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1.0 EXECUTIVE SUMMARY

This report provides the results of the Waste Isolation Pilot Plant (WIPP) technical assessment led by the
Savannah River National Laboratory and conducted by a team of experts in pertinent disciplines from SRNL and
Lawrence Livermore National Laboratory (LLNL), Oak Ridge National Laboratory (ORNL), Pacific Northwest
National Laboratory (PNNL), and Sandia National Laboratories (SNL).

The charter of the WIPP Technical Assessment Team (TAT) was to determine to the extent feasible the
mechanisms and chemical reactions that may have resulted in the breach of at least one waste drum and release of
waste material in WIPP on February 14, 2014.

The TAT undertook an extensive process of historical data review, sample collection and analysis, laboratory
testing, and computational modeling to understand the release event in WIPP P7R7. Investigative constraints,
such as incomplete documentation of the processes used to create the drum that breached and the physical
inaccessibility of the breached drum in WIPP, created uncertainties, which made collection and interpretation of
scientific data alone insufficient to reconstruct the event fully. However, the TAT evaluated the uncertainties and
utilized expert assessments of available information and analytical data to fulfill its charter.

Using this strategy, the TAT reached its overarching conclusion and five associated key judgments.

The TAT’s overarching conclusion is that chemically incompatible contents of Drum 68660 from Los Alamos
National Laboratory in combination with physical conditions (e.g., the configuration of the materials in the drum)
supported exothermic chemical reactions leading to a thermal runaway; the consequent build-up of gases within
the drum displaced the drum lid, venting radioactive materials and hot matter that further reacted with air or other
materials outside the drum to cause the damage observed in WIPP P7R7.

The following key judgments led to and support that conclusion:

Key Judgment 1:  Contents of Drum 68660 were chemically incompatible.

Key Judgment 2:  Drum 68660 breached as the result of internal chemical reactions that generated heat and
produced gases that built up pressure sufficient to overcome the drum vent and seal.

Key Judgment 3:  Drum 68660 was the source of the radiological contamination in WIPP.

Key Judgment 4:  Initiation of the thermal runaway was internal and not caused by phenomena outside Drum
68660.

Key Judgment 5:  Thermal and pressure effects resulted in the movement of material during the release event
and caused the damage observed in WIPP P7R7; the release did not result from a detonation.
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2.0 BACKGROUND
WASTE ISOLATION PILOT PLANT

The mission of the Department of Energy’s (DOE’s) Waste Isolation Pilot Plant (WIPP) near Carlsbad, New
Mexico is to provide permanent, underground disposal of defense-related transuranic (TRU) and TRU-mixed
wastes (wastes that also have hazardous chemical components). WIPP is a deep geologic repository mined out of
a thick bed of salt for the disposal of TRU waste generated primarily from the clean-up of DOE sites historically
associated with the construction and maintenance of the nation’s nuclear weapons stockpile. TRU waste typically
consists of clothing, tools, debris, and inorganic salts left from the research and production of nuclear weapons.
TRU waste is contaminated with small amounts of plutonium and other TRU radioactive elements. Over its
lifetime, WIPP is expected to receive approximately 175,000 cubic meters of TRU waste from various DOE sites.

For the purposes of this report, the WIPP Technical Assessment Team (TAT) has adopted the nomenclature used
by WIPP to describe the underground waste disposal units. Figure 2-1 depicts the configuration of waste drums
and other materials in WIPP Panel 7 Room 7 (P7R7). Each WIPP disposal room consists of a series of rows and
columns of waste with the waste containers placed in staggered positions to maximize disposal capacity. When
referring to a location within the panel, the TAT uses a designation first of the row and second of the column
within the room. For example, the location of Drum 68660 is Row 16, Column 4, which is abbreviated to 16-4.

Also depicted in Figure 2-1 are the locations of magnesium oxide (MgO) supersacks. The purpose of the MgO is
to provide an engineered barrier that decreases the solubilities of the actinide elements in transuranic waste in any
brine present in the post-closure repository; MgO will decrease actinide solubilities by sequestering carbon
dioxide (CO,) that would be produced should microbial activity consume the cellulosic, plastic, and rubber
materials in the TRU waste. MgO supersacks were placed in every location annotated with a number (3000 or
4200) on top of a hexagonal shape. In the locations noted in beige, the supersack bags burned or melted during the
release event. [DOE-CFO 2009]

Drum 68660 at 16-4 in WIPP P7R7

B Payload Assemblies from L ANL MINO2 Waste Stream

MgO SuperSacks with Indicated Burning/Melting of Polypropylene/Carboard Sack
Figure 2-1. Panel 7 Room 7 configuration
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WIPP RADIOACTIVE MATERIAL RELEASE EVENT

On Friday, February 14, 2014, an incident in P7R7 of the WIPP underground repository resulted in the release of
radioactive material into the environment. No personnel were in the repository during the event, and no personnel
were determined to have received external contamination; however, twenty-one individuals were identified
through bioassay to have low-level amounts of internal contamination, and trace amounts of radioactive material
were detected off-site following the incident. [AIB, April 2014]

WIPP ACCIDENT INVESTIGATION BOARD

On February 27, 2014, Matthew Moury, the Deputy Assistant Secretary for Safety, Security, and Quality
Programs, DOE Office of Environmental Management (EM), formally appointed an Accident Investigation Board
(AIB) to investigate the WIPP release in accordance with DOE Order 225.1B, Accident Investigations. That
charge expanded the AIB’s original scope to investigate the February 5, 2014 salt-hauling truck fire in the WIPP
underground. The scope of the AIB’s investigation is broad and includes identifying all relevant facts;
determining direct, contributing, and root causes; developing conclusions; and determining measures to prevent
recurrence. The scope of the AIB’s investigation includes DOE programs and oversight activities. [Moury, March
2014]

The AIB’s Phase 1 Investigation Report released in April 2014 concludes that the direct cause of the event was
the “breach of at least one transuranic (TRU) waste container in the underground which resulted in airborne
radioactivity escaping to the environment downstream of the HEPA filters.” That conclusion is based on direct
evidence of a breach of the drum located in the top of position of 16-4 in P7R7 (subsequently identified as Drum
68660 from LANL), as shown in Figure 2-2. The Phase 1 Investigation Report notes that “the exact mechanism of
container failure . . . is unknown at this time and must be determined once access to the underground is restored.
This will be investigated in Phase 2.” [AIB, April 2014]

Figure 2-2. Visual evidence of breach of drum located at position 16-4 in P7R7 at WIPP
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WIPP TECHNICAL ASSESSMENT TEAM

To complement the AIB investigation, on May 27, 2014, DOE established the TAT to determine to the extent
feasible the particular mechanism(s) and chemical reactions that may have resulted in the failure of the waste
drum and release of material in WIPP. This narrowly defined scope allowed the TAT to confine its investigation
to the technical aspects of the release while the AIB conducted its broader investigation.

The TAT was chaired by the Savannah River National Laboratory (SRNL) and composed of members from
SRNL and Lawrence Livermore National Laboratory (LLNL), Oak Ridge National Laboratory (ORNL), Pacific
Northwest National Laboratory (PNNL), and Sandia National Laboratories (SNL).” The TAT’s national-
laboratory team approach provided-scientific and technical rigor and credibility needed to assess the event and
support DOE’s implementation of a WIPP recovery plan.

The TAT chairperson coordinated with the AIB Chair and reported to the DOE Deputy Under Secretary for
Management and Performance (S-3). The Deputy Under Secretary for Science and Energy (S-4) served as the
Technical Task Monitor of the TAT. The Assistant Secretary for Environmental Management (EM-1) was also a
key stal;eholder of the TAT activities. The TAT maintained independent authority to direct activities within its
charter.

REFERENCES

1.  [AIB, April 2014] Accident Investigation Board. April 2014. Phase 1 Accident Investigation Report
Radiological Release Event at the Waste Isolation Pilot Plant on February 14, 2014.0Office of Environmental
Management. Department of Energy.

2. [DOE-CFO 2009] Appendix MgO-2009: Magnesium Oxide as an Engineered Barrier. Title 40 CFR Part 191
Subparts B and C: Compliance Recertification Application for the Waste Isolation Pilot Plant. United States
Department of Energy Waste Isolation Pilot Plant. Carlsbad Field Office. Carlsbad, New Mexico.

3. [Moury, March 2014] Moury, Matthew. March 4, 2014. “Radiological Incident into the February 14, 2014
Event at the Waste Isolation Pilot Plant.” Department of Energy. Office of Environmental Management.
Department of Energy. Washington, DC.

 See Attachment 3 to this report, Waste Isolation Pilot Plant Event Technical Assessment Team Project Plan, Attachment 2: “TAT Scope
Overview by Laboratory.”

® See Attachment 2 to this report, “Waste Isolation Pilot Plant (WIPP) February 14, 2014 Event Technical Assessment Team (TAT)
Charter.”
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3.0 WIPP TAT ASSESSMENT STRATEGY

DOE and the TAT recognized from the start that the TAT’s retrospective evaluation of hypotheses as to the
mechanism(s) that had caused the WIPP release might not lead to a definitive conclusion. However, DOE and the
TAT also recognized that eliminating hypotheses from further consideration could be important to informing
decisions about future WIPP operation.”

To achieve the most technically definitive and defensible results from its sampling, analysis, modeling, testing,
activities, the TAT planned and executed its work using accepted principles of forensic science and analytical
chemistry, including traceability, quality control and assurance, and peer review.

However, collection and interpretation of scientific data alone were insufficient to reconstruct the event fully. In
addition to evaluating the scientific data, the TAT evaluated uncertainties and utilized expert opinions to arrive at
an overarching conclusion and key judgments regarding the mechanism(s) and chemical reactions that resulted in
the drum failure and release of material in WIPP.

The TAT’s assessment strategy included these components:

o Identification and acknowledgement of constraints to the investigation

o Establishment of objectives specifically designed to fulfill the TAT’s charter

e Development and execution of methods of inquiry to meet the TAT’s objectives while mitigating to the extent
feasible the investigative constraints

e Use of the scientific and technical experience and expertise of the TAT members and the DOE national
laboratories both to perform the TAT’s investigative activities and to provide expert opinions to support its
conclusions.

3.1 TAT INVESTIGATIVE CONSTRAINTS

The TAT recognized that identification and acknowledgement of constraints to the investigation were as
important to accomplishing the TAT’s mission as collecting and interpreting available data.

Initial visual imagery obtained by the AIB showed that one waste drum within WIPP P7R7 was breached. This
confirmed that the release was due to an internal reaction in a drum and not an external event such as a roof
collapse or bolt failure. The waste drum, identified as Drum 68660 (located at position 16-4), had been packaged
at Los Alamos National Laboratory (LANL) and contained nitrate and oxalate salt TRU waste. Once the drum
was identified as breached, a number of possible mechanisms were identified and were investigated during the
course of the TAT’s work. While the TAT was able to reach key judgments concerning the release, determining
the exact cause was hindered by three principal constraints to the investigation:

1. Access to the area in which the release occurred was limited. Soon after the release, examination of the
affected area was performed using remote tools and cameras. LANL Drum 68660 is nominally 32 feet from
the “waste face,” that is, the last row of waste emplaced in P7R7. Visual evidence that Drum 68660 was
breached was obtained using a small camera mounted on a boom arm. Samples for laboratory analyses were
collected remotely using the same boom arm. The results of Project REACH, the remote visual examination
of P7R7 in January 2015, provided confirmation of the TAT’s key judgment that Drum 68660 was the cause
of the radiological release and the initiation of the resulting thermal event that consumed much of the
available! combustible material between rows 8 and 18 in P7R7. (See Figure 2-1.)

2. Contents and configuration of the reactant mixture could not be exactly described. LANL waste stream
LA-MINO02-V.001 was generated in the 1970s and 1980s and generally resulted from plutonium (Pu)

¢ See Attachment 2 to this report, “Waste Isolation Pilot Plant (WIPP) February 14, 2014 Event Technical Assessment Team (TAT)
Charter.”

packaging material, primarily polymeric material used for waste package assembly and MgO containment, available to participate in
subsequent spread of combustion.
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recovery operations. Those recovery operations were accomplished using nitric acid digestion with Pu
recovery and purification by ion exchange and oxalate precipitation. Following Pu removal, the liquid
residues were evaporated and the evaporator bottoms cooled to precipitate the metal nitrate salts. Nitrate salts
derived from ion-exchange effluents were washed with concentrated nitric acid, air dried, and packaged for
storage. Nitrate salts derived from oxalate precipitation effluents also contained oxalate salts and were washed
with water prior to air drying and packaging for storage. While process knowledge aided in understanding the
composition of the waste, characterization data of the material placed in the parent drum of Drum 68660 are
limited. Additionally, during processing operations, the waste from parent drums was distributed among
multiple sibling drums, and other items (e.g., worn gloves, lead shielding, other job waste) often were added
to the waste drums with limited characterization and documentation.

3. Details about the nitrate salt waste processing operations were not fully documented. The procedures
used to process the drums in the LANL Waste Characterization, Reduction, and Repackaging (WCRR)
facility produced limited and inconsistent documentation. For example, liquids recovered from the parent
waste drums were characterized using pH-indicating paper and then “neutralized” by adding neutralizing
agent. The material was then mixed and the resultant pH again measured with pH-indicating paper. In many
cases, neither the initial nor final pH was recorded. Additionally, both the “neutralized” liquid and the nitrate
salts were mixed with the absorbent Swheat Scoop® (“kitty litter) at a target volume ratio of 3:1 Swheat
Scoop®:waste material. Actual measurements of the salt volume/weight or the quantity of Swheat Scoop®
used were not recorded. Ultimately, the goal of the WCRR operation is to produce drums suitable for
shipment to WIPP, that is, meeting the requirements of “no prohibited materials” and “no free liquid” while
staying within the allowed content window as determined by gross radioassay.

Those conditions constrained the TAT’s ability to obtain data that would support definitive conclusions as to the
cause of the release. They did not, however, prevent the TAT from reaching an overarching conclusion and
associated key judgments.

3.2 TAT TECHNICAL ASSESSMENT AREA OBJECTIVES

The TAT pursued objectives in four inter-related technical assessment areas (TAAs) to determine the
mechanism(s) and chemical reactions that resulted in the drum breach and release of material in WIPP.

Those objectives were

1. Site Assessment and Sampling: Work closely with the AIB to assess sites pertinent to the TAT mission (in
WIPP and LANL); identify, collect, and preserve samples from the sites; and distribute the samples to the
national laboratories for analyses.*

2. Analysis and Characterization: Develop and implement a strategy for characterization and analysis of
collected samples and interpretation of resulting data.”

3. TRU Drum Processes and Practices: Assemble information about the history of the suspect drum,
characterization of TRU drums generally, and characterization of the bags containing magnesium oxide
(MgO) in the WIPP underground to familiarize the TAT with waste form processes, history, and materials
related to the containers in WIPP and LANL.®

4. Mechanism, Hypothesis, and Technical Integration: Evaluate potential reaction chemistry and release
mechanisms that could explain the WIPP release and associated observations; use available data and analyses
from other TAAs to determine whether the WIPP event was due to a single drum failure or whether additional
drums were involved; and present options to guide future inspection, sampling, and analysis programs to prove

¢ For details about TAT Site Assessment and Sampling activities and conclusions, see Appendix B, Sampling Integrated Summary Report.”
T For details about TAT Analysis and Characterization activities and conclusions, see Appendix C, “Analysis Integrated Summary Report.”
¢ For details about TAT TRU Drum Processes and Practices activities and conclusions, see Appendix E, “Drum Characterization Integrated
Summary Report.”
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or disprove postulated reactions. Interface directly with LANL’s team of scientists as needed to understand
LANL’s investigation of waste compatibility and reaction energetics.™ '

3.3 TAT METHODS OF INQUIRY

The TAT developed and executed the following methods of inquiry to meet its objectives while mitigating to the
extent feasible the investigative constraints and maximizing the usefulness of available information:

1. Visual examination and sample analyses. The TAT relied heavily on visual documentation obtained by the
AIB. Given the limited access to the breached drum, this visual observation provided important information
to allow the TAT to assess potential reaction mechanisms and sequences. In addition to the visual
observation, the TAT did have access to samples collected during the event (e.g., fixed air sampler, or FAS,
and constant air monitor, or CAM, filters and cartridges) and material recovered from the area near the
breached drum. Analyses of these samples provided important insights into the event. Table 3-1 lists samples
collected for TAT analysis, and Table 3-2 lists the variety of analytical methods the TAT used to interrogate
samples.

Table 3-1. Samples collected in WIPP and LANL for TAT analysis

Chain of Custody Sample Location Sample Type Date Collected
14-0183 None (clean blanks) | PVC, smears, sticky tape May 2014
14-0183 15-5 SWB Ejected debris from multi-sampler May 2014
14-0183 16-4 drum lip MgO from multi-sampler May 2014
14-0182 16-4 MgO from sticky pad May 2014
14-0182 14-4 Bulk MgO from PVC sampler May 2014
14-0182 14-6 Bulk MgO from PVC sampler May 2014
14-0182 14-2 Bulk MgO from PVC sampler May 2014
9572 Sample #1 16-4 drum MgO from Delrin” sampler August 2014
9572 Sample #2 15-5 SWB Ejected debris from Delrin” sampler August 2014
9572 Sample #3 15-5 SWB Ejected debris from Delrin” sampler August 2014
9572 Sample #6 Front of Panel 7 Bulk MgO from Delrin” sampler August 2014
9572 Sample #7 Front of Panel 7 Bulk MgO from Delrin” sampler August 2014

69120

(from parent drum

$855793)

Authentic Glass filter August 7, 2014
Quality control aCrlee;n, glass filter taken into contaminated August 7, 2014

Quality control

Clean, glass filter (transport blank)

August 7, 2014

Authentic

Solid debris in Teflon bottle

August 7, 2014

Quality control

Clean, empty Teflon bottle taken into
contaminated area

August 7, 2014

Quality control

Clean, empty Teflon bottle (transport
blank)

August 7, 2014

Authentic

IAEA wipe sample

August 7, 2014

Quality control

Clean, IAEA wipe taken into contaminated
area

August 7, 2014

" For details about TAT Mechanism, Hypothesis, and Technical Integration activities and conclusions, see Appendix F, “Reaction

Chemistry and Hypotheses.”

! Additional detail about the TAT objectives may be found in Attachment 3 to this report, Waste Isolation Pilot Plant Event Technical
Assessment Team Project Plan, Section 3.0: “Primary Technical Assessment Areas.”
I See Appendix B, “Sampling Integrated Summary Report,” and Appendix C, “Analysis Integrated Summary Report.”
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Chain of Custody Sample Location Sample Type Date Collected
Authentic (Archive) | Glass filter August 7, 2014
Quality control Clean, glass filter taken into contaminated
(Archive) area August 7, 2014
&ilﬁ?\llec)ontml Clean, glass filter (transport blank) August 7, 2014
Authentic (Archive) | Solid debris in Teflon bottle August 7, 2014
&ilﬁ?\,/ec)ontml Clean, empty Teflon bottle August 7, 2014
Quality control Clean, empty Teflon bottle opened in
(Archive) contaminated area August 7, 2014
Authentic (Archive) | IAEA wipe sample August 7, 2014
Quality control Clean, IAEA wipe taken into contaminated
(Archive) area August 7, 2014

Table 3-2. TAT analytical techniques used to examine WIPP samples

Analysis

What’s Detected?

Questions Addressed

Gamma analysis

Radioactivity

e Where in WIPP did contamination spread?
e Do isotopes observed in the environment reflect
the expected contents of the Drum 686607

Optical microscopy

Sample morphology

e Is the sample homogeneous?
e Are Swheat Scoop® particles present in the
sample?

Scanning electron
microscopy (SEM)

Particles

e Particle morphology

e Are Swheat Scoop® particles present in the
sample?

e When combined with energy dispersive
spectroscopy, provide particle composition
(detected lead, sodium, chloride, magnesium,
and potassium)

Fourier Transform infrared
spectroscopy (FTIR)

Non-destructive
technique; identifies bulk
materials

e Are oxidized organics (carbohydrates) and
nitrated organics present?

e Are nitrates, nitrites, carbonates, and metal
oxides present?

¢ Distinguish MgO, Mg(OH),, and MgCO; to
determine whether MgO was exposed to
significant amounts of water or CO,

RAMAN Spectroscopy

Non-destructive
technique; identifies bulk
materials

e Are nitrates, nitrites, phosphates, or chlorates
present?
e [s carbonaceous soot present?

X-ray fluorescence (XRF)

Non-destructive
determination of
elemental composition

e Are metals present that might have catalyzed
chemical reactions?

X-ray diffraction (XRD)

Atomic and molecular
structure of a crystal

e Are crystalline reaction products in the debris?

¢ Distinguish MgO, Mg(OH),, and MgCO; to
determine whether MgO was exposed to
significant amounts of water or CO,
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Analysis What’s Detected? Questions Addressed

e Are nitrates, nitrites, chloride, sulfate, fluoride,

oxalate, or other anions observed in the sample?
Ion chromatography (IC) Anions and cations e Presence of nitrite and carbonate consistent with
hypothesis of reaction of Swheat Scoop® and
metal nitrate salts

e What is the elemental composition?
e Are metals present that might catalyze chemical
reactions?

Inductively coupled plasma Inorganic elements at
mass spectrometry (ICP/MS) | trace concentrations

e Can organic chemicals that were contained in the

Semi-volatile organic
g waste drum be detected?

as chromatography/ ma
Gas chromatography/ mass compounds at trace

spectrometry (GC/MS) : e Are any products of possible oxidation or
concentrations o . .
nitration chemistry observed?
e Are organic chemicals indicative of reacted
Liquid chromatography/ mass Non-volatile organic Swheat Scoop® (e.g., carbohydrates, sugars)
compounds at trace observed?
spectrometry (LC/MS) . . D1
concentrations e Are any products of possible oxidation or
nitration chemistry reactions observed?
Thermogravimetric-mass Volatile organics are e Thermal stability of the debris and
spectroscopy detected as a function of decomposition products
(TG-MS) temperature P produ

2. Chemical reactivity studies and experiments. As discussed above, the knowledge of the Pu recovery
processes used by LANL provided a general “compositional window” of the contents of the known breached
drum (Drum 68660). This knowledge allowed a series of tests to be performed to evaluate potential matrices
for reactivity in order to better assess potential initiation and reaction pathways. The TAT also assessed
LANL small-scale tests to evaluate potential reactivity within the MIN02 waste. While it was not possible to
design a single test to definitively determine the specific conditions that resulted in the breach of Drum
68660, the small-scale tests did provide meaningful insights that supported the TAT’s assessment.*

3. Computational modeling and engineering analysis. In the absence of direct access to Drum 68660 and
extensive sampling and analysis of the contents, the TAT relied on modeling to describe key physical,
thermal, and chemical characteristics of the breach of Drum 68660. The modeling allowed evaluation of both
potential chemical reaction scenarios and the physical aspects of the breach such as pressure-time scenarios
that could result in the observed drum breach. When combined, the chemical and physical models provided
insights into the evolution of the event, from initiation to the observed damage in the room.'

Figure 3-1 depicts the TAT’s approach to addressing uncertainties, which is discussed in detail in Appendix A.

¥ See Appendix F, “Reactivity and Hypotheses.”
"'See Appendix D, Modeling Integrated Summary Report.”
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Figure 3-1. Notional depiction of WIPP TAT investigative strategy to reduce uncertainty in event analysis
3.4 UTILIZATION OF NATIONAL LABORATORY EXPERIENCE AND EXPERTISE

Not only are the national laboratory personnel selected as members of the TAT expert and accomplished in
disciplines pertinent to the TAT mission, but DOE’s constitution of the TAT as a national laboratory team has
enabled the TAT to utilize the broader experience, expertise, and capabilities of the member laboratories and to
reach out to other national laboratories for support as needed.” For example, the TAT identified and solicited
support from national laboratory experts in appropriate disciplines who were not members of the TAT to perform
independent peer reviews of the TAT’s interpretations and observations.

Application of that national laboratory experience and expertise in forensic science also has enabled the TAT to
extrapolate from the known and the uncertain to the likely and to articulate sound reasoning bridging those
information gaps. Using the collective experience and expertise of the US national laboratories has enabled the
TAT to provide the level of technical rigor needed to ensure the credibility of its data collection and interpretation
activities.

™ See Attachment 1 to this report, “TAT Member Qualifications,” for summaries of the qualifications specifically pertinent to the TAT
mission of TAT members and other supporting the TAT from national laboratories.
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4.0 OVERARCHING CONCLUSION AND KEY JUDGMENTS

This chapter summarizes the TAT’s overarching conclusion and set of accompanying key judgments. Appendices
to this report describe in more detail the investigative activities and technical assessments leading to and
supporting the TAT’s overarching conclusion and key judgments.

The TAT’s overarching conclusion is that chemically incompatible contents of LANL Drum 68660 in
combination with physical conditions (e.g., the configuration of the materials in the drums) supported exothermic
chemical reactions leading to a thermal runaway; the consequent build-up of gases within the drum displaced the
drum lid, venting radioactive materials and hot matter that further reacted with air or other materials outside the
drum to cause the damaged observed in WIPP P7R7.

A thermal runaway is reached when dissipation of energy to surrounding regions cannot keep up with the
production of energy by exothermic chemical reactions.

The following key judgments led to and support that conclusion:

Key Judgment 1:  Contents of Drum 68660 were chemically incompatible.

Key Judgment 2:  Drum 68660 breached as the result of internal chemical reactions that generated heat and
produced gases that built up pressure sufficient to overcome the drum vent and seal.

Key Judgment 3:  Drum 68660 was the source of the radiological contamination in WIPP P7R7.

Key Judgment 4:  Initiation of the thermal runaway was internal and not caused by phenomena outside Drum
68660.

Key Judgment5:  Thermal and pressure effects resulted in the movement of material during the release event
and caused the damage observed in WIPP P7R7; the release did not result from a detonation.

4.1 CONTENTS OF 68660 WERE CHEMICALLY INCOMPATIBLE.
Production of Drum 68660

The TAT estimated the content and distribution of material within Drum 68660 based on multiple sources of
information, including LANL records related to the content and processing of its parent drum and x-ray video
of Drum 68660 taken prior to its transport to WIPP.

The LANL parent drum of Drum 68660 contained nitrate salt residues from plutonium processing at LANL.
Records of the original processing operations indicate that the parent drum, Drum S855793, contained 14 plastic bags
of salt waste. Ten of those bags contained acidic nitrate salts, and four contained a mixture of nitrate and oxalate salts.
During processing of Drum S855793, the contents were repackaged into two new sibling drums, Drum 68660
and Drum 68685; processing involved neutralization of acidic liquid contents, sorption of the neutralized
liquid, and admixture of acidic nitrate salts to meet the waste acceptance criteria for disposal at WIPP.

Approximately two gallons of free liquids (reported to have a pH of 0), which contained water, nitric acid, and
dissolved metal nitrates, were drained from the parent steel drum and plastic bags and neutralized to a target
pH of approximately 7 with an undocumented volume of KolorSafe® (which contains triethanolamine, or TEA,
water, and an indicator dye). The neutralized liquids were then sorbed onto Swheat Scoop®, a 100% wheat
product.” The neutralized liquids sorbed to Swheat Scoop® were placed on top of job control solid waste (e.g.,
plastic bags, empty KolorSafe® bottle, a glove-box glove) in Drum 68660. Like all drums processed through the
WCRR facility, Drum 68660 was lined with fiberboard and a vented polyvinyl chloride (PVC) bag.

The remaining moist, acidic nitrate salts from the parent drum were mixed with the remaining mass of Swheat

" The Swheat Scoop®-to-liquid volume ratio was assumed to be 3:1 based on TAT evaluations regarding the quantity of Swheat Scoop®
required to fully absorb liquids.
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Scoop®. The nitrate-salt admixture was distributed between Drum 68660 and Drum 68685.° In Drum 68660, the
nitrate salt admixture was placed on top of the layer of neutralized and sorbed liquid. Sibling Drum 68685 did not
contain a layer of neutralized and sorbed liquid, so the nitrate salt admixture was placed directly into the bottom
of the drum; a lead blanket from the parent drum was placed on top of the nitrate salt admixture in Drum 68685.

The two sibling drums contained all the processed waste from parent drum S855793 as well as external
material added to the parent waste during the WCRR operation, including an empty neutralizer bottle and
approximately 11 kilograms of job control solid waste. After Drum 68660 was filled to about 65% capacity, the
PVC bag was taped closed and the vented drum lid installed on December 4, 2013. Drum 68660 was shipped
to WIPP on January 29, 2014 and underwent the internal chemical reactions that led to the release of material
in WIPP on February 14, 2014. Drum 68685 remains at LANL. Drum 68685 is isolated in a standard waste
box (SWB) at LANL and periodically monitored for temperature and the composition of head-space gases.

Figure 4-1 provides a schematic representation of the processing of Drum S855793 to produce Drum 68660 and
Drum 68685.

[ »
o
Head space « Nitrate/Oxalate Salts
¢ * Swheat Scoop®
* Neutralized liquid
85 gallon drum itrate- q
j———g—_-r :I‘:::;:?: » KolorSafe™ containing
5 - triethanolamine (TEA)
55 gallon drum » Job control solid waste
Job control
[« solid waste
Drum 68660
< lead blanket
10 kg
= Nitrate/Oxalate Salts
* Swheat Scoop®
« Lead blanket originally
Parent Drum S855793 on top of parent drum

* Drum 68685
Figure 4-1. Processing of parent Drum S855793 to produce sibling Drums 68660 and 68685

Using x-ray images of Drum 68660 taken prior to its transport to WIPP, the TAT constructed a model of the drum

contents and distribution and used this configuration to support its assessment. Since there are no documented
records detailing the loading of Drum 68660, the TAT used WCRR process knowledge to estimate the drum

configuration. The model includes the bottom layer of job control solid waste, the layer of neutralized and sorbed
liquid, the nitrate-salt admixture layer, and a head-space layer. (See Figure 4-2.)

° The Swheat Scoop®-to-nitrate-salt volume ratio was determined to be 0.7:1 based on TAT calculations of overall mass balance using the

measured parent drum mass and both sibling drum masses.
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Drum #68660 (Model)

Head space

Mass, 0.091 kg

Volume, 0.0823 m3(21.7 gallons)
Density, 1.1 kg/m?

Nitrate-Salt Admixture Layer

Mass, 39.2 kg (13.0 kg Swheat, 26.2kg nitrate salt)
Volume, 0.053 m3(14.0 gallons)
Density 738 kg/m®

Neutralized and Sorbed Liquid Layer

Mass, 32.1 kg (10.5 kg acid, 8.0 kg neut., 13.6 kg Swheat))
Volume, 0.038 m? (10 gallons)
Density, 848 kg/m?*

Job Control Solid Waste Layer

Mass 11kg (glove, plastic, rubber)
Volume 0.0403 m*(13.2 gallons)
Density 273 kg/m®

I “b

Chemical Reactivity within Drum 68660

Drum #68660 (X-rays)

Figure 4-2. TAT Model of Drum 68660 contents and distribution based on x-rays of Drum 68660

Based on the chemical components and physical configuration of the contents of Drum 68660 and upon
review of chemical literature and results of laboratory testing, the TAT assessed possible chemical reactions
that could have occurred in Drum 68660.

The combination of the nitrate salt residues, organic sorbent (Swheat Scoop®), and neutralizing agent (TEA)
represents a potentially reactive chemical mixture of fuels and oxidizers. The potential role of each of the
contents in the release is described below.
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Role of Metal Nitrate Salts
Metal nitrates and nitric acid that are present in the MINO02 waste stream serve as the oxidizing and nitrating
reagents.

Documentation of the original, detailed chemical composition of the nitrate salt waste contained in Drum 68660
does not exist. From the analysis of samples taken from two unprocessed drums as part of the LANL investigation
as well as information from the characterization of process streams in the plutonium processing facility from
which the nitrate salt waste stream originated, the predominant metals expected to be in Drum 68660 as metal
nitrates include iron, aluminum, sodium, potassium, magnesium, and calcium. Other metals that would be
expected to be present in lower concentrations include lead, chromium, nickel, zinc, and uranium. The nitric acid
content in the moist metal nitrate salt waste is not precisely known but would be expected to be appreciable since
the free liquid isolated from the parent drum was reported to have a pH of 0. A portion of this acidic liquid would
have been retained with the solid nitrate salts and subsequently combined with the Swheat Scoop® sorbent during
the processing operation.

Role of Absorbent

The Swheat Scoop® line of absorbents produced by Pet Care Systems (Detroit Lakes, MN) are 100% wheat
products primarily composed of starch (65-70% dry weight) and proteins (14 wt%) with smaller amounts of
lignin, lipids, and other polymeric carbohydrates including cellulose, and minerals.”

According to the manufacturer, the production process exposes the starch of the grain from inside the kernel of
the wheat, which serves as the clumping agent upon contact with liquids. Given the high weight fraction of starch
in the sorbent, starch would be expected to serve as the predominant fuel component in Drum 68660. In addition
to the starches and other organic components, according to the manufacturer, Swheat Scoop® is known to harbor
an indigenous natural microbial population, which is the source of the product’s enzymes claimed in the patent to
degrade animal residues and associated odorous compounds.*

All of the organic compounds present in the Swheat Scoop® sorbent would be subject to and could participate in
oxidation and nitration reactions under opportune conditions.

Further support for the hypothesis of the oxidation of carbohydrate (i.e., Swheat-Scoop®) by nitrate salts is
provided by the identification of significant levels of sodium carbonate in samples obtained from the ejected
contents of Drum 68660. Sodium carbonate was not present in the original waste stream. Therefore, the TAT has
concluded that it is most likely a product of an oxidation reaction.

Role of Neutralization Reagent

KolorSafe® containing TEA was used to neutralize the acidic free liquid isolated from the parent drum of Drum
68660. KolorSafe® is a color-indicating neutralizing agent used to facilitate operations (i.e., the color change
indicates when the acid is neutralized). The neutralization of nitric acid with TEA produces the corresponding
nitrate salt, triethanolammonium nitrate, or TEAN. TEA may also form complexes with metal ions that are
present in the free liquid. TEAN has a melting point of 80 °C and decomposes exothermically beginning at about
250 °C, which is about 85 °C below the boiling point of TEA.

TEAN is potentially more reactive than TEA since the fuel (organic) and oxidizer (nitrate) are present together in
the same molecule.

Role of Physical Configuration of Waste within Drum 68660
As shown in Figure 4-2, Drum 68660 was packaged in such a manner that there are four distinct regions: (1) job
control solid waste layer, (2) layer of neutralized and sorbed liquid, (3) nitrate-salt admixture layer, and (4) drum

P See Appendix F. References: Swheat Scoop 2014, Saldek 1997, Shewry 2013, Sramkova 2009.
9 See Appendix F. Reference: Saldek 1997.

SRNL-RP-2014-01198 Revision 0
March 17, 2015 Page 26 of 277



head space. Consequently, there are a number of interfacial regions: (1) job control solid waste and
neutralized/sorbed liquid, (2) neutralized/sorbed liquid and nitrate-salt admixture, (3) neutralized/sorbed liquid
and fiber board liner, (4) nitrate-salt admixture and fiber board liner, and (5) nitrate-salt admixture and drum head
space. The chemical and physical forms of these layers and interfaces are different in chemical reactivity and
thermal conductivity. The degree of mixing between the layer of neutralized and sorbed liquid and the layer of
nitrate-salt admixture is not known.

The physical configuration at the interface of the neutralized-and-sorbed liquid/Swheat Scoop® and the nitrate-
salt admixture/Swheat Scoop® layers may have formed a localized region of reactivity leading to the thermal-
runaway event.

4.2 DRUM 68660 BREACHED AS THE RESULT OF INTERNAL CHEMICAL REACTIONS THAT
GENERATED HEAT AND PRODUCED GASES THAT BUILT UP PRESSURE SUFFICIENT TO
OVERCOME THE DRUM VENT AND SEAL.

The physical evidence from P7R7, combined with thorough analysis of available sample data, chemical reactivity
testing', and analytical modeling, indicates that Drum 68660 breached as a result of internal reactions that were
exothermic in nature. The TAT hypothesizes that a sequence of exothermic chemical reactions led to a thermal
runaway, which resulted in solids, radioactivity, and hot gases being released from the drum.

The thermal runaway process was a localized, complex, highly exothermic event occurring within the contents of
the drum. The event resulted in chemical reactions and physical changes, both of which accelerated with increased
temperature. When the energy-release rate of the process exceeded the rate of thermal conduction, the process
transitioned into a deflagration phase that released gases in a relative short time. The process was highly localized
and resulted in temperature gradients within the drum from ambient to high temperatures. Significant pressure
build-up from evolved gases in the drum resulted in a breach, allowing gases, and most likely solid matter, to be
ejected from the drum.

Continued deflagration after a runaway is not uncommon. The extent of reaction of both the retained and the
released contents of Drum 68660 likely ranged from fully reacted to non-reacted states.

The sequence of chemical conditions that led to a runaway reaction system and release of drum contents into
P7R7 in the WIPP facility cannot be quantitatively determined because of the previously described constraints but
can be generalized as follows:

e A combination of exothermic chemical reactions and radioactive decay heated the drum contents in localized
regions of Drum 68660. Exothermic chemical reactions produced the bulk of the initial heat as radioactive
decay would be small due to the low radioactivity content in the drum and because biotic activity in the
Swheat Scoop® material would be minimal.

e Localized removal of water by hydrolysis reactions with carbohydrates and evaporation increased the
concentration of nitric acid and increased the reactivity of the nitrate/organic mixtures. Localized melting of
hydrated metal nitrate salts may have occurred, providing for the release of water from crystalline phases and
the increased transport of reactive species. Energy released from exothermic reactions continued to heat the
drum contents. As the temperature increased, the concentration of nitric acid in the gas phase also increased,
which may have led to greater reactivity as nitric acid is more reactive in the gas phase.

e Heat from the exothermic chemical reactions continued to increase the temperature of the drum contents,
which in turn increased the reaction rates and the production rate of gaseous products and initiated chemical
reactions with higher activation energies.

e Ultimately, a self-heating condition was achieved such that the dissipation of energy and the release of gases
to surrounding regions of the drum could not keep up with their production by the exothermic chemical
reactions.

" See Appendix G, “Summary of Reactivity Testing.”
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e Heat and gas production ultimately proceeded at such a rate as to pressurize the drum and overcome the
venting and drum ring enclosure.

o The reaction of the contents of the drum that were released into the larger environment of P7R7 was likely
quenched as the conditions favorable for the runaway suddenly diminished, and the reaction of materials
remaining in the drum likely continued until the materials were depleted or the drum contents cooled.

TAT Testing and Modeling Results

Thermochemical Calculation

Thermal runaway of Drum 68660 was modeled using a heat source determined by a simple global reaction rate,
which represents the waste decomposing into products such as H,, CO, CO,, and various carbonates. The TAT
used existing information to determine the composition of the waste in Drum 68660 and an equilibrium code to
determine the products. The reaction energy was calculated based on the given product composition and the
calculated equilibrium composition. The rate of energy release was prescribed in the model by having the thermal
runaway occur close to the observed 72-day birth-to-breach of Drum 68660.

The TAT utilized the thermoequilibrium code CTH-TIGER® to determine the potential decomposition species in
Drum 68660 based on the estimated contents of the drum. CTH-TIGER also was used to determine what the
products would have been if Drum 68660 had been processed with an inorganic sorbent such as zeolite rather than
the organic Swheat Scoop®. The equilibrium compositions of the mixtures were 1) the contents of Drum 68660
processed with organic Swheat Scoop® and 2) Drum 68660 contents processed with inorganic zeolite. Both these
mixtures were evaluated at 1 atmosphere (atm) pressure with temperatures ranging from room temperature to the
adiabatic flame temperature, which is the temperature that the equilibrium products reach with no loss of energy
to the outside environment (that is, the maximum potential temperature).

The adiabatic flame temperature for the waste processed with the organic Swheat Scoop® was calculated to be
approximately 618 °C at 1 atm. In contrast, the model showed that the adiabatic flame temperature for Drum
68660 waste processed with inorganic zeolite would have been slightly below 100 °C. An adiabatic flame
temperature less than the boiling point of water (100 °C) is a strong indicator that the zeolite-processed waste
would not have produced thermal runaway. The energy that generated the elevated temperature in the waste
processed with Swheat Scoop® came from the initial energy available in the organic material. The calculated high
adiabatic flame temperature for the Swheat Scoop®-processed waste is consistent with the observed thermal
runaway of Drum 68660.

To determine the rate of energy release, the TAT used a simple kinetic model that prescribed 70 days as the
period of time to achieve thermal runaway. Seventy days is within the time interval between December 4 when
Drum 68660 left Los Alamos and February 14 when Drum 68660 breached at WIPP. Figure 4-3 shows modeling
results with high temperatures in the middle of the drum and cooler temperatures towards the edges of the drum.
In fact, the edges of the drum are close to ambient conditions at the time of thermal runaway.

* CTH-TIGER is a thermochemical code that can predict equilibrium compositions for any two thermodynamic states such as temperature
and pressure given an appropriate equation of state and large enough product species database. The code can also predict flame
temperatures and detonation states for given initial conditions. The code was initially developed at the Stanford Research Institute and
further developed at the Sandia National Laboratories.
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Figure 4-3. Calculated temperature profiles in Drum 68660 after 70 days.

Once thermal runaway is reached, the temperatures of the gases approach the adiabatic flame temperature, and
rapid reaction of the waste material begins. The model demonstrates that at these higher temperatures, the organic
Swheat Scoop® starts to gasify and the equilibrium composition becomes fuel-rich. Since the TAT did not have
direct access to the reacted drum, the extent of reaction is not precisely known. However, in Drum 68660, the
calculated composition of the gases at the adiabatic flame temperature included 33 mol% H, and 9 mol% CO
fuels. The predicted hot decomposition products likely continued to gasify the remainder of the waste to produce
fuel-rich gases that mixed with air and may have reached even higher temperatures as fuels such as H2 and CO
reacted with air. Pressurization and effluent predictions from this thermal model were used in other models such
as the drum breach model and the room model.

Chemical analysis of the debris ejected from 68660 identified carbonate (CO5>) and nitrite (NO,") anions, which
is consistent with nitrate salt oxidation of the Swheat Scoop®. Thermal analysis of the debris shows weight loss
above 150 °C (Figure 4-4), which indicates that the debris did not experience high temperatures or that the
exposure to high temperature was brief (<seconds) and insufficient to consume the material. If the exothermic
oxidation reactions occurred in the middle of the drum, for example, pressure could build up from the gaseous
products and could eject the unreacted top layer of Swheat Scoop®/nitrate salt out of the drum along with hotter
matter that further reacted with the air or other materials outside the drum. Consistent with the nitrate salt layer
being ejected, nitrate, nitrite, and oxalate salts were found in the debris and on the constant air monitor (CAM)
filters. Moreover, nitrite and oxalate salts are not stable over 400 °C and 500 °C, respectively, and oxalic acid
starts to decompose above 150 °C in the gas phase, and its calculated half-life at 250 °C is 3 seconds (s). Thus, it
can be concluded that the collected materials ejected from the drum either did not experience high temperatures
(over 400 °C) or that their exposure to elevated temperatures was very limited in duration (<seconds), resulting in
the observation of nitrite and oxalate salts in the collected samples.'

' See Appendix C. References: Stern, 1972 & Oza, 1950 ; Gadalla, 1984; Lapidus, 1964
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Figure 4-4. Thermogravimetric-mass spectroscopy (TG-MS) analysis of debris from the release

Laboratory Testing

The TAT performed an evaluation of the condition of Drum 68660 after the breach (using remote visual imagery
obtained by the AIB) and compared that visual evaluation to the results of laboratory testing that exposed material
obtained from a prototypic drum to a variety of temperatures and atmospheres.

Results of that testing suggest that the hottest portion of the drum was in the layer of neutralized and sorbed
liquid. Due to uncertainties associated with the processing of the drum (i.e., precise records as to how Drum
68660 was packed do not exist) and inaccessibility of the drum (i.e., only remote imagery is available), the TAT’s
assessment of the initiation point of the reaction cannot be definitive; however, the analyses suggest that
temperatures in the layer of neutralized and sorbed liquid of the drum were the highest.

To further evaluate the material compatibility and energetics of the subsequent reaction(s), the TAT evaluated
Automatic Pressure Tracking Adiabatic Calorimetry (APTAC) experiments performed by LANL using a variety
of chemical compositions reflecting various combinations of Swheat Scoop®, metal nitrate salts, nitric acid, and
oxalate. These experiments were designed to offer insight into potential sympathetic reactions as well as evidence
of material decomposition and off-gassing through pressure rise. The results of these experiments clearly show
that self-heating of some of these mixtures can occur at low onset temperatures (i.e., below 100 °C). Using
accelerating rate calorimetry (ARC), PNNL found that 1) a mixture of 3 volume parts Swheat Scoop® and 1
volume part 3.5 M HNO; dried in air at room temperature overnight begin reacting at 30 °C and continued to react
until reaching 80 °C when the reaction rate accelerated into thermal runaway and 2) a mixture of 3 volume parts
Swheat Scoop and 1 volume part KolorSafe®-neutralized 3.5 M HNO; began a sustainable self-heating reaction
near 140 °C. SNL conducted bench-scale-thermal-runaway tests of Swheat Scoop® mixed with water and nitrated
salts representative of Drum 68660. The heating of few-gram samples at 1 °C/minute show little exothermic
behavior with Swheat Scoop® and water, but adding neutralized acid and nitrate salts results in significant
reactivity leading to thermal runaway. This behavior is suppressed by liquid water, and a thermal runaway occurs
after the water has fully vaporized, although it is not clear from this experiment whether runaway occurs quickly
because of the relatively high wall temperature at the end of the vaporization process. The PNNL and SNL data
suggest that the dry materials are highly reactive with one another but that the reactivity is suppressed in the
presence of liquid water.
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From the reaction chemistry discussed above, oxidation products from the Swheat Scoop® and/or nitration
products were predicted. To determine whether these materials were present, the debris from 15-5 was analyzed
by Fourier transform infrared (FTIR) spectroscopy. The FTIR spectra are complex and show a mixture of organic
materials similar to Swheat Scoop® as well as inorganic materials. By comparing the FTIR spectra to information
obtained using a full suite of analysis methods (e.g., scanning electron microscopy-energy dispersive x-ray
fluorescence spectroscopy, or SEM-EDS; x-ray diffraction, or XRD; and ion chromatography, or IC), the TAT
found the data to be consistent with a mixture of Swheat Scoop® or other carbohydrates, such as those potentially
found in the cardboard liner, with nitrate, nitrite, oxalate, and carbonate salts. Organic material consistent with
these results also was observed by liquid chromatography mass spectrometry (LC-MS). Since the extent of
reaction in the drum is unknown and limited samples were obtained from the reaction area, the TAT cannot rule
out the presence of nitrate esters or other nitrated organic compounds, which are known to be reactive.

Modeling and Simulation

To better understand the mechanical behavior of the drum, a finite element model was developed to simulate the
pressurization during the runaway reaction within the drum. The transient temperatures in Drum 68660 were
calculated by assuming a background heat source of 0.12 Watt (W) in the nitrate-salt admixture layer and 0.17 W
in the neutralized and sorbed liquid layer." The decay heat is based on radiological calculations using isotopes of
Pu and Americium (Am). More decay energy is deposited in the neutralized and sorbed liquid layer due to higher
concentrations of Am in the 2 gallons of decanted liquid (Appendix D). The background heat source was
estimated to be representative of the heat generated by radioactive decay in Drum 68660.

Under these conditions, thermal runaway occurred in the model after 70 days, similar to the observed drum
behavior. Gas pressure at runaway was predicted to be 340 psig with a sealed drum (no vent). Furthermore, the
predicted wall temperature increased by only about 1 °C, demonstrating that heating would not be apparent prior
to runaway. The analysis also suggests that assuming that the neutralized/sorbed liquid waste and solid waste had
similar reactivity, the initiation location was about 0.4 meters above the bottom center portion of the drum. Only
about 3.4 kg (out of 71.3 kg total) was converted into decomposition gases in the thermal runaway model,
suggesting that material ejected during the burst was likely unreacted. Modeling of the contents remaining in the
drum was not a part of the thermal runaway modeling effort

Additional mechanical modeling was undertaken to aid in understanding the conditions required to cause drum
breach.” A variety of scenarios were evaluated in an attempt to reproduce the observed behavior. In the case most
reproducing observed drum damage, the load was ramped to 50 psi in 0.1 seconds to represent a relatively slow
pressurization representing non-detonation gas generation from reactions in the drum. That loading resulted in the
drum lid opening at the top edge of the drum at the end opposite the flanges on the closure ring at approximately
35 psi (see Figure 4-5, left). Analyses comparing the loading with and without the potential weight of the MgO on
the lid of the drum showed no significant influence on the pressure at which the drum opened or on the
displacement mode of the drum opening. These analyses included constant pressure on the inside bottom of the
drum to represent the weight of the contents.

To benchmark the models used, the results of experimental data, including results of LANL pressurization tests
published in 1998-9 and results of SRNL pressurization tests published in 1991, were considered. The various
pressurization scenarios modeled showed that the drum lid would open if the internal pressure were sufficiently
high (e.g., 75 PSI for a “fast” load case, 35 PSI for a “slow” load case, and 46 PSI for a “slow” load case with the
weight of another drum on top); the sidewalls of the drum did not rupture. This is consistent with published
experimental data and consistent with the photographic evidence of the breach of Drum 68660. The extent and
behavior of displacement of the lid was found to depend on the rate of pressurization of the drum; however, all

" See Appendix D, “Thermal Activity in Drum.”
¥ See Appendix D, “Thermal Response of Dru.”
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scenarios tested resulted in the displacement of the drum’s lid. These historical results are consistent with the
TAT evaluation.

The slower pressurization scenario compares favorably to post-event photographs of Drum 68660 (Figure 4-5,
right). These results support the conclusion that the thermal runaway reactions within the drum led to a relatively
slow pressurization of the drum rather than a rapid pressurization or detonation. This slow pressurization was
sufficient to overcome the drum vent.

von_mises
29e+04

2e+d

Y

[\
I
X

Time: 0.074000

observed damage seen in post-event photograph of Drum 68660 showing discoloration and lid displacement
(right).
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4.3 DRUM 68660 WAS THE SOURCE OF THE CONTAMINATION IN WIPP P7R7.

Based on the available photographic and video information, there is no evidence that any drum other than Drum
68660 breached or had compromised seals. This observation is supported by data from a series of non-destructive
measurements made of the drum contents for acceptance into the WIPP facility and destructive analytical
measurements obtained from a variety of sample locations in the facility, which includes debris from 15-5 and 16-
4, surface smears, and constant air monitor (CAM) filters within WIPP as well as sampling of the Station A fixed
air sampler (FAS) high efficiency particulate air (HEPA) filter. When this data set was compared to historical
analytical data for the Pu and Am isotopic content for the processed wastes of the LANL drums stored in P7R7, it
was determined to be consistent with a release from Drum 68660. Although when accounting for the analytical
uncertainties inherent in the isotopic measurements, it cannot be concluded that no other drum contributed to the
isotopic signature, from these data it can be stated that the dominant source of radioactivity was Drum 68660.
Therefore, based on the evidence—photography and video; parent drum historical Uranium (U), Pu, and Am data
for all LANL material types stored in P7R7; Central Characterization Program (CCP) gamma spectra for key
LANL drums in P7R7 using high efficiency neutron counters (HENCs); and U, Pu, and Am isotopic
measurements on post-event samples—it has been concluded that Drum 68660 was the source of the post-event
radioactive contamination at the WIPP facility.

Early post-event sampling and analysis of Station A FAS exhaust HEPA filter detected Pu240/Pu239 mass ratios
consistent with those established for material types 52 (MT52) and 53 (MT53) and Am241/Pu239 activity ratios
generally associated with the material types (MT52 and MT53) in parent drum S855798. It should be noted that
the Am/Pu ratio is a result of the way those MTs were processed to recover plutonium and is not necessarily a
characteristic for classification of material type. Also, that ratio cannot be used as an absolute signature for the
recovered plutonium since the chemistry used in the recovery process varied by salt batch. Based on early
analyses of these two signature actinide isotopic ratios performed by the WIPP onsite laboratory and LANL
analytical lab, a release of radiological material from 68660 was confirmed.

To verify this initial finding, the TAT conducted an exhaustive study based on the criteria outlined above that
included all waste items in P7R7 to confirm that Drum 68660 was the dominant contributor of the radiological
material distributed throughout the facility. Based on that comprehensive analysis, it was determined that Drum
68660 was the dominant and maybe the sole contributor to the radiological contamination sampled in the facility
as it is the only drum which contains homogenized salts with both Am241/Am243 and Pu240/Pu239 mass ratios
within the ranges of those measured in the post-event samples by SRNL and PNNL."

The TAT also performed transport modeling of the release from P7/R7 for a range of release durations and
possible contaminant deposition rates. Model results for an initial default release of 1 Ci were then scaled to
estimate release amounts that could explain the radioactivity observed in the exhaust by the Panel 7 CAM and the
Station A FAS. For airborne release fractions consistent with a significant over-pressure event with fire affecting
the entire contents of the radioactive inventory in a container, the resulting source terms were consistent with
estimates of the total radioactivity contained in Drum 68660 (Hunter and Viner, 2015). The model-derived source
term values contain uncertainty, in part due to the lack of representative information on potential deposition of
Americium along the exhaust path.

Based on the information available, the TAT has determined with a high degree of confidence that the dominant
source of the radioactive contamination observed in WIPP was Drum 68660.

" The analysis is detailed in the ‘Systematic Evaluations and Discussions for Source Term’ section of Appendix E, “Drum Characterization
Integrated Summary Report.”
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4.4 INITIATION OF THE THERMAL RUNAWAY WAS INTERNAL AND NOT CAUSED BY
PHENOMENA OUTSIDE DRUM 68660.

Key Judgment 2 is that the breach of Drum 68660 was the result of exothermic reactions within the drum. The
TAT also considered a number of different potential initiation hypotheses that involved heating from unknown
external sources (Appendix F). Throughout this process, analyses were performed to assess the plausibility of
each hypothesis. Although some evidence of potential fire damage on nearby drums was observed, this damage
was likely caused by hot matter and gases released from Drum 68660 that reacted with air or other materials
outside the drum. Experimental studies concluded that the condition and/or damage of the paint on the drum
exterior is consistent with that surface being heated in an oxidizing environment and not the result of heating in a
reducing environment (a direct flame impingement).* Possible external energy sources considered included the
carbonation or hydration of the MgO, energy exchange between adjacent drums, and ignition of flammable gases
accumulated within the waste pack. None of these mechanisms was found to be a likely source of external heating
that would have caused the initiation of Drum 68660. Additional exploratory analyses were performed to attempt
to better quantify various aspects of the release event as they relate to initiation. Based on these analyses, the TAT
concluded that the initiation of Drum 68660 was not the result of heating from heat sources external to the drum.

The TAT considered several possible external heating hypotheses, including effects of the February 5 salt-haul

truck fire, drum-to-drum heating, and combustion of flammable gases in Room 7. Specially, several hypotheses

regarding the potential involvement of the February 5, 2014 truck fire in the February 14, 2014 release were

evaluated:

e A thermal pulse from the truck fire event reached P7R7.

e Combustion products from the truck fire reached P7R7.

e Exothermic reactions of H,O and CO, (which are expected by-products from the fire) with MgO resulted in
elevated temperatures in P7R7 or in the observed damage to the MgO bags.

e Reduced ventilation in P7R7 following the truck fire influenced the release event.

For approximately 12 hours following the truck fire, the flow data indicate that the flow through Panel 7 was
reduced. Figure 4-6 shows the locations of the P7R7 and the truck fire. Flow between the truck fire location and
P7R7 was modeled to estimate transport of energy and combustion products to P7R7 and potential temperature
and humidity increase in P7R7 due to the fire. Although the fire temperature is not established, estimates of the air
temperature just downstream from the fire were computed based on measured temperature and air flowrate data.
Based on calculations for a range of airflows, the maximum air temperature increase in P7R7 was less than 5°C as
a result of the truck fire. Likewise, calculations of the potential humidity increase in Room 7 due to the salt truck
fire showed only a small rise in humidity. The observed absence of thermal damage near the face of P7R7 also
confirms that elevated temperatures did not occur in this area.

* See Appendix D, “Thermal Response of Drum.”
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Figure 4-6. Fire and radiological event locations within WIPP

Independent of the expected air composition in P7R7, the potential for H,O or CO, to react with the MgO was
analyzed. Bounding calculations for the energy liberated due to the reaction of H,O and/or CO, with the MgO
concluded that the maximum increase in MgO temperature rate is less than 4°C per day, which is easily mitigated
by heat transferred to the room ventilation air. Additionally, analyses of MgO samples taken from the damaged
MgO bags did not shown any evidence of reaction with either H,O or CO,. Consequently, the potential of these
reactions to have caused significant heating of waste drums leading to initiation and/or damage to the MgO bags
was ruled out. (Appendix D)

The potential for external heating of Drum 68660 to lead to an internal thermochemical response was examined.
Calculations for radiative heat transfer between adjacent drums indicated that this is an ineffective mode of heat
transfer and it was not a mechanism for transferring heat from drum-to-drum in the waste pack. The possibility of
the accumulation and ignition of heavier-than-air flammable gases within the waste pack was considered. Based
on the best estimate of the chemical composition of Drum 68660, no heavier-than-air flammable gases were
identified through modeling in the reaction products that might vent. Consequently, there is no evidence that any
of the potential external heat sources considered had sufficient energy and duration to initiate the thermal runaway
of Drum 68660.

Additionally, a set of experiments was designed and conducted to investigate the exterior drum discoloration of
WIPP waste Drum 68660 following the event on February 14, 2014. Remote visual imagery obtained by the AIB
(e.g., photographic evidence) indicated the majority of Drum 68660 had become black (top 2/3) and the bottom
portion (bottom 1/3) appears to transition from black to brown to tan to white (the original drum color). The drum
material discolorations from these photos provide insight into the temperature the WIPP waste drum may have
experienced and whether the heat source was internal or external to the drum. The experimental data are
consistent with an internal temperature source causing the observed drum discoloration.” It was also determined

¥ See Appendix D, “Thermal Response of Drum.”
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that all gradients of observed exterior paint color occurred experimentally when the drum exterior sections were in
oxidizing environments, such as air. The results also indicated that drum blackening did not result from external
flame impingement. The experiments established that a direct impingement of flame (reducing environment) on
the exterior surface caused white paint to peel, but it did not change the exterior paint from white to brown to
black.

After an evaluation of both thermal and humidity impacts on the waste array resulting from the February 5, 2014
truck fire, it was concluded that the release event of February 14, 2014 was not initiated by the truck fire. TAT
analyses identified no potential external heat scenarios that would have contributed to the initiation of Drum
68660. Based on these analyses, the TAT concluded that the initiation of Drum 68660 was not the result of
heating from sources external to the drum.

4.5 THERMAL AND MECHANICAL EFFECTS RESULTED IN THE MOVEMENT OF MATERIAL
DURING THE RELEASE EVENT AND CAUSED THE DAMAGE OBSERVED IN P7R7; THE RELEASE
DID NOT RESULT FROM A DETONATION.

As discussed above, the runaway reaction overcame the drum vent and seal, resulting in the breach and the release
of hot gases and other materials to the room. While the composition of the gases released may have been
combustible, the TAT cannot quantitatively determine whether combustion occurred.

Visual observation suggests that the MgO supersacks in 17 locations were damaged during or after the release
event. The observed damage likely occurred from polypropylene supersacks igniting and burning or from their
being exposed to a heat flux large enough to thermally damage them without igniting. The undisturbed piles of
MgO imply relatively benign flow conditions and further support the key judgment that the release was not a
detonation. An experimental investigation into the flammability of the polypropylene material used in the
supersacks and the polyethylene material used in the slip sheets demonstrated that both materials readily ignited
when exposed to a flame and that both were capable of sustaining a flame. *

Simulations using the thermal-runaway model predict an adiabatic flame temperature for the waste in Drum
68660 of 618 °C at a pressure of 1 atm. This is the maximum internal temperature expected following thermal
runaway and is determined from energy within the solid waste that contains both oxidizers and fuels. Following
thermal runaway, the hot decomposition gases vent from Drum 68660. The blackbody emissive power at this
temperature is approximately 30 kW/m?’. This represents an upper bound on the radiative heat flux. The combined
convective and radiative heating could be significantly higher. Simulations of the MgO supersacks exposed to
various heating rates show that even for heat fluxes as high as 80 kW/m?, several minutes would be required to
raise the surface temperature of the MgO supersacks sufficient to result in thermal damage without ignition.

The equilibrium composition of gases released from Drum 68660 at the adiabatic flame conditions is 34.1% H,,
24.5% H,0, 10.6% CO, 21.4% CO,, 4.8% N,, 4.5% CH,4, and other minor species. The hydrogen composition is
within the flammability limit for hydrogen air mixtures, which is 4-75% by volume. The estimated hydrogen
percent in the drum (34.1% by volume) at a temperature of 618 °C is close to the stoichiometric hydrogen
composition (29.7volume %). The auto ignition temperature for hydrogen in air is 520-750 °C, depending on the
hydrogen percentage in the air. The decomposition products in Drum 68660 could have ignited when mixed with
air, causing the external flame temperature to be as high as 1500 °C.

The exact external temperature in P7R7 would depend on factors such as heat loss to the surroundings and mixing
with the external air. At the high end of this temperature range (1500 °C), the heat flux on the MgO supersacks if
the gases ignited is predicted to be more than an order of magnitude larger and would have resulted in rapid
thermal damage to the polypropylene. Additionally, these temperatures would imply the presence of an external
flame, which likely would ignite the exposed supersacks and slip sheets.

*See Appendix D, “Thermal Response of Drum.”
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The TAT performed simplified computational fluid dynamics (CFD) modeling of a release from position 16-4 in
P7R7 with the characteristics described above. A simplified geometric configuration of P7R7 was used in the
CFD modeling.™ A detailed replication of the best-estimate geometry is unlikely to result in increased fidelity of
the results. The simplified CFD simulations of the air flow within P7R7 show a predicted region of elevated
temperature that roughly corresponds to the observed damage footprint. However, due to uncertainties in the
waste array geometry, release flow rate, and release duration, it is difficult to support further conclusions.

A precise description of fire characteristics cannot be established. Visual evidence from the January 2015 REACH
investigation suggested that in some areas, fire propagated along regions of combustible material but that
multiple, apparently isolated, ignitions of combustible material also occurred. These may have resulted from hot
or burning embers discharged during the release. CFD calculations cannot fully recreate flow conditions as too
many important conditions are unknown. However, modeling efforts do reflect flow features including unsteady
stagnation and recirculation regions that occur for a flow driven over a complicated geometry. The flow would be
expected to provide favorable conditions for random deposition of embers that may have been ejected from the
drum. The potential trajectory of ejected materials will depend on the velocity, shape, and weight of embers as
well as the overall flow conditions within P7R7.

% See Appendix D, “Thermal Damage Footprint External to Drum.”
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5.0 SUMMARY

As discussed, the TAT has undertaken a deliberative investigation process to understand and determine the cause
of the February 14, 2014 WIPP release event. Uncertainties about the processing of the waste and inaccessibility
of Drum 68660 constrained the TAT’s ability to determine definitively the initiator of the release. The TAT has
concluded that chemically incompatible contents of LANL Drum 68660 in combination with physical conditions
(e.g., the configuration of the materials in the drum) supported exothermic chemical reactions leading to a thermal
runaway; the consequent build-up of gases within the drum displaced the drum lid, venting radioactive materials
and hot matter that further reacted with air or other materials outside the drum to cause the damage observed in
WIPP P7R7

Through a combination of review of the available visual imagery of P7R7, evaluation of the results of chemical

reactivity testing, and modeling of the event and material behavior, the TAT arrived at a number of key judgments

that led to and support the overarching conclusion:

Key Judgment 1:  Contents of Drum 68660 were chemically incompatible.

Key Judgment 2:  Drum 68660 breached as the result of internal chemical reactions that generated heat and
produced gases that built up pressure sufficient to overcome the drum vent and seal.

Key Judgment 3:  Drum 68660 was the source of the radiological contamination in WIPP P7R7.

Key Judgment 4:  Initiation of the thermal runaway was internal and not caused by phenomena outside Drum
68660.

Key Judgment 5:  Thermal and pressure effects resulted in the movement of material during the release event
and caused the damage observed in WIPP P7R7; the release did not result from a detonation.
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APPENDIX A. TAT APPROACH TO MITIGATING UNCERTAINTIES
DISCUSSION OF PROBLEM

Investigation of nuclear process upsets, particularly those involving complex matrices of potential reactants, can
be difficult and constrained. The root cause of such events can potentially be determined quickly by examining
process histories, the environment and the contents of the reactant mixture. With respect to the LANL MINO02
waste stream, it can be generally stated that combining potentially acidic nitrate salts (i.e., a strong oxidizing
agent) with organic matter (i.e., a fuel) will yield potentially incompatible mixtures. At the highest level, this
analysis can provide insights into the nature of the event (i.e., whether the event was caused by mechanical or
chemical effects) and can greatly simplify the investigatory process. In the case of the release from WIPP Panel 7,
Room 7, there are three broad areas of uncertainty that greatly limit the ability to draw exact conclusions on the
cause of the event:

1. Contents and distribution of the reactant mixture cannot be exactly described. Handling of the MIN02
waste stream from LANL has been the primary suspect in the investigation since the identification of the Drum
68660 breach. This waste was generated in the 1970’°s and 1980’s and generally resulted from Pu recovery
operations. Those recovery operations were accomplished using nitric acid digestion with Pu recovery and
purification by ion exchange and oxalate precipitation. Following Pu removal, the chemical residues were
evaporated and the evaporator bottoms cooled to produce metal nitrate salts. Nitrate salts derived from ion-
exchange effluents were washed with concentrated nitric acid, air dried, and packaged for storage. Nitrate salts
derived from oxalate precipitation effluents also contained oxalate salts and were washed with water prior to
air drying and packaging for storage. While process knowledge aids in understanding the composition of the
waste, precise characterization data of the material recovered are limited. Additionally, during processing
operations, other items (e.g., worn gloves, lead shielding, other job waste, etc.) were often added to the waste
drum with limited characterization and documentation.

2. MINO02 waste processing operations did not document process details. The procedures used by LANL to
process the drums at the Waste Characterization, Reduction, and Repackaging (WCRR) facility produced
limited and inconsistent documentation describing the detailed processes used. For example, liquids recovered
from the original waste drums were characterized using pH-indicating paper and “neutralized” by adding a
neutralizing agent. The material was then mixed and the resultant pH again measured with pH-indicating
paper. In many cases the initial pH was not recorded. Additionally, both the “neutralized” liquid and the nitrate
salts are mixed with Swheat Scoop® (“kitty litter””) at a nominal volume of 3:1 Swheat Scoop®:waste
material. Actual measurements of Swheat Scoop® used were not recorded. Ultimately, the goal of the WCRR
operation is to produce drums suitable for shipment to WIPP; meeting the requirements of no prohibited
materials and “no free liquid” while staying within the allowed content window as determined by gross
radioassay are the primary considerations.

3. Access to the reacted drum is limited. Visual observation of LANL Drum 68660 confirms that the drum is
breached. Drum 68660 is nominally 32 feet (roughly 10 meters) from the access point in P7R7 (i.e., the “waste
face”), and examination of the affected area has required remote tools and cameras; initial confirmation of the
breach was obtained by visual evidence using a small camera rotated on a boom arm. Samples for laboratory
analyses were collected remotely using this same mechanism.

These broad uncertainties and limited information constrict the investigation and constrain the ability to draw
exact conclusions on the cause of the release. The limitations do not, however, prevent substantive conclusions
from being drawn that will identify the primary cause of the release and identify actions required to prevent
recurrence.
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INVESTIGATIVE STRATEGY

The uncertainties and limitations described above require an approach that relies on three primary areas.

1.

Visual examination and sample analyses. The TAT is relying heavily on visual documentation obtained by
the Accident Investigation Board (AIB). Given the limited access to the breached drum, this visual
observation provides important information to allow the TAT to identify potential reaction mechanisms and
sequences. In addition to the visual observation, the TAT does have access from limited samples obtained
during the event (e.g., fixed air sampler and constant air monitor filters and cartridges) and material recovered
from the area near the breached drum. These samples, while limited, provide important insight into the event.
Samples also were obtained from the parent drum.

Chemical reactivity studies and experiments. As discussed above, the knowledge of the Pu recovery
processes used by LANL provide a general ‘compositional window’ of the contents of the known breached
drum (Drum 68660). This knowledge allowed a series of tests to be performed to evaluate potential matrices
for reactivity and susceptibility in order to better assess potential initiation and reaction pathways. The TAT
also interfaced with LANL as they conducted small-scale tests to evaluate potential reactivity within the
MINO2 waste. While it was not possible to design a single test to definitively determine the specific
conditions that resulted in the breach of Drum 68660, the small-scale tests did provide meaningful insights
that supported the TAT’s assessment.

Computational modeling and engineering analysis. In the absence of direct access to Drum 68660 and
extensive sampling and analysis, the TAT relied on modeling to describe key mechanical, thermal, and
chemical characteristics of the breach of Drum 68660. The modeling allowed evaluation of both potential
chemical reaction scenarios and the mechanical aspects of the breach such as the pressure-time scenario that
could result in drum breach. When combined, the chemical and mechanical models provide and overall
description of the evolution of the event, from initiation to the observations made in the room.

These three investigative areas provide information required to reduce the uncertainties inherent to this
assessment and to evaluate the hypotheses proposed by the TAT.

Management of uncertainty in the investigation was a critical component of the TAT effort and provides varying
levels of confidence in the key judgments developed by the TAT. The approach to managing uncertainty is
notionally illustrated in Figure A-1. The lack of detailed information about the waste being processed and the
details of the process raise the initial uncertainty level considerably. The inability to examine the reacted drum
raises this uncertainty level further. Working with the DOE Accident Investigation Board (AIB) and the
investigation team at the Los Alamos National Laboratory (LANL, the TAT undertook a systematic process to
reduce uncertainty. This process described above does not completely eliminate the impacts of the initial
uncertainties discussed above, but it does inform the analysis and enable key judgments regarding the nature of
event.
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Figure A-1.Notional depiction of WIPP TAT investigative strategy to reduce uncertainty in event analysis

The investigative strategy and approach used by the TAT is discussed in detail in subsequent sections of this
report. The systematic approach employed by the TAT maximizes the use of available information and combines
this information with targeted experimental programs and modeling analyses to develop conclusions regarding the
nature of the reaction(s) responsible for the radiological release. Ultimately, the TAT used this information to
arrive at key judgments concerning the causes of the likely scenarios.
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APPENDIX B. SAMPLING INTEGRATED SUMMARY REPORT

The goal of sampling and analysis activities in support of WIPP TAT was to discover evidence that indicated the
cause of the drum breach. Sampling is the process by which evidence is collected. Analysis is the process by
which pieces of evidence, or collected samples, are prepared and interrogated by a variety of instrumental
techniques that provide chemical information. Data are produced as the result of these analyses. Such data can
only be evaluated and interpreted with an understanding of the analysis process and its limitations and with an
understanding of the sampling process and its limitations. For these reasons, sampling and analysis are considered
together. The quality of data produced must be assessed by considering both sampling and analysis together —
analytical results are only as good as the samples that can be provided.

Questions and hypotheses guided the sampling and analysis process; however, the reality of the harsh
environment of WIPP limited the manner in which sampling could be conducted. To look for evidence of what
caused the drum breach, the optimum place to sample would be inside Drum 68660 itself. However, given the
configuration of the drums in the WIPP facility, this was not possible. The next best place to look for evidence
would be near the drum — assuming that the drum contents spewed during the breach. But, collecting samples
from outside of the drum complicates data interpretation, as signals from the background environment must also
be considered, and there can be no expectation that the samples that are collected will be homogeneous in
composition. And, to make the job more difficult, sampling could only be performed using a fifty-foot pole to
hold a sampling device; thus, this introduced some uncertainty in understanding the precise location of the sample
collection. Out of necessity, the sampling strategy became to sample what was easily-available for collection and
to interrogate the sample with as many different techniques as possible, with the hopes of obtaining useful
information. Once data from initial sampling and analysis were available, subsequent analyses could be targeted
with the goal of addressing specific questions.

Prior to collecting samples from the immediate vicinity of Drum 68660, many samples, including filters from
constant air monitors and swipes, were collected from May—June 2014 from various locations in WIPP to measure
radioactivity. The major goals of these sampling activities were to make a physical assessment of the situation and
to determine the extent of the contamination by swiping various locations and monitoring the swipes for
radioactivity. In addition, air filters from early entries into WIPP were collected and analyzed to determine the
identity of the element(s) responsible for the airborne activity and for the presence of other trace elements, anions,
and organic compounds. Ultimately, Am and Pu isotope ratios were measured and used to support the hypothesis
that the release came from a single drum and that the isotopic ratios were consistent with those expected to be
present in Drum 68660.

The next stage of sampling was to collect as much evidence as possible from the environment around Drum
68660, with the goal of collecting samples that might provide insight into the cause of the drum breach. The initial
sample collection activity would provide experience and information that could inform subsequent sampling and
analysis efforts. The first sampling activity near Drum 68660 occurred in May 2014, with limited guidance from
the WIPP TAT. The main concern during this sampling was to use a collector that would fit on the end of a fifty-
foot, titanium/aluminum pole and that was made of a material that would not generate sparks. Due to the harsh
environment, samplers were required to wear bulky PPE and standard operating procedures limited the activities
of the WIPP operators and the time they could remain on station. Additionally, the area around Drum 68660 could
not be directly accessed; sampling was performed remotely, with limited control and visibility of the actual
collection operation.

Two sampling configurations were used during this collection. The first was a “Swiffer® multi-sampler,” which
consisted of four Rad Con disc smears on the top section, a Velcro® strip on the bottom section, and a narrower
Velcro® strip (in the center) with the adhesive tape exposed (Figure B-1, top left). This sampler could be easily
deployed on the end of a sampling pole. It was hoped that the Swiffer® multi-sampler would collect particles

(primarily MgO) with both the exposed adhesive and the Velcro. The second sampler was a scoop made of PVC
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pipe, which also could be deployed at the end of a pole (Figure B-1, top right). This sampler was used to collect
bulk material (primarily MgO).

Figure B-1. Swiffer multi-sampler, PVC sampler, and Multi-sampler device
being deployed on a fifty-foot rod to sample 15-5.

Using these tools, several samples were collected in May 2014. Collected samples are summarized in Table B-1.

Table B-1. Samples collected in WIPP in May 2014.

Chain of Custody Sample Location Sample Type

14-0183 None (clean blanks) PVC, smears, sticky tape

14-0183 15-5 SWB Ejected debris from multi-sampler
14-0183 16-4 drum lip MgO from multi-sampler

14-0182 16-4 MgO from sticky pad

14-0182 14-2 Bulk MgO from PVC sampler
14-0182 14-4 Bulk MgO from PVC sampler
14-0182 14-6 Bulk MgO from PVC sampler

While the May sample collection yielded some useful analytical data, it also provided insight as to how to
improve the next sample collection. For example, the materials that were used for sample collection (the Velcro®,
the tape, and the PVC) contributed a background of organic contamination to the samples. This is not an ideal
situation when a goal of sampling is to determine the presence of organic compounds. In addition, the Swiffer”
sampler did not collect a sufficient quantity of material/debris. Thus, when sampling was performed in August
2014, a new sampler was designed by a team of LLNL and WIPP staff and fabricated at LLNL. The new sampler
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consisted of Delrin® and Teflon® parts so that it would not add to contamination of the samples; see Figure B-2.
The edge of this sampler was machined to optimize the potential for large amounts of MgO to be collected (up to
5 g) and directly transferred into a Teflon sampling container. Additionally, the Teflon® sampling vials, which
were cleaned of inorganic and organic contaminants, were fitted with Teflon® plugs to restrict their volume such
that no more than 5 grams of sample were collected; this was necessary to ensure that the collected mass of the
sample did not exceed that of the approved safety basis. Once the sample has been taken, the vial can be removed
and sealed for transport.
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sample transport.

The new sampler was used to collect samples on August 15, 2014. The sampling team first attempted to obtain a
representative sample of the discolored MgO on top of the Drum 68660 — the breached drum appeared to have
released material all around the 16-4 area, including on the top of the 15-5 SWB. While it had been expected that
the MgO would be a powder that would be easy to sample, the material in the area of 16-4 was instead very hard,
crusty, and nearly impossible to sample. As a result, only a small amount of material was collected. Next, the
material on the top of the 15-5 SWB sampled. It was found to be thin with crusted/hard mounds in several
locations and this limited the ability to obtain homogeneous samples. To assess background chemicals and
contaminants, two samples were also taken from unused MgO bags that were located in the front of the Panel 7
(after row 24). Although the MgO bags were present during the event, these bags did not exhibit any damage
(their polypropylene/ cardboard outer containment was intact). The samples were closed and brought to the
surface where chain of custody was initiated and the samples sealed with tamper-evident tape. The samples were
then placed in coolers that were also sealed with tamper-evident tape and sent to SRNL for distribution and
analysis. Samples that were collected in August 2014 are summarized in Table B-2.

Table B-2. Samples collected in WIPP in August 2014.

Chain of Custody Sample Location Sample Type

9572 Sample #1 16-4 drum MgO from Delrin” sampler

9572 Sample #2 15-5 SWB Ejected debris from Delrin® sampler
9572 Sample #3 15-5 SWB Ejected debris from Delrin® sampler
9572 Sample #6 Front of Panel 7 Bulk MgO from Delrin” sampler
9572 Sample #7 Front of Panel 7 Bulk MgO from Delrin” sampler

Because the configuration of WIPP prevented samples from being collected inside of Drum 68660, the next best
option was to sample its “parent” drum (S855793), which resided at LANL. This sampling was conducted on
August 67, 2014, Sampling of the parent drum was performed under the assumption that the parent drum still
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contained residues that could be detected and that would reflect the composition of materials in the breached
drum. The advantages of sampling the parent drum included that it could be easily accessed and sampled and that
additional analytical techniques could be used while sampling this drum that could not be used at WIPP (for
example, headspace gases could be sampled). However, sampling the parent drum posed the limitation that there
was much less material to sample, because the drum is considered to be empty. In addition, it was found that the
gasket of the parent drum was missing; thus, organic solvents would be expected to have volatilized from the
drum during storage and would not be available for detection.

The first sampling activity performed in investigating the parent drum was to sample the headspace of the 85-
gallon over pack drum, in which the drum was nested. A special sampling port was inserted through both the lid
of overpack and into drum S855793 to detect, in near-real-time, headspace gases (H,, CO, CO,, N,O and volatile
organic compounds) in the parent drum using gas chromatography/mass spectrometry. In addition, two samples
were collected in 100-mL, gas-tight syringes; one sample was immediately sent for laboratory analysis at LANL,
and the other was transferred to an evacuated 200-mL Summa canister for future TAT laboratory analysis (in
addition, a field blank was collected in a 50-mL Summa canister for the TAT).

The second sampling activity focused on the collection of solid and liquid residue samples from the parent drum
S855793 (although no free liquids were found in the parent drum). Samples collected included IAEA swipes for
radiological analysis, glass swipes for organic analysis, and debris for targeted analysis. Each sample was placed
in a primary container, which was placed inside of two re-sealable plastic bags, the outer of which was sealed
with a tamper-evident seal. Each sample was documented with COC paperwork. Samples collected from the
parent drum are summarized in Table B-3.

Table B-3. Samples collected from parent drum S855973 at LANL on August 7, 2014 for analysis by the TAT
laboratories.

Chain of Custody Sample Type Comment
Authentic Glass filter
Quality control Clean, glass filter taken into contaminated area
Quality control Clean, glass filter (transport blank)
Authentic Solid debris in Teflon bottle
Quality control Clean, empty Teflon bottle taken into
contaminated area
Quality control Clean, empty Teflon bottle (transport blank)
Authentic IAEA wipe sample
69120 Quality control Clean, IAEA wipe taken into contaminated area
(from parent drum
S855793) Authentic (Archive) Glass filter
Quality control (Archive) | Clean, glass filter taken into contaminated area
Quality control (Archive) | Clean, glass filter (transport blank)
Authentic (Archive) Solid debris in Teflon bottle
Quality control (Archive) | Clean, empty Teflon bottle
Quality control (Archive) ;f;n, empty Teflon bottle opened in contaminated
Authentic (Archive) IAEA wipe sample
Quality control (Archive) | Clean, IAEA wipe taken into contaminated area
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Once samples were collected, entered into chain-of-custody, and distributed to the various laboratories, sample
analysis activities could begin. Initial analyses were guided by the desire to glean as much information as possible
from each sample (e.g. sample morphology and metals, anions, and organic compounds present). In general, the
strategy of analysis was adopted such that non-destructive analyses (e.g. microscopy) were performed first and
destructive analyses (e.g. gas chromatography/mass spectrometry) were performed later. Each analytical
technique performed provided different information; see Table B-4. Once initial data were obtained as a result of
chemical analyses, these were used to ask additional questions, refine hypotheses, develop subsequent analysis
plans, and improve future sampling strategies. Integration from data from all analytical techniques allows the
story of Drum 68660 to emerge. As this section was intended to provide an overview of the sampling and analysis
strategy, specific analytical results will be discussed in the relevant sections of this report.

Table B-4. Analytical techniques used to examine WIPP samples.

Analysis

What’s Detected?

Questions Addressed

Gamma analysis

Radioactivity

Where in WIPP did contamination spread?
Do isotopes observed in the environment reflect the
expected contents of the Drum 686607

Optical microscopy

Sample morphology

Is the sample homogeneous?
Are Swheat Scoop® particles present in the sample?

Scanning electron microscopy
(SEM)

Particles

Examines particle morphology

Are Swheat Scoop® particles present in the sample?
When combined with energy dispersive
spectroscopy, can provide particle composition
(detected lead, sodium, chloride, magnesium, and
potassium)

Fourier Transform infrared
spectroscopy (FTIR)

Non-destructive technique;
identifies bulk materials

Are oxidized organics (carbohydrates) and nitrated
organics present?

Are nitrates, nitrites, carbonates, and metal oxides
present?

MgO, Mg(OH),, and MgCOj; can be distinguished to
determine whether MgO was exposed to significant
amounts of water or CO,

RAMAN Spectroscopy

Non-destructive technique;
identifies bulk materials

Are nitrates, nitrites, phosphates, or chlorates
present?
Is carbonaceous soot present?

X-ray fluorescence (XRF)

Non-destructive
determination of elemental
composition

Are metals present that might have catalyzed
chemical reactions?

X-ray diffraction (XRD)

Atomic and molecular
structure of a crystal

Are crystalline reaction products in the debris?
MgO, Mg(OH),, and MgCOs; can be distinguished to
determine whether MgO was exposed to significant
amounts of water or CO,

Ion chromatography (IC)

Anions and cations

Are nitrates, nitrites, chloride, sulfate, fluoride,
oxalate, or other anions observed in the sample?
Presence of nitrite and carbonate would be consistent
with hypothesis of reaction of Swheat Scoop® and
metal nitrate salts

Inductively coupled plasma mass
spectrometry (ICP/MS)

Inorganic elements at trace
concentrations

What is the elemental composition of the samples?
Are metals present that might catalyze chemical
reactions?

Gas chromatography/ mass
spectrometry (GC/MS)

Semi-volatile organic
compounds at trace
concentrations

Can organic chemicals that were contained in the
waste drum be detected?

Are any products of possible oxidation or nitration
chemistry observed?
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Analysis

What’s Detected?

Questions Addressed

Liquid chromatography/ mass
spectrometry (LC/MS)

Non-volatile organic
compounds at trace
concentrations

e Are organic chemicals indicative of reacted Swheat
Scoop® (e.g., carbohydrates, sugars) observed?

e Are any products of possible oxidation or nitration
chemistry reactions observed?

Thermogravimetric-mass
spectroscopy
(TG-MS)

Volatile organics are
detected as a function of
temperature

e Thermal stability of the debris and decomposition
products
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APPENDIX C. ANALYSIS INTEGRATED SUMMARY REPORT
SUMMARY OF CONCLUSIONS

Nondestructive and destructive analytical methods were used to analyze samples of debris collected from the top
of R15 CS5, the lip of R16 C4, the parent drum, and the constant air monitor (CAM) and fixed air sample (FAS)
filters in addition to MgO samples collected from the tops of R14 C2, R14 C4, R14 C6 and R16 C4. The
analytical evidence supports the conclusion that an exothermic oxidation reaction of Swheat Scoop® by metal
nitrate salts produced gases that contributed to the breach of Drum 68660. The metals and the acidic environment
found in Drum 68660 are known to accelerate these oxidation reactions. Moreover, the ratio of metal nitrate salts
in Drum 68660 was in a range in which a low melting eutectic mixture could form, which would also accelerate
the oxidation reactions. Nitrated organics were not detected and they are not necessary to produce the exothermic
reaction leading to the breach of Drum 68660. All the contents of the drum were not consumed and the material
ejected from Drum 68660 either did not experience temperatures over 200 °C, or their exposure to elevated
temperatures was very limited in duration (<seconds). These findings are based on the details described below.

e Metals and acid were present that would accelerate the oxidation reactions:

0 The metals found in the debris and the acidic environment of Drum 68660 are known to accelerate the
decompostion of the organic materials comprising the Swheat Scoop®.

0 Trivalent nitrate salts, i.e., iron and aluminum, react at lower temperature with ligocellulosics than mono
or divalent nitrate salts (i.e., Na, K, Mg, Ca, and Pb).

0 Metals (Bi, W, and La) from the glovebox glove were not involved in the reaction.
= Other than one particle of Bi found on the lip of R16 C4, no Bi, W or La were found in the samples

from R15 C5, R16 C4 or the CAM filters.
= At the time of the Real Time Radiography (RTR) of Drum 68660 performed at LANL, the glovebox
glove was in the job control solid waste layer at the bottom of the drum physically separated from the
neutralized liquid/Swheat Scoop® layer™; though unlikely, physical contact may have occurred to
some degree during transportation of the drum to WIPP.
e Reaction products are from metal nitrate oxidation of organics:

0 Significant levels of nitrite and carbonate salts were found in the samples that were not present in the
original waste stream. These compounds are products from the oxidation of carbohydrates (Swheat
Scoop®) by metal nitrate salts.

e Reaction inside the drum did not go to completion:

0 Materials ejected from the drum either did not experience temperatures over 200 °C, or their exposure to
elevated temperatures was very limited in duration (<seconds), resulting in the observation of thermally
sensitive materials in the collected samples.

0 Thermally sensitive materials (i.e., oxalate and nitrite salts) were found in ejected material that would not
have survived a high temperature reaction.

O Triethanolamine (TEA), a component of Kolorsafe® liquid acid neutralizer, was tentatively identified in a
sample of the debris collected from R15 C5.

e  Ogxidation products were observed in the debris but nitration products were not detected:

0 Nonextractable oxidation products were detected but no lower molecular weight oxidation products were
found.

0 Formation of nitrated (i.e., nitrate esters or nitro-containing) compounds cannot be ruled out but if they
are present, they are in low concentration.

0 Formation of nitrated compounds is not necessary to produce an exothermic reaction, which could
produce sufficient quantities of gas to cause the breach of Drum 68660.

0 The absence of triethanolammonium nitrate (TEAN) and TEAN decomposition products indicates the
material potentially was consumed in the reaction.

e Eutectic mixture of nitrate salts could form:

* See Appendix E, Addendum A, “Expert Interpretation Of Real Time Radiographic Recordings,” for details.

SRNL-RP-2014-01198 Revision 0
March 17, 2015 Page 48 of 277



0 Although an exact ratio of the salts is not known, they are in a range in which a eutectic mixture of Mg,
Na, Ca, and K nitrate salts could form. While the melting temperature of the potential eutectic mixture is
not precisely known, these results indicate that a liquefied eutectic mixture was possible in the drum
environment, which could accelerate the oxidation reactions.

e Gases from truck fire did not cause the damage to the super sacks:

0 No evidence to support the presence of Mg(OH),, MgCO; or other metastable hydrous carbonate species
that would be expected if the material in the super sacks was exposed to significant quantities of CO,
and/or H,O combustion products.

0 The low radioactivity on the exposed MgO on the adjacent drums indicates that the event was of short
duration (seconds).

SUMMARY OF ANALYTICAL PROCESS

Samples collected from WIPP (as described in Appendix B, “Sampling Integrated Summary Report”) were sent to
Pacific Northwest National Laboratory (PNNL), Savannah River National Laboratory (SRNL), and Lawrence
Livermore National Laboratory (LLNL) for analysis. PNNL received the samples from the lip of R16 C4 and the
top of standard waste box (SWB) R15 C5 taken on May 30, 2014 using the multi-sampler device. The bulk MgO
samples from R14 C2, R14 C4, and R14 C6 and the MgO sample taken from the top of R16 C4 using the multi-
sampler device were sent to SRNL. The second set of samples from the lip of R16 C4 and two samples from R15
CS5 taken on August 15, 2014 were sent to SRNL for analysis, and a subsample of R15 C5 was sent to LLNL for
LC-MS analysis. Samples of the debris and swipes from the parent drum were sent to SRNL for analysis.

The analytical approach for the samples was determined at the first meeting of the TAT on June 3-4, 2014 and
followed standard practices for identification of unknown samples. [Magnuson, 2012] Analysis initially started
with nondestructive analysis (optical and gamma analysis, XRD/XRF, SEM-EDS, Raman and/or FTIR) followed
by destructive analysis (ICP-EOS, ICP-MS, IC, extraction/GC-MS, LC-MS, and TG-MS). Sets of instructions
(called R&D Directions at SRNL, Test Instructions at PNNL, Sample Preparation and Analysis Plan at LLNL)
were prepared describing how the samples would be handled and analyzed. These instructions built off the
existing analytical procedures and quality control documents already in place at PNNL, SRNL, and LLNL. These
mstructions were circulated to the WIPP TAT for review, comments were addressed and the final revised
documents were approved by unanimous vote of the TAT. Work did not start until TAT approval was obtained.
Each lab assigned its samples a unique sample (and tracking) number including all sample splits and sample
transfers, which were tracked with a chain of custody form. The samples were photographed during all aspects of
unpacking and transfer, and the samples were qualitatively surveyed for radioisotopes by nondestructive gamma
analysis. An archive sample was maintained from all samples for future reference. The analytical details for each
analysis and the raw data are presented in the Appendix (Analytical Results from PNNL, SRNL, and LLNL). A
full discussion of the radiochemical analysis is presented in the Source Term Section and is not discussed here.
Below is a high level summary of the analytical results followed by a discussion of how the analytical data
supports the key judgments.

SUMMARY OF ANALYTICAL RESULTS

The analytical efforts focused on the materials ejected onto the SWB R15 C5 to determine the reactions that
occurred in Drum 68660 that led to the breach. The samples from the lip of R16 C4 were much smaller and
primarily contained MgO. Overall, the debris from R15 C5 was very heterogeneous and predominantly contained
a mixture of inorganic salts. The primary metals identified were consistent with what was known to be in Drum
68660 [see Thermal Modeling Section] (Mg, Na, Ca, Fe, Al, K, and Ni, note — Cr was observed in XRF but not in
the ICP-OES,) while trace quantities (typically <0.02 wt%) of other metals (Ba, Mn, Ti, and Zn) not noted in the
original drum contents were observed. No Bi, W, or La (from a glovebox glove) was detected by SEM-EDS, ICP-
OES, ICP-MS, or micro-XRD analysis of the R15 C5 samples. The phosphorus observed in the R15 C5 samples
most likely originated from the Swheat Scoop®, which contains about 0.5 wt% phosphorus. Lead was ubiquitous
and in a R15 C5 sample, it was found in concentrations over 100-fold greater than that predicted from the drum
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contents. This most likely arises from nitric acid leaching of the lead drum liner present within the parent drum
during the decades of storage before processing. In addition to the anions expected based on the drum contents
(NOs', F', and oxalate), new anions were found in the debris including NO,', CO5%, and CI". The nitrite and
carbonate are consistent with products expected from the reaction of carbohydrates with metal nitrate salts (see
below). Significantly more metal cations were found than anions indicating that metal oxides are present in the
debris. The debris from R15 C5 contained a small number of methylene chloride extractable organic compounds
(and no additional compounds were observed after derivatization, reporting limit 2ppm). A few low molecular
weight organic acids (formic, acetic and oxalic) were observed in the water extract of R15 C5, but these acids
were also found in the Swheat Scoop®. FTIR and micro-fluorescence microscopy analyses of the debris and the
methylene chloride extract were very complex and showed the presence of organic material that resembled
Swheat Scoop® (i.e., carbohydrates) and inorganics materials (nitrates and carbonates). Oxidized materials were
also identified in the FTIR spectra (by both bulk and micro-techniques) but no other degradation products of
Swheat Scoop® or triethanolamine (TEA) could be identified. No nitrated organics or triethanolamine were
detected by GC-MS or FTIR analysis. A sample of R15 C5 was sent to LLNL to analyze for polar, high molecular
material by LC-MS using a high-resolution mass spectrometer capable of tandem mass spectrometry in positive
electrospray mode. Unlike, GC-MS, no LC-MS libraries are available to assist in the identification of unknown
compounds; however, by exploiting exact mass measurements, the presence of targeted compounds can be
detected. Using this type of targeted analysis, tricthanolamine was tentatively identified in the sample. TG-MS
analysis of the debris from R15 C5 under argon showed unreacted material was present. The debris showed a total
weight loss of 9.4% at 200 °C, 17% at 400 °C and a final weight loss of 35.1% at 1000 °C indicating the material
did not experience high temperatures. Gases evolved below 200 °C included m/z 16 (CHy), m/z 18 (H,0), m/z 30
(NO and CH,0) and m/z 44 (CO, and/or N,0), and m/z 46 (NO,, and other materials), which is consistent with the
decomposition of organics and metal nitrate salts.

The sample from the lip of R16 C4 was primarily MgO. The metals found in the sample were consistent with
what was found in R15 C5 except the Pb was found in significantly lower concentrations. SEM analysis found
pieces of steel in the sample (which could have originated from the drum). Although it was anticipated that
organics would be present on the lip of 68660 since it was discolored, hard and crusty, only minor amounts of
organic residues (such as carboxylic acids) were detected by micro-FTIR ATR, and no detectable amounts of
organics were found in the methylene chloride extract. No triethanolamine or nitrated organics were detected by
GC-MS or FTIR analysis. It is postulated that high molecular weight (methylene chloride insoluble) organic
compounds derived from the Swheat Scoop® are responsible for the material on the lip of R16 C4 being hard and
crusty.

The debris from parent drum S855793 was expected to be acidic based on the drum history and a water extract of
the debris was found to be slightly acidic (pH was 3.8, with a total acid content of 0.0157 N). The anions in the
water extract were consistent with the known contents of the waste stream (nitrate, fluoride, and sulfate) and the
extractable anions from the Swheat Scoop® (formate, acetate, oxalate, chloride, sulfate, and phosphate). Since
phosphorous was not in significant concentration in the waste stream (<0.01 wt%), it is a good indicator of
Swheat Scoop®. The metals found in the debris were consistent with the drum contents (Mg, Na, Ca, Al, Fe, and
K) except for the high concentrations of lead (11.7 wt%). The IAEA swipes only contained a trace amount of
lead. No significant amount of organics was found from the methylene chloride extracts of the glass swipes by
GC-MS (reporting limit 20 ppm). FTIR analysis of the extract detected inorganic material including carbonates
and nitrates. Extraction of the debris with methylene chloride found long chain fatty acids (linoleic and palmitic
acids), which are known to be present in Swheat Scoop®. [Sramkova, 2009]

Many of the major materials found in the debris on R15 C5 were also found on the CAM and FAS filters. The
materials on the CAM filters include anions (nitrate, nitrite, oxalate, acetate, formate, chloride, fluoride, and
sulfate), metals (Mg, Na, Ca, Fe, Al, and Pb), and organics (that have an FTIR spectra similar to Swheat Scoop®).
The materials on the FAS filters also include anions (nitrate, nitrite, formate, chloride, fluoride, and sulfate) and
metals (Mg, Na, Fe, Al, and Pb). This indicates the material ejected from the drum formed aerosol particles that
moved through the room and drift and were collected by the CAM and the FAS filters. This observation is
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supported by optical microscopy and SEM-EDS measurements of small salt particles on R15 C5 and R16 C4.
Extremely small Pu and Pb particles (too small to be accurately measured by SEM but well below 100 nm in
diameter) were found associated with larger, high-surface-area “hairy” salt particles. The morphology and
chemical makeup of these salts were significantly different from that naturally expected from the mine, and
consistent with a rapid precipitation mechanism out of the entrained liquid known to be present within Drum
68660.

Magnesium oxide was collected from on top of adjacent drums (R14 C2, R14 C4, and R14 C6) and a reference
sample was collected from an intact bag of MgO located on the floor at the waste face. The samples were white or
beige colored and were composed of powder and pellets with an occasional dark particle. The MgO samples had
low radioactivity, which indicated that the event was of short duration. If the radioactive material was slowly
ejected from 68660 over a time frame of minutes, more radioactivity would be expected on the adjacent drum.
XRD and FTIR analysis of the MgO from the drums indicated that no Mg(OH),, MgCOs; or other metastable
hydrous carbonate species was present that would be expected if the material in the super sacks was exposed to
significant quantities of CO, and/or H,O combustion products from the truck fire. Therefore, it is concluded that
the truck fire event did not cause the damage observed in Panel 7 Room 7.

Parent Drum: Contents, Acidity and Metals

In the Reaction Chemistry and Hypothesis discussion (Appendix F), it is proposed that a series of internal
exothermic reactions produced sufficient gas pressure to breach Drum 68660. These reactions could have be
initiated by a combination of chemical and/or radiolytically induced reactions between nitric acid, nitrate salts,
metals, triethanolamine (TEA)/triethanolammonium nitrate (TEAN), and Swheat Scoop®. It is important to
define the contents of Drum 68660 since these materials should be found in the debris on R15 C5 and the lip of
R16 C4, and these materials are responsible for the exothermic reactions and the corresponding reaction products.

The contents of Drum 68660 were estimated by Weisbrod starting from the Veazey salt analysis as described in
the Thermal Modeling Section. The drum had a layer of job control solid waste (plastic/rubber) on the bottom,
processed liquid layer consisting of Swheat Scoop®/nitric acid/Kolorsafe® liquid acid neutralizer (i.e.,
triethanolamine, water and Alizarin, an indicator dye), and a metal nitrate salt layer mixed with Swheat Scoop®.
The Swheat Scoop® was mixed with the liquids in a 3:1 volume ratio while Swheat Scoop® was mixed with the
nitrate salts in a 0.7:1 volume ratio. The molarity of the acid in the liquid layer and the interstitial liquid in the
nitrate salts was 3.3M. [Clark, 2015] The estimated composition of the nitrate salt layer is shown in Table C-1.
Note the initial Pb content is very small and no nitrites or carbonates were present.

Table C-1. Composition of salts in 68660 (as described in the Thermal Runaway Model Section)

Component Wt%
Mg(NOs), * 6 H,O 62.3
NaNQO; 13.7
Ca(NOs), * 4 H,0O 9.47
FC(NO3)3 *9 HzO 6.45
AI(NO3); * 9 H,O 2.38
KNO; 2.08
(COOH), 1.53
HNO; 1.53
H,O (with trace elements) 0.20
NaF 0.18
Cr(NO3), * 9H,0 0.13
NI(NO3)2 6 HQO 0.06
Pb(NOs), 0.01
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Acidity of Parent Drum (S855793): The acidity of the waste stream is important in determining potential reaction
chemistry. Swheat Scoop® is derived from the whole grain of wheat, which is primarily composed of starch (65-
70% dry weight) and proteins (14%) with smaller amounts of lignin, lipids, other polymeric carbohydrates
including cellulose, and minerals. Dilute nitric acid is known to hydrolyze and oxidize hemicellulose, starch, and
amorphous regions of cellulose to monosaccharides, polysaccharides, carboxylic acids (including acetic and
oxalate acid [Sullivan, 1983]) and aldehydes (like hydroxymethyl furfural). [Rodriguez-Choong, 2004; Bensah,
2013; Fontana, 2008] Concentrated nitric acid or a combination of nitric acid with a dehydrating reagent like
sulfuric acid leads to nitration reactions to form nitrate esters and nitro compounds [Olah, 1989]. Heating
concentrated (69%) nitric acid to 180 °C can result in complete mineralization of the primary components of
biomass (carbohydrates, carboxylic acids). [Wiirfels, 1989] In test reactions run at LANL [Clark, 2015], it was
also shown that nitric acid lowers the temperature where decomposition and/or exothermic reactions can occur for
both Swheat Scoop® and TEA. Thus, the acidity of the waste stream can contribute to the degradation of the
Swheat Scoop®.

During processing of the parent drum (S855793), it was documented that approximately 2 gallons of liquid was
collected with a pH of 0, measured by pH paper, and neutralized with Kolorsafe®. Based on process knowledge,
the nitrate salts from the ion exchange process were washed with 3.3M nitric acid, while nitrate salts from the
oxalate filtrates were not washed with bulk acid because it would accelerate decomposition of the oxalic acid
present in the salts. [Clark, 2015] Typically, after emptying a drum and processing its contents, a little adsorbent,
Swheat Scoop®, was added into the empty drum to adsorb any residual liquids. The parent drum (S855793) of
68660 was sampled as described in the Appendix B (Sampling Integrated Summary Report) to learn more about
the contents of the drum. The dry solid debris was extracted with water and the total acid content was determined
to be 0.0157 N by titration. The total acid content for a water extract of Swheat Scoop® was 0.0050 N. The free
acid available in the solid, which represents the free H' concentration (in 20 mL of solution) relative to the mass
of the sample (0.6901g), is 0.455 mol/Kg, which is similar to quantities measured by LANL for samples taken
from other empty parent drums with acidic liquid [Martinez, 2014]. Although it is not possible to back calculate
the acidity of the original drum, this does confirm the materials in the parent drum were acidic.

The water extract from the debris from the parent drum was also analyzed by ion chromatography. As expected,
the dominant anions were nitrate (12.6 wt%) and oxalate (0.264 wt%) with smaller amounts of chloride (899
ug/g), sulfate (290 pg/g), and formate (638 pg/g). Fluoride and acetate also were observed but could not be
quantitated because they co-eluted. Swheat Scoop® was also found to contain water extractable ions including
small amounts (<0.05 wt%) of chloride (480 ng/g), formate (332 pg/g), nitrate (240 pg/g), oxalate (240 pg/g), and
sulfate (435 pg/g). Phosphate was found in higher concentrations (0.50 wt%), and since it is not in found in
significant concentrations in the waste stream (<0.01 wt%), phosphate can be used as a signature of Swheat
Scoop® in the debris. Overall, the anions detected in the parent drum were consistent with the content of 68660
and Swheat Scoop®.

Metals in Parent Drum (S855793): Metals could potentially act as catalyst to accelerate the decomposition of the
organic materials as discussed in the Reaction Chemistry and Hypothesis appendix (Appendix F). Thus, the
metals in the parent drum were qualitatively analyzed by SEM-EDS, and quantitated by ICP-OES and ICP-MS
using a mixed acid (HNO;/HCI/HF in a 2:1:1 volume ratio) digestion and peroxide (Na,O,) fusion (which is more
aggressive and can provide a higher recovery of the metals). Since Swheat Scoop® was added to the empty parent
drum to adsorb any residual liquids, the metals found in the debris are representative of the metals in the liquid,
except for the pieces of metal from the drum. SEM-EDS analysis of the chunks of debris from the parent drum
were found to contain predominately Pb with smaller amounts of Na, Mg, Al, K, Ca and K (see Figure C-1).
Quantitative analyses of one sample found 11.7 wt% Pb and 2.8 wt% Na. Other metals detected which were
expected based on drum contents included Al (9050 ppm), Fe (7300 ppm), Mg (5010 ppm), K (1270 ppm), Ca
(573 ppm), Cr (843 ppm), and Ni (343 ppm). Additional metals detected include U (3540 ppm), Ba (1610 ppm),
Zn (643 ppm), Cu (290 ppm), Mn (23 ppm), and Sr (19 ppm). Some of these metals were also found in the
Swheat Scoop® including Na, Al, K, P, Mg, Ca, and Si. There are no significant amounts of metal in the debris
that are unexpected based on the contents of 68660 except for the high lead concentration. Martinez and
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Chamberlin reported similar results in the analysis of other parent drums in which high Pb (19-42 wt%) and
sodium (1.7-3.7 wt%) concentrations were observed and similar metals were found. [Martinez, 2014]
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Figure C-1. SEM (A) aHd EDS (B) analysis of the debris from the parent drum.

Conclusions from Analysis of the Parent Drum: The metals found in the debris and the acidic environment
found in the parent drum are known to accelerate the decompostion of the organic materials found in Swheat
Scoop®. The metals were consistent with the drum history except for the high levels of lead, which most likely
arise from nitric acid leaching of the lead drum liner present within the parent drum during the decades of storage
before processing. Since phosphorus is not found in high concentration in the waste stream, phosphorus can be
used to identify the presence of Swheat Scoop® in the debris samples.

Exothermic Oxidation of Organics by Nitrate Salts

Predicted Reaction Products: The potential reactions that could lead to a series of internal exothermic reactions
and produce sufficient gas pressure to breach Drum 68660 are discussed in Appendix F, “Reaction Chemistry and
Hypotheses." In all cases, these reactions would produce specific products indicative of the reaction history. Thus,
reaction products could arise from: (a) the hydrolysis, oxidation, and nitration of Swheat Scoop® (or more
specifically carbohydrates) by nitric acid and/or metals; (b) the reaction of the metal nitrate salts and Swheat
Scoop® (as discussed below); (c) the decomp