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In January 2016, as part of their investigation of the leak, the California Public Utilities Commission (CPUC)
and the Division of Qil, Gas, and Geothermal Resources (DOGGR) selected and gave provisional authority
to Blade Energy Partners (Blade) to perform an independent RCA. The Blade Team and parties under
Blade’s direction were responsible for directing the work of subcontractors who performed the extraction
of the SS-25’s wellhead, tubing, and casings and the preservation and protection of associated evidence.
Blade’s RCA Reports, including this report, document and describe the key activities undertaken in
support of the RCA effort.

The objective of this report was to determine the cause of the S5-25’s 7 in. casing failure. An
interdisciplinary approach was used for the investigation, including metallurgical, mechanical, chemical,
and biological analyses. The key findings are summarized as follows:

e An axial rupture and circumferential parting occurred in the 7 in. casing at 892 ft (joint 22). The axial
rupture originated from an 85% metal loss due to corrosion, which was characterized by striated
grooves with V-shaped tips. Metallurgical, chemical, and biological evidence showed that the
corrosion was most likely influenced by microbes. The release of cold gas from the opening formed by
the axial rupture resulted in rapid cooling of the adjacent casing material. The rapid cooling resulted
in the circumferential parting.

e The failure temperature for the circumferential parting was estimated to be between -60°C and
-39°C, which is consistent with an independent thermal model that estimated a failure temperature
of -34°C.

e The finite element analysis (FEA) and fracture mechanics analyses supported the metallurgical
findings.

In conclusion, the axial rupture occurred in the 7 in. casing due to an 85% deep corrosion on the outside
diameter (OD) surface, most likely influenced by microbes. Rapid cooling due to the release of cold gas
from the axial rupture led to the circumferential parting.
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parting were observed after the extraction of the failed 7 in. casing joints.

The extracted failed 7 in. casing segments, 7 in. casing joints, 2 7/8 in. tubing joints, wellhead
components, and samples collected in the field were transported to Houston, TX, for a metallurgical
investigation.

The objective of this report was to determine the cause of the SS-25 7 in. casing failure by using an
interdisciplinary approach: metallurgical, mechanical, chemical, and biological analyses. This report
summarizes the activities and results of the investigation and is organized in seven sections:

Section 2 gives backgrounds of the failure and of the field investigation. The failure background
provides details of the well construction, well history, and blowout timeline and events. The field
investigation background includes details about the logging, extraction, and inspection of the tubulars
at Aliso Canyon.

Section 3 provides a detailed macro- and micro-fractographic analysis of the axial rupture and
circumferential parting. It also discusses the events and sequence for the 7 in. casing failure.

Section 4 presents the results from the mechanical analyses. The axial rupture and circumferential
parting were validated using finite element analysis (FEA) and fracture mechanics approaches based
on observations from Section 3.

Section 5 presents the results from the 7 in. casing OD corrosion analysis. It includes the distribution
and characterization of the corrosion and the results from the chemical and biological analysis of the
7 in. casing OD surface deposits. The findings were integrated to determine possible corrosion
mechanisms.

Section 6 presents the results from additional features identified on the OD surface of the 7 in. casing,
including corrosion features not associated with the axial rupture and linear indications identified in
the field.

Section 7 presents the material testing results for the 7 in. casing, 2 7/8 in. tubing, and 11 3/4 in.
casing. The results were used to confirm the structure and properties of the materials and support
analyses in other sections.

Section 8 discusses and integrates all the relevant findings regarding the cause of the 7 in. casing
failure. The key findings and conclusions are also presented in this section.
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Phase 1—Well site evidence collection and documentation

Phase 2—Well site restoration to rig readiness

2
3
4. Phase 3—Tubing, casing, and wellhead extraction
5. Phase 4—Metallurgical examination

6

Phase 5—Data integration and interpretation and final report

This report describes the activities, results, and conclusions completed for Phase 4. The majority of the
data analyzed during this phase were collected in the field during Phases 0, 1, and 3. Activities and
observations completed during subsequent phases pertaining to the metallurgical investigation are
discussed in this report. An outline for the metallurgical investigation is described in the Phase 4 Protocol

[1].

Phase 0 was the initial phase of the project, which began at the start of the RCA, and focused primarily on
collecting current and historical data of the SS-25 well and, more generally, of the Aliso Canyon field.
Access to the S5-25 site was limited during and immediately after the blowout due to operational and
safety risks. Samples were collected in Phase 0 both during and after the blowout. Gas samples were
taken during the blowout and sent to a third-party lab in Houston, TX, for analysis. A few items were also
collected while being removed from the SS-25 site. Some of the historical and blowout data collected
during Phase 0 are presented in Section 2.1.

Phase 1’s objective was to collect evidence accessible from the surface prior to any well site restoration
work in Phase 2 and included well site documentation and evidence collection. Soil, liquid, and solid
samples were collected. The well site was also examined for evidence that might have been ejected from
the well during the blowout. A detailed discussion of the Phase 1 operations and evidence collection can
be found in the Phase 1 protocol [2] and summary report [3].

Phase 3’s objective was to collect physical evidence used for the metallurgical investigation, including the
tubing, casing, and wellhead components, which were extracted from the well and sent to Houston, TX,
for detailed examination. The evidence collected during this phase is discussed throughout this report. A
detailed discussion of the Phase 3 operations, equipment, and procedures may be found in the Phase 3
extraction protocol [4], evidence handling protocol [5], and summary report [6].

Phase 4 discusses the activities and results of the metallurgical investigation, which included the
metallurgical investigation and all associated activities—reconstruction of the 7 in. casing failure,
nondestructive evaluation (NDE) of the tubing and casing, laser scanning, and connection testing. Details
of the additional activities are discussed in the Phase 4 protocol [1] and summary [7].
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Figure 1: 2D Map Showing the SS-25 Site and Surrounding Wells
The following well sites were used throughout the RCA to assist with the investigation:

e SS-1—Located north of SS-25 on top of the north slope, it served as the initial vantage point during
the blowout due to its higher elevation and proximity to SS-25. The initial photos provided to the
Blade team were taken from SS-1.

e SS-9—located south of S5-25 at the bottom of the south slope, it served as a staging area for
equipment and vehicles and was the first location for the Phase 1 evidence trailers.

e PS-20—Located northeast of §S-25, it initially served as a staging area for equipment and a
turnaround spot for large vehicles and later became the staging area for the metallurgical
investigation. Trailers, pipe racks, sea containers, and other equipment were brought to PS-20 to
assist with the Phase 3 pipe inspection. PS-20 was chosen due to its size and proximity to S5-25 and
was a key site during Phase 3.

Figure 2 shows a 3D map of S5-25 and the surrounding wells. The image includes a list of the primary
metallurgical roles for each site.
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4. Running new 2 7/8 in. tubing.

SS-25 was worked over in July 1976 and February 1979. The purpose of the 1979 workover was to repair
or replace a Camco annular flow safety system. Because the attempts to repair the system were
unsuccessful, the valve and pack-off were pulled. The removal of the internal parts allowed
communication between the tubing and casing above the packer, giving the well the capability to inject
and produce through the tubing and casing simultaneously. Figure 3 shows S5-25’s schematic. The well
comprised the following four strings:

e 27/8in. tubing
e 7in.casing
e 113/4in. casing

e 20in. conductor

May 31, 2019 Volume 2 Page 19






W

LITILRIIEYD

(in.)

(in.)

J55 23.00 0 2,398 2,398 0.317 6.366
N80 23.00 2,398 6,308 3,910 0.317 6.366
N80 26.00 6,308 8,282 1,974 0.362 6.276
N80 29.00 8,282 8,585 303 0.408 6.184
Table 2: Nominal Strength Properties for 7 in. Casing
Pipe Body
Weight
Grade (ppf) Burst Collapse | Tension oD ID
(psi) (psi) (Ibf) (in.) (in.)
J55 23.00 4,360 3,270 366,000 7.444 6.285
N80 23.00 6,340 3,830 532,000 7.444 6.285
N80 26.00 7,240 5,410 604,000 7.444 6.196
N80 29.00 8,160 7,030 676,000 7.573 6.104
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The sequence of events during the blowout influenced the interpretation of several aspects of the
metallurgical investigation.

The smell of gas was detected around the SS-25 site on October 23, 2015. Seven kill operations were
attempted from the time the leak was detected to December 22, 2015, and all were unsuccessful. A relief
well (P-39A) was spudded prior to Kill Attempt #7 on December 4, 2015. The SS-25 well was eventually
killed after the relief well intersected it on February 11, 2016. The following is a summary of notable
events that occurred between the start and end dates of the blowout:

e QOctober 23, 2015—Noise was heard in the wellhead, and the smell of gas was present on the lease
road while SS-25 was on injection.

e QOctober 24, 2015—Kill Attempt #1. A polymer fluid was pumped into the well. The tubing plugged,
and the kill attempt was unsuccessful.

e QOctober 28, 2015—A slickline bailer tagged up at 437 ft.
e QOctober 29, 2015—Ice and hydrates were observed in fissures around the cellar.
e November 06, 2015—The tubing plug (ice and hydrates) was removed by using coil tubing and glycol.

e November 07, 2015—A gauge ring was run to total depth (TD) to confirm the clearance of the tubing
internal diameter (ID).

e November 08, 2015—Temperature and production logs were run and recorded a minimum
temperature of 18°F at approximately 364 ft.

e November 09, 2015—Western Wireline ran a temperature-noise log.
e November 12, 2015—A tubing bridge plug was set at 8,393 ft.

e November 13, 2015—Kill Attempt #2. The tubing above the bridge plug was perforated. 9.4 ppg
polymer pill, 9.4 ppg CaCl,, 8.6 ppg brine water, and junk shot were pumped into the well. The kill
attempt was unsuccessful. A blowout vent opened 20 ft from the wellbore shooting debris 75 ft in the
air. Gas, oil, and brine were observed in the fissures at surface.
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Barite to surface was also reported.

e November 24, 2015—Kill Attempt #5. 9.4 GEO ZAN pill, fresh water, 18 ppg barite pill, and 9.4 ppg
CaCl; were pumped into the well. The kill attempt was unsuccessful. Gas rate from the crater
increased. 700 bbl of fluid were recovered from location.

e November 25, 2015—Kill Attempt #6. 9.4 ppg GEO ZAN lost circulation material (LCM) pill, fresh
water, and 9.4 ppg CaCl, were pumped into the well. The kill attempt was unsuccessful. Gas activity
and water flow increased in the crater. A flow line from the 7 in. casing and tubing head broke. The
nipple on the wellhead broke. The crater around the wellhead increased and damaged several casing
valves. The valve on the 11 3/4 in. x 7 in. annulus backed out.

e November 30, 2015—Western Wireline ran temperature and noise logs.
e December 04, 2015—Relief well P-39A was spudded.

e December 22, 2015—Kill Attempt #7. 15 ppg water-based mud (WBM), 15 ppg WBM with LCM, and a
9.4 ppg GEO ZAN LCM pill were pumped downhole. LCM included Diaseal (diatomaceous earth [DE])
and Nutplug (ground walnut or pecan hull). The kill attempt was unsuccessful. A mud-oil mist was
observed in the crater. Liquid began to come out of the casing at the surface. High wellhead
movement occurred, and mud was ejected from the crater.

e December 23, 2015—The crater enlarged due to the open 11 3/4 in. x 7 in. annulus outlet.
e January 02, 2016—Crater depth was measured at 25.6 ft on the north side.
e January 23, 2016—Temperature-pressure log was run.

e February 11, 2016—Relief well intersected the SS-25 well. The gas influx was stopped. The well was
dead.

Several kill fluids were used during the kill attempts, including polymer pills, barite (BaSO,) pills, GEO ZAN
pills, 10 ppg mud, 15 ppg mud, and 15 ppg mud with LCM. Junk shot was used during Kill Attempt #2 to
try and bridge gaps in the casing. The details of the kill attempts are not presented in this report. A
detailed review and analysis of all seven kill attempts are discussed in the transient kill simulation report
[9]. The presence of these kill fluids influenced the interpretation of the metallurgical, biological, and
chemical analyses described in Section 5.

Junk shot was used during the kill operations in an attempt to bridge gaps in the casing. Objects or junk,
such as golf balls, bits of rope, and steel balls were pumped downhole with the goal of bridging gaps in
the casing where losses were occurring. Junk shot was unsuccessful, and the golf balls pumped downhole
returned to surface. This observation suggested that the gap or hole in the casing was large enough to
allow golf ball size objects (approximately 1.68 in. diameter) to pass through.

These kill techniques are mentioned due to the risk they posed to the evidence downhole, and they were
noted to assist with the assessment of fracture surfaces and other features during the metallurgical
investigation. Any corrosion, fracture surfaces, or other features could have sustained damage due to
some of these operations.
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following the first kill attempt. A slickline bailer tagged what was assumed to be a hydrate or ice plug at a
depth of 437 ft on October 28, 2015. Ice and hydrates were observed in fissures at the surface on the
following day. Glycol was pumped through coiled tubing to remove the hydrate plug. The plug was
removed on November 06, 2015. A gauge ring was run the following day to the total well depth to
confirm the tubing ID was clear of obstructions.

The presence of ice or hydrates, both in the well and at the surface, were of primary interest during the
kill operations and during the RCA investigation. A production log was run on November 08, 2015, after
the tubing plug was removed. The logging tool included sensors for gamma radiation, pressure,
temperature, induction collar locator, fluid density, fluid dielectric, and flow. Figure 6 shows temperature
and pressure data collected from the log down pass and up pass. The temperature profiles appeared to
have detected a temperature anomaly at an approximate depth of 890 ft. Warming was observed during
the up pass, which was attributed to movement of the gas flow path away from the logging tool. The most
notable observation for the metallurgical investigation is that the well cooled to a temperature of 26.9°F
at the suspected leak location. The well temperature had a significant impact on the failure behavior of
the tubulars. Historical pressure and temperature logs exist dating back to 1974. A comparison of
pressure and temperature data before, during, and after the SS-25 blowout is discussed in the SS-25
temperature, pressure, and noise logs report [10]. Based on the report, the pressure and temperature
data show no anomalies prior to October 23, 2015.
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of the casing at the leak location was colder than the recorded temperature of 26.9°F.

2.2 Field Operations and Investigation Summary

Field operations required a substantial amount of planning and effort to ensure the safe retrieval of
downhole evidence. Each step was carefully considered to maximize the amount of information collected
while minimizing the risk of damage to evidence. Planning considerations included extraction
methodology, equipment, and sequence. The field operations are summarized into the following steps:

Searching, collecting and documenting the evidence
Logging the 2 7/8 in. tubing
Examining the wellhead

1
2
3
4. Extracting the tubing
5. Logging the 7 in. casing
6

Extracting the 7 in. casing
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during extraction or certain circumstances can arise that may prevent extraction of the pipe. The amount
of data available for the investigation would have been limited if pipe extraction had been unsuccessful.
Therefore, the extraction sequence played an important role when collecting downhole evidence. The
primary risk was that each operation could have been the last one. This guiding principle was used to
determine the extraction and logging sequence.

Logging operations preceded each extraction step with the goal of collecting as much data as possible
prior to executing risky extraction operations, with the added benefit of providing additional data for
decision making. The additional data assisted with mitigating risk and increased the chances of a
successful extraction.

2.2.1 Evidence Search, Collection, and Documentation

On February 19, 2016, CPUC sealed the SS-25 site, which had been exposed to various operations prior to
the seal date, including operations related to kill attempts and logging. The RCA required a thorough
search of the site to identify, collect, and document any evidence associated with the failure. CPUC
established a perimeter at a 400 ft radius from the SS-25 wellhead for the official incident site. A smaller
perimeter was subsequently adopted as the inner boundary and declared a restricted area. Due to the
proximity to the crater, entering the inner perimeter required special safety equipment and permission
from Blade and CPUC. Figure 7 shows the (a) outer and (b) inner perimeters set by CPUC at the start of
the investigation.

Phase 2 was the well site restoration to rig readiness. This phase required a complete transformation of
the SS-25 site and included:

e Removing contaminated soil from the area and crater.
e Filling the crater.

e Grading the north slope.

e Extending the south slope.

The operations required removal and placement of dirt around the site. Since evidence present on the
SS-25 site would potentially be lost, contaminated, or destroyed by the Phase 2 operations, Phase 1’s
main objective was to search, document, and collect evidence in preparation for Phase 2.
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I he incident site defined by CPUC was subdivided into search zones, which were determined based on the
required search method. For example, zone 1 (light blue) was an area adjacent to the S5-25 wellhead; a
grid system to search around the equipment and crater was used, and each sector of the grid was
searched systematically. The grid system provided an organized way to search an area that was
obstructed by equipment and debris, and it ensured that the entire surface area surrounding the
wellhead was thoroughly searched. Figure 8 (a) shows the search zones labeled and color-coded.

Zone 2 (purple) included the north and south slopes—they were clear of obstacles and generally safe to
walk. Specialized equipment was not required for access. This zone was walked in parallel lines by Blade
personnel. Zones 3 (green) and 4 (black) were on the west slope of the S5-25 site. The slopes were steep
and required harnesses for safety. These zones were walked in an arch pattern using ropes tied to anchors
located at the top of the site. The search paths for zones 2, 3, and 4 are identified in Figure 8 (a) by lines.
The ‘No Go’ (red) sections were areas where it was unsafe to physically search for evidence; they were
excluded from the search.

The SS-25 site was divided into two grids for documentation purposes: the inner and the outer grid. The
inner grid, Figure 8 (b), corresponded to zone 1 of the search regions and was physically divided into 20 ft
sectors by using stakes and ropes. The outer grid, Figure 8 (c), was a continuation of the inner grid and
extended out to the boundary of the incident site. It was a virtual grid divided into 40 ft sectors and not
physically staked out. Grid sectors were recorded for evidence collected during Phase 1. The grid sectors
approximated the location where evidence was collected.

May 31, 2019 Volume 2 Page 27



Figure 12 shows an image of a missing 11 3/4 In. X / In. annulus valve. |he valve backed oft during the Kill
attempts and was not located during the Phase 1 evidence search. The valve most likely ended up at the
bottom of the crater when the cellar collapsed during its formation. A portion of the concrete pad that
was attached to the cellar was hanging from the south side of the crater.

May 31, 2019 Volume 2 Page 28



Figure 11: 55>-4D DITe WesT Aerial view POST-BIOWOoUtT On Apriiul, Zulob

May 31, 2019 Volume 2 Page 29



logging program were as follows:

1. April 07, 2016—Baker Hughes Gamma Ray (GR)/Casing Collar Locator (CCL)/Junk Catcher-Gauge Ring
April 08, 2016—Baker Hughes Imaging Caliper (ICAL) 24-Arm Mechanical Caliper Log
April 12, 2016—Versa-Line High Precision Temperature (HPT) Log

April 18-19, 2016—Versa-Line Magnetic Imaging Defectoscope-2 (MID-2) Log

2

3

4. April 13-18, 2016—Versa-Line Spectral Noise Log (SNL)

5

6. April 20, 2016—Versa-Line Magnetic Imaging Defectoscope-3 (MID-3) Log
7

April 20-22, 2016—Baker Hughes MicroVertilog (MVRT) Log

The first run included a GR log, CCL, and gauge ring. The combination of the GR log and casing collar is
commonly used for depth correlation between cased-hole logs and openhole logs. The GR log detects
gamma radiation from the formation. Different formations emit different amounts and spectra of gamma
radiation. The CCL tool uses a coil-and-magnet arrangement to detect collars. The CCL log serves as the
primary depth correlation for cased-hole logs. The gauge ring is a precisely machined ring with a diameter
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wellbore. The SNL identified a few zones with frequencies different than the background noise. A noise of
2.8 kHz was detected between 820 ft and 1,200 ft. A 3-5 kH noise was also detected between 252 ft and
294 ft. The log data were used to assist with interpretation of the well condition and did not provide data
directly relevant to the metallurgical investigation.

The fifth and sixth logs were run with the Magnetic Imaging Defectoscope (MID) tool, designed to record
the time response to electromagnetic pulses. This technology can detect metal loss or gain in up to three
barriers. The MID tools MID-2 and MID-3 were run within the 2 7/8 in. tubing (first barrier) to identify
anomalies in the 7 in. casing (second barrier) and 11 3/4 in. casing (third barrier) of S5-25. Time responses
from the electromagnetic pulses were compared to numerical models to determine the metal loss or gain.
The MID-2 tool has two sensors that inspect for metal loss and/or gain on the first and second strings. The
MID-3 tool has an additional sensor that inspects for metal loss and/or gain on the third string. The MID
tools were validated at a pipe vard in Bakersfield, California. The results from the validation and a review

gain can pe detected IT tne barrier tnat tne IVIVKI IS run In IS In cONTact with anotner parrier. 1ne metal
gain detected at 890 ft was interpreted as the 7 in. casing was making contact with the outside diameter
(OD) of the 2 7/8 in. tubing. These data contributed to the theory that the 7 in. was parted at this depth
and was in contact with the tubing.
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2.2.3 Wellhead Examination

The wellhead examination occurred during well site restoration to rig readiness operations and are
discussed in the Phase 2 summary report [13]. The wellhead examination began on July 13, 2016, and was
completed on July 17, 2016. The examination was planned during Phase 1 but was not executed until
Phase 2 because of limited access to the wellhead. As noted in Section 2.1.3, a crater formed during the
kill operations, and a bridge was installed to span the crater and provide access to the wellhead (Figure 10
and Figure 11). The bridge had limited space, which prevented the installation of scaffolding to inspect the
wellhead. Part of the wellhead was positioned below the bridge, increasing the difficulty and risk involved
with inspecting the wellhead during Phase 1. The examination was postponed until the crater was
partially filled and personnel could safely access the wellhead.

Figure 16 shows a schematic of the wellhead in the as-found condition. Some components were installed
during the kill operations and have been identified in the schematic. The wellhead shifted during Kill
Attempt #7 due to the instability caused by the growth of the crater. Wellhead stability was restored
using tension cables for support. Figure 17 shows images of the SS-25 wellhead in 2015, and Figure 18
shows images just after the well was killed in 2016. The 2015 images were extracted from a data request
provided by SoCalGas. The images were taken in 2015 as part of a survey to evaluate 3D laser technology
for Aliso Canyon, and SS-25 was one of the well sites chosen to evaluate the technology. Several
viewpoints were selected around the SS-25 site for taking images. Many of them were taken at each
location and combined to form a single 360° view from the selected viewpoints. The images in Figure 17
were extracted from two different viewpoints.
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e WO001C—South-facing manual valve

e WO001D—1502 adapter

e WOO1lE—Flow cross

e WOO1lF—Master valve

e WO001G—Double studded adapter (DSA)
e WO002—Cut studs

e WO003—Tubing hanger

The ID of each component was inspected after disassembly. The OD was not inspected because it had
been inspected previously during the wellhead inspection discussed in Section 2.2.3. No features were
identified on the OD surface of the wellhead components. The following dried mud samples were taken
from the ID and sent to Texas QilTech (TOL) for analysis:

e WO001BS1
e WO001CS1
e WOOI1ES1
e WOOI1ES2

Samples taken from a particular well component were also given a JSN that included the JSN of the
component it was collected from. For example, WO01BS1 represents a sample (S1) collected from the
north-facing manual valve (W001B). The wellhead components were coated with a corrosion inhibitor
(Tectyl 846) and crated for protection. A Mylar sheet and volatile corrosion inhibitor (VCl) packets were
used as additional safeguards against corrosion. The Mylar sheet was placed on top of the crate bottom.
The wellhead component was then placed on top of the Mylar sheet, and VCI packets were placed with
the component. The Mylar sheet was then wrapped around the component and sealed with a heat sealer.
A small hole was left open, and a vacuum was used to remove the air from inside the newly formed Mylar
bag, which acted as a moisture barrier and simultaneously provided an effective environment for the VCI
packets. Figure 22 shows the crating procedure for the wellhead component WO01A.

Tubing extraction began on August 22, 2017, using the Ensign 334 rig. The rig was mobilized to the S5-25
well site and rigged up between August 10, 2017, and August 15, 2017. A Baker mechanical pipe cutter
(MPC) was used to cut the 2 7/8 in. tubing at approximately 7,555 ft. The cut location was determined
based on a free point analysis of the tubing. The Baker MPC was tested at the Baker shop prior to field
use. The tests showed that the cutter successfully produced a clean cut and posed a minimal risk to
damaging the 7 in. casing during the process.
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was extracted on September 01, 2017. The extraction dates for each of the joints were as follows:
e August 22, 2017—T001 to T002

e August 23, 2017—T003 to T033

e August 24, 2017—T034 to T062

e August 25, 2017—T063 to T092

e August 26, 2017—T093 to T122

e August27,2017—T123 to T152

e August 28, 2017—T153 to T182

e August 29, 2017—T183 to T209

e August 30, 2017—T210 to T213

e August31,2017—T214 to T215

e September 01, 2017—T216 to T244

The primary objective of the tubing extraction was evidence collection and preservation. Information
collected during the logging of the 2 7/8 in. tubing was used to refine the extraction protocol. Tubular
handling procedures were developed by Blade and are presented in the Phase 3 tubulars handling
protocol [5]. The steps taken in the field are repeated in this section for convenience. The main
philosophy of the tubing extraction process was to inspect the pipe at each stage of the extraction
process. The first opportunity to inspect the pipe was on the rig floor. Blade personnel were present on
the rig floor to inspect and document each joint as it came out of the well.

The rig floor was the only location where the made-up connections could be inspected. Each connection
was inspected before and after breakout. Figure 23 shows the connection between T155 and T156 before
and after breakout. The white line in Figure 23 is the orientation mark applied to the joints on the rig
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Figure 24: Torque Distribution of 2 7/8 in. Tubing Breakout

Observations of the tubing and connections at the rig floor were recorded on the Rig Floor Tubulars
Extraction Form (RFTEF) [14]. The form contained entry locations for breakout time, JSN, static string
weight, pick up weight, breakout torque, H;S and CO; Draeger results, and comments. Observations
included whether the joint was clean or dirty, straight or bent, and any unique observations. No
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2. Cleaning

3. Post-cleaning inspection
4. Corrosion protection

5. Bolstering

The first task was to collect additional samples prior to cleaning. The majority of the samples were
collected at SS-25. Sampling at PS-20 consisted primarily of swabbing the ID of the tubing: A clean cloth
was attached to the end of a PVC pipe and was pushed through the ID of the pipe and collected into a
large sample bag at the opposite end. Figure 31 shows images of the swabbing procedure. Swabs were
taken from joints at various depths. This was done at the PS-20 site because it was operationally more
convenient.
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process. The goal of the cleaning was to remove oil, loose scale, and other debris that could obscure
surface features and also prepare the surface for coating with a corrosion inhibitor. Sentinel 909 was
applied to the ID and OD surfaces using sprayers and soaked for approximately 30 minutes. Rags and
brushes were then used to remove oil and debris. Joints were then rolled down the pipe racks for
inspection by Blade personnel. The objective of the PS-20 inspection was to identify features that had
been obscured during the SS-25 inspection.

Notes were taken and documented on evidence data sheets [14]. The inspection at the PS-20 site
identified minor metal loss, bent joints, and minor mechanical damage. The majority of the mechanical
damage appeared to be caused by tongs, slips, and other minor damage associated with running the pipe.
Significant features were not identified during the tubing inspections. The box and pin were also
inspected for damage. Some minor metal loss was observed on the box, and galling was identified in some
of the threads. Stamps from the manufacturer were observed on many of the joints, indicating the
environment was not aggressive enough to remove the marks. Figure 32 and Figure 33 shows examples of
minor metal loss and mechanical damage, respectively. Figure 34 shows examples of manufacturer
stamps still visible on the OD surface.

Inspected joints were rolled further down the racks to be coated with the corrosion inhibitor Tectyl 846,
which was chosen based on tests conducted by Blade.
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pipe racks to poisters on d wrdler. 1ne poisters were wne primadary aevice used to protect tne jJoints mom
transportation damage and had individual slots sized to fit the 2 7/8 in. tubing; the slots prevented the
joints from contacting each other during transportation. Although the bolsters could hold up to 42 joints
of tubing, their weight capacity had been limited to 8,000 Ib for safety. Figure 35 shows the trailer loaded
with the bolstered tubing. The wellhead components and tubing left Aliso Canyon on October 23, 2017,
and were received in Houston, TX, on October 26, 2017.
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e Logs run through the 2 7/8 in. tubing:
— Versa-Line Magnetic Imaging Defectoscope-2 (MID-2) Log (Tubbing Logging April 18-19, 2016)
— Versa-Line Magnetic Imaging Defectoscope-3 (MID-3) Log (Tubbing Logging April 20, 2016)
— EV Camera and Caliper (Tubing Extraction August 30, 2016)
— EV Camera (Tubing Extraction August 31, 2016)

e Log run through the original 7 in. casing string: EV Camera and Baker Hughes 56-Arm Caliper
(October 10, 2016)

e Logs run through the 7 in. tieback:
— Baker Hughes Gauge Ring/Junk Basket (November 27, 2016)
— Baker Hughes 56-Arm Caliper and High-Resolution Vertilog (HRVRT) (December 01, 2016)
— Versa-Line Magnetic Imaging Defectoscope-2 (MID-2) and 3 (MID-3) (December 02, 2016)
— Schlumberger Ultrasonic Corrosion Imaging (UCl) (December 03, 2016)
— Schlumberger Isolation Scanner (IBC) and Sonic Scanner (SSCAN) (December 04, 2016)
— Schlumberger Corrosion Protection Evaluation Tool (CPET) (December 07, 2016)
— EV Camera (December 10, 2016)

Details and results of the 7 in. casing logs are discussed in the log summary report [15]. A general
discussion is provided in this section for convenience. The MID-2 and MID-3 tools had the capability to
inspect the 7 in. and 11 3/4 in. casings through the tubing; these logs are discussed (with the tubing logs)
in Section 2.2.3. The data suggested that the 7 in. casing was parted at approximately 890 ft.

The first opportunity to run a camera to visually confirm that the casing was parted was during tubing
extraction on August 30, 2017. The tubing was extracted to approximately 1,050 ft, and a clear brine was
used to displace mud to surface to increase the camera’s visibility. The brine was filtered to a

May 31, 2019 Volume 2 Page 45



Figure 3/ shows tour images extracted trom the camera log video captured during the second run. | hese
images show the following three distinct locations in the well:

1. EOT
2. End of upper section of 7 in. casing
3. Top of lower section of 7 in. casing

Figure 37 shows (a) the end of the tubing, which was set at approximately 885 ft; (b) the camera inside
the upper 7 in. casing string after exiting the tubing; and (c) the end of the upper 7 in. casing string. This
was the location of the parted 7 in. casing. The camera exited the upper string and looked down at the
lower string. Figure 37 (d) shows the lower 7 in. casing string offset from the camera. The lower string was
sitting at approximately 5 in. below the upper string. The camera runs confirmed that the 7 in. casing was
parted and that the lower fish was offset from the upper string. Identification of the offset was significant
to the fishing operations. A custom-built pawl tool was used to recover the lower fish. The pawl tool
swallowed the casing, and spring-loaded pawls latched under a connection upset to pull tension while
cutting. After cutting the casing, the fish was recovered in the pawl tool. A spear was not used as it could
potentially contact the fracture surface several times before entering the casing.
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The camera was lowered so that the side camera could view the upper fracture surface. The tool was
rotated 360° to provide full coverage of the fracture surface. Figure 38 shows snapshots of the upper
fracture surface taken from the side camera. The surface appeared to be mostly flat, although the initial
observations were limited due to the quality of the video. The camera was lowered inside the lower string
so that the side camera could see the lower fracture surface. Figure 39 shows snapshots of the lower
fracture surface taken from the side camera. The camera was not centered inside the lower casing due to
the offset, which allowed only a small section of the surface to be in focus. Most of the fracture surface
was blurred due to the proximity of the camera to the casing ID. The lower fracture surface also appeared
to be flat, as expected, based on the upper fracture surface observations.
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Tubing joints from the work string were used to lower the end of the tubing below the brine-mud
interface. Mud was used to displace the brine to surface. The remaining tubing joints were extracted after
the brine was displaced and were inspected as described in Section 2.2.4. The 7 in. casing logging
continued on October 10, 2017, with another run using a camera and a 56-Arm Caliper tool. The camera
was run to the top of the fluid level (322 ft) to inspect the ID of the casing. No notable features were
identified. The caliper was run to 865 ft to inspect the ID of the casing.

A camera and caliper were the only tools run through the top of the original 7 in. casing string. The
remaining logs began on November 27, 2017, after extraction of the 7 in. casing above the approximate
cut depth of 939 ft. The remaining logs were intended to inspect the non-recovered 7 in. casing joints. A
tieback was installed to provide access to the lower joints. On October 12, 2017, the casing was cut, and
the first 7 in. casing joint was extracted and inspected by Blade. Inspection of the 7 in. casing is discussed
in Section 2.2.5. The first joint was extracted using the Ensign 334 rig to provide a gap between the upper
and lower fracture surfaces. The objective was to protect the fracture surfaces in the event the upper
string slipped while in the slips. The following events occurred before logging continued on November 27,
2017:

1. Ensign 334 rig was rigged down and demobilized (October 13-14, 2017)
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5. 11 3/4in. casing was logged to 990 ft (November 15-16, 2017)
6. Tieback was run to existing 7 in. casing stub at 939.5 ft (November 17, 2017)

7 in. casing logging continued on November 27, 2017, with a gauge ring and junk basket to ensure logging
tools could pass through the tieback and 7 in. casing. All logging tools were run to TD to inspect the non-
recovered 7 in. casing joints. A 56-Arm Caliper and HRVRT were both run on December 1, 2017, to inspect
the ID and OD of the casing. The caliper inspected the ID only and identified corrosion concentrated in a
200 ft zone at approximately 1,900 ft. The corrosion was most likely associated with a gas-lift mandrel
that was set at 1,965 ft.

The MID-2 and MID-3 tools were run on December 2, 2017, to inspect both the 7 in. and 11 3/4 in.
casings. The MID tools were capable of identifying and differentiating ID and OD corrosion. The caliper
and MID tools were first used in the tubing and are discussed in detail in Section 2.2.2.

The HRVRT is designed to identify internal versus external corrosion, holes, depth of penetration, and
other defects. The tool can differentiate between metal-loss (corrosion) and metal-gain (hardware)
features and distinguish between general corrosion and isolated pitting. The tool uses an array of hall
effect sensors that measure magnetic flux leakage generated by defects in the casing. The HRVRT
identified extensive external corrosion between the end of the tieback—939 ft—and 1,000 ft. The
remaining joints generally did not contain any external features. However, a few external features with
metal loss penetrations between 15 and 25% were identified between 1,500 and 3,750 ft. The HRVRT
detected ID corrosion consistent with the caliper findings.

The UCl tool is designed to identify, locate, and quantify casing corrosion. It can identify holes, weight
changes, internal and external scale buildup, external metal loss, and damage caused by milling, fishing, or
plastic deformation. The UCI tool has a rotating ultrasonic transducer that analyzes signal reflections to
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The last Schlumberger tool run in the casing was the Corrosion Protection Evaluation Tool (CPET), which is
designed to test the effectiveness of an existing cathodic protection system or assess the need for
cathodic protection. These logs were run to assist with the RCA interpretations but did not provide the
data directly required for the metallurgical investigation.

2.2.6 7 in. Casing Extraction

Twenty-five casing joints were extracted from the SS-25 well, identified as C001 to C026. JSN refers to the
individual sections of the casing that were cut and extracted from the string. The casing was cut below
each connection, unlike the tubing, which was broken out at the connection. JSNs for the casing do not
directly correspond to individual joints as was the case for tubing. Casing was cut in such a way that a joint
included the connection and part of the following joint. The JSNs also deviated from the joint number
when the parted casing was recovered. This occurred because the circumferential parting separated a
single joint into two sections that required individual JSNs. Again, JSNs are used throughout this section to
identify sections of pipe extracted from the well, rather than joint numbers. Figure 41 shows an example
comparing the JSNs C001 and C002 with their corresponding joint numbers. C001 included joint 1,
connection 1, and part of joint 2. C002 included joint 2, connection 2, and part of joint 3. The Phase 3
tubulars handling protocol [5] provides a detailed discussion of the JSNs and cutting procedure.
Schematics of the casing showing the JSNs and joint numbers are provided in the Phase 4 summary [7].
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Figure 41: Joint Sequence Number Versus Joint Number Example

The parted casing separated the casing string into upper and lower fish. The upper fish included C001
through C022 (joint 1 to part of joint 22). CO01 was extracted on October 12, 2017, using the Ensign 334
rig to create a gap between the fractures surfaces downhole. The Ensign 334 rig was rigged down,
demobilized, and replaced with the Ensign 540 rig to extract the remaining 24 joints. C002 through C022
were recovered as part of the upper fish. C023 and C024 (part of joint 22 to joint 24) were recovered on
November 14, 2017, and November 15, 2017, after cutting below the parted casing and recovering the
lower fish with the pawl tool. C025 and C026 (joint 24 to part of joint 26) were extracted on August 8,
2018, after completing several well operations. The extraction dates for each JSN were as follows:

e QOctober 12, 2017—C001

e QOctober 30, 2017—C002

e QOctober 31, 2017—C003 to C005

e November 01, 2017—C006 to C008
e November 02, 2017—CO009 to C011
e November 03, 2017—C0012 to C014
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e November 14 ,2017—C023
e November 15, 2017—C024
e August 08, 2018—C025 to C026

Wellhead components were removed on October 11, 2017, the day before casing extraction began, and
were transported to the PS-20 site for cleaning, ID inspection, and coating. Components removed from
the wellhead prior to the 7 in. casing extraction included the following:

e WO004A—Wing valve
e WO004B—Tubing head and DSA assembly
e WO004C—Wing valve

o o o

equipped to handle the 7 in. casing and had a fully-equipped mud system and two mud pumps.

Figure 43 shows the Ensign 540 rig on the SS5-25 site. Extraction resumed with C002 on October 30, 2017.
All evidence collected during casing extraction was handled according to the Phase 3 tubulars and
wellhead handling protocol [5].
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details of the linear indications identified during the rig floor inspection.
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casing pipe handler. The pipe handler used hydraulics to grab the casing on the rig floor and bring it down
to ground level. Figure 47 shows the casing pipe handler laying down casing. (The casing pipe handler
simplified laying down the casing and minimized the risk of damage.) The casing was moved from the pipe
handler to the pipe racks using a crane and nylon slings. The same precautions used for tubing handling
were implemented for the casing.

The casing was inspected and documented in a manner similar to the tubing. The pipe was inspected on
the rig floor, at the SS-25 site pipe racks, and at the PS-20 site pipe racks. When compared to the tubing
inspection, the rig floor inspection was limited because the connections were left intact rather than
broken out. The rig floor inspection was focused on the OD surface of the casing body and connections.
Blade personnel focused primarily on monitoring the casing NDE and cut. Notes were recorded on the
RFTEF [16] as it had been done with the tubing.
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identified on the remaining joints (C019-C026).

C022 was extracted on November 07, 2018, and contained the circumferential parting identified during
logging and visually confirmed with the downhole camera. Figure 49 (a) shows the parted casing hanging
above the rig floor. Figure 49 (b) through (d) shows the fracture surface above the rig floor. The fracture
surface was thoroughly examined on the rig floor and then moved to the pipe rack for further inspection.
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The casing was moved from the SS-25 pipe rack to a flatbed truck. Joints were secured in a single layer
using wood. The casing was transported to the PS-20 well site for cleaning, inspection, and storage
preparation. Casing was moved from the flatbed truck to the pipe racks on the PS-20 site using a stinger
crane truck, spreader bar, and nylon slings. The casing joints were cleaned by Argus using the same
methods as the 2 7/8 in. tubing joints. The casing was moved down the pipe racks for inspection by Blade
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Connections were removed and given a new JSN after the inspections. The connections were removed for
transportation and testing purposes. Pipe sections containing connections were limited to a maximum
length of 7 ft based on connection testing requirements. The short lengths also permitted individual
crating of each connection for protection. Figure 51 shows a diagram of the typical cut location for
removing a connection. C019 was cut above the connection at the PS-20 site, creating a section of pipe
body (C019A) and a 5 ft long connection section (C019B). This was typical for most casing joints. Pipe cuts
at the PS-20 site were made using the Cameron casing cold cutter.

S <4— Cut at rig floor

indications were found on C004, C005, CO09, C011, C012, and C013. Figure 52 shows linear indications
from (a) C004, (b) CO05, and (c) C012. The linear indications were slightly angled with respect to the pipe
longitudinal axis.
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Corrosion was also identified on the pipe bodies beginning with C014. Figure 55 shows examples of pipe
body corrosion from (a) C016, (b) C017, and (c) CO18. Figure 55 (c) shows corrosion with striated grooves
slightly angled from the longitudinal axis of the pipe. This type of feature was identified at many locations
along the casing below C014. Figure 56 shows examples of corrosion with striated grooves from (a) C018
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shows the fracture surface cleaned with Sentinel 909. Corrosion features adjacent to the fracture surface
after cleaning were clearly visible. Figure 60 shows the C022B corrosion features adjacent to the fracture
surface.
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damage to the axial rupture and circumferential parting. The fracture surfaces were wrapped with VCI
and covered for the night. C024 was extracted on November 15, 2017. A 13 ft section (C023A) of C023
was cut on the SS-25 pipe rack using the Cameron casing cold cutter to remove the axial rupture and
circumferential parting. The pipe sections (C023A, C023B, and C024) were transported to the PS-20 site
for further inspection. These sections were not subjected to the same protocol at PS-20 as previous
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the as-recovered condition and cut into smaller sections for transportation. A 5.80 ft section (C023A1)
containing the axial rupture, circumferential parting, and connection was cut using the Cameron casing
cold cutter. Additional cuts were made at the PS-20 site for connection testing and transportation
logistics. Figure 65 shows a diagram summarizing the cuts made to C023 and C024.
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113/4in. casing Ioéging program was as follows:
e Log run through 2 7/8 in. tubing: Versa-Line MID-3 Log (Tubbing Logging April 20, 2016)
e Logsrunthrough 11 3/4 in. casing after 7 in. casing extraction C001—C022:
— EV Camera and Baker Hughes 56-Arm Caliper (November 07, 2017)
— EV Camera (November 08-09, 2017)
— Baker Hughes 56-Arm Caliper (November 15, 2017)
— Versa-Line MID-2 and Schlumberger Litho Scanner (November 16, 2017)
e Logs run through 7 in. tieback:
— Versa-Line MID-2 (December 01, 2017)
— Versa-Line MID-3 (December 02, 2017)
e Logs run through 11 3/4 in. casing after 7 in. casing extraction C023-C024:
— Noise-Temperature and Gyro (May 20, 2018)
e Logs run through 11 3/4 in. casing after 7 in. casing extraction C025-C026:
— Schlumberger 4-Arm Caliper and Formation Microimager (FMI) Tool (August 10, 2018)
— Baker Hughes Noise and Temperature, GR-CCL-JB Logs, and 56-Arm Caliper (August 11, 2018)

— Baker Hughes 56-Arm Caliper, HRVRT, and Integrity eXplorer Cement Evaluation (INTeX), and Gyro
(August 12, 2018)

— Scientific Drilling Directional Survey and Baker Hughes HRVRT (August 13, 2018)
— Baker Hughes HRVRT and Schlumberger IBC (August 14, 2018)

—  Schlumberger UCl and SSCAN (August 15, 2018)

— EV Camera (August 18-19, 2018)

The first 11 3/4 in. log was the Versa-Line MID-3 log that was run through the tubing in April 2016. The
MID-3 tool is capable of inspecting up to three barriers, which allowed the tool to inspect the 11 3/4 in.
casing through the tubing. The percent metal loss reported by the MID tools is volumetric and considers
the entire pipe section when performing the metal loss calculations. The first feature was 34% at a depth
of 150.9-152.5 ft, and the second feature was 36% at a depth of 191.4-193.8 ft. No other metal loss was
recorded for the surface casing. This first look at the 11 3/4 in. casing was a high-level examination based
on the fact that the tool was inspecting three barriers at once. The sizing from the tool on the third barrier
was a rough estimate that could have been influenced by many factors, including the presence of the first
two barriers. The objective of this first step was to gather data for the 11 3/4 in. casing in the event
additional data could not be gathered.
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that induce GR emission from the formation. Spectra are acquired during each neutron burst. These
spectra are decomposed into a linear combination of standard spectra from individual elements. Data
acquired from this tool were not utilized during the metallurgical investigation but provided information
for the overall RCA.

The EV camera was the first tool run in the surface casing after extraction of the upper 7 in. casing fish.
Section 2.2.5 discusses the EV camera tool. Holes were identified during the camera inspection. Figure 66
shows snapshots of the holes recorded by the camera. The size of the holes was estimated by a software
that used images from the camera and the camera parameters to scale the corrosion holes. Several holes
were selected for sizing. The minimum and maximum areas measured with the software were 0.15 in?
and 3.62 in?, respectively. The shape of the holes and the surrounding ID suggested that corrosion
occurred from the OD to the ID. General corrosion and pitting were not observed on the surrounding ID

A ¥ T M L I M) IS D A I M I ML I A Y MATILY ) 1INy MM I Ige § IA Ie FY Al e LA TN I A S LRV e s 1

and 300 ft. These findings were consistent with the observations made with the EV camera. Figure 67
shows the caliper log and 3D view for joints 4—8. The dark red peaks in the log and 3D view indicate
possible holes in the 11 3/4 in. casing. These were locations were the caliper arm penetrated completely
through the casing wall.
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run a second time in the 11 3/4 in. casing. The tool was run deeper than the previous run because
additional joints (C023 and C024) had been removed during the previous days. The results were the same
as the November 07, 2017, caliper run. Holes were observed in several locations, with a majority of the
holes located on joint 5.

The Versa-line MID-2 tool was run the following day on November 16, 2017. The MID-2 was used rather
than the MID-3 because the first barrier (7 in. casing) was not present. The MID-2 and MID-3 were also
run on December 01-02, 2017, after the 7 in. tieback was installed. The MID-3 was used to inspect the
surface casing on the second run because the first barrier (7 in. tieback) was present. Both runs identified
metal loss on joints 5-9. The most significant metal loss was 33% on joint 5. These findings correspond
well with the previous logs that identified holes at these depths. Figure 68 shows the MID-2 and MID-3
results for the surface casing; the table in the figure shows the maximum metal loss detected by the MID-
3 for each ioint.
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The caliper and HRVRT log runs in the 11 3/4 in. casing identified internal metal loss beginning at
approximately 700 ft and extending to the shoe (joints 18—25). The corrosion had a scattered distribution
and non-uniform depths. Figure 69 shows results from the caliper and HRVRT logs. The corrosion
identified by these logs was correlated to the corrosion features identified on the OD of the 7 in. casing
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in. logging was sufficient, given that the string did not directly contribute to the 7 in. casing failure. The
casing head and approximately 3 ft of the 11 3/4 in. casing were removed from the well on September 10,
2018, and released to Blade as part of the RCA. Figure 73 shows images of the removal of the casing head
and 11 3/4 in. casing material. The following steps were used to extract the casing head and 11 3/4 in.
casing material:

1.

2
3
4.
5

The 20 in. conductor casing was circumferentially torch cut at approximately 10 ft below ground level.
The conductor was vertically torch cut and removed.

The cement around the 11 3/4 in. casing was removed.

The 11 3/4 in. casing was circumferentially torch cut above the conductor cut location.

The 11 3/4 in. casing was circumferentiallv torch cut above the weld that ioined the casing head and
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parted casing at an apprOX|mate depth of 887 ft WLM. The top and bottom fracture surfaces of the parted
casing (joint 22) were recovered. The lower parted casing (upward-facing fracture surface) was 2.80 ft
away from connection 22. Visual examination of the lower parted casing showed a 2 ft long axial rupture
that had merged with the circumferential fracture. Section 2.2.5 discusses the EV downhole camera
findings. Section 2.2.6 describes the extraction and field examination of the fracture surfaces.

Figure 74 shows the 25 joints recovered from the well and indicates the location of the parted casing. It
also shows the official depths used by Blade. These depths are based on consolidation and verification
from downhole tools and physical measurements. The official depth for the parted casing is 892 ft as
shown in the schematic. Figure 75 shows the field photographs taken during extraction with a diagram of
the parted casing and axial rupture. The image shows the failed casing oriented as it was in the well, with
the axial rupture below the circumferential parting.

The fracture surfaces were initially examined in the field followed by a detailed examination at the Blade
warehouse. Reconstruction of the failure found that all fracture pieces were recovered from the well.
Details of the reconstruction process are discussed in the Phase 4 summary [7].
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marks (Figure /o [C]). 1ne crack changead alrection (UPPEer and IoWer turning points) and Tinally arrested
due to dynamic energy consumption [17] [18] [19]. There were two turning points on the upper and lower
side of the rupture. This phenomenon is not uncommon for an axial rupture.

Figure 77 (a) and (b) show a close-up and laser scan image of the axial rupture. The failure origin is
indicated by the white box. The direction of the crack propagation is indicated on both sides of the origin
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Visual and stereoscopic examination of the circumferential parting showed that the failure was not a
continuation of the axial rupture, but it had rather re-initiated near the corner on one side of the parted
casing. The origin site was determined from the chevron marks identified on the fracture surface. Figure
78 shows a (a) laser scan and an (b) image that identify the upper arrest point, origin of the
circumferential parting, and final overload failure. The stitched stereo images in Figure 79 show the
chevron marks and propagation direction of the circumferential parting. These observations indicate that
the axial rupture and the circumferential parting were two separate events despite their close proximity,
and that they were most likely related to each other.
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1. An axial rupture occurred from an 85% metal loss due to corrosion.
2. Highly compressed natural gas was released from the opening of the newly formed axial rupture.
3

Rapid cooling occurred due to the escaping cold gas [11].
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separate but interlinked events:
1. Axial rupture

2. Circumferential parting
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3.4 AXial Rupture Analysis

This sub-section presents the investigation details for the axial rupture that caused the 7 in. casing failure.
Visual (macro), microscopic, and scanning electron microscope (SEM) examinations were conducted to
determine the fracture surface characterization and micro mechanism for cracking.

3.2.1 Visual and Stereoscopic Examination

Figure 77 (b) shows a schematic based on laser scan data, and it identifies key features of the axial
rupture. The axial rupture produced two mating fracture surfaces denoted as A and B. Fracture surface B
appeared to have experienced more plastic deformation (bulging) than fracture surface A. The following
three fracture zones were identified based on the visual and stereoscopic examinations:

e Zone 1: Axial rupture origin
e Zone 2: Crack propagation
e Zone 3: Crack arrest

Figure 81 illustrates the three zones of the axial rupture. Zone 1 is a short section of the axial rupture that
was identified by severe wall thinning due to corrosion. Zone 2 extends from the lower and upper
boundaries of Zone 1 to the boundary of the lower and upper arrest region. Lower and Upper Zone 2
contained chevron marks. However, Upper Zone 2 also contained a featureless segment created by
erosion. Zone 3 is the lower and upper arrest regions. The arrest points in Zone 3 cannot be seen in Figure
81 (a) or (b).

Zone 1 was initially determined based on the chevron marks in Zone 2. The apexes of the chevron marks
generally point towards the origin of a failure [20] [21]. The chevron marks in Zone 2 pointed towards the
area with the maximum metal loss. Both observations suggested that this area was the origin of the axial
rupture and was denoted as Zone 1. Figure 82 is a close-up image of fracture surface B and shows the
apex of the chevron marks in Zone 2 pointing towards the origin of the axial rupture.
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a rough approximation due to the limitations of the ultrasonic thickness probe. The size of the probe
prevented taking measurements that were directly adjacent to the fracture surface. The probe also
averaged the measurement over the probe area.

Figure 83 shows a plot of the remaining wall thickness as a function of axial position along the fracture
surface. The origin for the axial position was taken as the downhole cut below connection 22. The cut face
was flat, which allowed for consistent axial measurements regardless of circumferential orientation. The
average wall thickness of the pipe was 0.303 in. The measured minimum remaining wall thickness was
0.126 in. The estimated maximum metal loss based on the measured remaining wall thickness and AWT
was 0.177 in. (58.4% AWT).
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lengths were based on the distance from the lower turning point to the upper turning point. Table 3
shows the measured fracture surface length values for A and B. The profile lengths refer to the measured
distance between the turning points along the fracture surface. The axial lengths refer to the measured
distance between the turning points along the longitudinal axis of the pipe. The profile lengths needed
not be the same because they were influenced by deformation. The axial lengths should be approximately
the same because axial length generally does not change with deformation.

The axial lengths measurements for fracture surfaces A and B were 20.7 in. and 20.58 in., respectively.
The profile lengths measurements for A and B were 28.12 in. and 31.50 in. The differences in length
between the profile and axial lengths for fracture surfaces A and B were 7.42 in. and 10.92 in.,
respectively. The length values suggest that bulging (plastic deformation) occurred during the axial
rupture.

Figure 85 shows measurements of the fish mouth opening plotted versus axial position. The opening
measurements were converted into an estimated opening area that is equivalenttoa 4.5 in. x 4.5 in.
square or a 5.1 in. diameter hole. The significant plastic deformation of the 7 in. casing material is
consistent with the estimated casing temperature of 80°F.
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Fracture Surface A Axial Length 20.701n.

Fracture Surface B Axial Length 20.581n.

Zone 3 was taken as the fracture surfaces in the arrest point regions. The lower portion of the crack had a
well-defined turning and arrest point. The crack terminated after changing directions twice and arrested
just beyond the second lower turning point. The lower arrest point was contained within a tight crack tip.
The upper portion of the crack also changed directions twice, with the second change occurring 50° from
the longitudinal pipe axis. The circumferential parting connected to the upper arrest point, and the final
overload failure completely parted the casing. The upper arrest point was not contained within a tight
crack tip at the time of recovery. Figure 86 shows the upper turning point, second upper turning point,
and arrest point. The image clearly shows Zone 3 for the upper section of the axial rupture. Figure 87
shows the lower turning and arrest points.
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The micro-fractographic characterization had the following objectives:

e Characterize the fracture mode for Zone 1.

e  Verify visual measurements for Zone 1.

e Characterize the fracture mode for Zone 2.

e Characterize the featureless segment of Zone 2.

e Characterize the fracture mode for Zone 3.

Zone 1 was the primary focus for the micro-fractographic characterization. The fracture surfaces were
originally received as part of C023A1, which was a 5.5 ft section of the 7 in. casing that contained the axial
rupture, lower circumferential parting, connection 22, and part of joint 23. The fracture surfaces were
extracted from C023A1 using dry saw cuts. The fracture surfaces were protected with foam padding, and
the saw clamps were lined with wood to prevent metal-to-metal contact during cutting. The fracture
surfaces were supported with small wood blocks to prevent them from falling when the cut was
completed (Figure 88).

The length of the fracture surfaces had to be reduced for cutting and handling purposes. A 14 in. long
section of the fracture surface was chosen for extraction and detailed examination. Four cuts were made
to extract the 14 in. section of the fracture surfaces. Figure 88 (a) shows a schematic of C023A1 with the
four cut locations identified. Figure 88 (b) shows C023A1 after the fracture surface extraction. Cut 1 was
located through the featureless area in the upper portion of Zone 2 (above Zone 1). This location was
chosen to minimize the amount of information lost by the cut. The area was damaged due to erosion,
which means that the relevant information had already been compromised. The cut was designed to
reduce the length of the axial rupture and remove the circumferential parting from the rest of C023A1.

Cut 2 was a circumferential cut designed to remove the lower part of C023A1 from the pipe section that
contained the target fracture surfaces. A 14 in. long pipe section remained after completion of cuts 1 and
2. Cut 3 was longitudinal and extended from cut 1 to cut 2. Cut 3 was designed to go through the lower
arrest point to separate the two fracture surfaces and release the remaining residual stress.
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Figure 89: (a) Dry Saw Cut Example and (b) Fracture Surfaces After Cuts 1 and 2

Fracture surface B was chosen for a detailed examination and analysis. It was cut into five smaller
specimens (Figure 90). The cut locations were determined based on the fracture surface features and size
limitations imposed by the SEM. Specimen identification was based on JSNs as outlined in the
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Figure 90: Five Specimens Cut from C023A1B2 for Fractographic Study

The axial rupture had been exposed to fluids in the 11 3/4 in. x 7 in. annulus for more than two years prior
to its extraction from the SS-25 well. The fracture surfaces were contaminated and corroded by the
annulus fluids and required cleaning for the fractographic examination. Cleaning requires the removal of
contaminants and corrosion deposits while preventing attack (damage) to the fracture surfaces. A
cleaning procedure was developed and tested to ensure both effectiveness and safety.

The specimens were initially cleaned in an ultrasonic acetone bath for 3 to 5 minutes for degreasing and
removing loose contaminants. The specimens were then ultrasonically cleaned in a 1% Citranox bath for 3
to 9 minutes. Citranox was chosen based on Blade’s experience and industry common practice because it
is effective at removing metal oxides, corrosion deposits, and contaminants with minimum attack to the
fracture surface [19] [22] [23].

Freshly produced fractures surfaces from Charpy V-notched (CVN) specimens were used to verify the
cleaning procedure. These specimens were grade J55 steel from casing material extracted from the S5-25
well. The SEM examination of the fracture surface after cleaning found no resolvable attack at
magnifications up to 1,000X. Figure 91 is a comparison of the fracture surface before and after cleaning
and clearly demonstrates no attack from up to 9 minutes of ultrasonic cleaning in 1% Citranox solution.
The results showed that the cleaning procedure was safe to use on the fracture surface specimens.

The effectiveness of the cleaning procedure was also tested on a specimen from the origin of the axial
rupture (C023A1B2C). The specimen was examined before cleaning and after 3 minutes of ultrasonic
cleaning in a 1% Citranox solution. Figure 92 shows the fracture surface (a) before and (b) after cleaning at
a magnification of 30X. Most of the corrosion scales, deposits, and contaminants were effectively
removed from the fracture surface. The woody-type morphology was clearly seen on the cleaned surface,
confirming the effectiveness of the cleaning procedure. The Charpy and fracture surface tests showed
that cleaning times up to 9 minutes could be used, if required, with minimal damage to the fracture
surface.
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shows a (a) macro image of the J-R specimen and a (b) stereo image taken at 25X showing the pre-crack,
ductile tearing, and cleavage zones. The pre-crack was created prior to testing to initiate a crack in the
notch. Ductile tearing occurs during the J-R testing, and cleavage occurs when the specimen is broken at
liquid nitrogen temperature. The ductile tearing zone shows the same woody-type morphology shown in
Figure 92. The ductile tearing zone was examined with the SEM to identify relevant characteristics.
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(b) after cIeanmg The images show that the cleaning effectively removed most of the OD corrosion

product.
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Results from the initial examination, cleaning testing, and fracture surface comparison between the CVN
and J-R specimens were considered during the examination of the origin specimens C023A1B2C and
C023A1B2D. Both specimens where examined with the SEM at several locations and with different
magnifications to identify the fracture mode of the origin (Zone 1). Figure 98 shows the areas of
investigation (AOIs) that were chosen for the SEM examination. Cleavage and grain boundary facets were
not observed in any of the AOls. The woody morphology (low magnification) and deformation markings
(high magnification) described in the previous discussion were typically observed.

Figure 99 shows a comparison of the woody-type morphology produced by the J-R testing at room
temperature, the CVN testing at the upper shelf temperature (167°F [75°C]), and the origin of the axial
rupture. J-R and CVN specimens were selected from the same orientation as the axial rupture. The
woody-type morphology was the characteristic feature of ductile tearing along the longitudinal direction
of the grade J55 7 in. casing steel. A woody-type morphology is caused by the presence of coarse and
elongated MnS inclusions [24]. Section 7.1.5 discusses the microstructure of the 7 in. casing steel and
shows the presence of the MnS inclusions.

C023A1B2C contained most of the origin and was selected for detailed examination. Twenty-seven AQOls
were examined with the SEM. Figure 100 to Figure 104 shows the SEM images of five AOls (A3, A4, A8,
A10, and A17) selected to represent the typical features identified in the origin during the examination.
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measurement was defined as the length of fracture surface that exhibited fully ductile tearing without
cleavage facets. The origin length based on the new micro-scale definition was 2.13 in. (54.0 mm). Figure
109 shows the Zone 1 measurements for C023A1B2C and C023A1B2D based on the new origin definition.
The origin measurements for C023A1B2C and C023A1B2D were 0.55 in. (13.9 mm) and 1.52 in. (38.7 mm),
respectively. The band saw cut removed approximately 0.06 in. (1.4 mm) of material. The measurements
resulted in a total Zone 1 length of 2.13 in. {54.0 mm). The initial origin length was reduced by more than
a factor of 2. Section 3.2.2 describes the observations from the SEM images that set the basis for
redefining the origin length.

The length difference of the origin based on the micro (SEM) and macro (visual) definitions may reflect
the difference in the role they played for the axial rupture. The micro definition measurement of 2.13 in.
represents the initial size of the crack origin. The macro definition measurement of 4.8 in. represents the
rapid propagation of the crack as indicated by the chevron marks.
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I ne maximum corrosion deptn (metal 10ss) OT The Origin was originally measured with an uitrasonic
thickness probe. Limitations with the probe prevented an accurate measurement of the maximum
corrosion depth. A metallographic cross section was made to accurately measure the minimum remaining
wall. The origin specimens (C023A1B2C and C023A1B2D) were visually examined to identify the thinnest
area. The selected area was cross-sectioned, mounted, and polished for metallographic examination.
Figure 110 shows the location of the (a) metallographic section of C023A1B2C and the (b) measured
remaining wall thickness on the polished specimen. The measured remaining wall is 0.0496 in. (1.26 mm),
and the measured wall thickness of the unaffected area was 0.321 in (8.15 mm). The calculated maximum
metal loss, or maximum corrosion depth, was 85% AWT. The comparison of the original measurement of
0.126 in. (3.2 mm) with the refined measurement of 0.0496 in. shows a significant error as was expected.
The refined measurement of 0.0496 in. was accurate and was used as an input parameter for failure
pressure calculations.
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Two specimens (C023A1B2C2 and C023A1B2C3) were examined for elongated grains. C023A1B2C2 (Figure
110 [b]) was used to determine the refined remaining wall measurement. The same specimen was etched
to examine the grain structure perpendicular to the axial rupture orientation. C023A1B2C3 was a
specimen adjacent to C023A1B2C2 and was selected to be examined for its microstructure parallel to the
axial rupture. A small specimen was extracted from C023A1B2C3 adjacently to the fracture surface. The
objective was to section it as close to the fracture surface as possible. A diamond saw was used to make a
precise cut with limited material loss (0.5 mm). Figure 111 shows (a) C023A1B2C3 prior to the extraction
of the specimen and the (b) mount after the specimen was cut. Figure 112 and Figure 113 show the
microstructure for the circumferential (C023A1B2C2) and longitudinal (C023A1B2C3B) cross sections
etched with 3% nital. The grains appear equiaxed and are not elongated. The findings suggest that the
measured remaining wall loss of 85% was caused by metal loss due to corrosion.






Chevron marks in a brittle material response appear finer and more closely spaced as compared to a
ductile response and can be visually identified. Also, the direction of the crack propagation is opposite to
the apex of the marks. This section describes the micro mechanism for crack propagation of Zone 2.

Zone 2 was separated by Zone 1 (origin) into two segments referred to as Upper and Lower Zone 2 in
reference to the zones’ relative position in the SS-25 well. Figure 114 shows the separation of Lower and
Upper Zone 2. Specimen C023A1B2D in Lower Zone 2 was examined first in detail. Figure 114 shows the
non-cleaned (macro) and cleaned (SEM) C023A1B2D fracture surface. Both specimen conditions were
examined with the SEM. Only the results from the cleaned examination are discussed in this section.
Figure 114 shows the areas investigated with the SEM.

The SEM examination showed a mixed fracture mode that consisted of cleavage (brittle) and microvoid
coalescence and dimples (ductile). The amount of cleavage increased with distance from the origin but
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Figure 116 shows SEM images of A28 and A29, located at the MW and ID of the fracture surface,
respectively. These areas were located below A30 and A31, which were farther from the origin towards
the lower turning point. Figure 116 (a) and (b) show SEM images of A28 at 30X and 100X. The 100x
image shows cleavage mixed with woody features that are consistent with the observations of A30. Figure
116 (c) and (d) show SEM images of deformation marks and possible pearlite taken at 500 and 1,000x.
Figure 116 (e) and (f) show SEM images of cleavage facets at A29 near the ID taken at 500X and 1,000X.
The observations of A28 and A29 were consistent with the observations of A30 and A31.

Figure 117 shows SEM images of A16 and A26, located at the MW and ID of the fracture surface,
respectively. These areas were located below A28 and A29, which were farther from the origin towards
the lower turning point. Figure 117 (a) and (b) show SEM images of A16 at 30X and 100X. The 100X
image shows cleavage mixed with woody features, which are consistent with observations for A28 and
A30. Figure 117 (c) and (d) show SEM images of cleavage facets taken at 500X and 1,000X. Figure 117 (e)
and (f) show SEM images of deformation marks and dimples at A26 near the ID taken at 500X and
1,000X. Observations for all the selected areas were consistent.
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steels, cleavage is promoted by low service temperature, high strain rate, presence of stress
concentrators (stress state), specimen size, material (composition and microstructure), and certain
environments [25]. The axial rupture in the 7 in. casing occurred at an approximate temperature of 80°F,
which would not have caused cleavage during slow loading. Based on this observation, the main
contributing factor for cleavage was related to strain rate.
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ID of the fracture surface and was characterized by woody deformation features and plastic deformation
marks. A16 was located at the MW of the fracture surface and was characterized by cleavage. A17 was
located at the OD of the fracture surface and was characterized by both cleavage and woody deformation
features. The high magnification images of A17 show MVC (dimples).
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restrictions imposed by the SEM stage. Specimen C023A1B2A5B3 was examined with the SEM in detail.
Figure 121 (a) shows the extraction location for specimen C023A1B2A5B1. Figure 121 (b) shows
C023A1B2A5B in the non-cleaned condition prior to extracting specimen C023A1B2A5B1 for cleaning and
SEM investigation. Figure 121 (c) shows an SEM image of specimen C023A1B2A5B1 in the cleaned
condition. The SEM images were taken from the ID to the OD at 1,000X and stitched together to form a
complete cross section of the fracture surface. Figure 122 shows the stitched SEM images. Cleavage facets
with dimples and plastic deformation marks were observed throughout the cross section. The
observations confirm a mix mode fracture in Upper Zone 2 (crack propagation). These findings are
consistent with Upper Zone 2’s specimen C023A1B2B and Lower Zone 2’s specimen C023A1B2D.
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surtaces ot the rupture that show the Zone 2 teatureless segment. Fracture surtace A was used in the
examination, while fracture surface B was preserved.
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Specimen C023A1A1B1C was also located in the featureless segment of Upper Zone 2. Figure 127 shows
the specimen in the (a) non-cleaned and (b) cleaned conditions. Figure 127 (b) shows the four areas
examined with the SEM. Al was the closest to the previously examined specimen C023A1A1B5B (adjacent
to upper turning point). A2—A4 were progressively lower (towards visible chevron marks in Zone 2) on the
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energy dissipation and changes in stress state. The same sequence occurred with the upper arrest point.
The lower arrest point was slightly past the second turning point, whereas the upper arrest point was
approximately 2 in. beyond the second upper tuning point. The difference in extension can be explained
by a difference in constraint between the two locations. The lower arrest point was adjacent to
connection 22, which provided additional constraint. The upper arrest point was approximately 2 ft from
the lower arrest point in the pipe body. The pipe body provided less constraint as compared to the area
adjacent to the connection.

The lower arrest region is presented first. Characterization of Lower Zone 3 included the fracture surface
from the lower turning point to the lower arrest point. Specimen C023A1B2E was selected for a detailed
SEM investigation of the lower arrest region. The specimen was cut into smaller specimens due to the size
limitations imposed by the SEM chamber. Figure 132 shows the cut locations for specimen C023A1B2E.
Specimen C023A1B2E2A was examined with the SEM. The specimen contained the lower turning point,
second lower turning point, and lower arrest point. All three areas were investigated as part of the Lower
Zone 3 characterization. Figure 133 shows SEM images of C023A1B2E2A (a) before and (b) after cleaning.
The specimen was ultrasonically cleaned with acetone for 6 minutes followed by a 1% Citranox solution
for 6 minutes. Chevron marks were visible after cleaning, and this is consistent with the Upper Zone 3
observations.
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similar to the ones used for Lower Zone 3 were used during the investigation of Upper Zone 3.

Figure 142 (a) shows the extraction location for specimen C023A1A1B4 and (b) shows specimen
C023A1A1B4 after extraction. Specimen C023A1A1B4 contained the second upper turning point and
upper arrest point. The upper arrest point was defined on C023A1A1B4 by a slight angle change on the
inclined surface. Figure 142 (c) shows the mating surface to C023A1A1B4. The arrest location on the
mating surface was clearly defined by the paths of the axial and circumferential fractures.

Specimen C023A1A1B4 was ultrasonically cleaned with acetone for 6 minutes followed by 6 minutes in 1%
Citranox. Two segments of Upper Zone 3 were examined with the SEM. The first segment contained the
upper arrest region. Areas were selected to examine the fracture surface above, below, and near the
upper arrest region to identify any change in fracture surface characteristics. Figure 143 (a) shows
specimen C023A1A1B4 and the first segment for examination (white box). Figure 143 (b) shows the areas
selected for SEM examination of the first segment. The second segment contained the fracture surface
between the first and second upper turning points. This segment was examined for comparison with
Lower Zone 3. Figure 147 (a) shows specimen C023A1A1B4 and the second segment for examination
(white box). Figure 147 (b) shows the areas selected for SEM examination of the second segment.
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The OD and MW of Area A2 (below arrest region) contained mostly cleavage features while the ID
contained deformation marks. The OD of Area A3 (arrest region) contained some faceted features. The
MW and ID appeared ductile and did not contain cleavage. The observations show a clear transition

between A2 and A4, with A3 representing the arrest region, which is most likely associated with a change
in crack propagation speed.
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Figure 149: SEM Images of C023A1A1B4 A7 MW Taken at {a) 30X, (b) 100X, {(c) 500X, and (d) 1,000

May 31, 2019 Volume 2 Page 126



May 31, 2019 Volume 2 Page 127









May 31, 2019 Volume 2 Page 130






_—-—— TR T IR TR B S - Lt T e et TR TR LYY

In this section, the circumferential parting is investigated in detail. The approach used for the
investigation was similar to the one used for the axial rupture. It included visual (macro) and stereo
microscopic examination and SEM characterization of the fracture surface and micro mechanism for
cracking.

3.3.1 Visual and Stereoscopic Examination

The circumferential parting produced two mated fracture surfaces identified as the lower and upper
fracture surfaces. The upper circumferential parting was extracted first. A short length of the pipe was
extracted from C022 and examined at the on-site lab. The extracted section was designated as C022B. The
lower circumferential parting was fished out of the S5-25 well with a pawl tool. A short section containing
the axial rupture, circumferential parting, and connection 22 was extracted from C023A and designated as
C023A1. Section C023A1 was shipped to the warehouse for further visual examination. Section 2.2.6
discusses the extraction of the upper and lower circumferential parting.

The upper fracture surface was facing down after the parting; it had been severely eroded by the
high-pressure gas that had escaped from the reservoir. The lower fracture surface was facing up during
the blowout and appeared to be well preserved. Figure 159 (a) shows the lower and upper fracture
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had no indications of erosion. It was later confirmed by stereo and SEM examinations that erosion was
not present.

The following three fracture zones were identified during the visual and stereoscopic examination of the
circumferential parting:

e Zone 1: Origin (initiation site) of circumferential parting
e Zone 2: Crack propagation
e Zone 3: Final overload failure of the remaining ligament

Figure 160 illustrates the three zones of the circumferential parting. Figure 160 (a) is a close-up image of
the lower circumferential parting with the three fracture zones identified. Figure 160 (b) is a schematic
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origin site was thoroughly examined W|th the stereo microscope and SEM to determme the origin size.
Two semi-elliptical areas were identified as possible critical crack sizes (origin) for the circumferential
parting. The first critical crack candidate was 14.55 mm long and 5.2 mm deep. There was uncertainty in
identifying the fine chevron marks adjacent to the origin. A second critical crack candidate was identified,
which extended just beyond the first critical crack candidate. The second critical crack candidate was
21.72 mm long and 5.22 mm deep. Figure 161 (a) shows the origin area for the circumferential parting.
Figure 161 (b) and (c) show the location and sizes of the critical crack candidates.

Additional clarification and verification are required when there is uncertainty in the critical crack size.
Temperature was used to verify the critical crack sizes for the circumferential parting, which is discussed
in Section 4.3. The results showed that the estimated temperature at the time of the circumferential
parting was between -60.4°C and -56.8°C for the first critical crack candidate (14.53 mm). The estimated
temperature for the second critical crack candidate (21.72 mm) was between -40.1°C and -39.1°C. The
failure temperature predicted by the thermal model [11] was -34°C. Both candidates were consistent
with the thermal model prediction; however, the second critical crack candidate resulted in a closer
temperature prediction.
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loading. The circumferential parting occurred at a temperature below the DBTT. The DBTT for slow
loading was approximately 50-100°C lower than the DBTT determined by the CVN (fast loading) [26]. The
DBTT based on the half-size CVN testing of the material from the 25 joints of the 7 in. casing was 108.5°F
(42.5°C) (Section 7.1.8). The DBTT was shifted 11.1°C, based on AP 579, to account for the specimen size
effect [27]. Therefore, the DBTT for slow loading, based on the adjusted and full-size CVN’s DBTT of
128.5°F (53.6°C), would have ranged between 38.5°F (3.6°C) and —=51.5°F (—46.4°C). The estimated
temperature for the circumferential parting most likely was within these temperature ranges.

This evidence supports the conclusion that the axial rupture and the circumferential parting were two
separate events. The circumferential rupture of the 7 in. casing was most likely a consequence of the axial
rupture, based on the finding that it occurred at a lower temperature. The release of cold gas [11] from
the opening of the axial rupture resulted in rapid cooling of the surrounding casing material. The grade
J55 steel then became brittle due to the super cooling condition.
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2. Identify the fracture mode for Zone 2 (crack propagation).

3. Identify the fracture mode for Zone 3 (final overload failure).

3.3.3 Micro-Fractographic Characterization for Zone 1 (Origin for Failure)

Specimens were extracted from C023A1A for a detailed examination with the SEM. The parent specimen
was cut longitudinally to remove the axial rupture mating surface and a section of the circumferential
parting (C023A1A2). The remaining circumferential fracture surface was removed with a circumferential
cut through the top portion of Zone 3. The circumferential fracture surface was cut into shorter lengths so
that the specimen could fit inside the SEM chamber. Zones 1 and 2 of specimen C023A1A1A1 were
selected for a detailed examination with the SEM. Figure 167 shows the cuts required to extract the SEM
specimens. C023A1A1A1 is identified by the white box.



Figure 168: Specimen C023A1A1A (a) Stereo and (b) SEM Images of Zone 1 (Origin) Investigation Areas

The SEM examination of Zone 1 identified a pre-existing, crack-like flaw on the OD side of the origin.
Figure 169 shows SEM images of the crack-like flaw on the OD surface. The crack-like flaw was shallow,
with a measured maximum depth of 196 um. Figure 170 shows an EDS analysis indicating that the surface
of the flaw was severely oxidized by a scale that had not been removed during cleaning. The adjacent
fracture surface was easily cleaned and clearly showed cleavage facets. This observation suggests that the
flaw existed prior to the circumferential parting. The OD surface flaw may have promoted brittle cracking
from the origin of the circumferential parting, even though the flaw was shallow.

Further detailed SEM examination identified that the fracture mode of the origin was characterized by
cleavage with a small number of microvoids (Figure 171). The small amount of microvoids is associated

with inclusions in the material. Similar features were also observed along the edge of the origin (Figure
172).
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circumferential fracture surface was characterized by fine chevron marks. Fine chevron marks indicate
that the limited micro-plastic deformation occurred in the steps between the cleavage planes. Macro-
plastic deformation, such as necking, did not occur as discussed in Section 3.3.1. These observations are
consistent with brittle fracture of mild steels at temperatures below the DBTT [19] [20].

Figure 174 shows stitched stereo images of C023A1A1A2A with the chevron mark orientation and the
SEM examination location. Many locations were examined with the SEM, and the same micro mechanism
was observed at each location, but only one set of the representative fracture morphology is shown here.
Figure 175 through Figure 177 show the morphology for the OD, MW, and ID for Area A9. The SEM images
show cleavage features through the thickness of the circumferential fracture surface. This was consistent
with all examined locations.
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the final overload failure. Zonel3 was characterized by:
e Rough surface appearance (steps) near the ID side of the fracture surface.
e Absence of chevron marks.

e Brittle fracture with no visible plastic deformation.

Figure 178 (a) shows a schematic showing the location of Zone 3. Figure 178 (b) and (c) show macro and
stereo images of Zone 3. The images show a step-like appearance on the ID side of the fracture surface.
The OD side of the fracture surface appears to be smooth. The SEM examination showed that the fracture
surface near the OD side was mostly cleavage separation, while the ID side showed a mix of cleavage
facets and a woody type of plastic deformation. The fracture surface morphology at the MW was a
combination of the OD and ID morphologies.
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3.4 Summary

The following conclusions can be made based on the visual (macro) and SEM (micro) investigations of the
SS-25 7 in. casing failure:

e The 7 in. casing failure originated from an 85% metal loss due to corrosion, resulting in a 2 ft long axial
rupture under an internal pressure of approximately 2,700 psi in the 7 in. x 2 7/8 in. annulus.

e The internal pressure caused slow ductile tearing of the thinnest region. A crack formed in the 2.13 in.
origin, at which point tearing instability occurred, followed by a rapid crack propagation that left
chevron marks behind. Bulging was observed around the axial rupture.

e The propagating cracks finally arrested after changing direction twice due to changes in the stress
state and the energy dissipation.

e The axial rupture occurred at an estimated temperature of 80°F, based on the historical temperature
profile data at the failure depth of 892 ft. This temperature is consistent with the observed bulging
and ductile tearing associated with the axial rupture.
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the opening formed by the axial rupture resulted in rapid cooling of the adjacent casing material.

e The grade J55 steel casing became brittle due to the cooling condition. The circumferential parting
initiated from a semi-elliptical flaw, as estimated from the chevron marks.

e Two critical crack candidates were identified during the visual and stereoscopic examinations. The
first critical crack candidate was 14.5 mm long and 5.2 mm deep. The second critical crack candidate
had the same depth but was slightly longer—21.7 mm.

e The estimated temperature for the circumferential parting from the two possible critical crack sizes
ranged between -60.4°C and -56.8°C for the first critical crack size (14.5 mm long) and -40.1°C and
-39.1°C for the second critical crack size (21.7 mm).

e Anindependent thermal analysis predicted that -34°C was the lowest temperature that could have
been achieved by the release of gas from the axial rupture. The second critical crack candidate
(21.72 mm x 5.22 mm) was closer and was most likely the critical crack size for the circumferential
parting.
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2. Circumferential cracking
3. Final overload failure of the remaining ligament

FEA was used to model the axial rupture and estimate the failure pressure. Actual grade J55 material
properties from the failed joint (joint 22) were used to accurately capture the material behavior. The
corrosion feature and striated groove geometry associated with the axial rupture were included in the
finite element (FE) models. The axial rupture led to the circumferential parting, which occurred at a lower
temperature due to the escaping cold gas [11]. Fracture mechanics models and material fracture
properties were used to investigate crack initiation sizes and failure temperatures for the circumferential
parting. A ligament remained after the axial rupture and circumferential cracking had occurred. An FE
model was used to investigate the stress state of the remaining ligament to determine if the tensile load
was high enough to cause the final overload failure.

4.1 Axial Rupture Failure Pressure

Section 3 described how the axial rupture occurred from wall thinning due to corrosion. The corrosion
feature contained striated grooves. FEA was used to model the corrosion feature and estimate the failure
pressure of the axial rupture. Three models were created to represent the corrosion feature with and
without striated grooves. The models were as follows:

e Model 1: Corrosion feature without a notch
e Model 2: Corrosion feature with a 2.13 in. notch
e Model 3: Corrosion feature with a 4.8 in. notch

ABAQUS, a commercially available FE package, was used to model and analyze the axial rupture. A 100 in.
long casing segment near the failure location (892 ft) was modeled with 3D elements. Analyses were
conducted by applying internal pressure and a tensile force on the casing model. Actual casing material
properties were used to model the constitutive behavior of the grade J55 7 in. casing material. Local
stresses and strains in the corrosion feature were obtained from the models and analyzed to derive the
failure condition. The corrosion severity was assessed using stress, strain, and the ductile failure damage
indicator (DFDI). Local stresses and strains were incorporated into the DFDI parameter to quantify the
damage evolution at the corrosion feature. A DFDI value of 1.0 was used to determine the differential
pressure at which a crack would initiate within the corrosion feature.

4.1.1 Corrosion Feature Geometry and Finite Element Modeling

The first task for constructing the FEA was to model the 7 in. casing segment and corrosion feature. The
corrosion feature size was approximated from scaled images. Figure 181 shows the corrosion feature and
estimated axial and circumferential dimensions. The feature had a length of 9.25 in. (23.5 cm) and a width
of 3.72 in. (9.4 cm). The measurement of the wall thickness of the pipe body was 0.321 in., and it was
measured by using a UT wall thickness probe at locations away from the corrosion feature. The yellow
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the ductile tearing region of the axial rupture.

The diameter of the flat circular region was 2.13 in. (53.9 mm), which corresponds to the origin length of
the axial rupture. Section 3.2.3 defined the origin of the axial rupture based on a micro-scale definition.
The micro-scale definition defined the origin length as being the length of fracture surface that exhibited
full ductile tearing without cleavage facets. The boundaries of the origin were identified and measured
with the SEM.

The minimum remaining wall thickness was measured from a cross section through the thinnest area of
the corrosion feature. Figure 110 (b) shows the metallographic section and the thinnest remaining wall
measurement of 0.0496 in. (1.26 mm). This value was used for the thickness of the inner circle region
(origin). Figure 182 shows the model of the corrosion feature with the origin identified. The image shows
the corrosion feature positioned within the pipe such that the remaining wall matched the minimum
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pressure. Striated grooves were modeled as a single groove, which was estimated from the observed
grooves in the corrosion feature. Individual grooves could not be modeled due to their small size and
distribution complexity. The single notch was designed to approximate a collective effect of the striated
grooves.

Notch geometry was estimated from the grooves shown in the metallurgical cross section of the thinnest
region (Figure 110 [b]). The measured radius of the notch was approximately 0.2 mm in diameter. This
radius was beyond the capabilities of an FEA due to the global meshing requirements. A notch radius of
1.0 mm was chosen to simplify the mesh and to approximately capture the notch effect. The notch was
placed in the central circular region of the semi-elliptical corrosion feature. The bottom of the notch was
placed at a depth such that the remaining wall was equal to 1.26 mm, which is the same remaining wall as
Model 1. The entire corrosion feature was raised by 1.0 mm to ensure the bottom of the notch coincided
with the minimum remaining wall for Model 1. The length of the notch was sized to match the length of
the origin 2.13 in. (origin length). This model is referred to in this section as Model 2. Figure 183 shows
the 3D schematic and mesh for the Model 2 corrosion feature with the 2.13 in. notch. The modeling
assumptions for Model 2 were made to satisfy the following two objectives:

e |llustrate the combined effect of the striated grooves and corrosion feature.

o Model the remaining wall thickness (85% wall loss) with the presence of a notch (grooves).
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loss. The presence of the notch introduced a stress concentration in the thinnest section of the corrosion
feature, which had the effect of reducing the estimated failure pressure. However, the reduced
volumetric metal loss would have had an opposing effect of increasing the estimated failure pressure.

A third model was designed to introduce the notch effect while maintaining the wall thinning within the
ductile tearing region (2.13 in. circular region). The semi-elliptical bowl was modeled in the same way as
Model 1. Unlike Model 2, the minimum wall thickness of 1.26 mm was maintained within the ductile
tearing zone. A notch was introduced with its length increased to the macro definition of the origin

(4.8 in.). Section 3.2.3 defines the macro definition of the origin as the length of the fracture surface
between the chevron marks. The notch was positioned so that the deepest point was tangent to the
circular ductile tearing region. Placement of the 4.8 in. long notch had the effect of creating two notches
adjacent to the ductile tearing region. This model is referred to in this section as Model 3. Figure 184
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stress-strain curves and engineering stress-strain responses of the material In the transverse and
longitudinal directions. Figure 186 also shows a table with the average longitudinal and transverse critical
strain values taken from Table 28.
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Figure 186: Engineering and True Stress-Strain Responses of the Grade J55 Casing Material

The average critical strain in the longitudinal and transverse orientations was 37% and 29%, respectively.
The FE models used the average transverse critical strain of 29% for the strain-based failure prediction.
Table 4 lists the grade J55 material properties used for the FE modeling. Typical Young’s modulus of
30,000 ksi and Poisson’s ratio of 0.3 were used in the analyses. The FE analyses used a yield strength of
55 ksi and the measured transverse stress-strain behavior in Figure 186 to compute the characteristic
stiffness. The analyses used these constitutive properties to obtain the displacements, stresses, and
strains at all elements and nodes of the model.

Table 4: FEA Material Property Summary

Modulus of Elasticity (ksi) 30,000
Poisson’s Ratio 0.3
Critical Strain 0.29

Yield Strength (ksi) 55

Casing and tubulars with notches or areas with metal loss develop higher stresses and strains when
compared to a regular pipe section. The stress triaxiality would be higher and the induced stress state
would be beyond the yield and ultimate tensile strength (UTS) at the localized notch and corrosion
feature regions. Such local areas near the corrosion feature would develop large strains from the applied
pressure and axial forces. A local linear indication or notch-like feature could further increase the stress
triaxiality. Initiation, growth, and coalescence of microvoids to form cracks, known as “ductile plastic
damage”, occur at the local regions, resulting in initiation of a crack by ductile tearing. Strain-based
damage models were used to determine the onset of cracking due to local plasticity. Failure strain limit is
a damage parameter that integrates local stress and strain states. The failure strain is a function of stress
triaxiality, von Mises’s stress, and material mechanical properties.
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The strain-based damage indicator, D;, is computed based on incremental plastic strain, stress triaxiality,
and the failure strain given by Eq. 4.

_ r€e dEeq
D; = |, q? €
1 €e 3 om
D; = DFDI = et J, “exp (Eo—e) deg, (5)
Where,
€0q = equivalent strain

€ = reference strain
€9 = critical strain

Oy = mean stress

O.q = equivalent stress

04,0,, and 03 = principal stresses

4.1.3 Loads and Boundary Conditions

The 3D pipe models were modeled, meshed, and analyzed using the FE procedure. They were constrained
at one end to restrict movement along the longitudinal and transverse directions. An internal pressure
varying from 0 to 4,000 psi was applied to the interior surface of the pipe geometry to generate hoop
stress. Axial force, external pressure, and internal pressure were inferred from the gas injection load
summary, as listed in Table 5. A maximum axial tensile force of 236.5 klbf was applied at one end of the
3D pipe model. Internal pressure was varied to 4,000 psi to determine the point of crack initiation (i.e.,
internal pressure at which DFDI=1.0).

Table 5: Gas Injection Conditions and the Relevant Load Summary at a Depth of 892 ft

Surface Gas Inj. Inj. Internal External Dog Leg Axial Temp.
Gas Inj. Rate Period Pressure Pressure Severity Force (°F)
Temp. (°F) | (MMscf/D) (psi) (psi) (Deg/100°) (Ibf)
70 6 12 hr 2,791 386 1.79 218,187 77
70 6 9 mo 2,791 386 1.79 227,607 75
70 30 12 hr 2,791 386 1.79 230,983 74
70 30 9 mo 2,791 386 1.79 236,545 74

The loads at 892 ft were estimated by setting up the wellbore configuration in the tubular mechanics and
wellbore heat transfer analysis program StrinGnosis. The wellbore heat transfer model simulates the heat
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historical National Oceanic and Atmospheric Administration (NOAA) temperatures at the Van Nuys,
California, airport for October 23, 2015, were 90°F maximum and 58°F minimum. The axial force does vary
somewhat with temperature, but the change is small over the range of injection rates and period of
injection.

4.1.4 Results and Findings

Models 1, 2, and 3 were analyzed with the loads and boundary conditions described in Section 4.1.3.
Differential pressure was applied to the interior surface of the pipe geometry, and the stress and strain
states of the models were analyzed. DFDI was computed at all elements and nodes and was compared to
the failure criteria of DFDI = 1.0. Figure 187 shows the DFDI evolution with differential pressure at the
edge of the notch, supposedly the most critical location of the pipe model. The DFDI evolution was

-

The stress state for Model 1 was the least severe of the three models. The point of crack initiation
occurred at an approximate pressure of 3,850 psi. The corrosion feature (i.e., semi-elliptical bowl) was
raised for Model 2 by 1.0 mm, which reduced the volumetric metal loss due to corrosion. The point of
crack initiation for Model 2 was approximately 2,836 psi. Model 3 increased the length of the notch to
4.8 in. and maintained the corrosion feature geometry from Model 1. Introduction of the notch geometry
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Table 6: Differential Pressure (AP) Summary

Model Differential Pressure
(psi)
Model 1: Corrosion feature without a notch 3,850
Model 2: Corrosion feature with a 2.13 in. notch 2,836
Model 3: Corrosion feature with a 4.8 in. notch 2,327

The von Mises and DFDI plots for Models 1, 2, and 3 are shown in Figure 188, Figure 189, and Figure 190,
respectively. The figures illustrate that the ductile tearing region has a high stress state and a localized
region with a DFDI > 1.0.







The FEA and DFDI showed that a 2.13 in. long and an 85% deep crack could form at a differential pressure
of 2,327-2,836 psi in the 2.13 in. ductile tearing region. An FE crack model was used to determine if a
2.13in. long and an 85% deep crack would be unstable. A fracture toughness-based failure criterion was
used to assess the instability of the crack.

A 3D quarter symmetric cylindrical geometry was used to analyze the crack in the 7 in. casing with a wall
thickness of 0.321 in. The casing segment had a length of 35 in. (i.e., Length =5 x OD). Figure 193 shows
the pipe and crack geometry. The model was sufficiently refined with an element size of 0.002 in. near the
crack tip. Strains are singular at the crack tip and generate very high stresses. Wedge elements were used
at the crack front to capture the strain singularity and effectively obtain the contour integrals and stress
intensity factors. Figure 193 shows the location of the wedge elements.
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widely applied to demonstrate the relative toughness of materials. Section 7.1.8 discusses the specimens,
methodology, and results of the Charpy V-notch testing for the 7 in. casing material. The specimens were
tested at various temperatures, and ductile-brittle transition curves were established for each extracted
joint. Fracture toughness testing is a quantitative method for evaluating the fracture toughness of a
material. Section 7.1.9 discusses the fracture toughness testing of the specimens, methodology, and
results for the 7 in. casing material. The results from the testing were not valid and could not be reliably
used for this analysis due to the specimens’ size and material behavior.

For the Charpy impact energy to be used quantitatively for the analysis, it had to be converted to fracture
toughness. Empirical and semi-empirical correlations exist in literature for conversion from CVN impact
energy to fracture toughness. The British Standard (BS) 7910 presents the following three correlations for
CVN impact energy and fracture toughness:

e Lower bound relations for lower shelf and transitional behavior
e Lower bound relations for upper shelf behavior

e Master curve approach for lower shelf and transitional behavior
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Where,

Kinar = fracture toughness estimate (MPa\/ﬁ)
B = thickness of the material for which an estimate of K,,,; is required (mm)
C, = lower bound Charpy V — Notch impact energy at the service temperature (J)
Table 7 shows the half-size impact energies, converted full-size impact energies, and estimated Kmat values

for the points within the box in Figure 194. Half-size Charpy impact energies were converted to full-size by
multiplying them’ by a factor of 2 [27]. The goal of the conversion was to estimate the fracture toughness

nf tha orade IKK matarial hacad nn the arientatinn and temnaratiire nf the avial riintiire Thic rarreennnde
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25 C-L 5.17 14.0 48.3
0 C-L 3.77 10.2 40.4
-10 C-L 3.17 8.6 36.5
=25 C-L 2.13 5.8 28.9
=50 C-L 1.92 5.2 27.1
=73 C-L 1.00 2.7 17.9

The mesh at the crack front was used to accurately obtain the stresses and strains surrounding the crack
tip. Symmetric boundary conditions were used to simplify the model. The boundaries were applied on
symmetric surfaces and corresponded to the pipe axes. Figure 195 shows the boundary conditions for the
model. Stress intensity factors were computed at the crack front using the surrounding nodes. Values

from the third ar fanirth cantnnire weare rancidarad annranriate and are nlntted at variniie nracaiirac in

was approximately 1,950 psi. Figure 196 illustrates that the crack was unstable beyond an internal
pressure of 1,950 psi. The results show that a 2.13 in. long and an 85% deep crack would have propagated
at differential pressures > 1,950 psi. The estimated strain-based failure pressure (2,327-2,836 psi) was
above the fracture toughness-based instability pressure (1,950 psi). This shows that as soon as the 2.13 in.
crack formed by ductile tearing, it became unstable.
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methods used for the investigation:
1. Fracture mechanics calculations were performed to determine K, for the two critical crack candidates.
2. The fracture-based failure criterion K=Kc to determine K¢ was used.

3. The temperature of the material was estimated at the time of the circumferential parting based on
the estimated Kic values.

4. The estimated temperature was compared with the thermal model prediction [11] to validate the
critical crack size and the failure temperature.

4.3.1 Fracture Toughness of the Circumferential Parting

The circumferential parting of the S5-25 7 in. casing was characterized by cleavage without measurable
macro-plastic deformation. A linear elastic fracture mechanics analysis was applicable because of the
brittle nature of the circumferential parting. The failure condition was then defined by Eq. 7.
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The following two industry-standard fracture mechanics methods were used to calculate K, for a given
crack geometry and size, casing dimensions, and loading conditions:

e API579/ASME FFS-1 2016 Part 9—Assessment of Crack-Like Flaws [27]
e BS 7910 Guide to Methods for Assessing the Acceptability of Flaws in Metallic Structures [30]

In the current work, we have estimated the Mode | stress intensity factor (K} by using the equations
stated in API 579 and BS 7910. According to API 579, the Mode | stress intensity factor for a cylinder with
an external semi-elliptical surface crack in the circumferential orientation under axial stress (no internal
pressure) is given by Eqg. 8 (Annex 9B.5.13.1 of API 579).

pR? F

na
+
R3-R{ ~ m(R3-R{)

>+G505 +G606] F (8)

KI= Go(

( 1.65
10+1465(2) " for2<10
9

1.65
10+1465(5) " fors>1.0

a = crack depth
¢ = half crack length
Ry and R; = external and internal radii of the pipe
F = net section axial force
p = internal pressure
osand o, = net section bending stress about the x and y axis, respectively
Gy, Gs, and Gg = influence coef ficients of the external crack
In the current work, p, a5, and g, are assumed to be zero, and Eq. 8 simplifies to Eq. 10.
F na

= [o (mmm)) o (10)

Section M.7 of BS 7910 discusses the stress intensity factor solutions for curved shells under internal
pressure and mechanical loads. The general form of the stress intensity factor solution is given in the
equation M.1 of the document and shown in Eq. 11.

K, = (YoWra (11)

(Yo) could be the contribution from primary and/or secondary stresses. In the current work, we
considered the primary stress due to the axial loading. We also assume that there was no contribution
from bending stresses. In essence, we can use Eqg. 12 as our governing equation in calculating the stress
intensity factor according to BS 7910.

K = [Mfw(KthkmMum)]\/E (12)
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B = pipe wall thickness

W = circumferential length of the pipe = nD

D = outside diameter of the pipe

P, = the primarystress due to axial load for the current work

kim and My, = 1

M, is defined and given in page 245 of BS 7910
Blade implemented the above stress intensity factor solutions using an application built in-house by using
Microsoft Excel. The application has been verified and tested by experts and has been in use for the past
10 years by Blade and its clients. The axial stress used in the calculations was 35,541 psi based on the
SS-25 loads at 892 ft (refer to Table 5). The nominal 7 in. casing dimensions for the OD (7.00 in.) and WT

(0.317 in.) were used for the calculations. Table 8 shows the Kic results for each crack candidate based on
the API 579 and BS 7910 fracture mechanics models.

Table 8: K,c for Two Crack Candidates for the Circumferential Parting

Analysis | Crack Length | Crack Depth | Fracture Mechanics | Fracture Toughness Kic
(mm) (mm) Model (ksi-in*?)
1 14.54 5.22 API1 579 27.6
2 14.54 5.22 BS 7910 26.9
3 21.72 5.22 API1 579 31.8
4 21.72 5.22 BS 7910 32.1

4.3.2 Fracture Toughness Testing

Metcut Research Inc. performed fracture mechanics-based toughness testing under the direction of
Blade. Section 7.1.9 discusses the fracture toughness testing specimens, methodology, and results in
detail. Fracture toughness testing was performed at five temperatures because the fracture toughness of
grade J55 steel has a strong dependence on temperature. The five test temperatures were 75°F (24°C),
32°F (0°C), -13°F (-25°C), -58°F (-50°C), and -148°F (-100°C). The following two ASTM standards were
followed due to the anticipated brittleness of grade J55 steel at temperatures below 32°F:

e ASTM E399 (Kic) for brittle behavior [31]
e ASTM E1820 (Jcand J-R curve) for ductile behavior [32]

The testing was operated in a single rising load mode by using the direct current potential drop (DCPD)
method for crack increment (Aa) monitoring. The results from the single rising load test were analyzed per
ASTM E1820 or ASTM E399, depending on the material behavior.

Two specimen orientations (C-L and L-C) were used as described in Section 7.1.9. Figure 298 shows a
diagram of the various specimen orientations. The C-L and L-C orientations have the crack plane in the
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Figure 197: Kq Versus Test Temperature

4.3.3 Failure Temperature Estimation

The measured fracture toughness values could not be used for failure temperature estimations as
described in Section 4.3.2. Fracture toughness values were estimated from CVN impact energies in lieu of
using the measured values. Section 4.2.1 describes the method and equations used to convert CVN
impact energies into fracture toughness estimates. The DBTT curves were established based on the CVN
test data. Section 7.1.8 describes the specimens, methodology, and results for the Element Materials
Technology CVN testing. Figure 198 shows the DBTT curve based on the half-size impact energy in the L-C
orientation. The figure shows that the CVN values used to establish the fracture toughness of the
circumferential parting are located in the transition region adjacent to the lower shelf (blue box). BS 7910
recommends Eq. 6 for estimating fracture toughness from the CVN values in this region. Table 9 shows
the estimated fracture toughness values based on the average impact energy at each test temperature.
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Temperature | Orientation Average Half-Size Average Full-Size Estimated Knat
(°C) Impact Energy (ft-lb) Impact Energy (J) (ksi-in¥2)
0 L-C 6.12 16.6 53.1
-10 L-C 5.47 14.8 49.9
-25 L-C 3.18 8.6 36.6
-50 L-C 2.12 5.7 28.8
=73 L-C 1.00 2.7 17.9

Regression analysis was used to fit the general DBTT equation (Eq. 21) through the average half-size
impact energy data (Figure 198 [black line]). The results from the regression are shown in Eq. 14.

(14)

The lower shelf fracture toughness conversion equation (Eq. 6) was used to convert the results from Eq.
14 into an estimated Kic value for the casing material at a given temperature. A non-linear solver was used
to satisfy the failure condition in Eq. 7, where K, values were estimated from the two critical crack
candidates (Table 8). The results from the analysis are given in Table 10. The estimated failure
temperature in the last column represents the temperature at which the given crack size becomes
unstable and propagates.

¢, = 12.05 + 10.82 - tanh (T‘“"“’)

59.54

Table 10: Estimated Failure Temperature for Circumferential Parting

Analysis Crack Crack Fracture Fracture Toughness | Estimated Failure
Length Depth Mechanics Model Kic (ksi-in%/?) Temperature (°C)
{mm) {mm)
1 14.54 5.22 AP1 579 27.6 -56.8
2 14.54 5.22 BS 7910 26.9 -60.4
3 21.72 5.22 AP1 579 31.8 -40.1
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4.3.4 Comparison and Validation

An independent investigation of the failure temperature was performed by using a thermal dynamic
model [11], and it concluded that the initial axial rupture was a warm temperature ductile failure, which
caused the pressure at the leak point to drop. Because SS-25 was injecting at the time, and the injection
pressure was around 2,720 psi, Joule-Thomson [11] [33], cooling could produce injection gas temperature
as low as -30°F (-34°C) subsequently to this initial ductile failure.

The comparison of the thermal model prediction (-34°C) with the fracture mechanics prediction (-39°C to
-60°C) shows that the second critical crack candidate (21.72 mm x 5.22 mm) was closer and most likely
was the critical crack size for the circumferential parting.

4.4 Circumferential Parting Final Overload

The final overload failure occurred after the axial rupture and circumferential cracking events. An FEA was
used to determine if the remaining ligament could support the weight of the 7 in. casing string. Figure 199
shows a schematic of the failure sequence and relevant dimensions for the final overload. Figure 199 (a)
shows that the circumferential and axial distances between the upper arrest point of the axial rupture and
the circumferential parting initiation site was 50 mm and 80 mm, respectively. The linear distance
between the two points was 94 mm at approximately 32° from the longitudinal axis of the pipe.

The circumferential crack was modeled as a helical crack, with the arrest points positioned to match the
7 in. casing. Figure 199 (b) shows the FE model with the helical crack. The pipe was modeled as a 100 in.
long 7 in. OD cylinder with a wall thickness of 0.321 in., as was done with the axial rupture models in
Section 4.1. One end of the pipe was constrained to restrict movement in all directions. A maximum axial
force of 236.5 klbf was applied to the opposite end of the pipe. The tensile force at the failure location of
892 ft was taken from Table 5.
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instability at 54% of the total axial force suggest that the remaining ligament could not withstand the
tensile force and would tear, causing the final overload failure. This observation is in agreement with the

failure sequence described in Section 3.1.
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fracture mechanics-based approaches. Summaries for each of the failure events are as follows:
e Axial Rupture

— The axial rupture was modeled using FEA to estimate the strain-based failure pressure. Three
models were constructed to approximate the effects of the corrosion feature and striated
grooves:

=  Model 1 approximated the effects of the corrosion feature. The feature was modeled as a
semi-elliptical bowl with a major and minor axis of 9.25 in. and 3.72 in., respectively. The
center of the bowl was a flat circle with a diameter of 2.13 in. The flat bottom represented
the origin of the axial rupture, according to the metallurgical findings.

=  Model 2 approximated the effects of the striated grooves by modeling a 2.13 in. notch in the
center of the origin. The corrosion feature was raised so that the bottom of the notch was
equal to the minimum remaining wall of 1.26 mm.

=  Model 3 approximated the effects of the striated grooves by modeling a 4.8 in. notch in the
center of the origin. The notch was placed so that the bottom was tangent to the flat circular
region (origin). This had the effect of generating two notches adjacent to the origin.

May 31, 2019 Volume 2 Page 171



— All models showed bulging in the corrosion feature, and this is consistent with the field
observations. Model 3 showed the most pronounced bulging, with a measured value of 0.17 in.

— An FE crack model showed that a 2.13 in. long and an 85% deep crack would propagate at a
pressure of 1,950 psi, based on fracture mechanics conditions.

e Circumferential Parting

— The failure temperature for the circumferential parting was determined based on fracture
mechanics. Stress intensity factors were determined based on API 579 and BS 7910 for the two
critical crack candidates identified during visual examination of the circumferential parting origin.

— Impact energy values were converted to fracture toughness based on the lower shelf and
transition equation from BS 7910.

— The results showed that the circumferential parting occurred at temperatures between -60°C and
-39°C. This is consistent with the thermal model prediction of -34°C.

e Final Overload Failure

— Aligament remained after the axial rupture and circumferential cracking. The FEA results showed
that the model became unstable at 128 klbf (54% of the total axial force). The final ligament
failed, which is consistent with the metallurgical observations.

The validations were consistent with the field and metallurgical observations. The results were in good
agreement with the failure sequence that was determined during the metallurgical investigation.
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identified on the OD of the 7 in. casing beginning at connection 14. The severity of the corrosion appeared
to increase with well depth, based on field observations. The deepest corrosion occurred at joint 22 and
caused the axial rupture. This section provides a detailed analysis of the corrosion features associated
with the 7 in. casing failure, including:

e Corrosion distribution

e Corrosion characterization
e Scale analysis

e Biological analysis

These analyses were integrated and interpreted to determine possible corrosion mechanisms. Other
features not related to the 7 in. casing failure are presented in Section 6.

5.1 Corrosion Distribution

Corrosion features appeared to have a correlation to depth, based on field observations made during
Phase 3. The observations were qualitative rather than quantitative and did not provide an overall picture
as to how the corrosion was distributed along the 7 in. casing. One of the main goals during Phase 4 was
to generate numerical and graphical representations of the OD corrosion to help identify patterns
associated with the corrosion distribution. The data were used to assist with the metallurgical
investigation of the RCA and to cross reference with other observations and data sets (log data).

The target output for the distribution was a 2D color map showing corrosion severity as a function of
depth and circumferential position. Corrosion severity can be measured with a combination of many
different metrics. This analysis used corrosion depth and density as an indication of severity. Corrosion
with larger depths or higher feature densities were considered more severe than shallower depths or
lower feature densities.

Figure 201 shows the laser scan results for joints 1-25. The map shows that the OD corrosion began
around joint 15, and this is consistent with the field observations (connection 14). Furthermore, the color
map shows a distinct zone of severe corrosion beginning at 700 ft. Features were identified on the
connections and adjacent 3 ft section of pipe above joint 15; however, the pipe bodies did not contain any
features. The connections and adjacent 3 ft section of pipe body were not blasted. Features identified in
this region were most likely associated with the non-blasted surface condition and handling marks rather
than corrosion. Both the visual examination and laser scan data suggested the inexistence of notable
corrosion above connection 14.
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COrrosion aeptn In Incnes. 1ne plotreinrorces tne trenas opservea in tne Zu Color map. A spike in tne
maximum corrosion depth was observed at joint 22 near connection 23. This spike represents the
corrosion associated with the axial rupture. This location is identified in the plot by the dark red region in
the 2D color map.

The three remaining plots from bottom to top are bar graphs showing max depth, feature count, and
corroded area for each joint, respectively. The max depth bar plot shows that joints 21-24 contained
features greater than 50% NWT. The feature count bar graph shows how many features were identified
for each joint. Joints 18 and 19 contained the most features with counts between 3,000 and 4,000.
Feature counts are influenced by clustering parameters within the software. The same clustering
parameters were used for all pipe body and connection scans so that the results could be compared. The
maximum calculated density was 0.36 features/in?, based on the count (4,000 features), nominal
dimensions, and joint length for joint 19.

The corroded area bar graph shows the summation of all the corrosion feature areas for each joint. Most
of the joints had measured corroded areas of 350 in? or less. The maximum value of 1,000 in? occurred at
joint 18 and is equivalent to a 9% area coverage.
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— Associated directly with the axial rupture in joint 22
e Typell:

— Characterized as corrosion without striated grooves with an appearance similar to general
corrosion and pitting

— QOccurred in most joints beginning at joint 15
— Not associated with the axial rupture
e Typelll:
— Characterized as rectangular-shaped corrosion with little to no attack in the middle region
— Occurred mostly on connections except for one large feature identified on joint 20

— Not associated with the axial rupture
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Joint 15

No

Yes

No

ISUIALEU STidIuw 1Type 1l
corrosion.

Connection 15

No

No

Yes

Shallow Type lll corrosion
between the 9:00 and
12:00 o'clock positions.

Joint 16

No

Yes

No

Type Il corrosion
predominantly between
the 3:00 and 9:00 o'clock
positions.

Connection 16

No

Yes

No

Shallow Type Il corrosion.

Joint 17

No

Yes

No

Type Il corrosion
predominantly between
the 3:00 and 9:00 o'clock
positions. Features are
more pronounced and
clustered as depth
increases.

Connection 17

No

No

No

No visible corrosion
feature.

Joint 18

Yes

Yes

No

The larger features are
primarily Type I. The
corrosion is
predominantly between
the 3:00 and 9:00 o'clock
positions. Type | appeared
to begin at approximately
9 ft from the cut.
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Joint 19

Yes

Yes

No

Mostly Type Il corrosion
with large Type | corrosion
features.

Connection 19

No

Yes

Yes

The largest—deepest
feature was Type lll and
occurred at 3:00 o'clock.
Shallow Type Il corrosion
occurred between 6:00
and 9:00 o'clock positions.

Joint 20

Yes

Yes

Yes

The largest—deepest
feature was Type lll and
occurred at 3:00 o'clock.
Type | and Il corrosion
began at 12 ft from the
cut between the 6:00 and
7:00 o'clock positions.

Connection 20

No

Yes

Yes

The largest—deepest
feature was Type lll and
occurred at 3:00 o'clock.
Shallow Type Il corrosion
occurred between 6:00
and 9:00 o'clock positions.

Joint 21

Yes

Yes

No

Mostly Type Il corrosion
with large Type | corrosion
features.

Connection 21

No

Yes

No

Type Il corrosion around
the OD of the connection.

Joint 22

Yes

Yes

No

Failed joint. Type l and Il
corrosion features. The
larger features appeared
to be Type l.

Connection 22

No

No

Yes

Large Type lll corrosion
feature between the 3:00
and 6:00 o'clock positions.

Joint 23

Yes

Yes

No

Mostly Type Il corrosion
with large Type | corrosion
features.

Connection 23

No

No

Yes

Large Type lll corrosion
feature.

Joint 24

Yes

Yes

No

Mostly Type | corrosion
features along the 3:00
o'clock position.
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Some specimens were sectioned using the focused ion beam (FIB). Other specimens were subjected to
metallographic cross sectioning so that groove profile and groove tips could be investigated. Selected
specimens were analyzed using Raman spectroscopy to identify the chemical compounds in the corrosion
products and groove deposits. The characterization results of the specimens are presented in this section.

5.2.1 Morphology

Corrosion morphology may provide insight into the underlying corrosion mechanism. Many specimens
were examined to determine the morphological characteristics for a Type | corrosion.

Specimen C022B1, adjacent to the circumferential parting (Figure 205 [a]), was extracted from the failed
joint (joint 22). The corrosion patch was approximately 3.5 in. long in the longitudinal direction and
contained two regions. The first region had striated grooves that were present throughout the entire
region. The second region contained groove tips along the outer boundary but was relatively flat in the
mid-region.
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grooves/in®. The procedure for analyzing the groove density was as follows:
1. An optical image of the striated grooves was obtained.

2. The image was cropped showing only the striated grooves.

3. Theimage was converted into 8-bit using ImageJ.
4

The image thresholding in Imagel) was performed such that the tips of the striated grooves were
defined.

5. The Imagel function was used to count the number of islands with an area threshold of 0.0005 in.

Figure 206: Imagel Thresholding for Specimen C022B1

Most of the striated grooves were oriented at 0-15° from the longitudinal axis of the casing (Figure 207).
The reason for this phenomenon is unclear. Literature on the subject is limited but suggested that
striations could be the result of preferential attack of longitudinally oriented microstructural features,
pearlite stringers, coring, and stressed regions. Striations are typically associated with MIC but can be
caused by other mechanisms [34] [35].

Blade examined the microstructure of the grade J55 casing material to identify features that could be
associated with the formation of the striated grooves. The material has an equiaxed grain microstructure.
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morphology as specimen C022B1 (Figure 208). The corrosion patch was approximately 3 in. long in the
longitudinal direction and contained striated grooves present throughout the entire feature similar to the
first region of C022B1 (Figure 205 [b]). Figure 208 [b] shows grooves within grooves, which is typical for

Type | corrosion features.

May 31, 2019 Volume 2 Page 180






e (C021A3C2 and C021A3C3A
e (C023A1B2A5 (C023A1B2A5B2 and C023A1B2A5B2A)
e C023A1B2C2

Figure 210 (a) shows the location of a transverse cross section for C021A3C that was made approximately
1 mm ahead of the V-shaped groove tips. Figure 210 (b) identifies two large groove tips designated as tips
1 and 2. Tunnels were observed beneath both groove tips (Figure 210 [c]). Figure 211 (a) and (b) are
micrographs of groove tips 1 and 2 after etching with 2% nital. The micrographs clearly show tunnels as
black regions ahead of the groove tips. Figure 212 (a) and (b) are metallographs of groove tips 1 and 2
taken at 50X. The metallographs show multiple tunnels occurring as deep as 1,300 um below the OD
surface. The inner structure of the tunnels could not be examined due to the limitations of the
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v-shaped groove Tps In detall. 1ne primary objective of The Cross Section was to contirm the presence ot
tunnels and determine their profile. Figure 218 (a) shows the distinct V-shaped groove tips that were the
target for the longitudinal cross section. Figure 218 (b) shows specimen C021A3C3 and the cross section

location. Figure 219 shows stereo images of the C021A3C3A cross section. The images show that tunnels
penetrated longitudinally into the base metal.
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FIgure £13: >T1ereo images or specimen LUZLA3L3A LIoss DECtion 1aken at {a) 150X ana {p) Zux

Specimen C023A1B2A5 was extracted from the Type | corrosion feature associated with the axial rupture
(joint 22). Visual examination of the specimen identified a tunnel adjacent to the axial fracture surface.
Figure 220 shows a macro image of the tunnel. This was the only example of a tunnel that was observed
by visual examination. Figure 221 (a) shows a low magnification SEM image of the same tunnel as viewed
from the top. The tunnel was metallographically cross-sectioned in the longitudinal direction to show the
groove profile (Figure 221 [b]). The tunnel had a mouth opening of 0.5 mm and penetrated 1 mm into the
base metal.
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e CO021A3

e C022A2C
e C022B2A5
e CO025A3B3
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groove tip (Figure 224) reveals corrosion products that formed just inside the mouth opening of the
tunnel. The corrosion product does not appear to be dense. Several layers of deposits were seen inside
the tunnel. Figure 225 shows Fe, C, and O EDS color maps of the FIB section. EDS found approximately
60 at% C, 19 at% Fe, 19 at% O, and small amounts of S, K, Mn, Cl, Si, and Al.
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Specimen C022B2A5 (Figure 231) was extracted from joint 22 and has a Type | corrosion feature with a
length of 2.5 in. along the longitudinal axis. The specimen was subjected to the FIB cross section. The
specimen was ultrasonically cleaned in acetone prior to the FIB cross section. Globules are seen mostly
inside the groove tips. High magnification imaging of the globules shows details of the globular structure
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globules, and Corrosion products with birds nest Tormations are commonly reported Tor corrosion in
atmospheric environments [39] [40] [41].

Organic matter was also one of the common compounds seen in the OD of the 7 in. casing, based on the
results of the Raman spectroscopy. The presence of organic matter on the 7 in. casing, especially those
that were seen inside the tunnels, could have been related to microbiological activities. A few authors in
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5.3 Scale Analysis

Scale samples were collected from the OD surface of the 7 in. casing for composition analysis. Scale
samples were sent to Premier Qilfield Group, a third-party lab in Houston, TX. Premier performed Raman
spectroscopy, x-ray diffraction (XRD), inductively coupled plasma (ICP) spectroscopy, and x-ray
fluorescence (XRF) analyses on the scale samples. The analyses identified:

e Magnetite—Fes;0,

e Hematite—Fe,0s

e Goethite—a-FeO(OH)

e lepidocrocite—y-FeO(OH)
e Barite—BaS0,

e Quartz—SiO;

e (Cristobalite—SiO;

e Plagioclase—CaAl;Si;,0g

e (Calcite—CaCO;

e Witherite—BaCO3

e Siderite—FeCO;

¢ Mica (lllite)—KAl3Siz010(0OH),
e Akaganeite—p-Fe**O(OH)
e Sylvite—KCl

This section summarizes the scale analysis results for samples collected from C001—-C025 (joints 1-24).
Details of the analysis for C001-C024 can be found in the Premier report [47]. The XRD spectra analysis of
the scale samples collected from C025 were completed by Blade at a later date using raw data provided
by Premier. The results can be found in Appendix C.

Figure 236 shows the XRD weight percentages of the compounds present in the scale samples collected
from C001—C025. It can be seen that barite (BaS0,) and sylvite (KCl) dominate the weight percentages of
the compounds, which were most likely contaminates from the kill fluids. Blade adjusted the weight
percentages by removing barite (BaSO4) and sylvite (KCl) to obtain the graphs shown in Figure 237.

Figure 238 shows a plot of the recalculated weight percentages of iron oxides and iron hydroxides
identified in the scale samples for C001-C025. The figure shows that the amount of magnetite (Fes0,) in
the scale samples was higher for joints in the lower portion of the well. In general, scale collected from
joints at shallow depths contained higher percentages (>5%) of goethite [a-FeO(OH)] and lepidocrocite
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contaminated or displaced by various fluids throughout the lifetime of the well. Ground water could have
entered the annulus through the holes in the upper portion of the 11 3/4 in. casing (Section 2.2.8) or
through the shoe at 990 ft. Ground water sources were identified at various depths at the SS-25 site. An
investigation of the hydrology [48] showed that the only possible source for the ground water was
seasonal precipitation. Blade attempted to understand the 11 3/4 in. x 7 in. annulus environment by
testing fluid samples taken from the annulus. These analyses were complicated by the fact that kill and
other fluids were introduced into the annulus environment during and after the blowout. Compounds
identified during scale and surface compositional analysis included these contaminates but did not reflect
the original corrosion environment inside the annulus.

Section 5.1 discussed a distinct zone of corrosion beginning at 700 ft. Shallow corrosion was observed
above 700 ft and comprised only Type Il (no striated grooves) and Type Il (mostly associated with
connections) corrosion. Type | corrosion, which was related to the axial rupture, began at 700 ft.

The corrosion below 700 ft was a mix of Types |, Il, and Ill. The zone at 700 ft could indicate a depth at
which water was always present. The change in corrosion severity above 700 ft could indicate an
environment that was intermittently wet based on seasonal precipitation (changing water level in the
annulus).

Magnetite (Fes0,) is commonly formed in environments with less oxygen. C018—C025 had an adjusted
weight percent greater than 20% for magnetite (Fes04). These observations suggest a possible change in
environment between the upper and lower portion of the extracted 7 in. casing. This change is consistent
with the laser scan observations.
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Figure 238: Weight Percentages of Iron Oxides Present in Scale Samples from C001-C025

Figure 239 shows a bar graph of the weight percentages of iron hydroxides (goethite, lepidocrocite, and
akaganeite [red]), iron oxides (magnetite and hematite [green]), carbonates (siderite, barite, aragonite,
and witherite [blue]), and formation (quartz, plagioclase, mica [illite], and cristobalite [yellow]). The
samples were sorted by depth and examined for trends in the dominate phases as a function of well
depth. Iron hydroxides were present in larger amounts at the upper portion of the well, while iron oxides
were dominant at the lower portion of the well. High weight percentages of formation were presentin
scale samples collected from C022 and above. Samples below C022 showed significantly lower weight
percentages of formation. This observation reflects the blowout event. Formation was carried by the
escaping gas during the blowout and contaminated the OD surface of the joints above the failure (joints
22 and above).
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The formation of siderite (FeCOs3) competed with the formation of ferrous hydroxides or ferrous oxides.
The competition was determined on the basis of pH and the solubility of either salt. In order to determine
which compound might be more stable, Pourbaix diagrams were calculated for two different inputs. Both
conditions took into account that the CO;, concentration would be low and the mineral presence in the
water would also be low. The calculations were carried out using OLI software. The input parameters in
OLI (Table 12) were used to produce the Pourbaix diagrams and determine the natural pH (red dashed
line) of the system (Figure 240 and Figure 241). The Pourbaix diagram is a representation of stability
regions for certain phases or compounds in a specific potential (E) and pH range.

Table 12: OLI Software Inputs

Condition 1 2
Stream Amount 55.6797 mol 55.5584 mol
Temperature 78°F (25°C) 78°F (25°C)
Pressure 14.7 psi (1 atm) 14.7 psi (1 atm)
Use Single Titrant No No
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H20 55.5082 mol 55.5082 mol
Fe(OH). 0.100 mol 0.050 mol
CO: 0.05 mol 1.50e-4 mol
NacCl 0.02 mol -
NaHCOs 1.50e-3 mol -

From the calculation of the Pourbaix diagram using condition 1 with high amounts of CO; in the system,
the ferrous ion in solution is not present in Figure 240. The natural pH is too high (approximately 9.4). The
stability domain for siderite (FeCO3) extends beyond the natural pH, which means that siderite (FeCOs)
can coexist with magnetite (Fe;0.).
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(APB), and general heterotrophic bacteria (GHB). qPCR analysis is a DNA based analysis that quantifies the
total microbes in a sample. It does not distinguish between living and dead cells and does not give
information on the types of cells, but it provides the total cell count assay. Amplicon metagenomics
provides information about the types and relative abundance of bacteria samples. It does not distinguish
between live and dead cells, and it is not dependent on growth media [49]. It provides a population
structure assay.

Ecolyse, a third-party laboratory contracted to perform microbiological analysis, collected samples at Aliso
Canyon, the Blade warehouse, and the Schlumberger laboratory in Houston, TX. Qualified laboratory
personnel from Ecolyse took the specimens and performed the specimen analysis at their laboratory in
College Station, TX. The details of the specimens collected from each sampling trip and the results of the
analysis were reported in the Ecolyse project report [50]. However, this section primarily discusses the
results of the microbiological analysis of the samples collected from Aliso Canyon on August 8, 2018.

The samples collected from SS-25 in Aliso Canyon (August 8, 2018) did not show great abundance of

sulfate-reducing bacteria. Although sulfate-reducing bacteria was present in the scales collected from the
7 in. casing (specifically from C025 and C026), the amount detected was low (less than 1,000 cells/g). GHB
and APB were identified in samples taken from areas within Type | corrosion features (C025506, C025513,
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BMud SRB % I 69 24 7 0 0 0
B Mud APB % 31 | 31 28 10 0 0
Omud IRB % 66 17 3 14 0 0
B Mud NRB % 72 21 3 3 0 0
B Dope SRB % 36 36 18 0 9 0
@Dope APB % 18 27 0 18 0 36
EDope IRB % 27 27 9 9 9 18
B Dope NRB % 55 0 0 27 0 18

Figure 242: Culturable Bacteria per Gram of Sample

From the 42 samples, including scale (29), oily material (11), and background (2) collected at Aliso Canyon
on August 8, 2018, 23 specimens yielded DNA using gPCR analysis. Twenty-two samples were positive for
16S primers, five samples were positive for Archaeal-specific primers, and two samples were positive for
18S/Eukaryotic primers. The 16S primers detect the archaea and the bacteria, while Archaeal primers only
detect archaea. The 18S primers detect eukaryotes, including fungi, animals, plants, protozoans, and
some bacteria, but not archaea.

Based on the analysis, the levels of quantifiable organisms ranged from 1E04 to >1E09 cells/g. The optimal
level for DNA isolation was identified to be 1E04 cells/g. Ecolyse indicated that the material composition
can interfere with DNA isolation, especially at levels below 1E04 cells/g. Both the scale samples and oily
material samples had averages between 1E06 and 1EQ7 cells/g, based on the 16S primer assay. The
microbial concentration of the dried scale samples from C025 based on the 16S primer was 1.63E07
cells/g and based on the Archeal primers was 1.10E08 cells/g. The microbial concentrations of the scale
samples from C026 were 4.38E07 cells/g and 7.98E07 cells/g, based on the 165 and Archaeal primers,
respectively [51].

Out of the 42 samples tested, only 14 samples yielded amplicon-metagenomic data. These included 14
samples that tested positive for 16S primers, 4 for Archaeal primers, and 2 for Eukaryotic primers. The
percent population of the methanogenic archaea and alkaliphiles were significantly higher than the other
microbes (such as GHB, APB, SRB, sulfidogens, and IRB) in samples from C025 and C026 (Table 13). The
dominate methanogens found in the scale samples were methanobacterium sp., methanobacteriaum
aarhusense, and methanocalculus sp. [51]. Methanogens are archaea that produce methane as a
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Species

CUZ5 Avg %

CUZb Avg %

Select Traits: Metabolism,
Physiology, Ecology, and Taxonomy

Methanobacterium sp. 27.7 34.7 | Anaerobe; Archaea; Methanogen
Alkalibacterium sp. 24.3 7.5 | Alkaliphile; Firmicutes; Lactobacillales
Unclassified 8.9 11.9 | Polytaxonomic Category of Unclassified
Organisms
Xanthomonas campestris 9.9 9.3 | Gammaproteobacteria; Production of
Drilling Mud
Component, Xanthan Gum
Methanobacteriaum aarhusense 0.3 15.2 | Anaerobe; Archaea; Methanogen
Methanocalculus sp. 1.4 5.8 | Anaerobe; Archaea; Methanogen
Alkalibacter sp. 6.6 0.2 | Alkaliphile; BioDeg; Clostridia;
Firmicutes
Halolactibacillus halophilus 1.7 4.7 | Alkaliphile; Bacilli; Firmicutes; GHB;
Halophile
Halomonas sp. 1.9 1.8 | Alkaliphile; BioDeg HC; Facultative
Anaerobe;
Gammaproteobacteria; Halophile; NRB
Alkaliflexus sp. 34 0.1 | Alkaliphile; Bacteroidetes; Halophile
Ercella succinigenes 1.9 0.01 | Anaerobe; Clostridia; Firmicutes;
Sulfidogen; Sulfur-Reducing Organism
Synergistes sp. 0.6 1.2 | Ferm; Qilfield; Synergistetes
Sedimentibacter sp. 1.2 0.01 | BioDeg; NC10
Acetobacteriaum sp. 1.0 0.1 | Acetogen; Anaerobe; APB; Clostridia;
Firmicutes
Pseudomonas sp. 0.6 0.3 | Aerobe; Gammaproteobacteria; Varies
Anaerobranca sp. 0.8 0.01 | Alkiliphile; Anaerobe; Clostridiales;
Fermentative;
Fermicutes; IRB; Sulfidogen;
Thermophile; Thiosulphate-Reducing
Bacteria
Methanocorpusculum sinense 0.7 0.1 | Anaerobe; Archaea; Methanogen

The mere presence of microbes in the system does not indicate that the corrosion mechanism was
microbiologically influenced. SRB were detected but were present at very low levels. Other bacteria, such
as IRB, APB, and NRB, were also detected at higher levels using MPN, but the percent population
identified using metagenomic amplicon was low. High levels of methanogens were detected in the
specimens collected from C025 and C026 with Type | corrosion features. In order to understand the
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of microbes causing corrosion in steel [54] [55] [56] [57].

The paper published by Daniels, et al. indicated that methanogens can contribute significantly to the
corrosion of iron-containing materials in anaerobic environments [53]. Elemental iron is used as an
electron donor for methanogenesis from CO; according to the chemical reaction in Eqg. 15 [53].

8H* + 4Fe® + CO, — CH, + 4Fe?* + 2H,0 (15)

Mand, et al. reported that methanogens can catalyze methanogenesis using either hydrogen and
bicarbonate or formate, according to the Eq. 16 and 17 chemical reactions [58]:

4H, + H* + HCO; » CH, + 3H,0 (16)
H,0 + H* + 4HCO; > CH, + 3HCO3 (17)

Tan, et al. indicated that the methanogens become aggressive to carbon steel, causing increase in
corrosion if they are starved from their nutrients [59] [60] [61]. They proposed a mechanism that involves
a redox mediator (X) in the extraction of electrons directly from the iron in the absence of traditional
electron donor/energy sources. The overall mechanism they presented has the form shown in Eq. 18 and
19.

metabolic
X reaction X+ (]8)
Fe 4+ 2X* - Fe?* +2X (19)

Tan, et al. also noted that it is possible that the redox mediator is not one of the species in the original
media, but it can be a product of metabolic reactions of methanogens [59] [60] [61]. However, they did
not present the nature of the metabolic reaction.

SS-25 could have had a varying water level, depending on the seasonal precipitation in Aliso Canyon. The
change in the water level could have also affected the local environment in which the microbes lived and
attached to the outer diameter of the 7 in. casing. The nutrients present in the ground water could also
have been altered by changes in season. If the mechanism presented by Tan, et al. is considered, the
methanogens present in the well could have become aggressive to carbon steel when they were starved
from their nutrients [59] [60] [61]. Therefore, the changes in the local environment on which the microbes
grow and live could affect the corrosion of the steel.

The biological analysis was based on the samples collected roughly 21 months after the blowout (August
8, 2018). Certain changes in the environment could have affected the population of microbes present in
the well. There are no previous records that indicate the type of bacteria present in §S-25. Current
biological analysis indicated that methanogens most likely influenced the corrosion in the well. Other
bacteria not detected by the current biological analyses may also have contributed to the corrosion of the
7 in. casing.
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e Pitting corrosion

e Galvanic corrosion

e (Crevice corrosion

e (CO; corrosion

e Under-deposit corrosion

e Microbiologically influenced corrosion (MIC)

The 7 in. casing OD corrosion could have either been governed by a single mechanism or by a combination
of possible mechanisms. Uniform corrosion involves damage that shows regular removal of metal from
the surface [62]. Pitting corrosion involves localized attack in the nonresistant surface producing pits [62].
Galvanic corrosion involves a corrosion of a more active metal when two dissimilar metals are coupled in
the presence of electrolyte [62]. According to Kelly, et al., crevice corrosion is a specific type of localized
corrosion involving the creation of a physically occluded region at a particular metal surface [63]. CO;
corrosion can occur when the environment is rich in CO,, forming siderite (FeCOs) as a corrosion product.
Under-deposit corrosion occurs due to the creation of concentration cells between the areas under a
surface deposit and the area without surface deposit. MIC is a form of corrosion caused by the presence
or activities of microorganisms [64].

These forms of corrosion were methodologically considered to classify the corrosion features present on
the OD of the 7 in. casing. Evidence was collected and evaluated to determine the corrosion mechanism
governing the corrosion feature with striated groove, which was related to the 7 in. casing axial rupture.
Uniform and pitting corrosion do not represent the corrosion feature with striated groove. CO; corrosion
product was not identified on the corrosion feature with striated groove. Crevice corrosion may occur at
areas where a tight crevice can be formed, in other words, crevice corrosion can happen at areas where
the 7 in. casing and the 11 3/4 in. casing are in contact, creating an occluded region. If the corrosion
features with striated grooves were due to crevice corrosion, where the 7 in. casing might be leaning to
the 11 3/4 in. casing, the corrosion feature with striated grooves should have occurred mostly on one side
of the 7 in. casing. Visual inspection and laser scan of the 7 in. casing showed that the corrosion was
present around the entire OD circumference and did not appear to have a preferential orientation.
Deposits were able to form on the OD surface of the 7 in. casing, forming under-deposit corrosion.

Since the 7 in. casing material (grade J55) is different from the 11 3/4 in. casing material (grade H40),
galvanic coupling could also have contributed to the corrosion. However, history shows little evidence
that casing string mixed with different carbon steel grades, such as H40, J55, K55, and N80, had galvanic
corrosion issues. Moreover, no literature can be found that corrosion with striated groove morphology
can be produced by galvanic corrosion. Nevertheless, Blade contracted Materials Research Company to
conduct electrochemical experiments to determine the contribution of galvanic corrosion in SS-25.
Materials Research Company measured the open circuit potential (OCP) and performed potentiodynamic
polarization and zero resistance ammeter (ZRA) measurements between grades J55 and H40. Details of
the tests can be found in the Materials Research Company report [65], and the interpretation of the test
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this was not analyzed in the study conducted by Materials Research Company.

Based on the above discussion, the only mechanism left for consideration is MIC. In order to study the
influence of microbes in SS-25, several key perspectives need to be considered to determine if
microorganisms played a role in the corrosion features with striated groove.

Gas Research Institute published a GRI Field Guide entitled Microbiologically Influenced Corrosion:
Methods of Detection in the Field in 1990 [35]. The field guide provides a summary data sheet with a
scoring guide for corrosion samples and is presented in Table 14 with the assigned score for the 7 in.
casing. A score is assigned based on the points column in Table 14. A total score of 11 was obtained for
SS-25 7 in. casing. Based on this total score, the corrosion was very likely to be MIC. There were deposits
present on the striated groove. Some of the deposits on the striated grooves were black, and some were
brown. There were cup-type corrosion deposits and striated grooves on the OD surface of the 7 in. casing.
Tunnels were present and oriented in the rolling direction. Only a limited amount of iron carbonate
(FeCOs) was identified from the scales analysis, but it was not identified in the corrosion product analysis
of Type | corrosion samples; therefore, a score of zero (0) was assigned.

The score of 11 points was mainly influenced by the large number assigned to the presence of tunnels

(5 points). Pope reported that the presence of tunnels can often be considered as a metallurgical feature
that is fairly definitive for MIC [35]. However, other authors have indicated that the presence of tunnels
cannot be solely used in order to determine MIC; therefore, it is necessary to provide additional evidence
for MIC [66] [67] [68] [34]. Aside from the presence of tunnels, the shape of the corrosion morphology
and the types of corrosion deposits were investigated.

Table 14: GRI Scoring Sheet for MIC [35]

Questions Points Scores

1. Are deposits present? Yes=1 1

Approximate number - -

Approximate size - -

2. Number of positive (turbid) bottles of MC = =

Number of positive (black) bottles of SRB or MC media - -

Record the higher number of positive bottles above (0-5) - -

(MC or SRB, not both) - -

3. Are pit contents grey or black? Yes=1 1
Is metal surface under the deposit shiny or black? Yes=1 1
4. Calcium carbonate present? Yes=0 -
Iron carbonate present? Yes=2 -
Calcium and iron carbonate? Yes=1 -
Sulfide present? Yes=1 -
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A review of previous studies showed that there is no specific fingerprint that can indicate if the corrosion
mechanism is MIC [64] [66] [67] [68] [69] [34]. The metallurgical, chemical, and biological evidence
collected was systematically analyzed in order to determine if the corrosion mechanism was related to
MIC.

Based on visual inspection, Type | corrosion features are mostly present between joints 18-25. The Type |
corrosion feature is a metal-loss patch containing striated grooves that were slightly angled from the
longitudinal direction. The shape of the grooves was not related to the microstructure of the 7 in. casing.
The grooves were elongated along the longitudinal axis of the 7 in. casing, but the 7 in. casing had an
equiaxed microstructure. Even though MnS inclusions surrounded by corrosion products were seen in the
cross section of the groove tips, the striated groove density did not match the reported inclusion number
density in grade J55 material. The presence of tunnels and some extra-cellular material (organic matter) in
the Type | corrosion features support that the corrosion mechanism could have been related to MIC. The
cross section analysis done in specimen C021A3C2 and C021A3C3A proved that tunnels exist at the tip of
the striated grooves. Therefore, tunnels could have been present where there were Type | corrosion
features.

The Raman characterization in the OD of the 7 in. casing [38] and the XRD analysis of the scales [47]
obtained from the OD of 7 in. casing indicate that the common compounds were magnetite (Fe;0,),
hematite (Fe,03), modified hematite (Fe,03), goethite [a-FeO(OH)], lepidocrocite [y-FeO(OH)], and barite
(BaSQ,). Barite (BaS0,) was commonly found in the kill fluids. Mackinawite (FeS1-x) and pyrite (FeS),
which are common products in SRB influenced corrosion [70], were not found. Unlike SRB, methanogens
do not produce distinctive solid corrosion products [54]. However, authors [54] [71] [72] identified
hematite (Fe;03), magnetite (Fes0,), and goethite [a-FeO(OH)] or lepidocrocite [y-FeO{OH)] among the
corrosion products of the system that had IRB, SRB, or methanogens.

From the chemical evidence, H,S corrosion products were not found. SRB was not a culprit either because
mackinawite, which is an SRB corrosion product fingerprint, was not identified in the scale analysis.
However, there was a minimal amount of CO, corrosion product (siderite [FeCOs]) found on the OD
surface of the 7 in. casing. CO; corrosion was not the prevailing corrosion mechanism since only a small
amount of CO; corrosion products were identified.

The biological evidence showed that different microorganisms were detected on the OD surface of the

7 in. casing. Among the microorganisms identified using MPN analysis of scales obtained from areas with
Type | corrosion features are APB and GHB. From gqPCR analysis and amplicon metagenomics, high
amounts of methanogens were identified in the joints with Type | corrosion features. The probable
electrochemical reactions related to the activities of methanogen previously presented showed that
electrons from the steel surface were being used by methanogens leading to corrosion of the steel (Fe).

Based on the metallurgical, chemical, and biological evidence, the corrosion mechanism was most likely
related to MIC.
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steel in immersed sea water is within the range 0.8—14.6 mpy [74]. For a steel pipe buried in soil, the
corrosion rate is 40-120 mpy [75]. AlAbbas, et al. reported an increase in corrosion rate by a factor of
three for steel specimens immersed in water obtained from an oil well with cultivated SRB compared to
specimen immersed in the oil well water without SRB [76]. Usher published a paper that reviews the
contribution of microbes in the increase in corrosion rate in buried steel pipes [42].

The exact corrosion rate for the 7 in. casing cannot be predicted because of the limited information about
the condition of the well, particularly the pH, alkalinity, temperature, and composition of the fluid in
contact with the 7 in. casing OD over the entire life of the well. Also, the start of the corrosion attack is
not documented. In addition, the changes in season in Aliso Canyon could have also affected the factors
previously mentioned. SS-25 was converted into a gas storage well in 1973, but gas injection started in
1977. If the connections were leaking, CO, was seeping into the 11 3/4 in. x 7 in. annulus, and microbes
were present, it is rational to assume that the corrosion could have started in 1977. A rough estimate of
an 85% wall thickness loss over 38 years (from the time the CO; injection started in 1977 up to 2015) leads
to a maximum penetration rate of 7 mpy. Assuming that corrosion started after the 7 in. casing had been
installed (1954), the maximum penetration rate would have been 4 mpy.

The corrosion rate estimated using controlled laboratory conditions can be different from the corrosion
rate in the field. Materials Research Company, LCC used the software EC-Lab, which can estimate the
corrosion rate of grade J55 steel tested in a simulated ground water-based Tafel slope fitting of the
polarization curves established during electrochemical testing [65]. The corrosion rate of grade J55
material for the aerated and de-aerated conditions were determined to be 11.7 mpy and 5 mpy,
respectively [65]. The reported galvanic current density between grades J55 and H40 material can be
converted to a galvanic corrosion rate of 0.8—8 mpy [65]. Tan calculated the corrosion rate of coupons
immersed in solution with methanogens in the presence of CO; to be between 0.9 and 1.2 mpy, based on
laboratory experiments [60]. The reported corrosion rates from controlled laboratory experiments
involving methanogens were generally lower than the estimated maximum penetration rate in the 7 in.
casing. Increased penetration rate in the field conditions could have been due to different factors, such as
the presence of types of microorganisms other than methanogens, presence of different ions in the liquid,
and actual temperature and pH of the liquid.

5.7 Summary

The axial rupture is associated with the Type | corrosion feature present on the OD of the 7 in. casing.
Type | corrosion features were characterized, and different corrosion mechanisms were evaluated. The
key findings are as follows:

e The Type | corrosion of the 7 in. casing OD was affected by different factors, such as the varying level
of fluid inside the 11 3/4 in. x 7 in. annulus, composition of the liquid in the annulus, amount of CO,
and O; dissolved in the liquid, presence of microorganisms, and amount of the galvanic current
between grades J55 and H40 steel.

e Different corrosion mechanisms were evaluated with respect to metallurgical, chemical, and
biological aspects based on the corrosion environment inside the 11 3/4 in. x 7 in. annulus.
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matter.

e Scale analysis using XRD and Raman spectroscopy showed the change in the dominant corrosion
products based on the depth in the well. Magnetite dominated the lower portion of the well. H,S
corrosion products were not observed on the surface of the 7 in. casing. FeS type compounds,
commonly associated with SRB, were not seen on the deposits of the Type | corrosion feature.
Although a minute amount of siderite (FeCOs) was identified in the scales from the OD of 7 in. casing,
CO; corrosion was less likely governing, based on the predominance diagram modeling.

e Biological analysis identified APB, GHB, and methanogens as being the microorganisms abundant in
the scales collected from 7 in. casing. APB and GHB were identified using MPN analysis, while
methanogens (methanobacterium sp., methanobacteriam aarhusense, and methanocalculus sp.)
were identified using qPCR and amplicon metagenomics.

e The metallurgical, chemical, and biological evidence suggested that the corrosion was likely related to
MIC with possible contribution of galvanic coupling.

e Arough estimate of 85% wall thickness loss over 38 years (from the time of CO; injection, 1977, to
2015) led to a maximum penetration rate of 7 mpy. Assuming that corrosion could have started after
the 7 in. casing was installed (1954), the maximum penetration rate would have been 4 mpy.
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the 7 in. casing aside from the Type | corrosion feature (striated grooves). Type |l corrosion features were
characterized by localized metal loss without striated grooves. Type lll corrosion features were
characterized as rectangular-shaped corrosion with a non-corroded center region. Type Ill occurred
mainly on the 7 in. casing connections, with one feature occurring in the pipe body of joint 20. Details of
the metal loss morphology and deposit characteristics for Types Il and Il corrosion features are discussed
in this section.

6.1.1 Type Il Corrosion Feature

Type Il features were characterized as pit-shaped corrosion without striated grooves. These features were
small in diameter (0.05-0.5 in.) and shallow. The depth of the metal loss was less than 20% of the wall
thickness, based on the laser scan data. These localized features were distributed along the length of the

teatures within a globule. Ihese acicular teature tormations are commonly tound in atmospheric
corrosion of carbon steels and were generally described as flower petals in the literature [39] [40] [41]
[77]. Extra-cellular material was not observed on the OD surface of the specimen.
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EDS analyses of corrosion deposits on the OD surface showed approximately 35-40 at% O, 35—40 at% C,
20-25 at% Fe, 1-2 at% Cl, 0.2-0.5 at% S, and small amounts (<1 at%) of K, Mn, Al, Si, and Ca. The results
show high concentrations of carbon and oxygen. EDS of the small acicular features showed approximately
50 at% 0, 26 at% C, 21 at% Fe, and 3 at% Cl (Figure 246). The acicular features were rich in O. Raman
spectroscopy identified modified hematite (Fe,0s3), iron oxide combination, and organic matter within the
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confirmed the presence of modified hematite (Fe,0s), iron oxide combination, and organic matter on the
surface of specimen C022A5B7.
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The cross section revealed the corrosion profile and the presence of small filled holes a few microns
below the metal surface (Figure 249 [c]). These small holes were between 20 and 50 um in diameter.
Raman spectroscopy identified modified hematite and some organic matter in the deposit inside the
holes [38]. The EDS analysis of the same deposits identified 44 at% C, 33 at% O, and 17 at% Fe as well as
small amounts of Al, Mn, and Si. These results were consistent with the analyses of the corrosion deposit
within the local pits.

Figure 250 (a) shows an SEM image of the small hole below the Type Il corrosion feature. Figure 250 (b)
shows the FIB cross section of the filled hole. The dashed black lines in Figure 250 represent the metal
surface. The FIB cross section shows that the filled holes were not associated with tunnels. These holes
were most likely an artifact of cross sectioning an irregular corrosion pit profile. Figure 251 shows a
schematic that demonstrates how an irregular corrosion profile can create filled holes on the



morphology. The Type Il corrosion features did not contain striated grooves, tunnels, or extra-cellular
material, which suggests that microbes had a minimal contribution to the localized pitting. The Type Il
corrosion was a localized attack on the metal surface. The localized pitting was most likely caused by a
breakdown of the passive film or by the formation of a local anodic site. However, pits within pits, which
can be caused by microbial activity, were observed. Therefore, microbial activity cannot be fully ruled out.
To fully understand the contribution of microbes to the formation of the Type Il corrosion would require a
more detailed investigation, which would be beyond the scope of this work. The detailed investigation
was focused on the Type | features that caused the axial rupture.

6.1.2 Type lll Corrosion Feature

The Type lll corrosion feature had a rectangular shape with little to no corrosion attack in the middle
region. The rectangular shape of the Type Il corrosion consisted of scoop-shaped features. This corrosion
occurred mainly on the 7 in. casing connections, with one feature occurring in the pipe body of joint 20.
(Figure 252).
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Figure 256: (a) EDS Spectrum and (b) Dot Map Overlay for Type Ill Small Acicular Features
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Galvanic corrosion may explain the occurrence of Type lll corrosion features. Galvanic corrosion occurs
when two different materials are connected in the presence of an electrolyte (liquid). As previously
mentioned, the 7 in. casing was of grade J55 steel, while the 11 3/4 in. casing was mostly of grade H40
steel. The two metals have different compositions. When the two casings are in contact, one casing can
act as an anode (prone to corrosion) and the other can act as a cathode (more noble). The anodic metal
can have an increased corrosion rate.

In order to understand the galvanic corrosion in SS-25, Materials Research Company conducted the open
circuit (OCP) measurement and the polarization tests in the following environments:

e Aerated synthetic seawater

e De-aerated synthetic seawater

e Aerated simulated groundwater

e De-aerated simulated groundwater

Grades J55 and H40 steel samples were obtained from specimens taken from SS-25. The as-received
specimens were cleaned with ethanol and a nylon brush and then tested in each environment in
triplicate. The details of the test can be found in the electrochemical test report [65]. The composition of
the simulated groundwater was based on the ground water analysis results from W-TH1-325 [78], and the
pH was adjusted to 7.5. This composition was used to simulate the electrolyte in the S5-25 well, assuming
that groundwater was present in the 11 3/4 in. x 7 in. annulus. The measured OCP and the corrosion
potential (Ecorr) values are summarized in (Table 15). The OCP and E.\r values for grade J55 steel were
more negative than for grade H40 steel in both aerated and de-aerated conditions for the groundwater,
indicating that grade J55 steel is more anodic (active) than grade H40 steel.

Table 16 summarizes the results for the electrochemical tests done with synthetic seawater. The OCP
values of grade J55 steel in synthetic seawater were more negative than the OCP of grade H40 in both the
aerated and de-aerated conditions. E. values of grade J55 were more negative than the E.r values of
grade H40 in the de-aerated synthetic seawater. On the other hand, the E..\ values of the grade H40 steel
were more negative than the E.rvalues of grade J55 steel in aerated synthetic seawater. This switch in
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Table 15: Electrochemical Test Results Summary for Simulated Groundwater Testing [65]

Specimen Material ocp Ecorr
Aerated De-aerated Aerated De-aerated
7 in Casing Specimen 1 J55 -0.486 -0.564 -0.460 -0.685
7 in Casing Specimen 2 J55 -0.420 -0.500 -0.456 -0.675
7 in Casing Specimen 3 J55 -0.481 -0.536 -0.421 -0.630
7 in. Casing Average J55 -0.462 + 0.037 -0.533 £ 0.037 -0.446 + 0.021 -0.663 £ 0.029
11 3/4 in. Specimen 1 H40 -0.416 -0.475 -0.3888 -0.6259
11 3/4 in. Specimen 2 H40 -0.396 -0.475 -0.3868 -0.6272
11 3/4 in. Specimen 3 H40 -0.431 -0.493 -0.3725 -0.639
11 3/4 in. Average H40 -0.414 £ 0.017 -0.481 +0.010 -0.383 +0.009 -0.631 £ 0.007
Table 16: Electrochemical Test Results Summary for Synthetic Seawater Testing
Specimen Material ocp Ecorr
Aerated De-aerated Aerated De-aerated
7 in Casing Specimen 1 J55 -0.553 -0.566 -0.644 -0.838
7 in Casing Specimen 2 J55 -0.566 -0.587 -0.5896 -0.854
7 in Casing Specimen 3 J55 -0.564 -0.574 -0.584 -0.872
7 in. Casing Average J55 -0.561 £ 0.007 -0.576 £ 0.010 -0.606 £ 0.033 -0.854 £ 0.017
11 3/4 in. Specimen 1 H40 -0.494 -0.519 -0.7397 -0.7979
11 3/4 in. Specimen 2 H40 -0.488 -0.518 -0.6251 -0.8137
11 3/4 in. Specimen 3 H40 -0.528 -0.512 -0.6641 -0.818
11 3/4 in. Average H40 -0.503 £ 0.021 -0.516 +0.004 -0.676 £ 0.058 -0.810 £ 0.011

Logs from the SS-25 casings revealed that features on the outer diameter of the 7 in. casing mostly
matched the locations on the inner diameter of the 11 3/4 in. casing. Figure 260 shows an overlay of the
laser scan data for the 7 in. casing and the HRVRT log data for the 11 3/4 in. casing. Type Il corrosion
features were often observed in the 7 in. casing connection (connections C014 to C025). The figure
identifies some of the Type lll feature locations. This observation suggests that crevice corrosion occurred
at these locations. Crevice corrosion is a form of corrosion where occluded areas become more anodic
with respect to the surrounding metal. The outer diameter of the 7 in. casing, especially the connection
(with larger outer diameter compared to the casing body), could have been in contact with the inner
diameter of the 11 3/4 in. casing. Figure 261 shows a schematic that demonstrates how a crevice would
have formed between the ID of the 11 3/4 in. casing and the OD of the 7 in. casing. The general shape of
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Figure 261: Schematic of 7 in. and 11 3/4 in. Casing Contact
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Table 17: EDS Results for Areas 1-4 of C004C1C Showing C, O, Fe, and Mn

Figure 272: EDS Spectra for C004C1C Area 1

Area C (at%) O (at%) Fe (at%) Mn (at%)
1 12.324 39.628 46.870 0.557
2 14.100 35.610 49.006 0.418
3 26.490 38.452 33.243 0.310
4 15.302 39.004 43.815 0.345
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e Establish a material database to support the failure analysis.
e Evaluate the effects of temperature on material properties and fracture mode.

Material testing focused primarily on the 7 in. casing properties due to the nature of the failure. Every

7 in. casing joint extracted from the well was subjected to material testing (joints 1-25). The 2 7/8 in.
tubing and 11 3/4 in. casing were selectively tested to verify nominal properties. Eleven of the 244
extracted 2 7/8 in. tubing joints were randomly selected for material testing. The 11 3/4 in. casing was
limited to a 3 ft section below the casing head because extraction of the 11 3/4 in. casing from the well
was not possible. Testing was conducted by Element Materials Technology in accordance with the ASTM
A370 standard. The Element quality manual was reviewed by Blade to verify that machining and testing
practices were both compliant and satisfactory with the goals of the testing.

SS-25 was completed on October 01, 1953. The well contained casing and tubing made from grades H40,
J55, and N8O steel. These casing and tubing grades were adopted in 1940 by API. The most relevant API
specification that could be found was API Specification 5A, 18" edition, 1953 [80]. The only requirements
within the specification relevant to material testing were chemistry and tensile properties.

Table 18 shows the chemistry requirements for seamless pipe based on manufacturing process. The
specification only limits the amount of phosphorus and sulfur. The other controlling alloys were left up to
the manufacturer.

Table 19 was extracted from a paper published in the Journal of Petroleum Technology [81]. The table
shows typical carbon, manganese, and alloy composition for various grades of casing and tubing.

Table 20 shows the API 5A tensile requirements for various grades of casing and tubing. The yield strength
is taken as the tensile stress required to produce a total elongation of 0.5% of the gauge length. This value
is also known as elongation under load (EUL).

Table 18: API 5A 18 Edition Chemical Requirements for Seamless Pipe [80]

Marlzll::;c‘:;rlng Phx;ﬁlomr:sr.n(%) Maximum Sulfur (%)
Open-hearth 0.04 0.06
Electric-furnace 0.04 0.06
Bessemer 0.11 0.065

Table 19: Typical Analyses for API Casing and Tubing [81]

Manganese
Grade Product Carbon (%) (go/) Alloys
(]
Casi d
H40 asing an 0.27/0.37 0.70/1.00 None
tubing
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Table 20: API 5A 18 Edition Tensile Requirements for Casing and Tubing [80]

Minimum Yield Minimum Ultimate | Minimum Elongation
Grade . . .
Strength (psi) Tensile Strength (psi) (%)
F-25 25,000 40,000 40
H-40 40,000 60,000 27
J-55 55,000 75,000 20
N-80 80,000 100,000 16

7.1 7 in. Casing Testing

The SS-25 failure occurred in the 7 in. casing, making it the primary focus for material testing. Visual
inspection of the tubing suggested that it did not contribute to the failure. The 11 3/4 in. casing visual
inspection was limited because the string was not extracted from the well. The 2 7/8 in. tubing and

11 3/4 in. casing were tested with a reduced testing program, based on the relationship to the failure and
material quantity. A comprehensive testing program was developed for the 7 in. casing to establish a
database for the casing material. Every 7 in. casing joint extracted from the well was subject to the
following material testing program:

e Chemistry

e Grain Size—ASTM E112 [82]

e Microcleanliness—ASTM E45 A [83]

e Tensile—ASTM A370 [84]

e Hardness—ASTM E18 [85]

e CVN—ASTM A370 [84] /ASTM E23 [86]

e Toughness (joint 22 only)—ASTM E1820 [32]

Temperature was of primary interest during the initial phases of the investigation. Temperature
anomalies were discovered during and after the failure event. Temperatures were deliberately selected
for CVN and fracture toughness testing. Fracture surfaces were also examined to determine fracture
mode as a function of temperature (Section 3).

Blade purchased a joint of new 7 in. casing material. The material was tested at Element to complement
data provided by the material testing report (MTR). The MTR and Element data were compared to the
7 in. casing material to identify similarities and differences.
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steps.
1. Removal of the Tectyl 846 coating

2. Cleaning of the surface using nylon brushes and rags

3. Abrasive blasting using Black Beauty Extra Fine media (glass bead was used on 5 of the 25 joints)
4. MPI for cracks

Figure 275 shows the as-received condition of joint 6 at Element. Element used Sentinel 909 to remove
the Tectyl 846 coating followed by Purple Power degreaser to remove the remaining residue. Figure 276
shows the surface condition after cleaning. Blade transported the material from the warehouse to
Superior Shot Peening for abrasive blasting. Blasting was completed within a day, and the material was
returned to Element. Figure 277 shows the surface condition of joint 6 after blasting. Black Beauty Extra

Cirna mandia inms tirad fav tha hilackinag vuvnnanns Thinc mandia Aavaatran A Grihibka naakal finich GiithAanid acsvancioA



the downhole direction. The dot peen was maintained throughout the investigation. The mark was
transferred with each cut of the larger specimens. For the purpose of material testing, the west side of
the casing was designated as the 0° location, with increasing degrees in the clockwise direction when
looking downhole. Figure 279 shows the temporary and permanent field marks made to identify the
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number for each of the specimens.
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where a diffraction grading separates the light into element-specific wavelengths. An additional detector
in the spectrometer measures the intensity of the light for each wavelength. The intensity of the light is
proportional to the concentration of the element in question. OES is a common analytical method used to
determine the elemental composition of metals. The results are accurate and consistent.
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considered significant to the metallurgical investigation.

Table 20, presented at the beginning of the section, indicates that grade J55 steels typically had carbon
and manganese compositions between 0.37-0.47% and 0.80—1.00%, respectively. The average values for
carbon and manganese are 0.48% and 1.03%, respectively, and are consistent with the typical values from

Table 20.
Table 21: 7 in. Casing Optical Emission Spectroscopy Results
Joint C Mn P S Si Cr Ni Mo Al Cu Fe
1 0.460 1.110 0.018 0.021 0.300 0.050 0.020 0.010 0.020 0.050 97.911
2 0.510 1.090 0.021 0.023 0.290 0.050 0.020 0.010 0.020 0.050 97.916
3 0.520 1.140 0.054 0.022 0.300 0.050 0.010 0.010 0.020 0.050 97.824
4 0.470 1.070 0.038 0.020 0.280 0.050 0.020 0.010 0.020 0.050 97.972
5 0.480 1.060 0.037 0.030 0.250 0.050 0.020 0.010 0.020 0.070 97.973
6 0.510 1.170 0.046 0.023 0.310 0.050 0.020 0.010 0.020 0.050 97.791
7 0.460 0.920 0.025 0.022 0.300 0.050 0.030 0.010 0.010 0.080 98.093
8 0.500 1.080 0.035 0.023 0.280 0.050 0.020 0.010 0.020 0.050 97.932
9 0.520 1.190 0.055 0.022 0.320 0.050 0.020 0.010 0.020 0.050 97.743
10 0.520 1.090 0.041 0.024 0.280 0.050 0.020 0.010 0.020 0.050 97.895
11 0.500 1.060 0.018 0.015 0.280 0.040 0.010 0.010 0.010 0.050 97.977
12 0.450 0.950 0.007 0.024 0.230 0.050 0.020 0.010 0.010 0.070 98.149
13 0.500 1.100 0.041 0.024 0.280 0.050 0.010 0.010 0.020 0.050 97.915
14 0.460 0.890 0.015 0.013 0.290 0.050 0.030 0.020 0.030 0.080 98.092
15 0.480 0.910 0.016 0.024 0.290 0.050 0.030 0.020 0.020 0.080 98.080
16 0.470 0.930 0.029 0.023 0.300 0.050 0.030 0.010 0.020 0.080 98.058
17 0.450 1.010 0.019 0.033 0.240 0.050 0.020 0.010 0.010 0.070 98.088
18 0.510 1.130 0.024 0.023 0.300 0.050 0.020 0.010 0.020 0.050 97.863
19 0.500 1.000 0.026 0.015 0.240 0.050 0.010 0.010 0.010 0.050 98.059
20 0.530 1.020 0.030 0.022 0.240 0.050 0.010 0.010 0.020 0.050 98.018
21 0.460 0.980 0.018 0.031 0.240 0.060 0.020 0.010 0.020 0.070 98.061
22 0.490 1.060 0.023 0.022 0.290 0.050 0.020 0.010 0.020 0.050 97.935
23 0.470 0.900 0.023 0.018 0.300 0.050 0.030 0.020 0.030 0.080 98.049
24 0.450 1.020 0.018 0.030 0.250 0.060 0.030 0.010 0.020 0.070 98.012
25 0.430 0.880 0.014 0.016 0.300 0.050 0.030 0.020 0.020 0.080 98.130
Min 0.430 0.880 0.007 0.013 0.230 0.040 0.010 0.010 0.010 0.050 97.743
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7.1.4 Microcleanliness (Inclusion Content E45 A)

The objective of ASTM E45 [83] is to characterize inclusions based on size, shape, concentration, and
distribution rather than chemical composition. The test method covers five microscopic test methods
(A, B, C, D, and E) for describing inclusion content of steel. Element used E45 Method A to characterize
the inclusions for the 7 in. casing steel. Method A (Worst Field) is a microscopic comparison method that
requires a survey of a polished specimen at 100X. The worst field method is conducted by examining
several fields within the specimen and taking the highest severity rating value for each inclusion type.
Inclusions are categorized by type and thickness or diameter.

There are four inclusion types based on morphology:
e Type A—Sulfide

e Type B—Alumina

e Type C—Silicate

e Type D—Globular Oxide

Inclusions fall into two additional subcategories (thin and heavy) based on thickness-diameter. Table 22
shows the thickness-diameter limits for each series and inclusion type. The four categories are partitioned
into severity levels based on the number or length of the particles present in a 0.50 mm? field of view.
Table 23 shows the minimum length-count values for each severity level.

Table 22: Inclusion Width and Diameter Parameters (ASTM E45 Methods A and D) [83]

Series Thin Heavy
Inclusion Type Min. Width Max. Width Min. Width Max. Width
um (in.) um (in.) um (in.) um (in.)
A 2 (0.00008) 4 (0.00016) >4 (0.00016) 12 (0.0005)
2 (0.00008) 9 (0.00035) >9 (0.00035) 15 (0.0006)
C 2 (0.00008) 5 (0.0002) >5 (0.0002) 12 (0.0005)
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Table 23: Minimum Values for Severity Level Numbers [83]

mm (in.) at 100X, or Count

Severity A B C D
0.5 3.7 (0.15) 1.7 (0.07) 1.8 (0.07) 1
1.0 12.7 (0.50) 7.7 (0.30) 7.6 (0.30) 4
1.5 26.1(1.03) 18.4 (0.72) 17.6 (0.69) 9
2.0 43.6 (1.72) 34.3 (1.35) 32.0(1.26) 16
2.5 64.9 (2.56) 55.5 (2.19) 51.0 (2.01) 25
3.0 89.8 (3.54) 82.2 (3.24) 74.6 (2.94) 36
3.5 118.1 (4.65) 114.7 (4.52) 102.9 (4.05) 49
4.0 149.8 (5.90) 153.0 (6.02) 135.9 (5.35) 64
4.5 189.8 (7.47) 197.3 (7.77) 173.7 (6.84) 81
5.0 223.0 (8.78) 247.6 (9.75) 216.3 (8.52) 100

Table 24 shows the Element ASTM E45 Method A results for each joint. It shows that the highest Severity
Level of 2.5 occurred in both the thin and heavy series for Type A inclusions. The results are consistent
with MnS inclusions, which are typical of carbon steel. Figure 284 shows micrographs at 100X of polished
specimens taken from joint 10 and 15. The micrographs show the inclusion morphology, size, and

distribution.
Table 24: Microcleanliness Results for Joints 1-25
Series Thin Heavy
Joint Type A Type B Type C Type D Type A Type B Type C Type D
(Sulfide) | (Alumina) | (Silicate) (Globular (Sulfide) | (Alumina) | (Silicate) (Globular
Oxide) Oxide)
1 2.0 1.0 0.0 1.5 0.0 1.0 0.0 0.5
2 2.0 0.5 1.0 1.5 1.0 0.0 2.0 0.5
3 2.0 0.0 0.0 0.5 0.5 1.0 0.0 0.0
4 2.0 0.5 0.0 1.0 1.0 0.0 0.0 0.0
5 0.5 0.0 0.5 0.5 2.0 0.5 0.0 0.0
6 2.0 0.5 0.0 1.0 0.0 0.5 1.0 1.0
7 1.0 0.0 0.0 0.0 1.0 0.5 2.0 0.5
8 2.0 0.0 0.0 0.5 0.0 0.5 0.0 0.5
9 2.0 0.5 0.0 1.0 0.0 0.0 0.0 0.0
10 25 0.0 0.0 1.0 0.5 0.0 0.0 0.0
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7.1.5 Microstructure

Element evaluated the microstructure of all the 25 joints extracted from the well. Specimen preparation
was performed in accordance with ASTM E3 [87]. Specimens were etched with 2% nital to reveal the

12 2.0 0.0 0.0 0.5 0.0 0.0 0.0 0.5
13 0.0 0.0 0.0 1.5 25 0.0 0.0 0.5
14 2.0 0.0 0.0 1.5 0.0 0.0 0.0 0.0
15 25 0.0 0.0 0.5 0.0 0.5 0.0 0.0
16 25 0.0 0.0 0.0 0.0 0.0 0.0 0.5
17 25 0.0 0.0 0.5 0.0 0.0 0.0 0.0
18 25 0.0 0.0 0.5 0.5 0.0 0.0 0.5
19 25 0.0 0.0 0.5 0.0 0.0 0.0 0.0
20 25 0.0 0.5 1.0 0.0 0.0 0.5 0.5
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nature of the tubular product to be tested require the use of another specimen. The testing equipment at
Element had sufficient capacity, and the casing material was of sufficient size for the use of specimen

no. 4, as recommend by ASTM A370 [84]. Figure 286 shows the standard dimensions for specimen no. 4
reproduced from ASTM A370 [84].
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ASTM A370 [84] permits the use of grips that are either flat or have a surface contour corresponding to
the curvature of the tubular product. Casing material was tested using flat grips and inserts machined to
the curvature of the casing. The inserts had grooves machined into the curved surfaces to provide grip for
the specimen. The steel used for the inserts was hardened to allow the inserts to deform into the surface
of the specimen while simultaneously allowing the harder flat grips to deform into the inserts. The design
goal was to prevent slip between the flat grips and curved inserts and between the curved inserts and
specimen.

One triplicate from each joint (25 triplicates total) were tested using the flat grips. One additional
triplicate from joint 19 was tested using the curved inserts for comparison to the flat grip results. The goal
of the comparison was to identify possible effects that flatting could have on tensile properties. Figure
287 shows one of the tensile specimens from joint 19 in the test frame. The enlarged image of the bottom
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Table 25: 7 in. Casing A370 Flat Grip Tensile Results

Joint 0.5% EUL Ultimate Tensile Strength Elongation Reduction in Area
(psi) (psi) (%) (%)

Min Max Avg Min Max Avg Min | Max | Avg Min Max Avg

1 62,000 | 65,500 | 63,500 | 108,000 | 111,000 | 109,000 20 26 23.3 32 41 38.1
2 59,500 | 61,000 | 60,500 | 108,000 | 110,000 | 109,333 25 27 26.0 35 40 37.1
3 60,500 | 64,000 | 62,500 | 111,000 | 114,000 | 112,333 22 24 23.3 36 39 37.3
4 54,500 | 56,000 | 55,333 | 99,000 | 100,000 | 99,667 28 30 29.3 42 46 43.7
5 58,000 | 68,500 | 65,000 | 99,000 | 112,000 | 107,000 25 28 26.3 36 46 39.9
6 62,500 | 63,500 | 63,000 | 109,000 | 111,000 | 110,000 25 27 26.0 41 43 41.7
7 59,500 | 61,000 | 60,000 | 99,000 | 102,000 | 100,667 25 29 27.3 42 46 43.4
8 59,500 | 61,500 | 60,833 | 108,000 | 110,000 | 108,667 25 27 26.0 38 39 38.3
9 66,000 | 72,000 | 69,667 | 115,000 | 120,000 | 117,333 25 26 25.7 37 43 41.2
10 62,500 | 65,000 | 63,500 | 112,000 | 117,000 | 113,667 19 25 22.7 30 43 374
11 65,000 | 66,000 | 65,667 | 113,000 | 114,000 | 113,333 23 28 25.0 31 39 33.9
12 62,500 | 64,500 | 63,333 | 104,000 | 105,000 | 104,333 24 28 26.3 39 41 39.9
13 64,500 | 64,500 | 64,500 | 112,000 | 112,000 | 112,000 25 27 25.7 38 41 39.9
14 60,500 | 61,000 | 60,833 | 102,000 | 104,000 | 103,000 27 28 27.3 41 43 423
15 60,500 | 61,500 | 61,000 | 102,000 | 104,000 | 103,000 26 29 27.3 36 42 39.0
16 58,000 | 59,000 | 58,500 | 99,500 | 101,000 | 100,167 29 31 30.0 44 45 44.6
17 61,000 | 63,000 | 62,000 | 103,000 | 105,000 | 104,000 25 31 28.0 34 44 39.7
18 62,000 | 64,000 | 63,000 | 109,000 | 112,000 | 110,333 26 28 27.0 38 42 39.3
19 61,500 | 62,000 | 61,833 | 107,000 | 108,000 | 107,667 21 27 24.7 36 37 36.2
20 60,000 | 61,000 | 60,500 | 107,000 | 110,000 | 108,667 24 26 25.0 40 43 41.0
21 57,500 | 59,000 | 58,167 | 97,000 98,500 97,833 29 32 31.0 44 47 453
22 62,500 | 65,500 | 63,833 | 112,000 | 113,000 | 112,333 23 26 25.0 31 39 34.8
23 59,000 | 62,500 | 60,500 | 102,000 | 105,000 | 103,000 26 28 27.0 40 43 41.5
24 61,000 | 62,500 | 61,667 | 102,000 | 103,000 | 102,333 23 30 26.7 36 42 39.8
25 60,500 | 64,000 | 61,833 | 102,000 | 102,000 | 102,000 16 30 24.3 30 43 38.2
Totals | 54,500 | 72,000 | 62,040 | 97,000 | 120,000 | 106,867 16 32 26.3 30 47 39.7

Note A2.2 of A370 [84] states that an exact formula for calculating the cross-sectional area of specimens
taken from circular tubes can be found in ASTM E8 [88]. Eq. 20 is the area calculation for a circular tube
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histograms appeared to be normally distributed, while the ultimate tensile strength histogram did not.

The normally distributed properties suggest that the average property values of 62,040 psi, 26.3%, and

39.7% are good representative values for the 0.5% EUL, elongation, and reduction in area, respectively.
The ultimate tensile strength average of 106,867 psi is also a good representation of the 7 in. casing but
with a slightly larger margin of error.

The absolute minimum value for 0.5% EUL occurred in joint 4 and was 54,500 psi. This value was slightly
below the minimum requirement of 55,000 psi, but the average 0.5% EUL value for joint 4 was 55,333 psi,
which is over the minimum requirement. The failure joint (joint 22) had a minimum value of 62,500 psi,
which is greater than the minimum requirement.

The sample average value was used to evaluate the 0.5% EUL of the 7 in. casing. A 95% confidence
interval was constructed to estimate how close the 7 in. casing sample mean was to the population. The
results show that the average value for the 0.5% EUL is greater than 59,476 psi, with a 0.95 degree of
confidence. This value is greater than the required minimum of 55,000 psi. The results suggest that the
yield strength of the 7 in. casing meets specifications and did not contribute to the failure.
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grips when testing curved specimens does not have a significant impact on the tensile properties. The
results validate the properties presented in Table 25.

Table 26: ASTM A370 Flat Grips Versus Curved Inserts Results

0.2% Offset Ultimate .

- . - o . . Elongation RIA
Joint ID Grip Yield Strength | 0.5% EUL (psi) Tensile (%) (%)
(psi) Strength (psi) > >

19 1 Flat 60,500 62,000 108,000 26 36
19 2 Flat 58,500 61,500 108,000 27 37
19 3 Flat 60,000 62,000 107,000 21 36
19 1 Curved Inserts 63,500 65,000 108,000 26 42
19 2 Curved Inserts 61,500 63,000 108,000 23 37
19 3 Curved Inserts 61,500 63,000 108,000 22 34

The failure in joint 22 contained an axial rupture and a circumferential parting. Properties in the
transverse direction were required to model the failure events. ASTM A370 [84] defines transverse as the
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chose not to flatten the pipe section for the transverse specimens because flattening would have
introduced stresses in the gauge section. Blade chose to use sub-sized round specimens that could be
machined directly from the transverse orientation of the pipe. The smallest sub-size specimen permitted
by ASTM E8 [88] was chosen for testing.

Table 27 shows the results from the sub-size specimen tests. Figure 290 shows the sub-size round
specimen and test setup. The results suggest that a size effect was associated with the sub-size rounds.
The longitudinal values for 0.5% EUL were not in line with the results from the strip specimens. The
average yield and UTS for the longitudinal sub-size rounds were 53,900 psi and 115,667 psi as compared
to the strip specimen results of 63,833 psi and 112,333 psi. The yield was significantly lower for the sub-
size rounds and even below the specified yield of 55,000 psi. The UTS values were also different but not
by a significant amount. The transverse properties were considered invalid based on the fact that they
were comparable with the longitudinal sub-size rounds, which were not in good agreement with the strip
specimen properties.

Additional testing was conducted at Blade’s lab to measure transverse properties and critical strain of the
specimen. Critical strain is a material property used in the DFDI model to determine the initiation of a
crack. Section 4.1.2 discusses DFDI as it relates to FEA modeling and pressure predictions.

Table 27: ASTM E8 Sub-Size Tensile Specimen Results for Joint 22

No. | Orientation 0\.”2;/;» do(:)f:;t O'S(Z;SUL Ulsttl,ljztgip:- ?::il)le EIon(f/f)tmn RIA (%)
1 Longitudinal 45,500 49,200 115,000 27 51
2 Longitudinal 54,500 59,500 115,000 25 50
2 I nngititdinal A7 10N 52 NNN 117 NNN 27 AR
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(HAZ). Figure 293 shows a schematic of the transverse tensile specimen and the approximate weld
locations. The schematic was used to ensure that the weld location was outside the gauge section. The
joint 22 parent material is indicated in red. The 0.25 in. steel plate, which was purchased to extend the
parent material, is indicated in blue.

The steps taken to create the transverse sub-size round specimens were as follows:

1. A0.25in. thick by 4 in. long plate was machined from the joint 22 parent material.

2. Anextra 0.25 in. plate was EBW’d to the machined parent material.

3. Blanks from the welded plates were extracted and round tensile specimens were machined.

Table 28 shows the results from the critical strain tests for both the longitudinal and transverse
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Figure 293: Transverse Tensile Specimen Schematic and Approximate Weld Locations
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22 3 Longitudinal 67,097 119,006 23 47.1 0.38
22 4 Longitudinal 67,087 119,480 23 47.0 0.38
22 1 Transverse 65,523 112,663 20 40.2 0.32
22 2 Transverse 67,573 116,162 21 39.0 0.31
22 3 Transverse 66,928 115,659 21 39.2 0.32

7.1.7 Hardness

Element conducted Hardness Rockwell B (HRB) tests per ASTM E18 [85] on hardness rings extracted from
each casing joint. Three indentations were made at the OD, MW, and ID locations at four quadrants. The

goal of the testing was to identifv possible variations in hardness based on through thickness or
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2 93 97 95.2 91 96 94.5 94 97 95.7
3 96 98 97.3 96 98 96.9 97 98 97.4
4 92 94 92.8 92 94 93.1 93 94 93.4
5 94 95 94.5 93 94 93.8 94 95 94.7
6 91 95 93.6 91 96 93.9 93 97 95.3
7 90 94 92.1 92 93 92.8 94 95 94.6
8 96 97 96.8 96 97 96.3 95 97 96.7
9 96 97 96.7 96 97 96.1 96 97 96.8
10 93 97 95.8 95 97 95.8 96 97 96.8
11 93 96 95.0 94 96 95.3 95 97 96.1
12 87 94 91.4 91 94 92.8 93 95 94.3
13 82 96 92.4 93 96 94.8 95 97 96.0
14 85 94 91.7 90 93 92.0 92 95 93.7
15 90 95 93.1 92 94 92.7 93 95 94.3
16 88 94 91.8 92 94 92.8 93 95 93.9
17 82 94 90.6 88 95 92.8 92 96 94.3
18 94 96 95.4 95 96 95.6 95 97 96.3
19 91 95 93.4 93 96 94.3 93 96 94.7
20 91 95 92.9 91 94 92.8 92 96 94.4
21 85 93 89.6 86 93 89.1 85 92 89.3
22 96 98 97.1 97 98 97.1 94 97 96.4
23 91 95 93.4 86 95 92.8 90 96 93.3
24 94 96 95.0 94 96 95.3 94 96 94.8
25 90 95 93.9 92 96 94.2 93 95 94.1
Totals 82 98 93.9 86 98 94.2 85 98 95.0
May 31, 2019 Volume 2 Page 249






The most commonly used sub-sized specimens are three-quarter, half, and quarter-size specimens.
Sub-sized specimens differ from full-size—the widths of the sub-sized specimens are a fraction of the full-
size. For example, the half-size specimen has a width of 5 mm, which is half of the full-size width of

10 mm. The length, thickness, and notch size of the sub-sized specimen are the same as the full-size. Half-
size specimens were used for the 7 in. casing due to geometric limitations caused by the wall thickness.

Specimens from the 7 in. casing CVN testing were extracted with the notch plane in two orientations. This
was based on the fact that the failure sequence included fracture paths in both the longitudinal and
circumferential orientations. Figure 298 shows the nomenclature for specimen orientation based on
ASTM E1823 [89] (fracture mechanics) and API 5CT [90] (CVN for tubulars). The ASTM E1823 [89]
nomenclature shall be used throughout this section for consistency. Transverse and longitudinal Charpy
orientations from API 5CT [90] correspond with the C-L and L-C ASTM E1823 [89] orientations,
respectively.
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CVN results do not represent the exact behavior of material in service but will give a general indication as

to the performance.
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at which the fracture mode transitions from ductile to brittle. Figure 300 shows a typical ductile-to-brittle
transition curve for mild steel. The transition zone represents temperatures at which the fracture mode is
a combination of brittle and ductile fracture. The lower plateau (lower shelf) to the left of the transition
zone is pure brittle fracture, while the upper plateau to the right (upper shelf) is pure ductile fracture.

The DBTT is shown by the red dashed lines in the middle of the transition zone. This is based on the NIST
definition for DBTT [91]. The point represents the temperature at which the fracture transitions from
primarily ductile to primarily brittle. The ordinate of the ductile-to-brittle transition curve can be impact
energy (Figure 300) or percent shear. The plots can give different values for the DBTT. Percent shear is the
ratio of the ductile fracture surface area to the total fracture surface area expressed as a percentage.

The percent shear reported by Element was measured using a comparison method. Results from the
comparison are somewhat subjective and can show significant scatter. Image analysis was used to refine
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the DBTT curve.

Two specimens were selected for a 10-point DBTT curve, which used 10 temperatures to establish the
curve shape. Five temperatures were selected first to establish an initial curve. Additional temperatures
were selected to accurately capture the upper and lower shelf and transition zones.

The test temperatures for the 10-point curve were —73, —50, —25, 0, 25, 45, 66, 80, 100, and 150°C. Joints
2 and 20 were selected for the 10-point DBTT curves. The remaining joints were tested at five
temperatures, based on the results from the 10-point curves. The DBTT was determined by the regression
function in Eq. 21 [91] using the least-squares method. Figure 300 shows the physical significance of the
constants A-D.

Y =A+B-tanh (%) 21)

Figure 302 shows the 10-point DBTT curves for joints 2 and 20 for impact energy and percent shear. The
impact energy curves show a difference between the C-L and L-C orientations. The C-L orientation has
lower impact energy values as compared to the L-C orientation. The C-L and L-C impact energy DBTT for
joint 2 is 39.4°C and 49.1°C, respectively. This is a difference of 9.7°C. The upper shelf impact energy for
the C-L orientation is approximately 11 ft-lb, whereas the L-C orientation is approximately 23 ft-lb. The
upper shelf for the L-C orientation is approximately twice as large as the C-L orientation.

The percent shear DBTT curves show comparable results for both orientations. The C-L and L-C percent
shear DBTT for joint 2 is 52.7°C and 56.8°C, respectively. This is a difference of 4.1°C, which is less than the
difference observed with the impact energy DBTT. The percent shear DBTT plots suggest that the fracture
mode at each temperature is similar for both orientations.
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each property at every tested temperature. I he points represent averaged values obtained from the CVN
testing, and the lines represent the best fit curve for the points based on Eq. 21. Values at each
temperature vary over how many specimens were used to obtain the average at that point.

Values for -50, 0, 45, and 100°C were averaged over 75 specimens (all joints), and 75°C was averaged over
69 specimens (joints 2 and 20 were not tested at this temperature). Values for -73, 25, 66, 80, and 150°C
were averaged over six specimens (joints 2 and 20 only). Values for -10°C were averaged over three
specimens (joint 22 only). The DBTT values for impact energy, reported percent shear, and measured
percent shear are included in the plots. The results are consistent with the observations made for joints 2
and 20. The upper shelf impact energy for the L-C orientation is approximately double the C-L orientation.
The upper shelf value for the L-C and C-L orientations is approximately 21 ft-lb and 10 ft-Ib, respectively.
The lower shelf for both orientations is approximately 1 ft-lb.
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grade J55 material transitioned from a ductile fracture mode to a brittle fracture mode as the testing
temperature was decreased. CVN testing is a simple method for material quality and indirect toughness
evaluation. Materials with a higher toughness generally have higher impact energies and percent shear
[17]. The testing showed that the toughness of the material decreased with the decreasing temperature.
Blade conducted fracture toughness testing at Anderson and Associates and Metcut in an attempt to
directly measure fracture toughness of the grade J55 7 in. casing material as a function of temperature.

Kic and Jic are quantitative measurements of a material’s resistance to cracking. Kic is a fracture parameter
used when a material behaves in a linear elastic manner prior to failure. The plastic zone ahead of a crack
must remain small when compared to specimen dimensions for Kc to be valid. Kic represents the critical
point of unstable crack growth under Mode | loading [17].

Jic is another fracture parameter that accounts for elastic-plastic material behavior. Jic is determined from
the resistance curve of a material. Most ductile materials exhibit a rising resistance curve. This means that
the material’s resistance to crack propagation increases with crack growth. The crack driving force also
increases with crack growth. Jicis the initiation toughness near the onset of stable crack growth [92].

Fracture toughness testing was conducted at -100, -50, -20, 0, and 24°C (room temperature). The focus
of the testing was at the lower temperatures because of the brittle nature of the circumferential parting.
Section 3.3 presents fractographic evidence and discusses the brittle nature of the circumferential parting.

Compact tension, C(T), specimens were machined from joint 22 (failed joint) in the C-L and L-C
orientations. Figure 298 shows a schematic of the specimen orientations. The first letter represents the
orientation of the tensile load, and the second letter represents the orientation of the crack plane.
Figure 274 shows the layout location of the specimens on the material extracted from joint 22. Testing
was conducted at five temperatures and two orientations (30 tests total). Twenty specimens were
machined for each orientation (15 tests plus five extra specimens per orientation). The 40 specimens
were distributed into 4 rows (2 rows for C-L and two for L-C), with 10 specimens in each row. The ten
specimens were distributed equally around the circumference of the pipe (Figure 274).

Specimen identification included a letter for orientation, a number representing the row, and the
circumferential location expressed in degrees. The origin (0°) corresponded to the west face of the pipe as
described in Section 7.1.1. As an example, specimen L1036 specified a longitudinal (C-L) compact tension
specimen extracted from the first row at the 36° orientation. T3000 specified a transverse (L-C) compact
tension specimen extracted from the third row at the 0° orientation.

Material was sent to Anderson and Associates for machining and testing. Blade reviewed the data as they
became available to guide future testing. Anderson performed Jic testing per ASTM E1820 [32] using a
compliance-based method to measure crack growth. Compliance-based testing requires systematic
loading and unloading of the specimen to generate the resistance curve. Table 30 shows the results for
the testing completed at Anderson and Associates. The last column indicates that the J,c values were
invalid, based on the ASTM E1820 criteria [32]. The data showed that the material was susceptible to
pop-ins during loading and unloading cycles. Blade decided to switch to a DCPD approach for measuring
the crack extension. DCPD can be used with a single rising load during testing and does not require
loading and unloading of the specimen.
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L4000 C-L 24 168.3 No
L4288 C-L 24 110.9 No
L3072 C-L 0 162.5 No
L3108 C-L 0 102.6 No
L3324 C-L 0 354 No
L3144 C-L =50 178.3 No
T1144 L-C 24 294.6 No
T1216 L-C 24 341.0 No
T1252 L-C 24 238.0 No
T1108 L-C 0 158.4 No
T2216 L-C 0 314.3 No
T2288 L-C 0 107.8 No

Anderson and Associates did not have the capability to perform DCPD measurements. Metcut was chosen
to complete the fracture toughness testing. Table 31 shows the testing results from Metcut. The last
column indicates that the J,c values were invalid. Tests were invalid because of material behavior (early
pop-in). The test data were then analyzed per ASTM E399 for Kc evaluation. The values were invalid based
on the plane strain condition caused by the small specimen size. The specimen size was limited by the wall
thickness of the 7 in. casing.

Table 31: Metcut Fracture Toughness Results Summary

Specimen Number | Orientation Test Ja Kiic Kq Valid Jic
Temperature | (in, |bf/in?)
(°Q)
L3000 C-L 24 156.5 71.8 34.0 No
L3180 C-L 24 253.9 90.7 35.9 No
L4036 C-L 0 224.8 86.1 34.8 No
L4180 C-L 0 238.9 88.7 34.9 No
L4324 C-L 0 101.8 57.9 34.9 No
L3252 C-L =25 271.4 94.6 38.7 No
L3288 C-L =25 62.3 453 394 No
L3216 C-L =50 = = 42.3 No
L4072 C-L =50 - - 39.3 No
L4144 C-L =50 = = 37.1 No
L4108 C-L -100 - - 41.9 No
L4216 C-L -100 = = 44.0 No
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T2108 L-C 24 431.1 119.2 36.1 No
T1000 L-C 0 455.7 122.6 35.9 No
T1324 L-C 0 426.5 118.6 355 No
T2180 L-C 0 420.1 117.1 38.2 No
T1072 L-C =25 - - 355 No
T2000 L-C =25 = = 39.0 No
T2144 L-C =25 378.3 111.7 39.9 No
T1180 L-C =50 = = 40.7 No
T1288 L-C =50 - - 37.6 No
T2036 L-C =50 - - 30.8 No
T1036 L-C -100 - - 41.5 No
T2252 L-C -100 = = 43.2 No
T2324 L-C -100 - - 41.5 No

7.1.10 Grade J55 for the 7 in. Casing Vintage Versus New Comparison

The grade J55 steel used for the SS-25 7 in. casing was manufactured prior to its installation in October
1953. Improvements to steel quality and performance are expected to have happened over the last six

decades. A newly manufactured steel joint of grade J55 for the 7 in. casing was investigated and

compared with the vintage J55 used in the S5-25 well. The new grade J55 7 in. casing was manufactured
by Vallourec Star LP in Youngstown, OH, USA, in 2017 in accordance with API 5CT J55 PSL1, 9th Edition,

2012 [90].

Review of the Vallourec MTR and the Element material testing results [93], Houston, TX, found that the
grain size (ASTM 7.46 vs. 8.0) and yield strength (62.0 ksi vs. 63.4 ksi) are comparable, while the UTS is

slightly higher (106.8 ksi vs. 97.2 ksi) between the vintage and the new grade J55 7 in. casing steel,

respectively.

The major differences between the new and the vintage J55 7 in. casing were:

e Phosphorus and sulfur contents;

e Carbon content;

e Microstructure;

e Charpy impact toughness.

Each of these differences is discussed in detail in this section.
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Table 32: Vintage and New J55 Phosphorous and Sultur Comparison

. Vintage J55 New J55
Manufacturing
API 5A, 1953 . . API 5CT, 2012
Method : $5-25 7 in. Casing : Vallourec (2017)
Maximum Maximum
Phosphorous (Mass Fraction %}
Open-hearth 0.04
3 Average 0.028 MTR 0.008
Electric-furnace 0.04 ) 0.03
Maximum 0.055 Element 0.008
Bessemer 0.11
Sulfur (Mass Fraction %}
Open-hearth 0.06
3 Average 0.023 MTR 0.007-0.008
Electric-furnace 0.06 ) 0.03
Maximum 0.033 Element 0.019
Bessemer 0.065

The table shows that the phosphorus content limit was reduced from 0.04% (vintage open-hearth and
electric-furnace) to 0.03 % (new), while the sulfur content limit was reduced from 0.06% (vintage
open-hearth and electric-furnace) to 0.03% (new). More importantly, even though both vintage and new
steels met their respective specifications, the actual contents of phosphorus and sulfur in the new grade
J55 were significantly lower. The contents in the new grade J55 were 0.007—0.008%, which are
approximately three times lower than the vintage grade J55.

Phosphorus increases strength and hardness at the expense of ductility and impact toughness. The
phosphorus content in most steel is limited to a maximum of 0.05% [94] [95], but OCTG casing and tubing
limits sulfur to 0.03%. Sulfur lowers transverse ductility and notched impact toughness. Sulfur is
detrimental to the surface quality in low carbon and low manganese steels. Lower contents of phosphorus
and sulfur are always desirable in OCTG steel grades for better ductility and notched impact toughness.
This is achievable with modern steel making technology, without significantly increasing the cost.

Carbon Content

The early and current versions of the APl standards do not specify contents for carbon, manganese, and
other controlling alloying elements for Group 1 OCTG steel grades, including H40, J55, K55, and N80. The
contents of these alloying elements are left up to the manufacturer. This is traditionally done for this
group of API steel grades because mechanical properties are of primary importance, while chemistry is
secondary. The chemistries obtained at different steel mills typically do not exactly agree because each
mill must tailor its chemical limits to some extent to suit its own particular manufacturing practices [81].
Typical analyses of grade J55 API casing and tubing used in the early 1960s reported carbon contents in
the range of 0.37%—-0.47% [81].

Analyses of the 25 grade J55 casing joints extracted from SS-25 reported carbon contents in the range of
0.43%—-0.53%, with an average value of 0.484%. The average value is slightly over the typical value of
0.47%. However, based on the MTR [93], the carbon content of the new grade J55 7 in. casing provided by
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The strength and hardness of grade J55 increases with increasing carbon content due to an increase in
pearlite. This also has the effect of lowering the Charpy impact toughness.

Microstructure

Both vintage and new grade J55 have fine grains, with an average size of ASTM 7.45 and ASTM 8.0,
respectively, per ASTM E112 [82]. Despite the similarity in grain size, the difference in microstructure is
significant. Figure 305 and Figure 306 are micrographs of the vintage and the new grade J55
microstructure in longitudinal direction, respectively. The major difference in microstructure can be
identified as follows:

e The microstructure of the vintage grade J55 consisted of a network of pro-eutectoid grain boundary
ferrite (a-Fe), while the new grade J55 microstructure appeared as typical banded ferrite.

e The amount of pearlite in the vintage grade J55 is higher than in the new grade J55.
The difference in microstructure may reflect the difference in metallurgical processes, including:
e Difference in manufacturing process—rolling temperature, reduction rate, and cooling control.

e Difference in heat treatment—as a rule, even in the 1960s or earlier, grade J55 casing and tubing
products were supplied as-rolled and were not heat treated unless necessary. For example, grade J55
casing could be heat treated to combat “ring worm” corrosion [81]. It is not clear if the vintage grade
J55 was post-heat treated.

e Difference in carbon contents—the carbon content in vintage grade J55 is 13% higher than the new
grade J55, which resulted in a higher amount of pearlite.

As a consequence, the performance between the vintage and new grade J55 should be significantly



as compared to the vintage grade J5b. | he ditfference Is significant and may reflect a combined eftect ot
the impurities content, carbon content, and microstructural difference (e.g., grain boundary ferrite).

Table 33: Vintage and New Grade J55 Charpy V-Notch Comparison

Orientation | Temperature (°C) | Number of Tests | Minimum | Maximum | Average

Vintage Grade J55

Longitudinal 25 6 7 9 8.0

Transverse 25 6 5 6 5.2
New Grade J55

Longitudinal 25 3 19 21 20

Transverse 25 3 17 17 16

In summary, the new grade J55 7 in. casing steel grade has a significantly higher CVN impact energy than
the vintage grade J55. This improvement may be attributed to the low impurity concentration of
phosphorus and sulfur, lower carbon content, and an improved microstructure. It is noted that there are
some limitations to the comparison. The information on the new grade J55 is limited to the MTR and test
results from one joint. On the other hand, the difference in corrosion behavior between the vintage and
new grade J55 steels was not evaluated because of limited data.

7.1 27/8in. Tubing Testing

Initial observations conducted in the field and at the warehouse suggested the tubing did not contribute
to the 7 in. casing failure. Section 2.2.4 discusses the tubing field observations. The tubing OD surface
appeared clean with minor features identified on some of the joints. The objective of the testing was to
verify that the 2 7/8 in. tubing material properties were consistent and within specifications in place at
the time of installation. Material testing for the tubing included similar tests as the 7 in. casing, with the
exception of fracture toughness. Fracture toughness was not considered for the tubing.
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U.Ub%. I Ne average pnospnorous ana suitTur CONTeNT Tor grade Js5 was U.UZ4% ana U.U37%, respectively.
These values are below the maximum allowable values of 0.04% and 0.06%. The higher sulfur content
identified in the grade N80 material did not contribute to the failure and was not considered significant to
the failure investigation.
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69 J55 0.373 | 1.190 | 0.015 | 0.030 | 0.293 | 0.040 | 0.020 | 0.010 | 0.040 | 0.050 | 97.908
88 J55 0.390 | 0.923 | 0.020 | 0.036 | 0.210 | 0.060 | 0.040 | 0.010 | 0.010 | 0.200 | 98.071
124 J55 0.403 | 0.847 | 0.022 | 0.031 | 0.187 | 0.050 | 0.030 | 0.010 | 0.013 | 0.140 | 98.238
158 J55 0.410 | 1.277 | 0.014 | 0.027 | 0.250 | 0.030 | 0.010 | 0.010 | 0.040 | 0.097 | 97.806
162 J55 0.410 | 1.293 | 0.014 | 0.027 | 0.250 | 0.033 | 0.020 | 0.010 | 0.043 | 0.100 | 97.769
164 J55 0.437 | 0.850 | 0.017 | 0.031 | 0.217 | 0.050 | 0.030 | 0.010 | 0.010 | 0.140 | 98.179
196 J55 0.433 | 1.280 | 0.015 | 0.028 | 0.247 | 0.033 | 0.013 | 0.010 | 0.040 | 0.100 | 97.770
197 J55 0.367 | 0.997 | 0.029 | 0.043 | 0.230 | 0.050 | 0.030 | 0.010 | 0.017 | 0.200 | 97.998
238 J55 0.313 | 0.793 | 0.083 | 0.018 | 0.270 | 0.053 | 0.010 | 0.010 | 0.050 | 0.070 | 98.298

7.1.2 Grain Size, Microcleanliness, and Microstructure

The grain size was determined based on ASTM E112 [82]. Section 7.1.3 briefly describes the ASTM

method. Table 35 shows the grain size results for the 2 7/8 in. tubing. The grade N80 grain size was found
to be 5.5. The grain sizes for the grade J55 joints ranged from 4.5 to 8.5 and had an average value of 6.88.
The standard deviation for the grade J55 grain sizes was 1.70. Figure 308 shows grain size micrographs for

the (a) 5.5 grade N80 material, (b) 4.5 grade J55 material, and (c) 8.5 grade J55 material.

Table 35: 2 7/8 in. Tubing Grain Size Results

Joint Grade Grain Size

5 N80 55

21 J55 8.0

69 J55 8.0

88 J55 5.0
124 J55 4.5
158 J55 8.5
162 J55 8.5
164 J55 5.0
196 J55 8.5
197 J55 6.5
238 J55 7.0
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Table 36: 2 7/8 in. Tubing Microcleanliness Results

Series Thin Heavy
Joint Grade Type A Type B Type C Type D Type A Type B Type C Type D
(Sulfide}) (Alumina} (Silicate)} | (Globular (Sulfide}) (Alumina} (Silicate}) (Globular

Oxide) Oxide)
5 N80 0.0 0.0 0.0 0.0 25 0.0 0.0 0.5
21 J55 0.0 0.0 0.0 0.5 2.0 0.0 0.0 1.0
69 J55 1.0 0.0 0.0 0.5 2.0 0.0 0.0 0.5
88 J55 0.0 0.0 0.0 0.0 2.0 0.0 0.0 1.0
124 J55 1.0 0.0 0.0 15 2.0 0.0 0.0 1.0
158 J55 0.0 0.0 0.0 0.0 15 0.0 0.0 1.0
162 J55 0.0 0.0 0.0 0.0 15 0.0 0.0 1.0
164 J55 1.0 0.0 0.0 0.5 2.0 0.0 0.0 1.0
196 J55 1.0 0.0 0.0 0.5 2.0 0.0 0.0 1.0
197 J55 0.0 0.0 0.0 0.0 1.0 0.0 0.0 15
238 J55 0.0 0.0 0.0 0.0 15 0.0 0.0 15
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Element conducted tensile testing per ASTM A370 |84]. Table 37 shows a summary of the tensile testing
results. Blade calculated the reduction in area following the procedure discussed in Section 7.1.6. The
remaining tensile properties were reported by Element. Tensile properties reported in Table 37 are for
grade J55 (except joint 5, which is grade N80 material).

The overall minimum, maximum, and average yield strength values for the grade J55 2 7/8 in. tubing
material were 61,000, 77,500, and 70,133 psi, respectively. The minimum yield strength was above the
minimum allowed value of 55,000 psi. The overall minimum, maximum, and average UTS values were
99,500, 121,000, and 108,783 psi, respectively. The minimum UTS was also above the minimum allowed
value of 75,000 psi. The reported percent elongation values ranged from 18% to 26% and had an average
value of 21.6%. Five joints reported values below the minimum allowable elongation of 20%, however the
average elongation was above the limit. The elongation percentages appeared to be consistent and did
not contribute to the failure.

The minimum, maximum, and average tensile properties for grade N80 (joint 5) were also reported in
Table 37. The minimum values for 0.5% EUL, UTS, and percent elongation were all above the allowed
minimums.
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5 90,500 | 93,000 | 91,833 | 105,000 | 108,000 | 106,667 | 19 24 | 21.0 49 56 53.2
21 70,500 | 72,000 | 71,500 | 112,000 | 115,000 | 113,333 | 24 26 | 24.7 39 48 43.8
69 71,000 | 77,500 | 74,167 | 113,000 | 121,000 | 118,000 | 19 23 | 21.0 43 46 44.8
88 67,500 | 69,500 | 68,500 | 99,500 | 103,000 | 100,833 | 18 21 | 19.3 36 46 41.0
124 | 69,500 | 72,000 | 70,333 | 105,000 | 107,000 | 106,000 | 20 24 | 223 40 43 41.0
158 | 70,500 | 71,000 | 70,667 | 112,000 | 113,000 | 112,333 | 21 22 | 21.7 a7 50 48.7
162 | 69,000 | 72,000 | 70,500 | 109,000 | 112,000 | 110,667 | 22 23 | 223 48 50 49.4
164 | 70,500 | 72,500 | 71,333 | 105,000 | 108,000 | 106,000 | 19 22 | 203 36 41 39.0
196 | 70,500 | 72,500 | 71,500 | 111,000 | 112,000 | 111,667 | 21 22 | 21.7 44 48 46.3
197 | 69,000 | 71,000 | 70,000 | 105,000 | 106,000 | 105,667 | 19 22 | 20.0 34 36 35.0

238 | 61,000 | 64,000 | 62,833 | 102,000 | 104,000 | 103,333 | 22 23 | 22.7 39 42 40.5

7.1.4 Hardness

Element conducted hardness testing for the 2 7/8 in. tubing per ASTM E384 [96] and ASTM E18 [85].
ASTM E384 [96] describes the standard test method for microindentation hardness testing. ASTM E18
[85] describes the standard test method for Rockwell hardness testing. Through-wall hardness values
were not acquired using the HRB scale due to the size limitations imposed by the wall thickness. Hardness
testing has spacing requirements for indentations in relation to adjacent indentations and the specimen
edge. The HRB scale could not be used because the indenter size did not permit three indentations from
the ID to the OD based on the spacing requirements.

Blade selected Vickers microhardness to analyze the through-wall hardness values for joints 5 and 88.
Joints 5 and 88 were selected as a representative sample for grades N80 and J55, respectively. Vickers
microhardness uses a smaller indenter that allowed for three indentations from the ID to OD. Table 38
shows the Vickers microhardness results for both joints with the min, max, and average values of the four
quadrants for the OD, MW, and ID. The hardness was consistent from the ID to the OD for both grades

N80 and J55 material. The remaining joints were tested using the HRB indenter at the MW.

Table 39 shows the HRB results for the remaining grade J55 specimens—the values ranged from 88 to 96
HRB, and the average value was 93.5 HRB. Figure 311 shows a histogram of the HRB values. The
distribution appears to be normal, with a standard deviation of 2.0 HRB. The results show consistent HRB
values for the sampled grade J55 joints, with no hardness anomalies.

Table 38: 2 7/8 in. Tubing Vickers Hardness Results

Outside Diameter Mid-Wall Inside Diameter
Joint | Grade
Min Max Avg Min Max Avg Min Max Avg
5 N80 231 243 236.4 227 237 231.7 229 240 235.2
88 J55 201 214 208.8 200 212 205.8 201 214 207.9
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69 J55 88 95 92.1
124 J55 91 96 94.0
158 J55 92 96 94.7
162 J55 94 96 95.0
164 J55 93 96 94.5
196 J55 92 96 93.8
197 J55 92 96 943
238 J55 88 92 90.8

Totals 88 26 93.5

nne

7.1.5 Charpy V-Notch

Element performed CVN testing for the 2 7/8 in. tubing per ASTM E23 [86]. Testing was conducted on
quarter-size specimens due to the size limitations imposed by the pipe wall thickness. The tubing was
tested at a single temperature; the DBTT curves were not constructed. Testing was conducted at 0°C for
comparison with the 7 in. casing. Toughness was not a concern for the tubing because the tubing did not
fracture and did not contribute to the 7 in. casing failure. CVN was conducted to verify the properties of
the grades N80 and J55 material. Table 40 shows the CVN results for the 2 7/8 in. tubing.

Table 40: 2 7/8 in. Charpy V-Notch Results

Figure 311: Hardness Rockwell B Distribution for J55 Joints

Impact Energy Lateral Expansion Percent Shear
Joint | Grade
Min Max Avg Min Max Avg Min Max Avg
5 N80 14 16 15.0 22 45 36.3 100 100 100.0
21 J55 8 10 8.7 18 23 20.7 60 80 70.0
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124 J55 3 4 33 10 11 10.7 10 20 13.3
158 J55 11 13 11.7 17 24 213 100 100 100.0
162 J55 12 13 12.7 14 17 153 100 100 100.0
164 J55 4 5 4.3 7 10 8.3 10 20 13.3
196 J55 11 13 12.3 14 16 15.0 100 100 100.0
197 J55 6 8 6.7 15 16 15.7 40 60 533
238 J55 4 5 4.3 11 14 12.3 20 20 20.0

7.2 11 3/4in. Casing Testing

The 11 3/4 in. casing material testing was limited to a 2 ft section extracted from the top of the string. The
11 3/4 in. casing string could not be extracted due to safety risks and a risk to damaging the evidence
during the extraction procedures.

7.2.1 Chemistry

Element performed OES analysis at three locations on the 11 3/4 in. casing sample. Table 41 shows the
OES results for each of the three locations. The average phosphorus and sulfur are 0.011% and 0.025%,
respectively. These are below the API 5A 18" Edition [80] maximum requirements of 0.04% and 0.06%.
The average carbon and manganese contents are 0.373% and 0.650%, respectively. These values are
consistent with the typical values of 0.27-0.37% and 0.70-1.00% presented in Table 19.

Table 41: 11 3/4 in. Casing Optical Emission Spectroscopy Results (wt%)

ID C Mn P S Si Cr Ni Mo Al Cu Fe
1 0.370 0.650 0.010 0.020 0.040 0.050 0.030 0.010 0.010 0.100 | 98.710
2 0.400 0.650 0.011 0.021 0.040 0.050 0.030 0.010 0.010 0.100 | 98.678
3 0.350 0.650 0.011 0.035 0.040 0.050 0.030 0.010 0.010 0.100 | 98.714
Avg 0.373 0.650 0.011 0.025 0.040 0.050 0.030 0.010 0.010 0.100 | 98.701

7.2.2 Grain Size, Microcleanliness, and Microstructure

Element measured the grain size for the 11 3/4 in. casing. The results for the three locations were 2.5, 2.5,
and 2.0 resulting in an average value of 2.33. Figure 312 shows micrographs from the three locations
taken at 100X. The micrographs show a consistently coarse grain size.

Figure 313 shows the micrographs of the polished specimens used for the microcleanliness investigation.
Table 42 summarizes the results from three locations. The severity levels were low for all four Types. The
highest severity occurred in Type A, which most likely corresponded to manganese sulfides. Figure 314
shows microstructural micrographs taken from three different locations. The specimens were etched with
4% picral to reveal the microstructure. The images show a typical pearlite—ferrite microstructure.
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‘ T | ' ‘ Oxide}) ‘ e | ' ‘ Oxide})
1 1.50 0.00 0.00 1.00 1.00 0.50 0.00 0.50
2 1.50 0.00 0.00 1.00 1.00 0.50 0.00 0.50
3 1.50 0.00 0.00 1.00 1.00 0.50 0.00 0.50
Avg 1.50 0.00 0.00 1.00 1.00 0.50 0.00 0.50
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Specimen ID 0.5% EUL (psl) Ultimate Tenslle Elongation {%) Reduction In
Strength (psi) Area (%)
181 49,200 86,000 26 20
182 49,600 83,500 30 31
183 47,900 82,500 32 29

7.2.4 Hardness

Element performed HRB testing per ASTM E18 [85]. A hardness ring was extracted from the 11 3/4 in.
casing. Triplicate indentations were made at the OD, MW, and ID at four quadrants. Table 44 shows the
results from the HRB testing—they are consistent both through-wall and around the circumference. The
average HRB value for the OD, MW, and ID was 83, 82, and 81, respectively.
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1 3 82 81 80
2 1 82 81 80
2 2 82 81 80
2 3 81 81 79
3 1 82 82 82
3 2 82 82 81
3 3 81 81 81
4 1 85 86 87
4 2 86 84 84
4 3 86 85 85

7.2.5 Charpy V-Notch

Element performed CVN testing on half-size specimens per ASTM E23 [86]. Testing was performed at five
temperatures (100, 75, 45, 0, and -50°C) and two orientations (L-C and C-L). Table 45 shows the Charpy
results. The impact energy values are higher for both orientations as compared to the 7 in. casing.

Table 45: 11 3/4 in. Charpy V-Notch Results

Temperature Orientation Impact Energy | Lateral Expansion | Percent Elongation
(°C) (ft-1b) {mil) (%)
100 L-C 50.7 50.0 100.0
75 L-C 51.3 50.0 100.0
45 L-C 44.0 42.3 86.7
0 L-C 14.0 17.3 10.0
=50 L-C 2.7 4.3 10.0
100 C-L 34.0 40.7 100.0
75 C-L 32.7 39.0 100.0
45 C-L 34.0 37.7 100.0
0 C-L 10.7 13.3 10.0
=50 C-L 2.7 4.7 10.0
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joint 22 (approximately 892 ft). A total of twenty-five 7 in. casing joints were extracted from the well,
including the failed casing segments. Visual inspection of the failed casing segments showed that both an
axial rupture and a circumferential parting had occurred.

Examination of the failed joint showed that the axial rupture originated from an 85% metal loss due to
corrosion. The internal pressure inside the 7 in. x 2 7/8 in. annulus caused slow ductile tearing of the
thinnest region. The unstable crack propagation, after ductile tearing, resulted in a 2 ft long axial rupture.
The release of cold gas [11] from the opening formed by the axial rupture resulted in rapid cooling of the
adjacent casing material. The rapid cooling resulted in the circumferential parting, which comprised an
initiation, a propagation of a circumferential crack, followed by a final overload failure.

The corrosion causing the axial rupture was characterized by striated grooves with V-shaped tips.

A distinct zone of severe corrosion was identified with laser scan and logging data beginning at 700 ft and
extending below the 11 3/4 in. casing shoe (990 ft). Observations during the visual inspection showed that
corrosion with a similar morphology (striated grooves with V-shaped tips) as the axial rupture corrosion
feature began at 700 ft. Corrosion was observed above 700 ft but was less severe and did not contain
striated grooves with V-shaped tips. The ID surface of the 11 3/4 in. casing shared the same environment
as the OD surface of the 7 in. casing. Logging of the 11 3/4 in. casing confirmed the corrosion zone to be
between 700 and 990 ft. Visual inspection with a downhole camera suggested that the corrosion on the ID
surface of the 11 3/4 in. casing appeared to be similar to the 7 in. corrosion, which contained striated
grooves. Other features, such as localized pitting and crevice corrosion with possible galvanic effects,
were also observed on the OD surface of the 7 in. casing during visual inspection; however, these features
were not related to the failure of the 7 in. casing and were not limited to below 700 ft.

The corrosion features with striated grooves contained tunnels that penetrated longitudinally into the
base metal from the V-shaped tips. Characterization of the OD scale and the corrosion deposits inside the
tunnels confirmed the presence of iron oxides and organic matter. Extra-cellular material, which is
normally associated with the activities of microbes, was found in the developing tunnel. DNA-based
amplicon metagenomics confirmed high amounts of methanogens on the OD surface of joint 24 of the 7
in. casing. Literature data indicated that methanogens can influence the corrosion of steel. The corrosion
feature containing striated grooves with V-shaped tips was most likely MIC.

Material testing from the twenty-five 7 in. casing joints from SS-25 well showed that the chemistry, grain
size, microcleanliness, microstructure, tensile, and hardness were consistent with the vintage grade J55
properties. CVN and fracture toughness tests were conducted, and the results were used for FEA and
fracture mechanics analysis. FEA was used to estimate the failure pressure of the 7 in. casing axial rupture
based on the geometry from the corrosion feature and striated grooves.

Three models were used to predict failure pressure. The first model represented the 9.25 in. x 3.72 in. and
85% deep corrosion feature without striated grooves. The model predicted a differential pressure of
3,850 psi, which is above the estimated differential pressure (2,405 psi) at the time of the failure. The
other two models incorporated notches to simulate the effects of the striated grooves. These models
predicted differential pressures of 2,327-2,836 psi, which were reasonably consistent with the estimated
differential failure pressure. The models also showed bulging in the corrosion feature consistent with the
field observations. Two possible initiation sizes were identified during the metallurgical investigation of
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temperature between -60°C and -39°C.

The metallurgical investigation of the circumferential parting showed that a circumferential crack formed,
which left behind a final ligament. FEA was used to evaluate if the final ligament could have sustained the
axial force. A helical circumferential crack was modeled based on dimensions measured in the lab. The
model became unstable at 128 klbf (54% of the total axial force), indicating that the ligament would have
failed due to the axial force. This is consistent with the proposed sequence of events based on
metallurgical observations.

In summary, an interdisciplinary approach was used for the investigation, including metallurgical,
mechanical, chemical, and biological analyses. This interdisciplinary failure investigation established that
an axial rupture occurred in the SS-25 7 in. casing due to an 85% deep corrosion on the OD surface, most
likely influenced by microbes. Rapid cooling due to the release of cold gas from the axial rupture led to
the circumferential parting.
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Sample

Line Identification Sampling Date Description
1 TO01S1 August 22, 2017 ID Swab
2 T003S1 August 23, 2017 Scale sample
3 TO03S2 August 23, 2017 ID Swab
4 T0O06S1 August 23, 2017 Oil sample
5 T0O08S1 August 23, 2017 Oil sample
6 TO08S2 August 23, 2017 ID Swab
7 T014S1 August 23, 2017 Oil sample
8 T020S1 August 23, 2017 Oil sample
9 T021S1 August 23, 2017 Solid Sample
10 T021S2 August 23, 2017 ID Swab
11 T022S1 August 23, 2017 Scale sample
12 T023S1 August 23, 2017 Scale sample
13 T024S1 August 23, 2017 Scale sample
14 T025S1 August 23, 2017 oily scale sample
15 T026S1 August 23, 2017 Scale sample
16 T026S2 August 23, 2017 ID swab
17 T028S1 August 23, 2017 Scale sample
18 T028S2 August 23, 2017 sample
19 T029S1 August 23, 2017 Scale sample
20 T029S2 August 23, 2017 sample
21 T030S1 August 23, 2017 Oil sample
22 T032S1 August 23, 2017 Oil sample
23 T038S1 August 23, 2017 Oil sample
24 T038S2 August 23, 2017 Oil sample
25 T044S1 August 24, 2017 Oil sample
26 TO50S1 August 24, 2017 Oil sample
27 T056S1 August 24, 2017 Oil sample
28 TO68S1 August 25, 2017 ID swab
29 T07751 August 25, 2017 Solid Sample
30 T079S2 August 25, 2017 solid sample
31 T0O80S1 August 25, 2017 Liquid sample w/solids
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34 1U8YSL August 25, ZUL/ Solid sample
35 T094S1 August 26, 2017 wet mud sample
36 T098S1 August 26, 2017 ID swab
37 T102S1 August 26, 2017 mud sample
38 T113S1 August 26, 2017 mud sample
39 T123S1 August 27, 2017 Oil sample
40 T125S1 August 27, 2017 Solid Sample
41 T128S1 August 27, 2017 ID swab
42 T142S1 August 27, 2017 Solid Sample
43 T157S1 August 28, 2017 Solid Sample
44 T158S1 August 28, 2017 Solid Sample
45 T158S2 August 28, 2017 Solid Sample
46 T170S1 August 28, 2017 Liquid sample
47 T17751 August 28, 2017 Solid Sample
48 T180S1 August 28, 2017 Solid Sample
49 T18751 August 29, 2017 Solid Sample
50 T188S1 August 29, 2017 Viscous sample
51 T188S2 August 29, 2017 ID swab
52 T191S1 August 29, 2017 Solid Sample
53 T204S1 August 29, 2017 Solid Sample
54 T221S1 September 1, 2017 ID swab
55 T233S1 September 1, 2017 Solid Sample
56 T244S1 September 1, 2017 Solid Sample
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Line Ideiiir;;:;);:ion Sampling Date Description Analyzed By
1 C001Ss1 October 12, 2017 0D Solid Premier
2 C001S2 October 12, 2017 ID Scale Premier
3 C00251 October 30, 2017 0D Solid Premier
4 C003S1 October 31, 2017 OD Solid Premier
5 C003S2 October 31, 2017 ID Solid Premier
6 C004S1 October 31, 2017 OD Solid Premier
7 C004S2 October 31, 2017 ID Solid Premier
8 C005S1 October 31, 2017 OD Solid Premier
9 C005S2 October 31, 2017 ID Solid Premier
10 C006S1 November 1, 2017 OD Solid Premier
11 C008s1 November 1, 2017 0D Solid Premier
12 C009S1 November 2, 2017 OD Solid Premier
13 C009S2 November 2, 2017 ID Solid Premier
14 C01251 November 3, 2017 OD Solid Premier
15 C015S51 November 4, 2017 0D Solid Premier
16 C015S2 November 4, 2017 ID Solid Premier
17 c018s1 November 5, 2017 0D Solid Premier
18 €018S2 November 5, 2017 OD Solid Premier
19 C018S3 November 5, 2017 ID Solid Premier
20 C021S1 November 6, 2017 OD Solid Premier
21 C021S2 November 6, 2017 0D Solid Premier
22 C02251 November 7, 2017 OD Solid Premier
23 C022S2 November 7, 2017 0D Solid Premier
24 C022S3 November 7, 2017 ID Solid Premier
25 C02254 November 7, 2017 0D Solid Premier
26 C022S5 November 7, 2017 OD Solid Premier
27 C022S6 November 7, 2017 0D Solid Premier
28 C022S57 November 7, 2017 OD Solid Premier
29 C022S8 November 7, 2017 0D Solid Premier
30 C023AS1 November 14, 2017 OD Solid Premier
31 C023AS2 November 14, 2017 0D Solid Premier
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34 LUZ3B51 November 14, 2UL/ UL Solid Premier
35 C02451 November 15, 2017 0D Solid Premier
36 C024S2 November 15, 2017 OD Solid Premier
37 C024S3 November 15, 2017 0D Solid Premier
38 €02454 November 15, 2017 OD Solid Premier
39 C024S5 November 16, 2017 0D Solid Premier
40 C024S6 November 16, 2017 OD Solid Premier
41 €024S57 November 16, 2017 0D Solid Premier
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Table 48: X-Ray Diffraction Data from C025 Scale Analysis

Original Weight Percentage

Adjusted Weight Percentage

C025A3AWS1 | CO25A3AWS2 | C025A3AWS1 | CO25A3AWS2
Quartz 3.7 1.9 3.9 1.9
Plagioclase 0 0 0 0
Cristobalite 0 0 0 0
Mica (lllite) 0 0 0 0
Calcite 34.4 55.7 36.1 56.8
Aragonite 0 0 0 0
Witherite 0 0 0 0
Siderite 0 0 0 0
Goethite 0 0 0 0
Hematite 8 7.6 8.4 7.8
Lepidocrocite 0 0 0 0
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Sylvite Tr Tr 0 0
Barite 4.6 2 0 0
Total 100% 100% 100% 100%
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generally-accepted and reasonable practices in the industry. Our clients remain fully responsible for all clients’ decisions, actions and
omissions, whether based upon Blade’s work product or not; and Blade’s liability solely extends to the cost of its work product.



In January 2016, as part of their investigation of the leak, the California Public Utilities Commission (CPUC)
and the Division of Qil, Gas, and Geothermal Resources (DOGGR) selected and gave provisional authority
to Blade Energy Partners (Blade) to perform an independent Root Cause Analysis (RCA). The Blade Team
and parties under Blade’s direction were responsible for directing the work of subcontractors who
performed the extraction of S5-25’s wellhead, tubing, casing, and the preservation and protection of
associated evidence. Blade’s RCA Reports, including this one, document and describe the key activities
undertaken in support of the RCA effort.

Blade tested the 7 in. 23 ppf J55 Speedtite connections that were extracted from SS-25. The purpose of
the connection testing was to determine whether the connections would maintain internal pressure
equivalent to the highest gas storage operating pressure without leaking. Twenty-five connections were
tested at the Blade RCA Storage Facility in Houston, TX, and nine leaked. After testing, select connections
were broken out, and all of them had breakout torques that were lower than the estimated
recommended makeup torque. The pin and box threads were cleaned, visually inspected, and found to be
in very good condition. There was no obvious thread galling, metal burrs, seal area damage, or erosion
paths. Two connections having the highest leak rates were retested to see if the original test results were
repeatable. The connections were made up to the estimated recommended makeup torques and then
tested using the same procedures as before. Both connections leaked.

The testing results suggest that over time some of the connections leaked very small amounts of gas into
the 11 3/4 in. x 7 in. annulus and that the volume of gas would vary depending on the internal pressure
the casing was exposed to during the various storage operations (injection or withdrawal). A review of the
Short Thread Casing (STC) connection design that was used on the 11 3/4 in. casing shows that the
connections were not gas-tight and were susceptible to leaking gas at very low internal pressure.
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pressure to the connection equivalent to the highest gas storage operating pressure the 7 in. casing had
been exposed to and determine if it would maintain the pressure without leaking. The testing was done in
accordance with the Blade Connection Testing Protocol [1] at the Blade RCA storage facility (warehouse)
in Houston, TX.

The 7 in. production casing string was run in SS-25 on February 10, 1954. The well served as an oil
producer for the next 19 years and was converted to a gas storage well in June 1973. S5-25 served as a gas
storage well for the next 42 years until October 2015, and it was primarily for gas injection through the

7 in.x2 7/8 in. annulus.

During the Phase 3 well site operations, the 7 in. casing was cut at 939 ft in August 2017, and 23 joints of
7 in. casing were extracted from SS-25. In September 2018, the 7 in. casing was cut at 1,040 ft, and two
additional joints were extracted. The Speedtite connections were not broken out during the extraction

[PPSR DT RPN ) PRI . UG G TR SR I P TR o T ¥ SR ' DRGNS S [N SR DU A 1 SR R |

connections were located in the SS-25 wellbore. Table 1 lists the connection specimens that were tested.
The Joint Sequence Number (JSN) is the unique Blade serial number used for internal traceability
purposes.
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Figure 2: 7 in. Casing and Connection Locations
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3 102.9 C003B 5.01
4 144.7 C004B 4.99
5 184.3 C0058B 5.03
6 226.1 C006B 5.01
7 267.7 C0078B 4.99
8 308.2 C008B 5.00
9 3495 C009B 5.00
10 392.6 C0108B 4.99
11 4354 C011B 5.00
12 477.6 C012B 5.82
13 517.8 C013B 4.98
14 560.4 C014B 5.26
15 602.6 C015B 5.17
16 644.0 C016B 4.89
17 686.4 C017B 5.01
18 727.9 C018B 5.38
19 769.7 C019B 5.00
20 810.6 C0208B 4.99
21 851.8 C021B 6.31
22 894.8 C023A1C 5.80
23 936.7 C024B 4.63
24 978.9 C025B 5.69
25 1,021.4 C026B1 5.00
1.1 Abbreviations and Acronyms
Term Definition

API American Petroleum Institute

Blade Blade Energy Partners

CAL Connection Application Level Test

CPUC California Public Utilities Commission

cc Cubic centimeters

DOGGR Division of Qil, Gas, and Geothermal Resources

EU External Upset
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kips Thousand pounds

ksi Thousand pounds per square inch
MMscf/D Million Standard Cubic Feet per Day
MPI Magnetic Particle Inspection

oD Outside Diameter

ppf Pounds Per Foot

RCA Root Cause Analysis

RP Recommended Practice

SCCM Standard Cubic Centimeters per Minute
SCFD Standard Cubic Feet per Day

SLM Standard Liters per Minute

SS Standard Sesnon

STC Short Thread Casing

uv Ultraviolet

VCl Volatile Corrosion Inhibitor

VME Von Mises Equivalent

XRD X-Ray Diffraction

1.2 Speedtite Connection Description

Speedtite connections are no longer commercially available, and the limited public information describing
them suggests that Speedtite connections are identical to Hydril's Super EU connections and that
Youngstown Steel (the manufacturer of the 7 in. casing run in 5S5-25) was licensed to cut Super EU
connections and market them under the name ‘Speedtite’. Super EU connections are no longer
commercially available either, but some information is publicly accessible regarding the connection
features and design.

Super EU is a proprietary internally upset, two-step connection. The connection outside diameter (OD) at
7.444 in. is slightly larger than the 7 in. pipe OD. During manufacturing, pin threads are cut at the bottom
end of each ~42 ft long joint, and the box threads are cut on the upper end of each joint. In the field, the
pin from one joint is made-up into the box from another joint when the casing string is run in the well.
Internal pressure leak resistance is provided by the post-makeup contact pressure from radial
interference in the metal-to-metal seal labeled ‘A’ in Figure 3. When the casing is exposed to internal
pressure, the seal contact pressure increases as the pin expands radially into the box, thereby increasing
the internal leak resistance of the connection. The connection is also designed to provide external
pressure resistance via another metal-to-metal seal labeled ‘B’ in Figure 3 and functions similarly to that
of seal ‘A.” The torque shoulder where the pin and box meet after the connection is made up is located
between the ‘B’ seal and the OD of the pin. This torque shoulder is the only source of torque during
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was exposed to was 3,300 psi. The internal pressure rating of the Speedtite connection is estimated to
have been 4,360 psi for the 7 in. 23 ppf J55 casing based on the 7 in. pipe body capacity. During testing,
nitrogen gas was used to simulate the methane gas pressure that was seen at S5-25.

Blade's connection testing protocol was based on the relevant sections of American Petroleum Institute
(AP1) Recommended Practice (RP) 5C5 - Recommended Practice on Procedures for Testing Casing and
Tubing Connections [3], and testing was done at the Blade warehouse in Houston. No attempt was made
to do a complete API RP 5C5 Connection Application Level (CAL) IV combined load type of test because
the purpose of the testing was not to determine the connection's performance limits but only to see if
these connections leaked under normal gas storage operating conditions.

Table 2 lists the nominal loads placed on the 7 in. connections when subjected to an internal pressure of
3,300 psi during the connection test. These loads were lower than the actual loads listed in Table 3, which
shows the loads that the 7 in. casing was subjected to during injection at 2,700 psi while the casing was
cooled as gas expanded through the leak at 892 ft. [4].

Table 2: Connection Test Nominal Loads

Nominal Load Value
Internal Pressure 3,300 psi
Axial Load 105.04 kips
Axial Stress 15,780 psi
Hoop Stress 34,790 psi
VME Stress 33,050 psi

Table 3: Injection at 2,700 psi with the Worst Case Cool Down Loads

Nominal Load At 0 ft MD At 892 ft MD
Internal Pressure 2,700 psi 2,791 psi
External Pressure 0 psi 388 psi
Axial Load 266.5 kips 245.9 kips
Axial Stress 40,041 psi 36,950 psi
Hoop Stress 30,075 psi 28,778 psi
VME Stress 39,611 psi 36,747 psi
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catastrophic failure. In the event of a leak, the thermocouple can monitor the specimen temperature
and ensure it does not create an unsafe environment due to Joule-Thomson cooling.

e Attaching the flexible boot leak-trap device to the connection to trap any gas leaking from the
connection during the test. The boot consisted of neoprene sheets wrapped around the connection
and affixed to the specimen OD with superglue and contact cement. A 1/8 in. vinyl hose was inserted
between the boot and the connection OD to convey any gas leaking from the connection to a flow
meter that measured leak flow rate and volume.

e |Installing the test specimen onto the test fixture that held the specimen in place during the test.
A 6 in. diameter filler bar was inserted into the specimen to reduce the internal volume and thereby
minimize the volume of nitrogen required for the test. High pressure end-caps were then attached to
either end of the test specimen.

e Installing a mass flow meter that continuously monitored, measured, and recorded any gas flow
leaking from the connection and through the boot. Gas flow readings are measured in units of
standard cubic centimeters per minute (SCCM).

e Testing the flexible boot using a syringe pump and a 4 SCCM flow meter. Air was pumped into the
boot, and the volume of flow out of the boot was compared to the flow in volume. If at least 95% of
the air pumped into the boot was collected, the boot was deemed to provide a satisfactory seal
around the connection.

e Testing the connection by increasing the internal pressure in the specimen by increments according to
the load schedule shown in Table 4. The resulting test data (pressures, rates, strains, temperatures)
were continuously monitored and recorded.

Table 4: Connection Test Load Schedule

Pressure (psi) Hold Time (minutes)
500 15
1,000 5
1,500 5
2,000 5
2,500 2
3,300 240

If the connection leaked during the test, then the internal pressure was maintained in order to allow for a
volumetric flow rate to be calculated based on the internal pressure and mass flow sensor. This required
slowly metering compressed nitrogen gas into the specimen at a comparable rate to that of the leak.

Figure 4 shows what an ideal pressure test would be expected to look like. The graph shows internal test
pressure and gas flow rate through the boot vs. time. The load step increments and hold periods are clear.
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Blade designed and built the connection testing equipment and control system. Photographs of the test
facility and an instrumented test specimen are shown in Appendix B. The key components were the:

e Conex trailer, which served as a safety containment vessel in the event of a catastrophic failure, and
as the primary barrier between debris and personnel. The Conex housed the test specimen, pressure
cabinet, control box, and other instrumentation, such as an O; sensor and a webcam for remote
observation.

e Pressure cabinet, which contained pneumatic gate and metering valves that allowed for a
semi-automated test sequence.

e Test stand, which restrained the specimen during testing in the event of rupture.

e Control system and software, which allowed automated testing and monitors for leak detection. The
data collection rate was automatically increased if a leak was detected, but it could also be changed
by the test operator.

e Test pump, which was an air-driven boost pump used to increase the pressure from the nitrogen
tanks that was then pumped into the pressure cabinet and subsequently into the test specimen.
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the connection testing boot. Due to the testing set-up, it was possible for a flow meter to register false
positives for a leak rate due to the differential expansion of the steel connection and the flexible outer
boot. Since these indications were over a very short duration (seconds in some cases), they were only
considered a leak when they occurred for a prolonged time period.
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Table 5: Connection Test Results Summary

Connection No. | Depth in Well (ft) JSN Leak?
1 20.1 co018B No
2 60.6 C0028B Yes
3 102.9 C003B No
4 144.7 c0048B Yes
5 184.3 C005B No
6 226.1 C0068B No
7 267.7 C0078B No
8 308.2 C008B No
9 349.5 C009B No
10 392.6 c0108B No
11 435.4 C0118B Yes
12 477.6 C0128B Yes
13 517.8 C013B No
14 560.4 c0148B No
15 602.6 C0158B No
16 644.0 col16B Yes
17 686.4 C0178B No
18 727.9 c0188B No
19 769.7 C0198B Yes
20 810.6 C020B No
21 851.8 c0218B Yes
22 894.8 C023A1C Yes
23 936.7 C0248B No
24 978.9 C0258B Yes
25 1,021.4 C026B1 No

The tests began by using a 4 SCCM flow meter. If during the test the flow meter range was not sufficient
to measure the flow rate, then the test was stopped. A higher capacity flow meter was installed, and the
test was re-started. In several cases a 50,000 SCCM meter had to be used. Therefore, some connections

required multiple individual tests to complete the test program.

Connections that leaked were generally characterized by constant and repeatable flow rates. Connections
that didn't leak typically acted in accordance with what is shown in Figure 4. The highest leak rates came
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Connection | Leak? Flow Meter Press-ure Max Leak Rate Volume
(SCCM) {psi) Leaked (cc)
Co018B 1. No 1.4 1. 3,300 1.0SCCM 1.0.24
C0028B 1. Yes 1.4 1.1,500 1.>4SCCM 1.>112
2. Yes 2.50 2.2,500 2.>50SCCM 2.>550
3. Yes 3.500 3.3,300 3. 101 SCCM 3.>11,200
Rate after 2.5 hours at 3,300 psi
was ~78 SCCM
C0038B 1. No 1. 1. 3,300 1.0SCCM 1.0
C0048B 1. Yes 1. 1.2,000 1.>4SCCM 1.124
2. Yes 2. 2.2,000 2.>4SCCM 2.630
3. Yes 3.500 3.3,300 3. 200 SCCM 3.>17,100
Rate after 1 hour at 3,330 psi was
140 SCCM
C0058B 1. No 1.4 1. 3,300 1.3.4SCCM 1.70
2. No 2.50 2.3,300 2.0 SCCM 2.0
C006B 1. No 1.4 1. 3,300 1.0SCCM 1.0
Co078 1. No 1.4 1. 3,300 1.0.4 SCCM 1.9.6
C008B 1. No 1. 500 1. 3,300 1.0SCCM 1.0
2. No 2.4 2.3,300 2.0 SCCM 2.0.078
C0098B 1. No 1. 1. 3,300 1.0SCCM 1.0.08
C0108B 1. No 1. 1. 3,300 1.0SCCM 1.0
C0118B 1. Yes 1. 1.1,200 1.>4SCCM 1.>18
2. Yes 2.500 2.3,300 2.90 SCCM 2.>6,500
C0128B 1. Yes 1.4 1. 3,300 1.1.7 SCCM 1.183
Rate after 2 hours at 3,300 psi was
1.1SCCM
C0138B 1. No 1.4 1. 3,300 1.0.7 SCCM 1.6.1
C0148B 1. No 1.4 1. 3,300 1.0.84 SCCM 1.75
C0158B 1. No 1.4 1. 3,300 1.0.17 SCCM 1.0.48
C0168B 1. Yes 1.4 1.1,000 1.>4SCCM 1.>2
2. Yes 2.500 2.2,500 2.>500SCCM 2.>5,000
3. Yes 3. 50,000 3.3,300 3.1,120 SCCM 3.117,500
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Cco18B 1. No 1.4 1. 3,300 1.0.14 SCCM 1.0.74
C019B l.Yes | 1.4 1. 1,000 1.>4SCCM 1.>90
2.Yes | 2.500 2. 3,300 2.>500SCCM 2.>700
3. No 3. 50,000 3. 3,300 3.0SCCM 3.0
4.Yes | 4.500 4.3,300 4.137 SCCM 4.>4900
Rate after 4 hours at 3,330 psi was
15 SCCM
C020B 1. No 1.4 1. 3,300 1.0.3SCCM 1.6.9
C021B l.Yes | 1.4 1. 1,000 1.>4SCCM 1.>80
2.Yes | 2.500 2. 3,300 2.128 SCCM 2.>5200
Rate after 2 hours at 3,330 psi was
91 SCCM
C023A1C l.Yes | 1.4 1. 500 1.>4SCCM 1.>7
2.Yes | 2.50,000 2.2,500 2.>50,000 2. > 350,000
SCCM
3.Yes | 3.1,000,000 | 3.2,800 3.195SLM 3.>1,180,000
C024B 1. No 1.4 1. 3,300 1. 0.65 SCCM 1.>18
C025B l.Yes | 1.4 1.1,400 1.>4SCCM 1.>27
2.Yes | 2.500 2. 3,300 2. 237 SCCM 2. > 35,000
Rate after 4 hours at 3,330 psi was
110 SCCM
C026B1 1. No 1.4 1. 3,300 1.0.17 SCCM 1.0.48

It should be noted that the tests are not quantitatively repeatable. If a connection leaked during a test
and was retested at a later date, it would still leak, but the leak rates may not have been the same.

3.1 Post Connection Test Operations

All nine of the connections that leaked and five of the connections that did not were broken out using a
horizontal bucking machine. Table 7 shows the resulting breakout torques that were uniformly low—
ranging from 3,614 to 8,708 ft-lb—which was unexpected. Publicly-available information suggests that the
makeup torque for these connections would be approximately 8,000 ft-lb. The breakout torque for a
correctly made-up connection can be expected to be much higher than the makeup torque, especially if
the connection has been in place for an extended period of time. For comparison, Table 7 includes the
breakout torques from five P-34 connections that are significantly higher and more in line with what
would normally be expected. The individual breakout torque charts are provided in Appendix C.
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4 C004B Yes 4,910
6 C006B No 4,452
10 C010B No 6,477
11 C011B Yes 5,237
12 C012B Yes 8,708
16 C016B Yes 6,734
17 C017B No 6,318
19 C019B Yes 8,313
21 C021B Yes 6,148
22 C023A1C Yes 5,649
23 C024B No 7,093
24 C025B Yes 5,822
P-34 C002 P-34 C002 N/A 22,707
P-34 C0O03 P-34 C003 N/A 16,620
P-34 CO05 P-34 CO05 N/A 21,506
P-34 CO06 P-34 C0O06 N/A 19,610
P-34 C007 P-34 C007 N/A 23,457

After break out, the pin and box threads were cleaned and visually inspected. The threads were found to
be in very good condition with no obvious galling, metal burrs, erosion paths, or damage to the threads
and seal areas. There was no obvious relationship between the thread condition, the breakout torque,
and whether or not a particular connection leaked. Figure 5 is a representative photo of the condition of

the threads after break out and cleaning. The original machined surface condition is still visible.
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provided in Appendix E with the units in percent mass. While there is a large variance in the chemistry

found in each of the samples, there was no correlation between the thread compound composition and
connection test results. A significant quantity of barite (BaSQ,) was found in the thread compound from
casing connection C023A1C. This is likely attributed to the mud used during several of the kill attempts.

Attt Al A ittt Sl S bl St

3.2 Supplemental Testing

After reviewing the breakout data and thread inspection results, Blade decided to retest connections
C016B and C023A1C after making them up to the estimated recommended torque (8,000 ft-Ib) using the
horizontal bucking machine to see if the original test results were repeatable.

A paste-like blue dye was first applied to the pin nose seal before carefully making the connections up to
hand-tight torque. This type of blueing process is commonly used as a quality check to detect high-spots
or gaps during machining and assembly processes through the transfer of the dye from one surface to
another when the surfaces contact. The connections were then carefully backed out by hand so that the
blueing transfer from the pin nose seal to the box seal area could be observed. The transfer of the dye
from the pin nose seal to the box seal was incomplete for both connections. Figure 6 shows the blueing
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2. Yes 2.50 2. 3,300 psi 2.35SCCM 2.>530
C023A1C 1. Yes 1. 500 1. 2,200 psi 1.>500 SCCM 1.>1,090

2. Yes 2. 50,000 2. 2,400 psi 2.>50,000 SCCM | 2.> 140,000

3. Yes 3. 1,000,000 3. 2,906 psi 3. 306 SLM 3.>2,820,000

The fact that the connections had been made up to the estimated recommended torque and still leaked

demonstrates that the leaks were not associated with the low breakout torques and that the low

breakout torques were therefore not a consequence of any mechanisms associated with the parting of

the 7 in. casing. The left panel in Figure 7 shows the how the corrosion on connection C023A1C was

aligned in the original condition before being broken out. The right panel shows the corrosion misaligned
after C023A1C was broken-out, cleaned and then made-up to 8,000 ft-Ib. These results also indicate that
the original makeup torque was less than 8,000 ft-lb.

1 20.1 o018 No 3,614 No
2 60.6 0028 Yes 4,732 Yes
3 102.9 C003B No - No
4 144.7 0048 Yes 4,910 Yes
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/ 26/./ LUuU/B NO - NO
8 308.2 C008B No - No
9 349.5 C009B No - No
10 392.6 C010B No 6,477 Yes
11 435.4 C011B Yes 5,237 Yes
12 477.6 C012B Yes 8,708 Yes
13 517.8 C013B No - No
14 560.4 C014B No - No
15 602.6 C015B No - No
16 644.0 C016B t\\(/jisc; 6,734 Yes
17 686.4 C017B No 6,318 Yes
18 727.9 C018B No - No
19 769.7 C019B Yes 8,313 Yes
20 810.6 C020B No - No
21 851.8 C021B Yes 6,148 Yes
22 894.8 C023A1C t\\(/jisc; 5,649 Yes
23 936.7 C024B No 7,093 No
24 978.9 C025B Yes 5,822 Yes
75 10214 rN726R1 Nn - Nn
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LinePipe Threads [5]. STC connections do not have metal-to-metal seals and instead rely on the
interference bearing pressure created between the pin and box threads during makeup. These threads
also have a void at the thread root and crest areas that create a helical leak path through the connection,
which must be plugged with thread compound to provide the possibility of any leak resistance.

Internal yield pressure of the 11 3/4 in. casing is 1,980 psi. The calculated, or design, leak resistance of STC
connections for 11 3/4 in. casing is also 1,980 psi. However, as recognized by the industry since the 1940s,
the actual leak resistance for STC connections run in the field can be significantly lower. The original API
tubular specifications were established with the intent to standardize pipe sizes and connections so that
material from one mill could be used interchangeably with material from other sources. The specifications
did not focus on leak resistance. The leak resistance equations provided by API do not account for many
threading variables either, including dimensional tolerances and tension. The variables that affect STC
leak resistance include the pipe OD and pipe yield strength, the thread attributes (lead, taper, pitch
diameter), the thread compound (which degrades over time), the tension load (which reduces the thread
bearing pressure), and the field makeup practices (which impacts the thread bearing pressure).

Research on API threads conducted by T. H. Hill Associates in 1989 demonstrated that “the average pin
screwed into the average coupling to the nominal power-tight position will have about 25%—-45% less leak
resistance than supposed” [6]. Due to pipe manufacturing practices and allowances and practical
limitations on machining, a bias towards small pins and large boxes is built into the API pitch diameter
gauging method. This leads to most connections not achieving design leak resistance. The research
showed that at least 2.5% of the STC connections in a string will have an actual leak resistance at least
67% lower than the design leak resistance [6].

Enertech Engineering conducted research for APl that concluded that leak resistance is strongly
influenced by: loading sequence, makeup conditions, and dimensional tolerances (taper, thread lead, and
ovality). In the study it was found that lower yield strengths of both the pipe body and coupling result in
lower connector leak pressures due to the material in the connector reaching yield stress at makeup.
Tension causes a significant reduction in leak resistance due to reduced stab flank contact pressure [7].

The actual STC leak resistance is expected to be lower than the design value and can be significantly lower
with respect to gas leak resistance, which is much more challenging than leak resistance to a fluid (e.g.,
water, drilling fluids). This is why most proprietary connections utilize a metal-to-metal seal to provide
leak resistance and do not rely on the threads and thread compound. STC connections are not gas-tight. A
great deal of industry work has been done since S5-25 was drilled to understand and improve the leak
resistance and reliability of STC and similar APl connections. This knowledge was unavailable in 1953.

STC connections are perfectly acceptable in the right application, such as for surface casing strings where
the setting depths are relatively shallow, downhole pressures are low, and gas is rarely encountered. The
main function of surface casing is to isolate fresh water, provide structural support for the rest of the well,
and not to provide a gas-tight barrier to a production string.

Considering the amount of time the 11 3/4 in. casing had been in place and the known limitations of STC
regarding leak resistance, exacerbated in the presence of gas, it is highly probable that the 11 3/4 in.
casing could have leaked gas at a very low pressures.

May 31, 2019 Volume 2 Page 23



LUIIISLUIUIS WEIT LESLEU aliu IS ISARSU. AILET LESUIIE, SSITULL LUTHISLUUNS WEIT UTURSIH UUL diiu ail Hau
breakout torques that were lower than the estimated recommended makeup torque. In contrast, five
connections from the P-34 well were broken out and all had breakout torques higher than the
recommended makeup torque, which would have been expected. However, there was no apparent
relationship between breakout torque and the susceptibility of a particular connection to leak because,
for example, test specimen CO01B had the lowest breakout torque and did not leak during testing. The pin
and box threads were cleaned, visually inspected, and found to be in very good condition. There was no
obvious thread galling, metal burrs, seal area damage, or erosion paths. The thread attributes and seal
dimensions could not be measured or gauged to identify any deviations from nominal because Speedtite
connections are no longer commercially available.

The two connections with the highest leak rate (C016B and C023A1) were retested. A blue dye was first
applied to the pin seal areas, and the connections were made up to a hand tight position and then broken
out. On both connections there were sections of the box seal area where the dye had not been
transferred from the pin seal area, suggesting a lack of seal contact. The connections were then made up
to the estimated recommended makeup torque with modern API modified thread compound and
retested. Both connections leaked again.

It should be noted that the tests were not quantitatively repeatable. If a connection leaked during a test
and was retested at a later date, it would still leak, but the leak rates may not have been the same. For
example, during the testing of C019B, the connection leaked beyond the capacity of the 500 SCCM meter.
The connection was retested with the 50,000 SCCM flow meter and no leaks appeared. It was then
retested with the 500 SCCM flow meter and had a peak leak rate of 137 SCCM. Most of the leaks rates
were quite low, ranging from 1.2 to 237 SCCM for seven tests. The two joints with the highest leak rates
were C016B and C023A1C, which leaked at 1,120 SCCM (57 SCFD) and 196 SLM (9,967 SCFD), respectively,
during initial testing. To put this in context, while the C023A1C leak rate was 0.01 million standard cubic
feet of gas per day (MMscf/D), it is estimated that during the blowout the well rate exceeded

90 MMscf/D.

The capped end load during testing was 105 kips, which is approximately 44% of the load seen by the 7 in.
casing at 892 ft. Due to this difference in axial load, the downhole leak rates may have been greater than
those observed during testing due to tension decreasing the primary seal energy.

The testing results suggest that some of the Speedtite connections leaked very small amounts of gas into
the 7 in. x 11 3/4 in. annulus over time. It can be concluded that the volume of gas would also have varied
over time, depending on the internal pressure that the casing was exposed to, which was a function of the
ongoing storage operation (injection or withdrawal). Figure 9 shows the SS-25 casing pressure history
from 1977 to 2016.
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oD Wt. Wall ID ID Top | Bottom | Length
String (in.) {ppf) Grade | (in.) (in.) (in.) (ft) (ft) (ft) Conn.
23.00 J55 0.317 | 6.366 | 6.241 0 2,398 2,398 Speedtite
23.00 N80 0.317 | 6.366 | 6.241 2,398 6,308 3,910 Speedtite
Production | 7.000
26.00 N80 0.362 | 6.276 | 6.151 6,308 8,282 1,974 Speedtite
29.00 N80 0.408 | 6.184 | 6.059 8,282 8,585 303 Speedtite
Table 12: 7 in. Casing Nominal Performance
Pipe Body Data Connection Data
Nom. Nom.
oD Wit. Wall Burst | Collapse | Tension | OD ID Burst
String (in.) {ppf) Grade | (in.) (psi) (psi) (Ibf) (in.) | (in.) (psi)
23.00 J55 0.317 4,360 3,270 366,000 | 7.444 | 6.285 | 4,360
23.00 N80 0.317 6,340 3,830 532,000 | 7.444 | 6.285 | 6,340
Production | 7.000
26.00 N80 0.362 7,240 5,410 604,000 | 7.444 | 6.196 | 7,240
29.00 N80 0.408 8,160 7,030 676,000 | 7.572 | 6.104 | 8,160
May 31, 2019 Volume 2 Page A-1



















May 31, 2019 Volume 2 Page B-6



Test Date: Comments:
1.12, Sept. 2018 1.) Test conducted with 4 SCCM flow meter; No Leak.
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approximately 101 SCCM.
3.27, Aug 2018
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SCCM.
3.27, Aug 2018
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’ meter; No Leak.
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2.28, Aug 2018
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1,120 SCCM.
3.10, Sept 2018

May 31, 2019 Volume 2 Page C-16



2.24,Jan 2019 | 'V 27V
o 1.) Tested with 4 SCCM flow meter. Leaked beyond flow meter range. 2.) Tested with 50 SCCM flow meter.

Flow rate peaked at 34.9 SCCM.
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2. 19, Sept 2018 | 'SAREU VEYULIU HIUW HHIELEL 1dHBE. J.) 1E2LEU WILIT JU,UUU DLLIVE THTUW HHIELEL, HU TTUW 1 ELUTUEU. 4. ) NELESLEU

3.8 Oct 2018 with 500 SCCM flow meter. Peak flow was approximately 137 SCCM.
4.9, Oct 2018
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2. 15, Oct 2018 HITLE], ICTARTU NTYUTIU HHTUW HITLE] 1dHET. J.) TESLEU WILIT L,UUY JLIVEL TIUW | dLT YTARTU dL dPPIUALTTIALETY LJ0
3.24 Oct 2018 SLM at which point the leak rate was too great to continue to build pressure. Also, during the peak leak rate
’ the resulting temperature drop was approaching an unsafe limit.
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2.24, Jan 2019 beyond flow meter range. 3.) Tested with 1,000 SLM. Flow rate peaked at approximately 306 SLM at which point the leak
3.24, Jan 2019 rate was too great to continue to build pressure.
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Houston, Téxas 77084
1-800-319-2940 (toll free)
+1 281-206-2000 {phone)

+1 281-206-2005 (fax)

www.blade-energy.com

Blade Energy Partners Limited, and its affiliates (‘Blade’) provide our services subject to our General Terms and Conditions (‘GTC’) in effect at
time of service, unless a GTC provision is expressly superseded in a separate agreement made with Blade. Blade’s work product is based on
information sources which we believe to be reliable, including information that was publicly available and that was provided by our client;
but Blade does not guarantee the accuracy or completeness of the information provided. All statements are the opinions of Blade based on
generally-accepted and reasonable practices in the industry. Our clients remain fully responsible for all clients’ decisions, actions and
omissions, whether based upon Blade’s work product or not; and Blade’s liability solely extends to the cost of its work product.



In January 2016, as part of their investigation of the leak, the California Public Utilities Commission (CPUC)
and the Division of Qil, Gas, and Geothermal Resources (DOGGR) selected and gave provisional authority
to Blade Energy Partners (Blade) to perform an independent Root Cause Analysis (RCA). The Blade Team
and parties under Blade’s direction were responsible for directing the work of subcontractors who
performed the extraction of the SS-25’s wellhead, tubing and casing, and the preservation and protection
of associated evidence. Blade RCA Reports, including this report, document and describe the key activities
undertaken in support of the RCA effort.

Microbiologically Influenced Corrosion (MIC) is known to be a root cause of pipeline failures within many
areas of the oil and gas industry. As a result, microbial analysis was included in the SS-25 RCA.

The catastrophic nature of the initial failure event required an immediate well control effort to contain
the leak. This effort precluded direct analysis of the population of microbes at the time of the failure.

For this project, samples were collected from locations chosen to give a broad picture of the microbial
activity at Aliso Canyon. A total of 204 samples were collected and analyzed by a combination of
growth-based Most Probably Number (MPN) testing, DNA-based genetic analysis using quantitative
polymerase chain reaction (qPCR), and amplicon metagenomics population analysis technologies.

Samples from casing surface material, casing fluids, drilling fluids, surfaces of sampling tools, and
equipment were collected. Three of the sample sets consisted of material removed from the outer surface
of the casing of three different wells as the casing was being extracted from the wells. This sampling was
done to gain an understanding of the microbial population that might have been on the casing surface at
the time of rupture.

This report contains an overview of all samples, with particular focus on the analysis of the corrosion
potential of microorganisms on the surface of the §5-25 7 in. casing. It was found that the population of
microorganisms on the surface of joints located below the rupture site was heavily dominated by
methanogenic archaea. These methanogenic archaea include representatives of the hydrogenotrophic
genera Methanobacterium and Methanocalculus that are related to isolates shown to be capable of metal
corrosion. Therefore, the population of microorganisms is consistent with the potential that MIC can
occur in this field.

Full reports containing the data from all samples are available as reference information, and are listed in
Appendix A .
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understanding of the potential the population has for participation in MIC.

Over 200 samples were collected and analyzed, including materials removed from the surface of the 7 in.
casing of three wells (SS-25, P-35, and P-34) while the casing was being extracted from the well. Other
sample sets included fluids collected from the casing annulus, dried scale collected from cleaned casing

joints, and various drilling muds, fluids, and background samples.

The full analysis of all sample sets is provided in the reference reports listed in Appendix A. This report
focuses specifically on results obtained from analysis of the material collected from the outside of the SS-
25 7.in. casing joint numbers 24 and 25, referred to in this document by their Joint Sequence Numbers
(JSN) C025 and C026, respectively. It was found that the population of microorganisms on the surface of

these two joints, located below the rupture site, were heavily dominated by methanogenic archaea.

These methanogenic archaea include representatives of the hydrogenotrophic genera Methanobacterium
and Methanocalculus that are related to isolates shown to be capable of metal corrosion. Therefore, the

population of microorganisms is consistent with the potential that MIC can occur in this field.

1.1 Abbreviations and Acronyms

Term Definition
APB Acid Producing Bacteria
CHDT Cased Hole Dynamics Tester
coc Chain of Custody
CcT Cycle Threshold
DNA Deoxyribonucleic Acid
GHB General Heterotrophic Bacteria
g gram
H,S Hydrogen Sulfide
ID Pipe Inner Diameter
IRB Iron Reducing Bacteria
KCl Potassium Chloride
<LOD Below limit of detection
MIC Microbiologically Influenced Corrosion
ml milliliter
MPB Modified Postgate’s B media
MPN Most Probable Number
NACE National Association of Corrosion Engineers
NRB Nitrate Reducing Bacteria
NRSOB Nitrate-Reducing, Sulfur Oxidizing Bacteria
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PBS Phosphate Buffered Saline

PRD Phenol Red Dextrose Media

gPCR Quantitative Polymerase Chain Reaction

RCA Root Cause Analysis

Sp. Species, the most narrowly defined taxa or taxonomic grouping
SS Standard Sesnon

SoCalGas Southern California Gas Company

SRB Sulfate Reducing Bacteria

1.2 Sample Sets

The purpose of this project was to evaluate the potential role of microorganisms in the casing failure of
well SS-25. This evaluation requires an understanding of the general microbiology of the area and what is
found on casing surfaces downhole.

Rupture dynamics and subsequent actions taken to shut down the leak meant that unaltered material
collected from the rupture site was not available for testing. In the absence of unaltered materials from
the rupture site, material was collected from the surrounding areas off of surfaces that corresponded to
the rupture site conditions as closely as feasible.

In addition to samples from the casing outer diameter (OD), samples were collected of various drilling
fluids, muds, and materials on tool surfaces of collection tools. Various samples of materials that had
been removed from the field location at earlier dates were also collected.

These samples provide additional information about the microbial populations associated with various
drilling activities.

Because microbial populations change with both time and environmental shifts and are prone to
contamination from outside sources, fresh samples analyzed soon after acquisition are considered to be
the most indicative of the population in Aliso Canyon at the time of collection from the primary location.

There were 10 different sample sets that encompass 204 individual samples obtained for this analysis
(Table 1):

e Three of the sample sets (Sample Set ID LA4, LA5, LA6) were taken from the surface of casings as the
casing joints were being extracted from the well. Casing samples are included from wells P-34, P-35,
and SS-25. These samples were collected on location in Aliso Canyon.

e Two of the sample sets (Sample Set ID LA3 and LA1) were taken with a downhole wireline fluid
sampler from SS-25. Drilling mud and fluid samples were also analyzed.

e One sample set (Sample Set ID LA2) included primarily material that had been collected from SS-25
and SS-25A at Aliso Canyon at an earlier date and stored on location. Weather conditions interfered
with sample collection.

May 31, 2019 Volume 2 Page 6



These fluids were initially collected using a cased hole dynamic tester (CHDT) device. The samples
were transported to Houston and stored for 3 to 108 days prior to acquisition of material for
microbial analysis.

Samples were initially processed in the field and shipped via FedEx to the Ecolyse laboratories in College
Station, TX for full analysis.

Table 1 provides details of each sample set. The focus of this report is on the microbial organism
population of the 7 in. casing surfaces from well SS-25. In some cases, references to other sample sets will
be made. Refer to specific sample set reports for full details and analysis of all samples (Appendix A).

Table 1: Project Ecolyse 170721 List of Sample Sets Analyzed for Microbial Populations

Sample Set Collection Sample #
Sample Types Sample Set . Well
ID pie Typ P Date Location® Samples
Fresh Wireline SS-25 Wireline July, Aug Aliso Canyon,
170721-LA1 Samples Samples 2017 CA 55-25 13
SS-25 and .
170721-LA2 | Stored Pipe Solids | 55-25A Scale and | Aug, 2017 | Alisecanyon, | S5-25, 21
. . CA SS-25A
Pipe Solids
170721-LA3 Fresh Wireline SS-25 Wireline Nov, 2017 Aliso Canyon, 595 6
Samples Samples CA
170721-H1 Stored Casing 5525 Casing |, 5018 BLADE TX $5-25 22
Scale Dried Scale
Fresh Casing P-34 Casing, SS-9 Aliso Canyon, P-34,
170721-LA4 Surface Material Muds Mar, 2018 CA SS-9 15
170721-H2 Stored Casing 5525 Casing |\ 2018 Blade TX $5-25 4
Scale Dried Scale
CHDT Casing . July, Aug, Schlumberger
170721-H3 Annulus Liquids SS-25 CHDT Fluid 2018 T S§S-25 11
Fresh Casing . Aliso Canyon,
170721-LAS Surface Material SS-25 Casing OD Aug, 2018 CA S§S-25 42
170721-LA6 Fresh Casing P-35 Casing OD | Nov, 2018 | ~hsecanvon, | oo 56
Surface Material CA
CHDT Casing P-35 and SS-25 Nov, Dec Schlumberger P-35
170721-H4 Annulus Liquids CHDT Fluids 2018 TX SS-25 14
@Sample Location is where samples were at the time of acquisition for microbial analysis. Aliso Canyon, CA
samples were located at the SolCalGas field. Blade TX samples were located at the Blade warehouse, 5404 Clara
Rd, Houston, TX 77041. Schlumberger TX samples were located at 6350 W Sam Houston Pkwy N Suite 200,
Houston, TX 77041.
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2.1 MIC Standard Test Methods References

Testing microbial populations for corrosion potential is based on recommendations and guidelines
established by the National Association of Corrosion Engineers (NACE). NACE Standard Test Methods
include those described in the documents listed in Table 2.

Table 2: NACE Standard Test Methods Documents

NACEID | Item Standard Test Method
TMQ0194 21224 | Field Monitoring of Bacterial Growth in Qil and Gas Systems [1]

Detection, Testing, and Evaluation of Microbiologically Influenced Corrosion on

TMo212 21260 Internal Surfaces of Pipeline [2]

Detection, Testing, and Evaluation of Microbiologically Influenced Corrosion (MIC) on

TMol0e 21248 External Surfaces of Buried Pipeline [3]

NACE recognizes that the subsurface and infrastructure systems being sampled vary greatly with respect
to accessibility, as well as physical, chemical, and biological traits; therefore, it is impossible to give an
exact list of methods or protocols that must be followed absolutely.

Guidelines have to be adapted to the given situation and system.

2.2 Methods Used in this Study

Microbial populations of Aliso Canyon samples were analyzed by a combination of three methods:
e MPN

e gPCR

e Amplicon Metagenomics

All three methods were used on most, but not all, of the samples. MPN was not conducted when
sufficient material was not available.

Each approach provides different and complementary data. Each approach also has strengths and
limitations.

Table 3 shows an overview of each method. Methodological details are provided in Appendix C.
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bacteria per g or ml

e Viable cell assay
sample

e Phenotype assay .

temperature biases results
Usually underestimates levels

gPCR DNA-Based e Provides absolute °
guantitation

e Not growth-dependent °
e Detects live and dead
cells .

e Total number of
microorganisms per g
or ml sample

Does not tell identity of individual
organisms.

Does not provide phenotype
information

DNA isolation efficiency reduced by
sample composition, leading to
underestimation

Amplicon | DNA-Based e Provides relative .
abundance
Meta- * Typesof e Provides details about .
Genomics microorganisms in )
population structure
sample

e Phenotypes determined

e Not growth dependent

e Detects live and dead .
cells

¢ Relative abundance of
each organism to other
organisms in sample

Does not provide absolute
guantification

DNA isolation efficiency reduced by
sample composition, leading to
samples for which no data is
obtained

Analysis-intensive

e Bioinformatics skills required

2.3 Overview of Each Method Used

2.3.1 MPN Method

The Most Probably Number (MPN) method is a culture-based quantification of bacteria in a sample. Data

generated is “bacteria per ml” or “bacteria per g” of sample.

This method is based on culturing the bacteria in the sample in artificial growth media. The sample is

subject to serial 10X dilutions, typically to a dilution factor of 107, in selective, indicator bacterial culture
medias. Indicator medias contain substrates that undergo a visible chemical change when certain types of
bacteria grow in them. Selective medias contain substrates that promote the growth of certain types of

bacteria preferentially over other types of bacteria in the sample.

Dilutions are set up in triplicate to allow for more robust statistical quantification. After 28 days of
incubation, the highest dilution for which growth is observed is used to calculate the starting

concentration of bacteria in the sample.

MPN Method Advantages

The MPN method has the following advantages:

e Determines the number of living, culturable bacteria in the sample
e Provides phenotypic data

e Provides information on viability of bacteria in sample

e Traditional method, recommended by NACE as a standard method
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MPN Method Disadvantages

The following are well-known limitations inherent in culture-based analysis, as described in NACE TM0194

[1]:

3.1.1 Bacterial culturing in artificial growth media is accepted as the standard technique for the estimation
of bacteria numbers. However, users should be aware of the limitations of the culture technigue:

3.1.1.1 Any culture medium grows only those bacteria able to use the nutrients provided.

3.1.1.2 Culture medium conditions (pH, osmotic balance, redox potential, etc.) prevent the growth of some
bacteria and enhance the growth of others.

3.1.1.3 Conditions induced by sampling and culturing procedures, such as exposure to oxygen, may hamper
the growth of strict anaerobes.

3.1.1.4 Only a small percentage of the viable bacteria in a sample can be recovered by any single medium;
i.e., culture media methods may underestimate the number of bacteria in a sample.

3.1.1.5 Some bacteria cannot be grown on culture media at all.

MPN Condition Used for Project Ecolyse 170721

Four media were chosen for this project. Each one provides information on a different phenotypic
population (Table 4).

Table 4: Bacterial Culture Medias Used for MPN Analysis

Media Full Name Type of Organisms Detected
MPB Modified Postgate’s Medium B Sulfidogen, SRB (sulfate reducing bacteria)
PRD Phenol Red Dextrose APB (acid perucing t'>acteria) and GHB (general
heterotrophic bacteria)
IRB Iron Reducing Bacteria Media IRB (iron reducing bacteria)
NRB Nitrate Reducing Bacteria Media NRB (nitrate reducing bacteria)

e Media salinities were all set at 2.5%.
e  Culturing temperature was set at 30°C.

e Final readings were taken after full 28 days of incubation.
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I he speciticity of the gqPCK reaction (e.g, what organisms are quantitied) 1s conterred by primers choice.
Primers chosen for this project were those known to detect as wide a range of microorganisms as possible
in the sample. qPCR with primers that target ribosomal gene sequences were used to quantify bacteria,
archaea, and eukaryotic cells. Genes for rRNA are present in all cellular life forms. Sequence variations in
the rRNA genes are used to design primers with broader or narrower target specificities.

gPCR is based on using fluorescence probes to indicate the first cycle at which a positive reading above
background fluorescence is obtained. The lower the cycle number, the more target sequences were
present in the starting sample. These values are related back to the amount of sample from which the
DNA was isolated. This ultimately provides the number of cells per ml or g of starting sample.

gPCR Method Advantages
The qPCR method has the following advantages:

Widely used method to quantify bacteria in environmental samples
Detects both living and non-living cells

Sensitive and can be used for many sample types

Primers can be designed to detect specific cell types or broad cell types

Not limited by the ability to grow in specific media or conditions

gPCR Method Disadvantages
The qPCR method has the following disadvantages:

Samples sometimes contain components that carryover during the DNA isolation procedure, and
these can inhibit the qPCR reaction. This can cause values to be lower then what is really present.

Because microorganisms are ubiquitous, when broad-specificity primers are used, such as the ones in
this project, qPCR is prone to contamination.

gPCR does not differentiate between living and non-living cells.
gPCR primers have to be designed for each target group.
gPCR requires specialty equipment and expertise.

gPCR, as used in this study, only provides quantitative data and does not provide phenotypic data.
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e Universal 16S Primers 515F- and 806R-, which detect Bacterial and Archaeal 16S genes

e Archaeal Primers Arch517F and Arch909R, which detect the Archaeal 16S gene but not the Bacterial
16S gene. Increased specificity results in less Archaeal 16S sequences being detected than with the
16S primers.

e Eukaryotic 18S Primers Euk1391F and EukBR, which detect Eukaryotic 18S gene and some bacterial
16S genes

Refer to Appendix C for primer sequences and reaction conditions.

2.3.3 Amplicon Metagenomics Method

Amplicon metagenomics is a method that can be used to provide information on the different types of
organisms in a sample. It also provides the relative abundance of each organism as compared to the other
organisms present in the same sample.

Amplicon metagenomics is an involved process, requiring DNA isolation steps, gene amplification steps,
DNA sequencing steps, and several levels of bioinformatics analysis of the resulting sequences. After
sample collection, the material is processed in order to fractionate cells from other materials (dirt, soil,
oils, etc.) in the sample. Total DNA is then isolated from the sample. Target genes of interest, in this case
the rRNA gene, are amplified in a PCR reaction. Amplicons are further amplified using tagged primersin a
DNA sequencing reaction, and the DNA sequences are determined.

Primary data resulting from these steps are tens of thousands of DNA sequences. These sequences are
then subject to quality control procedures. Resulting sequences that pass quality control are compared to
rRNA gene sequences in a ribosomal sequence database library. Based on similarity to sequences in the
database, each sequence obtained from the sample is assigned a species annotation.

Information is then gathered about each of the identified organisms by searching the scientific literature.
Based on the available level of published information, each organism is assigned metabolic, physiological,
and ecological traits, with particular focus being on traits of relevance to corrosion. After all organisms are
assigned traits, the microbial profile of the sample is evaluated with respect to the prevalence of each of
the traits. Resulting data is then processed into a report containing identities of the organisms, their
relative (%) abundance in the sample, information on what similar organisms are known to do, and the
overall composition of the sample with regard to the key metabolic, physiological, and ecological
characteristics found to dominate the sample.

Amplicon Metagenomics Method Advantages

The Amplicon metagenomics method has the following advantages:

¢ Information gathered includes the types of organism and the % in the population.
e |tis the only method that provides broad species-level identification.

e |tis less biased then culture-based approaches.
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The 16S sequence data can be independently analyzed, and then reanalyzed as new analysis tools
become available.

The list of organisms identified in the sample can be related to scientific information published about
each organism.

In some cases, taxonomic proximity to an organism with a known function is enough to assign
functionality. For example, any organism assigned the Genus designation Desulfovibrio is assigned the
metabolic trait of being an SRB [4].

It provides a large data set that can be mined for information in many ways.

Amplicon Metagenomics Method Disadvantages

The Amplicon metagenomics method has the following disadvantages:

Samples sometimes contain components that carryover during the DNA isolation procedure, and
these can inhibit the Amplicon metagenomics analysis. As a result, it is common that not all samples
submitted for analysis yield data.

Amplicon metagenomics does not provide absolute quantification, only relative quantification. This is
why the qPCR method is still required.

Amplicon metagenomics does not provide experimental evidence for physiological or phenotypic
activity. This is what MPN data provides.

Amplicon metagenomics requires advanced understanding of bioinformatics and a detailed database
to be established and maintained.

Many organisms are identified whose exact role in the environment is not known.
Not every organism has been studied enough to understand its metabolism.

Even for organisms that have been studied, analysis is typically incomplete with regards to the traits
of specific interest to potentiating corrosion.

Amplicon Metagenomics as Used for Project Ecolyse 170721

Samples were processed to obtain a bacterial fraction separated away from other material in the sample.
Total DNA was isolated from each sample using standardized protocols.

rRNA amplification reactions and DNA sequencing reactions were set up by using the following three
different primer sets:

Universal 16S Primers 515F- and 806R-, which detect Bacterial and Archaeal 16S genes.

Archaeal Primers Arch517F and Arch909R, which detect the Archaeal 16S gene but not the Bacterial
16S gene. Increased specificity results in less Archaeal 16S sequences being detected than with the
16S primers.
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8.

Based on similarity to sequences in the ribosomal database, each sequence was assigned a taxonomic
designation.

The list of species was compared against a list of traits assigned to each species based on what is
known about close relatives and is available in the published scientific literature.

Examples of traits assigned include sulfidogenesis, acid production, methanogenesis, iron reduction,
anaerobe, aerobe, spore-forming, etc. Not every trait is known for every bacteria, so the list is
incomplete.

The resulting data was evaluated to identify microbial population profiles in each sample.
The profile is used to make predictions about the MIC potential of the population in that sample.

The profiles of each sample are compared to other samples to make general population structure
analysis.

Trends and patterns that emerge are evaluated and discussed.

An inherent assumption of this approach is that organisms comprising the majority of a sample are both
an indicator of the sample characteristics as well as having a significant impact on the localized
environment.

There are limitations to this assumption. In particular, there are no absolute % cutoff points below and
above which it can be stated absolutely whether an organism will be problematic.
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outer diameter (OD) of the 7 in. casing joints pulled from well SS-25.

Sample collection occurred on the rig floor as the casing was being pulled out. Multiple samples were
removed from each joint. Clean collection tools were used to scrape material into plastic receptacles.

Samples were documented and shipped back to the lab for analysis. Each sample was processed and
analyzed separately. Data from each casing joint sample was then pooled to allow for a general picture of
the microbial population along the vertical structure of the joints. Populations from each casing joint were
compared to those from the other casing joints, and similarities and differences are discussed. A
discussion on the elucidated population structures, as well as information on whether the casing
colonizing organisms include those associated with MIC, is provided.

3.1 Well SS-25 Sampling Details

For well SS-25, 40 casing OD samples and two control samples were collected and analyzed separately
(Table 5). Samples originated from two casing joints, 24 and 25, with casing joint sequence numbers, JSN
C025 and C026, respectively. Joints C025 and C026 originated at depths of 939 ft and 981.47 ft,
respectively.

Joints C025 and €026 samples were further broken down into “Casing OD Scale” and “Oily Material”:

e “Casing OD Scale” was the dried, gray layer of mud, pipe scale, and possible microbial biofilms that
coated much of the casing surface. Because it was a warm, dry, windy day, any moisture on the casing
dried quickly during casing extraction.

e “Qily Material” consisted of occasional globules of greasy black material, presumably from tar and
crude oil originating in the well. These did not dry due to their greasy nature. Deposits of oil
accumulated on the end of the cut pipe and the gripper tool.

Two background samples were collected on the same day (Table 5):
e A sample of dirt from the road at the rig site
e Drilling fluids pooling on the rig floor drip pad

Well SS-25 samples were analyzed by MPN, qPCR, and Amplicon metagenomics. Due to sample drying
during collection, DNA isolation efforts were successful for only 14 of the 42 samples. Amplicon
metagenomic analysis was conducted on all of these samples.

Table 5: Wells $S-25, Casing Joint and Background Samples Set Details

Sample Set Number of Samples Sample Details

SS-25 Oily Material 11 Crude oil accumulated on casing OD

7 in. casing joint 24 OD material, sampling

SS-25 Casing JSN CO25 16 depth 978.9 ft
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3.2 MPN Analysis of the Microbial Population of Well SS-25.

3.2.1 Well SS-25 MPN Analysis

MPN analysis in MPB, PRD, NRB, and IRB media was set up with 42 samples. Of these 168 media/sample
combinations, less than 50% exhibited any growth. This result indicates that the microbial activity in the
samples is low or that the media/incubation conditions were incompatible with organisms in the sample.

The average cells per g sample were calculated for each of the well SS-25 sample types. Table 6 shows the
results of population analysis by MPN method using the four different culture medias.

Culturable microbial activity was on average 1 to 3 log orders higher in the Qily Material samples as
compared to the OD Scale samples.

Microbial activity was lowest in the Background samples.

Table 6: Well $S-25 MPN Microbial Populations Analysis Summary

Media Type/Phenotype Detected by Media
Well Sample Set
MPB/SRB PRD/APB IRB/IRB NRB/NRB
SS-25 C025 and €026, Oil 7.76E+03 3.07E+05 6.39E+04 3.26E+04
SS-25 C025 OD Scale 3.04E+01 3.51E+02 6.68E+02 6.64E+01
SS-25 C026 OD Scale 4.81E+00 5.43E+02 3.13E+02 7.90E+01
SS-25 Background Materials 0.00E+00 2.00E+03 0.00E+00 4.75E+02

Values are the average number of culturable bacteria per g of sample for each sample set.
Red > 10* cells/g. Yellow > 103 cells/g. Gray is no activity.

MPB-Modified Postgate’s Broth B. SRB—Sulfate-Reducing Bacteria. PRD—Phenol Red Dextrose. APB—Acid
Producing Bacteria. IRB—Iron Reducing Bacteria. NRB—Nitrate Reducing Bacteria.

3.3 qPCR Analysis of the Microbial Population of Well SS-25

3.3.1 Well SS-25 gPCR Analysis

Well SS25 gPCR reactions were set up with primer sets 16S, Arch, and 18S. The majority of the
sample/primer combinations gave negative results that were below the limit of detection.

Due to poor DNA isolation efficiency from dried samples, most samples did not yield detectable DNA.
Samples that did not yield DNA as a result of technical challenges with the material are excluded from the
analysis of the results.

Note that if enough DNA was isolated for one analysis, there was enough DNA for all analysis. This means
that the results are significant when there are positive results for 16S analysis and negative results from
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gPCR Primer Set
Well Sample Sets
16S Arch 18S
SS-25 | Oily Samples 2.64E+07 <LOD 1.11E+05
SS-25 | C025 OD Scale 1.63E+07 1.10E+08 <LOD
SS-25 | C026 OD Scale 4.38E+07 7.98E+07 <LOD
S§S-25 | SS-25 Background 6.20E+07 <LOD <LOD

Values are the average number of cells per g of sample for each sample set.

Primers used were: 16S (detect bacteria and archaea), Arch (detect only archaea), 18S (detect eukaryotes,
including fungi, animals, plants, protozoans as well as some bacteria).

Cells are color-coded by value: green (10* — 10%), yellow (>10°). <LOD indicates below limit of detection.

gPCR values indicate that for many samples the microbial load is as much as 8 log orders higher than what
was cultured during MPN analysis. This result indicates the presence of uncultured organisms in the
samples. This can be due to cell viability or culture conditions.

The 16S primers detected organisms for each sample set, with values 6.9E+06 and 2.8E+07 cells per g.

The 18S primers detected organisms in the casing oily sample but not in any of the casing OD scale
samples or background samples.

The Arch primers detected organisms in both joints C025 and C026 OD scale material. Archaeal signatures
were identified only in the casing samples and not in the background or the oily samples. Joints C025 and
C026 contained Archaeal signatures at an average cell density of 9.5E+07 cells per g sample.

Results indicate that the SS-25 casing OD scale contains a population of bacteria and archaea that is
greater than 1E+08 cells per g, and that this population does not include significant levels of eukaryotes
such as fungi or protozoans.
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Identified

Amplicon metagenomic population profiles reactions were conducted on DNA isolated from the samples.

Over 356,883 individual sequences were generated (Table 8). These sequences were aligned to sequences
in a ribosomal database. Each sequence was assigned a taxonomic identity, referred to here as a
“species.”

Note that many of these were annotated only to the Genus level. Any organism not assigned at least a
Genus level designation is listed under “Unclassified,” which is actually a composite classification
containing numerous taxonomically unrelated organisms.

Table 8: Well §S-25 16S Amplicon Metagenomic Population Profile Overview

. # DNA # Bacterial # Archaeal Total #
Project Well Sample Set . . .

Sequences Species Species Species
LAS SS-25 §§25-C025 115,468 113 12 125
LAS SS-25 §§25-C026 146,406 124 11 135
LAS SS-25 SS25 Oily 72,388 120 126
LAS SS-25 Background 22,621 75 4 79
LAS SS-25 5525 Total 356,883 210 13 223

The # DNA Sequences is the number of 16S library sequence reads obtained for that sample set. The # Bacterial
Species is the number of unique bacterial taxa elucidated for each sample set. The # Archaeal Species is the number
of Archaeal taxa elucidated for each sample set. The Total # Species is the number of unique taxa elucidated for each
sample set.

A total of 223 organisms were assigned species designation (Table 8). 210 were identified as belonging to
the Domain Bacteria. 13 were identified as belonging to the Domain Archaea.

Even though Archaeal gPCR did not detect archaea in the Qily and Background samples, low levels of
archaea were identified in the Amplicon metagenomics. This result is probably due to the broader
coverage of Archaea conferred by 16S primers relative to Archaeal primers. Increased specificity comes at
the cost of being less sensitive.

Over all, the number of species identified from each sample is within the typical range obtained from oil
and gas (0O&G) samples using this approach.
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trait, as well as the percent ot the total population of organisms they occupied (lable Y).

The data was screened, and the traits for which the highest percentage of organisms fit were used to
generate population profiles for each sample set (Table 9).

From this data, distinct differences between the Oily Samples, Casing Joint C025, Casing Joint CO26, and
the Background Sample emerged.

From population profiling, the following three distinct population profiles emerged from the analysis:
1. Oily Samples: Metabolically dominated by NRB, alkaliphiles, and hydrocarbon biodegrading bacteria
These are primarily from the Bacterial Class, Gammaproteobacteria.
2. Casing Joint Scale Samples: Metabolically dominated by alkaliphiles and anaerobic methanogens
e Archaeal methanogens were from the Archaeal Class Methanobacteria and Methanomicrobia.
e Predominant Alkaliphiles were from the Bacterial Class Bacilli.
e Scale from C025 additionally contained significant levels of Clostridia.
e (C0O25 and CO26 scale samples also contained significant levels of Gammaproteobacteria.

3. Background Sample: Metabolically dominated by biodegrading bacteria, but not hydrocarbon
biodegrading Bacteria

These are primarily represented by members of Bacterial Phylum Actinobacteria, a bacterial clade
that includes many aerobic soil isolates.

Traits associated with MIC that were not found in great abundance in the samples include IRB (iron
reducing bacteria) and sulfidogens, including SRB (sulfate reducing bacteria). For the C025 and C026
samples, the percentage of sulfidogens in the samples was less than 5% of the population.

Despite low abundance, the diversity of sulfidogens was quite high, with 28 and 27 different sulfidogenic
species in each sample set, respectively. This suggests that under the right environmental conditions,
there is a potential for sulfidogens to become dominant members of the microbial community.
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Methanogen 0.1;6 33.2;13 57.0;11 1.3;4
Anaerobe 4.4;31 39.1;48 59.3; 50 1.5;12
NRB 52.8; 10 24;8 1.4;10 3.0;4
Sulfidogen 2.1;21 3.3;27 1.4;28 0.03;3
IRB 1.0;6 09,7 0.1;8 0.01;1
BioDeg 55.2 ;38 10.1;28 2.7;34 23.9;20
BioDeg HC | 53.5; 14 24;11 1.5;12 0.3;3
Halophile 53.0;9 7.2;5 6.7;7 26;4
Higher Taxonomic Level Profiles, % of Population ; # of Species
Taxonomic Group Oily Samples €025 Scale C026 Scale Background
Firmicutes 11.8;36 37.2;39 16.9; 35 0.8; 13
Clostridia | 3.3;19 9.8;28 1.1;23 0.1;5
Bacilli | 8.0; 17 27.8;12 15.9; 13 0.4;6
Gammaproteobacteria 78.8 ;17 12.8;12 9.4;14 1.2;7
Euryarchaeota 0.1;6 33.2;13 57.0;11 1.3;4
Methanobacteria | 0.2 ;5 304;2 46.4 ;2 1.2;2
Methanomicrobia | 0.1 ;1 2.7;9 10.6;9 0.06;2
Actinobacteria 1.1;11 0.01;7 0.01;7 48.3; 21
Bacteroidetes 2.1;5 3.9;6 05,6 1.4;8
Trait and Taxonomic Profiles.
First value is % of population; second value is # of species.
Values add up to > 100% because each organism can be categorized under more than one trait (e.g., all
Methanogens and SRB are also Anaerobes).
Indented traits indicate the following subcategories: BioDeg HC (hydrocarbon biodegrading) is a subcategory of
BioDeg (biodegrading). Clostridia and Bacilli are Classes within the Bacterial Phylum, Firmicutes.
Methanobacteria and Methanomicrobia are Classes within the Archaeal Phylum, Euryarchaeota.
Yellow indicates values > 10% of the population.
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4.1 Marker Organisms ldentified for Each Sample Type

The majority of organisms constituted less than 1% of the population of any samples. When the data was
sorted by % abundance in each of the samples, organisms characteristic of each sample type were
identified (Table 10).

Markers for each sample type were identified, defined as abundance of more than 1% of each sample
time, and greater than 10-fold higher in that sample type then the other two sample types (Table 10).

Table 10: Marker Organisms for Each Sample Type

Organism Average %, Oil Average %, Scale %, Dirt
Methanobacterium sp 0.049 31.62 0.614
Methanobacterium aarhusense 0.008 8.649 0.685
Methanocalculus sp 0.033 3.874 0
Halomonas sp 58.04 1.892 0.115
Pseudomonas sp 6.886 0.469 0.097
Nocardioides sp 0 0 20.229
Sphingomonas sp 0.007 0.001 9.177
Dietzia sp 0.090 0.011 8.974
Values are the % of the population averaged for each sample type. Yellow are marker species for that sample.

By this method, organisms whose abundance is indicative of that sample type were identified:
e  Crude oil: two organisms, the Gammaproteobacteria Halomonas and Pseudomonas
e Scale Samples: three organisms, all methanogenic archaea

— Methanobacterium sp

— Methanobacterium aarhusense

— Methanocalculus sp

e Dirt sample: nine species (three are shown), all are organisms commonly isolated from soil samples

4.2 Scale Samples are Representative of Casing Surface Microbiology

The population profile suggested that at least some of the oily material originated from higher in the well
rather than solely from joints C025 and C026. Results of analysis of the background dirt sample indicated
that background material found on site was not significantly impacting the analysis of the casing joint
samples.

Organisms present in the scale samples from joints C025 and C026; therefore, are of the most relevance
to understanding the potential role of microorganisms in MIC within the subsurface environment of well
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163 different organisms were identified on the SS-25 joints C025 and C026 samples. Of these organisms,
149 occupied less than 1% of the total population from either sample. Only 14 different organisms were
found to be present in more than 1% of the total population (Table 11). This included Archaeal
methanogens, alkaliphiles, and sulfidogens, as well as organisms associated with subsurface samples.

Table 11: Well $S-25 Casing Joints C025 and C026 Most Abundant Organisms

o C025 C026 Select Traits: Metabolism, Physiology, Ecology,
Avg Avg Taxonomy

Methanobacterium sp 27.7 34.7 Anaerobe; Archaea; Methanogen
Alkalibacterium sp 24.3 7.5 Alkaliphile; Firmicutes; Lactobacillales
Unclassified 8.9 11.9 Polytaxonomic category of unclassified organisms
Xanthomonas campestris 5.9 8.3 Ssnn:;anp;:ttle;:r?tc;::zuPn:oduction of Drilling Mud
Methanobacterium aarhusense 0.3 15.2 Anaerobe; Archaea; Methanogen
Methanocalculus sp 1.4 5.8 Anaerobe; Archaea; Methanogen
Alkalibacter sp 6.6 0.2 Alkaliphile; BioDeg; Clostridia; Firmicutes
Halolactibacillus halophilus 1.7 4.7 Alkaliphile; Bacilli; Firmicutes; GHB; Halophile
aomonas
Alkaliflexus sp 3.4 0.1 Alkaliphile; Bacteroidetes; Halophile
Ercella succinigenes 1.9 0.01 Anaerobe; Clostridia; Firmicutes; Sulfidogen; SuRB
Synergistes sp 0.6 1.2 Ferm; Synergistetes
Sedimentibacter sp 1.2 0.01 BioDeg; NC10
Acetobacterium sp 1.0 0.1 Acetogen; Anaerobe; APB; Clostridia; Firmicutes
Pseudomonas sp 0.6 0.3 Aerobe; Gammaproteobacteria; Varies
Anaerobranca sp 08 0.01 ?LIJIi]iCIin:giI:r;ﬁrnhaeerrncit;E;hﬁI;s_lt_:giaIes; Firmicutes; IRB;
Methanocorpusculum sinense 0.7 0.1 Anaerobe; Archaea; Methanogen

Percent of the population of the top 17 most abundant organisms in well SS-25 casing joints C025 and C026.
This table includes all organisms present in more than 1% of the total population of the sample.
Averages: Yellow are >10% of the population. Green shows 1-10% of the population.

Trait abbreviations (details of each trait are in Appendix C): BioDeg HC—Hydrocarbon biodegrading organisms;
BioDeg—Biodegrading organisms; NRB—Nitrate Reducing Bacteria; TRB-Thiosulfate Reducing Bacteria; APB—Acid
Producing Bacteria; SURB-Sulfur Reducing Organism.

Traits are highlighted: Red, Methanogens; yellow, Alkaliphiles; and green, Sulfidogens.
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species are hydrogenotrophic methanogens from the Archaeal Class, Methanobacteria commonly found
in anaerobic digestors and hot springs. Methanobacterium sp have also been shown to dominate cathodic
biofilms [5]. Methanobacterium-related organisms have been demonstrated to be more active in the
presence of iron, suggesting they can utilize iron directly, which contributes to a direct role in metal
corrosion [6].

Additional methanogenic genera detected at levels greater than 1% of the population were
Methanocalculus and Methanocorpsculum. Methanocalculus is a genus of hydrogenotrophic
methanogens from the Archaeal class, Methanomicrobia. Members include alkaliphilic methanogens,
such as Methanocalculus natronophilus. Methanocalculus species are associated with corrosion in oil and
gas operations [7] [8] [9].

Methanocorpusculum sinense are methanogens from the Archaeal class, Methanomicrobia.
Methanocorpusculum species are commonly found in anaerobic digestors activated sludges [10]. They are
not currently known to be associated with corrosion.

There is an increasing recognition of the role of methanogens in corrosion specifically in oil and gas
operations. Methanogens specifically related to the ones identified on the surface of the SS-25 casing
have been demonstrated to cause iron corrosion. See Appendix B for details on the role of methanogens
and corrosion.

Non-Methanogens

Alkalibacterium sp. Alkalibacterium species were particularly widespread and abundant across many
samples originating from Aliso Canyon. As such, they are probably important components of the local
microbiology. Alkalibacterium is a genus of alkaliphilic, anaerobes of the bacterial Phylum Firmicutes.
Alkalibacterium are members of the Lactobacillaceae, a bacterial family that includes the well known,
common lactic acid bacteria (LAB) found in fermented dairy and plant materials, such as yogurts and
sauerkraut [11]. There are eight species within the Alkalibacterium. Members are noted for their growth
under alkaline conditions, meaning they grow at elevated pH, greater than 8.5. Some strains are obligate
alkaliphiles in that an elevated pH is required for growth. Some strains are also halophiles, e.g. they grow
under elevated salt conditions. Most Alkalibacterium strains in the literature were isolated from
fermented waste products, including shrimp processing waste, olive waste, rotting marine algae, as well
as alkaline soda lakes. Alkalibacterium species were widely present in samples collected from Aliso
Canyon and were the dominant organisms in many samples. Alkalibacterium are not typical components
of O&G systems microbial populations, which suggests they are simply organisms native to the region
around Aliso Canyon, reflective of the geological influence on the environment, rather than being
promoted specifically by the natural gas activities in the area. A role of Alkalibacterium in MIC has not
been reported or established.

Alkalibacter sp., Halolactibacillus sp. and Alkaliflexus. Alkalibacter, Halolactibacillus, and Alkaliflexus are
alkaliphilic anaerobes initially isolated from soda lakes, but they have been found in diverse environments
such as muds. Halolactibacillus and Alkaliflexus are genera within the bacterial Phylum Firmicutes, while
Alkaliflexus is from the bacterial Phylum Bacteroidetes. Alkalibacter has been identified in microbial
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methanogens might be present at low levels.

Xanthomonas campestris. Just under 10% of the signatures from well SS-25 originated from
Xanthomonas campestris. The presence of these aerobic, plant pathogenic members of the bacterial
class, Gammaproteobacteria is most likely due to the presence of xanthan gum in the drilling fluids.
Xanthamonas species are widely used during the commercial production of xanthan gum, which is a
component of drilling fluids used in the well [13]. The signatures most likely reflect the presence of
residual DNA in the drilling fluids applied to the well. While not directly tested, it is unlikely that there
were viable Xanthomonas cells in the system because Xanthomonas species are noted for growth under
aerobic conditions only. It is unlikely that there is any association between Xanthomonas signatures and
MIC.

Halomonas sp. Halomonas sp are members of the Gammaproteobacteria, a class that includes many
common Gram—organisms, such as E. coli and Pseudomonas. Many Halomonas species are capable of
degrading oil and gas hydrocarbons produced by oil and gas operations [14], and thus are frequently
associated with oil and gas activities [15]. They are often identified as prominent components of samples
originating from O&G operations. Halomonas are facultative anaerobes, halophilic, and alkaliphilic
organisms. Their association is often observed with samples experiencing product degradation, rather
than corrosion. This hydrocarbon biodegradation capacity has been evaluated for use in oil contamination
bioremediation. Because they are widespread in O&G samples, Halomonas species are sometimes found
in MIC associated populations. It was proposed that one species, H. titanicae, was in part responsible for
the corrosion of a wreck [16]. The presence of Halomonas in these samples is reflective of their originin a
natural gas field.

4.4 Variations in the Microbial Population Along the Surface of the Casing
from Well SS-25

A more detailed analysis of the population in each sample originating from the surface of the casing from
well SS-25 was conducted.

Each sample was analyzed individually, and the most abundant organisms in each sample were identified
(Table 12).

It was found that Methanobacterium sp was the most abundant organism in all samples. Samples
C026-512 and S16 were also found to be dominated by the methanogen, Methanobacterium aarhusense.
Sample C026-S01 was also found to be dominated by the methanogen, Methanocalculus sp.

Taken together, this data indicated that there are local variations in microbial population structure.
Because potentially corrosion-associated organisms vary in distribution along the casing surface, it
suggests that that there are localized differences in the corrosive capacity of microbial populations along
the surface of the casing joints.

May 31, 2019 Volume 2 Page 24



Alkaliphiles, % and # 43.9%; | 53.2%; | 31.1%; | 24.2%,; | 27.8%; | 21.6%,; | 9.7%; 9.5%; 2.8%;
sp (species) 6 sp 5sp 6 sp 4 sp 6 sp 6 sp 6 sp 5sp 6 sp
Methanogens, % and # | 24.2%; | 22.5%; | 42.7%,; | 32.2%; | 52.6%; | 59.5%; | 45.6%; | 76.9%; | 48.9%;
sp (species) 3sp 4 sp 12 sp 6 sp 8 sp 8 sp 7 sp 9 sp 6 sp
Sulfidogen, % and # sp 10.4%; 1.4%,; 1.5%,; 0.7%; 1.8%,; 2.3%; 3.8%; 0.2%; 0.5%,;
(species) 8sp 4 sp 24 sp 8sp 10sp 14 sp 18 sp 9sp 10 sp
Predominant Species Composition of Individual Casing C025 and C026 Samples,
% of Microbial Population
CO25- CO25- | CO25- | CO25- | CO26- | CO26- | CO26- | CO26- | CO26-

Individual Species S07 S08 S17 S21 So1 sS04 S06 S12 S16
Methanobacterium 04 | 0004 | 006 | 1.0 0.1 7.6 09 | 425 | 249
aarhusense
Methanobacterium sp 23.7 224 37.9 26.5 26.6 48.0 42.3 34.1 22.6
Methanocalculus sp 0 0 1.3 4.4 25.5 2.9 0.5 0.02 0.04
Methanocorpusculum 0 0 2.9 0 001 | 06 0 0.01 0
sinense
Alkalibacter sp 5.8 204 0.1 0 0.04 0.1 0.5 0.5 0.09
Alkalibacterium sp 24.0 31.8 24.1 17.2 19.7 6.4 2.8 8.3 0.2
Alkaliflexus sp 12.6 0.6 0.2 0.4 0.01 0.1 0.3 0.02 0.013
Halolactibacillus 1.1 02 | 30 | 26 | 76 | 1108 | 24 | 11 13
halophilus
Ercella succinigenes 6.8 0.8 0.02 0.1 0.01 0.02 0.05 0 0
Select traits and list of organisms found to be present in greater than 1% of the total population of Well SS-25
casing joints C025 and C026
Values are the percent abundance and are color-coded as such: Yellow are >10% and green are 1%—10%.

May 31, 2019

Volume 2

Page 25



e Between 22% and 77% of all microorganisms were determined to be methanogenic archaea, which
indicates a casing surface population of methanogenic archaea of over 1E+07 per g sample.

e Two genera, Methanobacterium and Methanocalculus, were the predominant archaea identified in
the samples.

e Methanocalculus and Methanobacterium species have been shown to be directly associated with
metal corrosion in oil and gas systems.

e The combination of high cell density on the casing surface, along with the identity of methanogens
related to those known to cause metal corrosion, suggests that the microbial population present at
the time of sampling has the potential to cause corrosion.

e The microbial population on the surface of the S5-25 casing is consistent with a microbial population
able to cause metal corrosion.

e |t should be noted that a diagnosis of MIC requires more evidence than genus or species
identification.

e Physical evidence, including identification of corrosion features associated with MIC, as well as
through elimination of non-MIC causes of corrosion, must also be provided before a diagnosis of MIC
can be made.
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(for example, methanogens are responsible for methane in cattle flatulence), and the anaerobic digestor
sludges of wastewater treatment systems. Some methanogens are extremophiles and can be found in hot
springs, sub-marine hydrothermal vents, and in the "solid" rock of the Earth's crust kilometers below the

surface.
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A recently discovered example of syntrophy occurs between Sulfurospirillum and Methanococcus, where
there is sharing of H,, acetate, lactate, and succinate (Figure 3) [20]. Importantly, Sulfurospirillum are
Epsilonproteobacteria abundant in some oil fields [21]. Taken together, these data indicate complex and
unexpected relationships between organisms and the subsurface environment.
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for MIC identified. The MIC-associated genes encode extracellular hydrogenases capable of zerovalent
iron oxidation (Figure 5).
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biochemical and immunological tests. In contrast, methanogens have presented more of a challenge to
detect and document. To complicate the relationship between methanogens and corrosion, there are also
reports that describe a role of methanogens in the formation of corrosion-protective biofilms [30]. While
data on all methanogens is not available, evidence indicates that at least some methanogens participate

in MIC.
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which provides a different perspective:

1. MPN analysis following NACE corrosion industry standard methods is used to quantify viable and
culturable bacteria able to grow in five different growth media preparations. It has the following
qualities:

e Quantifies cells/ml of SRB, IRB, NRB, APB, and GHB
e Dependent on bacteria being alive and able to grow in the media
e Viable cell count assay

2. gPCR analysis is a DNA-based analysis that quantifies total microbes in a sample. It has the following
qualities:

e Quantifies cells/ml of all microbes in a sample

e Does not distinguish between living and dead cells
e Does not give information on types of cells

e Total cell count assay

3. Amplicon metagenomics provides information on the types and relative abundance of bacteria and
archaea in a sample. It has the following qualities:

e Provides a list of all bacteria in the sample

e Does not distinguish between live and dead cells
e Does not provide cells/ml quantification

e Provides relative abundance

e Very detailed

e |s not dependent on growth in media

e Population structure assay

C.2 MPN Analysis

MPN analysis is carried out by serially diluting 1 mL of sample eightfold in selective media. Selective media
used for this project were Modified Postgate’s B Broth (MPB) for the growth of Sulfate-Reducing Bacteria,
Phenol Dextrose Red Broth (PRD) for the enumeration of acid-producing bacteria, Iron-Reducing Broth
(IRB) for the enumeration of iron-reducing bacteria, and Nitrogen-Reducing Broth (NRB) for the
enumeration of nitrogen-reducing bacteria. Dilutions were carried out in triplicate. All medias were at
2.5% salinity. Incubations were conducted at 30°C. Growth was assayed every 7 days, for a total of 28
days. Growth was compared to the FDA Bacterial Analytical Manual to determine the most probable
number. It should be noted that the MPN is an estimate of growth units or colony-forming units and not
individual bacterial cells.
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e 515F-GTGCCAGCMGCCGCGGTAA and 806R-GGACTACHVGGGTWTCTAAT

e Archaeal Primers (detects Archaea but not Bacteria)

e Arch517F-GCYTAAAGSRNCCGTAGC and Arch909R TTTCAGYCTTGCGRCCGTAC
e FEuk 18S Primers (detects Eukaryotes, including Fungi)

e FEuk1391F GTACACACCGCCCGTC EukBR TGATCCTTCTGCAGGTTCACCTAC

C.4 Quantitative PCR (qPCR)

gPCR reactions are performed as such: DNA was run on the Roche Light Cycler 480 (LC480; Roche Life
Sciences) for quantitative real-time PCR (qPCR). Roche LC480 master mix (Roche Life Sciences) was used
with each of the specific primers and probes (TACAAGGCCCGGGAACGTATTCACCG) in a 10ul reaction and
the following cycling conditions: 1 cycle of 50°C for 2 minutes, 1 cycle of 95°C for 10 minutes, followed by
35 cycles of 95°C for 15 seconds, 60°C for 1 minute, and a final cycle at 40°C for 30 seconds. Results of
gPCR were scored based on cycle threshold (CT) score. The CT is the first cycle at which a reading above
background is detected. A positive result was recorded if the CT was £ 30 cycles, negative if

CT > 30 cycles).

C.5 Amplicon Metagenomics

C.5.1 lon Torrent Sequencing

Samples were amplified for semi-conductor sequencing using a forward and reverse fusion primer. The
forward primer was constructed with (5’-3’) the lon A linker (CCATCTCATCCCTGCGTGTCTCCGACTCAG), an
8—10bp barcode, and the 515F primer (GTGCCAGCMGCCGCGGTAA). The reverse fusion primer was
constructed with (5’-3’) a biotin molecule, the lon P5 linker (CCTCTCTATGGGCAGTCGGTGAT), and the
806R primer (GGACTACHVGGGTWTCTAAT). Amplifications were performed in 25ul reactions with Qiagen
HotStar Taq master mix (Qiagen Inc, Valencia, California), 1ul of each 5uM primer, and 1ul of template.
Samples were amplified on ABI Veriti thermocyclers (Applied Biosytems, Carlsbad, California) under the
following thermal profile: 95°C for 5 minutes, then 35 cycles of 94°C for 30 seconds, 54°C for 40 seconds,
72°C for 1 minute, followed by one cycle of 72°C for 10 minutes and 4°C hold.

Amplification products were visualized with eGels (Life Technologies, Grand Island, New York). Products
were then pooled equimolar and each pool was size selected using Agencourt AMPure XP
(BeckmanCoulter, Indianapolis, Indiana) following Life Technologies protocols (Life Technologies, Grand
Island, New York). Size selected pools were quantified using a Qubit 2.0 fluorometer and the Qubit High
Sense kit (Life Technologies, Grand Island, New York), then diluted to 23pM. Diluted pools were emPCR’d
and enriched using the OneTouch2 system and sequenced using the lon Torrent PGM following
manufacturer protocols (Life Technologies, Grand Island, New York).
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were performed in 25ul reactions with Qiagen HotStar Taq master mix (Qiagen Inc, Valencia, California),
1ul of each 5uM primer, and 1ul of template. Reactions were performed on ABI Veriti thermocyclers
(Applied Biosystems, Carlsbad, California) under the following thermal profile: 95°C for 5 minutes, then
35 cycles of 94°C for 30 seconds, 54°C for 40 seconds, 72°C for 1 minute, followed by one cycle of 72°C for
10 minutes and 4°C hold.

Products from the first stage amplification were added to a second PCR based on qualitatively determined
concentrations. Primers for the second PCR were designed based on the Illumina Nextera PCR primers as
follows: Forward - AATGATACGGCGACCACCGAGATCTACAC[i5index] TCGTCGGCAGCGTC and Reverse -
CAAGCAGAAGACGGCATACGAGATII7index] GTCTCGTGGGCTCGG. The second stage amplification was run
the same as the first stage except for 10 cycles.

Amplification products were visualized with eGels (Life Technologies, Grand Island, New York). Products
were then pooled equimolar, and each pool was size selected in two rounds using SPRIselect
(BeckmanCoulter, Indianapolis, Indiana) in a 0.7 ratio for both rounds. Size selected pools were then run
on a Fragment Analyzer (Advanced Analytical, Ankeny, lowa) to assess the size distribution, quantified
using the Qubit 3.0 fluorometer (Life Technologies), and loaded on an lllumina MiSeq (Illumina, Inc. San
Diego, California) 2x300 flow cell at 10pM and sequenced.

C.6 Notes on Taxonomic and Metabolic Assignment

Organisms are referred to by the identity of the most closely matched organism in the database.
However, this does not indicate 100% identity. In most cases, the most closely matched organisms are
referred to as “uncultured organisms” and as such there is no physiological or metabolic information for
them. Organisms that fall below the cutoff for taxonomic assignment at the genus level are listed as
unclassified. Due to the unusual source of samples, a large number of organisms in the samples may be
unclassified. This indicates that they are novel organisms that have not been described in the scientific
literature.

Metabolic assignments are inferred by the metabolic characteristics of the most closely related organism
for which experimental data has been provided. Some metabolic groupings are overlapping and
non-exclusive, e.g. many fermentative organisms generate organic acids or are capable of sulfidogenesis
under some conditions. An overview of select metabolism is provided in Appendix D.
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aggressively promotes corrosion. Several metabolic pathways result in the production of acids, including
fermentation pathways that generate organic acids such as lactic acid and acetic acid, as well as those
that generate inorganic acids such as sulfuric acid as a byproduct of the oxidation of inorganic sulfur
compound. Note that not all fermentative pathways that yield acid as a byproduct result in acidification of
the surrounding environment. The identification of bacteria as acid-producing does not necessarily
indicate acidification of bulk fluids.

D.2 Biodeg: Biodegradation

IM IM

Some bacterial genera and species have the capacity to utilize “atypical” or “unusual” substrates as
carbon sources. These bacteria are loosely referred to as Biodeg, for “Biodegradation”. The definition
used here for “atypical or unusual substrates” with reference to bacterial metabolism includes
compounds that most bacteria cannot utilize as a food source. Unusual compounds Biodeg organisms
utilize include disinfectants, antibiotics, xenobiotics, and detergents. Some degrade long chain polymers
of sugars and carbohydrates, such as those found in cell wall materials. Others are able to degrade
hydrocarbons. Hydrocarbons, including alkanes, alkenes, aromatic hydrocarbons, and waxes, are found
naturally in great variety in crude oil and other petroleum compounds. Due to their structural diversity,
most bacteria lack the capacity to utilize petroleum hydrocarbons as food sources. Each type of
hydrocarbon-degrading microorganism is likely to be capable of metabolizing a few specific types of
hydrocarbons.

D.3 IRB: Iron-Reducing Bacteria

Some microbes can use Fe(lll) as an electron acceptor, reducing it to Fe(ll). Iron reduction has been
observed under both acidophilic and neutrophilic conditions. Two common iron-reducing genera are
Shewanella and Geobacter [31] [32]. Many IRB, such as isolates of the genus Desulfuromonas, are also
sulfidogens. IRB should not be confused with iron oxidizing bacteria, which are aerobes responsible for a
rust brown staining and slimy growth in surface waters.

D.4 NRB: Nitrate Reducing Bacteria

NRB reduce nitrates to nitrites, nitrous oxide, or nitrogen under anaerobic conditions in a process termed
denitrification. Most are heterotrophic facultative anaerobic bacteria including such common bacteria as
Paracoccus, Pseudomonas, Alcaligenes, and Bradyrhizobioium. A few bacteria use such reduction
processes as hydrogen acceptor reactions and hence as a source of energy; in this case, the end product is
ammonia. Denitrification is a normal part of nitrogen cycling, and not all NRB are of concern to O&G
infrastructure. A subcategory of NRB is the Nitrate-Reducing Sulfur-Oxidizing Bacteria (NRSOB). NRSOB
are a specific subgroup of NRB whose levels are increased in reservoirs following nitrate injections [33]
[34]. Growth of NRSOB suppresses the activity of SRB, and thus reducing sulfidogenisis. Some
Epsilonproteobacteria can also oxidize petroleum sulfur compounds and utilize nitrate as an electron
acceptor for growth, and thus may be considered hydrocarbon degrading. Massive dominance of related
Epsilonproteobacteria has been observed in other petroleum samples, for example in formation waters
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sulfidogens capable of reducing sulfur and thus producing H.S [36].

D.5 Sulfidogenesis: (e.g. SRB, TRB, SURB)

The metabolic pathways of most historical interest to the oilfield community are sulfidogenic pathways
that generate significant levels of hydrogen sulfide (H,S). Bacteria that evolve hydrogen sulfide are
commonly referred to as “sulfidogens”. Sulfate-reducing bacteria (SRB) are particularly aggressive at
sulfide production and are the group of bacteria most commonly implicated in oil field biogenic sulfide
production [4]. Hydrogen sulfide formation by sulfate-reducing bacteria (SRB) under strict anaerobic
circumstances is a common problem in sediments, sewer systems, oil reservoirs, and anaerobic effluents
(reviewed in [37]). The emission of H,S into the atmosphere of sewer systems implies odor nuisances and
possible health risks. Sulfide can also be converted into sulfuric acid in the aerobic zones, causing severe
corrosion of the inner surface of concrete sewer structures [38] [39]. Hence, preventive or curative
actions are needed.

While SRB are traditionally associated with O&G system sulfide generation, sulfur- and thiosulfate-
reducing bacteria (SURB and TRB, respectively) can also generate significant levels of H,S and contribute
to corrosion and souring [40] [41] [42]. Compared to SRB, the TRB are harder to classify taxonomically, as
they are members of bacterial genera that can include non-tSRB members. Examples of sulfidogenic TRB
commonly found in oilfield samples include Halanaerobium congolense, as well as some
Thermoanaerobacter, and Spirochaeta. Additionally, many common enteric bacteria are sulfidogenic,
including Citrobacter and Salmonella [43].

D.6 Thermophiles

A thermophile is an organism that can survive and often thrives in environments having relatively high
temperatures, usually ranging between 45 and 122°C.
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In January 2016, as part of their investigation of the leak, the California Public Utilities Commission (CPUC)
and the Division of Qil, Gas, and Geothermal Resources (DOGGR) selected and gave provisional authority
to Blade Energy Partners (Blade) to perform an independent Root Cause Analysis (RCA). The Blade Team
and parties under Blade’s direction were responsible for directing the work of subcontractors who
performed the extraction of the SS-25’s wellhead, tubing, and casings and the preservation and protection
of associated evidence. Blade’s RCA Reports, including this report, document and describe the key
activities undertaken in support of the RCA effort.

In February 2016, a study was undertaken to assess the corrosion that might have occurred on the inner
surface of the 7 in. production casing during the time the SS-25 well served as a gas storage well. It was
clear that the dry pipeline gas injected for storage could not have contributed to corrosion. However,
during the withdrawal process, the gas would have carried some water which could have condensed and
resulted in corrosion. It was also established that the cumulative time the well served as a gas producer
was minimal.

Estimating the corrosion rate in the traditional way from the gas composition, temperature, and pressure
led to unrealistically high corrosion rates. Several alternate models were developed based on the water
content in the produced gas, the temperature-pressure profile during production, and a description of the
environmental chemistry prevailing in the production conduits during gas flow. Using corrosion modeling,
the results of a caliper run, and finally a laser scan study on the internal surface of the 7 in. production
casing, it was demonstrated that all results converged on the conclusion that the internal corrosion of the
7 in. production casing was too low to have contributed to the 7 in. casing failure.
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during its life of serving as an injection and withdrawal well from 1977 to 2015.

Key considerations:

1.

The injected gas was pipeline gas (i.e., dry) and containing less than 2 mol% CO,, which is the upper
limit for pipeline quality gas.

Originally, the reservoir drive mechanism was pressure depletion and not water drive. It can be
expected that, eventually, the return gas would be less than saturated in water under downhole
conditions.

As a consequence, no matter what the production conditions were, the water content in the gas
would have been very small.

Corrosion cannot occur during injection because pipeline quality gas is dry. Therefore, whatever
corrosion might have occurred would have been during times of withdrawal, and it would have been
intermittent. The record shows that over the 38 years the well served as gas storage well, the
cumulative time the well was used for withdrawal was 1,468 days or 4.02 years.

Blade's interpretation of the water production records shows that the water production was less than
a few bbl/MMscf, which is also consistent with a pressure depletion reservoir.

From a corrosion perspective, water production is important, because:

e Corrosion rate assessments are usually made for systems with a small metal surface and a
comparatively large and moving (replenishing) liquid reservoir. Therefore, the water composition
is not subject to change in space and time.

e In a well where a thin water film is flowing upwards with the gas flow, as would be the case for
SS-25, the composition of the water will change in space and time, depending upon the flow rate
of the gas, and the flow regime in particular. This is the condition that needs to be analyzed to
assess the potential for the 7 in. casing to have undergone corrosion during the time it served as a
gas storage well.

The corrosion assessment was done by:

e Using the classical corrosion approach.

e Assessing the phase behavior in the production string (tubing and casing) and the flow regime,
using the production data to identify the water content in the produced gas.

e Using the corrosion rate based on iron counts approach (COPRA Correlation) which considers
buffered condensed water.
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BHT Bottomhole Temperature

Blade Blade Energy Partners

CPUC California Public Utilities Commission
DOGGR Division of Qil, Gas, and Geothermal Resources
ID Internal Diameter

mil One Thousandth of an Inch

MMscf Million Standard Cubic Feet
MMscf/D Million Standard Cubic Feet per Day
mpy Mils per Year

oD Outside Diameter

ppm Parts Per Million

psi Pounds per Square Inch

RCA Root Cause Analysis

SS Standard Sesnon

DS Total Dissolved Solids
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whatever internal corrosion rate that might be predicted, it would have been cumulatively operative, for
only a little over four years over this period of time. The average gas production rate was approximately
20.5 MMscf/D during this time.

2.1 Water Production History

Figure 1 shows all recorded data concerning water production in terms of water cut (bbl water/MMscf
gas). The data were based on cumulative monthly production volumes. This, however, does not mean

that the well was producing gas back for the entire month. Rather, production times varied randomly

during each month from a few days to as much as 25 days.

There are two distinct periods of withdrawal operations recognizable. From 1977 to 1997 the water cut
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Table 1: Reservoir Gas Analysis Results (values in mol%)

L Hydrogen Sulfide Other
Well Numfber Methane Carbon Dioxide (ppm) Hydrocarbons
o

P-47 3 94.9 0.012 0.99 0.0015 <0.05 0 3.78 0.008
P-69 3 94.7 0.042 0.73 0.0036 0.22 0.035 4.24 0.039
SS-25 3 94.8 0.017 0.94 0.0019 0.06 0 3.97 0.0131
SS-31 3 94.7 0.014 0.82 0.0036 0.22 0.046 4.25 0.17
SS-5 3 95.1 0 0.84 0.003 0.1 0 3.71 0.001
SS-9 3 94.8 0.026 0.81 0.0051 0.14 0.035 4.13 0.027

Average | 94.833 0.855 0.148 4.013
Standard Deviation | 0.1505 0.0943 0.0716 0.2320
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such that:
e A gas phase exists under all conditions.

e There is enough gas present such that the overall composition is not measurably altered by the
mixing with water under the chosen temperature and pressure condition(s).

The produced water is assumed to be fresh (i.e., condensed) water. The pH, with 50 psi CO; partial
pressure (3.4 bar), was approximately 3.8 (varying somewhat with temperature).

OIL Studio software developed by OLI Systems; Inc. was used for the corrosion modelling.

3.1 Traditional Corrosion Rate Modeling

CO, corrosion usually entails the formation of a corrosion product layer consisting of siderite (FeCQs),
unless the water volume is large enough and the pH is low enough that the siderite formation cannot
occur. The OLI software contains a switch whereby scale formation can be excluded. Exclusion resulted in
the highest corrosion rate—about 300 to 400 mpy at 140°F, which is a number that can be experimentally
supported.

Figure 5 shows the temperature behavior of the corrosion rate for the three major effects:

e Corrosion in the presence and absence of scale formation

e The effect of pressure

e The effect of flow

A special feature of these calculations is that no bicarbonate was added for buffering the pH in the water.

If scale is allowed to form, the corrosion rate decreases by a factor of ten, and can be supported by
experimental data where the effect depends on the liquid volume to surface area ratio.
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Even at the 1,000 ft depth in the well, the corrosion rate (at 100°F) would likely have been 30 to 40 mpy,
or enough to have resulted in serious damage over the four-year withdrawal time. This is not what was
observed on the caliper and wall thickness logs run in the 7 in. casing, as well as subsequent laser scan of
the casing ID.

The above calculations and conclusions assume that the aqueous volume to corroding surface area is
large. Such a system reduces the rate of corrosion product build-up in the water and assures more or less
constant corrosion kinetics which are relatively easily modeled. The system where the liquid to surface
area ratio is reversed will be examined in following sections.

3.2 Non-Traditional Corrosion Rate Modeling

The classical approach to corrosion modeling as shown in Figure 5 did not result in corrosion rates which
would maintain the integrity of the production tubing and casing for 40, or even 20 years. An alternate
approach to corrosion modeling of gas wells was developed in the mid-1980s and called the COPRA
Correlation [1] [2] [3] [4]. The COPRA correlation was based on the observation that the corrosion rate in
gas producing tubulars, measured by means of iron counts, and the amount of brine produced, could be
correlated with gas production rates. Figure 6 describes the COPRA correlation.

May 31, 2019 Volume 2 Page 12



fast while the dissolution was slow (laboratory observations), the overall corrosion rate would be
controlled by the dissolution rate of iron carbonate, the maximum possible iron carbonate concentration
in solution, and the brine production rate.

3.2.1 Discussion of the Gas Phase behavior

Determining the corrosion rate using the principle of the COPRA Correlation also required an assessment
of the wetted surface area. It was necessary to assess the dewpoint characteristic in the tubing and
casing, and the production temperature-pressure profile.

Figure 7 shows dewpoint curves as a function of temperature and pressure. The two curves differ in the
assumption of the downhole conditions (150°F and two pressures). Temperature-pressure characteristics
are also inserted into this graph for four different production rates based on Blade's PROSPER production
model. It turns out that the flowing bottomhole temperature (BHT) was consistently lower than the
reported static BHT due to the Joule-Thomson effect at the face of the formation. Consequently, one must
assume that the tubing was wet from the bottom to the surface.
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generate corrosion rates within a grid of temperature and pressure. Subsequently, the results were used
to generate a contour plot of Iso-Corrosion Rates as shown in Figure 8.
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Superimposed are the temperature—pressure characteristics for two extreme production rates: 20 and
40 MMscf/D (Figure 7).

The results show that the gas flow rate has little effect on the corrosion rate. This may be because the
higher flow rate is compensated for by the lower pressure which results in a higher water content in the
flowing gas. What is important is the fact that these rates had been calculated with bicarbonate present in
the condensed water. These data are justified because, as soon as CO; saturated condensed water
touches the steel surface, the corrosion process generates the bicarbonate. At the point of condensation,
only a very thin film of condensate exists. It becomes saturated in CO; immediately, and an iron carbonate
film quickly forms at this location, thereby retarding the corrosion process. The observed corrosion rates
are comparable to those observed in the laboratory [5].

Because of the importance attributed to the iron carbonate (the presence of iron ions in solution), the
same calculations were repeated with some iron carbonate in the solution at the start. This modification
had little effect on the overall results (Figure 9).
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over 5. The results were shown as a function of pressure and temperature in Figure 8.

In order to show the corrosion rates along the casing, a hypothetical temperature-pressure gradient was
inserted in the contour plot (Figure 9). The temperature-pressure gradient depends on the flow rate,
which is why the results of these calculations only serve to illustrate orders of magnitude and trends. With
respect to the magnitude, it is concluded that 1,000 ppm bicarbonate had not reduced the corrosion rate
sufficiently to account for the low corrosion rates reflected in the caliper log and laser scan
measurements.

However, if consideration is given to the fact that iron carbonate is formed in the corrosion process, and
iron carbonate is added to the brine, the corrosion rates are further depressed, as was shown in Figure 9,
to levels which begin to reflect what might have occurred inside the tubulars of SS-25. 12 mpy over four
years of continuous service, or 48 mil total wall loss at the most corrosive locations is within the range of
observed caliper data and the laser scan results.

3.2.3 Corrosion Rates Based on Iron Counts

Estimating corrosion rates based on iron counts assumes that the produced condensed water cannot take
up more iron carbonate than its saturation value, which varies depending on temperature and pressure.
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Table 2: Corrosion Rate Estimate Based on Iron Counts

Total Iron Contained in Produced (Condensed) Water

Iron in Water: 150 ppm
Total Iron Total Iron X
Water Production Water Production Total Iron Produced . Produced (cubic
bbl/day liters/day (grams/day) ProduFed (cubic inches/day)
centimeters)
5 794.9 119.24 15.17 0.9257
12 1,907.8 286.18 36.41 2.2217
15 2,384.8 357.72 45.51 2.7771
20 3,179.7 476.96 60.68 3.7028
Total Wetted Surface Area Top to Bottom
Total Depth 8,200 ft Total Area 25,480 square ft
2,499.36 meters 3,669,090 square in.
Tubing ID 2.5in.
Tubing OD 2.875in. Corrosion Rate Calculation

Tubing Area ID

5,364.17 square ft

Tubing area OD

6,168.8 square ft

Casing ID

6.5 in.

Casing area ID

13,947 ft

Iron lost per year: 0.092 mpy
0.221 mpy
0.276 mpy

0.368 mpy

(1 cubic centimeter = 0.06124 cubic inches)

There is a perceived difficulty with this approach. If it is presumed that the produced brine consisted of
condensate water only (zero TDS), because the gas under downhole conditions is either saturated or
under-saturated in water, then there must be a dewpoint at some location in the 7 in. x 2 7/8 in. annulus.
At that point, there would not yet be any bicarbonate in the condensate. Because of this, the local
corrosion rate would be high, and highly localized, but the amount of water at the point of condensation
would be very low—a thin film at the most. Consequently, the point of saturation would be reached fast
and a protective iron carbonate film would be established quickly as well. Subsequently, most of the
water would condense on the way up the tubing as the temperature decreased. Hence, even though the
corrosion rate at the point of condensation may be high, the total metal loss would remain very small.

An alternate scenario could occur when the gas flow rates are low and annular flow reverts to slug flow.
At that point, the water would percolate up the tubing and the corrosion rate could be much higher. Even
in this scenario, the basic idea would hold, which is that the cumulative metal loss would have been

limited by the solubility of iron carbonate.
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Additionally, the water/gas phase behavior was evaluated for several production scenarios and
uncertainties in downhole water saturation.

e The well had been in service as a gas storage well (injection and withdrawal) for 38 years 1977-2016.
However, during this time the well only served as a producer for a cumulative total of 4 years. The
rest of the time it was an injection well or was shut in.

e The reservoir serving for gas storage had previously been an oil producing formation and was not
known as a water drive reservoir. Since the injection gas was essentially pipeline quality, it can be
presumed to have been dry. The gas contained 1 mol% CO,, less than 0.5 ppm H,S and some higher
molecular weight hydrocarbons.

e |t can be safely presumed that the gas produced back was nearly dry, or, as has been observed during
the past 20 years, under-saturated in water.

e |t turns out that during withdrawal, the well produced some oil, and measurements indicate about
twice as much as water with large variations in this ratio. The importance of the oil is that it is very
heavy oil, with a point of condensation at temperatures higher than the water dewpoint and would
therefore act as a natural corrosion inhibitor.

e Several different approaches were used in the attempt to model the corrosion of carbon steel in the
most likely production environment of SS-25.

— In the first instance, steel was exposed to condensed water in equilibrium with the gas phase as
defined above. The maximum corrosion rate was >1,000 mpy (at 180°F and 2,500 psi). Allowing
for an iron carbonate scale to build up reduced the maximum corrosion rate by a factor of 10, and
lowering the CO, content from 2 to 1 mol% resulted in another 30% reduction of the corrosion
rate. These were not realistic corrosion rates.

— A second approach accounted for the corrosion process producing alkalinity, and 1,000 ppm of
bicarbonate was added to the condensed water. At this point, the maximum corrosion rate had
decreased to 36 mpy (at 180°F and 3,000 psi): still considerably higher than what could be
justified by the observations. The results were presented as corrosion contour plots in a
temperature-pressure grid and the modeled temperature-pressure profile was superimposed.

— Finally, in order to fully account for field conditions, the solution was saturated in iron by adding
iron carbonate. The maximum corrosion rate was then 12 mpy (at 140°F and 3,000 psi). This result
is of an order of magnitude that begins to account for what might have happened in the field.

— Adifferent approach calculated the corrosion rate caused by the condensed liquid film moving up
the tubing based solely on the amount of iron that can be dissolved in the water under surface
conditions. It was postulated that it would not be likely to carry out more iron from the tubing
than corresponds to the iron saturation in the liquid. Using this saturation value multiplied by the
total water production reduced to the total corrosion iron carried out of the tubing and was
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"The ‘total surface area’ consisted of the outside diameter (OD) area of the tubing and the ID area of the casing (forming the 7 in.
x 2 7/8 in. annulus in the well).
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The upper 20 joints of the 7 in. casing extracted from SS-25 underwent an ID laser scan inspection at the
Blade warehouse in Houston, TX. The inspection was done by Laserstream, L.P. in July 2018. The purpose
of the inspection was to assess the extent of internal corrosion in the casing and to complement the ID
corrosion rate study.

Because the ID of the casing was different between the pipe body and the connections, the data for the
pipe body and connection were reported separately. Only features in excess of 5% of wall thickness
penetration were considered corrosion-related. This limited the data realistically accepted as corrosion
features to a depth of 0.015 in. (15 mils) on the lower end. Considering that the inherent roughness of the
1954 vintage casing may have been 0.006 in. (6 mils)", and taking into consideration a reasonable error
(standard deviation) due to the variation of the internal pipe diameter, a lower cut-off of retained data
was 15 mils was therefore considered reasonable.

The results of the laser scan are reported in the form of the length and width of any feature above the
limiting minimum depth. However, since the surface of the feature was not uniform, an average surface
area was determined by measurement within the length and width boundaries. The maximum depth and
the average depth were determined within this feature area. The average depth was based on multiple
depth measurements. The volume of the feature was determined from the average surface area and the
average feature depth.

The laser scan results were used to estimate a corrosion rate by assuming, as a first order approximation,
that the volume of iron removed from the feature was likely a better measure for the overall corrosion
rate than the maximum depth,

Each data set was evaluated statistically in several ways in order to ascertain the general randomness of
the nature of the corrosion features vs. occasional unordered events. The statistical analysis involved:

e Determining the kind of frequency distribution represented by the laser data as corrosion pit
distribution. For pipe body and connections segments, the laser essentially detected localized depth
variation from the general surface—hence, pit penetration. Note that this is not strictly correct, but
there are no data available with respect to the original surface other than what the pipe specifications
recognize as the nominal ID what the laser may recognize as an average most likely pipe diameter.
These frequency distribution results are shown in Figure 10 through Figure 13 in Appendix A.

e Transforming the data to a probability distribution, such as the Weibull distribution, in order to
estimate the probability of an extreme value. These results are shown in Figure 14 in Appendix A.

e Comparing all corrosion features for pipe body or connection as a function of depth into the well.
These results are shown in Figure 15 through Figure 19 in Appendix A.

i this assessment is based on assumptions made in the CO; corrosion model development at the University of Southern Louisiana
{Lafayette) during the years of 1980 through 1983.

i This is a first order approximation because it is a significant step from the feature corrosion rate to the general surface
corrosion rate.
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with a larger standard deviation of 0.0008 in. (0.8 mils). The comparison between the two means is
significant, which at this time only means that pitting on the connections are higher by an average of 44%

over the pipe body penetration.

Table 3 shows the results for the pit depth frequency distributions.

Table 3: Summary Statistics of Laser Scan on 7 in. Casing Inside Diameter

Maximum Penetration (in.) Average Penetration (in.)
Location Viean std dev. of std. dev. of Vean std dev. of std. dev. of
Mean Data Mean Data

X 0.00018 0.0068 0.000073 0.00283
Pipe Body 0.0271 0.0172

(0.67%) (25%) (0.43%) (16.5%)

. 0.0008 0.0164 0.000203 0.00417
Connection 0.0378 0.0195

(2.0%) (43%) (1.04%) (21.4%)

5.2 Laser Scan Results Summary

It has been shown by laser scans of the internal surface of the 7 in. casing from the SS-25 well that:

e Pitting attacks on the pipe body were relatively frequent but marginal in depth. The distributions for
maximum and average penetrations were essentially the same, albeit different by a factor of

about two.

e Pitting on the connections was more frequent and occurred with a greater depth of penetration).
The maximum observed penetration (0.117 in.) was about one-third of the pipe wall thickness. Hence,

corrosion or pitting was more severe on the connections.

e There was no observable correlation between depth in the well and pit penetration depth.

e The pitting phenomenon was different for the pipe body and the connections.

e The average depths of the features better reflected the removal rate of iron by corrosion as
determined in model calculations.

v While the absolute number of pits observed on the connections was only one-third of those on the pipe body, the much smaller

surface of the connections made the pit density proportionately much higher.
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maximum penetration data from the pipe and connection segments.

For the correlation for the pipe body pit depths, one observes the expected straight-line behavior up to a
penetration of about 0.05 or 0.055 in. Above this value, there were about 10 to 12 individual points which
defy the extreme value prediction and rose much faster in value. It was noted that these outlier points
represented only 0.8% of the entire data set collected on the pipe body segments.

Considering that the corrosion rate on the connections was higher than on the pipe body, it can be
speculated that these points belong to the connection data set. It would have been difficult for the laser
scanner to achieve a clean separation between the end of a pipe section and the beginning of the
connection.

The extreme value correlation for the connection pit penetrations showed a slightly different picture. At
the low end of penetration values, it appeared that one could observe an approach toward a constant low
value. Subsequently, the correlation followed a fairly predictable course toward a maximum penetration
value of 117 mils.

Where the differences between pitting in the pipe body and the connection become obvious is when the
two curves are superimposed, as in Figure 14. There is a certain amount of fine structure in both curves,
and the argument for either curve (the Weibull Plotting number) is different for each of them. What this
means is that the frequency of occurrence of a given pit depth is not the same in each of the curves.
However, this inherent difference between the two data sets, which is based on the number of
observations and not on the nature of these observations, clearly highlights the fact that
corrosion-pitting-localized attack was materially different for the two types of corroding surfaces.

The laser scan results are presented in multiple formats. The above discussions are based only on the
reported maximum depth of each feature with a penetration larger than 5% of wall thickness. Features
were also characterized by the average area of the feature as well as an average depth from which the
volume of metal loss of the singular feature was calculated. Therefore, the average depth of the feature
represents an average surface corrosion rate. Such corrosion rate is more likely to represent the corrosion
rate calculated by the overall iron loss based on ‘iron counts’ (a common measure for general surface
corrosion rate in CO;-containing systems). Figure 14 and Figure 15 show the statistical Weibull correlation
of the average corrosion rate calculated for each feature.

Analysis of Pitting Frequency along all 21 Pipe and Connection Sections

Finally, the question was asked if the extent {(magnitude) of the corrosion phenomena depended on the
depth of the casing in the well. Figure 16 through Figure 19 report the pitting frequency (number of
features) returned by the laser scan for each joint. These are separated in pipe features and connection
features for maximum (Figure 16 and Figure 18) and average (Figure 17 and Figure 19) penetration rates,
respectively. These figures show correlations of all the pits occurring in each joint with the joint number in
increasing depth toward the right-hand side. Therefore, the argument on the horizontal axis is the joint
number, and pit depth is plotted on the vertical axis. The statistics are calculated for each batch of
features in each corresponding pipe section. The mean for each individual batch is plotted in relationship
to the overall mean, and the height of the diamond represents the standard variability for each mean. The
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different from another. Applied to all of the pitting observed in the pipe body, the conclusion is that the
pitting is quite uniform along all the 7 in. joints pulled from the well. The spread of pit penetrations within
each pipe section may be large, but it is uniformly large, and there is no discernable trend from the top to
the bottom or vice versa.

The width of each diamond indicates the pitting frequency for each particular section. Therefore, sections
C003A1 and C0O04A1 show an overwhelmingly larger pit frequency over any other section. This
knowledge, however, does not permit the conclusion that corrosion is more severe toward the top of the
casing string due to the fact that the pit depth distribution is comparable to any of the other pipe
sections, and is also reasonably well confirmed by the overlapping circles where no particular outlier

is found.

Figure 18, the individual frequency distribution correlation with each connection, mirrors the conclusion
that had been reached earlier by comparing the Weibull correlation in Figure 12, which is that there is a
certain overlap in the frequency distribution before the divergence occurs. We now find that this overlap
was essentially confined to joint CO03A1 and connection CO04A1.

Figure 17 and Figure 19 lead to the same conclusions by means of the average penetration rather than the
maximum ones. In Figure 17, one finds that the mean for the average depth of the corrosion features on
pipe segment C017A1 is significantly above the global average of all pipe segments. The reason is not
clear since no significant differences between the pipe segments have been reliably established.
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Figure 12: Frequency Distribution of Maximum Corrosion Feature Penetration on Connection Body
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In January 2016, as part of their investigation of the leak, the California Public Utilities Commission (CPUC)
and the Division of Qil, Gas, and Geothermal Resources (DOGGR) selected and gave provisional authority
to Blade Energy Partners (Blade) to perform an independent Root Cause Analysis (RCA). The Blade Team
and parties under Blade’s direction were responsible for directing the work of subcontractors who
performed the extraction of the §5-25’s wellhead and tubing and casing and the preservation and
protection of associated evidence. This report is a supplementary report to the main RCA report.

This report provides details of Blade’s examination and interpretation of all the downhole inspection logs
run after the SS-25’s blowout. These logs were wireline conveyed to inspect the 2 7/8 in. tubing, 7 in.
casing, and 11 3/4 in. casing. The inspection logs utilized were caliper, ultrasonic, magnetic flux leakage,
and video imaging.

The following are Blade’s key observations:
e The 2 7/8 in. tubing was in good condition.

e The 7 in. casing had external corrosion, and the most severe, in terms of penetration, was present
from 700 ft to 1,015 ft. Numerous indications of internal corrosion were present from 1,700 to 2,300
ft, mostly of shallow penetration. The internal corrosion was related to a gas-lift mandrel at 1,965 ft
when SS-25 was an oil producer. Deformations in the form of minor ovality were 1-2%, except at the
whipstock area, which were 6%.

e The 7 in. casing annulus was cemented to 6,980 ft. Varying ratios of gas, liquid, and solids were
present in the annulus above the cement.

e The 11 3/4 in. casing had external corrosion, and the most severe, in terms of penetration, was from
90 to 385 ft. Fifty-eight holes were present in the depth range of 134-300 ft; the majority of the holes
were present in joint 5, which was 152-195 ft. Present in many joints were internal metal loss, such as
casing wear, pitting, erosion, and other features that appeared mechanical in nature. Internal pitting
was present between 700 and 990 ft. Some of the deepest features were at the same depth as the
corrosion found on the 7 in. casing connections. Circumferential and longitudinal wall thinning of the
11 3/4 in. casing was present at the location of the 7 in. casing failure; this was interpreted as erosion.
Deformations in the form of minor ovality were present in numerous 11 3/4 in. joints; only 1% ovality
was present in the location of the 7 in. casing failure.

e Good cement was observed in only a small portion of the 11 3/4 in. annulus, specifically at 606—-660 ft
and 950-985 ft. Cement was not observed above 400 ft. Areas without cement were filled with liquids,
gases, and solids of varying percentages.
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tools. These data were collected in situ, i.e., with the tubulars in place.

The purpose of this document is to present the findings of the SS-25 inspections logs. Additional data on
the extracted tubulars were collected during Phase 4 and are presented in separate reports [1] [2]. No
inspection logs had been run in SS-25 before the October 23, 2015 incident; therefore, no comparisons
could be made to historic logs.

The approach was multifaceted—it utilized a combination of technologies, such as mechanical,
electromagnetic, ultrasonic, and downhole camera logs. Table 1 shows the vendors, logs, and categories
of the logging tools run in SS-25 related to the inspection of the 2 7/8 in. tubing and 7 in. and 11 3/4 in.
casings.

Table 1: Vendors, Logs, and Category of Logging Tools

Vendor Log Name Category
Baker Hughes GE 24-arm Caliper Mechanical
Baker Hughes GE 56-arm Caliper Mechanical

Baker Hughes GE

High-Resolution Vertilog

Electromagnetic

Baker Hughes GE

Micro Vertilog

Electromagnetic

Baker Hughes GE

Integrity eXplorer

Ultrasonic

Versa-Line/TGT

Micro Imaging Defectoscope-2

Electromagnetic

Versa-Line/TGT

Micro Imaging Defectoscope-3

Electromagnetic

Schlumberger Ultrasonic Corrosion Imager Ultrasonic
Schlumberger Isolation Scanner Ultrasonic
Schlumberger Sonic Scanner Ultrasonic

Schlumberger Corrosion Protection Evaluation Tool Electromagnetic

EV Camera Camera Visual

The different logs complement each other and provide a thorough and complete review of the tubular
condition. Each tool has its own individual strengths and weaknesses in identifying certain types of
defects:

e The High-Resolution Vertilog (HRVRT), a magnetic flux leakage and eddy current inspection tool
(generically, electromagnetic), detects pitting with high repeatability and accuracy but may not detect
ovality or shallow casing wear.

e The ultrasonic tools are affected by the surface condition of the tubular ID and may not detect reliably
small pits that are less than the transmitter beam width, but they are exceptional at detecting ovality
and casing wear.

e The caliper log does not detect features that fall in the gap between its fingers, but it is the only log
that provides direct measurements of the radius.
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Term Definition
CBL Cement Bond Log
CPET Corrosion and Protection Evaluation Tool
CPUC California Public Utilities Commission
DE diatomaceous earth
DOGGR Division of Oil, Gas, and Geothermal Resources
EOT End of Tubing
FMI Formation Micro Imager
GNPT Global New Petro Tech, Inc.
GR-JB Gamma Ray Junk Basket
HPT High Precision Temperature
HRVRT High-Resolution Vertilog Service
IBC Isolation Scanner
ID Internal Diameter
INTeX Integrity eXplorer Cement Evaluation Service
KCL Potassium Chloride
LD Lay down
MID Magnetic Imaging Defectoscope
MPC Mechanical Pipe Cutter
MU Make Up
MVRT MicroVertilog Tool
NDE Nondestructive Evaluation
NOV National Oilwell Varco
oD Outside Diameter
P&A Plug and Abandon
POH Pull Out of Hole
POOH Pull Out Of Hole
RCA Root Cause Analysis
RD Rig Down
RIH Run In Hole
RU Rig Up
SD Set Down
SO Slack Off
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TOF Top of Fish
uci Ultrasonic Corrosion Imager
WL Wireline
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under the request and supervision of Blade, except the earliest log performed by Western Wireline—it
was conducted during the blowout at the direction of SoCalGas or Boots & Coots. No historical tubing
inspection logs were found prior to the ones listed. The MicroVertilog, caliper, MID-2, and MID-3 logs
were run to quantify the metal loss, shape, and other damage in the tubing. Additionally, the MID-2 and
MID-3 logs quantified metal loss in the 7 in. and 11 3/4 in. casings prior to extraction. These logs provided
early insight into the condition of SS-25 prior to the extraction activity consisting of valuable data to the
planning documents, such as protocols, work plans, hazard identification, notice of intent, extract tubulars
on paper exercise. The tubing was extracted and sent for nondestructive examination (NDE). The log and
NDE results agree well; the NDE results are contained in a separate report.

Table 2: SS-25 Tubing Inspection Logs

Date Vendor Log Top (ft) Bottom (ft)
January 21, 2016 Western Wireline Caliper - 24 arm 3,000 6,000
April 8, 2016 Baker Hughes GE Caliper - 24 arm 0 8,186
April 18, 2016 TGT, Versa-line, GNPT MID-2, MID-3 0 8,187
April 22, 2016 Baker Hughes GE MicroVertilog 0 8,186
August 30, 2017 EV Camera 0 1,040
August 31, 2017 EV Camera 0 892

2.1.1 Bulging and Circumferential Anomalies

Figure 1 shows an example of the bulging phenomenon and circumferential features. The individual traces
of each caliper finger are shown on the left, and the calculated minimum, average, and maximum
diameters are shown in blue, green, and red respectively. Smaller diameters are to the left, and larger
diameters are to the right. The tubing pipe body seems to be radially flared out or bulged, i.e., the ID in
the middle is larger than at the ends of each joint. This was evident in joints 83-234 (2,564—7,250 ft).
Circumferential features were also observed. They are denoted by red arrows pointing to short lengths
with a small reduction in diameter.
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2.1.2 Tubing Metal Loss Features

Average Minimum ID

Average ID

Average Maximum ID

2.454 in.

2.473 in.

2.492 in.

Significant pitting was not observed in the MID-2, MID-3, MicroVertilog logs, or caliper logs. Figure 2

shows the summary from the MicroVertilog log; no defects were found that exceeded 20% depth.

o S

Total

Damage Classification Summary

Class _Defect Range _Joints

264 100.0
0 00
n 00
0 0.0
264 100.0

Figure 2: MicroVertilog Classification Summary of 2 7/8 in. Tubing [6]
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Figure 3: MicroVertilog Log of 2 7/8 in. Tubing, 830-1,020 ft [6]
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in. tubing. Figure 7 shows some images of the tubing. The images agree with the observations of the
previously discussed tubing inspection logs—no abnormalities were observed in the tubing. Note that the
two images on the left hand side of the bottom row show the internal circumferential feature. The 7 in.
casing failure is shown in Section 2.2.5.
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3,608 ft. A successful pass-through was achieved by using additional weight bars. We realized after the
extraction of the tubing that this issue was related to deformation in the pipe body. Figure 8 shows the
most severely bent tubing joint—joint 116 located at ~3,608 ft. There was a noticeable bend located in
the upper third of this tubing joint (the uphole end is closest to the viewer, and the downhole end is into
the page). Further evaluation of the extracted tubing is found in separate reports [1] [2].
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Table 4: 7 in. Casing Inspection Logs

Date Vendor Log Top (ft) Bottom (ft)
April 18, 2016 TGT, Versa-line, GNPT MID-2, MID-3 0 8,187
August 30, 2017 EV Camera/Caliper 953 1,040
August 31, 2017 EV Camera 887 892
October 10, 2017 EV Camera 0 315
October 10, 2017 Baker Hughes GE Caliper - 56 arm 0 866
November 8, EV Camera 890 930
2017
November 13, EV Camera 890 930
2017
November 27, Baker Hughes GE Gauge/Junk Basket 939.5 7,397
2017
November 27, Baker Hughes GE Caliper - 56 arm 939.5 7,202
2017
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December 3, 2017 Schlumberger Ultrasonic (;orr05|on 939.5 7,553
Imaging
December 4, 2017 Schlumberger Isolation Scanner 939.5 7,546
December 4, 2017 Schlumberger Sonic Scanner 939.5 7,546
December 7, 2017 Schlumberger Corrosion .Protectlon 939.5 7,535
Evaluation Tool
December 10, EV Camera 939.5 7,544

2017

2.2.1 Metal Loss Summary

Figure 9 shows the metal loss features observed for the 7 in. casing for surface to 7,500 ft. The logs used
were HRVRT, caliper, MID-2, MID-3, and the Isolation Scanner. The x axis is the percentage of penetration
into the nominal casing wall thickness. For example, the nominal casing wall thickness for 7 in. 23 Ib/ft is
0.317 in., and a 10% penetration would be a defect that extended into the wall thickness by 0.0317 in. The
figure also shows the deepest defect for each joint. Most of the defects observed were less than 20%. The
left graph shows 0—100% while the right graph shows 20-60%. The features annotated on the figure are
discussed in detail in this section.
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Figure 10 shows the caliper data for the 7 in. casing from surface to 866 ft. The right track is ovalization (in
black) displayed in inches and is the half of the maximum ID minus the minimum ID. The EV-Epidote
software calculated ovalization using the caliper data for the 7 in. casing and, aside from the whipstock
location at ~3,830 ft (Figure 11, Figure 12), found a range of ovality of 1-2%'. The ovality in the area
around the whipstock was 6%, which in our interpretation was expected.

i To express ovalization as a percentage, take the ovalization in inches, divide it by the nominal ID, and multiply by 100 e.g.
ovalization of 0.2 in. is 3.14% (0.2 in./nominal ID*100).
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4.2.3 EXiernal ivietal LOSS

External metal loss was visually observed in the extracted 7 in. casing joints in November 2017. One of the
key objectives of the logging operations (from late November to December 2017) was to ascertain the
extent and severity of the external metal loss in the casing that remained in the well. Figure 15 shows the
HRVRT log for the depths 900 ft—1,060 ft. The annotation “Repair Connection” is a reference to the casing
patch (also known as overshot). Its location marks the bottom of the 7 in. 29 |b/ft tieback casing and the
beginning of the original 7 in. 23 Ib/ft casing. The 11 3/4 in. surface casing shoe was observed at 990 ft.
The green brackets delimit a region of extensive external metal loss between 939 and 1,015 ft. The 7 in.
external corrosion extends 25 ft below the 11 3/4 in. surface casing shoe.
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Ultrasonic logs in regards to penetration; the range was 16—28%. Other areas of internal corrosion were
present but isolated (not clustered), infrequent, and of low penetration. One notable exception was the
internal defect at 2,228.5 ft—the HRVRT log found that it had a penetration of 41%. This defect was
observed neither in the caliper, UCI, and IBC logs nor in the video imaging.
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Figure 20 shows the 7 in. casing joints—the worst three joints with internal metal loss found by the caliper
log at the depths of 1,840-2,010 ft. The graphic shows that the defects were clustered and vertically
oriented on or about the same clock position. Figure 21 shows HRVRT log with the same depth range of
Figure 20. The ultrasonic logs are not shown here, but the caliper, HRVRT, and ultrasonic logs all show the
same pattern of internal metal loss.
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first—in SS-25 it was at 1,965 ft. Typically, the gas that is injected is the same gas that is produced with
the oil; we did not find data to confirm this. We presume that the 7 in. casing below the first gas-lift
mandrel would have been liquid-filled and, along with the injection gas, the area would have been
conducive to corrosion. We interpreted the internal corrosion shown in Figure 19, Figure 20, and Figure
21 to be related to the gas-lift mandrel at 1,965 ft when SS5-25 was producing oil with gas lift.
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August 31, 2017

Blade observed an occasional low-magnitude but a sharp increase in tension (i.e., overpull) on the string
weight indicator during the extraction of the 2 7/8 in. tubing. The overpull was spaced roughly in 31 ft
increments. Some of the tubing connections were observed to have a 1/2 to 1 in. area of shallow
deformation at the bevel on the upper side of the connection. Blade interpreted this as a probable full
circumferential parting of the 7 in. casing and that the tubing connections were momentarily hung up as
they passed through the parted area. This needed to be confirmed because it had major implications on
further operations, so the tubing extraction was stopped when the base of the tubing reached 953 ft.
Baker Hughes wireline was rigged up and used to run the video camera through the tubing and out into
the 7 in. casing. Figure 23 shows a schematic of the well configuration for the video imaging work. With
the video camera positioned at the end of tubing, the tubing was slowly raised concurrent with pumping
clear & § nng KCI fluid while the ID of the 7 in. casine was nhserved with the camera.

950 ft

\I

25 || 1,000 ft X=7in. Failure Location

Figure 23: Well Configuration for Through-Tubing Camera Run to View 7 in. Failure Area

Table 5 shows the operations summary for August 31, 2017. Note that the depth of the 7 in. casing failure
was revised after the extraction of the 7 in. casing and did not match the MID log or camera depths. There
was only one 7 in. casing failure—at 892 ft—based on pipe length measurements.

Table 5: Operations Summary for August 31, 2017

Date Report | Depth Operations Summary
No. (ft)
August 32 7,555 | Pull and LD 1 jt 2-7/8" tubing and transfer to PS-20. RU Baker WL, Ran camera
31, 2017 to EOT and investigate area from 892-888' while slowly pumping brine down
tubing. Found 7" casing parted at ~887.5 ft (wireline measured depth).
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October 10, 2017

Following the 2 7/8 in. tubing extraction, a downhole video camera was run in the 7 in. casing from
surface down to the fluid level, which was observed at 322 ft. The purpose of the inspection was to
evaluate the condition of the ID of the 7 in. casing and select a depth for setting a retrievable bridge plug
(RBP). The camera was run according to Phase 3A Contingency Work Plan [5].

Table 6 shows the operations summary for the October 10, 2017 camera work. In general, the internal
surface was covered with a thin layer of oil and debris. No defects were observed. An area for the RBP
was selected at ~200 ft.

May 31, 2019 Volume 2 Page 33



DL WY LIVIL DU UURLT VUM TV

from 865'. RIH with WFord RBP on
2-7/8" WS and set at 200'".

December 10-13, 2017

The objective of our Dec 10-13, 2017 camera work was to add visual information to the previously
acquired logging data. The original 7 in. casing (including the failed joint) had been recovered at a depth of
939 ft and replaced by a 7 in. new tieback casing. The depth coverage of the camera work was 939-7,530
ft. The Areas of Interest (AOIl) were areas of internal metal loss, the 7 in. casing connections, and the
general surface condition. The camera was run according to Phase 3A Contingency Work Plan [5]. Table 7
shows the operational summary for those days. The language is verbatim from the original table [11].

Table 7: Operations Summary for December 10-13, 2017

Date Report | Depth Operations Summary
No. (ft)
December 133 7 555 Cont filtering fluid. Final NTU = 935. RD Baker and POOH to 3983 ft. RU Baker
10, 2017 ’ WL. RIH with EV Camera thru tubing to 4007' - lost communication. POOH

RIH with EV Camera thru tubing (tail at 3896 ft). Inspect each connection from

December 134 7 555 4008 to 4304 ft. Side view camera failed. POOH. Change out camera motor and
11, 2017 ’ RIH. Cont inspecting each connection from 4304 to 5027 ft. Inspect 7" to 7544
ft. POOH.
December RU Baker DE filters. Reverse circ/filter fluid from 4011 ft. Final NTU = 2. POOH
12 2017 135 7,555 | to 1739 ft. RIH with EV Camera. Inspect each connection from 1730 to 4006 ft.
’ POOH

December RU Baker DE filters. Reverse circ/filter fluid from 1770 ft. Final NTU = 1. POOH
13 2017 136 7,555 | to surface. RIH with EV Camera. Inspect each connection from 1730 to surface.

RD Baker and EV.

The fluid clarity was mostly good but at times poor, which may have obscured some features; even with
poor clarity, we were able to observe over 60 connections. There were minor defects that appeared to be
small pits or gouges near some connections; the most common location of the defects was where the pin
nose met the box. No visible threads were observed. There were no indications of a connection leak (e.g.,
washout or erosion). The surface condition was generally good and agreed well with the logging data.
Figure 27 shows an example of a 7 in. connection as captured by video imaging—connection 177 at
7,488.1 ft. This connection is a representative example because it shows small gouges, no visible threads,
and no indication of a leak. The lower portion of the figure shows a portion the caliper log for the same
connection. The connections were slightly smaller in diameter than the pipe body. The mean pipe ID for
joint 177 was 6.282 in. while the mean ID at the connection was 6.208 in.—a difference of 0.074 in. We
interpreted that the connections defects were, in most cases, gouges at the connections related to the
passage of bits, mills, scrapers, packers, and other tools.
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2.2.6 Annulus Condition

Figure 30 shows the Isolation Scanner log for 6,940-7,030 ft. Schlumberger interpreted that the cement
top in the 7 in. annulus was at 6,980 ft, and we concurred. After the initial cementing of the 7 in. casing in
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vate venaor LOE 10p {1T) BOTIOM {TT)
August 10, 2018 Schlumberger Caliper -4 arm 870 1016
August 10, 2018 Schlumberger Formation 993 1016
Microresistivity
Imager

Figure 32 shows the caliper log, which identified a 24—-26 in. diameter area at 990-994 ft directly below
the 11 3/4 in. surface casing shoe, which is denoted by the black arrow and annotation. The Formation
Microresistivity Imager (FMI) also confirmed the diameter. In 1953, when the original openhole was
drilled, the hole diameter was reported as 16 in. down to 990 ft and 10 5/8 in [12]. thereafter. The 24-26
in. observed was much greater than both the original openhole diameters; we could not ascertain if this

hole enlargement was related to drilling and cementing operations from 1953, or related to the October
722 20158 hlawnint Additinnal nheervatinne nn the FMI lno resardine randiictive frartiireq are fonind in the

2.4 11-3/4in. Summary

Table 9 shows the logs that provided information about the 11 3/4 in. casing. There were no historical
11 3/4 in. casing inspection logs that preceded the 7 in. casing failure. As with the 7 in., the 11 3/4 in.
logging program was comprehensive and intended to gather as much information about the 11 3/4 in.
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Table 9: 11 3/4 in. Casing Inspection Logs

Date Vendor Log Top (ft) Bottom (ft)

April 18, 2016 TGT, Versa-line, GNPT MID-2, MID-3 0 990
November 2, 2017 Baker Hughes GE Caliper - 56 arm 0 875
November 7, 2017 EV Camera 0 275
November 8, 2017 EV Camera 890 930
November 15, 2017 Baker Hughes GE Caliper - 56 arm 0 935
November 16, 2017 TGT MID-2 0 929
December 2, 2017 TGT MID-2, MID-3 0 990
May 20, 2018 V(\:ljllp,g:::i\gsri]s Noise 0 990
August 10, 2018 Schlumberger Caliper -4 arm 870 990
August 11, 2018 ngr':og::tll‘f: Noise 0 990
August 12, 2018 Baker Hughes GE Caliper - 56 arm 0 990
August 12, 2018 Baker Hughes GE INTeX 0 970
August 13, 2018 Baker Hughes GE HRVRT 0 950
August 14, 2018 Schlumberger Isolation Scanner 196 990
August 15, 2018 Schlumberger UItraS(I)rr;i;:g(in(:grrosion 195 990
August 15, 2018 Schlumberger Sonic Scanner 196 970
August 18, 2018 EV Camera 0 212
August 19, 2018 EV Camera 700 995

Table 10 shows our interpretation of the 11 3/4 in. anomalies observed in the logs listed in Table 9. On a

joint by joint basis, when anomalies are present, they are marked with a ‘y’. If anomalies are not present,

then the entry is blank. The anomalies observed were the following:

e Joints with a casing weight probably heavier than 42 |b/ft

e Joints with external metal loss

e Joints with holes

e Joints with internal metal loss

e Joints with ovality

e Joints with casing wear
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L 12.6 13./
2 26.5 42.5
3 69.1 42.4
4 111.6 40.2
5 152.1 43.1
6 195.4 41.3
7 237.0 42.5
8 279.7 40.4
9 320.3 41.2
10 361.7 34.7
11 396.6 27.5
12 424.3 41.7
13 466.2 36.4
14 502.8 41.3
15 544.3 43.6
16 588.1 36.8
17 625.1 36.8
18 662.1 40.0
19 y 702.3 41.6
20 y 744.1 37.8
21 y 782.1 42.0
22 824.3 41.8
23 y 866.4 40.5
24 y 907.1 41.9
25 y 949.2 38.3
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The ultrasonic logs observed changes in dimensions at the same joints as the caliper log, except for joint
1. The nominal wall thickness of 11 3/4 in. 42 Ib/ft is 0.333 in. [4] The ultrasonic logs observed an average
wall thickness of 0.356 in. and 0.369 in. for joints 13 and 25, respectively, whereas the range of wall
thicknesses for all other joints was 0.311-0.336 in. The ultrasonic logs could not measure the wall
thickness of joint 1 because it was above the fluid level in the well.

2.4.2 External Metal Loss

Figure 34 shows the 11 3/4 in. HRVRT and Isolation Scanner logs with the depth range of surface to 430 ft.
Blade, Baker Hughes, and Schlumberger’s interpretation was that external corrosion is present. This area
was highlighted with a green box on the HRVRT track and was logged at a depth of approximately 90-385
ft. The external corrosion was predominantly on joints 3-10. Joint 5 (from 152-195 ft) showed the
greatest occurrence of external corrosion. The yellow boxes show the “Max FL Axial” track from HRVRT
and the “Thickness” track from Isolation Scanner. There was close agreement in the shape of the curves.
The isolation scanner shows that the joint maximum penetration by thickness ranged from 62.19 to
94.50% (orange box) for joints 6-10.
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2.4.3 Holes

We observed the presence of holes in the 11 3/4 in. casing via the ultrasonic, MFL, caliper, and video
imaging logs. The holes were observed from 134-300 ft in joints 4-8. Figure 37 shows the caliper log from
144-148 ft and video imaging at approximately 145 ft and 147 ft. The caliper log clearly shows the
presence of holes in the second, third, and fourth tracks, further corroborated by the photographs from
video imaging. We did not observe casing wear or pitting adjacent to the holes visually and using the
caliper data. We used the caliper log to identify 58 holes; 50 holes were detected on joint 5 alone.
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Figure 38: Picture of Hole in 11 3/4 in Casing with Dimensions from Video Imaging at 145 ft

2.4.4 Internal Metal Loss

We concur with Schlumberger and Baker’s interpretation that internal metal loss was observed in many
joints. But not all of the internal metal loss observed should be interpreted as internal pitting. Figure 39
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these features line up in the well so consistently. The uniform internal metal loss features are found
almost exclusively in joints that have casing wear. Casing wear was expected to some degree considering
that fishing operations, an openhole sidetrack, and approximately 6,000 ft of drilling operations were
performed through the 11 3/4 in. casing. The drillpipe tool joints may have been hardbanded and caused
these uniform metal loss features. Another possible explanation is the use of hardened slips (in packers,
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protection of evidence was can be found in a separate report [4].

Our interpretation is that the caliper logs repeatedly found instances of metal loss beginning at
approximately 700 ft and extending to the shoe. These metal loss features were in the same location, at
the same or similar penetration, and further corroborated by the HRVRT and the ultrasonic logs. Based on
the scattered distribution and non-uniform penetration, our interpretation is that this internal metal loss
was pitting, which was observed between 700 and 990 ft in joints 18—-25. Figure 43 shows video imaging
from August 19, 2018, of an oval shaped feature at ~731 ft substantiating this interpretation. Appendix C
contains additional video images.
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Figure 44: 11 3/4 in. HRVRT Log [16], Nonrandom Internal Metal Loss {Blue Rectangle)

Besides connection 19, joint 20, and connection 20, additional locations for type Ill corrosion feature are
identified in the report S5-25 Casing Failure Analyses [2] ; these locations coincide with the metal loss
features in the 11 3/4 in. logs. Figure 45 shows the description of the type Ill corrosion feature.

See Appendix D for an additional figure regarding the 7 in. casing type lll corrosion feature and the related
11 3/4 in. casing internal corrosion.
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