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The U.S. Chemical Safety and Hazard Investigation Board (CSB) is an independent Federal agency
whose mission is to drive chemical safety change through independent investigations to protect people
and the environment.

The CSB is a scientific investigative organization, not an enforcement or regulatory body. Established by
the Clean Air Act Amendments of 1990, the CSB is responsible for determining accident causes, issuing
safety recommendations, studying chemical safety issues, and evaluating the effectiveness of other
government agencies involved in chemical safety. More information about the CSB is available at

WWW.csb.gov.

The CSB makes public its actions and decisions through investigative publications, all of which may include
safety recommendations when appropriate. Types of publications include:

Investigation Reports: formal, detailed reports on significant chemical incidents that include key
findings, root causes, and safety recommendations.

Investigation Digests: plain-language summaries of Investigation Reports.
Case Studies: reports that examine fewer issues than Investigation Reports.
Safety Bulletins: short publications typically focused on a single safety topic.
Hazard Investigations: broader studies of significant chemical hazards.

Safety Videos: videos that animate aspects of an incident or amplify CSB safety messages.

CSB products can be freely accessed at www.csb.gov or obtained by contacting:

U.S. Chemical Safety and Hazard Investigation Board
Office of Congressional, Public, and Board Affairs

1750 Pennsylvania Ave NW, Suite 910

Washington, DC 20006

(202) 261-7600

No part of the conclusions, findings, or recommendations of the Board relating to any accidental release or

the investigation thereof shall be admitted as evidence or used in any action or suit for damages arising
out of any matter mentioned in such report. 42 U.S.C. § 7412(r)(6)(G).
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Acronyms and Initialisms
API American Petroleum Institute HWDP Heavy Weight Drill Pipe

APL Annular Pressure Loss IADC International Association of
Drilling Contractors

bbl barrel LCM  Lost Circulation Material
BHA Bottom Hole Assembly MD Measured Depth
BHP Bottom Hole Pressure MOC  Management of Change
BOP Blowout Preventer MPD  Managed Pressure Drilling
CCPS Center for Chemical Process Safety ppg pounds per gallon
CSB U.S. Chemical Safety and Hazard Reg Regular

Investigation Board
ECD Equivalent Circulating Density RMO  Red Mountain Operating
ft feet RP Recommended Practice
gpm gallons per minute TOFS  Time Out for Safety
HCR High Closing Ratio TVD True Vertical Depth
HP Hydrostatic Pressure UBO  Underbalanced Operations
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Glossary

The terms listed below are emphasized in the report at first usage.

Accumulator — Equipment storing high-pressure hydraulic fluid, which is used to function the blowout preventer. The
accumulator is equipped with handles to close the individual devices (e.g., annular preventer, blind rams, pipe rams) on
the blowout preventer.

Annular Pressure Loss (APL) — The frictional losses in the annulus when mud is being circulated through a well. The
frictional losses cause the pressure exerted on the walls of the wellbore to be higher when mud is pumped down the
drill string and back up the annulus than when the well is static.

Annular Preventer — Part of the blowout preventer stack. It is a device using an elastomeric seal that can seal around
a variety of sizes of drill pipe or other equipment, as well as the open hole.

Annulus — The space between the wellbore walls or casing and the outside of the drill string.
Barrel — The standard measurement of volume in the drilling industry. A barrel equals 42 U.S. gallons of fluid.

Barrier (Well Control) — A type of protection to prevent a hydrocarbon blowout. The primary well control barrier for
this drilling operation was the drilling fluid column in the well exerting sufficient hydrostatic pressure to prevent
formation fluids from entering the wellbore. The secondary well control barrier for this operation was human detection
of a gas influx by workers on the rig, including the driller and company man who is also frequently in the driller’s
cabin, and subsequent human-activated closure of the blowout preventer.

Blind Rams — Part of the blowout preventer stack. Two rams close to seal the well when no drill pipe is in the well.
Blowout — The uncontrolled release of gas, oil, or other well fluids from a well.

Blowout Preventer (BOP) — A stack of devices installed at the wellhead (blind rams, pipe rams, and annular
preventer) to prevent or stop the escape of fluid from the well.

Bottom Hole Assembly (BHA) — The bottom part of the drill string consisting of various equipment including the drill
bit.

Calculated Fill Tripping Method — Tripping method used during the tripping operation out of the horizontal section
of Pryor Trust Well 1H-9. The Calculated Fill tripping method involved stopping all mud flow from the well by
closing the flow line isolation valve with the pressure-containing rotating head installed. A calculated volume of mud
was periodically pumped into the well with the intent to replace the calculated volume of the drill pipe removed by
turning on and off the trip tank pumps.

Casing — large-diameter steel pipe inserted into a wellbore and cemented into place. Casing protects weak formations
from potentially damaging pressures produced by the drilling mud.

Casing Shoe — The bottom of the casing string.
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Choke Line — Piping attached to the blowout preventer stack through which drilling mud and influx fluids (e.g., gas)
can be removed from the well.

Company Man — RMO’s representative on the drilling rig, who supervised the drilling operation.

Continuous Fill Tripping Method — Common tripping method used in overbalanced tripping operations. Mud is
pumped continuously from the trip tank into the well and excess return flow is routed through the open flow line and
back to the trip tank.

Displacement Volume — The equivalent volume of liquid occupied by a solid object.

Dog House — The steel room on the rig floor from which the driller controls the drilling operation. Also called the
“driller’s cabin.”

Drill Bit — Equipment on the bottom of a drill string used to cut through rock to drill a well.

Drill Pipe — Piping through which mud is pumped during drilling operations. The piping is rotated while drilling to
rotate the drill bit, allowing the drill bit to cut through rock.

Drill String — The length of drill pipe used to lower and rotate the drill bit to drill the well. Mud is pumped down
through the drill string and up through the annulus during drilling and circulating operations.

Driller’s Cabin — The steel room on the rig floor from which the driller controls the drilling operation. Also called the
“dog house.”

Drilling Engineer — The RMO-contracted engineer who designed the well plan and monitored the progress of the
drilling operation. The drilling engineer worked from Oklahoma City.

Equivalent Circulating Density (ECD) — The equivalent heavier mud density of a static fluid that would exert the
same pressure of a circulating fluid in the wellbore.

Flare — Equipment that ignites gas to safely dispose of it. “Flare” also refers to the flame produced by the burning of
gas by the flare equipment.

Flow Check — An operation performed to identify if formation fluids have entered the well. The drilling crew halts all
operations to monitor if mud flows from the well when no mud is pumped into the well. Observed flow during a flow
check could be an indication of formation fluid in the well.

Flow Line — The piping through which mud coming out of the top of the wellbore is routed to mud-treating
equipment. The flow line is an inclined, gravity-flow pipe. The Patterson Rig 219 flow line was equipped with a sensor
that indicated the quantity of flow (as a percentage) flowing through the flow line. The flow sensor was on the flow
line downstream of the orbit valve.

Flow line Isolation Valve — An isolation valve in the flow line. “Orbit valve” is the term commonly used to describe
the isolation valve by Patterson and RMO.

Formation — A distinctive geological layer of rock.
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Formation Pressure — The pressure of fluids (e.g., natural gas, oil, or water) within a geological formation. Also
called “pore pressure.”

Gain — An increase in volume in the mud pits or trip tank, which could be indicative of a formation fluid influx into
the well.

Gas Unit — API unit of measurement of gas concentration.
Hitch — The 14-day period worked by the drilling rig crews, which was followed by 14 days off.

Hydrostatic Pressure — The pressure produced by the column of fluid in the wellbore. Hydrostatic pressure is a
function of the density and height of the fluid.

Influx — The uncontrolled flow of formation fluid (natural gas, oil, or water) into the wellbore from the formation.
Also called a “kick.”

Joint — One individual drill pipe piece. Joints of drill pipe are about 30 feet long.

Kick — The uncontrolled flow of formation fluid (natural gas, oil, or water) into the wellbore from the formation. Also
called an “influx.”

Kill Line — Piping through which mud can be pumped into the well by the mud pumps to control or circulate out a
kick.

Lag Depth — The depth at which cuttings and entrained gas in the mud returning to surface originated.

Lost Circulation Material (LCM) — Material used during mud losses into a formation to plug areas in the wellbore
wall where mud flows from the well into the formation.

Managed Pressure Drilling (MPD) — An “adaptive drilling process used to precisely control the annular pressure
profile throughout the wellbore. The objectives are to ascertain the downhole pressure environment limits and to
manage the annular hydraulic pressure profile accordingly. It is the intention of [managed pressure drilling] to avoid
continuous influx of formation fluids [1, p. 3].” In managed pressure drilling operations, the wellbore pressure is
continuously managed through applied surface backpressure, fluid density, fluid level, circulating friction, or various
combinations of these.

Mast — The large structure that supports the load of the drill pipe and equipment used during drilling.
Measured Depth (MD) — The length of the wellbore, as measured by the length of drill pipe used to drill the well.

Mud — Drilling fluid pumped down the drill string and up through the annulus during drilling operations. Mud can be
oil or water based. The mud used for the Pryor Trust 1H-9 drilling operation was diesel oil-based.

Mud Gas Separator — Equipment used to separate entrained gas from drilling mud.

Mud Pits — Large steel tanks that hold drilling mud. The mud pits for Patterson Rig 219 were equipped with level
sensors/indicators for the driller and other rig workers to determine fluid volume in each of the mud pits.
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Mud Pumps — Large, high-pressure, positive displacement pumps used to pump mud down the drill string and back to
the surface while drilling. Mud pumps are also used to circulate kick gas out of a well by pumping mud through the
kill line.

Mudlogger — Geologist at the rig site who analyzed the rock cuttings in the mud returning to surface during drilling to
build a geological log of the wellbore.

Off Driller’s Side Cabin — Structure on rig floor opposite the driller’s cabin that holds various equipment.
Orbit Valve — A commonly used term by Patterson and RMO to describe the flow line isolation valve.

Overbalanced Drilling — Conventional drilling operation in which the hydrostatic pressure of the drilling fluid is
maintained above the formation pressure to prevent formation fluids from entering the wellbore.

Pill — A finite volume of fluid used for a special application in the wellbore, for example plugging an area in the
wellbore where mud losses are occurring (“lost circulation material pill”), or for adding hydrostatic pressure to the
wellbore (“weighted pill”).

Pill Tank — Tank from which a “pill” is pumped into the well. The Patterson Rig 219 pill tank was equipped with a
level indicator.

Pipe Rams — Part of the blowout preventer stack. Two steel rams with a half-circle hole on the edge meet inside the
well to seal around drill pipe.

Pore Pressure — The pressure of fluids (e.g., natural gas, oil, or water) within a geological formation. Also called
“formation pressure.”

Possum Belly — Tank into which the flow line discharges. From the possum belly, the fluid is fed to the shale shakers.
Ram — A closing component of the blowout preventer stack.
Rig Floor — The elevated platform on which the rig crew conducts drilling operations.

Rotating Head (Rotating Control Device) — A rotating pressure-sealing device that seals around the drill string and is
designed to hold wellbore pressure. The rotating head installed on Rig 219 could hold up to 650 psi at static conditions.

Shale Shakers — Vibrating screens used to remove rock cuttings from drilling mud.

Slips — A device used on the drilling rig floor to grip drill string when the upper portion of the drill string is
disconnected from the portion of the drill string in the well.

Slug — A dense volume of mud pumped into the drill pipe. Its hydrostatic pressure is used to push mud downward and
out of the bottom of a drill string. Because of its higher density, it results in the fluid level in the drill pipe to be some
distance below the surface, facilitating “tripping” the pipe from the well. The slug allows drill pipe being removed
during a “tripping” operation to be empty of mud (pulled “dry””). When, instead, the drill pipe segments removed from
a drill string contain mud (pulled “wet”), the mud from the removed drill pipe segment empties out when the segment
is disconnected from the drill string. In wet tripping operations (mud is inside the drill string), rigs often use a “mud
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bucket,” which surrounds the drill string to collect mud from removed drill pipe segments for re-use. Wet tripping is
slow and unpleasant work.

Slug Tank — Tank from which a “slug” is pumped into the well. The Patterson Rig 219 slug tank was equipped with a
level indicator.

Stand — Three connected joints of drill pipe. A stand of drill pipe is about 90 feet long.

Swabbing — Reduction in pressure in a wellbore while removing pipe from the well, usually due to fluid friction
between the mud and the upward-moving drill string. The reduction in pressure could cause the well to become
underbalanced and allow formation fluids to enter the wellbore.

Tool Joint — The threaded end of a joint of drill pipe.
Tour — The 12-hour shift worked by rig workers. Tour is commonly pronounced “tower.”

Trip Tank — A tank that holds a smaller volume of mud in comparison with the mud pits. The trip tank is used to keep
the well filled with mud during tripping operations. Typically, mud is continuously circulated from the trip tank into
the well, with return fluid going back to the trip tank. The driller monitors the trip tank volume while tripping to
monitor if the right amount of mud is added to the well to replace the volume of pipe removed from the well, so that
the hydrostatic pressure in the well is maintained. The Patterson Rig 219 trip tank was equipped with a level indicator.

Trip Tank Pumps — Centrifugal pumps that pump mud from the trip tank into the well during tripping operations.

Tripping — The act of removing or inserting drill pipe from or into a well. For example, drill pipe could be tripped out
to change the drill bit.

True Vertical Depth (TVD) — The vertical distance from a location in the well to the surface.

Underbalanced — When a wellbore pressure (produced by mud density, mud level, circulating pressure, and including
the effects of any gas in the annulus) is less than an adjacent formation pressure.

Underbalanced Operations (UBO) — Drilling operations in which the wellbore pressure is intentionally kept below
the formation pressure so that formation fluids are brought to the surface.

Well — The hole drilled by the drill bit to reach the oil or gas reservoir. “Well” and “wellbore” are used
interchangeably in this report.
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1 Executive Summary

On January 22, 2018, a blowout and rig fire occurred at Pryor Trust 0718 gas well number 1H-9, located in Pittsburg
County, Oklahoma. The fire killed five workers, who were inside the driller’s cabin on the rig floor. They died from
thermal burn injuries and smoke and soot inhalation. The blowout occurred about three-and-a-half hours after
removing drill pipe (“tripping”) out of the well.

The cause of the blowout and rig fire was the failure of both the primary barrier—hydrostatic pressure produced by
drilling mud—and the secondary barrie—human detection of influx and activation of the blowout preventer—which
were intended to be in place to prevent a blowout. Contributing to the loss of barriers were many factors including:

e Underbalanced drilling was performed without needed planning, equipment, skills, or procedures, thus
nullifying the planned primary barrier to prevent gas influx;

o Tripping was performed out of the underbalanced well, which allowed a large amount of gas to enter the well;

e The driller was not effectively trained in using a new electronic trip sheet, which is used to help monitor for
gas influx;

e Equipment was aligned differently than normal during the tripping operation, leading to confusion in
interpreting the well data which caused rig workers to miss indications of the gas influx;

e Surface pressure was not identified two separate times before opening the BOP during operations before the
blowout, when there was evidently pressure at the surface of the well. This non-identification of surface
pressure contributed to the gas influx not being identified;

e A weighted pill intended to overbalance the well was apparently miscalculated. After pill placement, the well
was still underbalanced;

e Both the day and night driller chose to turn off the entire alarm system, contributing to both drillers missing
critical indications of the gas influx and imminent blowout. The alarm system also was not effectively
designed to alert personnel to hazardous conditions during different operating states (e.g., drilling, tripping,
circulating, and surface operations) and would have sounded excessive non-critical alarms during the 14 hours
leading to the blowout, which likely led to the drillers choosing to turn off the alarm system;

o Key flow checks to determine if the well was flowing were not performed before the incident. Drilling rig
workers performed very few of the company-required flow checks during the drilling of well 1H-9 and the
previous well. The drilling contractor did not effectively monitor the implementation rate of its flow check

policy;

e The drilling contractor did not test its drillers’ abilities in detecting indications of gas influx through, for
example, simulated pit gains. The absence of testing drillers’ influx detection skills—a safety-critical aspect of

well control—might have contributed to both drillers not detecting the significant gas influx leading to the
blowout;
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e The operating company did not specify the barriers required during operations, or how to respond if a barrier
was lost. This contributed to the performance of underbalanced operations that the drilling rig and its crew
were not equipped or trained to perform; and

e The safety management system in place was not effective for managing safe rig operations. There is also no
drilling-specific regulatory standard governing onshore drilling safety.

In addition, the victims had no safe escape route from the driller’s cabin (dog house) once the drilling mud and gas
ignited. The workers were effectively trapped once the fire started.

The blowout preventer also failed to close when its activation was attempted after the fire started. The CSB determined
the BOP did not function likely because the control hoses that supplied hydraulic fluid to the BOP to function the rams
had burned in the fire and leaked the hydraulic control fluid, soon depleting the accumulator stored pressure to the
point the blowout preventer could not be closed.

Based on the findings from this incident, the CSB issues recommendations to the Occupational Safety and Health
Administration (OSHA), the American Petroleum Institute (API), Patterson-UTI Drilling Company, LLC, Red
Mountain Operating, LLC, the International Association of Drilling Contractors (IADC), Pason Systems Inc., National
Oilwell Varco, and the State of Oklahoma, to help prevent future catastrophic blowouts during onshore oil and gas
drilling operations.

2 Background

Red Mountain Energy, LLC was the lease holder, Red Mountain Operating, LLC (RMO) was the operator of the well,
and Patterson-UTI Drilling Company, LLC (Patterson) was the drilling contractor hired by RMO. Well number 1H-9
was the second well drilled on the Pryor Trust 0718 well pad, the first being well number 2H-16.2 Patterson Rig 219
drilled both wells at Pryor Trust 0718.

2.1 Red Mountain Energy and Red Mountain Operating

Red Mountain Energy, LLC is an investment company founded in 2013, focusing on upstream oil and gas projects [2].
Red Mountain Energy has five partners and six employees.

Red Mountain Operating, LLC (RMO) was established in 2015. It has five partners and no employees. RMO
contracted the drilling engineer and company man roles. Pryor Trust 2H-16 was the first well drilled under the
direction of RMO, and Pryor Trust 1H-9 (incident well) was the second well drilled under its direction.

2.2 Patterson-UTI

Patterson-UTI Drilling Company, LLC (Patterson) is a land-based drilling company. It was established in 2001
through the merging of Patterson Energy and UTI Energy [3]. As of March 2019, Patterson had 171 active land-based
rigs in the United States and Canada [4].

@ Well 2H-16 is a horizontal gas well drilled to a true vertical depth of 7,700 feet and a total measured depth of 15,940 feet. Well 2H-16 was
drilled through the Woodford formation.
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2.3 Business Relationship Between Red Mountain Operating and Patterson-UT]

RMO was responsible for developing the well plan, including the well design, determination of casing depth and mud
weights, and daily drilling and operational decisions. Patterson was contracted as an “independent contractor,” and was
to perform drilling operations “under the direction, supervision and control”> of RMO. Patterson was responsible for
providing drilling equipment, drilling crew members, and performing the drilling operation. Under the direction of
RMO, Patterson was also responsible for carrying out well control operations.

3 Introduction to Drilling, Personnel, and Terminology

3.1 Drilling Rig

Wells are drilled to extract oil and gas from reservoirs below the earth’s surface. For land operations, a drilling rig sits
on the ground directly on top of the well to perform the drilling operations. A photo of a Patterson drilling rig is shown
in Figure 1. The tall structure on the drilling rig is called the mast, which supports the weight of the drill pipe and
drilling tools. On the drilling rig floor is the driller’s cabin, commonly called the dog house, where the driller controls
drilling operations. Directly beneath the rig floor is the blowout preventer (BOP) stack—a type of safety-critical
equipment that contains devices including sets of large rams that can shut in the well to prevent a blowout.

3.2 Drilling Personnel

Many different people worked on Rig 219 or in support of the drilling operation, from various companies. Descriptions
of the key personnel on and off the rig are below:

e Two Patterson drilling crews worked for Rig 219 on each hitch. The two crews worked two different zours.
Tour 1 worked daily from 6:00 am to 6:00 pm, and Tour 2 worked daily from 6:00 pm to 6:00 am. Each
Patterson drilling crew included the driller, derrickhand, motorhand, and floorhands. There was also one rig
manager (commonly called the “toolpusher”), working portions of each tour.> The two crews had been on-
hitch since January 10, 2018.

e Personnel called company men also worked on the rig. They were RMO’s contracted representatives on the
drilling rig, responsible for directing, supervising, and controlling the drilling activities. Two company men
worked each hitch, assigned to either Tour 1 or Tour 2.

e A drilling engineer, contracted by RMO, designed the drilling program and monitored the drilling progress.
The drilling engineer worked from Oklahoma City.

e Other specialized personnel were on or near the rig, including directional drillers, mudloggers, mud engineers,
and other contracted personnel supplying equipment, fluids, or services.

3 Quoted from contract between RMO and Patterson.

b Patterson requires drillers and rig managers to take IADC WellSharp well control training every two years. The International Association of
Drilling Contractors (IADC) WellSharp program is a well control training and assessment program that teaches how to prevent, detect, and
respond to well control events [67]. All Rig 219 drillers and rig managers on-hitch at the time of the incident were up to date with their required
well control training. One RMO company man was up to date with his well control training. The other RMO company man’s well control
training expired on December 3, 2017.
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~ Off Driller’s
Side Cabin

Figure 1. Photo of a Patterson drilling rig
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3.3 Well Control

DRILL PIPE

Oil and gas reservoirs are porous rock formations. The
pore spaces contain fluid (natural gas, oil, and/or water)
naturally pressurized at the formation pressure or pore
pressure. In conventional drilling operations, drilling
crews and well planners work to prevent these formation
fluids from entering the wellbore and reaching the
surface in an uncontrolled manner for the safety of the
drilling crew. A hydrocarbon influx, or kick, into a well
can lead to a dangerous blowout when the kick is not
detected and controlled.

DRILL MUD

.
L

= DRILLING CUTTINGS

s
-
=
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-
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-
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During drilling, mud, which can be oil- or water-based, is
pumped down the drill pipe and up through the well
annulus. One purpose of the mud is to bring drill
cuttings (rock fragments) to the surface (Figure 2). The
mud used for Pryor Trust well 1H-9 was diesel oil-based.

The column of drilling mud inside the wellbore is also a
barrier—or a type of protection—used to prevent 2oL
formation fluids such as gas from entering the wellbore.
This is achieved by maintaining the pressure inside the
wellbore above the formation pressure by using the
hydrostatic pressure produced by the column of drilling
mud in the well (Figure 3). As long as the column of

drilling mud inside the well exerts a pressure on the

formation that is higher than the pore pressure, gas or Figure 2. Depiction of drilling operation. During

other fluids in the formation should not flow into the well ~ drilling, mud is pumped down the drill pipe, through
[5, p. 20] the drill bit, and then back up to the surface through

the annulus.
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Figure 3. During conventional drilling operations, the hydrostatic pressure
produced by the column of mud in the wellbore is intended to be higher than
the formation pressure, preventing gas from entering the well.

The hydrostatic pressure at the various depths in the wellbore is determined by both the height of the mud column and
the density of the mud. A higher density mud results in a higher hydrostatic pressure, and a lower density mud results
in a lower hydrostatic pressure. When the pressure in the wellbore is too high, the formation can be fractured and result
in losses of drilling mud into the formation. When the pressure in the wellbore is too low, fluids in the formation can
enter the wellbore (e.g., gas influx) (Figure 4). In conventional drilling operations, also called overbalanced drilling, a
mud density is chosen within a range intended to keep formation fluids out of the well without fracturing any

formations.

If formation fluids enter the well, indications at the surface can alert drilling crews to the influx. An influx can be
detected in a well by monitoring for an increased mud volume (a gain) in the mud pits, or for increased flow coming
out of the well through the flow line (Figure 8). During drilling operations, drilling crews periodically halt all
operations and perform a flow check to monitor whether mud flows from the well when no mud is being pumped into
the well. Observed flow during a flow check could be an indication of formation fluid in the well. Pit gains and
increased surface flow can be caused by gas influx into the well or expansion of gas already inside the wellbore as the
gas moves upward. A secondary barrier—the detection of influx by rig workers and activation of the blowout
preventer—can then lead to preventing a blowout by containing the well.
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Too Low Too High

Gas Influx Fractured Formation

Figure 4. The schematic on the left shows that when the mud density is too low, the well pressure
can be below the formation pressure and gas can enter the well. The schematic on the right
shows that when the mud density is too high, the high pressure in the wellbore can fracture the
rock formation, leading to mud losses.

3.4 Equivalent Circulating Density (ECD) and Annular Pressure Loss (APL)

When mud is pumped down the drill string and back up the annulus, the pressure exerted on the walls of the wellbore
is higher than when the well is static (i.e., when no mud is being pumped). The additional pressure is needed to push
the mud and make it flow back to the surface, thereby overcoming the frictional resistance to flow in the annulus from
the bottom of the drill pipe to the surface of the well. The frictional loss in the annulus is called annular pressure loss
(APL). Figure 5 illustrates how the bottom hole pressure varies from when the well is static and when the mud pumps
are circulating mud through the wellbore. It is helpful to relate the higher pressure in the well when the well is being
circulated to an equivalent heavier mud weight that would exert the same pressure if the well were static. This is called
the equivalent circulating density (ECD) [6, p. 11] (Figure 6).
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Well Static Normal Circulation

Pump Pump

BHP = HP BHP = HP + APL

Figure 5. Depiction of differences in bottom hole pressure (BHP) when the well is
static and when circulating the well. HP is “hydrostatic pressure.” APL is “annular
pressure loss.” Source: Well Control School [7, p. 1.10]
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CIRCULATING PRESSURE
@ DRILL PIPE PRESSURE = 2800 PSIG

- | @ CASING PRESSURE =0 PSIG

=721 10.0 LB/GAL DRILLING FLUID

L~ | m o o= .
/ "1 SN Annular Pressure

Loss = 200 PSIG

10,000FT -« - f= .

EQUIVALENT
CIRCULATING DENSITY = 10 LB/GAL + Annular Pressure Loss = 10.4 LB/GAL
052 x TVD

Figure 6. lllustration of Equivalent Circulating Density from API RP 59. “TVD” is “True Vertical Depth,”
which in the figure is 10,000 ft. The red text was added by CSB to keep terminology consistent
through this report. Source: API RP 59 [6, p. 13].

3.5 Other Drilling Techniques

Conventional drilling is overbalanced drilling, where the pressure in the wellbore is kept above the formation pressure
by the mud alone. There are other drilling techniques: underbalanced operations (UBO) and managed pressure
drilling (MPD). In underbalanced operations, the wellbore pressure is intentionally kept below the formation pressure
so that formation fluids are brought to the surface [8, p. 12]. Managed pressure drilling is an “adaptive drilling process
used to precisely control the annular pressure profile throughout the wellbore. The objectives are to ascertain the
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downhole pressure environment limits and to manage the annular hydraulic pressure profile accordingly. It is the
intention of [managed pressure drilling] to avoid continuous influx of formation fluids [1, p. 3].” In managed pressure
drilling operations, the wellbore pressure is continuously managed through applied surface backpressure, fluid density,
fluid level, circulating friction, or combinations of these [8, p. 8]. These alternative drilling techniques can be used, for
example, to minimize formation fracturing, and they require specialized planning, equipment, and skills.

4 Well Background

Well 1H-9, the incident well, was a horizontal well with a planned true vertical depth (TVD) of 7,615 feet and a total
measured depth (MD) of 17,799 feet. Well 1H-9 targeted the Woodford formation, which contained natural gas.

The top 2,300 feet of the well was constructed with cemented steel pipe called intermediate casing, used to stabilize
that portion of the well. The intermediate casing had an outside diameter of 9.625 inches, with an inside diameter of
8.921 inches. The open hole section, the portion of the well below 2,300 feet, was 8.75 inches in diameter.

The Patterson crew began drilling Well 1H-9 on January 11, 2018. By Sunday, January 21, 2018, the well had been
drilled to a measured depth of 13,435 feet. A depiction of the well appears in Figure 7. A flow diagram of Patterson
Rig 219 and its surface equipment is in Figure 8.

Intermediate
_—— Casing .
2,300' True Vertical Depth
(TVD) .

* 3:36 pm January 21, 2018 Target (not yet drilled)

Top of Curve Measured Depth (MD) Measured Depth (MD)
7,087 True Vertical =13435 =17793
Depth (TVD) True Vertical Depth (TVD) True Vertical Depth (TVD)
_____-——'—I—J =7,643 = 7,615.'

Figure 7. Pryor Trust 0718 1H-9 well schematic. The formation zones depicted are an
artist’s rendition and do not depict the true locations of the geological formations.

@ The natural gas in the Woodford formation was in the gas phase (i.e., not a liquid).
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Figure 8. Flow diagram of rig and surface equipment.
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5 Incident Description

On Sunday, January 21, 2018, at 6:30 am, while drilling at about 13,000 feet MD in the horizontal section of the well,
gas began entering the wellbore.= At 7:18 am, the mudlogger sent a video to the RMO geologist showing his test
results of the rock cuttings returned to surface. He had added hydrochloric acid to the rocks, which caused the rocks to
form bubbles as the hydrochloric acid reacted with the rocks. The mudlogger told the CSB that the bubbling
(degassing) effect occurs in rocks containing calcium carbonate. RMO had been targeting non-calcareous® shale, and
the mudlogger told the CSB that the test result indicated that they had exited the Woodford formation and had entered
new carbonaceous rock, which he thought might have been a different formation called the Mayes formation.

At 7:30 am, gas started to reach the surface of the well, showing as elevated gas units in the mud.c The gas in the mud
caused mud to spit out of the possum belly, covering with mud a portion of the rig, the mud pits, and other equipment.
After 11:00 am, the crew aligned the mud piping so that the mud was routed to the Mud Gas Separator, and by 11:11
am the flare activated (Figure 9). Witnesses reported the flame from the flare at times was 20-30 feet high and at one
time may have been 40-50 feet high.

The crew continued drilling, continuously flaring, until 3:30 pm, when they stopped drilling (bit depth at 13,435 feet
MD) so that they could remove the drill pipe from the well to change the drill bit.¢ RMO representatives planned to
also switch to a different motor that would allow them to get back into the Woodford formation.

The Patterson drilling crew began circulating the well by pumping mud down the drill string and back up the annulus
to the surface. Enough mud was pumped to perform two-and-a-half “bottoms-up” circulations,c which replaced the
mud in the annular space with fresh mud two-and-a-half times. At the end of the bottoms-up circulations, gas was still
in the mud returning to the surface, causing the flare to continuously activate. This continuous flaring, which occurred
between 11:11 am and about 6:30 pm, indicates that the mud weight could not prevent formation gas from entering the
wellbore and that the well was likely underbalanced.

During this time, the drilling engineer, the Tour 1 company man, and the Tour 2 company man discussed how to
remove the drill pipe from the well.

The well profile at this point is shown in Figure 10. Post-incident analysis of the well data shows that the 11,000 feet
of uncased, open wellbore included three areas where some amount of gas had entered the well while drilling, as
interpreted from measured gas units during the drilling operation and the flaring at the surface that occurred on January
21.

3 At 7:29 am, gas units rose at the surface. The lag depth at that time was 13,090 feet MD, indicating the gas originated at a depth of 13,090 feet.
The bit was drilling at a depth of 13,090 feet MD at 6:29 am.

b Calcareous shales contain calcium carbonate.

¢ The gas content reached 2,050 units.

d The entire lateral section had been drilled on a single bit and drilling speed, also called rate of penetration (ROP), had begun to decrease. The
Operator (RMO company man) requested the drill bit change so that ROP could be maintained.

e A text message timestamp confirms that the flare was still activating at 6:21 pm, which had been after about two-and-a-half “bottoms up”
circulations.

f The CSB considered whether the flare might have been produced by “drilled gas,” which is gas contained in the drilled rock cuttings. The CSB
concluded that the flare likely was not produced by drilled gas because during the two-and-a-half bottoms up circulations, most, if not all, drilled
gas would be circulated out of the well. The flaring at 6:21 pm indicates the well was likely underbalanced.
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L

Intermediate Casing

2,300’ TVD
MD = 13,435’
TVD = 7,643’
Gas Zone
7,093’ - 7,136’
Gas Zone Gas Zone
7,794’ - 10,657’ 13,090’ — 13,435’
Figure 9. Video still of flare at 11:10 am on Figure 10. Areas where gas entered the wellbore while

January 21, 2018. drilling.

5.1 Tripping Out of the Well from the Lateral Section to the Top of the Curve

The process of pulling the drill pipe out of the well, for example, to change the drill bit or BHA, is referred to as
tripping.

5.1.1  Determination of Tripping Procedure

When tripping drill pipe from a well, it is important that drilling crews replace the volume of drill pipe removed from
the well with mud. Properly replacing the drill pipe displacement volume with mud maintains the level of mud in the
well, which maintains the hydrostatic pressure.

In overbalanced tripping operations, drilling rigs typically pump mud continuously from the trip tank into the well and
route the excess return flow through the open flow line and back to the trip tank. This is called a Continuous Fill
tripping method (Figure 11). The trip tank holds a smaller volume of mud in comparison with the mud pits used
during drilling, allowing for accurate monitoring for the correct mud volume going into the well to replace the drill
pipe displacement volume. During Continuous Fill, the fluid column in the well is the primary well control barrier. The
status of the barrier is continuously monitored by assessing volume changes in the trip tank while tripping.
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For the tripping operation out of the lateral section of the
well, the drilling engineer, the Tour 1 company man, and

the Tour 2 company man decided that the Patterson crew
would trip out drill pipe using a Calculated Fill method
(also referred to by workers as a “Force Fill” or
“Volumetric Fill” method).2

The Calculated Fill tripping method involved stopping

all mud flow from the well by closing the flow line
isolation valve (commonly called the orbit valve by

Patterson, the drilling engineer, and the company man)
with the pressure-containing rotating head installed. The Rig Floor - Orbit Valve (OPEN)
plan was then to periodically pump a calculated volume Rotating Head
of mud into the well with the intent to replace the Flow Line
calculated volume of the drill pipe removed by turning

on and off the trip tank pumps (Figure 12). For example, Lol

Preventer
for five drill pipe stands removed, the driller would need

to pump 3.2 barrels of mud into the well to replace the

drill pipe. The drilling engineer communicated to the Well ——

o A
CSB that, using this method, there was extra protection g

against gas influx into the well by, if needed, allowing
surface pressure to build against the closed orbit valve
and rotating head. The thinking was that if the well did
flow, there would be no outlet for the mud, so this would

keep the well contained. ] ] ] ) ] ]
Figure 11. Typical equipment configuration during

Calculated Fill is not a standard tripping method used in Continuous Fill tripping method.

conventional, overbalanced drilling. It was chosen because

both the Tour 2 company man and drilling engineer had used it on other wells; the company man had frequently used it
at a different company over the previous five years.

No Patterson crewmembers on that night crew had ever performed Calculated Fill tripping before, and neither
Patterson nor RMO had a written procedure for it. No crewmembers were formally trained on Calculated Fill tripping,
and neither Patterson nor RMO performed a Management of Change for the change in the tripping method from the
typical Continuous Fill (Section 6.8).

Some Patterson rig crewmembers were uncomfortable about tripping without first increasing the mud weight to return
the well to an overbalanced condition. An RMO representative and the drilling engineer communicated to the CSB that
there was some concern that a higher mud weight could risk breaking down the formation, which led to their decision
to use Calculated Fill. In part because no process was in place to ensure that Calculated Fill tripping was evaluated for
barrier effectiveness or consistency with rig equipment, procedures, and training (Section 6.8), the Patterson crew
agreed to perform Calculated Fill tripping.

@ The drilling engineer communicated the plan to use the Calculated Fill tripping method to the company man, and the company man directed the
crew to perform the tripping method.
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5.1.2  Analysis of Trip Out to The Top of I
The Curve

The drilling crew stopped circulating the well at 6:30 pm.
The flare went out at some point between 6:21 pm and
6:47 pm, but the CSB could not determine from witness
interviews whether the flare went out while circulating or

after changing equipment configuration to prepare for
tripping, which would have prevented gas from reaching
the flare. The crew then pumped a weighted slug into the
drill pipe before tripping out of the hole.

Rig Floor Orbit Valve (CLOSED)

By 6:47 pm on January 21, 2018, the driller closed the SOSE Hewd
orbit valve in preparation to trip out of the well using
Calculated Fill.»

Flow Line

Blowout ——
Preventer

At 6:48 pm, the crew began tripping drill pipe out of the
well, from 13,337 feet MD. The driller and the company
man monitored the well data during the tripping Well ——
operation, and the drilling engineer periodically looked at

the data remotely from his home.

Trip Tank Pumps
(used to pump calculated
displacement volume)

Discussed below, by the time the drill bit reached the top
of the curve, 20 barrels of mud less than the calculated
drill pipe displacement volume had been pumped into the
well. While the well appeared to be filled to the surface, the  Figure 12. Equipment configuration during

volume discrepancy is an indication that gas had entered the ~ Calculated Fill tripping method

well, occupying this 20-barrel portion of the drill pipe

displacement volume (Sections 5.1.2.1 and 5.1.2.2). The company man and drilling engineer were aware the well did
not take proper fill, but the full extent of the discrepancy might not have been known because the driller had
difficulties with the electronic trip sheet used to track the calculated drill pipe displacement against measured fill
volumes during the tripping operation (Section 6.3).

In summary, during the tripping operation out of the horizontal section of the well (1) not enough mud was pumped
into the well to replace the drill pipe displacement volume, (2) there were gains in the trip tank volume likely caused
by pressurized mud backflow through the trip tank pump discharge line, and (3) at one point, the trip tank pumps
started deadheading against the surface pressure in the well. Post-incident, these clearly are indications that gas was in
the well, but these indications were not effectively acted upon to stop operations and restore the primary well control
barrier, hydrostatic pressure produced by mud.

@ A 40 barrel weighted slug was pumped into the well at 6:29 pm, at a bit depth of 13,336 feet.
b Trip Tank volume stops fluctuating at 6:47 pm, which could indicate that the flow line isolation valve was closed, stopping any fluid flow from
entering the trip tank.
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5.1.2.1 Trip Out from 13,337 Feet to 10,237 Feet

By the time the drill bit reached 10,237 feet MD in the horizontal section of the well, there were 14.3 barrels less mud
in the well than needed to replace the volume of drill pipe removed. This volume had evidently been replaced by the
equivalent volume of gas entering the well.

Figure 13 below shows a graph of the trip tank volume and drill bit depth during the tripping operation, along with a
plot of the trip tank volume had a mud volume equal to the calculated volume of the drill pipe removed been pumped
into the well. Table 1 indicates for each group of stands of drill pipe removed from the well (1) the calculated volume
of those stands on an individual and cumulative basis and (2) the measured volume of mud that was pumped into the
well to replace the drill pipe individually and cumulatively. The table also indicates the cumulative difference between
the measured and calculated volumes. A positive value indicates that excess mud was pumped into the well, and a
negative value indicates that less mud than the calculated volume of the drill pipe was pumped into the well.

N

4 stands (line 1)

13000

12500

Note A
7.3 barrel gain while pipe is

5 stands (line 2) stationary (line 10, note B)

12000

4 stands (line 3)

11500 3 stands (line 4)

4 stands (line 5)

11000 .
2 stands (line 6)
1 stand (line 7, note A)

2 stands (line 8)
10500

10000 25 25 8 stands (line 9)
1/21 6:00 PM 6:30 PM 7:00 PM 7:30 PM 8:00 PM 8:30 PM
——Bit Depth (ft) ~——Trip Tank Measured Volume (bbl) ——Trip Tank Calculated Volume (bbl)

Figure 13. Rig data during the trip out of the wellbore from 13,337 feet to 10,237 feet. The blue line shows the
actual, measured trip tank volume, and the purple line shows what the trip tank volume would be had a mud

volume equal to the calculated volume of the drill pipe removed been pumped into the well. The line numbers
and notes indicated in parentheses correspond to the line numbers and notes in Table 1 below.
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Table 1. Tabulation of calculated and measured volumes of mud pumped into the wellbore during the trip out from
13,337 feet to 10,237 feet. The table accompanies the data in Figure 13. “HWDP” is “Heavy Weight Drill Pipe.”

Stands Calculated Volume Measured Volume
Line Bit . . . . Cumulative
Drill Depth Individual ~Cumulative Fill Cumulative  pifference  Notes
Number Pi Type  (feety  Volume Volume Volume Volume (barrels)
ipe
(barrels) (barrels) (barrels) (barrels)
4 Reg 12954 2.5 2.5 3.9 3.9 1.3
2 5 Reg 12478 3.2 5.7 4.2 8.0 2.3
Reg 12095 2.5 8.2 2.7 10.7 2.5
2Reg, |
4 3 H“'";gDP 11820 3.1 11.3 1.9 12.6 1.4
5 4 HWDP 11455 7.2 18.5 5.7 18.4 -0.1
6 2 HWDP @ 11270 3.6 22.1 0.4 18.8 -3.3
7 1 HWDP | 11178 1.8 239 1.9 20.6 -3.2 A
8 2 HWDP | 10993 3.6 27.5 33 23.9 -3.6
3Reg, 5
9 8 wop | 10239 10.9 38.3 7.4 31.3 -7.0
10 0 10237 0.0 38.3 -1.3 24.1 -14.3 B

A. This is the first clear indication that gas had likely entered the well during the tripping operation.
Patterson did not pump enough mud into the well to replace the drill pipe, yet there was a gain in the
trip tank volume. This gain was likely a result of the gas influx in the well, pushing mud backwards
through the trip tank pump discharge line and into the trip tank. Post-incident testing found that the
check valve installed in this line to prevent backflow was stuck in the open position, allowing
backflow (Figure 14).

B. When the drill bit was stationary at a depth of 10,237 feet, there was a 7.3 barrel gain in the trip tank
that was likely caused by mud backflowing through the trip tank centrifugal pump and into the trip
tank. The mud backflow into the trip tank likely resulted from gas influx and subsequent vapor
migration and expansion causing a pressure increase at the surface.
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Mast
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Flow Line Valve (CLOSED)
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Rotating Head T 4—»—«\—1 |
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preventer |  Check Valve
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Blowout P_‘Mm J X
Preventer  —1 1
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Trip Tank | Trip
Tank
Well

Trip Tank Pumps

Figure 14. Pressurized mud backflowed through trip tank discharge piping, stuck-
open check valve, and centrifugal pumps into trip tank.

5.1.2.2 Trip Out from 10,237 Feet to 6,905 Feet (Above Top of Curve)

During this part of the tripping operation from the mid-part of the horizontal section to the top of the curve, surface
pressure increased® against the rotating head and closed orbit valve to the point the trip tank pumps were unable to
pump against the pressure in the well (they were “deadheading”). This surface pressure was likely caused by gas
influx/expansion. Because the trip tank pumps were deadheading, the drilling engineer chose to switch to the mud
pumps, which generated a higher output pressure, to pump mud into the well through the kill line. Both the company
man and drilling engineer believed that the pressure applied to the well by the mud pumps would push any influx gas
back into the formation.

2 This surface pressure was not measured or monitored.
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Figure 15 and Table 2 show the rig data and explain the operations during this portion of the tripping operation. By the
time the drill bit reached the top of the curve, 20 barrels fewer than the calculated drill pipe displacement volume had
been pumped into the well since the beginning of the tripping operation and had evidently been replaced by gas.

At around 10:30 pm, the drilling engineer went to sleep. He was not in contact with workers on the rig until the next

morning at around 7:30 am.

10500 555 55 55
Pit volume changes between 8:30 pm — 9:40 pm ml
(grayed data) are due to external activities Bt o ! 1 ‘
(mud transfer from “super vac” catch tank to mud pits) ' |""
|11
lﬂ‘ i r 'lrv'““[u
[l B
! 9:39 pm

L 1, ﬂl

y

Pumping mud into well using mud pumps
instead of trip tank pumps during remainder
of trip to top of curve because trip tank pumps
were deadheading.

7 stands (line 12)

Note G

7600 s A | I ﬂ
1 b

9:12 pm to 9:33 pm
Close annular preventer, crew

Open annular preventer, pressurized mud
backflows into trip tank

5 stands (line 13) ww
8500
3000 4 stands.
(Ime 16)
Trip tank centrifugal pumps deadhead against _ 5 stands
pressure in wellbore. Pressure caused by gas
7500 influx into wellbore
(note D).
5 stand
9:33 pm line 20

f | i changes rotating head rubber {line 14, note E)

6500 525 0 15 15 ‘

8:30 PM 9:00 PM 9:30 PM 10:00 PM 10:30 PM
|—— Bit Depth (ft) ——— Trip Tank Volume (bbl) ——— Trip Tank Calculated Volume (bbl) Mud Pit Volume (bbl) ——— Mud Pump Output (gpm) ——— Standpipe Pressure (psi)

Figure 15. Rig data during the trip out of the wellbore from 10,237 feet to 6,905 feet. The blue line shows the actual,
measured trip tank volume, and the purple line shows what the trip tank volume would have been had the calculated
drill pipe volume been pumped into the well. The line numbers and notes indicated in parentheses correspond to the
line numbers and notes in Table 2 below.
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Table 2. Tabulation of calculated and measured volumes of mud pumped into the wellbore during the trip out from
10,237 feet to 6,905 feet. The table accompanies the data in Figure 15.

Line
Number

10
11
12
13
14
15
16
17
18
19
20
D.

Calculated Volume Measured Volume
Stands Bit Cumulative
Of Type Depth Individual Cumulative Fill Cumulative  Difference  Notes
]lz.rl“ (feet) Volume Volume Volume Volume (barrels)

1pe (barrels) (barrels) (barrels) (barrels)
0 10237 0.0 38.3 -7.3 24.1 -14.3
4 Regular = 9859 2.5 40.9 16.0 40.1 -0.8
7 Regular = 9194 4.4 453 3.5 43.5 -1.7
5 Regular 8719 3.2 48.4 -1.2 42.4 -6.0 D
0 8719 0.0 48.4 -5.3 37.1 -11.4 E
0 8719 0.0 48.4 3.5 40.5 -7.9 F
4 Regular = 8340 2.5 50.9 0.4 41.0 -10.0 G
5 Regular 7843 3.2 54.1 -9.6 314 -22.7
0 7843 0.0 54.1 2.3 33.7 -20.4
5 Regular 7381 3.2 57.2 3.0 36.7 -20.5 H
5 Regular = 6905 3.2 60.4 3.7 40.4 -20.0

While removing five stands of drill pipe from the well, the trip tank centrifugal pumps
deadheaded against pressure in the wellbore. The centrifugal trip tank pumps could not pump
against the high pressure evidently in the well, which was likely a result of the gas influx.

After the five stands were pulled from the well, the crew closed the annular preventer so that they
could change out the rotating head, which had been leaking.

By 9:33 pm, a new rotating head rubber was installed. A crew member opened a valve on the
choke line that would allow him to read the casing (well annulus) pressure, and he told the driller
he observed no pressure. The driller had expected some gas to be in the well and was surprised
that there was no pressure.

The driller opened up the annular preventer to continue the tripping operation. The orbit valve is

closed at this point, with the new rotating head rubber sealing around the drill pipe. Despite no
casing pressure being observed, 5.3 barrels of mud from the wellbore backflowed into the trip
tank through the stuck check valve, indicating pressure had been in the wellbore, likely as a result
of gas influx. Possible reasons that pressure was not observed include:

1. The pressure gauge: made reading low pressures difficult due to the scale (0 — 10,000 psi)
(Figure 16);

2. Low pressures may not h