHYHORSPH
VLWH PRGHO GHVLJQ RI WKH PDWKHPDWLFDOLIBIDPHZRUN DQ
GHWHUPLQDWLRQ RI LQSXW SDUDPHWHU YDOXHV 86(3%

SUHGLFWLRQV RI IOXLG PRYHPHQW DQG SUHVVXUH SHUWXUE!

A Note Regarding Hypothetical Examples

6HYHUDO LQIRUPDWLYH ER[HV DUH LQFOXGHG ZLWKLQ WKLV
$R5 GHOLQHDWLRQ DQG UHHYDOXDWLRQ SURFHVVY EDVHG RQ
%R DQG %R][ 7KH K\SRWKHWLFDO VLWH SUHVHQWHG L\
DOO *6 SURMHFWYV $VVXPSWLRQV DQG PHWKRGV XVHG LQ K\
DOO FDVHV $ OHQJWK VFDOH KDV QRW EHHQ LQFOXIGHG RQ
DOORZDEOH VL]JBMHURG WKNHD RFH EHWZHHQ ZHOOV LV QRW XQLC
ILIXUHV

3.3.1. Conceptual Model of the Proposed Injection Site

$ FRQFHSWXDO VLWH BR6GUBVIRVQ W VWK RRBDRV LW K 8 FSOMRGELRVIH B O*C
PDMRU JHRORJLF HOHPHQWYV S WDHWYHQWYID@ W KSH \'\DIGFAN & \F8 W Ri PH
GHOLQHDWLRQ SURFHVV WKH FRQFHSWXDO PRGHO LV WUDQ
EH VROYHG IRU SUHVVXUH WX®G ¢ YWW H DPRLFRHDO T KH. Q@ RRUFHIBEG S
FROOHFWHG VLWH FKDUDFWHUL]DWLRQ GDWD DQIGEHMOKH SURS
FRQILIXUDWLRQ DQG LQMHFWLRQ UDWHV (3% UHFRPPHQGV W
PRGHO SUHVHQW D FOHDU VWDWHPHQW DRG GHV¥@WDWNSWLRQ R
DVVXPSWLRQV DQG K\SRWKHVHV UHODWIHKE DWR QKH FHKE RQGH!
HJ ODE H[SHULPHQRNSH HHIPSILKZ IF C COMBBHARPD (PHBRVXHD@® VLWH
DOVR LGHQWLILHVY WKH PRGHOLQJ UHJLRQ LBDRQWRWKH W UMD
JHRORJLF IHDWXUHV DOO SK\VWLFDO SURFHVVHV WKDW ZLOO
ZDWHU FKHPLFDO VSHFLHV RI DQW HSRW MQ W REF-O W RRG RLVEE ' : 1
ERXQGDULHVY WKDW PD\ LQIRUP PRGHO ERXQGDU\ FRQGLWLRC
GDWD DUGHmMAWMRLHG LQ WKH AR PoHRS MRXID PRV IHWLIHQ PRRUWGHDON L6BR Q
FRQFHSWXDO VLWH PRGHO
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Box 3-1. Hypothetical Example of a Conceptual Site Model

$ FRQFHSWXDO VLWH PRGHO GHVFULEHV WKH JHQHU
XVLQJ RQH RU VHYHUDO VFKHPDWLFYVY DQG GLDJUDP
VKRZ WKH JHQHUDO SURMHFW RULHQWDWLRQ ERWK
DQG NQRZQ SURFHVVHV WKDW ZLOO LPSDFW SOXPH
WH[W DFFRPSDQ\LQJ WKH FRQFHSWXDO VLWH PRGHO
VLWH $ K\SRWKHWLFDO H[DPSOH FRQFHSWXDO BDRW
HIDPSOH DFFRPSDQ\LQJ WH[W LV EHORZ

JRU WKLV K\SRWKHWLFDO SURMHFW WKUHH LQMHFW
WRQV RI FDUERQ GLR[LGH SHU \HDU IRU \HDIWLW HTXK
SRZHU SODQW ORFDWHG DSSUR[LPDWHO\ PLOHV
ZLOO EH VXSSOLHG YLD SLSHOLQH WR WKH VLWH G
VHSDUDWHO\ WR HDFK RI WKH LQMHFWLRQ ZHOOV 7
GLR[LGH DW DOO WLPHV FRQWDLQLQJ WUDFH DPRX(

Figure 3-1: Hypothetical Conceptual Site M odel for GeologicSequestration
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Box 3-1. Hypothetical Example of a Conceptual SitdMlodel, continued

,QMHFWLRQ ZLOO RFFXU LQWR D VDOLQH IRUPDWLR(
DW D GHSWK RI DSSUR[LPDWHO\ PHWHUV EHORZ
DQG FDUERQ GLR[LGH DQG SUHVVXUH IURQW PRYHPH
XS GLS GLUHFWLRQ 7KH SHUPHDELOLW\ RI WKH LQM

P' ZLWK ORZHU SHUPHDELOLWLHY JHQHUDOO\ DW
WKH FRQILQLQJ DQG LQMHFWLRQ JRQHV

$ VKDOH XQLW DW OHDVW PHWHUV WKLFN WKUR X|{
XQLW 8QLW 0 7KH GHSWK RI WKH ORZHUPRVW 86":
YLFLQLW\ EXW LW LV JHQHUDOO\ IURP WR PHW
RI VDQG VKDOH DQG FOD\ XQLWV H[LVW EHWZHHQ \
VHFRQGDU\ FRQILQLQJ JRQH 8QLW . KDV EHHQ LGH(

7KH PDMRULW\ Rl FDUERQ GLR[LGH LV H[SHFWHG WR
SHUPHDELOLW\ XQWLO HQFRXQWHULQJ ORZHU SHUP
LOQMHFWLRQ JRQH FRQILQLQJ ]JRQH FRQWDFW DQG E
WUDSSLQJ DQG GLVVROXWLRQ RI FDUERQ GLR[LGH
SRLQW WKH UDWH DQG WRWDO DPRXQW H[SHFWHG W
QRW EHHQ TXDQWLILHG &XUUHQWO\ JURXQG ZDWH!
WKH ZHVW ,W LV H[SHFWHG WKDW SUHVVXUH LQFUH
ZLOO FDXVH JURXQG ZDWHU WR JHQHUDOOWNRZ UD

7ZR UHOHYDQW JHRORJLF JRQHV ZLWK D FRQFHQWUI
SURMHFW DV VKRZQ RQ )LJXUH JUDFWXUHV H[LV
XQLW EXW DOVR DUH SRWHQWLDOO\ LGHQWLILHG L(
VWXGLHV RI WKH IUDFWXUHY DQG SUHOLPLQDU\ PRGQ
DQG IUDFWXWKHALGIVOKVQRW VHUYH DV D OHDNDJH SI
+RZHYHU WKHVH WZR UHOHYDQW JHRORJLF JRQHYV Z
GXULQJ WKH OLIHWLPH RI WKH SURMHFW EDVHG RQ

$ IRUPHU RLO DQG JDV ILHOG LV ORFDWHG WR WKH

PRGHOLQJ LV XVHG WR GHWHUPLQH LI FDUERQ GLR]
GHWHFWHG HQKDQFHG FRUUHFWLYH DFWLRQ DQG P
RLO DQG JDV ILHOG LQ FRQVXOWDWLRQ ZLWK WKH 8
HDVW RI WKH SURSRVHG VLWH &DUERQ GLR[LGH LV
+RZHYHU WKLV IHDWXUH PD\ DOVR EH IXUWKHU HYD
SRWHQWLDO IRU EULQH PLJUDWLRQ WKURXJK WKH I1I
IRUPDWLRQ

D 8QLW
JURXQG
HQW DUH
HFWLRQ
KLJKHU

IKRXW W
8QLW &
HUV EH(
NVKH FRQ
DWLILHG

PLIJUDW
HDELOLYV
H SK\VLF
 QWR JU
R EH VH
J LQ DOC
DVHV ZL
GLDOO\ |

PWLRQ R
W SULPD
D WKH S|
HOLQJ K
DWKZD\ (
LOO OLN
FRQVXO

ODRUWKH
LGH PD\
RQLWRU
& 3URJL
QRW HI[S
OXDWHC
DXOW ]R
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3.3.2. Determination of Physical Rocesses to bericluded in the Computational
Model

3ULRU WR GWKYHPRBERWDWLRQDO PRGHO IRU D SURSRVHG &0
GHOLQHDKMH RZQHU RU RSHUDW RAK 2 WO®KQHHG® QV B URHFW MVIR VY ¥
FRQVLGBUMIGH FRPSXWDWLRQDO PRGWIDG R W KH W RV WL QDML
SURFHVVHV LGHQWLILHG LQ WKH FRQ F H\S WDDAO ERHR (G H DO IDWWZHF
LQFOXGHG LQ WKH FRPSXWDWLRQDU W &G5O0 Hp W HORPILHIH. P XAPK D
LQFOXGH PXOWLSKDVH IORZ Rl FDUERQ GLR[LGHPQG@ RUPDW
$GGLWLRQDO SURFHVVRVY PBUWD (RUSH FOXBEIOMW WWUUHDIDAWEIRYU W F R
EH UHOHY H@W LLO LSHUPQ GURIUSSRIBRVMMEB\R Q SUHYLRXV WHVWLCG
D UHVXOW RI SUHFLSLWDWQ R GH B/R. R BRKMQLRFD DR-SOGTEY BRI YA V
UHOHYDQW LI SUPIVWKD GIBQ®R MROHRIVL A BUKRIS BIUXVHRXNV FDUER (
GLR[LGH SOXPH LV D SRWHQWLDO ULVN IDFWRU FDUERQ GLR
FRQVLGHUHG LQ WKH $R5 GHOLQHDWLRQ PRGHO

YRU VRPH PRGHO DSSOLFDWLRQV L Q FPKKIEQ IQFID\OHSIRRE\H W\ C
LPSUDFWLFDO &RPSOLERWUWRDRVYHAD QQDRRFVSIXMWBRWLRQDO GHPL
ORQJ FRPSXWHU SURFHVVLQJ WLPHV ODFN RI PHDQLQJIXO C
NLQHWLFV RU WKH L@B3KMOLWLRRY DS FRGH HE PWRKHUPRUH  LQ
PD\ EH XQQHFHVVDU\ LQ PDQ\ FDVHV EHFDXVH WKH LPSDFW R
PD\ EH UHODWLYHO\ PLQRU 7KH &0ODVV 9, 5XOH GRHV QRW U}
JHRPHFKDREFDOHYULQ WKH $R5 GHOLQHDWLRQ PRGHOLQJ +R
PD\ UHTXHVW WKDW WKH RZQHU RU RSHUDWRU LQFOXGH WKH
PRGHOLQJZKHBBVGRLQJ VR IRHPGHUNWRYGLQJ RI SOXPH DQG
PLJUDWLRQ IRU WKH SURMHFW

3.3.3. Computational Model Design

$IWHU D FRQFHSWXDO VLWH PRGHO KDV EHHQ GHYHORSHG D
EHHQ GHWHUPLQHG WKH QH[W VWHS LV WR GHYHORS WKH VL
GHWHUPLQDWLRQ RI DQ DSSURSULDWH FRPSXWDWLRQDO FRG
FRGH ZLWK WKMSHHFQHHFWSBUDPWMWHUY LQ RUGHU WR GHYHOR

3.3.3.1. Computational Code Determination

7REUHDWRPBKM DWLRQDO PRGHO KRR HHRRRFHQGQGNVKWD WDMQ BO X
IRU WKH UHOHYDQW SK\VLFDO S URFHMW/ZHGDWK W IR B\ VOLQVGH HETDRL
LQFOXGLQJ HTXDWLRQV Rl VWDWH IRU FDUERQ GIR[LGH DQG
UHFRPPHQIGHN MRMEINR QM PG KX UDWUIKD PWNMW FRHIILFLHQWY LQFO
RI FDUERQ GLR[LGH DV D IXQFWLRQ RI SUWRPE\HW R MIXRIRIG \QWD
SKDVH VDWXUDWLRQV ,I XVLQJ DQ LQGKHBHDGWR W & F RMPHIG
WKWBKH GHYHORSHU PRGHO WHVW FDVHV IRXQG RRGMIOH OLWH
EHIRUH VXEPLWWLQJ WKH &O0DVV 9, LQ8& BFWRRID 2 HDWH S WRRIL
HJ VHH 3UXHVV HW DO
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3.3.3.2.  Model Spatial Extent, Discretization,and Boundary
Conditions

7KH FRPSXWDWLRQGBVRBRGHG FLGOVEHUPLQLQJ WKH VSDWLDO
DQG VSDWLDO ,®@L V¥ UHW RDRIHAREMHBC\WRID@ EH ILQH HQRXJK W
KHWHURJHQHLWLHYV DV GLVFXVVHG DERYH HJ 'RXJKW)\ DQC
UHFRPPHQGH® X&H WKH LQMHFWLRQ JRQH ZLWK VXIILFLHQW
DFFRXQW IRU EXR\DQW SOXPH PLIJUDWLRQ DQG D VXIILFLHQV
GHPRQW/RUWWH VDWLVIDBEPW 1BIQRPRFWRKH VEKEDW QR OHDNDJH LV
WKURXJK WKH F,RQVRPHQR DRIGWH RW KIELPE FAV R U P BAKIDGVE K WWLIR Q D O
]JRQHV EH LQFOXGHG LQ WKH FRPSXWDWLRQWDIORPRRGIHO VXFK
DGGLWLRQDO JRQHV PD\ DOORZ IRU HVWLPDWLRQ Rl YHUWLFL
WKH SULPDU\ FRQILQLQJ JRQH ZKLFK PD\ DLG LQ SHUIRUPLQ.
&ODVWHYWLIPRQDYRULQJ SURJUDP

YRXQGDU\ FROQUGLW LRORMHBORQ K\GURJHRORJLF FRQGLWLRQV L
WR WKH HGJHV Rl WKH PRRPDL G RPBMH BR/HEHH RMKEH WKH SUHV\
SOXPH ORGHO WHVWLQJ PD\ EH FRQGXFWHG WR HQVXUH WKL
ERXQGDU\ FRQGLWLRQV GR QRW UHV XORM G & G X Pl OBTRON M U W

RI VXFK WHVWLQJ LQGL¥BMWH DAMXA\RRGH@QRENREWY R U \W R
UxXQQLQJ WKH PRGHO IRU D SURSRVHG &0DVYV 9, LQMHFWLRQ

3.3.3.3. Model Timeframe

7KBRODVV 9UBX®HUKN RRKEOMO WVHG WR GHOLQHDWH WKH $R5 |
LOQMHFWLRQ ZHOO EH UXQ UGN HFWH FEFQ FDFFNETFNHLENW YRIP W Q @/ )
FHDVHV XQWLO SUHVVXUH GLIIHUHQWLDOV VXIILFLHQW WR F
IRUPDWLRQ IOXLGYV LQWR D 86': DUH QR ORQJHU SUHVHQW R
GHWHUPLQHG E\ WKH 8,& 3URJUDP 'L QHEWRU >WR&PHHW WHKHV
FRQGLWLRQV LW P BWKEHHPRMEFHDY R WYBOHORBWSAMRMWHFQG IRU VHYH LU
KXQGUHG RU WKRXVDQGV RI \HDUV HJ )OHWW HW DO

3.3.3.4. Parameterization

3DUDPHWHUL]DWLR @K MKIHD O GHIY WAWREPHQW RI WKH FRPSX!
FRQVLVWYV Rl SRSXODWLQJ WKH FRP SXSHAL LIRR & DBMPGIV B UW K
SDUDPHWHUV LQFOXGH IRUPBWRURY LW\ B KQWHR §iH Q B HFIREL OLLF
DQG UHODWLYNSWXP BWE RQLEDDPRWWB Y\D O X W\L WSHHF EIDFHG R
GDWD DV PXFK DV SRVVLEOH EXW PD\ DOVR EH EDVHG RQ YD
OLWH U B RWXW B WK WILEHD\O AMDIFDOVR EH XVHG WR FUHDWH D UH
GLPHQVLRQDOO\ KHWHURJHQHR X¥§HHFO\AIRQL R Q R | L\Y KW W H X/IXED
PRUH LQIRUPDWLRQ R QQPRRSRHD FODHD/P HDWWHHUVW RQDEOH UDQJH
PD\ EH LGHQWLILHG IRU W®WLSX)YSRNHDWQR D OMHVH U
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3.3.4. Executing the Computational Model

7KH FRPSXWDWLRQDO PRGHO L% HUB PXWHBQ EEFW R RMRONH & D1
XVLQJ WKH FRGH WR FDO F XRKRPVB R \SLK/DLVRIQV DOXKLUD WU R QVXDGIE
DVSHFWV ZLWKLQ WKH BRGOIW D@ GDURE FRHUVHISPK DWHG E\ VSH
LQWMUYDHO W LIRH & WBERFGQ UHVXOWYV DUH W\SLFDOO\ WH[W
GDWD IRU FIPGR JEXKGLQJ HD¥FRPHLPBVWHWVHS'KH PRGHO UHVXOW
SRSWRFHROMWKRZLQJ H[HFXWLRQ RI WKH PRGHO EHIRUH WKH\ F
LOQWHUSRIHWD®EGHO UHVXOWY PD\ @BHEGRWIU E B X/¥ b D\QLW R UFPR
ORGHO UHVXOWNQRM HSCHMWL FROBRWDVY 9, LOQMHFWLRQ ZHOO $F
HVWLPDWLRQ RI WKH 8KDNEGW RUBRKHGLHRIDGBVS®XPH PLJUDW
IOXLG SUHVVXUHV ZLWKLQ WHKH b& MK BRQ RRR URIQHQRR BIRIDWIL FRH
GHOLQHDWLRQ

7KMVH RIpD® $R5 GHOLQHDWLRQ EDVHG RQ FRPSXWDWLRQDO
WKH QHHG IRU XQFHUWDLQW)\ DQG VHQVLWLYLW\ DQDO\VHV II
SUHGLFWLRQV ZLOO EH QHHGHG SULRU WR WKH FRPPHQFHPH
VLWSHFLILFFODWRQRQLR[LGH PLJUDWLRQ SDWHKRW 0 RBWLDW HV
VHQVLWLYBMWD\D VKG\SULQFLBRO HRVD 6XDWDREE WHDYWWKH PR
LPSRUWDQW VRXUFHV RI HUUSBU3$Q FR P SOV DBI\E LARRQ DX 1P RIG HGI
PD[LPXP ULVN VFHQDULR VLPXODWLRQV FDQ EH FRQGXFWHG
SHUWXUEDWLRQ SUHGLFWLRQV WKDW DFFRXQW IRU XQFHUWTE

3.4. AoR Delineation Based on Model Results

7KBODQQHG RYRSVMNBREWWGE G ZLWK W KRUSDH SRIIR/S M\SHE® I8ROV IV
LOMHFWLBKTXHOBG WR EH EDVHG RQ D GHOLQHDWLRQ RI WKF
HQGDQJHUPHQWHKUFK6L® WXUQ LV UHTXLUHG WR EH EDVHG R(
PRGHOLQJ > &)5 &) DQGF @ 7KH ERXQGDULHV RI WKH
VLP X CDUMBE FWLRQV RI WKH SHKBAHDIW R X SVWKUHF U BW [BEVGY HO L T X L
SOXPH DQG SUHVVXUH IURQW $WKMRBEHKQFRP SBPRIPPKI) GV WKL
HIWHQW R WS VH SSIOXPWMHR U SUHVVXUH IURQW RYHU WKH OL
WLPHIUDPH RI WKH PRGH SUHMWOIHWIUR@MW DV GHVFULEHG EF
SUHVVXUHRLYKUHBYHQW PDJQLWXGH WR IRUFH IOXLGV IURP V
IRUPDWLRQDP®BN:UL[ RI

,Q WKH FDVH RI *6 SURMHFWY ZLWK PXOWLSOH &ODVV 9, LQM
DSSO\ IRU DQG REWDLQ D &0DVV 9, LQMHFWLRQ ZHOO SHUPL)\

D @ +RZHYHU DV GLVFXVVHG SUHYLRXVO\ D VLQJOH
FRQGXFWHG IRU DOO ZHOOV ZLWKLQ D VLQJOH SURMHFW DW
DOO FDVHV (3$ UHFRPPHQGV WKDW WKH $R5 GHOLQHDWLRQ [
EH EDVHG RQ PRGHOLQJ WKDW DFFRXQWYVY IRU WKH DQWLFLSE
LOQMHFWLRQ ZHOOV
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%R[ SURYLGHV D K\SRW RIQWIRFD GHJIDOBEOWIRRQ EDVHG RQ FRI
PRGHOLQJ UHVXORMDWO FDQFMWIGRQ RWWHH WKUHVKROG SUHVVXL
IURQW 7KH GHWHUPLQDWLRQ RISWHIE SUHW VFROQN LVRGYW @ L%\
VWDQGDUG SRM MU ZHN\O OR BOBMVIHW B I7WRH BK& OO HW DO
DSSOLFDEOH WR DQ\ &0DVV 9, LOQOMHFWLRQ ZHOO XRQWGHAKLFK
SUHVVXUL]HG FRPSDUHG WR WKH ORZHUPRVWB®&'PLQ BW LRV
WKH SUHVVXUH IURQW LV GLVFXVVHG LQ PRUH GHWDLO LQ 6F

3.4.1. Determination of Threshold Pressure Front

7KH SUHVVXUH IURQW PD\ EH GHILQHG DV WKH PLQLPXP SUHV
WR FDXVH IOXLG IORZRIQRR. QWKR WEMHRWEPRYLRQ PDWUL[ RI V
K\SRWKHWLFDO FRQGXLW L H DUWLILFLDO SBHHYHWDDWLRQ

PHWKRGV DV GH\DRUH BN G LEOHDERPH WR HVWLPDWH WKH YDOXH
EDVHG RQ YDULRXV DV VXPSHWIRORU TLKHHRERKW RIHG WR FRQV
3URJUDPHFWRU WR GHWHUPLQH ZKLFK PHWKRG LYRMSSURSULLI
LQVWDQFH LI DQ H[LVWLQJ DTXLIHU H[HPSWLRQ LV SURSRVH
SUHVVXUH IURQW PD\ EH GHWHUPLQHG EDVHG XSRQ WKH SUH
IOXLGYV WR ENYB LSFWOWERGY RI DTXLIHU WKDW DUH QRW H[HPS

Method 1. Pressure front based on bringing injection zone and USDW to equivalent hydraulic
heads (applicable to under-pressurized case only).

$V VWDWHG E\ 7TKRUQWKBOSHWVNEUH IURQW FRPSRQHQW RI W
DQ LQOMHFWLRQ ZHOO ZKHUH GXWIDE RQWKHAWRREPD WKRIQ> KO& L
LQMHFWLRQ JRQH LV HTXDO WRKRIWD GURHDSGHY W KD DOWM & HWSHKK\\G |
SUWXUBRQWPB\ EH FDOFXODWHG E\ WKH IROORZLQJ HTXDWLR(

2= %+ COMLF >(T@

ZKHUH VB WKH LQLWLDO I0XLG ISWMMWHX JR LAWK RGB 6'H QIV LW\ J
DFFHO H&YOM WRQI U YWWN JHSUHVHQWDWLYH HOHWBWLRQ RI W
UHSUHVHQWDWLYH HOHYDBALPRQIRUONKWHIQMBFWHRQH RQHS UH \
VXVWDLQHG LQ WKH, LMHFNWDRRE\ J[RQH 03

(5 2t ECOMF VY F 2 >(T @

ZKHUHMM WKH LQLWLDO SUHVMXUBQ® (WK H U@ WHXFREWLHFQV ] RRHW |
WKDW WKH K\SRWKHWLFDO RSHQ ERUHKROH LV SHUIRUDWHG
86":

$ SRVLWLYH Y\QDXARBUHYSRQGY WR DQ LQMHFWLRQ UHVHUYR
UHODWLY&H: WIRQWKADQ DFFRPPRGDWH DQ LQ@RBUSIDVRIULWRSUHV V
SRWHQWLDO IOXLG PLJUDWLRQ L$Q®% R DV\OOHH GRU L]GINIRQ B RADUMI/S |
WKH K\GURVWDWLF FDVHGIDQE ®DYHM WRYB WIDWDXBWIIRQ ZKHU
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DOUHD&ESUWWMMWXKXUL]HG DQG WKXV VXEMHFW WR SRWHQWLDO 10
WR WKH GULQNLQJ ZDWHU DTXLIHU HYH®QGGLRU WBHVK®OIOD
DSSOLFDEOH IRU FDOFXODWLQJ WWK H CCQBENXWH | & GHVDNXKH HL L
SRVLWLYH YPOGROMRUQBWLYH PHWKRGYV PD\ EH DSSOLFDEOH II
SUHVVXUL]J]HG FDVHV VHH EHORZ

(33 UHFRPPHQIGVDMKDW ( EH DSSOLHG XVLQJ YDOXHV RI SUHV
3 83 DQGEIDVHG RQ GLUHFW PHDVXUHPHQW RI IOXLG SURSHUW
SURSRVHG SURMHFW L H VHMIWSit BhdtecRmigationCassavice

1IRWDEO\ WKH UHVXODM RIH(J V LLEgQ/HFRRRWE KL G, G BIQLVAKV\ |
LV LQIOXHQFHG E\ WKH SUHVVXUH WHPSHUDWXUH DQG VDOL
DQG WHPSHUDWXUH WHQG WR LQFUHDVH\ZAWVSHF GIHL§ W& XBLHEO R Z
GHQVLW\ YDOXHV DW UHVHUYRLU FRQGLWLRQV DUH QRW DYD
HVWLPDWHG EDVHG RQ PHDVXUHG VPL.QKXQHSYUHW HBSWHU DOAXX. GH
GHQVLW\ DV D IXQFWLRQ RI GHSWK EHORZ JURXQG VXUIDFH I
PHWKRG RI 3HQJ DQG 5RELQVRQ

Figure 3-2: Fluid Density Functions for Varying Salinities.

1RWH DOYR WWDW WKW FoHWIQAEGV/LRQ RI WKH IOXLG GHQVLW\
WKH HOHYDWLRQ RI ERWK IRUPDWLRQV DQG WKH IOXLG SUH)
WKHVH SDUDPHWHUV YDU\ VSDWLDOO\ L@ WEBWHDCLWR IDW\ RI W
WKURXJKRXW WKH UHJLRQ RI WKH $R5
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Method 2. Pressure front based on displacing fluid initially present in the borehole (applicable
to hydrostatic case only).

8QGHU K\GURVWDWLF FRQGZMW\IRIQY WX 8§ URSBWHERNWD BRQRRIDIEWDHH |
WR WKH IDFWQWKLWQQIDWHKUSRWKHWLFDO ERUHKROH IURP WKH

WKDQ WKH I0OXLG MWXBRUNEROSUNOKIQWIURP WKH LOQMHFWLRQ
IOXLG LQ WKH ERUHKROH ZKLFR ZH DU OFRFZOIRZWR P\ IOH Y86 D W F
SUHVVXUH D QHZ SUHVVXUH HTXLOLEULXP ZLOO EH HVWDEOLI
QRW LQWUXGH LQWR WKH 86"':

$V JLYHQ E\ 1LFRWE® ®DQGLOOD HW DO DVVXPLQJ |
DQG LQLWLDOO\ OLQHDUO\ YDU\LQJ GHQVLWLHV LQ WKH EI
JRQH IOXLG LV OLIWHG WR WKH WRS Rl WKH ERUHKROH L H
SUHVVXUH LQPDMEWHFIGFXODWHG

(3 < ®C Q\eRrY° >(T @

ZKHUHVY D OLQHDU FRHIILFLHQW GHILQHG E\

a2 XT @

ia?ip

DQG ZKHWHWKH IOXLG GHQVLW\ RI WKH 86":

1LFRW DO DOVR SUHVHQW D VROXWLRQ VXEMHFW WR WKH D\
LQ WKH ERUHKROH ERWK LQLWLDOO\ DQG ZKHQ WKH LQMHFW
L H HTXLOLEULXP DSSURDEFK UDWKHU WKDQ WKH XQLIRUP
GHULYHVYHH 1LFRW DQG %DQGLOOD %LUNKROJHU HW
0% FDOFXODWHG XVLQJ WKH XQLIRRDJPE&HIHAMW S DISSIMD PK D(Q
HTXLOLEULXP DS $WDRDLDHEOSERQAANDIONR PRUH FRQVHUYDWLYH
86":

$W SUHVVXUH LQFYHDKWH IONVYE WKDIQ)L @BOO\ SUHVHQW LQ WKF
86': 7KLV IOXLG OHDNDJH IURP WKH ERUHKROH PD\ EH DFFHS
ZDWHU TXDOLW\ ZLWKLQ WKH 86': DV WKH YROXPH RI ZDWHU
TXLFNO\ GLOXWHG E\ ZDWHU LQ WKH VXUURXQGLQJ DTXLIHU

&DOFXODWLRQ RN KWHKHN HDROM®R B M EQ NI W K W K APENOHB R1BY

DSSOLFDEOH RQO\ WR, @ KR KN GLLLRAWEDRW IHIVLFDWOWHG SUHVV XUH
PHDVXUHPHQWY PD\ QRW EH DYDLODEOMHMSBWLWBEBWLWRIQPBEER3 BQ
$R5 GHOLQHDWLRQ LQ RUGHU WR HYDOXDWH LI WKH LQMHFW|
ZDUUDQWHG E\ SUHYLRXV VLWH NQRBOHGAOKKLG HLVOKRGYDHE DIOR
IURP WKH LQMIHWVWIDR EHROFHFHSWDEOH WR LQLWLD/X®\ DVVXPFE
RZQHU RU RSHUDWRU PD\ FKRRVD QMR (XRY WE HWH W HOVX RIG W L
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WKUHVKROG SUHVVXUH DOORZDEOH IRU GMSHHID W IGRDQV R | DAUK
DYDLODEROH SRRSRVHG LOQMHFWLRQ ]JRQH IROORZLQJ FRQVWU
(33 UHFRPPHQGY UHHYDOXDWLRQ RIWKKH KHNEKWRE¥ R/IDUNILF DV YV X
SUHVVXUL]HG WKH DOORZDEOH WKUHVKROG SUHVVXUH LQFU
VHH OHWKRG DERYH +RZHYHU LI WKHSIUGWN KW LG UWWKHU
DOORZDEOH SUHVVXUH LQFUHDMH @LQO EH OHVV WKDQ FDOF>

Methods for ovepressurized &ases

,Q VRPH LQVWDQFHV WKH GHVLUHG S§QNMWFWLIREGRUHDPDALY 8
86': SULRU WR WKH LQMH RY\WDLGQH SLUWVR © H FDWV,LOY M/ KIFE L WX D W L F
IOXLG OHDNDJH ZRXOG RFFXU IURP WKH LQMHFWLRQ JRQH WF
ZLWKLQ ERWK JRQHV HYHQ SULRGOGLR ER® P 6 GRLHIV XQ M HFQFLLR
LQMHFWLRQ JRQH RZLQJ WR WK*6 LSQUNRMAVFE MR B DD \L\DAEFJLHDV Gl @
UDWHWHUPLQDWLRQ Rl WKH DORREBBOM SUHY $REHGHOQEQHDW
RYHU SUHVVXUL]HG FDVH PD\ UHTXLUH PRUH VRSKLVWLFDWH
GHVFULEHBWERWKRGY DQG

SRVVLEOH P HWWREBVWH DQ DFFHSWROEBMHUWBYWX VK UWLQ] AGHDNY
LQFOXGH

8VLQJ VLPLODU PHWKRGWHWWOHWRREHRYHQ SUAHRWXUL]D
ZLWKLQ WKH LQMHFWLRQ J]RQH PD\ EH DOORZDEOH ZLWKF
RzZ@QJ WR WKH GHQVLW\ GLITHUHQWLDO EHWZHHQ WKH LQM
0F XVLQJ (T LV JUHDWHU WKDQQXWKR®JIDHYV R OWXKVHGY.DIGIXH ¢
PDIJQLWXGH EHWZHHQ WKH WZR PD\ EH XVHG DV DQ HVWL
LQFUHDVH VXEMHFW WR WKH DVVXPSWLRQV XVHG WR GH
SHHUHYLHZHG UHVHDUFK SDSHUV RQ WKLV WRSLF KDYH G
WKH K\GURV)WBMUH BFDAMEDLFDWLRQV PDSDBGMENIND WHKH L C
DQGIl WRKHVH PHWKRGV PD\ EH XVHG WR FDOFXODWH DQ |
RYHU SUHVVXUL]HG UHVHUYRLU

$PXOWL@XPNHBLFDO PRGHO PD\ EH GHVLIJQHG WR PRGHO (
ERUH RU WKURXJK PXOWLSOHVAHOB ER UHW N RRW KHUI RIVWP |
$GGLWLRQDO SUHVVXUH LQFUHDWHNOUHBRHRFKHUMWBGQ S
LQMHFWLRQ JRQH PD\ QRW FDXVH DQ DSSWKPERXH®&HOLQFU
K\SRWKHWLFDO ERUBIOPRONV I$VVHIAVEM ERIOBXFWHG WR ER
OHDNDJH UDWHYV

,Q FROQMXQFWLRRERMWAK QWRHHPU L F D O RMWIHQDPRWE HP JQ R PO
FRQGXFWHG IRU WKH 86': WR HVWLPDWH KRZ DGGLWLRQTL
SURMHFW ZMVKIL@QXWKIKE 86': DQG DWWHQXDWHG 'LOXWLRGQ
ERUHKROH LV LPSDFWHG E\ WKH QDWXUDO EDFNJURXQG |
ZKLFK LV WXUQ D IXQFWLRQ RI WKH K\GUDXOLF JUDGLHQ\
FRQGXFWLYLRQBQ PEHGUWWKUH LQFUHDVH PD\ EH DOORZDE
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WR WKH 8,& BWHRRHWRB WKDW QHJOLJLEOH GHJUDG
LQFUHDVHG IOXLG OHDNDJH UDWHYV

Box 3-2. Hypothetical Example of an AoR Delineation

7KH $R5 LV EDVHG RQ WKH UHVXOWYVY RI FRPSXWDWL
PD[LPXP HIWHQW RIKWKH 8BIPHDRMHSUHVVXUH IURQ\
/7KH SUHVVXUH I URQW LV GHILQHG DV WKH SUHVVXU
IOXLGV IURP ZLWKLQ WKH LQMHFWLRQ JRQH WKURXJ
86': 7KLV ER[ SURYLGHV D K\SRWKHWLFDO H[DPSOH
DSSURDFK 7KH H[DPSOH VFHQDULR LV EDVHG RQ WH
%R )LUVW WKH WKUHVKROG SUHVVXUH WKDW GH
PDSV VKRZLQJ WKH PD[LPXP HIWHQW RI WKH SOXPH
LV GHOLQHDWHG

6WHS 'HWHUPLOHR®WH 3UHVVXUH )U

$ FURMAMFWLRQDO VFKHPDWLF RI WKH K\SRWKHWLFDC
SUHVHQWY YDOXHV IRU IOXLG GHQVLW\ DQG SUH¥N
IRU HDFK IRUPDWLRQ

Figure 3-3: Hypothetical GeologicSequestrationSite: Cross SectionalSchematic andCalculations.
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Box 3-2. Hypothetical Example of an AoR Delineation continued

7KH PHWKRGRORJ\ XVHG KHUH LV FRQVLVWHQW ZLW
ZHOO FODVVHV ZLWKHQIWRHE(8$& 3URJSNDP[SODLQHG
RI WKLV JXLGDQFH WKLV PHWKRGRORJ\ LV DSSOLFD
ZKLFK SULRU WR LQMHFW QRQVSRIKNMYDOM @/ ER® SR Q
ORZHUPRVW 86': L H WKH LQMHFWLRQ JRQH KDV D
WKH ORZHUPRVW 86":

7KH SUHVVXUH IURQW LV GHWHUPLQHG E\ FDOFXOD
JRORk QHFHVVDU\ WR FDXVH IOXLG IORZ IURP WKH L
WKH 86': WKURXJK D K\SRWKHWLFDO FRQGXLW L H

ERWK LQW HV Y¥ID@F XFODW HBEHKWLRO (T  QifWLR/LV HpB3

6WHSQVSHFW ORGHO 5SHVXOWYVY WR '"HWHUPLQH WKH

7TKH FRPSXWDWLRQDO PRGHO ZLOO SURYLGH D SUHG
RYHU WLPH )RU WKH SXUSRVH RI $R5 GHOLQHDWLR(
GLVWULEXWLRQ FRUUHVSRQGLQJ WR WKH WLPHPRI P
7KLV ZLOO OLNHO\ FRUUHVSRQG WR D WLPH RI PDJL
RI WKH RWRMWEKW HQG RI D ORQJ LOMHFWLRQ SHULR

(3% UHFRPPHQGYV FRQWRXULQJ WKHVH SUHGLFWLRQ
SUHGLFWLRQV RQ D EDVH PDS RI WKH SURSRVHG SU
FRQWRXU PDS (3% DOVR UHFRPPHQGV KLJKOLQ KWKH)
K\SRWKHWLFDO H[DPSOH SURYLGHG ; KHQHO X\GHV UMK L
SODQQHG &0ODVV 9, LQMHFWLRQ ZHOO ORFDWLRQV D
WKH SURSRVHG LQMHFWLRQ ZHOOV

K WKH G
DERYH

EOH WR
H& WR W
ORZHU F

VLQJ WK
OMHFWL
DUWLILI
PSOH P

DD[LPXP

LFWLRQ
D (3% UH
D[LPXP «
PXP LQM
G

RI SUH
RMHFW [
J WKH S
i RVQK K @ i
QG D VL
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Box 3-2. Hypothetical Example of an AoR Delineationcontinued

Figure 3-4: Hypothetical GeologicSequestration Site: Model Predicted Maximum Pressure Within the
Injection Zone

6WHS QVSHFW ORGHO 5SHVXOWYVY WR "HWHUPL QHKWXKIH
3O0XPH

7KH FRPSXWDWLRQDO PRGHO ZLOO DOVR SURYSIGIHVE
SOXPH DV LW HYROYHV RYHU WLPH (3% UHFRPPHQG
SURYLGHG RQ D EDVH PDS )LJXUH ,Q WKH H[DPS
WKH VXSHUFULWLFDO SOXPH DV SUHGLFWHG E\ WKH
LQMHFWLRQ FRPPHQFHYV

ODD[LPXP

SUHGLF
WKDW
OH SUR
i PRGHO
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Box 3-2. Hypothetical Example of an AoR Delineationcontinued

Figure 3-5: Hypothetical Geologic Sequestration Site: Model Predicted ¥ent of Supercritical Carbon
Dioxide Plume Over Time.

6WHSHOLQHDWH WKH $R5

/IDVWO\ WKH PD[LPXP H[WKI)MWH FSIOWRH URSDIDHWVH XUH TURQW
RYHUODLG RQ WKH EDVH7KIHS$R/HHV) IGKOHQHDWHG E\ GUDZLC
WKDW HQFRPSDVVHV WKH PD[LPXP H{IWHQW RI WKH VVHSDUDW
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Box 3-2. Hypothetical Example d an AoR Delineation,continued

W LV LPSRUWDQW WR QRWH WKDW WKH UHJLRQ HQHR
EH ODUJHU LQ DOO GLUHFWLRQSKIVKID G OXPH H W HWD W
SUHVVXUH IURQW GRHIHQRW [[KQEQWEB JIJDDQ\ LQFUHD
JUHDW HQRXJK WR FDXVH IOXLG PRYHPHQW LQWR D
VWLOO H[LVW RXWVLGH Rl WKH SUHVVXUH IURQW D
HIWHQW RI WKH SUHVVXUH IURQW )RU WKLV UHDVR(
SOXPH DQG SUHVVXUH IURQW WR GHOLQHDWH WKH §
VXEPLW WKHVH VHSDUDWH GHOLQHDWLRQ UHVXOWYV
DSSOLFDWLRQ

Figure 3-6. Hypothetical GeologicSequestrationSite: Initial Area of Review Basedon M odel Results.

RPSDVYV
VRE HAFHOEX
HLQ SU
86': 7KFI
NG VHSD
D LW LV
R5 IRU I
WR WKFEF

UIC ProgramClass VIWell Area ofReview 47

Evaluation and Corrective Action Guidance



3.5. Reporting AoR Delineation Results to the UIC Program Director

7KH RZQHU RU RSHUDWRU LV UHTXLUHG WR VXEPLW WKH $R5
SHUPLW DSSO&YDWLR® @ ,QIRUPDWLRQ SHUWDLQLQJ WR
VXEPLWWHG LV S URdglat Bl&ssMVelPKdied RlanDevelopment Guidance

7KH ILQDO GHOLQHDWHG $R5 EDVHG RQ FRPSXWDWLRQDO PR
'LUHFWRUUSBHDOWWRRUL]DWLRQ WR LQM@FW > &)5 F

(3$ UHFRPPHQGY WKDW WKLY SHUPLWHBSESUDED W Q RRU P K BRIRA
8,& 3URJUDP 'LUHFWRU WR HYDOXDWH WKH $R5 GHOLQHDWLR
PRGHOLQJ H[HVKIWWHAQHKWMVRWR GR VR DV ZHOO DV DOO PRGH
7KLV PD\ LQFOXGHVSIRRY MXIHOS , QB MXMNUDP "LUHFWRU WR XVH

PRGHOLQJ HIIRUW 7KH RZQHU RU RSHUDWRU DQG WKH 8,& 3L
VSHFLILF QHHGY DV WKH SHUPRW DGGDWEB®Q®DR Q Q VRVPBPRLMRW
LQIRUPDWLRQ WR VXSSRUW &ODVV 9, SHUPLW DSSOLFDWLRQ\
Recordkeeping, Reporting, and Data Management Guidance for Owners and Operators.

(3 UHFRPPHQGV WKDW WKH SHUPLW DSSOLFDWLRQ VXEPLWMW
$R5 GHOLQHDWLRQ

y 7TKH FRQFHSWXDO VLWH PRGHO DQG DOO VXSSRUWLQJ GC
WKH GHVFULSWLRQ RI JHRORJQW UWR O RI1LUADIHBBRY R QIBVD Q\
RI WKLV JXLGDQFH GRFXPHQW IRU PRUH LQIRUPDWLRQ

y $SWWULEXWHV RI WKH FRGH XVHG WR FUHDWH WKH FRPSX
QDPH RI GHYHORSLQJ RUJDQLRMWUWRIM UM QX6 OWIRF WRKIQR\RLG
JRYHUQLQJ HTXDWLRQV VFLHQWLILF EDVLV DQG DQ\ VLI

y $ GHVFULSWLRQ RI WKH PREH®D B/RRDIOY D Q GHIMHRBRIEBO H |
OD\HU WKLFNQHVYV DSAGH YHIQGN HIEORDQWRHDFBW LIR@QE FURV YV

y $Q DFFRXQWLQJ RI DOO HTXDWLRQV RI VWDWH XVHG IRU
FDUERQ GLR[LGH

y $QOFRQVWLWXWLYNXHRKODW URIQOKMISWH SHUPHDELOLW\ VDW
KRZ WKH\ ZHUH GHWHUPLQHG

y 9DOXHV RI DOO PRGHO SDUDPHWH WK L VI GHIDILFHH G RRX P
WKURXJKRXW WKH HQWLUH PRGHO GRPDLQFOXG IDQ X DG ML I
FRQGLWLRQV DQG ERXQGDU\ FRQGLWLRQV DQG D GHVFU
GHWHUPLQHG EDVHG RQ VIZWHVFK®IRDPE®MUIR O PALR Y HZD WO
WDEXODU RU JUDSKLFDO PDS IRUPDWYV

y ,I UDHOUBHGWKH 8,& 3URJUDP 'LUHFWRU WKH RZQHU RU RSFH
PRGHO LQSXW DQG RXWSXW ILOHV > &)5 D @ 7K
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YHULILFRWLR®KH 8,& 3URJUDP "'LUHFWRU ZLVKHV WR UXC
VLPXODWLRQV VFHQDULRY ZLWK WKH PRGHO

y ORGHO UHVXOWY LQFOXGLQJ SUHGLFWLRQV RI FDUERQ G
WKH OLIHWLPH (R$% WK RRPINHKDEMVW KH PRGHO UVWERWYV EH
IRUPFRIQWRXU PMEV¥WRRRWY DQG RU JUDSKV VKRZLQJ SOX
PLIJUDWLRQ DV D IXQFWLRQ RI WLPH DQG WKDW WKH SHL
RXWFRPH RI SDUDPHWHU VHQVLWLYLW\ DQDO\VHV

y $ GHVFULSWLRQ RI SUHVVXUH IURQWRFD @FXD DWLRQ DQG

y ,] UHTXLUHG E\ WKH 8,& 3URJUDP 'LUHFWRU WKH UHOHYL
HISHULHQFH RI DQ\ LQGLYLGXDOV DQG RU FRQVXOWLQJ I
GHYHORSPHQW $R5 GHOLQHDWLRQ DQG UHHYDOXDWLRQ
PXOWLSKDVH PRGHOLQJ VWXGLHV FRQGXFWHG
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4. ldentifying Artificial Penetrations and Performing Corrective
Action

7KH SXUSRVH Rl $R5 GHOLQHDWLRQ IRU D SURBRVHG® SURN
JHRORJLF IHDWXUHV RU DUWLILFLDO SHQHWUDWLRQV H J Z
RXW RI WKH LOMHFWLRQ JRQH RUFD®XGHVMIOQREIIR BFEHQWD QG |
$UWLILFLDO SHQHW U DPWDLERD V W QYORKS BINDDN ®POWY RU PLQHV  ZK
IORZ SDWK RXW RI WKH LOQOMHFWLRQ JRQH 7KH &ODVV 9, 5XOF
SUHSDUH PDLQWDLQ DQG LPSOHPHQW D GRGXIBHY HRE K WFWLL
RI KRZ FRUUHFWLYH DFWLRQ ZLOO EH SHUIRUPHG RQ DQ\ DU\
]JRQH DQG ZKHWKHU VXFK DFWLRQ ZLOO EH SKDVHG > &)5

TKIWHFWLRQ GLVFXVVHV WKH LGHQWLILFDWLR@QGDWKHHY DO XD\
SHUIR U P DUHFTEKABRIUHWGH F W LLYTHQBIFW VGRRQQUMW RULQJ DFWLYLWLHV Qt
GHWHFWLRQ RI IOXLG OHDNDJH LQWR 86'"jassVUNEIGestimigXVVHG L
and Monitoring Guidance

4.1. Rule Requirements
7KH IROORZLQJ UXOH UMHR MRWHKNHOMAWERQWDMWXLQ WKH $R5

X &)5 F 8VLQJ PHWKRGV DSSURYHGEG VER W KIHG 8/,@WaLU
SHQHWUDWLRQV LQFOXGLQJ DFWLYH DQG DEDQGRQHG Z
WKDW PD\ SHQHWUDWH WKH FRQILQLQJ JRQH V 3URYLGF
FRQVWUXFWLRQ GDWH GULOOHG ORFDWLRQ GHSWK UH
DGGLWLRQDO LQIRUPDWUR BWWRKH PD & BHTRIIUDH

X &)5 F' HWHUPLQH ZKLFK DEDQGROMB EHBQ\SDQ MK
LQ D PDQQHU WKDW SUHYHQWY WKH PRYHPHQW RI FDUER
HQGDQJHU 86':V LQFOXGLQJ XVH RI PDWHULDOV FRPSDW

X &)5 GHUBRUP FRUUHFWLYH D RRIBRKDRQ DOJIHO GAHNDHOU/P
WR QHHG FRUUHFWLYH DFWLRQ XVLQJ PHWKRGV GHVLJQ
RU EHWZHHQ 86':V LQFOXGLQJ XVH RI PDWHULDOV FRPSLE
VWUHDP ZKHWH DSSURSULDW

X &)5 H 'XULQJ WKH $R5 UGBHQ DO XDDAOLAR @ HSAJARWF HL D
UHHYD ®RBWKB® UHTXLUH FRUUHFWLYH DFWLR&)3Q WKH V

F
X &)5 H 3HUIRUP FRUUHFWLYH DFWLRQ RQ ZHOOV

WKH UHHY¥PDIDWHGVDPH PDQQHU VSHFLILHG LQ &)5

X &)5 H 5SHYLVH WKH $R5 DQG &RUUHFWLYH $FWLRQ
WKH $R5 LV UHHYDOXDWHG
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4.2.1dentif ying Artificial Penetrations within the AoR

7KH &ODVVUHTSLOMY SRWHQWLDO &0ODVV 9, LOQMHFWLRQ ZHOC
DUWLSHRUHDWUDWLR QY O R FDGSHRE QRIWW®XGLQJ DFWLYH DQG DED
DQG XQGHUJURXQG PLQHV WKDW PD\ SHQHWUDWH WKH FRQI|
ZHOOYV W\SH FRQVWUXFWLRQ GDWH GULOOHG ORFDWLRQ

DQG RU FRPSOHWLRQ DQG DQ\ DGGLWLRQDIP®\LQHFEXPDWLRQ V
&)5 F  @KH LGHQWLILHG DEDQGRQHG ZHOOV KDYH EHHQ
SOXJJHG DW DOO VXFK SHQHWUDWLRQV FDQ SURYLGH XQLPS
$V VXFK WKH\ PXVW EH SURSHUO\ SOXJJHG LQ RUGHU WR SU

G @

$ YDULHW\ RI W\SHVY RI DEDQGRQHG ZHOOV PD\ H[LVW ZLWKLC
SURMHFW LQFOXGLQJ ZHOOV FRQVWUXFWHG SULRU WR IHGH
HDUO\ V DQG DQ\ UHFHQWO\ GHFRPPLVVLRQHG ZHOOV :H(
HISORUDWLRQ MWFRRXGUQDEeBEOZAHOOV SRVH WKH ODUJHVW |
UHODWLYHO\ GHHS DQG RIWH @ DAVHGYERHMHER YDHU RRSHFE R I1HV K@ E
7KHVH ROGHUVARH QAW KID\YBIOEHHQ GRFXPHQWHG LQ VWDWH RL

+LVWRULFDOO\ ZHOOV QR ORQJHU LQ XVH PD\ QRW KDYH EHF
FRPPRQ VWDQGDUGY 3ULRU WR WKH HDUO\ V. WKHUH ZHU
DEDQGRQPHQW DQG LW LV XQOLNHO\ WKDW WKRVH ZHOOV ZH
UHJXODWLQJ ZHOO DEDQGRQPHQW LW LV OLNHO\ WKDW DQ\ .
LQDGHTXDWH SOXJV ,GH HW DO Q WKH $PHULFDQ
VWD®WGDRU FHPHQWYVY IRU RLO DQG JDV ZHOOV 3ULRU WR WKE
WR DFKLHYH WKH SURSHU FHPHQW VHWWLQJ LQ WKH FRQGLW
UHVXOW WKH SOXJV LQ PDQ\ Rl WKHEB &R ® 0 HKDZHD B M HRLLGIHX
FKDQQHOLQJ DQG RU FHPHQW IDLOXUH EHFDXVH RI IOXLG LQ!
7KH SRWHQWLDO DOVR H[LVWV IRU PRUH UHFHQWO\ FRQVWU X
LPSURSHUO\ )RU H[BRSSOW WBRAIIDWHHJ YRRQH EDQNUXSW DQG IDLO
ZHOOWRG VXEVWDQGDUG PDWHULDOV

'HSHQGLQJ RQ VLWH FRQGUWEREYWAD QEGFRWOURBY LFRDQ DOVR FRC
LH DQQXODBRIDGEWWUWKDDY D FRQGXLW IRU IOXLG PRYHP}
SOXJV PD\ KDYH GHJUDGHG RYHU WLPH EHFDXVH RI D SRRU F
(YHQ SURSHUO\ SOXJJHG ZHOOV PD\ KDYH EHHQ SOXJJHG ZLW
ZKHQ LQ FRQWDFW ZLWK D FD UER@ranaass BINVel GooBtdctichH H W K H
Guidance IRU LQIRUPDWLRQ RQ FRPSDWLELOLW\ RI GLIIHUHQW PI

'"HWHFWLQJ DEDQGRQHG ZHOOV FDQ EH YHU\ FKDOOHQJLQJ LC
ZHOOV WKDW 80CLWLIRQW VWHHO FDVLQJV WKH SULPDU\ GHWH
RIWHQ UHPRYHG IURP DEDQGRQHG ZHOOV IRU UHF\FOLQJ DQC
SXHY 7TKHVH FKDOOHQJHYVY DUH FRPSRXQGHG E\ WKH SRW
GHWHWHG IRU D SURSRVHG &0DVV 9, LOMHFWLRQ SURMHFW D
ZLOO KDYH WR EH HYDOXDWHG IRU WKH SUHVHQFH RI DUWLIL
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ORFDWLRQV :KLOH WKHVH PDSV FDQ EH RXW RI GDWH PRVW
WKHLU GDWDEDVH IRU D IHH

4.2.2. Site Reconnaissance

6LWH UHFRQQDLVVDQFH LQFOXGHYVY LOWHUYLHZLQJ ORFDO UH
FRQGXFWLQJ D SK\VLFDO VHDUFK IRU IHDWXUHY LQGLFDWLYF
UHFRQQDLVVDQFH PD\ EH LQIRUPHG E\ WKH KIWKRUHFRO G\D W
VHDUFK PD\ LQGLFDWH WKDW ZLWK D JUHDW GHDO RI FRQILG
EHHQ VXEMHFW WR RLO DQG JDV H[SORUDWLRQ GHHS ZHOO |
LQ GHHS ZHOO SHQHWUDWHWRW R QO RBKILND WRVUN PDKH RERVH WR
I[URP DQ\ DGGLWLRQDO ZHOO LGHQWLILFDWLRQ HIIRUWYV

/IRFDO UHVLGHQWY WKDW PD\ EH ZHOO LQIRUPHG UHJDUGLQJ
DQG VHUYLFH FRPSDQ\ HPSOR\HHV LQFOXGLQUJKRQNXOWDQW
RZQHUVKLS EURNHUV 6XFK LQIRUPHG UHVLGHQWY PD\ EH DE
WLPHIUDPHV ZKHUH SDVW GULOOLQJ RFFGGBUWGR QBRI ®IBW D DG
UHVSRQVH WR VSHFLILF TXHVWLRQV DQG SURYLGH LQIRUPDW
SOXJJLQJ RI ZHOOV

6 XUIDFH IHDWXUHV WKDW PD\ EH LQGLFDWLYH RI DEDQGRQHC
DFFHVV URDGYV EULQH SLWV RU YHIJHWDWLRQ VWUHVYV DVVRI
IHDWXUHY DW D VLWH LQGLFDWHYV WKH SRVVLEOH OLNHOLKRI
UHFRPPHQGV WKDW EHFDXVH WKH $R5 LV OLNHO\ WR FRYHU
IHDWXUHV LV PRVW HIITHFWLYHO\ VXSBGBKRWRWHG E\ XVH RI D

4.2.3. Aerial and Satellite Imagery Review

(33 UHFRPPHQGYV WKDW KLVWRULFDOQPDHHUD @& I KRN B JIUQ SAKKVH [
LGHQWLILFDWLRQ RI DEDQGRQHG ZHOOV $HULDO SKRWRJUDS
FRQGXFWHG EHJLQQLQJ LQ WKH V DQG DUH DYDLODEOH IU
LQIRUPDWLRQ VHUYLFHV $00 KLVWRWH RDHF RPMREHD G HSK RAR R V
UHYLHZHGL®WQFH Rl SDVW GULOOLQJ DFWEVYLWWD®KWIBFH IHC
GULODEWLYLW\ LQFOXGH GULOO GHUULFNV ULJ SODWIRUPYV

'"HSHQGLQJ RQ WKH UHVRWXWIORW R WKH UMBPBAIWEH VAMHGE QIR L
GHWHFW ZBEGOKHBSW IDRIK | HDW X UMD IQMRIGFDEV ZHIO RV 7KHVH
VSDWLDO SDWWHUQV LQGLFDWLYH RI D ZHOO VLWH EULQH S
DVVRFLDWHG ZLWK EULQH OHDNDJH

4.2.4. Geophysical Surveys
*HRSK\WVLFDO VXUYH\V LQFOXGLQJ PDIJQHWOQE HOREKQYG RSHIQI

PHWKRGV FDQ EH XVHG LQ WKH GHWHFWLRQ RI DEDQGRQHG
JHRS K\WIXRDYAH\V WKURXJKRXW UHJLRQV RI WKH $R5 WKDW PD\
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HISORUDWLRQ GHHS ZHOO LQMHFWLRQ RU DQ\ RWKHU DFWL
*HRSK\VLFDO PHWKRGV ZLOO VXSSOHPHQW RWKHU LGHQWLIL
*HRSK\VLFDO PHWKRGV FDQ KHOS WR SLQSRLQW ORFDWLRQV
WKH ZHOO KDV EHHQ UHPRYHG RU FDQ KHOS WR LGHQWLI\ DE
W\SH V RI JHRSK\VLFDO VXUYH\V FRQGXFWHG DW D SURSRVH
NQRZQ VLWH VXEVXUIDFH,DQQ® XUDDFH AWRQIBD WWRQPAR GLITHU
JHRSK\VLAV®DUVNBRAPHQGHG LQ RUGHU WR SDUVH GDWD EDFN
LOQWHUSUHWDWLRQ RI VXUYH\ UHVXOWYV $V GLVFXVVHG EHOR
VXUYH\V PD\ EH FRQGXFWHG GHSHQGLQJ RQ WKH VL]H RI WK

4.2.4.1. Magnetic Methods

7KH PDIJIQHWLF PHWKRG LV RQH RI WKH ROGHVW DQG PRVW ZlI
LW WKH VWDQGDUG PHWKRG XVHG IRU DEDQGRQHG ZHOO GH
FRPSRQHQW RI WKH PDIJQHWLF ILHOG QHDU WKH ODQG VXUID
FDXVHG E\ VXEVXUIDFH IHDWXUHV ZKLFK FRXOG LQFOXGH DE
FDVLQJY $QRPDOLHV DVVRFLDWHG ZLWK ZHOO FDVLQJV DUH
EDFNJURXQG PDIJQHWLF ILHOG

ODIJQHWLF VRS¥PB\WDBHGH WR DEDQGRQHG ZHOOV ZLWK LURQ
DUHDV ZLWK UHODWLYHO\ ORZ EDFNJURXQG PDJQHWLF VLJQEL
GHYHORSPHQW RQ WKH VXUIDFH RU LQ WKH VKDOORZ VXEVXL
PDIJQHWLF VXUYH\V FDQ GHWHFW PRVW ZHOOV FRQVWUXFWH(
OHDYWQWFK FDVLQJ DQG LQ VRPH FDVHV YHU\ ODUJH FDYLWLH
RSHQ ZHOO ¥EWHHWY FKIRQ QJV RU VHYHUHO\ FRUURGHG FDVLQ.
ZLWK D PDIJQHWLF VXUYH\

*URXQG RU DHULDO L H DHURPDJQHWLF VXUYH\V PD\ EH FF
DUHD Rl LQWHUHVW $HURPDJQHWLF VXUYH\V ZLOO OLNHO\ E
WKH.PIQIWWHG VL]H Rl WKH & B Q LFRHDWHFGY $RBU DV DWPKRK\Q WV R |
UHODWLYHO\ VKR UMRWRRMRWKRE WQBHDHULDO VXUYGILQHWUH F
WUDQVYIFWNFRPPHQGUVRXKQIBW WEDH 9V U D QDUHIFHN WASKOFQ Q JtEH C
IHHW DQG DHULDWSBPRUYHEWWRQUEBWHU WKDQ + IHHW -R

ODJQHWLF VXUYH\V PD\ EH FRQGXFWHG WR PHDVXUH WKH WR
KRUL]JRQWDO ILHOG JUDGLHQWYV )RU WERWUSWEKSRWR VRD @ RDD Y
ILHOG PHDVXUHPHQW WX3H ®X NMFRPRWHQEHGBHFRPPHQGYV WKD
RSHUDWRU SHULRGLFDOO\ UHWXUQ WR D FRPPRQ SRLQW WR
PHDVXUH GLXUQWIOHYPNLPAW R ILEOG DQG DYRLG KLJK PDJQ
SURFHVVLQJ RI PDJQHWLF VXUYH\V LQFOXGHV LQFRUSRUDWL
GLXUQDO YDULDWLRQ DQG GDWD ILOWHULQJ

JLIXUHFRPSDUHY DHURPDJIJQHWLRRRUKUHN HUNH RXOWNVHIBRG MK 3 N
DEDQGRQHG ZHIQU®VY DHHQWQILABIJHU\ 86*6 $V VKRZQ LQ
DQRPDOLHVY DVVRFLDWHG ZLWK ZHOO FDVLQJVY DUH W\ASLFDOC
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VRPH RI WKH W\SMWDWFRDOPHQDAMG E\ RZQHUV RU RSHUDWR
LGHQWLILFDWLRQ 2QH FKDOOHQJH LV WKDW GXH WR WKH Sl
SLSHV FHUWDLQ UHJLRQV H[KLELW ODUJHU PDJQHWLF ILHOC
$GLWLRQDOO\ VRPH ZHOOV PD\ QRW EH LGHQWLILHG LQ WK
RI ZHOO FDVLQJ UHPRYDOV 7KHVH FKDOOHQJHV GHPRQVWUD
WHFKQLTXHV LQ RUGHU WR SURSHUO\ LGHQWLI\ DEDQGRQHG

Figure 4-1: Total Field Aeromagnetic Map, Cook Creek Oil Field, Arcadia, Oklahoma.
JURP 86*6
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4.2.4.3. Electromagnetic Methods

(OHFWURPDJQHWLF PHWKRGV XVHG IRU DEDQGRQHG ZHOO ER
WLBRPDLQ HOHFWURPDJQHWLF VXUYH\V 7KHVH VXUYH\V FRCQ
WKDW HVWDEOLVKHY DQ HOHFWURPDJQHWLF ILHOG PHDVXUH!
HOHFWURPDJQHWLEQWOIWLH\Y DWVHERR/E WKH WUDQVPLWWHU D
DERYH WKH JURXQG VXUIDFH %RWK VXUIDFH DQG DHULDO HC
GHSWK DW ZKLFK WKHVH LQVWUXPHQWY DUH DEOH WR GHWHI
WKH VHQVRU WKH VL]H DQG FRQGXFWLYLW\ RI WKH WDUJHW
VRXUFHV VXFK DV IHQFHV DQG SLSHOLQHV *HQHUDOO\ REM
PHWHUV WR VHYHUDO KXQGUHG PHWHUV LV SRVVHEOHW /DUJH
JUHDWHU GHSWKV $HULDO VXUYH\V DUH QRW OLNHO\ DEOH V
PD\ GHWHFW EULQH SOXPHV ZKLFK PD\ LQGLFDWH WKH SUHV

$EDQGRQHG ZHOO ERUH GHYHWWH RWKNRQY HY HEFDNVHBBPRQ WK
FRQGXFWLYLW\ RI VWHHO FDVLQJY DQG RWKHU ZHOO PDWHUL
JHRORJLF IRUPDWLRQV 7KHVH PHWKRGV PD\ GHWHFW DQRPD
DQ DEDQGRQHG ZHOO )UHTXHQF\ GRPDLQ HOHFWURPDJQHWL
WKH VXEVXUIDFH E\ WKH HOHFWURPDJQHWLF ILHOG HVWDEOL
HVWDEOLVKHVY D VHFRQGDU\ HOHFWURPDJQHWLF ILHOG GHWH
LOQGXFHG FXUUHQW LV D IXQFWLRQ RI VXEVXUIDFH FRQGLWLR
HOHFWURPDJQHWLF PHWKRGY PHDVXUH WKH GHFD\ RI WKH VF
LQGXFHG FXUURD@WEHRD Q8 SIMKHD OO\ XVHIXO IRU GHWHFWLRQ R

4.2.4.4. Ground Penetrating Radar

*35 PD\ EH XVHG LQ DEDQGRQHG ZHOO ERUH GHWHFWLRQ DQ
8QOLNH RWKHU JHRSK\VLFDO PHWKRGV *35 GRHV QRW UHO\ |
ERUH VR LW PD\ EH DEOH WR GHNWHFWORE H@ WRUHER Y H Y3 B XC
IUHTXHQF\ UDGLR ZDYHV WR PHDVXUH WKH WUDQVPLVVLRQ R|
GHSWK SRVVLEOH GHSHQGV RQ WKH IUHTXHQF\ RI WKH UDGLF
7KH JUHDWHUWKKHOGBNSWK VROXWLRQ WKH LQVWUXPHQW ZLO
FDVLQJVY GHSWKV DUH OLPLWHG WR D IHZ PHWHUV -RUGDQ
OHVVHQ WKH YDOXH RI *35 LQ DUHDV ZLWK ODUMKWRSRJUDS|
PDJQHWLF RU HOHFW URP D YQHWNIHOPR QW WREBYW SUDFWLFDO WR »
GHOLQHDWHG $R5 DV DQ LQLWLDO ODUJHU VFDOH VXUYH\ PH\
OLQHV IRU VXIILFLHQW UHVROXWLRQGY XYWRR) Y PO WR, GVWHD
H[DFW ORFDWLRQ REIRWEHD/QBGLIRMKLE ZHOIOYHQ DUHD WKDW KDYH
HDUOQBIWIJHU VFDOH VXUYH\V

4.3. Assessinddentified Abandoned Wells

$IWHU DOO DUWLILFLDO SHQHWIHWMHRQNWH WKIHQ F\R R HL §R § V]!
LGHQWLILHG WKH RZQHUV RU RSHUDWRUV RI D SURSRVHG &C¢
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SRWHQWLDO IRU HDFK DUWLILFLDO SHQHWUDWLRQ WR VHUYF
RZQHUV RU RSHUDWRKDERQEGRQMED EBDQOK L QQRK\H EBHRIBEQ L1 DG
SOXJJHG LQ D PDQQHU WKDW ZRXOG SUHYHQW WKH PRYHPHQ
HQGDQJHU86'&Y5 F @ 7R SUHYHQW IOXLG PRYHPHQW

LQFOXGH D FHPHQW SOXJ WKURXJK WKH SULPDU\ FRQILQLQJ

JRQH FRQILQLQJ JRQH FRQWDFW ZLWK VXIILFLHQW LQWHJULYV
DQG HOHYDWHG SUHVVXUHV 7KH W\SH RI SOXJJLQJ WKDW LV
IRUPDWLRQ IOXLGV IURP WKHV5E MH E W LDRYG | RIQRIXDLED 8 HE H HWLLW
8,& 3URJUDARFWRU ,Q WKH DEVHQFH RI DQ DGHTXDWH SOXJ DI
PLJUDWLRQ PD\ RFFXU ZKHUH IOXLGYVY HQWHU D SHUPHDEOH ]l
PLJUDWH XSZDUG IURP WKDRU]RRHHGBIHHRUPDWHLRQ (3$ UHFRTF
VXUIDFH SOXJV W\SLFDOO\ UHTXLUHG E\ ZHOO DEDQGRQPHQ
'LUHFWRU PD\ UHTXLUH DGGMSHRQIDLG BDXBXPEIMWMHEFRQ VLWH

(YDOXDWLRQ RI WKH ZHOOV LQ WKH $R5 UHTXLUHVY D WZR VW
ZKDWHYHU UHFRUGY DUH DYDLODEOH DV RXWOLQHG LQ 6HFV
SOXJIJLQJ 7KH VHFRQG VWHS LV WR SHUIRUP SK\VLFDO WHVW
UHFRUGY DUH DYDLODEOH

4.3.1. Abandoned Well Plugging Records Review

$ UHFRUGYV UHYLHZ FDQ DLG LQ UHGXFLQJ WKH QXPEHU RI LG
HYDOXDWHG E\ IXWXUN IRHDKBOWM WUWIDW KHFREGHQ UHFHQWC
PHQWLRQV RI DQ\ GLIILFXOWLHY H[SHULHQFHG GXULQJ WKH L
KDYH SOXJVY DQG FHPHQW VLWXDWHG WR LVRODWH WKH LQMFE
PD\ EH XWRHGB XVWLI\ UHGXFWLRQ LQ WKH QXPEHHUFRUCGRODRE X
LOQFRPSOHWH RU LQGLFDWH WKDW WKH ZHOO KDV QRW EHHQ
XS ILHOG LQYHVWLIJDWLRQV VKRXOG EH SHUIRUPHG ,GHQWLI
DQG ZLOO UHTXLUH ILHOG LQYHVWLIJDWLRQ LQ RUGHU WR GH
WKH &ODVV 9, 5XOH > &)5 F @ 7KH RZQHU RU RSHUD\
TXHVWLRQDEO\ DEDQGRQHG ZHOOV UDWKHU WKDQ JR WKURX.

7KHUH DUH PDQ\ HOHPHQWY LQ H[LVWLQJ UHSRUWYV WKDW FD
DEDQGRQPHQW SURFHGXUHV IRU LGHQWLILHG ZHOOV ORFDW
UHLHZ LQFOXGH EXW DUH QRW OLPLWHG WR

‘HOO GHSWK DQG FRPSOHWLRQ

'HOO DEDQGRQPHQW GDWH

2SHQ KROH RU FDVHG KROH

IRFDWLRQ RI SOXJV

&DVLQJ DQG FHPHQWLQJ UHFRUGV

SHFRUGV Rl PHFKDQLEG DU RQ\ORIVLIDQBRIYRMHAG
‘HOO GHYLDWLRQ

KKK
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Figure 4-2: Examples of Carbon Dioxide Leakage Through Improperly Abandoned Wells.

UIC ProgramClass VIWell Area of Review
Evaluation and Corrective Action Guidance

58



7KH ZHOO FRPSOHWLRQ GHSWK LV LPSRUWDQW LQ GHWHUPLC
SHQHWUDWH WKH SURSRVHG FRQILQLQJ JRQH V I WKH ZHOC
JRQH V. QR IXUWKHU DFWLRQ ZRXOG OLNHO\ QHHG WR EH WD
SURYLGH LQIRUPDWLRQ DV WR WKH DGHTXDF\ RI WKH DEDQGI
DEDQGRQHG ZLWK FDVLQJ RU DV DQ RSHQ KROH LV DQ LPSRU
OLNHOLKRRG WKDW WKH ZHOO PLJKW DFW DV D FRQGXLW IRU
FURMMIJUDWLRQ EHWZHHQ DTXLIHUV ,I| WKH KROH LV RSHQ DQ
GHSWK FRUUHVSRQGLQJ WR WKH SULPDU\ FRQILQLQJ JRQH IC
DQG LQWR D 86': )RU FDVHG KROHV (3% UHFRPPHQGV WKDW

7KH ORFDWLRQ DQG W\SH RI SOXJV DUH DOVR LPSRUWDQW ID
ORFDWLRQV PXVQ EHGHUYWHRZBEWHUPLQH WKH TXDOLW\ RI SC
9, 5XOH > &)5 F @ )RU H[DPSOH (3% UHFRPPHQGV WK
LVRODWHG IURP DOZL \R W SO\ R DP EW LHRESHROLVDDO@W LI D ZHOO
FRPSOHWHG LQ D IRUPDWLRQ GHHSHU WKDQ WKH SURSRVHG
OHQJWK RI WKH ZHOO LQ WKH SURSRVHG LQMHFWLRQ ]JRQH E|
FDVLOHFKDQLFDOG BIOKHQWIPG FDVLQJ DUH Q\RMAU R XLIVIRFOLVY MR CR
FDUERQ GLR[LGH DV HYHQWXDOO\ WKH PHWDO LV OLNHO\ WFR

7KHUHIRUH FHPHQW SOXJV DUH FRQVLGHUHG VXSHULRU
PRYHPHQW RI IOXLGV LQWR RU EHWZHHQ 86':V (3% UHFRPPHC
DFURVV WKH ERWWRP RI DQ\ FDVLQJVY DW WKH EDVH Rl WKH
LH FRPSRVLWLRQ VSHFLILF JUDYLW\ FKDUDFWHULVWLFV
ZHLJKW PD\ UHVLVW GLVSODFHPHQW E\ WKH LQMHFWDWH RU

7KH LQWHJULW\ RI DQ\ HI[ILVWLQJ FDVLQJ D QR AHPVHDW RKQANT
RI ZHOO FRQVWUXFWLRQ DQG SOXJJLQJ DV UHTXLUHG LQ WK
UHFRPPHQGYV UHYLHZLQJ WKH FDVLQJ DQG FHPHQW TXDOLW\
RUGHU WR HQVXUH WKDW WKH\ DUH DSSURSULDWH IRU FRQW
DQ\ DGGLWLRQDOPAH@@A UHIFWR H GAQ YWWKOODMO FRQGLWLRQV H[SHU
FHPHQWIHQIWY VXFK DV D ORVV RI FLUFXODWLRQ ZHOO ERUH
FHQWUDQIGIHRWVLPSURSHU UHPRYDO RI GULOOLQJ PXG EHIRUH
FHPHQW RU FDWYQHZIDROXORDG FDOFXIM@GVER®E D UIL Q¥ DALKOHDHE Qv
HYHQWY UHFRUGHG LQ WKH GULOOLQJ ORJ PD\ JLYH WKH RZC
GHVLIJQHG FDVLQJ WKDW PD\ EH VXVFHSWLEOH WR IDLOXUH )
ORDGLQJ VWUHVY DQG VWXFN SLSH ZDV H[SHULHQFHG GXULQ
FDVLQJ PD\ KDYH H[SHULHQFHG GDPDJH 7KH PDWRXMWOV XVFE
DOVRPR\ENVHWRHGHH LI WKH\ DUH FRPSDWLEOH ZLWK FDUERQ GL
9, 5XOH UHTXLUHPHQWYV > &)5 F @ 6HH WKH UIC Program (
Guidance IRRRUKQUR DWLRQ RQ FRPSDWLELOLW\FRUEGRIQHWUIHRYWGPRDV
VWUHDP

$Q\ WHVWV SHUIRUPHG RQ WKH ZHOO SULRU WR L$Q/ DEDQGR
0,7VXFK DV D SUHVVXUH WHVW ©RRMB VD RLY DVDBERSWRRIBKRIH O
LQIRUPDWLRQ RQ DQ\ NQRZQ RU VXVSHFWHG OHDNV ,I OHDN)
GHWHURLQUKH VRXUFZDR I RK®IGOBIQOE UHSDLUHG ,I WKH OHDN\
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FRUUHFWLYH DFWLRQ ZRXOG EH UHTXLUHG WR EH WDNHQ WR

G @ 'ULOOLQJ UHFRUGV FDQ \LHOG FOXHVY DV WR DUHDYV
ORJV DQG RSHQ KROH FDOLSHU ORJV FDQ VKRZ DUHDV RI ZHL
VXVFHSWLEOH WR ZHOO ERUH LQVWDELOLW\ DQG VXEVHTXHQ
WHPSHUDWXUH ORJY WDNHQ DW WKH WLPH RI FRPSOHWLRQ F
FHPHQW DOWKRXJK GHIJUDGDWLRQ LV DOzZD\V SRVVLEOH DIW
KHOS SURYLGH LQIRUPDWLRQ RQ WKH FRQGLWLRQ RI WKH FD
HOHFWURPDJQHWLF WKLFNQHVY ORJV RU GRZQ KROH YLGHR
ZDV DEDQGRQHG )RU PRUH LQIRUPDWLRQ UHJdts@a®s)] WKHVH
VI Well Testing and Monitoring Guidance

(YDOXDWLRQ RI ZHOO UHFRUGV IRU GHYLDWLRQ GXULQJ GUL¢
LQ QHHG RI FRUUHFWLYH DFWLRQ DV GHYLDWHG ZHOOV DUH
GHYLKDWDWVRQ (YHQWV VXFK DV ZHOO ERUH FROODSVH
SODFHG XQXVXDO ORDGV RQ WKH FDVLQJ PD\ EAVR LQGLFDW|
LQWHJULW\ (3% UHFRPPHQGV WKDW WKH GHVLJQ FDVLQJ OREL
WKH DFWXDO ORDGV IDFHG E\ WKH ZHOO

4.3.2. Abandoned Well Field Testing

$IWHU DOO WKH DYDLODEOH UHFRUGY KDYH EHHQ UHYLHZHG
EH SURYHQ WR KDYH SOXJV DGHTXDWH WR SUHYHQW PLJUDW
RI WKH LQMHFWLRQ JRQH PXVW EH HYDOXDWHG E\ ILHOG WHYV
SOXJJLQJ DV UHTXLUHG LQ WKH &ODVV 9, 5XOH > &)5 F
DFWLRQ IRU ZHOOV ZKLFK WKH SOXPH LV QRW H[SHFWHG WR
RZQHU RU RSHUDWR WK BKNRR'YB Y D/QRSUVWDKI BHY  WKH HYDOXDW I
DQG WKH ZOBIOIOWHGEGH,l WKH LOQWHJULW\ RI WKH ERWWRP SOXJ F
FDQQRW SURYH WKDW WKH SOXJJLQJ LV DGHTXDWH (3% UHFF
DGGLWLRQDO SOXJV GRZQ KROH EH GULOOHG RXW DQG WHVW
DEDQGRQPHQW 7KHUH DUH QXPHURXV ILHOG WHVWY DYDLOD
ZHOOV 6HYHUDO RI WKHVH WH VUM FroprdkiClas. W MeVTesticg LQ GHWD
and Monitoring Guidance $GGLWLRQDOO\ WKH RZQHU RU RSHUDWRU P>
DFFHVV WR ZHOOV SRWHQWLDOO\ QHHGLQJ FRUUHFWLYH DFW
RZQHU RU RSHUDWRU LV HQE RXBDUBEB WR HRONX QW W Kb 18Q J
LQ JDLQLQJ VLWH DFFHVV LQ RUGHU WR HYDOXDWH DQG SHUI
LPSURSHUO\ SOXJJHG DEDQGRQHG ZHOOV

(33 UHFRPPHQGVY WKDW ERWK WKH FDVLQJ DQGOMXKH FN PRROWW
FRPPRQ DW MRLQWY DQG LQ ZHDN IRUPDWLRQV ZKHUH LQVWLE
IDLOHG FHPHQW DQG WR FDVLQJ EXFNOLQJ :HDN IRUPDWLRQ!
IDLOXUH DV DUH KLJK SUHVVXUH IRUPDWLRQV GXH WR IOXL!
DQG FDVLQJ LQFOXGH EXW DUH QRW OLPLWHG WR

y OXOMWQJHU FDOLSHU ORJ
y 6RQLF VFDQQHU
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S8OWUDVRQLF LPDJLQJ WRRO

&HPHQW HYDOXDWLRQ ORJ
SDGLRDFWLYH WUDFHU

&DVHG KROH G\QDPLF WHVWHU
ORGXODU VLGHZDOO FRULQJ WRRO DQG
&DVHG KROH IOXLG WHVW

KKK

OXOWL ILQJHU FDOLSHU ORJV PHDVXUBHVRNHUXBWLXHM RDWRHKH
JLYH D GHJUHH SLFWXUH RI WKH LQVLGH RI WKH FDVLQJ D
FRUURVLRQ HURVLRQ RU RWKHU HYHQWV HJ GURSSHG WF

$ VRQLF VFDQQHU VHQGYV RXW VRXQG ZDYHV DQG PHDVXUHV
SURYLGHV LQIRUPDWLRQ RQ WKH TXDOLW\ Rl WKH FDVLQJ FH
7KH VRQLF VFDQQHU DYHUDJH\L XWK Bl QUEH WXX®IW W | IFRUWH WFKOHD) € R W L
GLPHQVLRQDO SLFWXUHV Rl WKH FHPHQW ERQG RU GHWHUPI
ERQG $Q XOWUDVRQLF LPOIBHWW WKERQ YN WARY KWHKD@RRVHV
DQG UHFHLYHUV WR GHWHUPLQH LQIRUPDWLRQ DERXW WKH F
FDQ UHWXUQ GHJUHH LQIRUPDWLRQ RQ FDVLQJ WKLFNQHYV
ORUH LQIRUPDWLRQ RQ WKHVH WRROV FDQ EH IRXQG LQ 'XJXI

$ FHPHQW HYDOXDWLRQ ORJ LV DQRWKHU WRRO XVHG DQG Ol
FHPHQW DQG WKH ERQG TXDOLW\ 7KLV ORJ SURYLGHV UHVXC
RI WKH ZHOO DQG WHVWLQJ LV W\SARIDIOXEGRQYBGXRWHE LRDBI
SURYLGH PRUH FRPSOHWH LQIRUPDWLRQ RQ WKH WKUHH GLP
WKH FHPHQW KDUGHQV ZKLOH WKH ZHKOIQ BNWMYXUW X§ GHAD 8 |
PLFURDQQXOL FDQ IRQP BEQ@® FHHPG QWKH, FEQERQQHFWHG WR R
PLFURDQQXOL FDQQRW WIUDMSBHMWD RAZLGI BXW XD DV D SR\
ERQG 7KLV DUWLIDFW FDQ EH HYDOXDWHG E\ SHUIRUPLQJ W]
5DQGKRO HW DO 5DGLRDFWLYH WUDFHUV DOVR FDQ EF
DQG IOXLG OHDNLQJ DORQJ FKDQQHOV LQ WKH ZHOO ERUH 5
DQG JDPPD GHWHFWRUV DUH XVHG WR GHWHFW DQ\ IOXLG 10

&DVKBOH G\QDPLF WHVWHUY PHDVXUH PRELOLW\ RU SRURVL\
SRURVLW\ RI WKH FH RBHYW UXKEN LYBHHWHAMMPLY DV WKH\ GR FUHLEL
FDVLQJ DQG FHPHQW KRZHYHU WKH KROH LV SINWFXHGOD |WH
LQ KLIKO\ SHUPHDEOH IRUPDWLRQV RU LQ FHPHQW ZKLOH St
VWLOO XQGHU LQYHVWLIJDWLRQ

ORGXODU VLGHZDOO FRULQJ WRROV WDNH VPDOO FRUHV RI W
ODERUDWRU\ /DERDQWRBORGDBONNMHYQLQ) WONBWURQ PLER@ V
PHDVXUHPHQWY RI SHUPHDELOLW\ DQG GHQVLW\ 7KLV LV D F
DSSUR[LPD@WHOGLDPHWHU KROHV LQ WKH VLGH RI WKH ZHOO
UHPHGLDO/FKRHQMWDIWHU WHVWLRRQKN FRASOWWWE HRDVVADX E
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FDVKBOH PRELOLW\ WRRO XVLQJ RSWLFDO LQVWUXPHQWYV W
IRUPDWLRQ RXWVLGH WKH ZHOO ERUH

,Q JHQHUDO (3% UHFRPPEEG QWY KHW XRONWHIORY S VRSO HVW D QG
GHVWUXFAWWYWAKH PRUH FRPSOLFDWHIGLD @® \GHO WD X F\W RXID GV E
VLPSOHU WHVW WKDW GKRWHOUEP E® HS/OW KITHG \R K HRIWKHQ ZLVH Ul
H[SHQVLYH DQG GHVWUXFWLYH WHVWV PD\ EH DYRLGHG 7KH
ORJ VRQLF DQG XOWUDVRQLF WRROV FDVHG KROH PRELOLW
'XJXLG DQG &UREZK VHMRROV FDQ EH XVHGOW R \GRIVWWHKIHP [EQN LVO!
FHPHIQWODZV VXFK DV GHJUDGHG FHPHQW SRURVLW\ FDVLQJ
FKDQQHOV EHWZHHQ WKH FHPHQW DQG FDVLQJ RU FHPHQW D
WKH &ODVV 9, 5XOH UHTXLUHV WKDW FRUUHFWLYH DFWLRQ E
EULHI VXPPDU\ RI WKH PDLQ PHWKRGV IRU HYDOXDWLQJ FHPF
EHQHILWY DQG GLVDGYDQWDJHY DUH LQFOXGHG LQ 7DEOH

Table 4-1: Tools for Assessment of the Integrity of Abandoned Wells.

Tool Target Advantages Disadvantages
. . . Non-destructive, relatively Only examines interior, only
Multifinger calipers Casing . )
simple detects casing damage
. . Results averaged over well
. Non-destructive, yields . N
Sonic Logs Cement circumference, can't indicate

information on cement bond .
reasons for poor quality bond

Non-destructive, can detect
Casing, | flaws in casing and cement|
Cement | providesthree-dimensional
images

Ultrasonic Logs Sensitive to well fluids

Non-destructive, yields
Cement evaluation log| Cement information on quality of
cement bond

Results averaged over well
circumference

Radioactive tracersequire special
' handling and may have negativ
public perception

Leak Can pinpoint routes of leaks

Tracers detection channeling

D

Dynamic Cased Hole Cement Can determine porosity of | Semidestructive, untested in low
Tester cement porosity conditions

Can give detailed analysis (

. Destructive
cement condition

Sidewall coring Cement

4.4. Performing Corrective Action on Wells Within the AoR

7KH &ODVVUHT5LOMY WKDW RZQHUV RU RSHSBWIRUWMW Rl &0DVV
FRUUHFWLYH DFWLRQ RQ LDQO O KDWY WWEDSL § H Q © V8 bl QW W WDKWL RRY | L
DQG DUH GHWDBIYH [EHI® VR XJJHG DQG DEDQGRQHG LQ D PDQQ
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DV D FRQGXLW IRU IOXLG PRYHPHQW DQG HQGDQJHU 86':V >
FRUUHFWLYH DFWLRQ RZQHUV RU RS HUHYRIQW PXK M PXRNHP H\
IOXLG LQWR RU EHWZHHQ 86":V LQFOXGLQJ XVH Rl PDWHULD
VWUHDP ZKHUM D&PURSULGVEH )ISIXWWHQWYV D GHFLVLRQ WUH
KRZ WKH YDULRXV HYDOXDWLRQ WRROV FDQ EH XVHG WRJHW
DQG ORJLFDO PDQQHU

$V GHVFULEHG DERYH WKH &ODVV 9, 5XOH DOORZV RZQHUV F
RQ D SKDVHG EDVLV LI DSSURYHG E\ WKH 8,& 3URJUDP 'LUHF
IRU SHUIRUPLQJ FRUUHFWLYH DFWLRQ IRU D *6 SURMHFW (3¢
DFWLRQ RQ ZHOOV LGHQWLILHG DV GHILFLRIQWRGXULQJ WKH !
UHHYDOXDWLRQV UHFHLRH FRRUWHKFWHYE BFWIKRQL® MHFWLRQ

W LV SRVVLEOH WKDW VRPH FRUUHFWLYH DFWLRQ PD\ EH SH
H[DPSOH LI WKH SOXPH DQG SUHVVXUH IURQW PRYHPHQW ZH
QHFHVVLWD\DAWIRRQ HEWQHZO\ LGHQWLILHG D UMDMIHFFLYDIOR 8 H Q
SKDVH

SHUIRUPLQJ FRUUHFWLYH DFWLRQ RQ LPSURSHUO\ DEDQGRQ
PRYHPHQW RI FDUERQ GLR[LGH RU RWKHU PRELOIIHHG IOXLGYV
IRUPV RI FRUUHFWLYH DFWLRQ LQFOXGH ZHOO SOXJJLQJ DQC
DEDQGRQHG ZHOO ,Q DGGLWLRQ WR FRUUHFWLYH DFWLRQ (
PRQLWRULQJ LQ WKH YLFLQLW\ RI LPSURSHWON W PRQGRAHG QY
DQG XVLQJ LQGLUHFW JHRSK\VLFDO WHFKQLTXHYV IRU REWDL
PRQLWRULQJ IRU &0DVV 9, LQMHMHEWIoH&N ddssOMDWelLNestBI VF XV VHC
and Monitoring Guidance
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Figure 4-3: Well Evaluation Decision Tree.
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4.4.1. Plugging of Wells within the AoR

30XJJLQJ RI &0ODVYV 9, LOMHFWLRQ ZHOOV DW WKH FHVVDWLR
GLVFXVVHG LQ GHWDLO LQ WKH UIC Program GuidanciejectOiasite| Well Pluggir
Care, and Site Closure 7KLV VHFWLRQ IRFXVHV RQ WKH SOXJJLQJ RI LF
ZLWKLQ WKH $R5 SULRU WR WKH FRPPHQFHPHQW RI LQMHFWL
SOXJILQJ WHFKQLTXHYV IRU DEDQGRQHG ZHOOV DQG IRUPHU 1
W K H UIC Program Guidance on Class VI Well Plugging, Post-Injection Site Care, and Site

Closure IRU IXUWKHU GHWDLO UHJDUGLQJ ZHOO SOXJJLQJ WHFK

$ ZHOO USITXLUHMFRUGY LQGLFDWH WKDW DQ DEDQGRQHG ZH
SOXJJHG DQG DEDQGRQHG LPSURSHUO\ RU KDV QRW EHHQ S«
PRYHPHQW RI FDUERQ GLR[LGH RU RWKHU BOXLGV WKDW®D\ |
G @G®LWLRQ ZKHUH UHFRUGV LQGLFDWH WKDW D ZHOO SO
WR WKH SULPDU\ FRQILQLQJ OD\HU RI WKH *6 SURMHFW (3% L
DGGLWLRQDO SOXJ VHW DW WKLV GHSWK WRKAHHW MARUGMT X
LQGLFDWH WKDW WKHUH DUH QR ZHOO SOXJV EHORZ 86':V RU
H[KLELW FURVV IORZ Rl PRELOL]HG IOXLGV DGGLWLRQDO SO
'LUHFWRU IRU SURSHU FRUUHFWLYH DFWLRQ LQ WKHVH JRQH"
HYDOXDWLRQ WHFKQLTXHV GLVFXVVHG LQ 6HFWLRQ RI WK
FKDQQHOV RU DQQXOL LQ WKH SOXJ WKDW ZRXOG DOORZ 10}
DQG UHSODFLQJ WKH SOXJ ,Q DGGLWLRQ LI WKH SOXJ PDWH
HQYLURQPHQW (3% UHFRPPHQGY UHSODFLQJ LW )RU ZHOOV :
FRUUHVSRQGLQJ WR WKH LOQMHFWLRQ DQG RU FRQILQLQJ ]JRQ
FRQGXLW IRU I0IXQ8W BYRBHQW\LFHPHQWHG UHPHGLDO FHPH
WKH FDVLQJ PD\ QHHG WR EH UHPRYHG DQG UHS®D MG \Z L WK
JXLGDQFH GRFXPHQW IRU PRUH LQIRUPDWLRQ RQ UHPHGLDO

YRU WKH SOXJJLQJ RI LPSURSHUO\ DEDQGRQHG ZHOOV ZLWKL
EH VHW DW D GHSWK LQWHUYDO FRUUHVSRQGLQJ WR WKH SU
JROQH RI WKH &0ODVV 9, LQMHFWLRQ ZHOO ,Q WKH DEVHQFH RI
FURRMIUDWLRQ PD\ RFFXU ZKHUHLQ IOXLGYV HQRMRMNDSSHUP HD
DQG WKHQ PLJUDWH XSEBHIXUHRP WKDWIPRGDQFH GRFXPHQW
LQIRUPDAMRZRIHU LQ RUGHU WR VXSSOHPHQW WKH FRQILQLAQ.
JROQHV LQFOXGH WKH ERWWRP RI DQ\ FDVLQJV DQG DFURVV D
W\S L ACHDMDTXLUHG E\ ORFDO ZHOO DEDQGRQPHQW UHJXODWLR
DQ\RSYXHVLFDOO\ IDOOLQJ LQWR WKH ZHOO ERUH

7R SURYLGH WKH EHVW SRVVLEOH EDUULHU WR FDUERQ GLR]|
UHFRPPHQGYVY WKDW FRUUHFWLYH DFWLRQ EH FRQGXFWHG LQ
FDUERQ GLR[LGH PLJUDWLRQ DQ&ZDYR®MWHXQBEVIWRIXY G BUHRR
WKH FDUERQ GLR[LGH PXVW EH XVHG ZKHUH DSSURSULDWH >
ZLWK FDUERQ GLR[LGH LV GLVFXVVHG IXUWKHU LQ WKH UIC Prog
Guidance
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4.4.2. Remedial Cementing

SURSHUO\ FHPHQWLQJ LPSURSHUO\ DEDQGRQHG ZHOOV ORFD
HILVWLQJ ZHOO FDVLQJ DQG WKH JHRORJLF IRUPDWLRQ HVS|
DQ LPSRUWDQW IOXLG PLJUDWLRQ EDUULHU (3% UHFRPPHQG'
WRHWM WKH FRUUHFWLYH DFWLRQ UHTXLUHPHQWY RI WKH &OLC
SOXJIJHG EXW WKH UHFRUGV RU DQ\ WHVWLQJ VXFK DV WKDW
LOQGLFDWH WKDW WKH FHPHQW VXUURXQGLQJ WKH ZHOO ERUI
WKDW FRXOG DOORZ PLJUDWLRQ RI FDUERQ GLR[LGH .H\ DUF
LQFOXGH GHSWKV FRUUHVSRQGLQJ WR WKH LQMHFWLRQ JRQF

5HPHGLDO FHPHQWLQJ LV SHUIRUPHG WKURXJK VTXHH]H FHPF
LQWR WKH DIIHFWHG DUHD )RU PRUH LQIRUPDWLRQ RQ FHPH

,QFUHDVHG SUHVVXUH RQ WKH FHPHQW IRUFHV ZDWHU |
WKH SDUWLDOOH GWK \&GHMDH\OING WVIHPH H]HY FDQ HLWKHU EH ORZ
JRZ SUHVVXUH VTXHH]HVY DUH XVHG WR VHW D VPDOO DPRXQW
SUHVVXUH ORZHU WKDQ WKH IUDFWXUH SUHVVXUMH R T XHKHH] HR L
ZKHQ FKDQQHOV RU GLVFRQBH MR &@W FKGR B 8 Q XSULH BV KUMRV T
PDUAUDFWXUH WKH |RD®OWIHR PHPOIG W MHRQIORZ LQWR GLVFRQQ

&HPHQW VTXHH]HV FDQ EH SHUIRUPHG XVLQJ HKW KPHHIWBE FS®F N
GLIIHU LQ KRZ WKH WUHDWHG VHFWLRQ WX H \GFDFDNWH &/ TH R P | ¥
SDFNHUV LVRODWH WE B ® DHDUWRIEH &/ YHDWRHBEDWHY WKH DUF
FHPHQWHKIDOPRGLILHG SDFNHU ZLWK D E\SDVV YDOYH LVRODW
&HPHQW UHWDLQHUV DUHSXWNE XU H/ LYQHPDREHOKED SN TXHH]H
LVRODWHY WKH D WIRDE E HOHRREHRNS i EBHE R QO\ LI WKH FDVLQJ I
WUHDWHIE LV VWURQJ HQRXJK SWRHYZ VYN EMR B QW WIEWMHAT XY H ] H
GULOODEOH SDFNHUV RU UHWULG®DEOH SDFNHUV PD® EH OGN ¥
SODFHPHQW EXW EHWWHAKFR Q WH SO HRIIHW K K GDHURHIK B BK (B\W B VY B
RQ WKH FHPHQW DIWHU WKH VTXHH]H

&HPHQWY XVHG LQ VTXHH]H FHPHQWLQJ FDQ YDU\ GHSHQGLQ
9, 5XOH UHTXLUHV W K DRW DFG{® HPOWHQL RO Y XVGIGRQHG ZHOOV
FDUERQ GLR[LGH VWUHDP ZKHUH DSSURSULDWH > &)5

VXSSOHPHQWHG ZLWK RU UHSODFHG E\ PDWHULDOV VXFK DV
JURXWV FDQ EH XVHG IRU VPDOO FDVLQJ OHDNV RU FDVHV ZK
FRQFHQWUDWLRQ ORZ PROHFXODU ZHLJKW SRO\PHUV FDQ EH
PROHFXODU ZHLJKW SRO\PHUV DUH W\SLFDOO\ XVHG IRU FKD
&HPHQW RU FHPHQW SRO\PHU EOHQGV DDGIGWFRSQ D/ ODOXVHG |

4.5.Reporting Well Identification, Assessment, and Corrective Action to the UIC
Program Director

$V GLVFXVVHG LQ WKH UIC Program Class VI Well Project Plan Dévklbpn$eRtS5uidanc
DQG &RUUHFWLYH $FWLRQ @IOWIQD ¢/ XEWPDLIWHWRH GWAKIHVEHW RHW. D S
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LQGLFDWH ZKDW ZHOO LGHQWLILFDWLRQ DQG DVVHVVPHQWYV
FRQGXFWHG > &)5 E LY @ 7KH SODQ LV D FRQGLWLR
SURJUDP 'DBSPWRRDO > &)5 E @

2ZQHUV RU RSHUDWRUV VHHNLQJ D &0DVYV 9, LWKH FRV/Q A R Z2 K)C
LQIRUPDWLRQ UHJDUGLQJ DEDQGRQHG ZHOOV ZLWKLQ WKH $
]JRQH WKH ZHOOfV W\SH FRQVWUXFWLRQ GDWH GULOOHG O
FRPSOHWLRQ DQG DQ\ DGGLWLRQDO LQIRUPDWLRQ UHTXLUH

D @ 7KLV LOQIRWPRXQABQP®DFFHSWDEOH SXEOLF DQG S
DYDLODEOH O6HHBHARRIRRQDLQIRUPDWLRQ ,Q FDVHV ZKHUH DY
SURYLGH WKH QHFHVVDU\ LQIRUPDWLRQ RU LQGLFDWH WKDW
TXHVWLRQDEOH PDQQHU RU ZLWK PDWHULDOV LQDASWHRSULL
LOQYHVWLIJDWLRQV PXVW EH SHUIRUPHG WR HVWDEOLVK WKH
> &)5 F @

7KH 8,& 3URJUDP 'LUHFWRU ZLOO UHYLHZ WKH VXEPLWWHG Z
DQG PD\ FRQVXOW ZLWK RIILFLDOV DW RLO DQG JDV RU ZDWF
WKRURXJK 7KH 8,& 3URJUDP 'LUHFWRU ZLOO DOVR UHYLHZ Z
WKRVH ZHOOV WKDW PD\ SHQHWUDWH WKH SULPDU\ FRQILQLC
ZHOOV VFKHGXOHG IRU FRUUHFWLYH DFWLRQ DQG VXEPLWWF
DSSOLFDWLRQ )RU WKRVH LGHQWLILHG DEDQGRQHG ZHOOV \
RSHUDWRU WR QRW UHTXLUH FRUUHFWLYH DFWLRQ WKH 8,&
RI SOXJJLQJ DQG DQ\ ILHOG WHVWLQJ FRQGXFWHG WR YHULI
DFWLRQ ,I LQIRUPDWLRQ RQ WKH GHSWK RU FRQGLWLRQ RI V
'LUHFWRU PD\ UHTXHVW DGGLWLRQDO WHVWYV RU UHTXLUH W

5HSRUWV Rl DQ\ WHVWV GRQH RQ DEDQGRQHG ZHOOV PXVW E
ZLWK WKH SHUPLW DSSOLFDWLRQ DORQJ ZLWK D OLVW RI ZH(
FRQGXFWHG DV SDUW RI WKH $R5 DQG &RUUHFW®WHHRIFWLRQ
UHFHLYLQJ DXWKRUL]DWLRQ WR LQMHFW WKH RZQHU RU RSF
FRUUHFWLYH DFWLRQ > &)5 F @ LQGLFDWLQJ WKH Q:
(33 UHFRPPBQGRZWKUV RU RSHUDMWRRIWNGD CRMRUWR ERBLILNE® 6 M PH (
WKH &0DVV 9, LOMHFWLRQDDHRMI FHWRLMHPISQWLERW.R&RZLQ
DQG WKH UHVXOWYV RI WHKH/ WH O B ®LDE IFHPHRLVDICBE O M QW L Q J
ZKLFK DUH SDUW RI D SODQQHG ODWHU VWDJH Rl FRUUHFWLY
FRPSOHWHG
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5. AoR Reevaluation

7KRODVV 9UBX®HUHY RZQHUV RU RSHUDWR UXYHRIOS/HWRLWWH G
UHHYDOXDWH WKH $R5 GHOLQHDWLRQ RQ RXQBH JXOHUW\ EIDWH. V

\HD®V &)5 H @ 7KH SXUSRVH RI $R5 UHHYDOXDWLRQ LV \
SUHGLFWLRQV DUH DGHTXDWH IRU SUHGLFWLQJ WKH H[WHQW
SUHVVXUMRIWKQW HQG $R5 UHH YEROPIDWILR ® @ RQ \PIRGH\O RQ D S L
DQWKH UNIDMHHPR QLWRE)RJ GD@DBIQYGVRLRQ RI WKH PRGHO X\
GHOLQHDWH WKH $R% HKEXQOVHF 8 VVOMH F W LIRGH ZHD® \§ H G PIIRW
OLIHWLPH Rl WKH SURMHFW $R5 UHHYDOXDWLRQ LV WKH SUL
WKH 8 &RJUDP '\WRHB WRHV V| W B H USMWRIMHFWQG WDNH DGGLWLRG
DFWLRQV LI QHFHVVDUNWAR LSULRWYHEMWSEH: $R5 GHOLQHDWLR (
UHYLVLRQ RI WKH $R5 DQG &RUUHFWLYSHSBFWLRI) 30@ QDIOR QO
ZLWK RWKHU UHODWKIB® SR EMFBHSBIQRGWQW RQ WKH H[WHQW
LQFOXGLQJ WKH 7THVWLQJ DQG ORQWRVLPEROW@QOW &)E QRV
FKDQJH LQ WKH $R5 DQG RU WKH $R5 DQG &RUUHMWLYH $FWL
FRQVWLWXWH D PRGDVISHRIR LRQ RQ BKERMFW EMMR SXEOLF QRWL

D L @

SHHYDOXDWLRQV Rl WKH $R5 PXVW FRQWLQXH WKURXJKRXW '
SRVW LOQOMHFWLRQ SKDVW BV @LNHO\ WIK@W IROORZLQJ FHVVI
DUHD RI LQFUHDVHG SUHVVXUH ZLOO UHGXFH LQ VL]H DV SUH
WKH UHYLHZV ZLOO HQWDLO DQ H[DPLQDWLRQ Rl PRQLWRULC
WR WKH 8,& 3URJUDP 'LUHFWRU $/R5DRW @FP PRG PR HE\W W MR D QN F
QHHGHG +RZHYHU WKLV VWHS LV QHFHVVDU\ WR HQVXUH Wk
WKH SODQV LQ IRUFH LQFOXGLQD Q& H & H &PIHQG HQ M HD & G RB/HK
5HVSRQVH 30DQ UHPDLQ SURWHFWLYH RI 86':V

5.1.Class VI Rule Requirements Related to AoR Reevaluation

7KH IROORZLGXGI®D WWHI WLIHPWDRMWQ WR UHHYDOXDWLRQ RI WK

X &)5 H $W WKH PLQLPXP IL[HG IUHTXHQF\ QRW WR
VSHFLILH®R DQESBROHWMAW FW L RQY ZEBIQ PRQLWRULQJ DQG R:
FRQGLWLRQV ZDUUDQW RZQHUV RU RSHUDWRUV PXVW

S5HHYDOERPW® WKH VDPH PDQQRUYS5VSHFLFLHG LQ

,GHQWLI\ DOO ZHO @R 5WE MWK H) HTXLYUHO KR WUHHEF W L Y H
VDPH PDQQHU VSHBLILHGFLQ

3HUIRUP FRUUHFWLYH DFWLRQ RQ ZHOOV UHTXLUL
UHHYDORBDWHWGKH VDPH PDQQRYS5VSHFLGLHDB Q®

6XEPLW D@ RPHGCHRBUUHFWLRHY SHP RRY B QDM
8,& 3URJUDARFWRU WKURXJK PRQLWRULQJ GDWD DQG
DPHQGPHQW WRGW&RUSRIFWLYH $FWLRQ 30DQ LV QHH
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WR WKBIQSRBUHSMMYRIQ 30DQ PXVW EH DSSURYHG E\ V
'LUHFWRU PXVW EH LQFRUSRUDWHG LQWR WKH SHUP
PRGLILFDWLRQ UHZXLUHPHRWY DW DV DSSURSULDWH

5.2. Conditions Warranting an AoR Reevaluation

$R5 UHHYDOXDWLRQ LV UHTXLUH G IDWIRGSHEIM MPYXHPLALIRIGH | U H T X
ZKHQ PRQLWRULQJ DQG RSHUDWLRQDO FRQGLWLRQV ZDUUDQ
PRQLWRULQJ DQG RSHUDWLRQDO FRQGLWLRQV WKDW PD\ ZDL

y 6LJQLILFDQW FKDQJHW KW B D\HDFROSHHWD WRBE® SUHGLFWLI
GHOLQHDWLRQ

y ORQLWRULQJ UHVXOWY IRU WKH LQMHFWHG FDUERQ GLR]
I[URWKMBIWIHU VLIQLIPRBAWOSUHEBPFWLRQV RU

y 1HZ VLWH FKDUDFWHUL]DWLRQ GDWD REWDLQHG WKDW P
DQG WKH GHOLQHDWHG $R5

$QVLWHFLILF FULWHULD WKDW ZLOO WULJJHU DQ $R5 UHHYD
LQFOXGHG LQ WKH $R5 DQG &RUUHFWLYH $FWLRQ 30DQ > &)

5.2.1. Minimum Fixed Frequency

$V VWDEBRNH WKH RZQHUV RU RSHUDWRUV RX\8\W UPHHWD D ZMD
WKH $R5 GHOLQR®MH R A 4N BI)N\EW H @O DRBHG IL[HG
IUHTXHRUFUHHYPXOWW VEHRIQQFOXGHG LQ WKH $R5 DQG &RUUHFW

E L &HBR5 PBBHG WR EH RRHHY DOKDXWHHBAGIY WROD\QO W K H
VFKHGXOHG WLPHIUDPH EQ WHKHRED RMWKHU WKV RBKHGXOH IRU
PD\ EH XSGDWHG $0'8 QIRRWUPBWHO\$R5 UHHYDOXDWLRQ RFFXU
\HDYV &)5 H @

5.2.2. Significant Changes in Operations

6LJQLILFDQWRBKDOQWMDQRI WKH *6 SURMH EWMHFGVRRQ @8 0L
PDQGDWH DY HROSD WEL)B Q H @ &AKRUJUDP 'IPUDN FVHDEL U H

$R5 UHHYDOXDWLRQ SULRU WR DSSDRDRZHBG @\ R\SKHI B V&L R
'LUHFWRU RSHUDWLRQDO FKDQJHV PD\ RBFWWK F\UHBE D WHR/ UH H
UHFRPPHQGBRHWKRBW HHYDOXDWLRQ FHRVNXBEP L'\YWAMRURWED O KH 8
DIJUKB®RQ WLPHIUDPH RI LOQVWLWXWLQJ VXFK FKDQJHV DV G}t
$FWLRQ 30DQ

(33 UHFRPPHQGY WKDW SURSRVHG RSHUDWLRQDO FKDQJHV Z
LQFOXGMW DUH QRN FXUIPQWHGQWRKH ORFDWLRQ RU QXPEHU RI
LOMHFWL@DHEBWR AWKHRQ ]JRQH DQG RU D FKDQJH LQ FDUERQ ¢
RU SUHVVXUHYV RXWVLGH RI WKH OLPLWV R$G\GUWRRQDADO S
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RSHUDWLRQDO FKDQJHV WKDW P DL IZDHT)OLQ\WM @ & \$\R K HJ B FRY BIOF
'LUHFW@®RROXGH D FKDQJH LQ WKH FRPSRVLWLRQ RI WKH LQMH
IURP WKHQLRWM RFMWMUR\LQJ J[RQHV %DVHG RQ WKH GLVFUHWLR!
VKRUMUP URXWLQH RSHUDWLRSFOUDBKZEAOHV VKXW LQV PD\ QR
UHHYDOXDWLRQ RI WKH $R5

,Q DGGLWLRQ WKH RZQHU RU RSHUDWRU PD\ FKRRVH WR SHL
RSHUDWLRQDO FBE®SRURYD 2 LRBIKRKEDP, &LESHASRHI DWLRQDO

WULJJIBDBRSRWHHYDOXDWLR&QOIRW DO SDOWHFWQRRQ ZHOO PXVW
$R5 DQG &RUUHFWLYH $FW IWRKH 3DHDUP VWEPRPS SIOLFGVEZLRE IRU W
LOQMHFWLRQ ZHOO > &)5 E LL @ 2SHUDWLRQDO FKDQ
DVVRFLDWHG ZLWHQWHKH Z& ISFKR WKFHWS HU P LW WRISGE WBWNV 9, LQ
ZLWKSDUDW W S DMMHEBRBERQ GLR[LGH LQWR WKH VDPH LQMHFW

5.2.3. Results from Site Monitoring that Differ From Model Predictions

(34 UHFRPPHQGY WKDW FROOHFWLRQ RI DQ\ PRQLWKDMWQJ GD!'
LQGLFDWH FDUERQ GLR[LGH DQG RU SUHVVXUH IURQW PLJUD'
E\ WKH FXUUHQW $R5 GHOLQHDWLRQ PRGHO ZDUUDQW DQ $R!¢
GLIITHUHQFHV LQ PRQLWRULQJ GPDMY WDLJGHRRGCO GRRJHBHNFWOR
SDUWLFXODU SURMHFW PXVW EH LQFOXGHG LQ WKH $R5 DQG
E LQ @XFK EBWKVPRQLWRULQJ GDWD DQG PRGHOLQJ S
RZQHU RU RSHUDW RQRWLHQFRBRR UWD A GIDIDAE-WREPLW DQ $R5
UHHYD @ZXMWMWKLRQWLPHIUDPHYV WKDW KDYH EHHQ HVWDEOLVKHG
SODQHWKRGV IRU PRQLWRULQJ WKH HYROXWLRQ RI WKH FDUE
I[URDWH G L\WEX K REHBMD WKRogHen dass VIWell Testing and Monitoring
Guidance. $Q H[DPSOH RI HYDOXDWLRQ RI PRQLWRULQJ UHVXOW\
LQ %R

7KH RZQHU RU RSHUDWRU LV UHTXLUHG WR SHUIRUP PRQLWR
SOXPH DQG WKH SUHVHQFH RUE¥YHFH R HD HMDHWH/X BH) PRV
LV UHTXLUHG XVLQ@D BIUHVWXBHWKWRIQVGXFHUV ZLWKLQ WKH
LOQGLUHFW PHWKRGV IRU SOXPH WUDFNLQJ'DUHFOMRWR UHTXLL
GHWHUPLQHVY EDVHG RQ VLWH VSHFLILF JHRORJ\ WKDW VXF|

J DQG @ $GGLWLRQDOO\ WKH RZQHU RU RSHUDWR
PRQLWRULQJ RI JURXQG ZDWHU TXDOLW\ DQG JHRFKHPLFDO F
WKDW PD\ EH D UHVXOW RI FDUERQ GLR[LGH PRYHPHQW WKUF

G @ 2Q/9HFLWMH BD&BYRWKMHRIE VPR UHTXLUH DGGLWLRQD
JHRFKHPLFDO PRQLWRULQJ ZLWKLQ WKH LQMHFWLRQ ]JRQH D\
WUDFNLQ@J)S5 L @

(3 UHFRPPHQGVY WKDW SUHVVXUH PHDVXUHPHQWY LQGLFDWL
WKDW SUMGKHWKGUEH\QW FRPSXWDWLRQDO PRG KO X®PWIUDH W K
ZRXOG EH LQGLFDWHG E\ DQ REVHUYHG LQFUHDVH LQ SUHVV];
SUHGLFWHG E\ WKH FRPYRWDB WDREGNO FARBDMHXUH PHDQXUHPHCQ
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VKRUAWP WHPSRUDU\ SHHWVGXUNHW QFDHQRWVZDUUDQW DQ $R5
(3% UHFRPPHQGAS WHKLD WF VBKIHHVV XUH PRRXOE® WA QLIJUH Y XOMWIR B/ |
UHHYDOXDWLRQ EH LQFOXGHG LQ WKH $REOBQ &/ KR RZ IPHW LR b
RSHUDWRU PDPIMVBYHIFWNXOGHKBIQG GXUDWLRQ RI LQFUHDVHG SUH
$R5 UHHYDOXDWLRQ IRU HDFK PRQLWRULQJ ZHOO

SHVXOWYV RI FDUERQ GLR[LGH SOXPH DQG SUHVVXUH IURQW W
SHULRGLF JHRSK\VLFDO VXUYH\V PD\ DOVR EH XVHG IRU FRP
*HRSK\WVLFDO VXUYH\ UHVXOWY SURYLGH LQIRUPDWLRQ RYHU
PHDVXUHPHQWY SURYLGHG E\ PRQLWRULQJ ZHOOV *HRSK\VL!
DQ HVWLPDWH RI WKH HIWHQW RI WKH VHSDUDWH SKDVH FDU
FKDQIJBSODQWLFWE&DWHYHVXOWY RI LQGLUHFW PRQLWRULQJ WK
PLIJUDWLRQ RXWVLGH RI WKH ERXQGDULHV RI WKH FXUUHQ
VLIQLILFDQWO\ JUHDWHU WKDQ FXUUHQW PRGHO HVWLPDWHY\

(33DOVR UHFBFPAPHRWAL §R5 UHH Y IVGUKDWX DRMWIRX QG ZDWH U
JHRFKHPDPBOLQJ LQGISKIDWVH VINXBHDRPWHLWLFDO OLTXLG RU .
GLR[LGH PRXUWWDWLIGRIQR| WKH ERXQGDULHV RRUWXW BRWHNVQW $F
VLIJQLILFDQWO\ JUHDWHU WKDQ SUHGLFWHG E\ WRBRKDARP SXWI
FDUERQ GLR[LGH IIOXMEWH DERPYSHOWEH FRQILQLQJ JRQH LV HYLC
GLR[LGB¥LG PLRYXPMWRIRWKH LQMHFWLRQ JRQH DQG LV FDXVH WF
SXUVXDQW WR  &)5 F ,Q DGGLWLRQ HOHYDWHG FDU
PD LQGLFDWH WKH SUSKMVH AFDRUERHBSBURWIBH LQ WKH LPPHGL
PRQLWRULQJ ZHOO

5.2.4. Ongoing Site Characterization

6LWH FKDUDFWH U LWRWHRHJ HWFRWRRMEWRMHD G GLWLRQDO VLWH
FKDUDFWHUL]PRQRBFDHGEDYRLDHIHRSK\VLFDO VXURH\V WKH G
PRQLWRULQJ ZHOOV RU IURRVMWEEWHTRKQMHOA WDKEHR (GHRVD W |
HILVWRPSXWDWLRQDO PRGHO XVHG IRU $R5 GHOLQHDWLRQ >
RI G D WD \E K DMD F R SR W HIGH IHQY DADXX®MV DRIZO\ LGHQWLILHG SR
IRU IOXLG PRYHPHQW XSGDWHG LQIRUPDWLRQ UHJDUGLQJ L
WKLFNQHVV RU IXUWKHU FKDUDFWHULYRMW.RQ RP I'®PDRBW RRQ
DOVRTXLUH DQ $R5 UHHYDQMNPR®/\LRQDEDVDHE® HR @ LDAH FKDUDFW F
PD\ LP FXEWHRGWMOLQJ SUHGLFWLRQV

5.3. Performing an AoR Reevaluation

7KH ILUVW VWHS LQ SHUIRUPLQJ DQ $R5 UHHFR® 3D WILRRQI RU
WKH DYDLODEOH PRQLWRULQJ GID&CD BRZ @ HVWK/HRRIR & $HOU B WHRGILM
WKDW PRQLWRULQJ DQG PRGHOUGY GDLVRD RU KV KR PR MM QW (
WKH\ PXVW GHPW®R R W\KRKDR\E MPK LMDHEWHRU RI UHYLVLQJ WKH FR
PRGHO > &)5 H @ +RZHYHU LI PRQLWRULQJ GDWD DC
VLIQLILWHEEOMKMWRZQHU RU RSHUDWRU PXVW VXEPLW DQ DPH
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$FWLRQ 30DQ DQG UHYLVH ERWK WKH GREO 5Q WDWILLR@IY G \PXRA\

H DQG @

Box 5-1. Hypothetical Example of an AoRReevaluation

$Q $R5 UHHYDOXDWLRQ FRQVLVWV Rl FRPSDULQU FP®
PRYHPHQW WR PRGHO SUHGLFWLRQV ,Q WKLV K\SRYV
SUHVHQWHG HDU®IHY LQ WRHH¥R5 UHHYDOXDWLRQ U
LQMHFWLRQ LV LOOXVWUDWHG EHORZ ,Q WKLV H[DH

DQG \HDUV GLG QRW UHVXOW LQ DQ\ $R5 GHOL(

&RPSDULVRQ RI 3OXPH ORQLWRULQJ 'DWD

,Q WKLV K\SRWKHWLFDO VFHQDULR PRQLWRULQJ G
VFUHHQHG ZLWKLQ WKH LQMHFWLRQ ]JRQH DQG IURP
ORQLWRULQJ ZHOO GDWD DUH XVHG WR DVVHVV WKH
GLR[LGH DW HDFK ORFDWLRQ 7D GB WD ULERX LR FL
RI WKH PRQLWRULQJ ZHOOV 7KHVH GDWD DUH FRPS
HYROXWLRQ IRU \HDUV DIWHU WKH FRPPHQFHPHQ\
GHWHFWHG DXW®LGH Rl WKH DUHDV SUHGLFWHG E\ \

Figure 5-1: Hypothetical GeologicSequestration Site: Comparison of M odel Predictions and Hume
Monitoring Results at 20Y ears ofl njection.

WLWRUL
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Box 5-1. Hypothetical Example of an AoRReevaluation,continued

&RPSDUHG WR PRQLWRULQJ ZHOO G DWDU HMRSYKINVP B IVG! KD W
HIWHQW RISKBYBUDDMHERQ GLR[LGH 7KH JHRGBHWOI DM DQG P
FRQVLVWHQW LQ WKHLU JHQH USIODN ¥DFODXDARLR G LRRI[ZB H UL \BH
*HRSK\VLFDO GDWD DQG PRGHO UHVXOWY DUH JHQHUDOO\ F
,OQMHFWLRQ :HOO DQG LQFRQVLVWHQW IRU ,QMHFWLRQ :H

PD\ KDYH PLJUDWHG GLITHUHQWO\ WKDQ RULJLQDOO
EHORZ

&RPSDULVRQ RI 3UHVVXUH ORQLWRULQJ 'DWD

SUHGLI

% RWWRE®CH SUHVVXUH GDWD DUH FROOHFWHG DW DOO RI WKH
IRFVHV RQ GDWD FROOHFWHG DOW WRQKGHORI WRH DPRH®WAYDO0SU

(3% UHFRPPHQGYV WKDW GDWD IURP DOO PRQLWRULQ

J ZHOOV

PROQLWRULQJ GDWD RYHU WKH ILUVW \HDUWRI| WWKH SURMH

SUHVHQWHG LQ )LIJXUH

Figure 5-2: Hypothetical GeologicSequestration Site: Comparison of M odel Predictions and Rressure
Monitoring Results at 20 ‘ears of Injection.
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Box 5-1. Hypothetical Example of an AoRReevaluation,continued

VLIQLILFDQW ERDQVIUHDWEBHWKWKR LQ FRPSDULQJ KH PRQL
UHVXOWYV 'DWD IURP WKH QRUWKHIUUIGERDWHRDKR

RI PUHVVXUH SHUWXUEDWLRQ FDXVHG E\ LQMHFWLRQ WKDQ
WKH HDVWHUQ SRUWLRQGRFWBDWH WKWW WKHUH KDV EHHQ D O
WKDQ RULJLQDOO\ SUHGLFWHG 7KHVKHHGIOXP HD PHJ
SUHVHQWHG DERYH ZKLFK VKRZHG WKDW WKH SOXPH KDV P
SUHGLFWHG

2XWFRPH RI ORQLWRULQJ 'DWD DQG ORGHO &RPSDULVRQ

7KLV FRPSDULVRQ LQGLFDWHV WKDW DIWHU \HDUN RI LQMN
GDWD FRPSDUH IDYRUDEO\ LQ VRPH UHJLRQV RI WKH VLWH

DSSHDU WR KDYH PLJUDWHG IXUWKHU WR WKH HDVW WKDQ L
WR VHYHUDO IDFWRUV ([DPSOHVSHYUPIOEH O\LKNH S D OF H IR
LOQMHFWLRQ JRQH WKDW KDG QRW EHHQ IXOO\ FKDUDFWHUL]
GLS DQJOH DW WKH LQROFWMLRWQHRIQH HF EGLLAQILQDYIJHU WKDQ
%DVHG RQ WKLV FRPSDULVRQ WKH RSHUDWRU RI WKH SURM
3URJUDP 'LUHFWRU GHFLGHG WR GEOLBUDWH WKH $R5 P&RGH
IRU PRUH LQIRUPDWLRQ
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5.3.1. Demonstrating Adequate Existing AoR Delineation

$Q $R5 UHHYDOXDWLRQ GRHV QRW QHFHVVDULO\ QHHG WR U}
FRPSXWDWLRQDO PRGHO ,Il WKH RZQHU RU RSHUDWRU GHWH
UHT X UMHHE DORDWERQVLVW Rl GHPRQVWUDWLQJ WKLV WR WKH

H @ (3% UHFRPPHQGVY WKDW GHPRQVWUDWLQJ WKH DG
LQFOXGHY YHULILFDWLRQ WK.IWH H K.D/WMDLFQM BRYSH W MR @ GDAV D Q
LBRUSRUDWHG LQWR WKH PRGHO DQG WKIPRGHEVWLQJ PRQLW
SUHGLFWLRQV

(3% UHFRP MWMKOGBWOWKN 9, LQMEZIMIURQRIUHR®HUDWRUYV VXEPLW I
RSHUDWLRQDO PRQLWRULQJ RU VLWH FKDUDFWHUL]DWLRQ
UHHYDOXDWLRQRWBRDW KHUHEWRU (3% DOAWRDU BNRPIR HIUGEGA Y K B
LQIRUPDWLRQ KDV EHHQ LQFRUSRUDWHG LQWRQWEKB\VLWH FR
UHFHLYHG RSHUDWLRQDGIRWDVED\HLPISDEWFWRIGH D WMQRRXQW SDL

, QWHJUDO WR GHPRQVWUDWLQJ WKDW WKH FXUUHQW $R5 GH
PRQLWRULQJ GDWD DQG PRGHO SUHGLFWLRQV (3% UHFRPPHC
JUDSKLFV DQG LQIRUPDWHQH PDG \D YKIRAP Q @ W KEHH WDZQHEH Q PR Q|
PRGHO SUHGLFWLRQV DQG WKDW DOO DYDLODEOH PRQLWRU
JHRFKHPLVWU\ PRQLWRULQJ SUHVVXUH PRQLWRULQJ DQG JlI

5.3.2. Modifying the Existing AoR Delineation

$Q\ VLIQLILFDQW GLITHUHQFFRHYLBHRWZ QH QU RS KOWW IR W KH H
SUHGLFWLRQV WKDW DUH WKH EDVLV IRU WKH $R5 GHOLQHDYV
Rl WKLV JXLGDQFH GRFXPHQW ZDUUDQW D PRGLEY)EDWLRQ W
H@ 7KH VWHSVY LQ UHYLVLRQ RI WKH $R5 GHOLQHDWLR(
PRGHO PRGHO FDOLEUDWLRQ L HD QIBGMMXHWWHIW PRIGRHD RSIDJE
UHVXOWY DQG WHKE MY O\ARGWRHBH&WURJUDP 'LUHFWRU

(3% UHFRPPHQGY WKDW WKH VLWH FRQFHSWXDO PRGHO EH UF
RSHUDWLRQDO D QRR QION\RRIPUMHF@NAWOR QFHSW XDO WIDWH PRGH
EH SURYLGHG WR W BYGRZUBRGERDRH $R5 UGHIHRYUPGUDWRICR Q \

FKDQJHV KLJKOLJKWHG ([DPSOHV RI FKDQJHV WR WKH FRQFF
QHZO\ HOXFLGDWHGH] B R Q/RIDLW LIHDDASKWIFVOD\HUV  RU D UHYLV

JROORZLQJ UHYLVLRQ RI WKH VLWH FRQFHSWXDO PRGHO UH"®
UHTXLUH PRGHO FDOLEUDWLRQ LQ RUGHU WR PLQLPL]JH WKH
PRGHO VLPXODWLRQV VHH 6HFWLRQ Rl WKLV JXLGDQFH
GLITHUHQFH EHWZHHQ PRQLWRULQJ GDWD DQG PRGHO SUHGL
FDOLEUDWLRQ VWDWLVWLFR WKH HWEBRW 5OBYVLEOH WKH YI
VWDWLVWLFV VKRXOG EH PLQLPLZKHGY B®XHQRI RRKGH B RFHOQ. WD
VWDWLVWLFV DOVR LQIRUPV WKH H[SHFWHG XQFHUWDLQW\ D
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FRQGLWLRQV )ROORZLQJ PRGHO FDOLEUDWLRQ WKH $R5 GH
GHVFULEHG LQ 6HFWLRQ Rl WKLV JXLGDQFH

,Q UHSRUWLQJ DQ $R5 FRPSXWDWLRQDO PRGHO DQG GHOLQH
PRGHO DWWULEXWHYV DR WKIHQ JIXQ G B @ WHIRER E XVPMHBED®E WIRHWKH
SURJUDP 'LUHBWEUWLRQ (3% KIHAHREHO FOGOVLEUDWLRQ SURFHYV
$R5 GHOLQHDBRH BQ HMHVQWIHNG/IMUBHMDWRH VXEPLVVLRQ ZLWK

X $GMXVWHG LQSXW SDUDPHWHU YDOXHV OLVWHG

Xx *UDSKV FRPSDULQJ REVHUYHG DQG PRGHOHG YDOXHV RI
SUHVVXUH

x ORGHO WHOARYZQWY FDUERQ GLR[LGH DQG SUHVVXUH IURQW
DQG

x 7KH YDOXH RI WKH PRGHO FDOLEUDWLRQ VWDWLVWLFYV

7KH QHZO\ GHOBQ¥YEBHWHIHEROYWHG RQ PDSV ZKLFK ZRXOG KLJI
GLIIHUHQFHRPISVR@BKHYLRXV $R5 GHOUVLRIHEWORQ@VIRBU DQ H[DP:
RI D K\SRWKHWHHX®DOXDWLRQ

JIDUHYLVLRQ Rl WKH $R5 GHOLQHDWLRQ LV QHFHVVDU\ DQ DF
$FWLRQ BOWRTXVYUHG DORQJ ZLWK SRMVLESGBWHBWGBBQQV ¥
&)5 H DQG | @ (3% UHFRPPHORY DVWK® &RV KH W HOQHG B BW
H[SODLQ DQ\ GLIIHUHQFHV LQ W RDW HFAMWXYMWD FUNRLFR ®RB FU YL
GHPRQVWUDWLRQ RI BGWTXDOWWWKQIRBEBHUFRMR SHUIRUP WKH
DFWLY&EMH BWFWLRQ IRU PRUH LQIRUPDWLRQ RQ SHUIRUPLQ.
VRPH FDVHV *6 SURMHFW DWWULEXW 8D WKDMWDXBOM KRIXSN ¥ LG H
3URDPVXFK DWSOSRHHRZQHUWPILSEHLUKGIYWHG WR, @/ KK MV RV
FDVH\WRZ2ZW@KMWY RU RSHUDWRUV DUH HQFRXUDJHG WR FRQVXOW
DQRWKHU DSSOLFDEOH UHDXEPWRWRQDRH@MKH IRRBOIRF LRQUGHU \
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Box 5-2. Hypothetical Example of a Presentation of the Revised AoR

GDWD DQG RU XSGDWLQJ ZLWK QHZ RSHUDWLRQDO
EH UH GHOLQHDWHG > &)5 H@ 6HH %R]
WKH VDPH JHQHUDO PHWKRGV VKRXOG EH XVHG GXU
UHYLVHG
YLIXUH

PRQLWRULQJ GDWD %R] LQGLFDWLQJ IXUWKHU S
HDVW 7KH PRGHO ZDV UHYLVHG WR PDWFK PRQLWR
YDOXHV ZLWKLQ WKH LQMHFWLRQ JRQH DQG WKH GL

H DQG @ )XUWKHUPRUH WKH UHYLVLRQ R
&RUUHFWLYH $FWLRQ 30DQ DQG RWKHU SURIIESBEW S

DWWULEXWHYV H J
5XOH DQG WKH 8,& 3URJUDP

Figure 5-3: Hypothetical Geologic Sequestration Site: Initial AoR Delineation and Delineation after
Reevaluation

$IWHU WKH VLWH FRPSXWDWLRQDO PRGHO KDV EHHZ(
IR U

LW PD\ EH SUHVHQWSDGQJ RVQORD WLRVW KEHD VRIUM

,Q WKLV K\SRWKHWLFDO H[DPSOH WKH $R5 UHHYDO]
HIWHQGY JHQHUDOO\ IDUWKHU WRZDUG WKH HDVW W

TKHHULRQ QHZO\ LGHQWLILHG DV ORFDWHG ZLWKLQ
EOXH FRQWRXU OLQHV PXVW EH VXEMHFWHG WR WK
DQG FRUUHFWLYH DFWLRQ SURFHGXUHYV DV GLVFXV\

Well Project PlarDevelopmenGuidance & KDQJHV WR WKH $R5 DQG §
PD\ GHPRQVWUDWH D QHHG WR VHFXUH QHZ VXUIDFH
RZQHU RU RSHUDWRU PD\ DOVR FRQWDFW WKH DSSO
QHZ SR UW KW iHJ R ZROAWWIKG IS W K

D) UHYLVI
RU VLWFE
PRUH L
LQJ WKF
BIS) 1SR 5 F

KDWLRQ
/KDQ SU
OXPH DC
JLQJ GD
S DQJOH

VKH GHO
H DUWLI
HG LQ 6
WKH $R
DDQV D)
RUUHFW
DFFHV\
LFDEOH
HKWF RS H
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UNITED STATES ENVIRONMENTAL PROTECTION AGEN!
REGION
75 Hawthorne St.
San Francisco, CA 9418801

Page 1 o880

UNITED STATES ENVIRONMENTAL PROTECTION AGENCY
UNDERGROUND INJECTION CONTROL PERMIT: CLASS VI

Permt Number: ROUIC-CA6-FY22-1.1
Facilty Name:CTV 1EIKk HIs 26R

Pursuanm to the SafeDrinkingWater Act and Undergroundhjection Control regulatiors of the
U.S. Environmental Protectigkgencycodified atTitle 40 of the Codeof FederaRegulationg40 CFR)
Parts 124 144,146,and 147,

CarbonTerravVaut JVSorage Company Sull, LLC of TupmarCA

hereinafter,the permittee,is herebyauthorized toconstruct and operat a Class VI injectionell
located inthe State of California, Kern County30 SR 23Eof Mount Diablo Base Meridian, Sectigh,
35°16'34.5276"N, 11928' 24.1836'W, agpart of the EIkHills 26R Carbon Dioxi@¢orage ProjeciThe
well will injecta carbon dioxide stream (carbalioxideis also calle€€Qin the attachmentsto this
permit) sourced initiallfrom the propesed Loe Cypess hydrogen planpre-combustiongas
treatment, and theproposed Avna Direct & Capture facility (seéttachment B. All three initial carbon
dioxide soures areto be located within the KlHils oilfield. The permitteemay reques to inject
carbondioxide fromaddtional emissiorsources inthe future, subjectto review andapproval byEPA, as
described irSection N ofthis permit. Tle permittee stated in their application @t potentialfuture
sources otarbondioxide may includepost combustion capturdrom the ElkHills power plant,
renewable fuel plantgpost combustion capturdrom steamgeneitors, other power plants,and
industrialsaurces. The carbodioxidestream, as characterized ihe permitappicationandthe
administrativerecord, shalbe a liquid, supercritical fluid, or gas. Injecti@nauthorizd intothe
Monterey Formationat a depth ofapproximately6,000feet below ground surface uponthe express
conditionthat the permittee meetthe restrictions séforth herein. Thedesighated confiningzone for
this injection is the Rée&Ridg Stale Formation.

ExecutiveOrder 12898, Federal Actions #ddress Environmentalwstice in Minority
Populations and Low-IncarPopulationsdirects federal agencies, to the greatextert practicaland
permitted by law, to identify andaddress,as appropriate disproportionate, anédversehumanhealth
or environmental impcts onpeople of color andow-incone populations. SeBxec. Orer No.12898,
59 Fed.Reg. 7629(Feh 11,1994). Recently, ExecutivOrcer 14096 Z A]S oKIp@P3]}v[e
Commiment to Environmental Justice fall, supplemented thislirection. Se Exec. OrdeNo. 14096,
88 Fed.Rey. 25251(Apr. 21, 2023). As parf the decision-makingrocess fa this permt, EPA

Jve] B « £ ps)&E @&+ W [+ VA]JE}vedSw v (}E h/ VbPermitting
andPrimacy(Aug. 172023. W pvaluationand consideration ®environmenta justice fa this permit
is described in EPjA&ct Sheet.



This permit is for the construction and operation of one Class VI injection well (well3égne
35R); three other wellat the Elk Hills 26Rarbon Dioxid&torage Project are authorized under separate
Class VI permit@ermit NosROUIGCABFY221.2, ROUICCABFY221.3 and ROUKCABFY221.4).

Injection shall not commence until the operator has received written authorization from the Director of
the Water Division of EPA Regi@rn accordance with Sectidof this permit.

All references to Title 40 of the Code of Federal Regulations airegulations that are in
effect on the date that this permit is effective. The following attachments are incorporated into this
permit as enforceable conditions:

Summary of Operating Requirements;

Area of Review and Corrective Actitdan;
Testing and Monitoring Plan;

Well Plugging Plan;

Posinjection Site Care and Site Closure Plan;
Emergency and Remedial Response Plan;
Construction Details;

Financial Assurance Demonstration; and
Stimulation Program.

X X X X X X X X X
TIOMMOOw>®

This permit shall become effective finsertdate], and shall remain in full force and effect
during the operating life afhe well and the postinjection site care period until site closure is authorized
and completed, unless this permitrsvokedand reissuedterminated,or modified pursuant to 40 CFR
144.39, 144.40or 144.41. This permit shall also remain in effect upon delegation of primary
enforcement responsibilitpf the UIC program for Class VI wédishe State ofCaliforniauntil such time
as the State issues its own permit to the permittee or 8tate chooses to adopt this permit as a State
permit. The permit will expire in one yedirthe permittee fails to commence constructiam the well
unless a written request in electronic format for an extension of this-yemr period has been approved
by the Director. The permittee may request an expiration date sooner than theyeaeperiod,
provided no construction on the well has commencatileast every five years from the effective date
specified abovethe permittee must reevaluate the Area of Reviesnd comply witrd0 CFR 146.84(e)

If results from there-evaluated Area of Revieare differentfrom what is predicted in Attachment B of
this permit,EPA may require the permitteée updatethe permit and theattachments.

Signed andDated:

DRAFT

[InsertName of signing officipl
[InsertTitle, OfficeDivisior}

Page-2 -
Draft UIC Permit No. ROUCAGFY221.1



PERMIT CONDITIONS
A. EFFECT OF PERMIT

The permittee is athorizedto engage in underground injection in accordance with the
conditions of this permit. Notwithstanding any other provisions of this permit, the permittee
authorized by this permit shall not construct, operate, maintain, convert, plug, abandon, or
conduct ary other injection activity in a manner that allows the movement of injection,
annulus or formation fluids into underground sources of drinking water (USDWSs) or any
unauthorized zones. The objective of this permit is to prevent the movement of fluidsiinto o
between USDWs or into any unauthorized zones consistent with the requirements at 40 CFR
146.86(a). Any underground injection activity not specifically authorized in this permit is
prohibited. For purposes of enforcement, compliance with this permit dpitis term

constitutes compliance with Part C of the Safe Drinking Water Act (SDWA). Such compliance
does not constitute a defense to any action brought under Section 1431 of the SDWA or any
other common or statutory law other than Part C of the SDWA.

Issuance of this permit does not convey property rights of any sort or any exclusive privilege;
nor does it authorize any injury to persons or property, any invasion of other private rights, or
any infringement of State or local lawr regulations. Nothingn this permit nor compliance

with its terms,shall be construed to relieve the permittee of any duties under applicatdee

or local lave or regulationsthat are not preempted or superseded by the Federal SDWA
Underground Injection Control (UIC) progra

B. PERMIT ACTIONS

1. Modification, Revocatiorand Reissuanceand Terminationt The Director of the Water
Division of Regiofl of the U.S. Environmental Protection Agency (EPA), hereinafter, the
Director, may, for cause or upon request from any interested person, including the
permittee, modify, revoke and reissue, or terminate this permit in accordance with 40 CFR
124.5, 144.12146.86(a), 144.39, and 144.40. The permit is also subject to minor
modifications for cause as specified in 40 CFR 144.41. The filing of a request for a permit
modification, revocation and reissuance, or termination, or the notification of planned
changesopr anticipated noncompliance on the part of the permittee does not stay the
applicability or enforceability of any permit condition.

2. Minor Modifications t Upon the consent of the permittee, the Director may modifis
permit to make the corrections or allowances for minor changes in the permitted activity
as listed in 40 CFR 144.4hy permit modification not processed as a minor modification
under 40 CFR44.41 must be made for causend with part 124 draft permit and public
notice as required in 40 CFR 144.39.

3. Transfer of Permitst This permit is not transferable to any person except in accordance
with 40 CFR 144.38(a) and Sect@)(b) of this permit.
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C. SEVERABILITY

The provisions of this permit are severable, and if any provision of this permit or the
application of anyrovision of this permit to any circumstance is held invalid, the application

of such provision to other circumstances and the remainder of this permit shall not be affected
thereby.

D. CONFIDENTIALITY

In accordance with 40 Cipgrt 2 (Public Information)rad 40 CFR 144.5, any information
submitted to EPA pursuant to this permit may be claimed as confidential business information
by the submitter. Any such claim must be asserted at the time of submission by clearly
identifying each page with the wordsonfidential business informationon every page

containing such information. If no claim is made at the time of submission, EPA may make the
information available to the public without further notice. If a claim is asserted, the validity of
the claim will be asessed in accordance with the procedures in 40 CFR Part 2.

E. DEFINITION

All terms used in thipermit shall have the meaning set forth in the SDWA and Underground

Injection Control regulations specified at 40 CFR parts 124, 144, 146, arldrld3s

spec](] o0oC «§ & }8Z EA]* U 00 E (E vV « 38}~ Ce_]v 8Z]* % &E
calendar days.

F. DUTIES AND REQUIREMENTS

1. Duty to Complyt The permittee shall comply with all conditions of this permit. Any permit
noncompliance constitutes a violation of the SDWA and is grounds for enforcement action,
permit termination, revocation and reissuance, modification, or for denial of a permit
renewal application.

2. Duty to Reapplyt If the permittee wishes to continue an activity regulated by this permit
after the expiration or termination of this permit, the permittee must apply for and obtain
a new permit.

3. Penalties for Violations of Permit ConditionsAny person who violates a permit
requirement is subject to civil penalties and other enforcement action under the SDWA.
Any person who willfully violates permit conditions may be subject to criminal prosecution
under the SDWA and other applicable statutes and regulations.

4. Need to Halt or Reduce Activity Not a Defensét shall not be a defense for the permittee
in an enforcement action tolaim that it would have been necessary to halt or reduce the
permitted activity in order to maintain compliance with the conditions of this permit.
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5. Duty to Mitigate t The permittee shall take all timely and reasbteasteps necessary to
minimize or correct any adverse impact on the environment resulting from noncompliance
with this permit.

6. Proper Operation and Maintenancé The permittee shall at all times pperly operate and
maintain all facilities and systems of treatment and control and related appurtenances
which are installed or used by the permittee to achieve compliance with the conditions of
this permit. Proper operation and maintenance includes, amathgr things, effective
performance, adequate funding, adequate operator staffing and training, and adequate
laboratory and process controls, including appropriate quality assurance procedures. This
provision requires the operation of bacip or auxiliaryfacilities or similar systems only
when necessary to achieve compliance with the conditions of this permit.

7. Duty to Provide Informationt The permittee shall furnish to the Director in an electronic
format, within a time specified, any information which the Director may request to
determine whether cause exists for modifying, revoking and reissuing, or terminating this
permit, or to determine compliance with this permit or the UIC regulations. The pezenitt
shall also furnish to the Director, upon request within a time specified, electronic copies of
records required to be kept by this permit.

8. Inspection and Entryt The permittee shall allow the Director or an authorized
representative, upon the presentation of credentials and other documents as may be
required by law, to:

(a) Enter upon the permitteds premises where a regulated facility or activity is located or
condwcted, or where electronic or nealectronic records are kept under the conditions
of this permit;

(b) Have access to and copy, at reasonable times, any electronic eglactmonic records
that are kept under the conditions of this permit;

(c) Inspect, atreasonable times, any facilities, equipment (including monitoring and
control equipment), practices, or operations regulated or required under this permit;
and

(d) Sample or monitor, at reasonable times, for the purposes of assuring permit
compliance or as berwise authorized by the SDWA, any substances or parameters at
anylocation, includindacilities, equipment or operations regulated or required under
this permit.

9. Sgnatory Requirementst All reports or othe information, required to be submitted by
this permit or requested by the Director shall be signed and certified in accordance with 40
CFR 144.32.
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. AREA OF REVIEW AND CORRECTIVE ACTION

. TheAreaof Review(AoR)s the region surrounding the geologic sequestration project

where USDWs may be endangered by the injection activity ADfRes delineated using
computational modeling that accounts for the physical and chemical properties of all
phases of the injected caon dioxide stream and is based on available site

characterization, monitoring, and operational data. The permittee ghalhtain and

comply with the approved Area of Review and Corrective Action Plan (Attachment B of this
permit) which is an enforceableondition of this permit and shall meet the requirements

of 40 CFR 146.84.

. As delineated i\ttachment B157 wellbores within the AoRequire pluggindecause the
wellbores penetratehe injection zone or confining layer and will not be u$edinjection
or monitoring within the26R storage projeche wellsare required tdbe properly
plugged andabandonedprior to authorization ottarbon dioxidenjection.

At leastsixty (60) days prior to commencing corrective action, ffemittee shall submit
procedures for performing corrective action on the identified deficient wells within the AoR
and not commence any corrective action until the procedures are approved by the
Director.

(a) As corrective action activities are completed, frermittee shall provide periodic
updates, including plugging reports, to the Director.

(b) Corrective action on all deficient wells in the AoR must be compéetd approved in
writing by EPAphefore thepermittee may commence injection pursuant to Section Q(3)
of this permit.

. At afixed frequencyof every five yearsor more frequentlywhen monitoring and

operational conditions warrant, the permittee must reevaluate the area of reaed
perform any necessg corrective actiorin the manner specified in 40 CFR 146184 first
reevaluationshallbe completed no later thab yearsrom the effective date of this permit
unless the Directorequestsan earlier reevluation. After conductingan AoRreevaluation,
the permittee shallpdate the Area of Review and Corrective Action Plan or demonstrate
to the Director that no update is needed.

. Following each AoR reevaluation, the permittee shall submit the resultant inform@ten
the completedreevaluationanalysis along with eithera revised AoR and Corrective Action
Plan or a demonstration that the reevaluation analys$ermined no revised Plan is
needed)in an electronic format to the Director for review and approveé revisedAoR

and Corrective Action Plan is submitted and approwgdhe Director, the revised Plan
becomes an enforceable condition of this permit.

. To ensure permit activities do not increase environmental impacts, resaureds and
public health risks in already esburdened communitiesalong with the submittal of a
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revised AoR and Corrective Action Ple, permittee shall submit an updatdeldScreen
analysis that incorporates the revised AoR boundary.

H. FINANCIAL RESPONSIBILITY

1. FinancialResponsibilityt The permittee shall maintain financial responsibility and
resources to meet the requirements of 40 CFR 14&r&5he conditions of this permit
Financial responsibility shall be maintaindnldugh all phases of the projecthe permittee
must maintain financial responsibilityntil site closuras authorized from the directaas
described in Section Q of thisnpait. Compliance withhe financiakesponsibility
requirements,including the applicable durationescribed in this permihallnot relieve
the permitteefrom complyingwith anyother applicableFederal,Sate, and local financial
responsibilityrequirements thatare notpreempted or supersedd bythe Federal SDWA
UIC program.

The financial instrument(s) must be sufficient to cover the cost of:
(a) Corrective action (that meets the requirements of 40 CFR 146.84);
(b) Injection well plugging (that meets the requirements of 40 CFR 146.92);

(c) Post injection site care argite closure (that meets the requirements of 40 CFR
(146.93) and;

(d) Emergency and remedial response (that meets the requirements of 40 CFR 146.94).

Thepermittee submitted a letter of cretliwith a standby trust agreementp cover
financial assurance fatems 1(a), (b), and (@ndsubmitted a certificate of insuranceith
detailsaboutathird-party insurance policit will secureto cover financial assurance for
1(d). TheEPAapproved financial assurance mechanssamefound in Attachment H and in
the administrative record of this permit.

The totalinitial cost estimates for these activities to be covered by the approved financial
assurance mechanisms#83672,785 This amount covers dtur Class Vihjection well
permits for the Elk Hills 26R €8lorage Project.

2. Cost Estimate Update$ During the active life of the geologic sequestration project, the
permittee must adjust the cost estimate for inflation within 60 days prior to the
anniversary date of the establishment of the financial instrument(s)@ogide this
adjustment to the Director in an electronic format. The permittee must also provide to the
Director written updates in an electronic format of adjustments to the cost estimate within
60 days of any amendments to the Project Plans includedtashnents Bt F of this
permit, which address items (a) through (d) in Section H(1) of this permit.

3. Notification t
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(a) Whenever the current cost estimate increases to an amount greater than the face
amount of a financiahstrument currently in use, the permittee, within 60 days after
the increase, must either cause the face amount to be increased to an amount at least
equal to the current cost estimate and submit evidence of such increase to the
Director, or obtain othefinancial responsibility instruments to cover the increase.

(b) Whenever the current cost estimate decreases, the face amount of the financial
assurance instrument may be reduced to the amount of the current cost estimate only
after the permittee hasubmitted a justification for thereducedcostestimateand
received written approval from the Directdforrequestedreductionsin the face
amountof a financial instrumenthe Director mayprovidenotice to the publicof the
proposed reduction, prior to finalizirgpproval of the reduction

(c) The permittee must notify the Director by certified mail and in an electronic format of
adverse financial conditions such as bankruptcy that may affect the ability tomatrry
injection well plugging, poshjection site care and site closure, and any applicable
ongoing actions under Corrective Action or Emergency and Remedial Response.

(i) Ifthe permittee or the thirdparty provider of a financial responsibility instrument
iIsgoing through a bankruptcy, the permittee must notify the Director by certified
mailand in an electronic formatf the commencement of a voluntary or
involuntary proceeding under Title 11 (Bankruptcy), U.S. Code, naming the
permittee as debtor, within 1@ays after commencement of the proceeding.

(i) A permittee who fulfills the requirements of paragraph (a) of this section by
obtaining a trust fund, surety bond, letter of credit, escrow account, or insurance
policy will be deemed to be without the requirdithancial assurance in the event
of bankruptcy of the trustee or issuing institution, or a suspension or revocation
of the authority of the trustee institution to act as trustee of the institution
issuing the trust fund, surety bond, letter of credit, essraccount, or insurance

policy.

4. Establishing Other CoverageThe permittee must establish other financial assurance or
liability coverage acceptable to the Director, within 60 days of the occurrence of the events
in Section H(2) dr(3) of this permit.

. CONSTRUCTION

1. Siting t The permitteehasdemonstratel to the satisfaction of the Director that the well is
in an area with suitable geology in accordance with the requirements at 40 CFR 146.83.

2. Casing and CementingCasing and cenm¢ or other materials used in the construction of
the well must have sufficient structural strength for the life of the geologic sequestration
project. All well materials must be compatible with all fluids with which the materials may
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be expected to comento contact and must meet or exceed standards developed for such
materials by the American Petroleum Institute, ASTM International, or comparable
standards acceptable to the Director. The casing and cementing program must prevent the
movement of fluids inb or between USDWs for the expected life of the well in accordance
with 40 CFR 146.86. The casing and cement used in the construction of this well are shown
in Attachment G of this permit and in the administrative record for this permit. Any change
must besubmitted in an electronic format for approval by the Director before installation.

. Tubing and Packer SpecificationtS'ubing and packer materials used in the construction of
the well must be compable with fluids with which the materials may be expected to come
into contact and must meet or exceed standards developed for such materials by the
American Petroleum Institute, ASTM International, or comparable standards acceptable to
the Director. The grmittee shall inject only through tubing with a packer set within the

long string casing at a point within or below the confining zone immediately above the
injection zone. The tubing and packer used in the well are represented in engineering
drawings cotained in Attachment G of this permit. Any change must be submittexh
electronic formatfor approval by the Director before installation.

PREINJECTION TESTING

. Prior tothe Director authorizing injectigrthe permittee shall perform afire-injection
logging, sampling, and testing specified at 40 CFR 146.87. This testimpy®hd# data
sufficient to address the preperational testing objectives identified in Attachment G of
this permit, including:

(a) Logs, surveyand tests to determrie or verify the depth, thickness, porosity,
permeability, lithology, and formation fluid salinity in all relevant geologic formations.
These tests shall include:

() Deviation checks that meet the requirements of 40 CFR 146.87(a)(1);

(i) Logs and tests beforend upon installation of the surface casing that meet the
requirements of 40 CFR 146.87(a)(2);

(i) Logs and tests before and upon installation of the lstrgng casing that meet the
requirements of 40 CFR 146.87(a)(3);

(iv) Tests to demonstrate internal and external mechanical integrity that meet the
requirements of 40 CFR 146.87(a)(4); and

(v) Any alternative methods that are required by or approved by the Director
pursuant to 40 CFR 146.87(a)(5).

(b) Whole cores or sidewall ces of the injection zone and confining system and formation
fluid samples from the injection zone that meet the requirements of 40 CFR 146.87(b);
Page-9-
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(c) Records of the fluid temperature, pH, conductivity, reservoir pressure, and static fluid
level of the injecton zone that meet the requirements of 40 CFR 146.87(c);

(d) Tests to provide information about the injection and confining mecluding
calculated fracture pressure and the physical and chemical characteristics of the
injection and confining zones atide formation fluids in the injection zone that meet
the requirements of 40 CFR 146.87(d); and

(e) Tests to verify hydrogeologic characteristics of the injection zone that meet the
requirements of 40 CFR 146.87(e), including:

(i) A pressure falbff test, and
(i) A pumping test or injectivity tests.

. The permittee shall submit to the Director for approval in an electronic format a schedule
for logging and testing activities 30 days prior to conducting the first test and submit any
changes to the schedule 30 daysop to the next scheduled teshe permittee must

provide the Director or their representative with the opportunity to witness all logging,
sampling, and testing required under this Section.

. OPERATIONS

. Injection Fluid¢Carbon Dioxide Source$ Thepermittee will capture carbon dioxide from
multiple sources during the life of the perntir injectioninto the Class Miell. Three

initial sourceof carbon dioxideare approvedsourcedor injection the proposed Lone
Cypress hydrogen plant, pambudion gas treatment, and the proposed Avnos Direct Air
Capture facility (see Attachment.Bhe permittee may proposedditional sources of

carbon dioxiddor injection subject to review and approval by EPA, as described in Section
N of this permit.

. Injection Pressure Limitationt The permittee must ensure that injection pressure does not
exceed 90 percent of the fracture pressure of the injection zone(s) to ensure that the
injection does not initike new fractures or propagate existing fractures in the injection
zone(s). In no case shall injection pressure initiate fractures or propagate existing fractures
in the confining zone or cause the movement of injection or formation fluids into a USDW.
Themaximum injection pressure limit is listed in Attachment A.

. Stimulation Programt Pursuant to requirements at 40 CFR 146.82(a)(9), all stimulation
programsproposed by the permitteenust be approved by the Director agpermit
modificationand incorporated into Attachment | of this permit.
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4. Additional Injection Limitation t No injectate other tharthat which has been analyzed and
approvedby the Directorunder this permitin accordance with Sectidd of this permit
shall be injected except fluids used for rework, and wests as approved by the Director.

5. Annulus Fluidt The permittee must fill the annulus between the tubing and the long string
casing with a notorrosive fluid approved by the Director.

6. Annulus/TubingPressure Differentialt Except during workovers or times of annulus
maintenance, lhe permittee must maintain on the annulus a pressure that exceeds the
operating injection pressuras specified ilttachment A of this permjtunless the Director
determines that such requirement might harm the integrity of the well or endanger
USDWs.

7. Automatic Alarmsand Automatic Shubff Systemt

(a) The permittee must

(i) Install continuously operateand maintain an automatialarmandanautomatic
shut-off systemor, at the discretion of the Director, dowmole shutoff systems
or other mechanical devices that provide equivalent protection; and

(i)  Successfully demonstrate the functionality of taéarmsystem and shuoff
systemprior to the Director authorizing injean, and ata minimumof once
evey twelfth month after the last approved demonstration.

(i) Establish welspecific thresholds for activating tlehut-off systemand submit a
revised Attachment A to the Directgrior to the Director authorizing injection.

(b) Testing under this Sectionust involve subjecting the system to simulated failure
conditions and must be witnessed by the Director or his or her representative unless
the Director authorizes an unwitnessed test in advance. The permittee pnaside
notice in an electronic forma&0 days prior to running the tesind mustprovidethe
Director or their representative the opportunity to attend@he test must be
documented using either a mechanical or digital device which records the value of the
parameter of interest, or by a servicempany job record. A final report including any
additional interpretation necessary for evaluation of the testing must be submitted in
an electronic format within the time period specified in Secti¥#d) of this permit.

8. Precautions to Prevent Well Bloguts t At all times, the permittee shall maintain on the
well a pressure which will prevent the return of the injection fluid to the surface. The well
bore must be filled with a high specific gitgnvluid during workovers to maintain a
positive (downward) gradient or a plug shall be installed which can resist the pressure
differential. A blowout preventer must be installed and kept in proper operational
condition whenever the wellhead is removeawork on the well. The permittee shall
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follow procedures such as those below to assure that a backflow or blowout does not
occur:

(a) Limit the temperature and/or corrosivity of the injectate; and
(b) Develop procedures necessary to assure that pressabalances do not occur.

9. Circumstances Under Which Injection Must Cease

Injection shall cease when any of the following circumstances arise:

(a) Failure of the well to passraechanical integrity test;

(b) A loss of mechanical integrity during operation;

(c) The automatialarmor automatic shuoff system is triggered;

(d) A significant unexpected change in the annulus or injection pressure;
(e) The Director determines that the wedicks mechanical integrity; or

() The permittee is unable to maintain compliance with any permit condition or
regulatory requirementind the Director determines that injection should cease

10. Approaches for Ceasing Injection

(a) The permittee must shuin the well by gradual reduction in the injection pressure as
outlined in Attachmenf of this permit; or

(b) The permittee must immediately cease injection and simuhe well as outlined in the
Emergency and Remedial Response Plan (Attachment F of this permit).

L. MECHANICAL INTEGRITY

1. Standardst Other than during periods of well workover (maintenance) approved by the
Director in which the sealelibing-casing annulus is disassembled for maintenance or
corrective procedureghe injection well must have and maintain mechanical integrity
consistent with 40 CFR 146.89. To meet these requirements, mechanical integrity
tests/demonstrations must be wigssed by the Director or an authorized representative of
the Director unless prior approval has been granted by the Director to run amtaessed
test. Toconduct testing without an EPA representative, the following procedures must be
followed.

(a) The permittee must submptrior notificationin an electronic format within the time
period specified in Section L(3) of this peramidif EPA informs theermittee thatno
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EPA representative is availalbles must be documented in the approved plan and
testing report. Thgpermittee mustreceive permission from the Director to proceed;

(b) The test musbe performed in accordance with the Testing and Monitoring Plan
(Attachment C of this permit) amdbcumented using either a mechanical or digital
device thatrecords the value of the parameter of intereat)d

(c) A final report including any additional interpretation necessary for evaluation of the
testing must be submitted in an electronic format within the time period specified in
SectionO(4) of this permit.

2. Mechanical Integrity Testing The permittee shall conduct a casing inspection log and
mechanical integrity testing as follows:

(a) Prior to receiving authorization to inject, the permittee shall perform the following
testing to demonstrate internal mechanical integrity pursuant to 40 CFR87(a)(4):

(i) A pressure test with liquid or gas; and
(i) A casing inspection log; or

(i) An alternative approved by the Director that has been approved by the
Administrator pursuant to requirements at 40 CFR 146.89(e).

(b) Prior to receivinguthorization to inject, the permittee shall perform the following
testing to demonstrate external mechanical integrity pursuant to 40 CFR 146.87(a)(4):

() A tracer survey such as an oxygen activation log; or
(i) A temperature or noise log; or

(i)  An alternative approved by the Director that has been approved by the
Administrator pursuant to requirements at 40 CFR 146.89(e).

(c) Other than during periods of well workover (maintenance) approved by the Director in
which the sealed tubingasing annulus disassembled for maintenance or corrective
procedures, the permittee must continuously monitor injection pressurgectionrate,
injection volumespressure on the annulus between tubing and long string casimd
annulus fluid volume as specified40 CFR 146.88(e) and 146.89(b).

(d) At least once per year, the permittee mysgrform the following testing to
demonstrate external mechanical integrity pursuant to 40 CFR 146.89(c)

()  AnAdministratorapproved tracer survey such as an oxygetivation log; or
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(i) A temperature or noise log. The Director may require such tests whenever the
well is worked overor

(i)  An alternative approved by the Director that has been approved by the
Administrator pursuanto requirements at 40 CFR 146.89(e).

(e) After any workover that may compromise the internal mechanical integrity of the well,
the well shall be tested by means of a pressure tggiroved by the Directoand the
well must pass the test to demonstrate mechanical integrity

(f) Prior to plugging the well, the permittee shall demonstrate external mechanical
integrity as described in the Injection Well Plugging Plan and that meets the
requirements of 40 CFR 142(a).

(9) The Director mayequirethe use of ay otherteststo demonstrate mechanical
integrity other than those listed above with the written approval of the Administrator
pursuant to requirements at 40 CFR 146.89(e).

. Prior Notice and Reporting

(a) The permittee shall notify the Director in an electronic format of his or her intent to
demonstrate mechanical integrity at least 30 days prior to such demonstration. At the
discretion of the Directqra shorter time period may be allowed.

(b) Reports of mechanical integrity demonstrations which include logs must include an
interpretation of results by a knowledgeable log analyst. The permittee shall report in
an electronic format the results of a mechaaliintegrity demonstration within the
time period specified in Sectid(4) of this permit.

. Gauge and Meter Calibratiort The permittee shall calibrate all gauges used in mechanical
integrity demonstrations and other required monitoring to an accuracy of not less than 0.5
percent of full scale, within one year prior to each required test. The date of the most
recent calibraion shall be noted on or near the gauge or meter. A copy of the calibration
certificate shall be submitted to the Director in an electronic format with the report of the
test. Pressure gauge resolution shall be no greater than five psi. Certain mechanical
integrity and other testing may require greater accuracy and shall be identified in the
procedure submitted to the Director prior to the test.

. Loss of Mechanical Integrity

(a) If the permittee or the Diector finds that the well fails to demonstrate mechanical
integrity during a test, or fails to maintain mechanical integrity during operation, or
that a loss of mechanical integrity as defined by 40 CFR 146.89(a)(1) or (2) is suspected
during operation (soh as a significant unexpected change in the annulus or injection
pressure), the permittee must:
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() Cease injection in accordance with Sectio(® &nd K9)(a) or (b) and
AttachmentsA or F of this permit;

(i) Take all steps reasonably necessargdétermine whether there may have been a
release of the injected carbon dioxide stream or formation fluids into any
unauthorized zone. If there is evidence of USDW endangerment, implement the
Emergency and Remedial Response Plan (Attachment F of this permit

(i) Follow the reporting requirements as directed in Seciaf this permit

(iv) Restore and demonstrate mechanical integrity to the satisfaction of the Director
and receive written approval from the Director prior to resuming injection; and

(v) After receivirg written approvalto resume injection, atify the Directorin an
electronic formatwhen injectionis expected to resume.

(b) If a shutdowni(e.,down+hole or at the surface) is triggered, the permittee must
immediately investigate and identify as expeditiously as possible the cause of the
shutdown If, upon such investigation, the well appears to be lacking mechanical
integrity, or ifmonitoring required indicates that the well may be lacking mechanical
integrity, the permittee must take the actions listed above in Section L(5)(a)(i) through

(V).

(c) If the well loses mechanical integrity prior to the next scheduled test date, then the
well must either be plugged or repaired and retested within 30 days of losing
mechanical integrity. The permittee shall not resumjection until mechanical
integrity is demonstrated and the Director gives written approval to recommence
injection in cases here the well has lost mechanical integrity.

6. Mechanical Integrity Testing on Request From DirectiocFhe permittee shall demonstrate
mechanical integrity at any time upon writterotice from the Director.

M. TESTING AND MONITORING

1. Testing and Monitoring Plart

(a) The permittee shalinaintain andcomply with theapprovedTesting and Monitoring
Plan(Attachment C of this permit) analith the requirements a0 CFR44.51()),
146.88(e)and 146.90. The Testing and Monitoring Plan is an enforceable condition of
this permit. Samples and measurements taken for the purpose of monitoring shall be
representative of the monitored activity. 8cedures forall testing and monitoring
under this permit must beubmitted to the Director in an electronic format for
approval at least 30 days prior to the tebt.performing all testing and monitoring
under this permit, he permittee must follow the pcedures approved by the Director.
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If the permittee is unable to follow the ERfpproved procedures, then, the permittee
must contact the Director at least 30 days prior to testing to discuss options, if any are
feasible. When the test report is submitted full explanation must be provided as to
why any approved procedures were not followed. If the approved procedures were not
followed, EPA may take an appropriate action, including but not limited to, requiring
the permittee to rerun the test.

(b) The pernittee must update the Testing and Monitoring Plan as required at 40 CFR
146.90 (j) to incorporate monitoring and operational data and in response to AoR
reevaluations required under SectiorfZpof this permit or demonstrate to the Director
that no updateis needed. The amended Testing and Monitoring Plan or demonstration
shall be submitted to the Director in an electronic format within one year of an AoR
reevaluation following any significant changes to the facility such as addition of
monitoring wells omewly permitted injection wells within the AgBr when required
by the Director.

(c) Following each update of the Testing and Monitoring Plan or a demonstration that no
update is needed, the permittee shall submit the resultant information irlactronic
format to the Director for review and approval of the results. Once approved by the
Director, the revised Testing and Monitoring Plan will become an enforceable condition
of this permit.

. Carbon Dioxide Stream AnalysisThe permittee shall analyze the carbon dioxide stream
with sufficient frequency to yield data representative of its chemical and physical
characteristics, as described in the Testing and Monitoring Plan and to meet the
requirements of 40 CFR 146.90(a).

. Continuous Monitoringt The permittee shall maintain continuous monitoring devices and
use them to monitor injection pressure, flow rate, volume, the pressure on the annulus
between the tubing and the long string of casing, annulus fluid level, and temperature. This
monitoring shall be performed as described in the Testing and Monitoring Plan to meet the
requirements of 40 CFR 146.90(b). The permittee shall maintain fop ERpection at the
facility an appropriately scaled, continuous record of these monitoring results as well as
original files of any digitally recorded information pertaining to these operations.

. Corrosion Monitoring t Thepermittee shall perform corrosion monitoring of the well
materials for loss of mass, thickness, cracking, pitting, and other signs of corrosion on a
guarterly basis using the procedures described in the Testing and Monitoring Plan and in
accordance with @ CFR 146.90(c) to ensure that the well components meet the minimum
standards for material strength and performance set forth in 40 CFR 146.86(b).

. Ground Water Quality Monitoringt The permittee shall monitor ground water quality and
geochemical changes above the confining zone(s) that may be a result of carbon dioxide
movement through the confining zone(s) or additional identified zones. This monitoring
shall be performed for thegrameters identified in the Testing and Monitoring Plan at the
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locations and depths, and at frequencies described in the Testing and Monitoring Plan to
meet the requirements of 40 CFR 146.90(d).

. External Mechanical Integrity TestingyThe permittee shall demonstrate external
mechanical integrity as described in the Testing and Monitoring Plan and Section L of this
permit to meet the requirements of 40 CFR 146.90(e).

. Pressure FalDff Testt The permittee shall conduct a pressure {ail test at least once
every five years unless more frequent testing is required by the Director based on site
specific information. The test shall performed as described in the Testing and
Monitoring Plan to meet the requirements of 40 CFR 146.90(f).

. Plume and Pressure Front Trackirifjhe permittee shall track the extent of the carbon
dioxideplume and the presence or absence of elevated pressure (e.g., the pressure front)
as described in the Testing and Monitoring Plan.

(a) The permittee shall use direct methods to track the position of the carbon dioxide
plumeand the pressure fronin the injecion zone as described in the Testing and
Monitoring Plan and to meet the requirements of 40 CFR 146.90(g)(1).

(b) The permittee shall use indirect methods to track the position of the carbon dioxide
plume and pressure front as described in the Testing anditdong Plan and to meet
the requirements of 40 CFR 146.90(g)(2).

(c) If any indirect monitoring performed under Section M(8)(b) of this Permit detects
increased pressure above the confining zone or other unanticipated results, the
permittee shall increasthe frequency of geochemical sampling under Section M(8)(a)
to monthly sampling.

(d) If data collection performed under Section M(8)(a) and M(8)(b) ofplimit detects
increased pressure above the confining zone or other unanticipated results the Director
may requireinstallation ofadditional monitoring wells.

. Surface Air and/or Soil Gas Monitoring

(a) The permittee shall conduct any surface air monitoring or soil gas moniteqmgred
by the Director to detect movement of carbon dioxide that could endanger a USDW
public healthat the frequency and locations described in the Testing and Monitoring
Plan to meet the requirements of 40 CFR 146.90(h).

(b) Any surface air monitoringr soil gas monitoringescribed in the Testing and
Monitoring Plan of this Permrmustnot conflict with air monitoring requirementset
forth by otherFederal State or localagenciedor the project, including monitoring to
comply with the approved Monitoring, Reporting, and Verification (MRV) plan under 40
CFR part 98, Subpart RR, monitoring required fav ] (} & v ] -Carbdniuel Standard
Page- 17-
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program complianceand monitoring requiredy Kern County pursuant to a
Conditional Use Permit (CU&)d environmental impact repor(EIR for the project

10. Leak Detection Monitoring

(a) The permittee shall conduct any leak detion monitoring at the wellhead required by
the Directa to ensure iection well integrity andletect movement of carbon dioxide
that could endanger a USDW or public hleat the frequency and locations described
in the Testing and Monitoring Plan.

(b) Anyleak detection monitoring described in the Testing and Monitoriram e this
Permitshould }Jve]led v3 A]3Z puw \&eak Detection and RepaiA Best
WE S]] -« (@dtober 2007)and mustnot conflict with leak detection monitoring
requirements set forth by othelfederal State, or locahgencies for the project,
including monitoring to comply with the approved Monitoring, Reporting and
Verification (MR/) plan under 40 CFR part 88bpartRR, monitang required for
C o] (} E v] -Carboniuel Standaptogram complianceand monitoring required
by Kern County pursuant to a Conditional Use Permit (@hidRnvironmental impact
report (EIR for the project.

11. Additional Monitoring t If required by the Directoas provided it0 CFR 146.90(ithe
permittee shall perform any additional monitoring determined to be necessary to
support, upgrade, and improve computational modelofghe AoR evaluation required
under 40 CFR 146.84(c) and to determine compliance with standards under 40 CFR
144.120r 40 CFR 146.86(a)his monitoring shall be performed as described in
modificationto the Testing and Monitoring Plan.

N.INJECTION OF CARBON DIOKRIEVI ADDITIONAL SOURCES

1. Thepermittee must receive written approval from the Director before injecting carbon
dioxide from asourcethat isnot fully describedn Attachment Bof this permit Carbon
dioxide fromadditional sources will not be approved if the Director determines that the
carbon dioxide stream from the proposed additional sousiadompatible or will
adversely interactwith the injection well material, injection formatigior confining zone.

2. Proposed additional sources cdrbondioxide will be evaluated by EPA to determine if the
additional sources approvable, and if so, whether its additicequiresa major permit
modification or a minor permit modification.

(a) Gonditions thatwill resultin a major permit modificatiomclude, but are not limited tp
if the proposed additional source of carbon dioxioheetsany ofthe following:

I. The addition of the proposecarbondioxide source woulthcreasethe injection
volume or injectiorpressure above the amount authorized in this perroit
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il. Theproposed additionatarbondioxide ®urceis determined to have a chemical
composition outside of the range of injectate compositions listed in Attachment B
of this permit,or

iii. The addition of the proposecarbondioxide source would interfere with the
operation of the facility or its ability to ne¢ conditions described in the permit
or

V. The addition of the proposed carbon dioxiseurcewouldresult in a material and
substantial alteration or addition to the permitted Class VI injection activity which
justifiesthe application of permit conditiomthat are different or absent in the
existing permit or

V. The Directodeterminesthat addition of the proposed carbon dioxide source
does not meetriteriafor aminor permit modification.

3. IV %o E}%o}e]VP v 181}v o «}p&E }( & }v ]1}A&] (}€ 8z
permittee shall provide the Director with the following information

(a) The analytical parameters of the proposed additional carbon dioxide stfeamthe
proposed sourc@s described in the Testing aMbnitoring Plan of thipermit;

(b) A description of the industrin whichthe proposed additional carbon dioxide stream
will be produced from

(c) Thename and addressf the proposedadditional carbon dioxideairce

(d) An evaluatiorof the impactthe proposed carbon dioxide sourfthe creation, capture
and transportationof carbon dioxid¢will have on criteria pollutanand hazardous air
pollutant emissions in the areand

(e) An assessment of the compatibility of tisarbon dioxidestream with subsurface fluids
and minerals, andssurance that theonstruction materials of the injection wells and
other wells that mayencounterthe injected plume are still compatible (e.g., widit
corrode overtime due to the chemical interactions).

4. All proposedadditionalsources otarbon dioxidewill require pre-approvalby Kern County
Planningand Natural ResourceBepartment andany necessargnitigation measures
pursuant to a approvedConditional Use Perma@nd Evironmental Impact Report

5. The public shall be notified within 30 days when a proposed additional carbon dioxide
source is submitted to EPA for review.

6. The public shall be notified 30 days beftine injection ofan EPAapprovedadditional
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3. 24-Hour Reportingt

(a) The permittee shall report to the Director any permit noncompliance which may
endanger human health or the environment or any events that require implementation
of actions in the Emergency and Remedial Response Plan (Attachment F of this permit).
Any information shall be provided orally within 24 hours from the time the permittee
becomes aware of the circumstances. Such verbal reports shall include, but not be
limited to, the following information:

(i) Any evidence that the injected carbon dioxide stream or associated pressure front
may cause an endangerment to a USDW, or any monitarmgher information
which indicates that any contaminant may cause endangerment to a USDW,;

(i)  Any noncompliance with a permit condition, or malfunction of the injection
system, which may cause fluid migration into or between USDWSs;

(i)  Any triggering othe shut-off system required irsectionK(6) of this permit (i.e.,
down-hole or at the surface);

(iv) Any failure to maintain mechanical integrity;

(v) Pursuant to compliance with the requirement at 40 CFR 146.90(h) for surface
air/soil gas monitoring or other monitorg technologies, if required by the
Director, any release of carbon dioxide to the atmosphere or biosphere; and

(vi) Actions taken to implement appropriate protocols outlined in the Emergency and
Remedial Response Plan (Attachment F of this permit).

(b) A written submission shall be provided to the Director in an electronic format within
five days of the time the permittee becomes aware of the circumstances described in
SectionO(3)(a) of this permit. The submission shall contaidescription of the
noncompliance and its cause; the period of noncompliance, including exact dates and
times, and, if the noncompliance has not been corrected, the anticipated time it is
expected to continue as well as actions taken to implement appropriate protocols
outlined n the Emergency and Remedial Response Plan (Attachment F of this permit);
and steps taken or planned to reduce, eliminate and prevent recurrence of the
noncompliance.

4. Reports on Well Tests and WorkovetsThepermittee shall eport, within 30 days, the
results of:

(a) Periodic tests of mechanical integrity;

(b) Any well workover, including stimulation;
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6.

(c) Any other test of the injection well conducted by the permittee if required by the
Director; and

(d) Any test of any monitoring well required by this permit.

Advance Notice Reportind

(a) Well Testst The permittee shall give at least 30 days advance written notice to the
Director in an electroic format of any planned workover, stimulation, or other well
test.

(b) Planned Changes$ The permittee shall give written notice to the Director in an
electronic format, as soon as possible, of any planned physical alterations or additions
to the permitted injection facility other than minor repair/replacement or maintenance
activities. An aalysis of any new injection fluehd, as specified in Section N of this
Permit, an analysis of any additional source of carbon diosiug| be submitted to the
Director for review and written approval at lea®d days prior to injection; this
approval nay result in a permit modification.

(c) Anticipated Noncompliancet The permittee shall give at lea30 days advance written
notice to the Director in an electronic format of any planned changes in the permitted
facility or activity which may result in nonmpliance with permit requirements.

Additional Reportst

(a) Compliance SchedulesReports of compliance or noncompliance with, or any progress
reports on, interim and final requirements contained in any compliance schedule of this
permit shall be submitted in an electronic format by the permittee no later than 30
days following each kedule date.

(b) Transfer of Permitst This permit is not transferable to any person except after notice
is sent to the Director in an electronic format at least 30 days prior to transfer and the
requirements of 40 CFR 144.38(a) have been met. Pursuant tireetents at 40 CFR
144.38(a), the Director will require modification or revocation and reissuance of the
permit to change the name of the permittee and incorporate such other requirements
as may be necessary under the SDWA.

(c) Other Noncompliancet The pernittee shall report in an electronic format all other
instances of noncompliance not otherwise reported with the next monitoring report.
The reports shall contain the information listed in SectB)(b) of this permit.

(d) Other Information t When the permittee becomes aware of failure to submit any
relevant facts in the permit application or that incorrect information was submitted in a
permit application or in any report to the Director, the permittee shall submit such
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facts or corrected irdrmation in an electronic format within 10 days in accordance
with 40 CFR 144.51(1)(8).

(e) Report on Permit Reviewt Within 30 daydrom the effective dateof this permit, the
permittee shall certify to the Director in an electronic format that he or sherbad
and is personally familiar with all terms and conditions of this permit.

. Recordst

(a) The permittee shall retain records and all monitoring information, including all
calibration and maintenance records and all original chart recordings for continuous
monitoring instrumentation and copies of all reports required by this permit (including
records from preinjection, active injection, and postjection phases) for a period of at
least 10 yearsrom collection

(b) The permittee shall maintain records of all data required to complete the permit
application form for this permit and any supplemehtaformation (e.g.modeling
inputs for AoR delineations and reevaluatipptan modificationssubmitted under 40
CFR 144.2244.3] 144.39and 144.4%or a period of at least 10 years after site
closure.

(c) The permittee shall retain records concerning the nature and composition of all
injected fluids until 10 years after site closure.

(d) The retention periods specified in Sectiof)(a) through (c) of tls permit may be
extended by request of the Director at any time. The permittee shall continue to retain
records after the retention period specified in Sectiofr)(a) through (c) of this permit
or any requested extension thereof expires unless the pdaaitelivers the records to
the Director or obtains written approval from the Director to discard the records.

(e) Records of monitoring information shall include:

() The date, exact place, and time of sampling or measurements;

(i)  The name(s) of thendividual(s) who performed the sampling or measurements;
(i) A precise description of both sampling methodology and the handling of samples;
(iv) The date(s) analyses were performed;

(v) The name(s) of the individual(s) who performed the analyses;

(vi) The analyticalgchniques or methods used; and

(vii) The results of such analyses.
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. PUBLIC AVAABILITY OF MONITORIRGD COMPLIANCEATA

. The permittee shall develop and maintaipabliclyaccessiblevebsitewith all available
monitoring data collectedinder this PermitThe websitenust be accessible to persons
with disabilities and compliant with Section 508, andghall include:

(a) Semiannual monitoring reports and data

(b) An executive summarfn both English and Spahi)that interprets the Semannual
monitoring reports and data;

(c) Realtime display of data collected fany Surface Air/Soil Gas Monitorimgquired
under SectionM(9) and Leak Detection Monitorimgquired underSection M(10)of
this Permit and

(d) Notification of any permit nortompliance on a quarterly basis, including the steps
taken to resolve the nowompliance, and any actions taken to prevent aoeurrence
of the noncompliance.

. WELL PLUGGING, POSIJECTION SITE CARE, AND SITE CLOSURE
. Well Plugging Plart The permittee shall maintain and comply with the approved Well

Plugging Plan (Attachment D of this permit) whiln enforceable condition of this
permitand shall meet the requirements of 4LFR 146.92

. Revision of Well Plugging Planif the permittee finds it necessary to change the Well
Plugging Plan (Attachment D of this permit), a revised plan shall be submitted in an
electronic format to the Director for written approvahny amendments to the Well
Plugging Plamust be approved the Director must be incorporated into the permit and
are subject to the permit modification requirements at 40 CFR 144.39 or 144.41.

. Notice of Plugging and AbandonmerttThe permittee must noty the Director in writing
in an electronic format pursuant 40 CFR 146.92(c), at least 60 days before plugging
conversion ombandonmentof a well At the discretion of the Director, a shorter notice
period may be allowed.

. Plugging and Abandonment Approvahd Report t

(a) The permittee must receive written approval of the Director before plugging the well
and shall plug and abandon the well in accordance WRICFR 146.92, as provided in
the Well Plugging Plan (Attachment D of this permit).

(b) Within 60 days after plugging, the permittee must submit in an electronic format a
plugging report to the Director. The report must be certified as accurate by the
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permittee and by the person who performed the plugging operation (if other than the
permittee.) The permittee shall retain the well plugging regaran electronic format
for 10 years following site closure. The report must include:

() A statement that the well w&s plugged in accordance with the Well Plugging Plan
previously approved by the Director (Attachment D of this permit); or

(i) If the actual plugging differed from the approved plan, a statentg&dcribinghe
actual plugging@ndan updated plan specifying the differendesm the plan
previously submittechnd explaining why the Director should approve such
deviation. If the Director determines that a deviation from the piacorporated
in this permit may endangddSDWsthe permittee shall rgplug the well as
required by the Director.

5. Temporary Abandonmat tIf the permittee ceases injection into the well for more than
24 consecutive months, the well is considered to be in a temporarily abandoned status,
and the permittee shall plug and abandon the well in adence with the approved Well
Plugging Plan, 40 CFR 144.52 (a)(6), and 40 CFR 146.92, or make a demonstration of non
endangerment of this well while it is in temporary abandonment status. During any periods
of temporary abandonment or disuse, the well ol tested to ensure that it maintains
mechanical integrity, according to the requirements and frequency specified in Section L(2)
of this permit. The permittee shall continue to comply with the conditions of this permit,
including all monitoring and repting requirements according to the frequencies outlined
in the permit.

6. Postlnjection Site Care and Site Closure Plan

(a) The permittee shall maintain and comply with tRestInjection Site Care and Site
Closure PlafAttachment E of this permjitwhich meets the requirements of 40 CFR
146.93 and is an enforceable condition of this permit. The permittee shall:

() Upon cessation of injection, either subnritan electronic famat for the
]JE 3S}E[+ a&ma&nanddd Podnjection Site Care and Site Closure Plan or
demonstrate through monitoring data and modeling results that no amendment
to the plan is needed

(i) At any time during the life of the project, the permittee mawpdify and resubmit
in an electronic formathe Postinjection Site Care and Site Closure Plan for the
JE S}E[* %% E}A 0X dZ % Eu]38 u CU « % ES }( *p
request a modification to the poshjection site care timeframe thahcludes
documentation of the information at 40 CFR 146.93(c)(1).

(b) The permittee shall monitor the site following the cessation of injection to show the
position of the carbon dioxide plume and pressure front and demonstrate that USDWs
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are not being endagered, as specified in the Pdsijection Site Care and Site Closure
Planand in 40 CFR 146.9%hd40 CFR46.93 including:

() Ground water quality monitoring

(i)  Tracking the position of the carbon dioxide plume and pressure front including
direct pressure monitoring and geochemical plume monitoring and the use of
indirect methods

(i)  Any other required monitoring, e.g., soil gas and/or surface air monitoring
described in the Podnjection Site Care and Site Closure Plan

(iv) The permittee shall submibh an electronic formathe results of all monitoring
performed according to the schedule identified in the RPipgéction Site Care and
Site Closure Plamand

(v) The permittee shall continue to conduct pasjection site monitoring for at least
50 years ofor the duration ofanyalternative timeframeapproved pursuant to
40 CFR 146.93(ahd the Postinjection Site Carand Site ClosurBlan

(c) The postinjection monitoring must continue until the project no longer poses an

endangerment to USDWs andetldemonstration pursuant to 40 CFR 146.93(b)(2) and
as described in Sectid@(6)(d) of this permitis approved by the Director.

(d) Prior to authorization for site closure, the permittee shall submit to the Director for

review and approvaln an electronic formata demonstration, based on information
collected pursuant t&ectionQ(5)(b) of this permitthat the carbon dioxide plume and
the associated pressure front do not pose an endangerment to USibdtbat no
additional monitoring isieeded to ensure that the project does not pose an
endangerment to USDWas required under 40 CFR 146.93(b)(®)e Director reserves
the right to amend the posinjection site monitoring requirements (including
extendngthe monitoring period) if the cdion dioxide plume and the associated
pressure front have not stabilized or there is a concern that USDWSs are being
endangered.

(e) The permittee shall notify the Directam an electronic formaat least 120 days before

(f)

site closure. At this time, if any chges to the approved Posbjection Site Care and
Site Closure Plan in Attachment E of this peamét proposedthe permittee shall
submit a revised plan.

After the Director has authorized site closure, the permittee shall plug all monitoring
wells asspecified in Attachment E of this permiithe PostInjection Site Care and Site
Closure Plartin a manner which will not allow movement of injection or formation
fluids that endangers a USDW. The permittee shall also restore the site to-ts pre
injection condition.
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(9) The permittee shall submit a site closure repiorein electronic formato the Director
within 90 days of site closure. The report must include the information specified at 40
CFR 146.93(f).

(h) The permittee shall record a notation on the deedhe facility property or any other
document that is normally examined during a title search that will in perpetuity provide
any potential purchaser of the property tHellowing information:

(i) The fact that land has been used to sequester carbon dipxide

(i) The name of the State agency, local authority, and/or Tribe with which the survey
plat was filed, as well as the address of the Environmental Protection Agency
Regional Office to which it was submitted; and

(i)  The volume of fluid injected, the injecti@one or zones into which it was
injected, and the period over which injection occurred

(i) The permittee shall retain for 10 years following site closure an electronic copy of the
site closurereport, records collected during the postjection site cargeriod, and any
other records required under 40 CFR 146.91(f){4e permittee shall deliver the
recordsin an electronic formato the Director at the conclusion of the retention
period.

R. EMERGENCY AND REMEDIAL RESPONSE

1. The Emergency arikemedial Response Plan describes actions the permittee must take to
address movement of the injection or formation flujdscludingsurface leaksf carbon
dioxideor other contaminantsthat may cause an endangerment to a USB\Vpublic
healthduring corstruction, operation, and poshjection site care periods. The permittee
shallmaintain andcomply with the approved Emergency and Remedial Response Plan
(Attachment F of this permithich is an enforceable condition of this pernaityd with 40
CFR 146.94.

Prior to the Director authorizing injection, theermittee shall revise the Emergency and
Remedial Response Plan to include a description and documentation of the contracts the
permittee holds with service providers, including any contracts or access agreements with
local emergency response authorities, to perform the actions outlined in the Emergency
and Remedial Response Plan, and shall confirm that any required payments wexéanad
Kern County Planning and Natural Resources Departrasrequired by the approved
Conditional Use Permit&r transfer to the Kern County Fire Department for equipment
and training specific to the detection and control of emergency situations cans#ue

release of carbon dioxide.
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2. If the permittee obtains evidence that the injected carbon dioxide or associated pressure
front may cause endangerment to a USDBWpublic health the permittee must:

(a) Cease injectiom accordance with Sectiong@and K9)(a) or (b) and Attachment
or F of this permit;

(b) Take all steps reasonably necessary to identify and characterize any release;
(c) Notify the Director within 24 hours; and

(d) Implement the Emergency and Remedial Response Plan (Attachmerttig pétmit)
approved by the Director.

3. Atleastevery five yearspr more frequentlywhen monitoring and operational conditions
warrant, the permittee shall review and update the Emergency and Remedial Response
Plan as required at 40 CFR 146.94(d) or destrate to the Director that no update is
needed. The amended Emergency and Remedial Response Plan or demonstration shall be
submitted to the Director in an electronic format within one year of an AoR reevalyation
following any significant changestioe facility such as addition of injection weks when
required by the Director.

4. Following each update of the Emergency and Remedial Response Plan or a demonstration
that no update is needed, the permittee shall submit the resuliafdrmation in an
electronic format to the Director for review and confirmation of the results. Once
approved by the Director, the revised Emergency and Remedial Response Plan will become
an enforceable condition of this permit.

S. COMMENCING INJECTION
Thepermittee may not commence injection until:

1. Results of the formation testing and logging progrand a demonstration that all pre
operational testing objectives have been nazet specified irsection df this permitand in
40 CFR 146.87 are submittedtte Director in an electronic format and subsequently
reviewed and approved by the Director;

2. Mechanical integrity of the well has been demonstrated in accordance with 40 CFR
146.89(a)(1) and (2and in accordance with Section L(1) through (3) of thisniter

3. The completion of corrective action required by the Area of Review and Corrective Action
Plan found in Attachment B of this permit in accordance with 40 CFR 146.84;

4. All requirements at 40 CFR 146.82(c) have been met, inclbdingot limited to revewing
andupdating of the Area of Review and Corrective Action, Testing and Monitoring, Well
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Plugging, Podinjection Site Care and Site Closure, and Emergency and Remedial Response
plans to incorporate final site characterization informatidimal delireation of the AoR,

and the results of prénjection testing, and information has been submitted in an

electronic format, reviewed and approved by the Director;

5. Thepermittee has submitted the results of an analysis of the physical and chemical
characterstic of the carbon dioxide stream for all analytical parameters identified in the
Testing and Monitoring Plan (Attachmenbflhis Permit).

6. Construction is complete and the permittee has submitted to the Director in an electronic
format a notice that completed construction is in compliance with 40 CFR 14686
Section | of this permit

7. The Director has inspected or otherwise reviewed the injection well and all submitted
information and finds it is in compliance with the conditions aétermit;

8. The Director has approved demonstration of glarmsystem and shubff system under
Secton K6) of this permit;

9. The Permittee hasevisedthe Emergency and Remedial Response Plan to include a
description and documentatioaf the contractsthe permittee holdswith service providers
in order to perform the actions outlined in the Emerggrand Remedial Response Plan

10.The Director has approved the publielscessiblevebsiterequiredunder SectiorP of this
permit; and

11.The Director has given written authorization to commence injection
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ATTACHMENTS

These attachments include, but are not limited to, permit conditions and plans concerning
operating procedures, monitoring and reporting, as required by 40paRR 144 and 146. The
permittee shall comply with these conditions and adhere to these plarppoved by the
Director, as follows:

A.

B.

SUMMARY OF OPERATING REQUIREMENTS

AREA OF REVIEW AQORRECTIVE ACTION PLAN

. TESTING AND MONITORING PLAN

. WELL PLUGGING PLAN

POSTINJECTION SITE CARE AND SITE CLOSURE PLAN

EMERGENCY AND REMEDIAL RESPONSE PLAN

. CONSTRUCTION DETAILS

. FINANCIAL ASSURANCE DEMONSTRATION

STIMULATION PROGRA
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Table 2. Class VI Injection Well Reporting Requirements

ACTIVITY REPORTING REQUIREMENTS

CQ; stream characterizati Sem-annuall
Injection pressure, injection rate, injection volume, | Semi-annually
pressure on the annulilandannulus fluid leve

Corrosion monitorin Sem-annually
External MITs Within 30 days of completion of t
Pressure fg-off testing In the next sen-annua repor

Note: All testing and monitoring frequencies and methodologies are included in the Testing and Monitoring Plan of
this permit.

Table 3. Class VI Project Reporting Reqguirements

ACTIVITY REPORTING REQUIREMENTS
Groundwater qualitmonitoring Sem-annually
Plume and pressure front track In the next sen-annual repo
Monitoring well MIT¢ Within 30 days of completion of t
Financial responsibility updates pursuant to H.2 and | Within 60 days of update
H.3(a) of this perm

Note: All testing and monitoring frequencies and methodologies are included in the Testing and Monitoring Plan of
this permit.
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ATTACHMENT B: AREA OF REVIEW AND CORRECTIVE ACTION PLAN
40 CFR 146.84(b)

Facility Information

Facility name: Elk Hills 26R Storage Project

Facility contact: Travis Hurst / CCS Project Manager
28590 Highway 119
Tupman, CA 93276
(661) 342-2409 / Travis.Hurst@crc.com

Well location: Elk Hills Oil Field, Kern County, CA
35.32802963 / -119.5449982

Version History

File Name Version Date
Attachment B - AoR_CA 1 01/11/21
Attachment B - AoR_CA 2 05/31/22
Attachment B - AoR_CA 3 12/21/22
Attachment B - AoR_CA 4 05/14/2023
Attachment B — AoR_CA 5 6/23/2023

Computational Modeling Approach

The computational modeling workflow begins with the development of a three-dimensional
representation of the subsurface geology. It leverages well data (bottom and surface hole location,
wellbore trajectory, well logs, etc.) for rendering structural surfaces into a geo-cellular grid.
Attributes of the grid include porosity and permeability distributions of reservoir lithologies by
subzone, as well as observed fluid contacts and saturations for each fluid phase. This geologic
model is often referred to as a static model, as it reflects the reservoir at a single moment. Carbon
TerraVault 1 LLC (CTV) licenses Schlumberger Petrel, industry-standard geo-cellular modeling
software, for building and maintaining static models. The static model becomes dynamic in the
computational modeler with the addition of:

X Fluid properties such as density and viscosity for each hydrocarbon and water phase

Area of Review and Corrective Action Plan for EIk Hills 26R Storage Project
Page 1 of 32



x Liquid and gas relative permeability
x Capillary pressure data
x Current saturation, pressure, and temperature estimates

Results from the computational model are used to establish the area of review (AoR), the ‘region
surrounding the geologic sequestration project where underground sources of drinking water
(USDWs) may be endangered by the injection activity’ (EPA 75 FR 77230). In the case for the
Elk Hills 26R project, the AOR encompasses the maximum aerial extent of thel@ae (e.g.,
supercritical, liquid, or gaseous). Reservoir pressure will be at or beneath the initial/discovery
pressure, minimizing the already minor potential for induced seismicity and ensure no elevated
pressure post injection.

Model Background

Computational modeling was completed using Computer Modeling Group’s (CMG) Equation of
State Compositional Simulator (GEM). GEM is capable of modeling enhanced oil recovery,
chemical EOR, geomechanics, unconventional reservoir, geochemical EOR and carbon capture
and storage. GEM can model flow of three components (gas, oil and aqueous), multi-phase fluids,
predict phase equilibrium compositions, densities, and viscosities of each phase. This simulator
incorporates all the physics associated with handling of relative permeability as a function of
interfacial tensionlFT), velocity, composition, and hysteresis. Computational modeling for the
CO2 plume utilized the Peng-Robinson Equation of State (Reference 1) and the solubility of CO
in water is modeled by Henry’'s Law (Reference 2, 3). The Peng-Robinson Equation of State
establishes the interaction/solubility of €énd residual oil in the reservoir. Solubility of €@
aqueous phase was modeled by Henry’s Law as a function of pressure, temperature, and salinity.

The plume model defines the potential quantity o Gred and simulates lateral and vertical
movement of the C&o define the AoR.

The simulator predicts the evolution of the Qflume by:

1. Incorporating complex reservoir geometry and wells and utilizing a full field static
geological three-dimensional characterization of the reservoir incorporating lithology,
saturation, porosity, and permeability.

2. Forecasting the COplume movement and growth by inputting the operating parameters
into simulation (injection pressure and rates).

3. Assessing the movement of €@fter injection ceases and allowing the plume to reach
equilibrium, including pressure equilibrium and compositions in each phase.

Area of Review and Corrective Action Plan for EIk Hills 26R Storage Project
Page 2 of 32



CMG’s GEM software has been used in numerous €€yuestration peer reviewed papers,
including:

1. Simulation of CQ EOR and Sequestration Processes with a Geochemical EOS Compositional
Simulator. L. Nghiem et al

2. Model Predictions Via History Matching of @@Plume Migration at the Sleipner Project,
Norwegian North Sea. Zhang, Guanru et al

3. Geomechanical Risk Mitigation for @&equestration in Saline Aquifers. Tran, Davis et al.

Site Geology and Hydrology

The 31S field is a northwest-southeast trending anticlinal structure located in the Elk Hills Oil
Field within the San Joaquin Valley of California, producing oil and gas from the Miocene-aged
Monterey Formation. The reservoir sands are composed of a series of stacked turbidite sands,
interbedded with siliceous shales and clays. The Monterey Formation 26R sands, present in the
southwestern portion of the field pinch out on top of the structure and along strike (Figure 1).

The Monterey Formation sands are bound above by the regional Reef Ridge Shale, and below by
the Lower Antelope Shale Member of the Monterey Formation. The Reef Ridge Shale is a deep
marine, clay-rich interval, deposited regionally with average gross thicknesses of ~1,000’, and has
a very low matrix permeability. Its competence in confining upward fluid movement is established
by its demonstrated historical performance as the regional seal for hydrocarbon accumulation
within the Monterey Formation, not only for the Monterey Formation 26R, but for all Monterey
accumulations in the greater Elk Hills area.
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Figure 1: Cross-section A-A' showing lateral Monterey Formation 26R sand pinch-out.

The Elk Hills 26R Class VI injection wells will target injection in the Monterey Formation 26R
sands. The Monterey Formation 26R oil and gas reservoir was discovered in the 1940’s and has
been developed with primary production and pressure maintenance (Table 1: Production and
Injection volumes). Starting in the year 1998, pressure maintenance ceased, and the gas cap
reservoir was “blown-down”, depleting the reservoir pressure. Since blow-down, reservoir
pressure has remained at 150-300 PSI, indicating a closed reservoir with minimal water influx
and/or connection to an aquifer.

Table 1: Production and injection volumes for the Monterey Formation 26R reservoir.

Process Phase Volume

Production Oill 222 million barrels
Gas 1,244 billion cubic fee
Watel 81 million barrels

Injection Wate 114 million barrels
Gas 841 billion cubic fee

Well data, open-hole well logs and core (Figure 2), define the subsurface geological characteristics
of stratigraphy, lithology, and rock properties. Reservoir performance information (production and

injection rates and volumes, reservoir, and wellbore pressures) complements the static
characterization by adding the dynamic components, such as reservoir continuity and

hydrogeology.
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Table 2. Model domain information.

Coordinate System State Plane

Horizontal Datum NAD 83

Coordinate System Units Fee

Zone CA83-VF

FIPSZONE 0405 ADSZONE 3376
Coordinate of X min 6113669.2 Coordinate of X max 6130553.7
Coordinate of Y min 2286478.4 Coordinate of Y max 2299980.6
Elevation of bottom of domain -6651.18 Elevation of bottom of domain |-3544.42

The geo-cellular grid is uniformly spaced throughout the 3.7 square mile model area (Figure 2) at
190 feet by 150 feet. The model is oriented at 18 degrees, which is aligned with both the structural
trend of the anticline and the depositional environment. Model boundaries were selected to define
plume extent and edges of the Monterey Formation 26R reservoir.

The reservoir has been separated into 12 zones and 27 layers (Figure 3) respectively and an average
grid cell height of 117 feet. Each of the 12 zones is a mappable sand and were modeled separately
to ensure stationarity of the geostatistical model. With a data driven geostatistical model, the model
can discretize the reservoir into multiple zones. Grid resolution is a balance between simulation
run-time and retaining reservoir heterogeneity for assessingro@ement. Well data that defines

the stratigraphy also defines the structure of the 26R storage reservoir. Each well drilled has a
deviation survey used to establish the measured depth and depth sub-sea of each surface.

Figure 3: Static model layering of the Monterey Formation 26R reservoir showing the 12 zones, and the 27
layers. The stratigraphic units either pinch-out up-dip or reservoir sands transition to shale laterally.
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Porosity and Permeability

Figure 2 shows the AoR and the well penetrations that have open hole triple combo logs and core
data used for the model parameters. Porosity, facies (sand and shale), and clay volume are derived
from the open hole well logs. These values, that have a one-foot resolution, are upscaled into the
geological model and distributed using Gaussian random function simulation (kriging). Figure 4A
shows how the log derived porosity compares to the upscaled model (synthetic) porosity for 363-
27R (track five with log derived in black and the Upscaled model / synthetic porosity in blue).
Mercury Injection Capillary Pressure (MICP) permeability data from core analysis constrains the
permeability function (Figure 4B) that is dependent on porosity and clay volume.

Figure 4A: Log derived and Model Upscaled (Synthetic porosity) for 363-27R (track five with log
derived in black and the Upscaled model synthetic in blue).

Figure 5B: Porosity and permeability data from MICP analysis for Monterey Formation sands. A
permeability transform calculates permeability from log-based porosity.
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Figure 6: Monterey Formation 26R sands porosity and permeability distribution in the static
model.

Figure 5 shows porosity and permeability histograms for the Monterey Formation 26R sands in
the static model. Porosity is derived from open-hole well log analysis and permeability is a function
of porosity and clay volume. Figure 6 shows the permeability and porosity distribution in cross-

section A-A'.

Figure 7: Sections through the static grid showing the distribution of porosity and permeability in
the reservoir.
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A variable permeability anisotropy was included in the model, with a Vertical permeability (kv)

to horizontal permeability (kh) ratio which ranged from 0.0001 to 1, with a log mean of value of
0.01. The permeability anisotropy was arrived at by upscaling log derived permeability, and then
distributing the upscaled log data across the model domain. The log data was upscaled using an
arithmetic mean to represent the horizontal permeability, and a harmonic mean to represent the
vertical permeability.

Constitutive Relationships and Other Rock Properties

The Monterey Formation 26R reservoir gas cap overlies an oil band, followed by a basal water
zone. Contacts for gas, oil, and water depths are derived from open-hole well logs and production
analysis and verified through simulation and history matching. Single values for the saturation
have been assumed for the computational model study. Table 3 shows the reservoir contacts and
saturations used in the computational model.

The saturations for the Gas, Oil and Water in the Gas Cap and Oil Band portions of the reservoir
were determined using a Material Balance approach. The Pore Volume, discovery fluid contacts,
pressure history, cumulative production and injection data for the reservoir, and the PVT properties
of the fluids were used to estimate a current average oil, water, and gas saturation for the
hydrocarbon portion of the 26R reservoir. These average saturations and estimates of remaining
oil in place were used to iterate to a current oil-water and gas-oil contact in the computational
model and the CMG GEM simulation model was initialized using the relative permeability curves,
capillary pressure curves and current estimate of reservoir pressure.

The most recent data used to help validate the estimated gas-oil contact was pressure data gathered
between 2006-2015. The pressure profile from this data was used to help estimate a gas contact of
~5630ft below MSL, using a gas gradient (0.0036psi/ft) and an oil gradient of 0.34psi/ft (see Figure

7). As there has not been evidence of an active aquifer following the blow down of the reservoir,
the water contact is estimated to be at or near the original contact of ~6040ft below MSL, which
was determined based on well logs obtained during the initial characterization of the reservoir in
the 1950’s.

Table 3: Gas, oil and water contacts used in the computational modeling study. Values derived by
open hole well logs, pressure data, material balance and production analysis.

Gas Ca Oil Banc Water Zon
Contact (depth sub-sea Gas - Ol Oil - Water > 6,040
<5,630 563(-6,040
Saturation (fraction) Oil: 15% Oil: 37.1% Water: 100%
Water: 33.7% Water: 25%
Gas: 51.39 Gas: 0%
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Figure 7 : Pressure profile in the 26R reservoir indicating a Gas-Oil contact of ~5630ft MSL

With gas, oil and water all present in the reservoir, three-phase relative permeability relationships
are the key variables that determine the flow characteristics of each component and/or phase. Two
sets of two-phase relative permeability data are needed to determine three-phase relative
permeability: water-oil and gas-oil systems, giving krw, krow, krg, and krog as a function of
saturation.

Where,

krg — relative permeability of Gas in a Gas—QOil system
krog — relative permeability of Oil in a Gas—Oil system
krow — relative permeability of Oil in an Oil-Water system
krw — relative permeability of Water in an Oil-Water system

Data acquired from Special Core Analyses (SCAL) determines these relationships. The geomodel
modelled two rock types — sand and shale, but for the simulation a single sand rock type was
modeled with the shale facies cells being treated as inactive cells. Core obtained from well 377H-
26R in the 26R reservoir and equivalent Monterey Formation sandstone from well 345A-35S in

the EIk Hills reservoir were used to generate the relative permeability relationships for the sand
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facies. The data was normalized with respect to air permeability using end point scaling and a
single Corey relative permeability fit was generated. Figure 8 shows the relative permeability
curves used in the computational modeling and Figure 9 shows the relative permeability data from
wells 377H-26R and 345A-35S in tabular form.

Figure 8: Relative permeability curves for krg-krog and krw-krow used in the computational model
study and wells locations for data used to develop the curves.

The functional form of the relative permeability curves are -

krw = krwiro * ((Sw - Swecrit)/(1.0 - Swerit - Soirw))’

krow= krocw * ((So - Sorw )/(1.0 - Swcon - Sor\'9Y
krog=krogcg*((Sl - Sorg - Swcon)/(1.0 - Sgcon - Sorg - SwéGh))
krg =krgcl *((Sg - Sgcrit)/(1.0 - Sgcrit - Soirg - Swcalf))

With the parameters for the curve being -

Swecon - Endpoint Saturation: Connate Water = 0.38

Swcrit - Endpoint Saturation: Critical Water = 0.38

Soirw - Endpoint Saturation: Irreducible Oil for Water-Oil = 0.2
Sorw - Endpoint Saturation: Residual Oil for Water-Oil = 0.22
Soirg - Endpoint Saturation: Irreducible Oil for Gas-Liquid = 0.21
Sorg - Endpoint Saturation: Residual Oil for Gas-Liquid = 0.22
Sgcon - Endpoint Saturation: Connate Gas =0

Sgcrit - Endpoint Saturation: Critical Gas = 0.05

krocw - Kro at Connate Water = 1
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krwiro - Krw at Irreducible Oil = 0.43
krgcl - Krg at Connate Liquid = 0.4
krogcg - Krog at Connate Gas = 1
Nw = 1.3

Now =3

Nog = 3.8

Ng=2.5

The end point relative permeabilities of the curves were then scaled by a factor of 0.1547 using
Oil to Air permeability ratio from well 345A-35S, so that the curves would be in reference to air
permeability, which was used in the simulation model.

Figure 9: Monterey formation relative permeability data from wells 345A-35S and 377H-26R
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Mineralization

Based on previous studies on reactive transport modeling and geochemical reactions in CCS
applications have shown that the amount of CO2 predicted to be trapped by mineralization
reactions is extremely small over a 100 year post injection time frame (IPCC, 2005: IPCC

Special report on Carbon Dioxide Capture and Storage) for sandstone reservoirs. In addition, due
to the fairly low salinity of the Formation water, stable mineralogy and minor expected on the
AOR, reactive transport was not included as a part of the compositional simulation modeling at
this time for computational efficiency.

Boundary Conditions

No-flow boundary conditions were applied to the Monterey Formation 26R reservoir in the
computational modeling. These conditions were based on the following:

1. The overlying Reef Ridge Shale is continuous through the area, has a low
permeability (less than 0.01 mD) and has confined oil and gas operations, that
include the injection of water and gas, since discovery.

2. Performance data from operating the Monterey Formation 26R oil and gas reservoir
indicates no connection to an active aquifer.

i. Historical production data (Figure 10) shows minimal water production,
supporting limited aquifer influx.

il. Gas injection and subsequent gas blow-down (Figure 10) proves lateral and
vertical confinement by demonstrating that gas did not migrate out of the
reservoir.

iii. Pressure in the reservoir is at 150 - 300 PSI, demonstrating minimal to no
aquifer influx and subsequent increase in pressure.

3. The 26R reservoir pinches out in the updip and lateral portions of the reservoir, and
transitions to shale as shown in Figure 1.

Pressure data obtained while drilling wells in the AoR shows the pressure isolation of the 26R
reservoir from the overlying Etchegoin Formation and the Lower Monterey Formation. Figure 11
shows the pressure data obtained for the formations, and location of these wells within the AoR.

Additional pressure data will be gathered and provided to the EPA during the pre-operational
testing phase when all production operations in the reservoir have ceased, to confirm the historical

understanding.
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Figure 10: Monterey Formation 26R production and injection data.

Figure 11: Etchegoin Formation, 26R Reservoir and Lower Monterey Formation repeat formation
tester (RFT) pressure data in the AoR shows pressure isolation between the different formations.
Data was obtained during the drilling of wells between 2006-2008.

Initial Conditions

Initial model conditions (start of CQnjection) of the Monterey Formation 26R reservoir have
been established and verified over time as the reservoir has been developed for oil and gas
production. Initial conditions for the model are given in Table 4. Depths in the Table 4 are depths
below Mean Sea Level (MSL), which is used as the reference elevation.
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Table 4. Initial conditions.

Parameter Value or Range | Units Corresponding Data Source
Elevation (ft, below
Mean Sea Level)
Temperatur 21C Fahrenhe 5,63C Fluid Analysit
Formation pressure | 150 Pounds per square inch| 5,630 Pressure Test
Fluid densit 61 Pounds per cubic fo 5,63C Water analys
Salinity 25,00C Parts per millio Water analys

Operational Information

Details on the injection operation are presented in Table 5.

Table 5. Operating details.

Operating Information Injection Well 1 Injection Well 2 | Injection Well 3 | Injection Well 4
373-35R 345C-36R 353XC-35R 363C-27R
Location (global coordinates)
35.1634 N 35.2743 N 35.3768 N 35.2779 N
11€.2824W\ 119.4577 V 119.4732 V 119.4535 V
Model coordinates (ft)
X 6121906 6126556 6121940 6117204
Y 229008: 2289311 229024 229593
No. of perforated interve 13 25 11 12
Perforated intervdft TVD / MD)
Top 6807 / 7086 6097 / 6101 6625 /6810 6698 /6731
Bottorr 7109/ 742 7710/ 772( 8373 /854¢ 8124 /821
Production Casir diameter (in. |4.5" 4.5" 4.5" 45"
Planned injection period
Start 1/1/2025 1/1/2025 1/1/2025 1/1/2025
Enc 9/1/2051 9/1/205: 9/1/205: 9/1/205:
Injection duration (year 27 27 27 27
Injection rate (t/day) 992 992 992 992

*If planned injection rates change year to year, add rows to reflect this difference, and include an average injection rate per year (or interval if

applicable).

Fracture Pressure and Fracture Gradient

A fracture gradient of 0.701 psi/ft is expected for the 26R reservoir. This is based on fracture

stimulation performed on well 388-26R in the 26R reservoir.

CTV will ensure that the injection pressure is below 90% of the fracture pressure as calculated at
the top perforation for each injector. The maximum allowable subsurface wellbore injection

pressure for the 4 injectors in the project is shown below in Table 6.
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Table 6. Injection pressure details.

Injection Pressure Details Injection Well 1 | Injection Well 2 Injection Well 3 | Injection Well 4
373-35R 345C-36R 353XC-35R 362C-27R

Fracture Gradient (psi/ft) 0.701 0.701 0.701 0.701

Maximum allowable downhole injection pressure4294 3847 4180 4226

(90% of fracture pressure),

Elevation corresponding to maximum allowable |6807 / 7086 | 6097 / 6101 6625/6810 | 6698 /6731

bottomholepressure (ft, TVI/ MD)

Elevation of top of the perforated interval (ft, T\ |6803/708¢ | 6097/ 6101 662° / 681( 669¢/ 6731

Planned bottom hole injection pressure at top of 4060 3555 3787 3558

perforations (ps

Planned bottom hole injection gradient at top of | 0.596 0.583 0.572 0.531

perforations (psi/f

Proposed Carbon Dioxide Stream

CTV is planning to construct a carbon capture and sequestration “hub” pr@eet ffroject that
collects carbon dioxide (CPfrom multiple sources over time and injects thexGteeam(s) via a
Class VI UIC permitted injection well(s)). Therefore, CTV is currently considering multiple
sources of anthropogenic ¢r the project. The anthropogenic €Will be sourced from:

* Initial onsite emissions:
* Lone Cypress blue hydrogen plant, up to 200,000 tonnes per annum

» Elk Hills field gas treatment (pre-combustion for Elk Hills Power Plant), up to
200,000 tonnes per annum

* Avnos Direct Air Capture (DAC), up to 1,500 tonnes per annum
* Future emission Sources:

» CalCapture Elk Hills 550 MW natural gas power plant (post combustion),
renewable fuel plants, steam generators post combustion and other power plants /
industrial sources in the area

CTV expects the COstream to be sampled at the transfer point from the source and analyzed
according to the analytical methods described in the QASP document and the Attachment C —
Testing and Monitoring plan document. Should the injectate not meet the minimum requirements,
it will be rejected.

The anticipated injection temperature at the wellhead is 90 — 130° F.

For the purposes of Geochemical modeling, CO2 Plume modeling, and Well design, two major
types of Injectate compositions were considered based on the source.
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X Injectate 1: is a potential injectate stream composition from a Direct Air Capture (DAC) or
a Pre-Combustion source (such as the Lone Cypress blue hydrogen facility) or a Post-
Combustion source (such as a gas fired power plant or steam generator) where N2 will
likely be the major impurity.

X Injectate 2: is a potential injectate stream composition from a Biofuel Capture source (such
as a Biodiesel plant) or an Oil & Gas Refinery or Natural Gas processing facilities (such
as CO2 capture from the feed gas to the Elk Hills Power plan stated above) where light end
Hydrocarbons (Methane, Ethane) will be the major impurity.

Design studies for CO2 capture at the planned Lone Cypress facility and design studies for CO2
capture from feed gas to the EIk Hills power plant were incorporated into the two injectate
compositions shown in Table 7, in addition to preliminary injectate specifications provided by
other potential sources and from literature studies.

Table 7 :Injectate compositions

Injectate 1 Injectate 2
Component

Mass% Mass%

CO2 99.213% 99.884%
H2 0.051% 0.006%
N2 0.643% 0.001%
H20 0.021% 0.000%
CcO 0.029% 0.001%
Ar 0.031% 0.000%
02 0.004% 0.000%
S02+S03 0.003% 0.000%
H2S 0.001% 0.014%
CH4 0.004% 0.039%
NOx 0.002% 0.000%
NH3 0.000% 0.000%
C2H6 0.000% 0.053%
Ethylene 0.000% 0.002%

Total 100.00% 100.00%

For geochemical and plume modeling scenarios, these injectate compositions were simplified to a
4-component system, shown in Table 8. The 4 component simplified compositions cover 99.9%
by mass of Injectate 1 & 2 and cover particular impurities of concern (H2S and SO2). The
estimated properties of the injectates at downhole conditions are specified in Table 9
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Table 8: Simplified 4 component composition for Injectate 1 and Injectate 2

Injectate 1 Injectate 2
Component mass% Component mass%
COo2 99.213% CcOo2 99.884%
N2 0.643% CH4 0.039%
S02+S03 0.003% C2H6 0.053%
H2S 0.001% H2S 0.014%

No corrosion is expected in the absence of free phase water provided that the entrained water is
kept in solution with the C&OThis will be ensured by maintaining a water specification limit <25
Ib/mmscf for the injectates, and this specification will be a condition of custody transfer at the
capture facility. For transport through pipelines, which typically use standard alloy pipeline
materials, this specification is critical to the mechanical integrity of the pipeline network, and out
of specification product will be immediately rejected. Therefore, all product transported through
pipeline to the injection wellhead is expected to be dry phasev@lono free phase water present.

Injectate water solubility will vary with depth and time as temperature and pressures change. The
water specification is conservative to ensure water solubility across super-critical operating ranges.
CRA tubing will be used in the injection wells to mitigate any potential corrosion impact should
free-phase water from the reservoir become present in the wellbore, such as during shut-in events
when formation liquids, if present, could backflow into the wellbore. CTV may further optimize
the maximum water content specification prior to injection based on technical analysis.

Injectate will be sampled and analyzed as part of the pre-operational testing, to confirm that it is
consistent with the well design, Plume modeling and Geochemical modeling assumptions.

Computational Modeling Results

Predictions of System Behavior

The base simulation case was run for a 127 year period, covering 27 years of injection and 100
years of post injection. The simulated injection storage capacity is 38MMT taking the reservoir
from current reservoir conditions to initial discovery pressure of 3,250 psi. A 100% CO2 injectate
stream was assumed for the base case simulation studies. Additionally, scenarios were also run for
the two injectates (Injectate 1 and Injectate 2) detailed in the “Proposed Carbon Dioxide Stream”
section. Minimal difference in results was seen between the cases. Table 9 summarizes the
expected CO2 injectate properties at reservoir conditions over the life of the project.

Table 9: CO2 injectate properties at reservoir conditions

Injectate property 100% CO2 Injectate 1 Injectate 2
Viscosity, cg 0.01¢-0.04¢ 0.01¢-0.04: 0.01¢-0.04¢
Density, kg/m: 16.€-544.¢ 16.5-543.F 1.035-545.¢
Salinity, ppn NA NA NA
Compressibilit factor, z | 0.97-0.5¢ 0.97-0.5¢ 0.97-0.5¢
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The following maps (Figure 12) and cross-sections (Figure 13) show the computational modeling
results and development of the £@ume at multiple time-steps. For all layers in the model and

at all time-steps, the plume stays within the AoR. The CO2 plume grows rapidly within the first
15 years of injection with majority of the CO2 going into the higher quality upper portion of the
26R reservoir and being controlled by the structure of the reservoir and the closed updip boundary.
Thereatfter, the COmjectate concentration in the plume increases with continued injection. Post-
injection the plume does not decrease in size. The majority of thén§eCtate remains as super-
critical CQu.

The CO2 plume reaches its maximum vertical and lateral extent 20 years after the end of injection.
The vertical and lateral extent of the CO2 plume predicted by the model aligns well with estimated
discovery Oil-Water contacts of the reservoir and the vertical and lateral extent of the reservoir.
The extent of the CO2 plume is slightly deeper than discovery fluid contacts in a few areas of the
model likely due to gas override during injection and dissolution of the CO2 into the aqueous and
oleic phases at the edge of the plume. The CO2 plume is largely stabilized 20 years after the end
of injection, with little to no movement of the supercritical phase CO2 seen past this date.

The pressure front (defining as >10psi change from pressure at start of injection) in the reservoir
reaches the vertical and areal boundaries of the model 6 years after the start of injection. The
pressure in the reservoir reaches its peak at the end of injection. The reservoir pressure stabilizes
fairly immediately in the reservoir with end of injection, and < 5psi/year change is expected in the
first year after the end of injection. Figure 14 shows the average pore volume pressure vs time.

Figure 12A: Plan view showing the CO2 plume development through time. Plume is at its greatest
extent at 20 years post injection.
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Figure 12B: Plan view showing the gas extent through time. Maps scaled so as to present Gas
saturation over a nomial baseline

Figure 13A Cross-sections showing the CO2 plume development through varying times during the
project.
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Figure 13B: Cross-sections showing the gas extent through varying times during the project. Maps
scaled so as to present Gas saturation over a nomial baseline

Figure 14: Average Reservoir pressure and cumulative CO?2 injection versus time plot

COz injected into the Monterey Formation 26R reservoir will be soluble in both water and oil. Due
to remaining saturation of oil and water in the depleted reservoir, total dissolzeith GiDand
water is 20% and 8% of the CGnjected respectively. The remaining will be stored as super-
critical CQe. Figure 15 shows the cumulative storage for each of the mechanisms.
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Figure 15: Storage mechanism through time for the 26R reservoir.

COz Injectate Composition effect on Plume and AoR modeling

The Plume model developed in the Computer Modeling Group (CMG) GEM software was run for
the two simplified injectate compositions, and their results were also compared against a 100%
CO2 injectate case. The cumulative volume of injectate for all 3 cases was the same.

The CO2 plume for Injectate 1 and Injectate 2 (detailed in the “Proposed Carbon Dioxide stream”
section in this document) is consistent with the plume outline for 100% CO2 injectate (Figure 16),
which was defined by a 0.03 global CO2 mole fraction for all 3 cases. The 100 year post end of
injection plumes for the 3 cases are shown below in Figure 16. The wells that fall within the CO2
plume are the same for all 3 cases.

Additionally, the average Pore Volume pressure was plotted for the 3 cases and there was minimal
difference seen between the cases, as shown in Figure 17.

In summary, there is minimal effect of the minor components on the CO2 plume shape and the
AoR boundary, for the proposed injectate compositions. As such, CTV’s Plume and AoR modeling
for Corrective Action assessment is adequate. CTV will confirm that the properties of the injectate
are consistent with the model inputs at pre-operational injectate sampling. In addition, the AoR
will be reviewed as per the Reevaluation Schedule and Criteria section.
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Figure 16: CO2 plume outlines for Injectate 1 (Light Blue), Injectate 2 (Green) and 100% CO2
Cases (Red). Larger Red outline is the model boundary. There are Minimal difference in AoR
boundaries between the 3 cases

Figure 17: Average reservoir pressure vs time for Injectate 1 (Light blue), Injectate 2 (Green)
and base 100% CO2 (Red) cases. Minimal difference in pressure trends between the 3 cases as
shown in the graph with the trends tracking each other for the 3 cases.
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Model Calibration, Sensitivies and Validation

Previous operators injected 1,244 billion cubic feet of gas into the Monterey Formation 26R
reservoir. This operational experience provides insight into reservoir injectivity and continuity.
The plume model results were compared against the area of the reservoir that has been depleted
by oil and gas operations.

The simulation model was run for different initial reservoir pressure and saturation cases to
determine the sensitivity of the storage volume and plume extent to these variables. Due to ongoing
water injection in the 26R reservoir, sensitivities were run to test the effect of higher reservoir
pressure and higher water saturation in the Oil band and Gas cap to see if there would be significant
impacts to the storage volume and AoR boundaries.

Sensitivities were also run varying major geomodel inputs into the simulation model (Porosity,
Permeability, NTG) and varying the Grid XY dimensions, cell thickness, local grid refinement
around injectors, and temperature effects to see if there was a significant change to the storage
amount and AoR boundary. Although there was some effect to the total CO2 storage for the
different cases, there was minimal change to the maximum extent of the CO2 plume. The porosity,
permeability and NTG uncertainty were further modeled stochastically to understand their effect
and is discussed in the next section.

x Cell thickness sensitivity case was run by reducing the cell thickness in the overall grid to
an average of 18ft. The results of this finer cell thickness model, compared favorably to
the Base case model with a < 2% increase in predicted CO2 storage capacity and minimal
change to the plume extent.

X The local grid refinement case was run with a finer grid spacing in the 5Acre region around
the injector location, with the X-Y grid dimensions reduced to 19ft by 15ft in that region.
The results of this case also compared favorably against the base case, with the predicted
maximum bottom hole pressure at the injector locations being within 0.5% of the Base
Case.

X The Base case model was initialized using a uniform average temperaturé lefBaed
on idle well temperature surveys run on wells in the area between 2008 — 2014) and with
no thermal effect modeling in the reservoir. A sensitivity case was run using GEM’s
thermal option to model heat balance and gauge if modeling temperature change in the
reservoir with CO2 injection was necessary. The results indicated minimal effect on the
system behavior with < 2% change in CO2 storage capacity, and < 2% deviation in
reservoir pressure trends.

Table 10 summarizes the sensitivity cases run and their effect on storage volume and the AoR
boundary. Figure 18 compares the CO2 plume extent for Case 1 against the Base Case.
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Table 10: Summary of sensitivity cases

Case Sensitivity Case Storage Volume | AoR boundary effect
# effect
1 Pressure : Gas cap pressure increased to « Decreased volun Minimal effect to AoF
2 Pressure : Gas cap pressure increas500ps Decreased volun Minimal effect to AoF
3 Saturation: Higher water saturationOil band and Gas ¢ | Decreased volun Minimal effect to AoF
4 Porosity: reduced by 10% from Base C Decreased volun Minimal effect to AoF
5 Porosity: increased by 10% from Base ( Increased volun Minimal effect to AoF
6 Permeability: reduced by 10% from Base ( Decreasewvolume Minimal effect to AoF
7 Permeability: increased by 10% from Base ( Increased volun Minimal effect to AoF
8 NTG: reduced by 10% from Base C Decreased volun Minimal effect to AoF
9 Grid Dimensions: reduced grid XY dimensions to 9575ft | No effec Minimal effect to AoF
10 Cell Thickness: Reduced average cell thickness in Gas captweased volume Minimal effect to AoR
18ft
11 Local grid refinement around Injectors: reduced grid X-¥Wo effect Minimal effect to AoR
dimension to 19ft x 15ft in 5Acre araround injectoi
12 Temperature effect: model was run with GEM’s thermalinimal change Minimal effect to AoR
optior

Figure 18: CO2 plume extent for layer 2 comparing Base Case against Pressure and Saturation
sensitivity cases.

These scenarios demonstrated that the AoR, as defined by the maximum extentrgé&aie,
is consistent. This provides confidence that the corrective action well review and potential impact
iS conservative.

Stochastic analysis of effect of Reservoir parameters

A stochastic analysis was carried out using the reservoir parameters — Porosity, permeability, Net
to Gross (NTG) ratio and kv-kh ratio. An upper and lower bound of the grid property was entered
(directly or using multipliers), along with a distribution (see Table 11) in CMG’s CMOST module

to generate a set of 50 cases using the Latin Hypercube sampling method. All cases were run with
the same bottom hole pressure control on the injectors, and with the same condition of ceasing
injection once the reservoir had been brought back up to initial conditions. Although the stochastic
analysis showed a range of storage capacity, the P50 estimate was 37MMT, with a P10 of 30MMT
and a P90 of 44MMT.
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Table 11: Parameters and distributions used for Stochastic analysis

Parameter/ Parameter /
Parameters - Multiplier Distribution type Description
Multiplier
range
Multiplier range used to have grid
Porosity Multiplier 0.78-1.2z |Normal distributiol |mean value range of 0.- 0.22
Log Normal Multiplier range used to have grid
Permeabilit Multiplier 0.3-3 distributior mean value range of ~- 150m(
Net to Gross A uniform distribution uncertainty
ratio (NTG Multiplier 0.9-11 Uniform distributior |of +-10% applie
Log Normal A kv-kh ratio of 0.001 to 0.2
kv-kh ratic Paramete 0.001- 0.z [distributior applied over the entire g

AoR Delineation

The AoR was determined by the largest extent of the @@ne from computational modeling
results. A Global Mole Fraction cut off of 0.03 was used to delineate the plume boundary. In the
AoR scenario, C®was injected into the depleted Monterey Formation 26R reservoir until the
reservoir pressure reached the discovery pressure of 3,250 PSI. Benefits of this operational
strategy are that there is no increased pressure front beyond the original reservoir limits.

Figure 19 shows the AoOR, injectors and offset monitoring wells. All wells that are currently

operating in the 26R reservoir will cease operations, and wells not associated with the project will
be abandoned prior to injection so as to eliminate interference with the AoR delineation and re-
establish the confining layer. These monitoring wells were selected to both track the plume and
measure reservoir pressure to understand the AoR an@l@®e development:

1. By integrating the reservoir pressure increase with the injected volume, CTV will complete
a material balance to verify the pore volume and AoR edges.

2. COz plume and water contact will be calculated from monitoring well pressure, CO
saturation and column height.

If the reservoir pressure increase associated with the injected volume does not follow the predicted
trend from computational modeling, CTV will reassess the AoR.
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Figure 19: Map showing the location of injection wells and plume monitoring wells.

Corrective Action

The review of all wells within the AoR to determine the need for corrective action is a
requirement of 40 CFR 146.84(c).

Tabulation of Wells within the AoR

Wells within the AoR are associated with oil and gas development of the Monterey Formation.
The Monterey Formation 26R reservoir was discovered in the 1940’s and subsequent development
drilling began around 1950. As such, there are excellent records for wells drilled in the field. There
have been no undocumented historical wells found during the over 70-year development history
of the reservoir that includes injection of water and gas.

CTV accesses internal databases as well as California Geologic Energy Management Division
(CalGEM) information to identify and confirm wells within the AoR. CalGEM rules govern well
siting, construction, operation, maintenance, and closure for all wells in California oilfields.
Detailed records describing the location and status of wells in the EHOF have been submitted to
CalGEM as part of the drilling permits, workover activity, and existing Class Il UIC permit
applications. Table 12 is a summary of the AoR wells by type. Figure 20 displays the AoR wells’
surface locations in map viewAppendix: Well Table with Corrective Action Assessiigstthe

wells individually and provides a description of each well’s type, construction, date drilled,
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location, depth, and record of plugging and/or completion, as required in 40 CFR 146.84 (c)(2).
Additionally the table identifies pre-operational requirements and the corrective action assessment
for each wellbore.

Table 12: Wellbores in the AoR by Well Type

Well Type Count
Oil & GasProduing Wells 14E
Class Il Injectio/Disposa Wells 22
Pressure Observation we 2
Plugged bac 35
Total 204

Figure 20: Wells penetrating the Reef Ridge Shale confining layer and Monterey Formation 26R
sequestration reservoir reviewed for corrective action.

Corrective Action Assessment Methodology

As part of ongoing UIC processes, well condition, mechanical integrity and data completeness is
routinely reviewed with CalGEM. The last review for the wells associated with the AoR well list
occurred in Q4 2021, and the results of the review are incorporated into the assessment.
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The corrective action assessment includes the generation and detailed review of wellbore/casing
diagrams for each well in the AoOR. The results of the assessment are includedppehdix:

Well Table with Corrective Action Assessmaérfbrmation used in the review includes depths and
dimensions of all hole sections, casing strings, cement plugs, and other wellbore equipment that
isolates portions of the wellbore or otherwise establishes plugback depth. Perforated intervals are
described with depth and status of perforations. Top of Cement (TOC) determination supports the
review for annular isolation. Depths to relevant geologic features such as formation tops and
injection zone are provided in both measured and true vertical depths. The depth of the confining
zone in each of the wells penetrating the Reef Ridge shale is determined through open-hole well
logs and utilized the deviation survey to convert measured depth along the borehole to true vertical
depth from surface.

A well in the AoR is a penetration of the Monterey Formation and/or Reef Ridge Shale that may
have multiple wellbores resulting from sidetracking the well. CTV tracks wells at the “wellhead”
level using API-10 and at the “wellbore” level using API-12 such that a single well may have
multiple wellbores, and each wellbore may or may not penetrate the AoR. The assessment of all
penetrations was conducted by evaluating all wellbores, and the summary data provided refers to
wellbore penetrations.

Protection of USDW

The Upper Tulare is an unsaturated zone, and the Lower Tulare is an exempt aquifer. There is no
USDW in the AoR.

Wells Penetrating the Confining Zone

Of the 204 wellbores penetrating the Reef Ridge formation (Table 13), zero wells have been
permanently abandoned to surface. Three wells will be repurposed as CCS monitoring wells, and
one well, 373-35R, will be repurposed as a2@gector. Of the remaining, 157 wellbores require
plugging because the wellbores penetrate the injection zone and/or confining layer and will not be
used for injection or monitoring within the 26R storage project. The wells are not known to be
deficient and are not known to require corrective action. The wells will be abandoned prior to
CO2 injection under the asset retirement obligation plan (ARO) to reduce abandonment liability at
Elk Hills. 35 wellbores have been plugged back for sidetrack, and as such have the API-12 status
of P&A while API-10 status is either Active or Inactive, depending on the status of the current
wellbore.

Table 13: Wellbores to be abandoned prior to injection

Wellbores Wellbores Requiring P&A Wells Wellbores
Penetrating Reef | Corrective Action Requiring Requiring Pre-
Ridge Formation Corrective Action | Operational

Abandonmer
204 0 0 157
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Monterey Formation 26R Isolation

CTV can demonstrate that the USDW (not present in AoR) is protected and that, with well
abandonment prior to injection and implementation of a robust ongoing monitoring program, the
CQO injected will be confined to the Monterey Formation 26R reservoir.

Plan for Site Access

CTV owns the mineral and pore space for the Monterey Formation 26R reservoir and surface
access rights have been guaranteed for the duration of the project.

Corrective Action Schedule

All wellbores within the AoR will, if necessary, be pressure tested, abandoned, re-abandoned,
monitored and/or have a technical demonstration of adequate zonal confinement prior to the
commencement of COnjection or based on an agreed upon phased schedule aftenj€xflon
commences, if conditions allow. Additional evaluation during pre-operational testing will inform
the suitability and isolation of wells proposed for use in the project as injectors and monitoring
wells. Diagnostics may also be performed, if necessary, to complement abandonment operations.
Although no wellbores have been identified for corrective action and no corrective action schedule
is required, if additional evaluation efforts result in the identification of wellbores that require
corrective action, CTV will notify the EPA and communicate a corrective action plan and
schedule.

Through time, if the plume development is not consistent with the predicted results, computational

modeling will be updated to reassess the AoR. In this event, all wells in the updated AoR will be
subject to the Corrective Action Plan and be remediated if necessary.

Reevaluation Schedule and Criteria

AoR Reevaluation Cycle

CTV will reevaluate the above described AoR at a minimum every five years during the injection
and post-injection phases, as required by 40 CFR 146.84 (e).

Simulation study results are reviewed when operating data is acquired. Preparation of necessary
operational data for the review includes injection rates and pressuresj&ate concentrations,
and monitoring well information (storage reservoir and overlying dissipation intervals).

Dynamic operating and monitoring data that will be incorporated into future reevaluation will
include:

1. Pressure data from monitoring wells that constrain and define plume development.
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2. COz content/saturation from monitoring wells. This data may be acquired with direct
aqueous measurements and cased hole log results that will constrain and define plume
development.

3. Injection pressures and volumes. The injection pressures and volumes in the computational
model are maximum values. If the actual rates are lower than expected, the plume will
develop at a slower rate than expected and be reflected in the pressure and CO
concentration data in 1 and 2 above.

4. A review of the full suite of water quality data collected from monitoring wells in
addition to CO2 content/saturation (to evaluate the potential for unanticipated reactions
between the injected fluid and the rock formation).

5. Review and submission of any geologic data acquired since the last modeling effort,
including any additional site characterization performed for future injection wells.

6. Reevaluation modeling results will be compared with the most recent modeling (i.e., from
the most recent AoR reevaluation). A report describing the comparison of the modeling
results will be provided to the EPA with a discussion on whether the results are consistent.

7. Description of the specific actions that will be taken if there are discrepancies between
monitoring data and prior modeling results (e.g., remodel the AoR, update all project
plans, perform additional corrective action if needed, and submit the results to EPA).

Re-evaluation results will be compared to the original results to understand dynamic inputs
affecting plume development and static inputs that would impact injectivity and storage space.
Static inputs that may potentially be considered to understand discrepancies between initial and
re-evaluation computational models could include permeability, sand continuity and porosity.
Although the AoR has been fully delineated, all inputs to the static and dynamic model will be
reviewed.

As needed, CTV will review all of the plans that are impacted by a potential AoR increase such as
Corrective Action and Emergency and Remedial Response. For corrective action, all wells
potentially impacted by a changing AoR will be addressed immediately.

Triggers for AOR Reevaluations Prior to the Next Scheduled Reevaluation

An ad-hoc re-evaluation prior to the next scheduled re-evaluation will be triggered if any of the
following occur:

1. Changes in pressure or injection rate that are unexpected and outside three (3) standard
deviations from the average will trigger a new evaluation of the AoR.

2. Difference between the computation modeling and observed plume development:

a. Unexpected changes in fluid constituents or pressure outside the Monterey
Formation reservoir that are not related to well integrity.
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b. Reservoir pressures increase versus injected volume is inconsistent with
computational modeling results with a deviation greater than +-10% from
the Base Case.

c.Any other activity prompting a model recalibration.

3. Seismic monitoring anomalies within two miles of the injection well that are indicative of:

a. The presence of faults near the confining zone that indicates propagation
into the confining zone.

b. Events reasonably associated witre@(ection that are greater than M3.5.

2. Exceeding 90% of the geologic formation fracture pressure in any injection or monitoring
wells.

3. Detection of changes in shallow groundwater chemistry (e.g., a significant increase in the
concentration of any analytical parameter that was not anticipated by the AoR delineation
modeling).

4. Initiation of competing injection projects within the same injection formation within a 1-
mile radius of the injection well (including when additional CTV injection wells come
online);

5. A significant change in injection operations, as measured by wellhead monitoring;
6. Significant land-use changes that would impact site access; and

7. Any other activity prompting a model recalibration.

CTV will discuss any such events with the UIC Program Director as soon as possible to determine
if an AoR re-evaluation is required. If an unscheduled re-evaluation is triggered, CTV will perform
the steps described at the beginning of this section of the Plan within six months of the triggering
event.
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