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Introduction

8 November 2025
Dear Reader,

Thank you for taking the time to read this report, The Unseen Burden, which
addresses the diagnosed and undiagnosed medical struggles associated with
service in the U.S. Navy’s Submarine Force, also known as the Silent Service. The
Submariners’ Advocacy Group (SAG) developed this report to raise awareness of
the many ilinesses linked to life aboard submarines—a highly technical and
inherently dangerous environment.

The names contained in the dedication represent only a small fraction of the
approximately 300,000 living veterans who have served in the Submarine Force
since 1947. Each of these Sailors was exposed to more than 150 hazardous
chemicals, gases, and toxicants present in submarine atmospheres. Those named
here, along with tens of thousands of others who continue to suffer, can rightfully be
considered casualties of the Cold War.

Too often, these ailments lie dormant for years or decades before emerging with
devastating impact. In many cases, illnesses strike suddenly and without mercy,
leaving service members and their families to endure both unimaginable suffering
and severe financial hardship.

The Sailors memorialized in this report represent a small portion of a much larger
reality. Every Submariner who ever sailed beneath the ocean’s surface accepted the
risks of serving in a hostile environment, hundreds of feet underwater, for months at
a time. They did so out of duty, patriotism, and an unwavering commitment to
excellence. Yet, they could not have fully known the long-term consequences of
exposure to toxic chemicals and ionizing radiation unique to submarine service.

This report is both a testament to their sacrifice and a call to honor their memory. It
is also the driving force behind the Submariners’ Advocacy Group’s mission: to
ensure that the suffering caused by this unseen burden is neither ignored nor
forgotten, but addressed with the urgency, respect, and care it deserves.

Sincerely,

Stanley J. Martinez
Chairman and Chief Executive Officer
Submariners’ Advocacy Group
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Glossary

Acute Exposure: Exposure by the oral, dermal, or inhalation route for 24 hours or
less (IRIS Glossary, 2025).

Amine or MEA: Monoethanolamine, used in CO2 Scrubbers.

Chlorate Candles: Provide a backup supply of oxygen. When the candle burns it
releases oxygen, particulate contaminants, and some chlorine. (NRC, 1988,

pg. 16)

Chronic Exposure: Repeated exposure by the oral, dermal, or inhalation route for
more than approximately 10% of the life span in humans (more than
approximately 90 days to 2 years in typically used laboratory animal species)
(IRIS Glossary, 2025).

Generators: Oxygen Generators

Hematotoxicity: “Refers to the adverse effects of substances or agents on the
blood and blood-forming organs” (Lee, 2025).

Hyperoxia: An excess of oxygen in the system resulting from exposure to high
oxygen concentrations, especially at hyperbaric pressures of oxygen.

Hypobaric: Pertaining to pressure of ambient gases below sea-level normal (<760
mmHg) (NRC, 2007, p. 254).

Hypoxia: A concentration of oxygen in arterial blood that is less than normal. (NRC,
2007, p. 255)

Normobaric: Denoting a barometric pressure equivalent to sea-level pressure (760
mmHg) (NRC, 2007, p. 254).

NRC: National Research Council

NRC COT: National Research Council’s Committee on Toxicity
NSMRL: Naval Submarine Medical Research Laboratory
NUMI: Naval Undersea Medical Institute

OPSEC: Operational Security

PACT Act: The Sergeant First Class (SFC) Heath Robinson Honoring our Promise
to Address Comprehensive Toxics

SAG: Submariners’ Advocacy Group
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Subacute Toxicity: Subacute toxicity refers to adverse effects that occur after
repeated exposure to a substance for several weeks or months but less than
90 days (Sahu et al., 2017).

Subchronic Exposure: Repeated exposure by the oral, dermal, or inhalation route
for more than 30 days, up to approximately 10% of the life span in humans
(more than 30 days up to approximately 90 days in typically used laboratory
animal species). [See also longer-term exposure.] (/RIS Glossary, 2025)
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Executive Summary

The U.S. Navy’s Submarine Force, comprising less than 7% of Navy personnel,
operates approximately 22% of its combatant ships, embodying advanced
technology and stealth crucial for national security. Despite their critical role and the
inherent dangers of submarine duty, generations of Submariners are experiencing a
broad spectrum of health issues, including rare diseases, cancers, blood disorders,
immune system disorders, central nervous system conditions, and various
respiratory system problems. A significant concern is the disproportionately high rate
at which their claims under the U.S. Department of Veterans Affairs (VA) PACT Act
are being declined compared to other veteran populations.

The core problem lies in the unknown number of Submarine Service veterans
diagnosed with illnesses potentially linked to acute, subacute, and chronic exposure
to toxic chemicals and biological contaminants within submarine atmospheres. This
is exacerbated by a critical absence of consistent and accurate scientific data on
submarine atmospheric toxicity, hindering the ability to definitively prove or disprove
the link between exposure and iliness. Furthermore, existing bureaucratic
inefficiencies within the VA prolong claims processing, delaying essential healthcare
and disability ratings for Submariners. This can lead to a Submariner’s passing away
without their rating ever being determined.

To address these pressing issues, this report proposes a multifaceted solution. First,
PACT Act eligibility must be expanded to explicitly include Submariners who served
on submarines from 1947 through the present day. Second, comprehensive,
scientifically based studies on atmospheric contaminants are urgently needed
across all classes of submarines, especially all operational classes of nuclear
submarines. Third, VA claim processing efficiencies must be significantly improved
by streamlining the application process, eliminating unnecessary complexities, and
equipping Veteran Service Representatives (VSRs) with factual, data-driven
evidence pertinent to submarine exposures.

This report serves as a direct call for swift and decisive leadership from the
Secretary of War, the Department of the Navy, the U.S. Congress, and the
Department of Veterans Affairs. It demands formal acknowledgment of the long-term
health problems faced by Submariners, who repeatedly have been assured their
work environments are safe. It emphasizes that current scientific studies are
inconsistent and insufficient to characterize the hazards of exposure in this unique
occupational setting. The report urges the immediate funding and commissioning of
state-of-the-art scientific and medical studies to collect the necessary data to
definitively assess the hazards associated with continuous exposure to submarine
atmospheres.
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Preface: The Silent Service and Unseen Hazards

The United States Navy’s submarines, affectionately known as “boats,” represent
the pinnacle of naval technology and stealth, safeguarding national interests and
maintaining a silent global presence for over a century. Submarine duty is
characterized by its arduous and challenging nature, undertaken solely by those who
volunteer to undergo an extensive battery of physical and psychological tests,
followed by up to two years of highly specialized technical training. Despite this
rigorous preparation and the unwavering confidence placed in the Navy’s
assurances of safety, a profound question has emerged: “Are submarines safe for
their crews, really safe?”

There are many unique factors to consider regarding the environment aboard a
submerged submarine and how it differs from other industrial and military settings,
including surface warships:

e The submarine “world” shrinks. Every space is confined, interconnected,
and accessible to most of the crew while the submarine is deployed.

e Crew movement is unrestricted. With the exception of the Reactor
Compartment, Sailors move throughout nearly all compartments for work,
watch standing, or simply to pass time with shipmates.

e Exposure is shared. All hands are equally at risk of exposure to toxicants,
hazardous chemicals, and radiation.

o Many spaces for “non-nuclear” personnel are in close proximity to
toxic, hazardous, and radiation exposure sources, i.e., crew berthing
areas, workspaces, passageways, and other common areas.

o Non-submarine-qualified sailors are required to become familiar with
every space, system, and valve aboard as part of their qualification
process.

o All hands respond to casualties regardless of rank, rating, or assigned
watch station.

e The atmosphere is uniform. A submarine’s air is constantly recirculated by
ventilation fans, creating an essentially homogenous environment under
normal conditions. Only casualty events (real or training) disrupt this
equilibrium.

e Localized concentrations still exist. Certain compartments present a higher
risk due to the chemicals present:

o Engine Room: 2190 lubricant oil and 2,6,-di-tert-butylphenol (DBP, an
antioxidant). Submarine electrostatic precipitators nitrate DBP creating
the toxicant, 2,6-Di-tert-butyl-4-nitrophenol or DBNP (Alexander et al.,
2001, as cited by NRC, 2008, p. 88)

o Auxiliary Machinery Spaces: Monoethanolamine (MEA) used in CO,
Scrubbers.

o Missile Compartment, Torpedo Room, and areas near the Diesel Fuel
Oil Tank: Benzene exposure risk.
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This critical inquiry was catalyzed
by the Department of Veterans
Affairs’ press release on March 5,
2024, which expanded healthcare
eligibility for all veterans exposed
to toxicants during their service,
whether at home or abroad (VA &
Flynn, 2024). This announcement
prompted a collective discourse
among submarine veterans
regarding the myriad toxic,
hazardous, and radiation
exposures they experienced

Submarine Periscope Operations while deployed in Submerged
environments. These discussions were fueled by countless anecdotal accounts of
Submariners developing severe health issues, potentially as a direct consequence of
their service. A striking, yet often overlooked, indicator of this pervasive exposure is
the distinctive smell that clings to Submariners, permeating their uniforms and every
porous material within the contained atmosphere of a submarine. This saturation of
personal effects and shipboard surfaces by chemicals prevalent in the submarine’s
atmosphere raises fundamental questions about the long-term safety of such an
environment, despite historical reassurances.

These discussions culminated in the establishment of the Submariners’ Advocacy
Group (SAG) in April 2024. Founded by 16 dedicated Submariners, SAG recognized
the urgent need for collective action on behalf of the estimated 300,000 Submariners
in the U.S. population, a demographic representing less than 0.1% of the population.
SAG'’s core mission is to serve as a unified voice and to provide a comprehensive
response to findings from studies and research conducted by the National Research
Council’'s Committee on Toxicity, particularly concerning submarine atmospheric
contaminants and hazards (NRC, 1988; NRC, 2007; NRC, 2008; NRC, 2009).

Historically, the “Silent Service” ethos, while vital for OPSEC, has inadvertently
contributed to the marginalization of Submariners’ health concerns. Their small
numbers and the inherent secrecy surrounding their duties have resulted in
significant under-representation when it comes to VA benéefits, disability claims, and
broader recognition of their service and the hazards they face. While landmark
legislation such as the Agent Orange Act and the PACT Act have brought much-
needed recognition and benefits to larger veteran populations exposed to hazards in
other combat zones, the issue of submarine toxic exposures has remained largely
unaddressed, with funding and emphasis disproportionately allocated elsewhere.

Although comprehensive in intent, this report is limited in scope to three gases, four
chemical toxicants, asbestos, and radiation. In doing so, it only scratches the surface
of the broader issue, as there are between 130 and 200 known contaminants
present in submarine atmospheres (NRC, 1988, Table A-1, pp. 60—65). This reality
underscores that the hazards faced by Submariners extend far beyond what is
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captured in these pages. Accordingly, this report should be viewed as a catalyst—
meant to spark conversations, guide future research, and inspire meaningful actions,
policies, and legislation aimed at protecting those who serve beneath the sea.

This report is therefore intended to educate the public and initiate crucial
conversations to demystify certain aspects of submarine life and the continuous,
prolonged exposure to hazardous workplace environments experienced by
Submariners. While acknowledging the necessity of OPSEC, all references provided
herein are publicly available from reputable sources. The motivation for this report is
deeply rooted in the unique bond shared among Submariners and a solemn
commitment to the memory of shipmates who have suffered and died, possibly as a
result of exposure to toxic chemicals, gases, bioaerosols, and radiation while serving
on their beloved boats. Inspired by the Disabled American Veterans (DAV) and
Military Officers Association of America (MOAA)'s report, “Ending the Wait for
TOXIC-EXPOSED VETERANS,” (DAV et al., 2024) this document aims to galvanize
all veteran organizations to join SAG in advocating for congressional, VA, and
administrative recognition of the profound contributions and unaddressed health
needs of every Submariner.

e

USS LEWIS AND CLARK (SSBN 644)
41 For Freedom Fleet Ballistic Missile Submarine
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USS DARTER (SS-576) snorkeling and filled with diesel exhaust.
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The Submarine Atmosphere: A Unique and
Challenging Environment

Duty aboard a submarine is inherently perilous, as these vessels are designed to
operate within one of the most hostile environments known to humans: submerged
in the world’s oceans. Within their confines, submarines house a complex array of
systems, explosives, and materials, all of which are capable of posing significant
danger to the crew. This includes weapons such as torpedoes and missiles armed
with immense explosive power, high-pressure air and hydraulic systems, intricate
electrical and electronic systems, very large batteries, and flammable materials,
such as hull and pipe insulation. All these components are contained within a
pressure hull that provides a mere six-inch separation between the crew and the
immense external sea pressure at operational depths.

From the moment a Submariner commences training and throughout their service,
they are systematically conditioned to dismiss concerns about the boat’s
atmosphere. This conditioning is reinforced by assurances that the submarine’s
atmosphere is continuously monitored and maintained at levels deemed safe for
human habitability. The Central Atmosphere Monitoring System (CAMS), in its
various iterations (CAMS1, CAMS2, or CAMS2a), is presented as the “infallible
guarantor” of atmospheric safety.

The crew, known as Submariners, is
expected to achieve expert proficiency in
their respective fields. From the
Commanding Officer, who bears
ultimate responsibility for the vessel and
its personnel, to the most junior Culinary
Specialist, each crew member
undergoes rigorous training to
understand the function of every system
and to respond effectively to any
emergency. The “Submariner’'s Code”
emphasizes mutual trust, as the survival
of the submarine and its crew is
fundamentally dependent on the collective expertise, proficiency, and unwavering
trust among all members. The arduous qualification process, which can span up to
18 months and demands significant sacrifices in sleep and personal time, culminates
in the awarding of the coveted Submarine Warfare Insignia, also known as
“Dolphins,” signifying entry into this exclusive fraternity.

USS NAUTILUS (SSN 571)

The advent of nuclear power in 1955 irrevocably transformed submarine technology.
This innovation provided an unlimited source of electricity and propulsion, allowing
submarines to remain submerged for significantly longer periods than their diesel-
electric predecessors. With this extended submerged capability, maintaining an
acceptable atmosphere became paramount. This challenge was overcome by the
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development of three crucial pieces of equipment: the Oxygen Generator, the CO2
Scrubber (utilizing monoethanolamine, or MEA), and the CO-Hz Burner. These
systems enabled continuous atmospheric revitalization, removing the previous
operational limitation of needing to surface or snorkel for air replenishment (Rigsbee,
1959).

A critical distinction in understanding potential health impacts faced by Submariners
lies in the nature of their exposure. Unlike typical industrial settings where exposure
to chemicals or other hazards is limited to an 8-hour workday, 5 days a week,
Submariners are exposed to airborne toxic chemicals, biological agents, gases, and
radiation 24 hours a day, 7 days a week, for the entire duration of their deployments,
which can last for weeks or months (NSMRL, 1982, p. 2; Shea et al., 1984, p. 1).
This continuous, prolonged exposure within a sealed environment fundamentally
alters the toxicological profile and potential health outcomes compared to the
intermittent exposures typically studied in civilian industrial contexts (Shea et al.,
1984, p. 1). It is particularly concerning that the very factors used to establish
atmospheric limits were, in some instances, “arbitrary” and dictated by the limitations
of the atmosphere control equipment rather than solely by human physiological
tolerance (Shea et al., 1984, p. 1). This implies that the health and safety of
Submariners may have been secondary to technological feasibility or operational
constraints from the outset of nuclear submarine operations, representing a
foundational cause for the long-term health issues now observed in submarine
veterans.

The “Silent Service” culture,
while operationally beneficial for
maintaining secrecy and mission
effectiveness, has inadvertently
created a systemic barrier to
comprehensive health data
collection and advocacy for
Submariners. This report
highlights that the small number
- : e of Submariners and their

Submariner Conducting Torpedo Tube Maintenance inherent silence have resulted in
a failure to adequately account for them, leading to underrepresentation in data
collection, VA benefits, and disability claims. This cultural emphasis on self-reliance,
self-abnegation, and the extreme demands of submarine qualification likely
discourages individuals from reporting their health concerns, preventing the
aggregation of such concerns into a recognized public health issue. This highlights
how the very strength of the submarine community’s operational culture
inadvertently creates an unforeseen vulnerability regarding health monitoring and
advocacy, making it imperative for groups like SAG to overcome this historical
silence and ensure that the unique health challenges of Submariners are brought to
light and addressed.

Page 26 © 2025 Submariners’ Advocacy Group



Critique of Existing Scientific Studies on Submarine
Atmospheric Contaminants

The current body of scientific research concerning submarine atmospheric
contaminants exhibits significant methodological flaws and critical data gaps,
undermining its adequacy in addressing the unique exposure profiles of
Submariners. These deficiencies form a central argument for the urgent need for
new, comprehensive studies.

Inadequacy of Exposure Definitions

A primary criticism is the inappropriateness of the definitions for “acute exposure”
(lasting 24 hours or less), “sub-chronic (“repeated exposure... (more than 30 days,
up to approximately 90 days”), and “chronic exposure” (“repeated exposure... (more
than approximately 90 days to 2 years)”) (IRIS Glossary, 2025) as applied to the
submarine environment. These definitions, primarily derived from Auletta (1995) and
typical industrial chemical exposure models, fail to capture the reality of submarine
duty. Again, submarine crews are subjected to continuous exposure to contaminants
24 hours a day, 7 days a week, for the entire duration of a deployment, which can
extend for “weeks or months”. This starkly contrasts with civilian industrial settings,
where exposures are typically limited to an 8-hour workday, five days a week.
Research projects based on shorter, intermittent exposures (i.e., 4, 6, or 8 hours
with breaks) are therefore limited in providing meaningful data for the prolonged,
continuous exposure experienced by Submariners. For example, the NRC COT
subcommittee’s study on oxygen (NRC, 2007, pp. 252-277) was solely based on
changes due to altitude, without considering the continuous nature of exposure to
other atmospheric components.

Lack of Research on Chemical Mixtures

A critical toxicological oversight is the absence of comprehensive research on the
effects of chemical mixtures within the submarine atmosphere. The National
Research Council’s (NRC) own reports, including “Emergency and Continuous
Exposure Guidance Levels for Selected Submarine Contaminants: Volume 1”
(2007), “Volume 2” (2008), and “Volume 3” (2009), explicitly acknowledge that:

The committee did not address exposure to chemical mixtures. The
potential for antagonistic, additive, or synergistic interactions
between contaminants in the submarine environment is subject to
substantial uncertainty, remains largely unexamined, and needs to
be studied” (NRC, 2009, pp. 6-7).

Despite these direct recommendations, no detailed research or study of this complex
chemical mixture is available in the publicly accessible record. Past studies have
narrowly focused on individual chemicals or gases, neglecting to consider the
submarine atmosphere as a holistic entity where multiple airborne chemicals and
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gases could interact to produce entirely different and unknown byproducts through
synergistic effects. The “Submarine Air Quality” report in Appendix A, specifically
Table A-1, pages 60-65, lists 130 chemicals that could be submarine atmospheric
contaminants (NRC, 1988). This means that the National Research Council (NRC)
Committee on Toxicity's (COT) subcommittee, as directed by the DoD, focused only
on 26 individual chemicals or gases, which is less than 20% of the known or
possible contaminants present in submarine atmospheres.

In a sealed environment with continuous exposure to multiple chemicals and/or
gases, the human body is subjected to a complex interplay of stressors. Individual
chemicals, while having known effects, can combine to produce amplified, novel, or
unpredictable toxicological outcomes. For instance, a hypoxic state (characterized
by low oxygen levels) could alter metabolic pathways, making the body more
susceptible to other toxicants. Another example is that elevated airborne
concentrations of carbon dioxide can induce hyperventilation, increasing the intake
of all airborne contaminants (NRC, 2007, p. 61). This suggests that the observed
health issues in Submariners are likely not attributable to single agents but rather to
a “toxic cocktail” effect, where the combined effect is greater than the sum of its
individual parts. This necessitates a fundamental shift towards a holistic, systems-
toxicology approach to studying the submarine atmosphere, recognizing the
complex interplay of multiple stressors. Without understanding these interactions,
effective prevention, diagnosis, and treatment for Submariners’ unique health
conditions will remain elusive, and VA claims will continue to face an insurmountable
burden of proof.

Flawed Assumptions: Normobaric vs. Hypobaric Hypoxia

A further question relates to the scientific validity of equating studies conducted in
hypobaric hypoxia (HH) environments (i.e., higher altitudes with lower partial
pressure of oxygen) with the normobaric hypoxic (NH) environment of a submarine.
While a significant portion of the Earth’s human population lives at higher altitudes
and is thus exposed to HH, the pressure experienced by a submarine crew is
relatively constant and maintained roughly at sea-level pressure, classifying it as a
normobaric environment. Although the NRC has suggested that HH studies “may be
relevant” to understanding NH impacts on Submariners, there is a growing body of
scientific evidence indicating that “hypobaric hypoxia induces different physiological
responses compared with normobaric hypoxia” (Millet et al., 2012). Debevec and
Millet emphasize that this notion cannot be directly translated to exposures of longer
duration or generalized across a broad range of hypoxia/altitude applications, and
that further strictly controlled studies comparing HH and NH during longer exposures
are warranted (2014). Thus, research using HH environments with intermittent
exposures is not representative of the continuous NH exposure in submarines and
raises serious questions about whether the subcommittee made a flawed
assumption by basing its recommendations on HH research for monitoring
submarine atmospheres.
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Outdated Studies and Unheeded Recommendations

A consistent pattern of outdated research and unheeded calls for further
investigation hinders the scientific understanding of submarine atmospheric
contaminants. Documentation reveals that knowledge of chemical hazards in
submarines dates back to at least 1958. However, comprehensive surveys
recommended by the 1988 NRC report, “Submarine Air Quality,” were not performed
by the time the NRC Committee on Toxicity (COT) subcommittee was established in
2002. This failure to conduct essential surveys precluded a more thorough
understanding of submarine atmosphere toxicity, leading to potentially inaccurate or
inappropriate prioritization of chemicals and gases for study between 2002 and
2009. This inaction has resulted in the continued exposure of thousands of
submarine crew members to these chemicals.

NOTE: SAG has learned that several detailed atmospheric surveys
were carried out on active submarines during the 1990s and early
2000s. However, the results and reports have all been classified
SECRET by the Navy, making them inaccessible to the NRC and
the public. SAG has requested that these reports be declassified
and released.

Furthermore, neurobehavioral studies on carbon dioxide, which inform exposure
limits, are largely from the 1970s, with only small, more recent studies (Sun et al.,
1996; Yang et al., 1997) suggesting “significantly lower acceptable concentrations”
than previous findings. Despite these newer findings, the NRC subcommittee
recommended raising the continuous exposure guidance level (CEGL) for carbon

Submarine Emergency Surfacing

© 2025 Submariners’ Advocacy Group Page 29



dioxide without first validating these results (NRC, 2007, p. 60). This pattern of
outdated studies, unheeded recommendations, and reliance on “arbitrary” exposure
limits points to a systemic, long-standing failure within the scientific and regulatory
bodies responsible for managing submarine atmospheres and Submariner health.
This is not merely a data gap but a deliberate or negligent omission of critical
research despite explicit warnings and recommendations over decades. The failure
to conduct comprehensive surveys or validate newer, more conservative findings
indicates a consistent de-prioritization of Submariner well-being. This pattern
suggests that current health concerns among Submariners are a predictable
consequence of historical scientific negligence, placing an unfair burden on veterans
seeking benefits and strengthening the argument for immediate and retroactive
policy changes.
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Detailed Analysis of Key Atmospheric Contaminants
and Associated Health Impacts

The unique, sealed environment of a submarine necessitates a rigorous examination
of specific atmospheric contaminants and their documented health impacts on
personnel.

Oxygen (0O2): The Hypoxic Environment

The primary engineering challenge for the Navy’s nuclear submarines was
maintaining adequate oxygen levels for extended submerged operations. Oxygen
Generators, which produce oxygen through the electrolysis of purified water using
potassium hydroxide (KOH) as a catalyst, eliminated the need for submarines to
surface and replenish their atmosphere (Rigsbee, 1959). Older submarines stored
oxygen in banks for controlled release, while newer designs release it directly into
the atmosphere from an Integrated Low Pressure Electrolyzer (ILPE).

Normal atmospheric oxygen content is approximately 20.9%. Submarine
atmospheres are intentionally maintained at oxygen levels of 19% or lower. This
policy is explicitly designed to “decrease the risk of onboard fires” (NRC, 2007, p.
255). However, the Occupational Safety and Health Administration (OSHA) defines
a “hypoxic” or “oxygen-deficient” atmosphere as “consisting of less than 19.5%
oxygen. Further, this type of atmosphere is immediately dangerous to life and health
(IDLH)” (Silverman, 2021).

An informal survey of 239 Submariners, collectively representing over 1,500 man-
years of service from the 1960s to the early 2000s, indicated that 69% of
respondents experienced monitored oxygen levels below 19% during normal
operations. This corroborates earlier investigations by the Naval Research
Laboratory (NRL) and Naval Submarine Medical Research Laboratory (NSMRL),
suggesting that nuclear submarines could operate at <19% oxygen, provided further
research was conducted on the long-term effects of such levels in atmospheres
containing trace contaminants (Knight & NSMRL, 1986). However, no further
research of this nature has been identified.

Data from Hagar (2003), cited in the NRC’s 2007 report, indicated average oxygen
partial pressures of 148-149 mmHg in nuclear submarines, with ranges of 118-188
mmHg (NRC, 2007). When converted to percentages, these ranges equate to
approximately 16.5%—26.3% oxygen. The presence of hyperoxic levels (i.e., 25—
26% 0O2), which are highly combustible and exceed the 22.4% threshold for
hyperoxia defined by Dean and Stavitzski (2022), raises questions about the
accuracy of these readings, potentially suggesting measurements were taken near
oxygen bleeds rather than representing the general submarine atmosphere. Despite
evidence of these hyperoxic conditions, the NRC subcommittee chose not to
investigate the associated risks, such as oxygen toxicity onboard submarines (NRC,
2007).
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A concerning development is the design of modern
submarines with only one ILPE and no oxygen banks,
relying solely on Chlorate Candles for emergency oxygen.
This design choice poses significant risks for prolonged
hypoxic exposure if the ILPE fails and when operational
requirements prevent surfacing or snorkeling to ventilate.
One Submariner reported that the ILPE had been offline for
three months at sea, resulting in extremely low oxygen
levels, often lower than 17%. This departure from Admiral
Hyman Rickover’s insistence on redundant critical
equipment for crew safety raises questions about whether
this is a cost-saving initiative without adequate
consideration for crew health.

Integrated Low Pressure
Electrolyzer (ILPE)

Prolonged exposure to a hypoxic atmosphere has been associated with a wide
range of health issues affecting multiple organ systems:

e Respiratory: Tracheobronchitis, pulmonary edema, sleep apnea, pulmonary
hypertension.

e Cardiovascular: Cardiovascular problems, tachycardia.

e Hematopoietic System: Disorders of the blood-forming system.

e Neurological/CNS: Cerebral edema, headaches, confusion, restlessness,
impaired thinking and coordination, poor judgment, slurred speech, vision
changes, loss of consciousness, seizures, coma.

e Ocular: Retinal hemorrhage (NRC, 2007, p. 256).

e Cancers: Colon cancer, prostate cancer, brain cancer, cancers of the lip, buccal
cavity, and pharynx (NRC, 2007, p. 265).

e Reproductive: Possibly reduced male fertility issues (NRC, 2007, p. 267).

The NRC report noted a lack of studies on the subchronic effects of mild hypoxia on
mood or cognitive performance and recommended prospective studies to evaluate
Submariners for symptoms like headaches and fatigue associated with the mild
hypoxic environment (2007, p. 271).

NOTE: Submarine submerged deployments result in the crew
experiencing chronic exposures and not subchronic as defined
above.
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The following table compares the Emergency Exposure Guidance Levels (EEGL)
and Continuous Exposure Guidance Levels (CEGL) for oxygen, illustrating the shifts
in recommended atmospheric content over time:

Exposure Level Current U.S. Navy NRC Recommended
Values (1988) Minimum Values (2007)
EEGL
1-hour 19.6% - 30.9% 14.75%
24-hour 19.6% - ~22.5% 17.75%
CEGL
90 days 19.6% - ~22.5% 19.6%

Table 1: Emergency and Continuous Exposure Guidance Levels for
Oxygen (atmospheric content by percentage) (from Table 11-3, NRC,
2007, p. 270)

The data presented in Table 1, particularly when compared with the informal survey
results mentioned above, is alarming. This is especially true given that OSHA
defines anything below 19.5% as oxygen-deficient and immediately dangerous to life
and health (Silverman, 2021). The NRC’s decision not to investigate hyperoxic
conditions, despite Hagar’s data suggesting that these conditions may be present on
submarines, further highlights a potential gap in understanding the full spectrum of
oxygen-related risks.

Carbon Dioxide (CO2): The Unacknowledged Burden

The second most critical concern for nuclear submarine engineers was the effective
removal of carbon dioxide (COz2) from the submerged atmosphere. “COz2 is heavier
than air, and that contributes to the development of toxic exposure situations in
enclosed spaces.” (NRC, 2007, p. 46) The solution emerged with the development
of the CO2 Scrubber, which utilizes the chemical properties of monoethanolamine
(MEA or amine) to absorb COz2 from the air. While highly efficient, a residual portion
of COz2 remains, resulting in atmospheric levels significantly higher than those found
in normal air. Normal atmospheric CO2 content is approximately 0.04%.

The progression of carbon dioxide monitoring standards on submarines reveals
inconsistencies over time. The “Proceedings of the Submarine Atmosphere
Contaminant Workshop” recommended specific monitoring levels in parts per million
(ppm): 25,000 ppm (2.5%) for 1 hour, 10,000 ppm (1%) for 24 hours, and 5,000 ppm
(0.5%) for 90 days (Shea et al., 1984, pp. A4-12 — A4-14). By 1988, the NRC’s
“Submarine Air Quality” report listed COz2 limits in percentages: 0.8% for 90-day, 4%
for 24-hour, and 4% for 1-hour exposures (NRC, 1988, p. 5). However, the NRC’s
2007 report, “Emergency and Continuous Exposure Guidance Levels for Selected
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Submarine Contaminants: Volume 1,” reverted to ppm for its recommendations,
showing current U.S. Navy values and proposed/recommended levels.

The following table illustrates the evolution and inconsistencies in carbon dioxide
exposure guidance levels:

Exposure Level U.S. Navy Values NRC
(1984, 1988, 2007) Recommended
Values (2007)
EEGL
1-hour 2.5% (1984), 2.5%
4% (1988),
4% (2007)
24-hour 1% (1984), 2.5%
4% (1988),
4% (2007)
CEGL
90 days 0.5% (1984), 0.8%
0.8% (1988),
0.5% (2007)

Table 2: Emergency and Continuous Exposure Guidance Levels for
Carbon Dioxide (atmospheric content by percentage) (Shea et al., 1984,
pp. A4-12 — A4-14; NRC, 1988, p. 5; NRC, 2007, p. 60)

Notably, the 90-day CEGL established in the 2007 NRC report—8,000 ppm
(0.8%)—is approximately 20 times higher than the concentration of carbon dioxide in
normal atmospheric air (0.04%). The rationale for raising the acceptable limit, rather
than reducing it to more closely approximate natural levels, remains unclear. This
inconsistency is especially concerning given the well-documented adverse health
effects of prolonged CO2 exposure, including cognitive impairment, respiratory
distress, and potential long-term systemic impacts. These discrepancies in exposure
standards underscore the urgent need for a comprehensive, evidence-based
reassessment to ensure the health and safety of Sailors serving aboard nuclear
submarines.

The NRC’s report explicitly states that CO2 concentrations between 7,000 and
300,000 ppm (Note: 0.7%—-30%) can cause significant adverse effects in humans,
including “tremor, headaches, chest pain, respiratory and cardiovascular effects, and
visual and other central nervous system (CNS) effects” (2007, pp. 47-48).
Furthermore, it identifies tremor, headache, hyperventilation, visual impairment, and
CNS impairment as “key effects for setting EEGL and CEGL values” (2007, pp. 47-
48). The report even notes that CO2 exposures as low as 7,000 ppm can lower
blood pH by up to 0.05 units (NRC, 2007, p. 51). Given these acknowledged risks
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and the fact that effects can occur at 7,000 ppm (0.7%), the subcommittee’s
recommendation to establish the 90-day CEGL at 8,000 ppm (0.8%) appears
contradictory to the data from the study and potentially exposes Submariners to
unwarranted side effects.

The subcommittee’s own statements further compound these concerns. In
discussing the 90-day CEGL, the report highlights that the visual function findings
from Sun et al. (1996) and Yang et al (1997) are “of greater concern,” particularly
because “there was no available 90-day study of neurobehavioral effects of CO2
exposures” (NRC, 2007, p. 60). Despite this critical data gap and the
acknowledgment that newer studies suggest “significantly lower acceptable
concentrations,” the subcommittee proceeded to recommend a CEGL above normal
levels without the benefit of validated research.

Perhaps the most damning statement in the chapter on carbon dioxide is: “The
possibility of increased inhalation of other toxicants as a result of CO2-induced
hyperventilation must be addressed” (NRC, 2007, p. 61). This directly implies that
the elevated CO:z2 levels, by inducing hyperventilation, could amplify the toxic effects
of other contaminants present in the submarine atmosphere, compounding the
health burden. If numerous toxicants are present, increasing the CO2 CEGL without
prior valid studies and research is a questionable scientific and medical decision.

While the 2007 NRC report did not identify specific long-term effects directly
attributable to carbon dioxide content in submarine atmospheres, the potential for
CO2z-induced hyperventilation to increase the inhalation of other toxicants suggests a
risk for synergistic amplification of the toxic effects from other contaminants.

Monoethanolamine (MEA/Amine): The Pervasive Irritant

Monoethanolamine (MEA), commonly
referred to as amine, has been an integral
component of submarine atmospheres for
over 67 years, dating back to the
commissioning of nuclear submarines
equipped with CO2 Scrubbers in 1957.
These scrubbers, first utilized on vessels
like the USS SEAWOLF (SSN-575), USS
SKATE (SSN-578), and USS SKIPJACK
(SSN-585), operate by absorbing carbon
dioxide when MEA is cool and releasing it
when MEA is hot, a process that relies on
the chemical properties of MEA. As early as
January 1959, the Navy was aware of
MEA’s potential toxicity and its “very low”
tolerance level (Rigsbee, 1959). Despite this
early knowledge and the expectation that
alternative CO2 removal systems would be

Submarine CO; Scrubber
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developed, MEA-based scrubbers remain in use nearly 68 years later, without a
scientifically determined understanding of the risks associated with long-term chronic
exposure.

The pervasive presence of MEA in the submarine environment is evident through
anecdotal accounts: MEA vapor escapes from the scrubbers, permeating the entire
submarine atmosphere, causing crew members' clothing to become saturated and
leading to a distinctive smell. Over these six and a half decades, Submariners have
reported experiencing a wide range of health issues potentially linked to MEA
exposure, including:

Sinusitis,

Rhinitis,

Adult-onset asthma,

Lung issues,

Kidney and liver issues,

Prostate issues,

And central nervous system disorders.

Despite these widespread reports, the Department of Veterans Affairs has not
acknowledged MEA exposure as a service-connected toxic hazard, nor has it
established a direct linkage to any health issue, resulting in a lack of disability
benefits for submarine veterans. This situation is particularly egregious, given that,
on average, it takes the VA 31.4 years to formally acknowledge a toxic exposure
(DAV et al., 2024, p. 2); yet, Submariners have been waiting over twice this long for
MEA-related recognition.

Studies and safety data sheets provide further details on the acute and chronic
toxicity of MEA:

e Acute Toxicity: High concentrations of airborne MEA are known irritants to the
skin, eyes, and respiratory tract in laboratory animals. Continuous exposure to
high concentrations has induced lethargy in animals, and high oral doses have
resulted in organ weight and histopathologic changes in the liver and kidneys,
suggesting interference with lipid metabolism (NRC, 2007, pp. 196-197).

e Chronic Health Effects (from Safety Data Sheet: Monoethanolamine):

o Gastrointestinal Tract: Swallowing MEA may lead to severe ulceration,
inflammation, and possible perforation of the upper alimentary tract. (2015,
p. 1)

o Kidneys and Liver: Repeated overexposure can cause damage to these
organs. (2015, p. 2)

o Respiratory System: Inhalation may aggravate existing asthma and
inflammatory or fibrotic pulmonary disease, leading to chronic bronchitis with
cough and shortness of breath (2015, p. 2).

o Skin Contact: Skin contact can aggravate existing dermatitis, and MEA can
cause a skin allergy, leading to itching and rash even from very low future
exposure. The safety data sheet advises avoiding breathing vapor and direct
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skin contact, noting a “potential significant contribution to overall exposure
by the cutaneous (skin) route, including mucous membranes and the eyes,
either by contact with vapors or by direct skin contact with the substance”
(2015, p. 2).

o Nervous System: Inhalation studies in laboratory animals suggest possible
injury to the nervous system, with high exposure potentially affecting the
central nervous system, causing lethargy, reduced alertness, and decreased
activity levels (2015, p. 6).

o Reproductive/Developmental Effects: A laboratory study on rats given
high doses of MEA by gavage showed increased embryofetal death, growth
retardation, and some malformations, though its validity is questioned due to
high doses and technical deficiencies (2015, p. 6).

o Metabolic Disruption: Exposure to MEA can interfere with lipid
metabolism, potentially leading to altered triglyceride levels, which are
associated with an increased risk of cardiovascular diseases (NRC, 2007,
pp. 196-197).

A key study frequently cited by the NRC subcommittee, conducted by Weeks et al.
in 1960, had significant limitations. The NRC report noted uncertainties in
interpreting its findings, particularly regarding the extrapolation of animal data for
developing exposure levels. It was observed that MEA vapor “apparently condensed
on the inside of the inhalation chamber walls and other surfaces and was deposited
in sufficient concentration...to make the hair and skin wet, greasy to the touch...”
(NRC, 2007, p. 204). This deposition was associated with skin irritation. The
subcommittee made a “conservative assumption” that reduced alertness and activity
levels were primary effects for determining exposure guidance levels, despite no
follow-up behavioral examinations being conducted. (NRC, 2007, pp. 197, 199, 200,
201, 204, 205)

Crucially, the NRC COT’s subcommittee report (NRC, 2007, Chapter 8) stated that
“‘No atmospheric measurements of MEA on board submarines have been reported.”
(NRC, 2007, p. 205) Furthermore, it noted a severe lack of data for several toxicity
endpoints, including “chronic exposure effects, carcinogenicity, and male
reproductive effects” (NRC, 2007, p. 196). This means that for 50 years, from 1957
to 2007, there were no quantitative measurements of MEA exposure or studies on
its effects on submarine crews or veterans’ health. This represents a profound and
unacceptable gap in scientific due diligence. While some industrial reports suggest
“no systemic effects from industrial exposure” (Beard and Noe, 1981, as cited in
NRC, 2007, p. 205), this cannot be compared to the continuous, 24/7 exposure
experienced by submarine crews, which raises critical questions about cumulative
effects from repeated and sustained exposures. The fact that MEA can be absorbed
through inhalation, ingestion, and skin contact, and that a harmful contamination of
the air can be reached rapidly on spraying or dispersing, further underscores the risk
in a confined environment (Ethanolamine (MEA), 2025).
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2190 TEP and 2,6-di-tert-butyl-4-nitrophenol (DBNP)

The NRC has identified 2190 TEP (the primary lubricating oil for submarine
machinery) and 2,6-di-tert-butyl-4-nitrophenol (DBNP) as toxic chemicals present in
submarine atmospheres. (Still et al., 2002; NRC, 2008) DBNP is a contaminant
formed by the nitration of an antioxidant found in turbine lubricating oil 2190 TEP.
(Still et al., 2002; NRC, 2008) Its presence has been detected on submarine interior
surfaces, eating utensils, dishes, and even on the skin of Submariners (Still et al.,
2002; NRC, 2008).

DBNP is a potential health concern because it acts as an uncoupler of mitochondrial
oxidative phosphorylation, a critical process for cellular energy production (Still et al.,
2002; NRC, 2008). Studies involving adult male rats dosed orally with DBNP showed
significant toxicity; 40% of rats receiving a high dose (40 mg/kg) died within 24
hours, and survivors exhibited severe symptoms, including:

Prostration,

Absence of auditory startle response,

Reduced locomotor activity,

Muscular rigidity for up to 8 days (Still et al., 2002).

Lower doses (15 mg/kg) resulted in elevated levels in various tissues 24 hours post-
dosing, with particularly high concentrations in fat, followed by liver, kidneys, heart,
lungs, brain, striated muscle, and spleen (Still et al., 2002; NRC, 2008). DBNP levels
remained elevated in fat, liver, kidney, heart, and lungs for up to 144 hours, and in
the liver for up to 240 hours (Still et al., 2002; NRC, 2008). These findings suggest
that DBNP may accumulate in the body as a result of continuous or repeated
exposures of short intervals (Still et al., 2002; NRC, 2008).

Beyond its direct toxicity, DBNP is related to 4-nitrophenol (4-NP), a known
endocrine disruptor that can alter the central nervous system’s regulation of the
reproductive system in females (Still et al., 2002; NRC, 2008). Studies in
experimental and wild animals indicate that 4-NP can disrupt normal endocrine and
neuroendocrine levels (Still et al., 2002).

While the provided information establishes DBNP as a known contaminant with
concerning toxicological properties and bioaccumulation potential, detailed historical
context regarding its specific use, comprehensive exposure levels, and a full
spectrum of health conditions observed in Submariners directly linked to 2190 TEP
or DBNP are not extensively documented in the provided material. This represents a
gap that warrants further investigation.

Benzene: A Persistent Carcinogen
Benzene, a volatile organic compound (VOC) with well-documented health risks, has

been a persistent contaminant in U.S. submarine environments since their inception,
stemming from various historical and contemporary sources.
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Historical Sources on U.S. Submarines: Historically, benzene was prevalent due
to its widespread use in painting and cleaning activities. Naval personnel in the
1960s reportedly used benzene and benzene-containing products, often without
protective gear, for tasks such as removing paint from hands. (Board of Veterans'
Appeals, 1991) Painting duties frequently occurred below deck in enclosed spaces,
significantly increasing the potential for exposure.

e The Bureau of Ships Technical Manual (November 1965) classified benzene
as a “dangerous material” but still permitted its storage in paint and flammable
liquid storerooms aboard ships (NRC, 2007, p. 45).

e By 1976, the Naval Ships’ Technical Manual was updated to explicitly list
benzene as a material “not to be stored aboard ships and submarines” (NRC,
2007, p. 46).

o A 1982 letter from the Director of the Occupational and Preventative Medicine
Division at the Department of the Navy indicated that benzene was “very
likely” a constituent in paints, thinners, cleaners, polishes, or solvents used by
naval personnel in the 1960s.

e Fleet-wide dissemination of safety standards requiring monitoring of confined
spaces for benzene and carbon monoxide was not implemented until
OPNAVINST 5100.23H in 2019, which defined confined spaces and clarified
entry program requirements (U.S. Department of the Navy, 2019).

Present-Day Sources on U.S. Submarines:
Despite improved monitoring systems like the
CAMS 2/2a and additional regulations, benzene
remains a concern. Following a 2007
recommendation from the National Research
Council, the 90-day exposure limit for benzene air
levels in U.S. Navy submarines was adjusted
downward from 1.0 to 0.2 ppm in 2016 (U.S. EPA,
2016). While direct storage of benzene-based
solvents is prohibited, paint and preservation
activities in port continue to be a source of potential
exposure through solvents like acetone. Although
the U.S. Environmental Protection Agency (EPA)
exempted acetone from the regulatory definition of
volatile organic compounds (VOCs) in 1995 due to
its low photochemical reactivity (U.S. EPA, 2024),
this exemption disregards the inherent risk
Submarine CAMS 2/2A associated with benzene exposure.

Benzene in Tobacco Smoke: For decades, Submariners erroneously believed that
onboard atmospheric equipment could effectively remove toxins from secondhand
cigarette smoke. However, studies have revealed that non-smoking Submariners
experienced significant involuntary benzene exposure from secondhand smoke,
ultimately leading to comprehensive smoking bans (NRC, 2004; Sims et al., 1999).
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Smoking policies evolved from unrestricted use in the 1970s to limited designated
areas by 2000, but visual evidence, such as yellowing interior paint, indicated the
ineffectiveness of air filtration systems in removing smoke. (NRC, 2004) A landmark
study on nine submarines found that post-deployment cotinine levels in nonsmokers
were 2.1 times higher than pre-deployment levels, confirming involuntary
secondhand smoke exposure (Kassem et al., 2014). Air quality monitoring during
temporary smoking bans demonstrated significant decreases in aerosol
concentrations, directly implicating cigarette smoke as a primary contaminant (NRC,
2004). Empirical evidence of harm to nonsmokers ultimately led to the U.S. Navy’s
2010 smoking ban, aimed at protecting nonsmokers (NRC, 2004).

Gender-Specific Metabolic Processing and Toxicokinetic Variability: Recent
research has uncovered critical sex-based differences in benzene toxicity, with
women exhibiting 23-26% higher metabolization rates than men under equivalent
exposure conditions (Chen & Wang, 2023). While animal models suggest greater
hematotoxicity in male rodents (Lee et al., 2021), human epidemiological data
indicate that women face an elevated risk of benzene-induced blood dyscrasias
(GHO, 2022) and hematopoietic malignancies (Martinez et al., 2020). These
divergences are attributed to physiological factors, including variations in body
composition and hormonal influences on metabolic enzymes (Kimura, 2019).
Longitudinal data from 218,061 Chinese workers reveal gender-specific
vulnerabilities, including a 14.2% abnormality rate in white blood cells for women
compared to 8.7% in men (Liu et al., 2021) and a 9.5% reduction in the prevalence
of platelets in women (GHO, 2022). Women also face a 1.92-fold increased risk of
acute myeloid leukemia per ppm-years of exposure compared to 1.37-fold in men
(Martinez et al., 2020), with X-chromosome inactivation patterns potentially
modulating this risk (Fernandez et al., 2021).

Health Conditions Directly Linked to Benzene Exposure: Benzene is associated
with a wide array of acute and chronic health conditions, impacting hematological,
immunological, carcinogenic, and systemic functions.

e Blood Cell Abnormalities: Chronic benzene exposure disrupts hematopoiesis,
leading to reductions in red blood cells (anemia), white blood cells (leukopenia),
and platelets (thrombocytopenia). Workers exposed to benzene levels as low as
1 ppm have shown 8—15% decreases in total white blood cell counts (Aksoy et
al., 1987). Higher exposures (15—-650 ppm) can cause severe pancytopenia, a
simultaneous decline in all three blood cell types (Aksoy & Erdem, 1978).

e Bone Marrow Suppression: Benzene metabolites, such as hydroquinone and
phenol, directly damage bone marrow stromal cells and hematopoietic stem
cells, leading to hypocellular (underdeveloped) or aplastic (nonfunctional) bone
marrow (National Library of Medicine, 1998). In extreme cases, myeloid
metaplasia, where blood cells form in the liver or spleen, has been observed
(U.S. EPA, 2016).

¢ Immunosuppression: Benzene exposure reduces CD4+ T-cell counts and
disrupts the CD4+/CD8+ ratio, impairing cellular immunity (Aksoy et al., 1987)
and may increase susceptibility to infections.
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e Carcinogenic Effects - Leukemia: Benzene is classified as a Group 1
carcinogen by the International Agency for Research on Cancer (IARC). Acute
myeloid leukemia (AML) is the most strongly associated cancer, with studies
showing a 2—3 fold increased risk in benzene-exposed workers (American
Cancer Society, 2023). Preleukemic conditions like myelodysplastic syndrome
(MDS) often precede AML (U.S. EPA, 2012).

e Other Hematologic Cancers: Non-Hodgkin lymphoma (NHL) and multiple
myeloma have also been linked to benzene, though with less consistent
evidence than for AML (U.S. EPA, 2016).

e Central Nervous System (CNS) Effects: Acute exposure to high benzene
concentrations (2500 ppm) causes dizziness, headaches, and tremors due to its
narcotic effects (National Library of Medicine, 1998).

e Dermatological Effects: Skin contact with liquid benzene results in irritation,
erythema, and blistering, while prolonged exposure can lead to dermatitis (U.S.
EPA, 2016).

e Fertility Issues: Female workers exposed to benzene show higher rates of
menstrual disorders and ovarian atrophy, while male workers exhibit reduced
sperm motility and count (U.S. EPA, 2012).

e Fetal Toxicity: Transplacental exposure in pregnant women is associated with
low birth weight, congenital anomalies, and childhood leukemia (American
Cancer Society, 2023).

e Cardiovascular Toxicity: Chronic exposure correlates with arrhythmias and
cardiomyopathy, likely due to benzene’s disruption of cardiac ion channels
(American Cancer Society, 2023).

e Hepatic and Renal Damage: Benzene metabolites accumulate in the liver and
kidneys, causing oxidative stress and fibrosis (National Library of Medicine,
1998).

Ozone

Ozone is a chemical that can be formed in electrical devices (Persson et al., 2002).
In the context of a submarine, where air pollutants can accumulate due to prolonged
submerged periods without proper venting, it becomes necessary to monitor
compounds like ozone that might not typically be found in volatile concentrations in
other environments (Persson et al., 2002). While nuclear submarines have long
faced the challenge of air purification, and solutions developed for them may be
adapted for other submarine types, the specific details regarding ozone’s sources
and historical context within the U.S. Navy submarine fleet are not comprehensively
provided in the available material (Persson et al., 2002).

Despite the limited specific information on ozone in submarines, the general health
effects of ozone exposure in enclosed environments are well-documented. Ozone is
a powerful oxidant that can irritate the airways and cause health problems even at
relatively low levels (U.S. EPA, 2025). When inhaled, ozone can cause damage to
the lungs, resulting in chest pain, coughing, shortness of breath, and throat irritation
(U.S. EPA, 2025). It can also exacerbate chronic respiratory diseases, such as
asthma, emphysema, and chronic bronchitis, and compromise the body’s ability to
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fight respiratory infections (U.S. EPA, 2025). Higher exposures can lead to a build-
up of fluid in the lungs (pulmonary edema), a medical emergency (NJ Dept of H&SS,
2003).

The effects of ozone on lung function include reductions in forced expiratory volume
in one second (FEV1) and airway inflammation (U.S. EPA, 2025b). At the cellular
level, ozone and its reactive intermediates can injure airway epithelial cells,
triggering a cascade of inflammatory responses (U.S. EPA, 2025b). Other
documented effects include increased small airway obstruction, decreased integrity
of the airway epithelium, and increased nonspecific airway reactivity (U.S. EPA,
2025b). Individuals vary in their susceptibility, but those who are active outdoors,
children, older adults, and people with pre-existing lung conditions are at a greater
risk (U.S. EPA, 2025). Exercise during exposure increases the amount of ozone
inhaled and the risk of harmful respiratory effects (U.S. EPA, 2025c). While recovery
from short-term, low-level exposure can occur, health effects may become more
damaging, and recovery may be less certain at higher levels or from longer
exposures (U.S. EPA, 2025c).

The available information suggests that while ozone is a recognized atmospheric
contaminant in submarines, detailed research on its long-term health effects on
Submariners in this unique enclosed environment is not extensively provided. This
represents a gap in the understanding of its full impact on this population.

Asbestos

Asbestos, a toxic, naturally occurring mineral, was extensively used in the
construction of U.S. Navy submarines prior to the 1980s, with nearly 400 vessels
containing the material (Danzinger, 2025). Its durability, heat resistance, and
fireproofing qualities made it a popular choice for insulation around pipes, boilers,
and engines, as well as in flooring, walls, and ceilings (Danzinger, 2025). The tightly
sealed and poorly ventilated environment of submarines meant that microscopic
asbestos fibers, once disturbed, could easily become airborne and recirculated
throughout every compartment, leading to widespread exposure for crew members
(Danzinger, 2025).

Submariners unknowingly inhaled these asbestos fibers during their time onboard.
These fibers, once lodged in the lungs, abdomen, or heart, can lead to life-
threatening diseases decades later (Danzinger, 2025). The latency period for
asbestos-related cancers, particularly mesothelioma, can be 10 to 50 years or even
longer, making early detection difficult and often leaving individuals unaware of their
condition until it is advanced (Danzinger, 2025). Even short-term exposure can lead
to long-term health issues (Danzinger, 2025).

Jobs with a high risk of asbestos exposure on submarines included engine room
workers, electricians, insulators, machinists, pipefitters, plumbers, and welders
(Dryfoos, 2025). Asbestos was concentrated in critical areas such as the control
center, torpedo room, reactor compartment, sonar areas, and weapon and oxygen
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storage areas (Veterans Guide, 2025). Friable asbestos, found in pipe lagging,
sound insulation, and sheet gaskets, can easily release fibers, whereas non-friable
asbestos in components such as engine gaskets and deck tiles can become friable
through drilling, puncturing, or normal wear (Veterans Guide, 2025).

The most serious health condition directly linked to asbestos exposure is
mesothelioma, a rare and aggressive cancer typically affecting the lining of the lungs
(pleura), but also capable of impacting the abdominal or heart linings (Danzinger,
2025). Common symptoms include persistent cough, chest pain, shortness of
breath, unexplained weight loss, and fatigue (Danzinger, 2025). Mesothelioma is
considered a 100% disability by the VA, entitling affected veterans to significant
monthly disability benefits (Wright, 2025).

Beyond mesothelioma, asbestos exposure can also lead to other serious conditions,
such as asbestosis (lung scarring) and primary lung (bronchogenic) cancer
(Veterans Guide, 2025). Families of Submariners were also at risk of secondhand
asbestos exposure from fibers brought home on uniforms, tools, or equipment
(Wright, 2025).

Although asbestos use has been regulated since the 1980s, and the military phased
out its use during the 1970s, many veterans and former crew members still face the
long-term health consequences (Danzinger, 2025). Some submarines
commissioned after 1980, and still active today, such as the USS OHIO and USS
MICHIGAN, have also been confirmed to have harbored asbestos (Veterans Guide,
2025).

lonizing Radiation Exposure

In March 2024, the VA expanded PACT Act
eligibility under a classification called TERA,
which stands for Toxic Exposure Risk Activity.
It also established four separate cohorts for
TERA eligibility (VA, 2024). Cohort 1 includes
those who have been exposed to “Radiation...
served on nuclear submarines and other
nuclear ships or in shipyards” (VA, 2024).
However, the specific details about radiation
exposure levels or health effects within the VA
documentation are limited and often unclear
beyond general mentions. It's important to
recognize this as a separate toxic exposure
pathway for submariners (VA, 2024).

In the early 1980s, the Navy established the
“‘Man REM Reduction Program.” Among other
Trident1 (C4) Handling Container things, it established Missile Compartment
Upper-Level (MCUL) as a radiation-restricted
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area. This limited access and work times in MCUL. This has been confirmed by
many veteran Submariners who served during that time and afterwards. The
program mentioned that radiation exposures were above the normal.

Nuclear-powered submarines inherently involve exposure to ionizing radiation due to
the presence of nuclear-powered propulsion plants and the possibility of carrying
nuclear weapons. The VA recognizes that military service can expose individuals to
ionizing radiation, potentially leading to long-term health effects. Presumptive
diseases linked to ionizing radiation exposure include a range of cancers, such as:

Bile duct cancer

Bone cancer

Brain cancer

Breast cancer

Colon cancer

Esophageal cancer

Gallbladder cancer

Stomach cancer

Leukemia (excluding chronic lymphocytic leukemia)
Lymphomas (excluding Hodgkin's disease)

Multiple myeloma

Pancreatic cancer

Pharynx cancer

Ovarian cancer

Prostate cancer

Rectal cancer

Respiratory tract cancer (including lung cancer)
Salivary gland cancer

Small intestine cancer

Urinary tract cancer (kidney, renal pelvis, ureter, and urinary bladder).

Non-cancerous conditions linked to radiation exposure include:

e Posterior subcapsular cataracts
e Non-malignant thyroid nodular disease
e Parathyroid adenoma

The long-term health implications of this exposure require diligent monitoring and
recognition for all submarine veterans, regardless of NEC/MOS designation (VA,
VHA, n.d.).

Data Gaps for Other Contaminants
While the provided material identifies 2190 TEP, DBNP, Ozone, and Asbestos as

chemicals for examination, it is important to note that detailed information on their
specific sources, historical context, high-risk occupational groups and job duties, and
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comprehensive health conditions directly linked to their exposure within the
submarine environment is not consistently available. This highlights a broad data
gap in the existing research, emphasizing the need for more targeted and thorough
investigations into all potential 130 to 200 Navy-identified contaminants (NRC, 1988,
pp. 60-65). The NRC’s own reports have repeatedly called for a “full analysis of the
submarine atmosphere” and acknowledged that “the submarine atmosphere does
not appear to be well characterized” (NRC, 2007, p. 5). This lack of comprehensive,
scientifically based, and peer-reviewed surveys of the entire submarine atmosphere
and exposed populations, particularly concerning the synergistic interactions of
multiple airborne chemicals and gases, remains a critical deficiency.

The primary difficulty lies in attempting to correlate a discrete disease with a discrete
toxic chemical or gas. Submarine service involves simultaneous, chronic
exposure to multiple contaminants, producing conditions where interactive or
cumulative effects are both likely and largely unstudied. This layered exposure
scenario is analogous to Gulf War Syndrome, categorized as a medically
unexplained chronic multisystem illness (MUCMI), in which no single causal pathway
adequately explains the health outcomes observed. The question of why some
Sailors develop debilitating diseases while others remain unaffected cannot be
answered within the current research framework. Without a systematic investigation
into the cumulative, synergistic, and long-term effects of combined exposures,
this remains a critical and unresolved data gap with direct implications for force
health protection.

The Human Cost: Submariners’ Suffering and
Disproportionate Denials

' The human cost of unaddressed toxic

exposures in the submarine environment is
borne by generations of Submariners now
suffering from a wide array of debilitating
health issues, ranging from rare cancers,
blood disorders, cardiovascular issues,
chronic respiratory problems, and sleep
apnea. These conditions often manifest
decades after service, leaving veterans in a
prolonged and often isolated struggle for
recognition and care. The personal
accounts, such as a Submariner who
experienced prolonged low oxygen
exposure at 14% for three months at sea,
underscore the severity of these
unacknowledged incidents and the lack of
proper medical record-keeping.
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A significant challenge for these veterans is the disproportionately high rate at which
their claims, filed under the PACT Act, are being denied by the VA. While the PACT
Act was designed to expand healthcare and benefits for veterans exposed to various
toxic substances, its application to Submariners appears to be hindered (VA, 2025).
The VA'’s typical timeframe for formally acknowledging an exposure is 31.4 years
from the first incidence. However, for Submariners, the wait for recognition of
exposures like MEA has been over twice as long, with no VA linkage or service-
connected disabilities conceded for MEA exposure despite 67 years of documented
use. This prolonged delay and denial of benefits for a population that was assured of
their safety represents a profound breach of trust.

The lack of consistent and accurate scientific data on submarine atmospheric toxicity
and ionizing radiation exposure directly contributes to these denials, as it creates an
insurmountable burden of proof for individual veterans to demonstrate a direct
service connection for their illnesses. The existing bureaucratic processes within the
VA further extend claims processing times, exacerbating the suffering of
Submariners seeking healthcare and disability ratings. This situation highlights a
systemic failure to account for Submariners and their unique exposures, leading to
their under-representation in benefit and disability recognition.

Submariner Homecoming — Welcome Home Daddy!
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Policy and Legislative Imperatives

Addressing the profound health crisis among U.S. Navy Submariners necessitates
immediate and comprehensive policy and legislative action. The current framework,
while expanded by the PACT Act, still falls short in adequately recognizing and
compensating Submariners for their unique toxic exposures.

Current Limitations of the PACT Act for Submariners

The Sergeant First Class Heath Robinson Honoring Our Promise to Address
Comprehensive Toxics (PACT) Act of 2022 represents a significant expansion of VA
health care and benefits for veterans exposed to toxic substances, including burn
pits, Agent Orange, and radiation (VA, 2025). It has added numerous presumptive
conditions and expanded eligible locations for exposure (VA, 2025).

However, the PACT Act does not explicitly list submarine service as a presumptive
exposure location or specific submarine-related illnesses as presumptive conditions,
outside of general radiation exposure for nuclear technicians or those involved in
nuclear weapons handling (VA, 2025). This omission results in Submariners, despite
their continuous exposure to a unique cocktail of chemicals in a sealed environment,
facing disproportionate denial rates for their PACT Act claims. The burden of proof
remains on individual Submariners to establish a direct service connection for
conditions that are likely consequences of their unique operational environment.

The Role of Veteran Organizations

Veteran organizations such as the Disabled American Veterans (DAV) and the
Military Officers Association of America (MOAA) have been instrumental in
advocating for toxic-exposed veterans, notably through their “Ending the Wait for
TOXIC-EXPOSED VETERANS” report, which served as a direct motivation for this
report. These organizations collectively advocate for systemic changes to ensure
that all veterans receive the care and benefits they have earned. However, all major
veterans’ organizations overlook or have forgotten about submarine veterans.

SAG was founded specifically to be the voice of the Silent Service, recognizing that
their small numbers and historical secrecy have led to a significant under-
representation in veteran benefits and disability recognition. This report is part of
SAG'’s efforts to shed light on the exposures and lifelong health impacts experienced
by Submariners.

Call for Amended PACT Act Eligibility for Submariners

To rectify the current inequities, PACT Act eligibility must be amended to explicitly
include Submariners who served on all submarines from 1947 to the present day,
especially those on nuclear-powered submarines. This amendment would recognize
the inherent and continuous toxic exposures unique to the submarine environment,
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establishing a presumptive link between service and the wide array of health
conditions observed in this population. Such a policy change would alleviate the
immense burden of proof currently placed on individual veterans and streamline
access to critical healthcare and disability compensation.

Demand for Scientifically Based Studies on Submarine
Atmosphere Contaminants

A fundamental requirement
for long-term solutions is
the commissioning of
comprehensive,
scientifically based studies
on atmospheric
contaminants across all
previous and operational
classes of nuclear
submarines currently in the
Navy’s warship inventory.
Existing research has been
criticized for its
methodological flaws,
including the use of
inappropriate definitions of
exposure duration, a critical
lack of investigation into chemical mixtures and synergistic interactions, and flawed
assumptions in equating hypobaric hypoxia research with the normobaric hypoxic
environment of submarines. These new studies must employ advanced atmosphere
monitoring and diagnostic equipment onboard deployed submarines to collect
accurate, real-time data on all atmospheric components, and studies to explore their
interactions and the health effects of combined exposures. The results must be
published for peer review to ensure scientific rigor and transparency.

Submariners Standing Watch Underway

Demand for Scientifically Based Studies on Historic
Submarine Atmosphere Contaminants Linked to Studies
on Health Outcomes in Historic and Current Submariners

All atmospheric and radiation survey records from 1960 to 2000 should be
declassified and made public. Studies should then assess the impact of the findings
on the health of the veteran submarine crew members. Older Submariners deserve
retroactive VA recognition and appropriate disability ratings for related health issues.
Further, while there are a limited number of epidemiological studies on mortality of
Navy veterans who served on submarines, there have been few studies on
occupational risks or adverse health outcomes (particularly respiratory,
cardiovascular, oncological, and neurologic morbidity) linked to specific exposures in
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these unique environments. A formal health registry (similar to the Airborne Hazards
and Open Burn Pit Registry) linked to exposure information for Submariners must be
established by the VA.

Need for Improved VA Claim Processing Efficiencies

Beyond legislative changes, immediate improvements are needed in VA claim
processing efficiencies for Submariners. These include:

e Removing unnecessary layers of complexity in the application process

e Updating claim forms to reflect the unique exposures of Submariners

e And providing Veteran Service Representatives (VSRs) with factual and
data-driven evidence specifically tailored to determining disability eligibility for
this population.

The current system’s inefficiencies contribute to prolonged wait times and
disproportionate denials, exacerbating the suffering of veterans already battling
service-related illnesses.

Department of Veterans Affairs Treatment Facility
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Recommendations and Call to Action

The evidence presented in this report underscores a critical and long-standing public
health crisis affecting U.S. Navy Submariners. Decades of continuous exposure to a
complex mixture of toxic chemicals, gases, and radiation within a sealed, oxygen-
deficient environment, coupled with inadequate scientific study and policy
recognition, have resulted in a profound human cost. To address this, the following
recommendations and calls to action are imperative:

1.

Formal Recognition of Submariner Exposures: The Secretary of War, the
U.S. Congress, and the Department of Veterans Affairs must swiftly and
aggressively acknowledge that Submariners, from 1947 to the present day,
have faced chronic toxic and hazardous exposures in their unique operational
environment. This acknowledgment should explicitly recognize that assurances
of a non-hazardous atmosphere and low radiation exposure were inconsistent
with the realities of continuous exposure to known contaminants, hazards, and
radiation.

Expanded PACT Act Eligibility: Congress must amend the PACT Act to

include all Submariners who served on submarines from 1947 through the

present day as a presumptive exposure group. This will establish a clear service
connection for a range of presumptive conditions, including but not limited to the
respiratory, cardiovascular, cardiopulmonary, immune system, neurological, and
carcinogenic health issues detailed in this report, thereby alleviating the unfair
burden of proof on individual submarine veterans.

Comprehensive Scientific and Medical Studies: The Department of War and

the VA must immediately commission and fund scientifically rigorous,

independent studies on the submarine atmosphere. These studies must:

o Conduct a full and accurate characterization of the submarine atmosphere,
identifying all chemical, gaseous, and biological contaminants present
across all operational classes and ages of nuclear submarines.

o Investigate the effects of chemical mixtures, including potential antagonistic,
additive, and synergistic interactions, rather than focusing solely on
individual contaminants and gases.

o Utilize advanced atmosphere monitoring and diagnostic equipment onboard
deployed submarines to collect real-time, long-term data.

o All collected historical atmospheric and radiation data must be made
available, fully and unredacted, to the scientific and submarine veteran
communities.

o Focus on the effects of continuous, 24-hour-a-day exposure in a normobaric
hypoxic environment, rather than relying on inappropriate industrial or
hypobaric hypoxia models.

o Evaluate the long-term health effects, including acute, subchronic, and
chronic exposures, on all physiological systems.

o Publish all research findings for independent peer review and public
dissemination.
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4. Improved VA Claims Processing: The Department of Veterans Affairs must
undertake an immediate overhaul of its claims processing system for veterans
who served on submarines. This includes:

o

Simplifying the application process and removing bureaucratic complexities
that lead to disproportionate claim denials.

Updating Veteran Service Representative (VSR) training and resources to
ensure they are fully informed about the unique toxic, hazardous, and
radiation exposures of all Submariners and equipped with data-driven
evidence to properly determine disability eligibility.

Fund a grant to create and publish a web-enabled reference guide on
submarine terms, equipment, and chemicals for VSRs and Veteran Service
Officers (VSOs).

Expediting the review of previously denied toxic-exposure-related and
radiation-related disability claims from Submariners under the expanded
PACT Act provisions (VA, 2024).

5. Restoration of Redundancy in Oxygen Systems: The Navy should re-
evaluate the design of modern submarines that have reduced or eliminated
redundant oxygen generation and storage systems. A return to Admiral
Rickover’s principles of robust redundancy for critical life support systems is
essential to ensure crew safety and prevent prolonged hypoxic exposures
during operational contingencies.
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Conclusion

The enduring legacy of the “Silent
Service” is one of unmatched
dedication, technical excellence, and
sacrifice in defense of national
security. Yet today, that legacy is
overshadowed by the unaddressed
health consequences of prolonged
toxic, hazardous, and radiological
exposures within the submarine

:

e
— : environment. For decades, the unique
- challenges faced by Submariners have
DON T TREAD WA .. . . . .
e been minimized or ignored, resulting in
L

systemic failures in scientific inquiry,
policy oversight, and veteran care. The
distinctive “submarine smell,” once
dismissed as an inevitable
characteristic of service beneath the
sea, must now be recognized as a
warning signal of chronic chemical

= saturation—one that demands

rigorous, quantitative investigation.

Submariner in Port Conducting Colors

The continued reliance on outdated and, at times, arbitrary exposure limits—set
according to technological convenience rather than medical science—represents a
foundational compromise of safety. These compromises have directly contributed to
the health crisis now emerging among submarine veterans. Deficiencies in research
design, the misapplication of exposure definitions, the disregard for complex
chemical mixtures, and the failure to distinguish between normobaric and hypobaric
hypoxia have left Submariners without the scientific validation necessary to
substantiate their suffering. As a result, veterans have been systematically
disadvantaged in their pursuit of recognition, treatment, and compensation, reflected
in disproportionately high rates of claim denial.

This report is not merely an academic critique; it is an urgent demand for
accountability. The United States government has an unambiguous moral obligation
to honor the implicit contract made with its volunteer Submariners: that their health
and well-being would never be sacrificed as the hidden cost of national defense.
Fulfilling that obligation requires immediate action—expanding and clarifying
eligibility under the PACT Act, commissioning independent and comprehensive
research into submarine atmospheric contaminants and radiation exposure, and
reforming VA claims processes to reflect the realities of submarine service.
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Failure to act will perpetuate an avoidable injustice and erode trust between the
nation and those who served it in the most demanding and unforgiving of
environments. The time for silence has passed. The time for decisive action—in
policy, science, and veteran care—is now.
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