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ACRONYMS AND ABBREVIATIONS
2,4-D
2,4,5-T

2,4-dichlorophenoxyacetic acid
2,4,5-trichlorophenoxyacetic acid

ADI
AF (USAF)
AFB
AFHS
AFMSA
AMARC
AMARG
AME
AMSL
AO
APU
atm
ATSDR

acceptable daily intake
US Air Force
Air Force Base
Air Force Health Study
Air Force Medical Support Agency
Aerospace Maintenance and Regeneration Center
Aerospace Maintenance and Regeneration Group
aero-medical evacuation
above mean sea level
Agent Orange (general term for all herbicide formulations containing
TCDD)
auxiliary power unit
atmosphere (measure for vapor pressure)
Agency for Toxic Substances and Disease Registry

CAG
CHPPM
CVA

Cancer Assessment Group (EPA)
US Army Center for Health Promotion and Preventive Medicine
C-123 Veterans Association

ECG
EPA

electrocardiogram
U.S. Environmental Protection Agency

HO

Herbicide Orange (equivalent to Agent Orange)

IOM

Institute of Medicine

lpm

liters per minute

MAP
MASDC
MDI
mg/m3

Military Assistance Program
Military Aircraft Storage and Disposal Center
mean daily intake
milligrams per cubic meter

NAS
ng/m2
NIOSH
NMDOH
NOEL
NRC
NYDOH

National Academy of Sciences
nanograms per square meter
National Institute for Occupational Safety and Health
New Mexico Department of Health
no-observed-effect level
National Research Council
New York State Department of Health
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ORH
OHR C-123

Operation Ranch Hand (military codename for operation that sprayed
herbicides during the Vietnam War)
UC-123 aircraft formerly used in OHR

PCB
PCDD
PCDF
ppm
PUF

polychlorinated biphenyl
polychlorinated dibenzo-p-dioxin
polychlorinated dibenzofuran
parts per million
polyurethane foam (vapor phase collection method)

QA/QC

quality assurance/quality control

RH

Ranch Hand (name for individuals who served in ORH)

SVOC
SWSL

semi-volatile organic compound
surface wipe screening level

TAG
TAS
TC
TCDD
TDI
TEF
TEQ
TG 312
TSCA

Tactical Airlift Group
Tactical Airlift Squadron
transfer coefficient
2,3,7,8-tetrachlorodibenzo-p-dioxin
tolerable daily intake
Toxicity Equivalency Factor
Toxicity Equivalency Quotient [weighted total of TEFs]
Technical Guide 312 (USACHPPM, 2009)
Toxic Substances Control Act

µg/kg
µg/kg-d
µg/m2
USAFSAM

microgram per kilogram
microgram per kilogram per day [format for “mass per kilogram-body
weight per time unit”]
microgram per square meter [= 0.01 µg/100 cm2]
US Air Force School of Aerospace Medicine

VA
VAO

Department of Veterans Affairs
Veterans and Agent Orange (IOM report series)

WTC

World Trade Center

y0

gas-phase concentration immediately above contaminated surface
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Summary

BACKGROUND
From 1972 to 1982, approximately 1,500–2,100 US Air Force (AF) Reserve personnel
trained and worked on C-123 aircraft that had formerly been used to spray herbicides in Vietnam
as part of Operation Ranch Hand (ORH). After becoming aware that some of the aircraft on which
they had worked had previously served this purpose, some of these AF Reservists applied to the
US Department of Veterans Affairs (VA) for compensatory coverage under the Agent Orange
(AO) Act of 1991. The AO Act provides health care and disability coverage for health conditions
that have been deemed presumptively service-related for herbicide exposure during the Vietnam
War. The VA denied the applications on the basis that these veterans were ineligible because as
non-Vietnam-era veterans or as Vietnam-era veterans without “boots on the ground” service in
Vietnam, they were not covered by the AO Act. However, with the knowledge that some air and
wipe samples taken between 1979 and 2009 from some of the C-123s used in ORH showed the
presence of AO residues, representatives of the C-123 Veterans Association began a concerted
effort to reverse VA’s position and obtain coverage.
In early 2014, the VA contracted with the Institute of Medicine (IOM) to evaluate whether
or not service in these ORH C-123s could have plausibly resulted in exposures detrimental to the
health of these AF Reservists. The IOM was asked to assemble an expert committee to address this
question qualitatively, but in a scientific and evidence-based fashion. The resulting Committee was
explicitly directed that its role was not to make any policy determinations concerning the
applicability of the AO Act to this group. Specifically, the Committee was charged to:
•
•

Evaluate the reliability (including representativeness, consistency, methods used) of the
available information for establishing exposure; and
Address and place in context (qualitatively by comparison to established exposure
guidelines) whether any documented residues represent potentially harmful exposure by
characterizing the amounts available and the degree to which absorption might be
expected.

The possible health effects associated with these exposures would be assumed to be those
characterized in prior IOM Veterans and Agent Orange (VAO) reports and were not to be
reassessed for this report.
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THE COMMITTEE’S APPROACH
At its initial meeting, the Committee decided to undertake several activities in three general
areas in order to complete its tasks.
1. Organize the available information, identify gaps and inconsistencies, and endeavor to
resolve such issues.
• Screen for relevance and categorize the documents provided.
• Gather information on existing health guidelines and their derivations.
• Evaluate the sampling procedures and results.
• Conduct a workshop to clarify issues and to obtain missing information.
2. Evaluate existing information and determine what interpretations regarding exposure were
supported.
• Consider various interpretations of the available data.
• Review existing exposure estimation models.
• Evaluate whether the detected AO residues could have reached the AF Reservists’
bodies and then been absorbed.
• Establish plausible magnitude of the AF Reservists’ exposure.
3. In the context of existing guidelines for 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD or
dioxin) and dioxin-like compounds (the toxic contaminants of some of the herbicides
sprayed in Vietnam), assess whether the magnitude of exposure supported by the existing
information could plausibly be associated with adverse health effects during the time period
when the AF Reservists were potentially exposed.
How the Committee went about performing these activities is elaborated in Chapter 1, while the
results of those efforts are summarized below.
THE AVAILABLE INFORMATION
The Committee evaluated an assortment of documents submitted by the VA, veterans, and
other interested parties, and collected relevant data from published journal articles and technical
guidelines developed by authoritative organizations. The VA provided the Committee with the
sparse sampling data available for the C-123 aircraft and all relevant associated background
information on the history of the planes’ use and sampling, plus several military interpretations of
these data and an extensive set of possibly pertinent documents. The C-123 Veterans Association
and other interested parties provided historical records, personal accounts of service aboard C123s, procedure manuals, aircraft logs, and some flight information from Air Squadrons and AF
Reserve bases. The Committee obtained a considerable amount of additional information,
particularly on technical matters and guidelines from authoritative bodies, from the peer-reviewed
literature. It also scanned a considerable amount of non-peer-reviewed material available on the
Internet for clues that might lead to more definitive sources. The Committee also held a public
workshop to gather additional information and to hear from veterans and veterans’ service
organizations, representatives from the VA, researchers, and other interested parties.
PREPUBLICATION COPY – UNCORRECTED PROOFS
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Some fundamental information about the exposure of AF Reservists was either not
recoverable at all or the content provided by various sources could not be reconciled. For instance,
considerable effort has failed to establish exactly how many C-123s the military had in Vietnam;
how many of them for insecticides; how many were used for spraying herbicides (the ones referred
to in this report as OHR C-123s), how many were returned to the United States, how many OHR
C-123s and how many C123s that had not been in Vietnam were allocated to the various reserve
units; and how many AF Reservists possibly worked in OHR C-123s.
As would be expected as a consequence of photolysis with exposure to sunlight and noncontainment of volatilized chemicals, when several C-123s were finally sampled, their exteriors
were not demonstrably contaminated with residues of TCDD or the herbicides sprayed in Vietnam.
Only a very small number of samples for measurement of TCDD and the herbicides in AO were
taken from the interior surfaces and from the air in a small number of the ORH C-123s flown by
the AF Reservists (see Table S-1 for an inventory).
TABLE S-1 Summary of Interior Sampling Efforts Conducted on C-123 Aircraft Previously Used
to Spray Herbicides in Operation Ranch Hand
Testing Location

Phenoxy Herbicides

Date

Dioxin

Air

Interior Surface

Air

Interior Surface

samples from
each of
a
2 C-123s

samples from
each of
2 C-123s

samples
from each
of
a
2 C-123s

samples from
each of
a
2 C-123s

C-123s stored at DavisMonthan AFB, AZ
2009

1996

samples
from each of
12 C-123s

2 samples, but surface
loading could not be
determined without
indication of size of
area sampled

Single C-123 (nicknamed
“Patches”) at museum at
Wright-Patterson AFB, OH
5 composites of 6
wipes of
100-cm2 areas

1995
1994

3 wipe samples

at Westover AFB, MA
1979

1 paint scraping 3 samples analyzed for
(also analyzed phenoxy herbicides, plus
for several
several
insecticides)
insecticides
a
Only two of the four planes sampled had documentation of having been used in ORH. In 2009, the same 2 ORH C123s were sampled in each instance.
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At the time of the 1979 sampling, methods of TCDD analysis were not readily available
and had limited sensitivity, but TCDD is generally recognized as being more toxic than the
herbicides, which are also less persistent than this contaminant. The Committee, therefore,
considered TCDD to be the component of the ORH-derived chemicals most relevant for
assessing health risk. The short periods over which the two TCDD air samples were gathered
make them of questionable reliability, so the Committee focused its qualitative assessment on the
interior TCDD wipe samples collected from a total of three ORH C-123s. The two interior
surface samples without information on area sampled could not be converted into usable results.
The 24 usable measurements are graphed in Figure S-1.

Wipe Value

10,000

“Patches” (1994)
“Patches” (1995)
Two other
C-123s (2009)

TCDD (ng/m2)

1,000
100
10
1
0.1
1960

{

1970

1980

} {

1972-1982: Period of
Post-Vietnam Use

1962-1971:
ORH

1990

}

2000

2010

Year

FIGURE S-1 Existing TCDD Surface Concentrations in Relation to Interior Wipe Samples.
NOTES: TCDD surface concentrations obtained from the total of 24 wipe samples from the interiors of ORH C-123
aircraft by year. The horizontal band represents the 1-25 ng/m2 range of existing surface guidelines for TCDD. Clear
points represent non-detect samples plotted at their detection limit.

EVALUATION AND INTERPRETATION
The long delay between when the exposures occurred (1972–1982) and when the
measurements were made (1979 for herbicides only and not until the mid-1990s and 2009 for
TCDD) is a serious limitation of the sampling data. Over this long period, degradation and loss
processes were occurring to an unknown extent, so the levels when the Reservists were exposed
would have been at least as high as the measurements made later. The lack of knowledge about
decreases in TCDD and herbicide concentrations between the AF Reservists’ time in the C-123s
and later sampling precludes any attempts to make adjustments for a predicted decay in
PREPUBLICATION COPY – UNCORRECTED PROOFS
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concentration. The delay before sampling contributes additional uncertainty to any quantitative
estimates made of exposure, while very likely biasing the results toward underestimates. There
also is uncertainty about the fraction of the C-123s worked in by the AF Reservists that had
actually been used to spray herbicides in ORH, in addition to very incomplete knowledge of the
AF Reservists’ profiles of work that would be needed to estimate the contact rate, frequency, and
time in quantitative modeling.
The Committee assessed arguments presented in previous interpretations of the available
information on AO contamination of the C-123s used by AF Reservists from 1972–1982. It noted
that those from in the military or associated with VA tended to minimize the possibility of an
increased risk of exposure and adverse health outcomes among the AF Reservists. A recurrent
theme in these assertions was that dry AO residues containing TCDD detected on interior surfaces
of ORH C-123s long after the planes returned from Vietnam could not have moved from the
surfaces and thus were unable to complete transfer to the “outer boundary of a human” to
constitute exposure as defined by the US Army’s Center for Health Promotion and Preventive
Medicine. The Committee notes emphatically: it is now accepted in the field of exposure science
that the physicochemical properties of semi-volatile organic compounds (SVOCs) like TCDD keep
them in dynamic flux toward equilibrium in enclosed spaces among the various phases present
(liquid, gas in air, airborne particles, dust on surfaces, residues or films on surfaces).
The Committee explored the range of exposure estimates generated when plausible
scenarios were used as input for the various exposure models proposed in the reviewed literature
for estimating potential exposure from the available data. To put such findings in context, they
were compared to existing guidelines for TCDD exposure within enclosed settings. When making
such comparisons, the Committee was contrasting the range of values it had adopted as being
realistic for the AF Reservists for the variables in the models (such as frequency and duration of
exposure in the contaminated environment, contact with surfaces, and breathing rates) to the
extreme values assumed for the office worker population for which the guidelines had been
developed (for example, 30 or 40 years working in a contaminated office). Compared to office
workers, the AF Reservists’ engaged in more vigorous movements and activities with greater
exposure potential (such as having more contact with additional surfaces, sitting on the floor of the
aircraft, having limited or no access to lavatory facilities, eating in the contaminated area), which
suggests they would have experienced higher exposure from inadvertent ingestion and dermal
pathways than office workers. On the other hand, the number of hours and years that the AF
Reservists worked in the aircraft were less than what was assumed in establishing guidelines for
the office workers. Setting aside efforts to equate the quite uncertain work profiles of the AF
Reservists to the extreme work patterns assumed when deriving guidelines intended to apply to all
of office workers, the Committee regarded the assembled existing guidelines for surface loading,
which ranged from 1 to 25 ng/m2, as a rough basis for assessing the set of sampling measurements
presented in Figure S-1.
The Committee found that none of the exposure models considered incorporated the full
spectrum of plausible exposure routes. As a result, these exposure models would generate
underestimates of actual exposure when “best” or plausible exposure estimates were sought.
Similarly, by overlooking plausible routes of exposure, existing guidelines may overstate the level
of protection their values actually provide. Another variant of this problem arose in a 2009 report
prepared for Hill Air Force Base that derived screening guidelines for TCDD and the phenoxy
herbicides that were intended to take into account both oral and dermal routes of exposure; the
Committee found that use of an erroneous formula had resulted in screening standards purportedly
PREPUBLICATION COPY – UNCORRECTED PROOFS
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for oral and dermal exposure that effectively discounted the more sensitive dermal route. This
standard was used in several subsequent interpretations of the C-123 TCDD sampling data under
the assumption that it was more protective or stringent than was the case, thereby understating
associated health risks.
In exploring exposure estimates consistent with the observed sampling results, the
Committee considered plausible, rather than “worst case,” scenarios. Having considered a variety
of approaches for interpreting the available data and having established the intrinsic weaknesses
of those data for quantitative exposure estimation, the Committee was unable to determine
which, if any, of the various models and exposure scenarios it investigated were most
representative of the experiences of AF Reservists. The Committee observed, however, that,
under at least some of the scenarios, all the quantitative models generated exposure estimates for
the C-123 personnel that were larger than what screening guidelines deemed to be “acceptably”
safe.
When putting its perceptions of the available surface sampling measurements in context
by comparison to existing protective guidelines, however, the Committee did proceed in accord
with the public health practice, often referred to as the “precautionary principle,” that seeks to
identify possibly dangerous situations and to provide warning about health before, or at levels
below where a problem is evident. Factors contributing to uncertainty discussed in this report
(perhaps most importantly the long delay between when the activities leading to possible
exposure occurred and sampling, and the guidelines’ failure to account for the extent of dermal
absorption) would mean that the measured TCDD surface levels would in all likelihood
understate the risk of adverse health effects to which the AF Reservists actually had been
exposed.
Because these individually uncertain perspectives on the situation consistently supported
the possibility of health risks, the Committee concluded that the available information supports
the expectation that the health of some of the personnel was adversely affected by their service in
the C-123s that had earlier been used to spray herbicides in Vietnam.
THE COMMITTEE’S FINDINGS
Assessment of Available Information
• The sampling efforts were not designed to quantitatively assess the potential
exposure to the AF Reservists.
• The fact that TCDD sampling was not contemporaneous with the period when
the AF Reservists experienced exposure complicates efforts to use the results to
assess the possibility that harm to their health may have occurred.
• Sampling and analysis methods used over the various sampling periods
apparently were not uniform, but the methodologies were not fully described.
Aside from the air samples which were collected using inappropriate methods,
however, the Committee did not find information to invalidate any of the
reported measurement data.
• Considerable non-uniformity in the distribution of contamination throughout the
interior of “Patches” and differences in sampling procedures may have
PREPUBLICATION COPY – UNCORRECTED PROOFS
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contributed to the inconsistencies noted between the sampling results in 1994
and 1995.
• Detailed, reliable information is not available on the activities of aircrews and
maintenance personnel inside these airplanes (e.g., time spent in planes,
contacts with surfaces, use of protective equipment, etc.) and very little
information is available on the use of specific aircraft.
Interpretation of Available Information
•

The limitations of the available information make the data inadequate for deriving
definitive quantitative estimates of exposure, but they are sufficient for a screening level
of analysis.

•

The interiors of the C-123s that had sprayed herbicides in Vietnam and were later used
by AF Reservists had AO and TCDD contamination persisting long after their use by AF
Reserve personnel.
Understanding of the physical and chemical characteristics of SVOCs like TCDD
establishes that they would not have been immobilized on surfaces, so residues were
available for transfer by dermal contact, inhalation, and ingestion. AF Reservists serving
in the contaminated C-123s, therefore, experienced some degree of exposure to TCDD
and herbicides through multiple routes when working in ORH C-123s.

•

•

How representative the very limited number of TCDD samples gathered from the
ORH C-123s are of the TCDD distribution throughout their interiors is uncertain, but,
in the absence of definitive information to the contrary, the Committee assumed that
the three ORH C-123s sampled were representative of the entire fleet.

•

There is no definitive information on the rate of degradation of TCDD on interior
surfaces of the aircraft in the decades after their use in ORH. Without adjustment for
reductions in the contamination over time, estimates of TCDD exposures to the AF
Reservists based on samples taken from the C-123s in the mid-1990s and in 2009 could
therefore underestimate their actual exposures, quite possibly markedly. Therefore, the
measurements resulting from interior surface sampling in 1994, 1995, and 2009
probably represent a lower bound on what average surface TCDD contamination might
have been when AF Reservists worked in the planes.
Because of issues concerning inadequate factoring of dermal absorption into the
development of guidelines, the Committee recognized that several of the guidelines
referred to during its evaluation were likely not be as protective as might be supposed.

•

•

The Committee did not find any of the existing contamination guidelines for TCDD that
it reviewed or the three models as presented and parameterized in Lurker et al. (2014) to
be a perfect match for the circumstances being evaluated, which (in addition to the
Committee charge to conduct a qualitative evaluation and the limitations of the available
data) represents another impediment to quantitative estimation of the Reservists’
exposures or risks
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•

•

The Committee did decide that the surface TEQ loading guidelines were most applicable
to the AF Reservists’ occupational situation. It is the Committee’s judgment that
comparing the unadjusted surface measurements from the ORH C-123s to the existing
guidelines for surface loading provides the most valid qualitative means of evaluating
the degree to which these results supported exposures safely less than international
regulatory standards.
The existing guidelines for TEQs on interior surfaces ranged from 1 to 25 ng/m2, a zone
in which sampling measurements reach a level where further action would be
appropriate.

Although the existing information is inadequate for estimating exposure with any degree
of certainty, the Committee was able to answer its charge to evaluate the reliability of the data
and to qualitatively establish whether the documented residues represent potentially harmful
exposures.
Based upon physicochemical principles, the Committee rejected the idea that the dioxin
residues detected on interior surfaces of the ORH C-123s were immobile and effectively
inaccessible to the Reservists as a source of exposure. Accordingly, the Committee states with
confidence that the AF Reservists were exposed when working in the ORH C-123s and so
experienced some increase in their risk of a variety of adverse responses. The Committee has
shown that all of the most relevant type of sampling results (which were collected a very long
time after the AF Reservists worked in the ORH C-123s) fall in or above the 1-to-25 ng/m2
range specified as meriting cautionary consideration by international exposure guidelines.
With the exception of the now thoroughly decontaminated “Patches,” the ORH C-123s
have been destroyed, and efforts to recover the work records of the AF Reservists have been
unsuccessful. The committee surmises, therefore, it is highly unlikely that any additional
information will become available to establish more definitively the magnitude of exposures
experienced by the AF Reservists.
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1

Introduction

In 1991, Congress passed Public Law 102-4, the Agent Orange Act of 1991, which
directed the Secretary of Veterans Affairs to contract with the National Academy of Sciences
(NAS) to conduct an independent review of scientific information regarding the association,
if any, between health outcomes and exposure to dioxin or other chemical compounds in the
herbicides that were sprayed in Vietnam. According to that legislation, any “veteran who,
during active military, naval, or air service, served in the Republic of Vietnam during the
Vietnam era [January 9, 1962–May 7, 1975 for compensation purposes] . . . shall be
presumed to have been exposed during such service to an herbicide agent” and “whenever
the Secretary [of Veterans Affairs] determines . . . that a positive association exists between
the exposure of humans to an herbicide agent and the occurrence of disease in humans, the
Secretary shall prescribe regulations providing that a presumption of service connection is
warranted.” With the passage of time, the straightforward interpretation of this legislation—
that a “Vietnam veteran” who contracts a disease that has been determined to be associated
with herbicide exposure would be eligible for compensation benefits—has been subjected to
a number of challenges. The presumption of exposure to herbicides has been extended to
veterans who served in the Korean demilitarized zone any time between April 1, 1968 and
August 1, 1971. Another dispute has surrounded the eligibility of naval veterans from the
Vietnam era; resolution of this issue by the US Department of Veterans Affairs (VA) has
been that individuals who served on ships when they operated on Vietnam’s inland
waterways (the Brown Water Navy) are considered eligible, whereas other era veterans (the
Blue Water Navy) are eligible only if they can establish that they had “boots on the ground”
in Vietnam. The current claims of U.S. Air Force (AF) Reservists who served in the United
States in 1972–1982 on Fairchild UC-123 Provider aircraft that earlier had sprayed
herbicides in Vietnam constitute yet another challenge concerning eligibility under the Agent
Orange Act of 1991.
From 1972 to 1982, approximately 1,500–2,100 AF Reserve personnel trained and
worked on UC-123 aircraft, of which about 30 formerly had been used to spray herbicides in
Vietnam as part of Operation Ranch Hand (ORH) (USAF, 2009a,b; Young and Young,
2013b). ORH missions sprayed the herbicides picloram and cacodylic acid, and chemical
formulations that contained the herbicides 2,4-dichlorophenoxyacetic acid (2,4-D) and 2,4,5trichlorophenoxyacetic acid (2,4,5-T); 2,4,5-T contained 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD or dioxin), an unintended contaminant that was later determined to be a human
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carcinogen. Results of air and wipe samples taken between 1979 and 2009 by the AF (or its
contractors) from the aircraft formerly used in OHR (OHR C-123s) indicate that residual
chemicals from the Agent Orange (AO) and other herbicides that were sprayed in Vietnam
remained on the interior of some of the aircraft. In 2012, the USAF School of Aerospace
Medicine conducted an exposure assessment to quantify the potential exposure to AO by AF
Reserve personnel or passengers who flew on the C-123 aircraft in the United States, and
determined that AO exposures “were unlikely to have exceeded acceptable regulatory
standards or to have predisposed persons . . . to experience future adverse outcomes” (USAF,
2012a).
The VA Office of Public Health interpreted these findings to mean that “the existing
scientific studies and reports support a low probability that TCDD was biologically available
in these aircraft. Therefore, the potential for exposure to TCDD from flying or working in
contaminated C-123 aircraft years after the Vietnam War is unlikely to have occurred at
levels that could affect health” (VA, 2014). Because of lingering concerns among AF
Reserve personnel about the potential for adverse health outcomes as a result of their service
aboard C-123 aircraft that were formerly used in Vietnam to spray defoliants, the VA
requested that the Institute of Medicine (IOM) conduct a review of the available C-123
sampling data, compare the data to existing exposure safety guidelines, and make a
determination about the potential for exposure to the residual chemicals by C-123 personnel
and associated concerns regarding possible adverse health consequences.
CHARGE TO THE COMMITTEE
In early 2014, the VA contracted with the IOM to conduct a study to determine
whether or not crew members who flew C-123 aircraft that had previously been used to spray
herbicides in Vietnam, had exposures that could have been detrimental to their health. In
response, the IOM assembled an expert committee (see Appendix D for the committee
member biographies) to determine whether there had been exposures that could lead to
excess risk of adverse health outcomes among AF Reserve personnel who flew in and/or
maintained C-123 aircraft (outside of Vietnam) that had previously been used to spray AO in
Vietnam. The Committee was asked to:
•
•

Evaluate the reliability (including representativeness, consistency, methods
used) of the available information for establishing exposure; and
Address and place in context (qualitatively by comparison to established
exposure guidelines) whether any documented residues represent potentially
harmful exposure by characterizing the amounts available and the degree to
which absorption might be expected.

The possible health effects were to be those characterized in prior IOM Veterans and
Agent Orange (VAO) reports, and they were not to be reassessed for this report. VAO
committees to date have found the information concerning the exposure of Vietnam veterans
inadequate to establish dose-response relationships for individual health outcomes or to
quantify the risk of a particular veteran experiencing any adverse effects from such
exposures. In any event, the possibility of an increase in the risk of any adverse health
condition is the outcome to be assessed in this report.
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THE COMMITTEE’S APPROACH TO ITS CHARGE
One of the fundamental differences between this report and prior IOM reports that
have focused on other veteran cohorts—Vietnam veterans, Blue Water Navy veterans, and so
on— is in the existence of exposure data that are relevant to the population of interest. The
primary focus of this Committee’s deliberations is on the results of air and wipe sampling
data, collected between 1979 and 2009, from ORH C-123 aircraft that were used by AF
Reserve personnel between 1972 and 1982. These samples were analyzed for the phenoxy
herbicides and the TCDD-contaminant of 2,4,5-T. Sampling data from 1979, 1994, and
2009—in the form of laboratory reports, internal USAF reports and memorandums, or data
reports—were provided to the Committee by the VA at the beginning of this effort.
Additional sampling results from 1996 were transmitted from the VA to the Committee after
IOM staff inquired about the existence of additional samples that were referred to in an
article critique (Nieman, 2014) but not received by the Committee. In reviewing all the
available sampling data, the Committee evaluated the sampling methods, laboratory
procedures and protocols, and assumptions, to the extent that information in the documents
permitted such assessment.
From among the materials provided by the VA, the Committee reviewed independent
interpretations of the USAF C-123 sampling data authored by entities associated with the
military, representatives of the Agency for Toxic Substances and Disease Registry and the
National Institute of Environmental Health Sciences, and several independent researchers.
The Committee also spent considerable time in evaluating a recently published paper by
Lurker et al. (2014) that used the available C-123 sampling data to derive quantitative
estimates of the exposure of AF Reservists.
The Committee held a public workshop to gather additional information and to hear
from veterans and veterans service organizations, representatives of the VA, researchers, and
other interested parties (see Appendix A for all open session agendas). This open session
gave members of the Committee with an opportunity to learn more about the use of C-123s
both in Vietnam and afterwards by AF Reserve personnel and related issues. Before the
workshop, the Committee distributed a list of questions to workshop participants that focused
on issues pertaining to post-Vietnam handling and use of the C-123s by AF Reserve
personnel, collection and analysis of air and wipe samples from ORH C-123s, modeling
efforts that used the existing sampling data, and interpretations of resulting exposure
estimates. Participants were asked to address these questions in writing and during their
presentations to the Committee, and their submissions and later discussions formed the basis
of in-depth panel discussions and question and answer sessions during the public workshop.
In fulfilling its charge, the Committee evaluated numerous documents submitted by
the VA, the C-123 Veterans Association, individual veterans, and other interested parties;
and it collected relevant data from published journal articles and technical guidelines derived
by authoritative international bodies, such as the World Health Organization and the US
Environmental Protection Agency. In addition to information pertaining to the sampling data,
the VA gave the Committee an extensive collection of possibly pertinent documents,
including published papers, technical exposure guidelines, internal AF memos and reports,
National Institute for Occupational Safety and Health reports, early exposure reports from the
NAS, and photographs. The C-123 Veterans Association and other interested parties
provided historical records and personal accounts of their service aboard C-123s during their
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AF Reserve careers, C-123 procedure manuals, aircraft logs, and flight information from air
squadrons and AF Reserve bases. The Committee has cited these materials extensively in its
report and has provided copies of the referenced materials to the Public Access Records
Office of the National Academies. They can be accessed by emailing PARO@nas.edu or
calling 202-334-3543.
The committee faced several challenges during the course of its deliberations. Much
of the information that the Committee reviewed was anecdotal in nature and so was difficult
to verify with historical documentation. A great deal of the historical information provided to
the committee was in the form of memorandums and other personal correspondence, so it
was difficult or impossible to acquire more specific information, especially that related to
details of the AF sampling efforts, such as sampling strategies, collection procedures, and
laboratory testing or analysis. The Committee evaluated all of the available documentation
with some skepticism, inasmuch as the likelihood of bias could not be completely ruled out.
ORGANIZATION OF THE REPORT
The remainder of this report is organized into four more chapters and three
appendixes. Chapter 2 contains basic background information on the chemical properties of
TCDD and a compilation of health guidelines for this compound and consideration of their
applicability to the experience of the AF Reservists for use in putting the available sampling
data in context. Information about the use of C-123 aircraft in Vietnam and their later use by
AF Reserve personnel in the United States and the collection of air and wipe samples from
some of these aircraft between 1979 and 2009, are discussed in Chapter 3. Chapter 4 reviews
interpretations of those sampling results by the AF and individuals in the dioxin research
community. It also evaluates exposure models applied to the C-123 sampling data in Lurker
et al. (2014), addresses the plausibility that residues measured on internal surfaces could have
been absorbed into the bodies of the AF Reservists, and discusses the Committee’s thoughts
about how the available information relates to international exposure guidelines. A
compilation of the Committee’s findings is presented in Chapter 5.
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2

TCDD: Physicochemical Properties
and Health Guidelines

Of the components and contaminants of the several herbicides used by the US military in
Vietnam, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) stands out as having the greatest toxic
potency. It was an unintended contaminant of 2,4,5-trichlorophenoxyacetic acid (2,4,5-T), one of
the phenoxy herbicides comprising Agent Orange (AO) and also Agents Pink, Green, and Purple
(IOM, 2014). TCDD, or dioxin, is the most toxic of the polychlorinated dibenzo-p-dioxin (PCDD),
dibenzofuran (PCDF), and biphenyl (PCB) congeners. Several of the PCDD, PCDF, and PCB
congeners share TCDD’s major mechanism of action, binding to the aryl hydrocarbon receptor, but
at a fraction of its potency. Toxic Equivalency Factors (TEFs), where the TEF of TCDD has a
value of one, have been assigned to these congeners providing the basis for a summary metric that
expresses the total “dioxin-like activity” in a mixture of chemicals, referred to as its Toxicity
Equivalency Quotient (TEQ). The exceptionally high proportion of TEQs accounted for by TCDD
itself in AO formulations (compared to other TCDD-containing mixtures) can serve as a chemical
“signature” of these herbicides used by the military in Vietnam. After the Vietnam War, analyses
of residual herbicide stocks found that contamination by the TCDD congener specifically ranged
from less than 0.05 ppm up to almost 50 ppm, averaging 2–3 parts per million (ppm) (NRC, 1974;
Young et al., 1978). Consequently, the TCDD contaminant of AO has been regarded as the
primary reason for health concerns associated with exposure to the herbicides used in Vietnam,
and so it is the Committee’s focus.
The Committee reviewed those physical and chemical properties of TCDD that would
influence its persistence in the C-123s that had been used in ORH, its availability for contacting
the AF Reservists when they worked inside these planes, and its presence in samples gathered
considerably later. To establish a standard for putting the Reservists’ exposures in context, the
Committee assembled existing health exposure guidelines for TCDD and considered the
assumptions underlying them. These topics are discussed in this chapter.
PHYSICOCHEMICAL PROPERTIES OF TCDD IN THE INDOOR ENVIRONMENT
2,3,7,8-TCDD is a persistent organic pollutant and stable in the environment. It has very
low water solubility and is typically removed from water and soil surfaces by photolysis and
volatilization. The photolysis half-life at the water's surface has been estimated to range from 21
hours in summer to 118 hours in winter. The volatilization half-life from the water column of an
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environmental pond has been estimated to be 46 days; however, when the effects of adsorption to
sediment are considered, the volatilization model predicts an overall volatilization removal halflife of over 50 years. Photodegradation on terrestrial surfaces may be an important
transformation process. Volatilization from soil surfaces during warm conditions may be a major
removal mechanism. The persistence half-life of TCDD on soil surfaces may vary from less than
1 year to 3 years, but half-lives in soil interiors may be as long as 12 years (EPA, 1992).
Photodegradation is responsible for removal of TCDD from many surfaces (Karch et al., 2004).
This phenomenon would be largely responsible for the failure to detect TCDD on the exteriors of
the C-123s, but it would not be a major function on the aircraft’s interiors, where flux toward
equilibrium among media would be expected to dominate, with removal by airflow.
The physicochemical properties of a compound provide the scientific basis for
determining how and to what extent a chemical may come into contact with the “outer boundary
of a human,” the final step required for exposure to occur as defined by the US Army’s Center
for Health Promotion and Preventive Medicine (CHPPM, 2009). Thirty-year-old residues
deposited on a surface might be assumed to be effectively chemically inert as purported by VA
(http://www.publichealth.va.gov/exposures/agentorange/locations/residue-c123aircraft/scientific-review.asp; accessed August 21, 2014) on the basis of reports from Young and
Young (2012, 2013b). In fact, however, semi-volatile organic compounds (SVOCs), such as
TCDD, are in constant flux around equilibrium.
Prior to reviewing past interpretations of the available sampling data, it is worthwhile to
explore the theoretical distribution of TCDD and other SVOCs in the indoor environment and
relate this to the exposure potential for AF Reserve personnel who served on C-123s that had
formerly sprayed defoliants in Vietnam. The Committee subscribes to the concepts related to
fugacity as described in Weschler and Nazaroff (2008) that provide a holistic and dynamic view
of multimedia transfer of these chemicals. These concepts hold that:
1. equilibrium partitioning of SVOCs between liquids, gas-phase air,
airborne particles, dust on surfaces, residues or films on surfaces, and
humans, governs the fate and transport of these chemicals;
2. with a saturation vapor pressure of 3.9 × 10−12 atm, TCDD is classified as
an SVOC (where SVOCs are defined as having vapor pressures between
10−14 and 10−4);
3. indoor surfaces have films (i.e., a mix of organics, inorganic ions, water,
and particles) that interact with gas-phase SVOCs; it is likely that these
films play a larger role than bare surfaces in transport and exposure;
4. most indoor environments are dynamic, resulting in exchanges in mass
across compartments that are nearly continuously in flux.
From these concepts we can assume that a satisfactory sampling scheme would involve
multiple media types (such as air, residue or films, and dust). If it is present in one medium, a
SVOC like TCDD would be expected to partition into other environmental compartments, as has
been demonstrated for the SVOCs phthalates inside a stainless steel chamber (Liang and Xu,
2014). Processes (such as ventilation and cleaning) may remove chemicals from one
compartment; however, if a reservoir exists, over time dynamic partitioning will likely replenish
the chemical to a state of equilibrium.
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The nature of films that can harbor organic chemicals on non-porous surfaces has been
established on glass (Liu et al., 2003) and on metal surfaces (Wallace et al., 2014). Together, these
articles demonstrate that in environments where there are organic materials an organic film will
coat the types of inert surfaces (i.e., metals, glass, and plastic) that are found inside aircraft. The
thickness of the film will depend on the type of organic material present (for example, skin oils
and greases used or present in aircraft), temperature, and time since the surface was cleaned by
some process such as heating, wiping, or solvent treatment. The organic film then serves as the
medium into which SVOC will be absorbed through an equilibrium process.
Exposures to herbicide and TCDD residues in the C-123s could occur via three pathways:
dermal, inhalation, and ingestion. The characterization of external exposure for each pathway
needs to incorporate the concentrations in the relevant media that reach a body boundary, the
frequency of that contact, and the duration of the contact. Those data, when coupled with the
transference or uptake into the body can provide an internal exposure or dose.
The principle that SVOCs (including TCDD) migrate “downhill” along thermodynamic
gradients is generally accepted by physical chemists (Mackay, 2001) and the exposure assessment
community (Bennett and Furtaw, 2004; Weschler and Nazaroff, 2008). The former Operation
Ranch Hand (ORH) C-123s were contaminated with TCDD and the AF Reservists were
“downhill” when inside the planes. As a consequence, they would have been exposed to TCDD,
but the magnitude of the doses they received are quite uncertain.
EXISTING HEALTH GUIDELINES FOR TCDD EXPOSURE
Screening guidelines are derived as standards for assessing whether further action is
appropriate for a particular situation because of the possibility of adverse health outcomes of any
sort in a group. They are not meant to predict the number of adverse events that will be observed,
but are intended to be protective of a broad range of activities and sensitivities.
Although TCDD is a naturally occurring combustion product, it has never been an intended
product of any industrial process. Consequently, although dioxin guidelines have been developed
by expert bodies such as the US Environmental Protection Agency (EPA) and the World Health
Organization (WHO) in an effort to protect the general population from harmful levels of intake
from environmental sources, TCDD itself has not been a common target of occupational
regulation.
In the past, PCBs were purposefully handled in industrial settings and became of increased
concern as the adverse consequences of dispersed and combusted PCBs following transformer fires
came to light. This necessitated development of re-entry standards for fire-impacted buildings. The
recognition that most of the toxicity of PCBs and also furans results from specific congeners that
share the AH-receptor mechanism of action with TCDD with a lower degree of potency has
permitted development of a unified measure of toxic potency for dioxins, PCBs, and furans.
Exposure standards for these chemicals have been set in terms of TEQs, which are the summed
TEFs weighted by the measured amount of their associated congener in a particular analyzed
sample.
Various agencies and other groups have proposed guidelines for exposure to TCDD and
dioxin-like chemicals through different routes. The recommended surface and air concentrations
are guidelines for total intake (a surface contamination guideline is based upon the predicted
dermal and indirect ingestion uptake that would provide a specified total intake). A surface
contamination guideline assumes that there is no TCDD exposure through air and a TCDD air
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uptake guideline assumes that inhalation is the only exposure source of TCDD. When there are
multiple routes of exposure, the allowable uptakes through surface contact and through air must be
modified so that the corresponding guideline for total uptake is not exceeded.
All of the TCDD guidelines in Table 2-1 are for a weighted sum of different congeners and
are expressed in terms of TEQs. Results in terms of TEQs were not presented for all the interior C123 samples but, as demonstrated in the 1994 sampling of “Patches” (USAF, 1994), the vast
majority of TEQs measured in samples from C-123 aircraft are derived from their TCDD content
alone, as is characteristic of exposures derived from AO. As a result, exposure limits in terms of
TEQs provide an appropriate standard for comparison with TCDD samples drawn from the
interior of the C-123 aircraft that had sprayed herbicides in Vietnam.
Like estimation of the amount of exposure experienced, estimation of the dose-response
portion of the risk assessment calculations entails many sources of uncertainty. Although
determination of an agent’s toxicity to humans is the objective, the numerous uncontrolled
factors involved in epidemiologic results (which underlie conclusions concerning association
reached in IOM’s Veterans and Agent Orange series) dictate that results of laboratory
experiments are most often used. The estimates of toxic potency underlying the guidelines
referred to by the Committee in assessing concern about the exposure of AF Reservists who used
C-123s that had sprayed herbicides in Vietnam have been derived from controlled animal
studies. TCDD guidelines based on noncancer outcomes most often have been based on
developmental effects, but a reduction in semen quality among young men exposed during the
Seveso industrial accident (Moccarelli et al., 2008) was a determining factor in the noncancer
reference dose (RfD) derived in a decades-long process (EPA, 2012).
For cancer outcomes (which are recognized among the adverse health effects associated
with TCDD), the once generally accepted assumption of low-dose linearity dictates that some
increase in risk is associated with any exposure—down to infinitesimal amounts that would be
inconsequential. The resulting guideline, which is intended to protect against the occurrence of
any cancer, will generally result in a lower concentration of the substance being regarded as safe
than would be determined for a noncancer endpoint. For noncancer adverse effects (several of
which are also on TCDD’s generally accepted list of adverse outcomes), it has been thought that
there is some level of exposure below which no toxic response would occur. It is now thought
that such “threshold” dose-response models may also be applicable to certain mechanisms of
toxicity that contribute to carcinogenesis. TCDD’s aryl-hydrocarbon-receptor-mediated mode of
biological activity, shared by other dioxin-like chemicals, appears to fit in this category. Small
increments in exposure in a “threshold” situation do not pose a health threat if total exposure to
agents with the mechanism of action in question is well below the estimated point of inflection in
the dose-response curve. However, when “background” exposure experienced by the general
public is still very close to “tolerable” daily intakes (TDIs in Table 2-1), a modest increment in
exposure from an additional source can move an individual’s total up to a level at which adverse
effects are plausible.
The TCDD exposure guidelines (Table 2-1) are of three types:
•
•
•

those expressed in terms of daily TCDD intake (from all routes) per body
weight (pg/kg-d),
those expressed as an air concentration (pg/m3), and
those expressed in terms of surface contamination (ng/m2).
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Most of these surface contamination and air guidelines were derived for protection of office
workers working in TCDD-contaminated buildings, and utilize exposure scenarios and
assumptions pertaining to work practices of office workers, such as breathing rates, rate of contact
of hands and arms with contaminated surfaces, percent of contaminant transferred to hands or arms
after surface contact, etc. Each of the guidelines involves assumptions intended to ensure that
keeping surface concentrations below the guideline would be protective of health. These healthprotective assumptions increase the likelihood that, even if the guideline were exceeded, there may
be no observable health effect in any individual in a population at risk. Screening levels are
developed as a preliminary means of establishing whether health risks are sufficiently plausible
that further investigation is needed, but for ORH C-123s and AF Reservists the information at hand
is all there will ever be for decision making.
Guidelines developed for protection of the general public from exposure to TCDD and
dioxin-like chemicals (focused on ingestion of food that has incorporated environmental
contamination) are not directly applicable to evaluating the occupational exposures of the AF
Reservists. They are, however, of interest in providing insight into cumulative lifetime intakes
regarded by expert bodies such as EPA, the Agency for Toxic Substances and Disease Registry,
and WHO, as falling at the borderline of acceptable. The Committee found that, although none
were a perfect match for the experience of the AF Reservists, the re-entry standards expressed in
terms of surface loading are most applicable for this situation.
Because fires involving PCB-containing equipment can release TCDD and PCB-related
combustion products into the environment in toxicologically relevant concentrations, such
fires are the basis for numerous federal and state regulatory and other actions designed to
reduce human harm. EPA’s “Transformer Rule” under TSCA (40 Code of Federal
Regulations, Part 761), for example, is a requirement to reduce hazards associated with
combustion by-products or contaminants of PCBs in the transformers.
In 1988, the National Research Council’s (NRC’s) Committee on Toxicology, organized a
Subcommittee on Dioxin that provided recommendations regarding acceptable contamination
concentrations for TCDD to protect worker health upon re-entry into an office building after a
transformer fire (NRC, 1988). At the time of the NRC report, four states (California,
Louisiana, New Mexico, and New York) had TCDD surface concentration guidelines for
worker re-entry after transformer fires in office buildings (see Table 2-1). The NRC
Subcommittee considered the recommended exposure guidelines put forth by the New York
State Department of Health’s risk assessment (Kim and Hawley, 1985) to be adequate for
protecting long-term office workers from the harmful effects of dioxin. The NY guidelines
were derived in part with a NOEL-safety factor approach, giving an assumed negligible
likelihood of non-cancer health effects in humans. The TCDD guidelines of 10 pg/m3 in air
and 25 ng/m2 on surfaces correspond to a 2 pg/kg allowable daily intake over 30 year
exposure period for a 50-kg office worker. The upper bound on lifetime cancer risk associated
with the NY TCDD guidelines is 2 × 10−4.

PREPUBLICATION COPY – UNCORRECTED PROOFS
17

Copyright © National Academy of Sciences. All rights reserved.

Building
Re-entry

Intended
Application
(Name)
Occupational
Air Standard
(TLV)
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10

3

25

25

Surface
Loading
(ng/m2)

65–70-kg
adult office
worker

adult office
worker

< 2 × 10−4
cancer

1 × 10−6 to
5 × 10−5
cancer

50-kg adult
office worker

70-kg adult

9 × 10−8 to
2 × 10−4
cancer

4 × 10−4 to
4 × 10−3
cancer

Lifetime Risk

Population
Targeted by
Guideline

18
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1.8–23

10

2

National
Research
Council
(NRC, 1988)

NRC Table 2
California
(Gravitz et al.,
1983)

10

10

Air
Concentratio
n (pg/m3)

2

Daily Intake
(pg/kg-d)

State of New
York
(Kim and
Hawley, 1985)

Germany
(German
MAK-Wert,
1999)

Authority
(Citation)

Guideline (TEQs)

TABLE 2-1 Available Guidelines Concerning Exposure to TCDD

Working
lifetime

30 yrs

250 days/yr,
30 years

40-yr
working
lifetime

Exposure
Duration

Air:
inhalation;
Surface
residues:
ingestion,
inhalation
Air:
inhalation;
Surface
residues:
ingestion,
inhalation

Air:
inhalation

Routes
Included in
Guideline
(source-mode
of entry)
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ATSDR 1998

ATSDR 1998

ATSDR 1998

Australia and

(MRL)

(MRL)
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(PTI)

70-kg adult

1 × 10−4
cancer

General

General
public

General
public
General
public

Long-term
office
workers

1 × 10−6
cancer

< 1 × 10−6
cancer

Lifetime Risk

Population
Targeted by
Guideline
Adult office
worker
65-kg adult
office worker
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70 pg/kg-

1

20

2

25

Surface
Loading
(ng/m2)
1

World Trade
Center Working
Group
(WTC, 2003)

1

1.5

Air
Concentratio
n (pg/m3)
2

3.5

200

26–650

Daily Intake
(pg/kg-d)

Technical Guide
312
(CHPPM, 2009)

Authority
(Citation)
New Mexico
(Melius, 1985)
Louisiana
(NRC, 1988)

General
Public
(MRL)

Intended
Application
(Name)

Guideline (TEQs)

Cumulative

Acute
(< 15 days)
Intermediate
(15–364
days)
Chronic
(≥ 365 days)

Residence
for 30 yrs,
365 days/yr,
24 hr/day

Exposure
Duration
Working
lifetime
Working
lifetime

Oral

Oral

Oral

Oral

Surface
residues:
ingestion,
dermal, and
inhalation
Air:
inhalation;
Settled dust:
ingestion,
dermal

Routes
Included in
Guideline
(source-mode
of entry)
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(TDI)

(PTI)

(TDI)

(TDI)

(TDI)

Intended
Application
(Name)

JECFA
(WHO,
2002a,b)

Japan
(Japanese
EA,1999)
Denmark,
Finland,
Sweden
(Johansson
and Hanberg,
2000)
Netherlands
(RIVM, 2001)
European
Commission’s
Scientific
Committee on
Food
(EC, 2001)

Authority
(Citation)
Canada
(WHO,
2002a,b)

Air
Concentratio
n (pg/m3)
Surface
Loading
(ng/m2)
Lifetime Risk

General
public

General
public
General
public

General
public

Population
Targeted by
Guideline
public
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14 pg/kgweek TEQ
for dioxins,
furans, and
PCBs
~ 2 pg/kg-d
for TCDD
~ 1 pg/kg-d

1-4

5

Daily Intake
(pg/kg-d)
month TEQ
for dioxins,
furans, and
PCBs
~ 2.3 pg/kg-d
for TCDD
4

Guideline (TEQs)

Oral

Oral

Lifetime

Chronic

Oral

Oral

Chronic

Chronic

Exposure
Duration
over
extended
period

Routes
Included in
Guideline
(source-mode
of entry)
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US EPA
(EPA, 2000)
US EPA
(EPA, 2012)
IRIS
California EPA
(1999)

Authority
(Citation)
UK Environment
Agency
(UKEA, 2009)

10

Daily Intake
(pg/kg-d)
2
[retained
standard set
in 2003]
1.5 x 10−4
(pg/kg-d) −1
0.7
40

Air
Concentratio
n (pg/m3)
Surface
Loading
(ng/m2)
Lifetime Risk

General
public

General
public
General
public

Population
Targeted by
Guideline
General
public

Continuous
exposure
over lifetime
Lifetime

Lifetime

Exposure
Duration
Chronic

Oral and
inhalation
Oral

Routes
Included in
Guideline
(source-mode
of entry)
Oral
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NOTES: ADI, acceptable daily intake; ATSDR, Agency for Toxic Substances and Disease Registry; CSF, cancer slope factor; kg-time, body weight of exposed
individual over specified time period; EPA, Environmental Protection Agency; JECFA, Joint FAO/WHO Expert Committee on Food Additives; LADD, lifetime
average daily dose; LOAEL, lowest observed adverse effect level; MRL, minimal risk level (daily human exposure that is likely to be without appreciable risk of
adverse, non-cancer effects over a specified duration of exposure—ATSDR); NOEL, no observed effect level; NRC, National Research Council; OEL, occupational
exposure limit; PTI, provisional tolerable intake; RfD, reference dose (estimate with uncertainty spanning about an order of magnitude of a daily exposure likely to be
without appreciable risk of deleterious non-cancer effects during a lifetime); TDI, tolerable daily intake; TLV, threshold limit value; TWA, time-weighted average.

(RfD)

(CSF)

Intended
Application
(Name)
(TDI)

Guideline (TEQs)
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In Technical Guide 312 (TG 312) the Army Center for Health Promotion and
Preventive Medicine (CHPPM, 2009) derives TCDD surface wipe screening levels (SWSLs)
for long-term office workers. The screening level assumes exposure to contaminated surfaces
through dermal contact and absorption, incidental ingestion by hand-to-mouth behaviors, and
inhalation through breathing re-suspended particulates. The upper bound cancer risk is set to
1 × 10−6 for a 70-kg office worker over a 10-year exposure duration. Environmental samples
with concentrations above the SWSL for TCDD are an indication for a more thorough health
risk assessment for the site with more specific exposure parameters. A comparison of
observed surface concentrations to the calculated TG 312 guidelines does not definitively
distinguish between “safe and unsafe” environmental conditions, nor is an exceedance an
“absolute predictor” of adverse health effects. Another military surface loading guideline was
found in an AF interpretation of the sampling data (USAF, 2009b). It was said to be 22
ng/m2, but should have been 1.1 ng/m2 if it had correctly factored in the more sensitive
dermal pathway as it was alleged to do (see discussion of Table 4-1).
In addition, after identifying dioxin as one of six contaminants of potential concern,
the World Trade Center Indoor Air Task Force Working Group (WTC, 2003) went on to
establish residential re-entry guidelines for each of these substances. To protect against a
cancer risk of 10−4 for 70-kg adults living in a residence fulltime for 30 years, guidelines of 1
pg/m3 indoor air was set for inhalation and 2 ng/m2 in settled dust for dermal absorption and
ingestion.
The guidelines for surface loading seem to be most applicable to the occupational
situation this Committee is evaluating. Also, almost all the usable TCDD sampling results
happen to be measurements from surface wipes. These screening guidelines in TEQs for
surface loading range from 1 to 25 ng/m2, including the 3.5 ng/m2 derived by CHPPM and
the 22 ng/m2 (or more correctly, 1.1 ng/m2) guideline from the 2009 AF report. It is
interesting to note the trend in these guidelines toward increasing stringency with the passage
of time, a larger body of epidemiologic and experimental results, and improving
understanding of the underlying biologic processes.
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3

Air Force Use of the C-123 Provider:
Background and Sampling Data

The Fairchild C-123 Provider is a short-range military assault aircraft used by the Air
Force (AF) in Vietnam. Designed by the Chase Aircraft Company in New Jersey and built by
Fairchild Industries in Hagerstown, Maryland, the C-123 was utilized in Vietnam for a range of
tactical missions including transportation of military personnel and equipment, evacuation of
wounded soldiers, and supply operations for advanced combat positions. This chapter provides
background information about the use of C-123 Provider aircraft in Vietnam and their
subsequent use by AF Reserve personnel in the United States. Descriptions of air and wipe
samples collected from some of these aircraft between 1979 and 2009 by the United States Air
Force (USAF), are also presented.
USE OF C-123s IN VIETNAM
During the military conflict in Vietnam, Fairchild UC-123 aircraft were used for
defoliation missions to destroy enemy food supplies, and to clear and expose enemy
transportation and infiltration routes (IOM, 1994; Young, 2009; Young and Newton, 2004).
“UC” was a designation given to C-123 aircraft that were equipped with spray apparatus. The
UC-123s were used to spray 88% of all herbicides used in Vietnam (AF Working Paper, 1979).
Herbicide formulations used in defoliation efforts were composed of four compounds—2,4dichlorophenoxyacetic acid (2,4-D), 2,4,5-trichlorophenoxyacetic acid (2,4,5-T), 4-amino-3,5,6trichloropicolinic acid (picloram), and dimethylarsinic acid (cacodylic acid). An estimated 69 to
77 million liters of herbicides were sprayed over roughly 3.6 million acres in Vietnam between
1961 and 1971 (NRC, 1974; Stellman et al., 2003). The specific herbicide formulations (named
for the band of color around each 55-gallon storage drum—Agents Pink, Green, Purple, Orange,
White, and Blue), chemical composition, TCDD concentration, year used, and quantity sprayed
are shown in Table 3-1.
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TABLE 3-1 Military Use of Herbicides in Vietnam (1961–1971)
Code
Name
Chemical Constituentsa
Formulations with TCDD contamination
Pink
60% n-butyl ester,
40% isobutyl ester of 2,4,5-T

TCDD
Concentration

Years
Useda

Sprayed
VAO Estimateb Revised Estimatea

65.6 ppm

1961,
1965

464,817 L
(122,792 gal)

1961,
1965
1962–1965

31,071 L
(8,208 gal)
548,883 L
(145,000 gal)

Green

n-butyl ester of 2,4,5-T

65.6 ppm

Purple

50% n-butyl ester of 2,4-D,
30% n-butyl ester of 2,4,5-T,
20% isobutyl ester of 2,4,5-T
50% n-butyl ester of 2,4-D,
50% n-butyl ester of 2,4,5-T

Up to 45 ppm

Orange
Orange II

50% n-butyl ester of 2,4-D,
50% isooctyl ester of 2,4,5-T

0.05–50 ppm
1965–1970
(average,
1.98–2.99 ppm)
0.05–50 ppm
After 1968
(average,
1.98–2.99 ppm)

Formulations Without TCDD contamination
White
Acid weight basis: 21.2%
None
1966–1971
triisopropanolamine salts of
2,4-D, 5.7% picloram
Blue
Cacodylic acid (dimethylarsinic None
1962–1964
powder
acid) sodium cacodylate
Blue
21% sodium cacodylate +
None
1964–1971
Aqueous
cacodylic acid to yield at least
solution
26% total acid equivalent by
weight
Total, all
—
—
formulations
SOURCE: Adapted from IOM, 2009, 2011.
a
Based on Stellman et al., 2003.
b
Based on data from MRI, 1967; NRC, 1974; Young and Reggiani, 1988.

42,629,013 L
(11,261,429 gal)
—

50,312 L sprayed;
413,852 L more on
procurement records
31,026 L on
procurement records
1,892,733 L
45,677,937 L
(could include Agent
Orange II)
Unknown; at least
3,591,000 L shipped

19,860,108 L
(5,246,502 gal)

20,556,525 L

—

25,650 L

4,255,952 L
(1,124,307 gal)

4,715,731 L

67,789,844 L
(17,908,238 gal)

76,954,766 L
(including procured)

Operation Ranch Hand
Historically, the approximately 1,261 AF personnel involved in the UC-123 fixed-wing
aircraft spray activities in Vietnam between 1962 and 1971 (codenamed Operation Ranch Hand
[ORH]) have been considered among the most highly exposed workers to the chemicals that
were in the defoliants. Defoliation spray missions were carried out by highly-trained threeperson crews of male Ranch Hand (RH) personnel consisting of a pilot, copilot/navigator, and a
spray equipment console operator. Personnel who provided primary maintenance for the ORH
UC-123s were also potentially exposed to herbicides (AF Working Paper, 1979). Lurker et al.
(2014) reported that each aircraft flew about 6,000 herbicide missions and became heavily
contaminated with chemical residues during loading, maintenance, fueling, and while on
missions. RH crews had the potential for exposure when flying with the cockpit windows or rear
cargo door open, flying through previously sprayed airspace, or by exposure to broken or
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malfunctioning spray lines or spillage from storage tanks. The extent of exposure of RH ground
crews or C-123 flight personnel in Vietnam has not been documented, but estimates of exposure
based on days of exposure, percentage of skin exposed, the concentration of herbicide
formulations, and serum TCDD concentrations, show that this population had the potential for
high exposures (Michalek et al., 1995).
USE OF C-123s AFTER THE VIETNAM CONFLICT
In 1970, the herbicide 2,4,5-T, which was included in the chemical formulations for
Agent Orange (AO) (or Herbicide Orange), Agent Green, Agent Pink, and Agent Purple, was
found to be contaminated with a byproduct of manufacturing, 2,3,7,8-tetrachlorodibenzo-pdioxin (TCDD) or dioxin. Shortly thereafter, AO ORH missions were terminated after a
toxicologic study found that TCDD caused congenital abnormalities in pregnant rodents
(Courtney et al., 1970; Lindquist and Ullberg, 1971; Robinson et al., 2006). In late 1971, the
White House issued an Executive Order, calling for the phasing out of all herbicide spray
activities in Vietnam (AF Working Paper, 1979; Cecil, 1986). TCDD concentrations in AO
samples taken after the Vietnam conflict varied from 0.5 parts per million (ppm) to nearly 66
ppm, with an average of 2–3 ppm (NRC, 1974, Young et al., 1978). At that time in the United
States, TCDD contamination of 2,4,5-T could not exceed 0.5 ppm (NRC, 1974).
Between April 1969 and February 1972, 32–33 UC-123 aircraft used for ORH returned to
the continental United States. Table B-1 in Appendix B lists information on 41 of these aircraft
compiled from Carter (2013), Alvin L. Young (personal communication, May 5, 2014), Young
(2014), and Young and Young (2014a,b). Young and Young (2012, 2014a) report that of the
former ORH aircraft, approximately 24 were distributed among USAF Reserve units in the
United States and thirteen were transferred to the Military Assistance Program (MAP), a
program designed to sell aircraft to other nations for their military and domestic use.
Considerable effort by a number of parties has failed to establish exactly how many C-123s the
military had in Vietnam; how many of them for insecticides; how many were used for spraying
herbicides (the ones referred to in this report as OHR C-123s); how many were returned to the
United States; or how many OHR C-123s and how many C123s that had not been in Vietnam
were allocated to the various reserve units.
All C-123s returning to the US from Vietnam passed through the Military Aircraft
Storage and Disposal Center (MASDC), which adjoins the Davis-Monthan Air Force Base
(AFB) in Tucson, Arizona (Young and Young, 2014a,b). The MASDC facility operated as an
aircraft storage, preservation, and maintenance facility for all the United States Armed Forces.
Typically aircraft arriving at this facility were reconditioned and returned to service; however,
unsalvageable aircraft could be used for spare parts or target practice, transferred to other
locations for museum displays, or smelted down into metal ingots and recycled (AMARG,
2014). Aircraft that arrived at this facility from Vietnam were stored for 3–6 months, during
which time the spray tanks and booms were removed from the aircraft (Young and Young,
2014b).
Once spray equipment was removed from serviceable ORH aircraft, the C-123s were
ferried to the Hayes Aircraft Facility at Napier Field, in Dothan, Alabama, to undergo
reconditioning. The reconditioning process took between 3–6 months. Historical documents are
at odds with veteran testimony provided to the Committee regarding the efficacy of the
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reconditioning processes. Descriptions of the C-123 reconditioning process included cockpit
standardization and engine repair; removal and replacement of all armor, seats, damaged
flooring, and fuselage; instillation of new oxygen systems; industrial vacuuming; and internal
and external cleaning and painting as appropriate for future use (Alvin L. Young, A.L. Young
Consulting, Inc., personal communication, May 5, 2014; Young, 2014). Written testimony
provided by the C-123 Veterans Association to the Committee, however, reported that the
aircraft returning from Vietnam received only basic maintenance at a repair depot and needed
extensive rehabilitation by maintenance personnel. AF Reserve personnel reported that some C123 aircraft arrived needing seats replaced, new litter stanchions, litter straps, first aid kits,
matting, and in some aircraft, navigator stations. The exterior of some aircraft were patched but
not repainted. The veteran’s account stated that the AF Reserve crews worked to remove residue
from the interior of the C-123 aircraft and exterior washing was undertaken with soap solutions
applied with brushes and pressurized spray equipment (Carter, 2014a).
Assignment of C-123s to AF Reserve Units
Once cleared from Napier Field, C-123 aircraft formerly used for ORH were assigned to
AF Reserve units or sold overseas. The C-123s that remained in the United States were
transferred to the 906th or 907th Tactical Air Groups (TAGs) located at the
Lockbourne/Rickenbacker AFB in OH, the 911th TAG located at Pittsburgh International
Airport in Pennsylvania, or the 731st Tactical Air Squadron (TAS) at Westover AFB in
Massachusetts. The C-123s transferred to TAGs or TASs were used between 1972 and 1982 by
AF Reserve personnel for military airlifts, medical transport, and cargo transport in the United
States and internationally. Thirteen former ORH C-123s were sold through the Military
Assistance Program to other countries, including El Salvador, Korea, Laos, the Philippines,
South Vietnam, and Thailand (detailed information is included in Table B-1 in Appendix B).
AF Reserve Work Practices on Repurposed C-123s
Between 1972 and 1982, approximately 1,500–2,100 AF Reservists worked aboard C123 aircraft that had previously been used to spray herbicides in Vietnam. It has been estimated
that approximately one-third of all the C-123 aircraft used by AF Reservists were former ORH
planes (Alvin L. Young, A.L. Young Consulting, Inc., personal communication, August 10,
2014). AF Reserve crews were assigned to different aircraft for each mission so it is likely that
they spent time in ORH C-123s sometime during their service (Carter, 2014b). Traditional AF
Reservists worked one weekend per month plus one 2-week training session annually. Some
maintenance and flight crews worked 5-10 days per month and other maintenance and flight
crews worked full-time, either as Reservists or as Air Reserve Technicians (Carter, 2014a). Each
C-123 flight crew included a pilot, navigator, flight engineer, and a loadmaster. In addition to the
flight crew, maintenance personnel, paratroopers, and aero-medical personnel (including nurses),
all had duties which could have brought them in contact with former ORH C-123s (Alvin L.
Young, A.L. Young Consulting, Inc., personal communication, May 5, 2014).
The length of time AF Reserve crew members spent aboard C-123s (both in flight and on
the ground) could vary from 4.5 to 12 hours per shift depending on the mission or circumstances
(Carter, 2014b). Typical pilot training and aeromedical evacuation missions were 4 hours in
length; missions involving transport of weapons, explosives, or vehicles could be much longer.
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Cross country training missions were typically 4–7 hours to reach a specific destination away
from home base. Deployments to Europe or South America lasting up to 12 hours in length were
conducted with extended range fuel tanks (Carter, 2014b).
According to former AF Reservists, a flight mechanic would complete a 1.5 hour preflight inspection prior to each mission. Loadmasters required approximately 1.5 hours to prepare
for aeromedical evacuations or missions involving an air drop of cargo or personnel. Static
ground training missions held on the tarmac required crews to remain in C-123s for long periods
of time. These immobile training sessions, during which crew members would rotate through
different crew positions for training purposes, could last as long as a regular in-flight mission.
For medical missions, aircrew would test medical systems, place litter straps and stanchions in
place, and load, test, and store equipment. Medical personnel had contact with the floor while
working along gurneys that were close to the floor. During training missions, AF Reservists
simulated patients who were loaded and “treated” in flight. During routine flight operations,
flight crews sat on the floor, reclined, kneeled, sat on bucket seats, or crawled while completing
their duties or doing maintenance work. Crew members routinely touched the deck, top, and
sides of the aircraft interior. Maintenance personnel were even more intensely in contact with the
aircraft interior surfaces (Carter, 2014a). Maintenance workers were tasked with painting, sheet
metal work, wiring, grinding, fabricating, component replacement, complex welding, fabric
work, anti-corrosion, alignment, and tuning.
C-123 crew members were issued Nomex™ flight suits, jackets, and gloves that were
similar to those worn by other airplane crews. The Nomex™ flame resistant flight suits were not
designed to protect the flight crews from chemical exposures; gloves could be removed and
sleeves could be rolled up. After flight, the suits were handled, laundered, and stored by the
individual crew members. Because C-123 aircraft were neither heated nor air-conditioned, winter
operations typically required long johns, parkas or winter flight jackets, wool watch caps, and
winter flying boots. No hazmat gear was issued, but maintenance personnel would wear
appropriate protection for specific ground tasks (for example painting, cleaning or filling fuel
tanks, or working with anti-corrosives).
Reservists typically brought their meals with them on flights, which were stored in the
cooler tail sections of the aircraft because no refrigeration facilities were onboard. Meals, which
were usually sandwiches, were consumed while in flight. Fresh coffee and water were provided
for each flight. There were no sanitation facilities inside the aircraft and only Handi Wipes® were
available for personal hygiene.
The committee notes that a considerable amount of information necessary for meaningful
quantitative estimation of the Reservists’ exposure proved not to be recoverable at all or remained
resistant to reconciliation of the content provided by various sources. For instance, considerable
effort has failed to establish exactly how many C-123s the military had in Vietnam; how many of
them for insecticides; how many were used for spraying herbicides (the ones referred to in this
report as OHR C-123s), how many were returned to the United States, how many OHR C-123s
and how many C123s that had not been in Vietnam were allocated to the various reserve units.

PREPUBLICATION COPY – UNCORRECTED PROOFS
27

Copyright © National Academy of Sciences. All rights reserved.

Post-Vietnam Dioxin Exposure in Agent Orange-Contaminated C-123 Aircraft

CONCERNS ARISE ABOUT EXPOSURE TO HERBICIDES
Air Force Health Study
In 1979, a commitment was made by the AF to study potential adverse health effects in
RH personnel (AFHS, 1982). No exposure information was available for this cohort; no air or
wipe samples were taken from RH aircraft while being used in Vietnam as part of ORH. After an
extended peer review process, the Air Force Health Study (AFHS) protocol was approved in
1982 calling for a matched-cohort design in a non-concurrent prospective setting to evaluate
morbidity, mortality, and reproductive health in RH veterans (AFHS, 1982). The AFHS protocol
called for six comprehensive physical examinations to be completed within a 20-year period.
According to an AF Working Paper prepared by the USAF School of Aerospace
Medicine, the AF Reserve population was initially considered as a comparison population for the
AFHS, but was dropped from consideration because the population was too small (identified as
less than 3,000 people) and because “many of the Ranch Hand aircraft were reconfigured for
transport and insecticide missions and thus, non-Ranch Hand crews responsible for these other
missions, may have been exposed to significant Herbicide Orange residues in these aircraft …
this group may not have been truly unexposed to herbicides, and was discarded as an appropriate
control population” (AF Working Paper, 1979, p. V-4). AF personnel who flew C-130 aircraft in
Southeast Asia during the same time as RH personnel were eventually selected as the
comparison population for the AFHS.
The initial study population consisted of 1,269 RHs and 24,971 comparison veterans,
non-exposed AF veterans who served in Southeast Asia between 1962 and 1971 (AFHS, 1983).
During the course of the six examination cycles—in 1979, 1982, 1987, 1992, 1997, and 2002—
more than 80,000 biological specimens were collected and stored and 1,800 serum TCDD
concentrations were measured in RH veterans who had blood draws (AFHS, 1991, 1995, 2000;
Robinson et al., 2006).
Although several epidemiologic studies were published on AFHS physical examination
results, few significant findings have been reported in RH veterans. Diabetes, described as “the
most important dioxin-related health problem seen in the AFHS,” was found to be 21% higher in
AFHS participants when compared to the comparison group (AFHS, 2005; Michalek and Pavuk,
2008). The various epidemiological studies of the RH cohort generally lack the power to detect
elevated cancer rates consistent with doses reconstructed from biomonitoring and the
carcinogenic slope factor last endorsed by US Environmental Protection Agency (EPA, 2012).
Therefore, lack of positive epidemiological evidence in RH personnel (itself a matter of some
dispute) does not preclude an elevated carcinogenic risk for the AF Reservists, particularly since
TCDD has been found to be carcinogenic to humans by the International Agency for Research
on Cancer (McGregor et al., 1998) and no safe level has been determined.
The experience of RH personnel, both during their service in Vietnam and as participants
in the AFHS, provides important historical context for how C-123 aircraft became contaminated
with herbicides and how the unique exposure of the RH cohort may have impacted their health.
It must be noted, however, that the experience of RH personnel is peripheral to the current
Committee’s charge. This IOM committee is charged with examining the potential exposure of
AF Reserve personnel who worked and trained aboard C-123 aircraft that were used by RH
personnel for herbicide spray operations in Vietnam. The determination of any potential
exposure—or level of exposure—of AF Reserve personnel will be considered by an evaluation
PREPUBLICATION COPY – UNCORRECTED PROOFS
28

Copyright © National Academy of Sciences. All rights reserved.

Post-Vietnam Dioxin Exposure in Agent Orange-Contaminated C-123 Aircraft

of data that is directly relevant to their unique exposure opportunity. Their daily work
environment was aboard C-123 aircraft that were formerly used to spray herbicides and samples
taken of these aircraft indicate that chemical residues remained. The potential exposures for AF
Reserve personnel will be evaluated strictly on that basis by this Committee, not by direct
extrapolation from the health experience of RH personnel.
RESIDUAL CHEMICALS IN FORMER ORH AIRCRAFT
Existing Sampling Data
“Patches” Sampling Data (1975, 1979)
Among the C-123s used by AF Reserve personnel between 1972 and 1982, was
“Patches” (aircraft tail number 56-4362). “Patches” was hit more than 500 times by enemy
ground fire while being flown for ORH defoliation missions in Vietnam, and earned its
nickname for the numerous metal patches applied to cover and repair its many holes (Cecil and
Young, 2008). Most flight records and historical documents provided to the Committee indicated
that “Patches” flew herbicides missions in Vietnam from 1961–1965 (USAF, 1979; Young and
Young, 2014a); although at least one record reproduced from the USAF Historical Records
Research Agency indicated that “Patches” was not converted to spray herbicides or insecticides
until 1967 (Carter, 2013). After 1967, “Patches” was assigned to insecticide spray missions in
South Vietnam as part of Operation FLYSWATTER (Young and Young, 2014a).
Several AF Reserve personnel recall flying on former ORH C-123s that had an
“overwhelming chemical smell,” and “Patches” was one of the C-123s reported to have
objectionable chemical smells in its cabin (Battista, 2014; Carter 2013; Cecil and Young, 2008).
Although TCDD is odorless and colorless, Cecil and Young (2008) described “Patches” as
“reeking of malathion” that remained after years of spraying the insecticide while flying in
Vietnam as part of Operation FLYSWATTER. Accounts from AF Reserve personnel, however,
identified the odor as being from AO residue remaining in the aircraft (Battista, 2014; Carter,
2013).
In 1975, a “black, viscous, odorous residue” was found in “Patches” while it was
undergoing a depot level wing modification at Hayes International Corporation in Dothan,
Alabama. A ‘sample of the residue, analyzed by the USAF Environmental Health Laboratory at
Kelly AFB, was determined to be malathion; no “Herbicide Orange” was identified in the sample
(USAF, 1979). Detailed results from this analysis were not made available to the Committee.
In April 1979, after crews from the 439th Tactical Air Command Hospital complained
about chemical odors while flying in “Patches,” air samples and a scrape sample were collected
and evaluated for Herbicide Orange (specifically testing for 2,4,5-T and 2,4-D) and malathion
(USAF, 1979). Surface loadings and air concentrations determined that 2,4,5-T butyl ester and
2,4-D isooctyl ester were present at sub mg/m3 quantities in the air and in paint scrapings (90 to
150 µg/kg) from cargo tie-down rings, documenting that these phenoxy herbicides were still
present in the aircraft (see Table 3-2). The phenoxy herbicides 2,4-D butyl ester and 2,4-D
isooctyl ester were components of AO and AO II, respectively, which were sprayed in Vietnam
by ORH. Based on the records of sampling, these air samples were collected over a 5-hour
period while the aircraft was stationary. The air samples were collected using chromosorb (c1-2),
which collects the vapor phase and (since no filter was specified in front of the tube) particulate
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matter. TCDD was not analyzed in the air or in paint scraping samples in 1979 (because
sufficiently sensitive analytic methods for identifying dioxin would not be developed until the
1980s, and even then the cost to analyze each sample was on the order of a thousand dollars).
The AF reported that the test results were low enough to “indicate no health hazard.”
TABLE 3-2 Interior sampling for Phenoxy Herbicides of C-123 Planes Used in Operation Ranch
Hand
Source

C-123 Tail Number

2,4,5-T

2,4-D

Location

Herbicide Air Samples (mg/m3)a
USAF (1979)

USAF (2009b)

56-4362a,b

55-4532
55-4571

0.14

0.11

Front starboard, 3 ft. above floor

0.19

0.23

Middle port, 3 ft. above floor

ND

ND

Rear starboard, 3 ft. above floor

ND

c

ND

c

Interior

ND

c

ND

c

Interior

Herbicide Scrape Samples (µg/kg)
USAF (1979)

56-4362

b

~ 150d

~ 92e

Cargo tiedown ring, center of plane

f

e

Cargo tiedown ring, center of plane

< 60

< 60

Herbicide Wipe Samples (µg/m2)
USAF (1996)

54-0607

2,600

3,400

< 95

< 81

Floor, right

130

< 81

Sprayline, left

< 95

< 81

Floor, right

54-0586

1,400

8,600

280

430

54-0628

< 95

< 81

Sprayline, left

< 95

< 81

Floor, right

-

-

2,600

3,100

Floor, left

1,000

7,700

Spray line, right

< 95

100

Floor, right

290

240

Spray line, left

1,400

2,200

Floor, left

560

1,100

Spray line, right

430

650

Floor, right

< 95

130

Spray line, right

650

600

Floor, right

41,000

38,000

220

140

1,500

<900

Sprayline, right

220

< 81

Floor, left

< 95

< 81

Spray line, right

54-0618

54-0693
54-0701
55-4520
55-4532
55-4571
55-4577
56-4371
55-4547

Spray line, right

Spray line, right
Floor, right

Spray line, right

Spray line, right
Floor, right
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USAF (2009b)

55-4532

55-4571

< 95

< 81

Floor, right

1,000

810

Interior floor-1

100

< 500

Interior floor-2

240

140

Interior floor-3

1,100

1,200

Interior floor-4

650

560

37

< 500

390

450

Interior rear frame

490

540

Interior floor-1

100

110

Interior floor-2

360

520

Interior floor-3

310

250

Interior floor-4

260

180

Front bulkhead wall

600

1,600

720

100

Interior rear frame‐1

840

780

Interior rear frame‐2

980

1,200

Interior rear frame‐3

Front bulkhead wall
Interior ceiling (between wings)

Interior ceiling (between wings)

a

The air sampling methods used on these two occasions differed, so results are not fully comparable.
C-123, Tail Number 56-4362 is known as “Patches.”
c
Detection limit not provided.
d
Detection limit provided but in incorrect units. Stated as 1 µg/100 m2 for 2,4,5-T and 4 µg/100 m2 for 2,4-D.
e
Butyl ester.
f
Isooctyl ester.
b

“Patches” Sampling Data (1994, 1995)
In 1980, the Air Force moved “Patches” to museum status and transferred the aircraft to
the USAF Museum (renamed the National Museum of the USAF in 2004) located at the WrightPatterson AFB in Dayton, Ohio, where it was displayed outside because of residual chemical
odors (Cecil and Young, 2008). Additional sampling of “Patches” was undertaken in 1994 when
plans were underway for repair work to the aircraft and it was slated to be moved to an indoor
display at the museum. For the protection of aircraft restoration personnel, wipe samples were
taken from the interior and exterior of the aircraft prior to starting restoration efforts. There was
some indication that the sample collection sites were in the section of the aircraft where AO is
likely to have been spilled or leaked during spray operations (USAF, 1994). Sampling locations
were from “areas of limited traffic near the agent orange spraying equipment” and these areas
were “somewhat protective of routine crew movement and routine historical maintenance”
(USAF, 1994). The 1994 sampling found TCDD in the interior of the aircraft, but not on the
exterior. The absence of TCDD on the exterior is consistent with its photo-degrading in sunlight.
The three interior TCDD measurements spanned a wide range (200 to 1,400 ng/m2) (see Table 33), and were determined to likely “be representative of other locations of limited traffic near the
agent orange spraying equipment,” but not considered to be “indicative of the surface
contamination throughout the entire cargo area of the aircraft” (USAF, 1994). As a result of the
1994 sampling, “Patches” was determined to be “highly contaminated” with polychlorinated
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dibenzodioxins (USAF, 1994). Restoration work was recommended for decontamination of the
aircraft using protective equipment and processes for containment of contaminated dust.
Thereafter, public entry was prohibited (USAF, 1994).
In a letter to the editor by Nieman (2014) concerning an article about potential exposures
aboard former ORH C-123s by Lurker et al. (2014), it was revealed that there had been
additional sampling of “Patches” in 1995; information about this episode of sampling and the
results (USAF, 1995a,b,c) were provided to the Committee on May 15, 2014. Samples collected
in 1995 from “Patches” were analyzed as composite samples of between 3 and 6 wipe samples.
Each group was collected from different sections of the aircraft, five from the interior sections
and five from exterior sections. Four of the interior composite samples, collected from the front
and mid-section of the aircraft were below detection limits (< 12 to < 20 ng/m2). The fifth
interior composite sample, collected from the rear of the aircraft, found a concentration of
30ng/m2. The 1995 sampling results are presented in Table 3-3.
TABLE 3-3 Interior Sampling for TCDD of C-123 Planes Used in Operation Ranch Hand
Source

C-123 Tail Number

Concentrationa

Location
3

TCDD air samples (pg/m )
USAF (2009b)

55-4571
55-4532

USAF (1996)

< 4.5

Interior

< 4.1
Interior
TCDD wipe samples (ng)
0.21b

unknown

6.9

b

Auxiliary power unit (APU)
Metal railing top of tank

TCDD wipe samples (ng/m2)
USAF (1994)

56-4362c

USAF (1995a,b,c)

56-4362c

USAF (2009b)

55-4532

200
250
1,400
30
< 15
< 12
< 20
< 13
24
25
28
12
4.8
8.1
13
18
27
21

55-4571

Horizontal surfaces “from areas
somewhat protective of routine crew
movement”
Interior rear
Front port
Front starboard
Center port
Center starboard
Interior floor-1
Interior floor-2
Interior floor-3
Interior floor-4
Front bulkhead wall
Interior ceiling (between wings)
Interior rear frame
Interior floor-1
Interior floor-2
Interior floor-3
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Source

C-123 Tail Number

Concentrationa

Location

4.3
Interior floor-4
7.1
Front bulkhead wall
1.0
Interior ceiling (between wings)
Interior rear frame‐1
9.3
Interior rear frame‐2
32
Interior rear frame‐3
10
a
It might have been preferable to consider TCDD results in terms of toxicity equivalents (TEQs) from all dioxin,
furan, and PCB congeners with “dioxin-like activity” through the aryl hydrocarbon receptor (AhR), as did Lurker et
al. (2014). However, TEQs were not available from the 1995 and 1996 TCDD sampling events; results of the 1995
sampling were made known only after the publication of Lurker et al. (2014), and, for the reason explained in the
next footnote, the 1996 sampling results were not suitable for use in calculating exposure.
b
Collected samples were positive for TCDD, but area sampled was not reported so loading (mass/area) cannot be
calculated.
c
The C-123 with tail number 56-4362 is known as “Patches.”

The reason for the substantial differences in TCDD surface loadings measured in 1994
and 1995 in “Patches” are unclear. There could have been unidentified inconsistencies in
sampling or analysis methods. No details on the collection protocols for the 1995 samples were
provided. If a dry or water wipe was used rather than a solvent (hexane) wetted wipe, then the
results would be expected to be lower. The original contamination was not uniform throughout in
the interior of the aircraft. Any loss by degradation or cleaning also may not have functioned
evenly over the surfaces, thus making the very limited number of samples susceptible to
perturbation by “hot spots.” As noted in Chapter 2, TCDD and herbicides are semi-volatile, and
so can be redistributed within the aircraft from volatilization/deposition with heating and cooling
of the aircraft left outside in the sun. Unlike the two C-123s sampled in 2009, “Patches” had not
spent an extended time sealed up on the desert, so it would not have experienced this
phenomenon that would contribute to more uniform distribution of the contaminants throughout
the interior. “Patches” was thoroughly washed and decontaminated after this sampling effort
took place, after which “no dioxin contamination was detected” (USAF, 1997a).
Sampling of Planes at Davis-Monthan AFB, AZ (1996)
Between 1981 and 1986, eighteen C-123 aircraft were retired to MASDC at DavisMonthan Air Force Base in Arizona (now called the 309th Aerospace Maintenance and
Regeneration Group [AMARG]) for storage or possible sale. Of the 18 C-123 aircraft at
MASDC, 13 were documented as having been used for ORH. For the remaining five (tail
numbers 54-583, 54-585, 54-635, 54-685, and 55-4544 ), the records for one indicate that it had
been used for spraying herbicide in Southeast Asia but not as part of ORH, three had no records
suggesting they had ever been in Southeast Asia, and one had no aircraft records available
(USAF, 2009a). Table B-1 (in Appendix B) provides a record of all the identified ORH aircraft.
In May of 1996, two wipe samples were gathered from the top of the auxiliary power unit
(APU) and from the metal railing on top of the tank from one or two planes (no specification of
aircraft tail number specified) and subsequently analyzed for TCDD (USAF, 1996). The
measurements reported were 210 pg and 6,900 pg, but because the size of the surface area
sampled was not provided, the surface loading could not be calculated (see Table 3-3). Wipe
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samples for 2,4-D and 2,4,5-T analysis were also collected using moist Whatman (6"× 6") glass
fiber filters from 17 of the 18 aircraft, of which 12 were ORH C-123s. The samples were
collected from the floors under the spray line caps to evaluate the area likely to have had the
maximum original deposition. Herbicides were detected in all the ORH aircraft (0.13 to 41
mg/m2) (see Table 3-2).The presence of AO constituents in the 12 ORH C-123s 22 years after
returning from Vietnam clearly demonstrated the lingering contamination of AO constituents,
presumably including TCDD.
ORH Planes Sampled at Davis-Monthan AFB, AZ (2009) and Disposition of C-123 Aircraft
After more than 20 years in storage at MASDC, the decision was made by the AF to
recycle and dispose of the former ORH C-123 aircraft. Prior to the recycling, the AF sampled the
planes “in the event of future liability issues and to protect personnel that may be involved in the
recycling process” (USAF, 2009cd). Four of the eighteen C-123s were sampled using air
sampling methods and wipe sampling for phenoxys (USAF, 2009a). Of these, two did not have
documentation of having been used in ORH (tail numbers 55-4544 and 54-0585). Samples were
collected from 100 cm2 areas with pads wetted with hexane. Multiple locations were sampled in
each aircraft. After analyzing sixteen individual wipe samples, detectable levels of TCDD (with
range of loadings on the floors from 4.3 to 28 ng/m2 [mean 20 ng/m2]) were detected in the two
C-123 aircraft known to have been used in ORH. TCDD loadings on other surfaces (wall,
ceiling, rear frame) ranged from 1.0 to 32 ng/m2 (see Table 3-3), whereas the two C-123 aircraft
that did not have detectable TCDD were later determined to have no record of having sprayed
herbicides in Vietnam (USAF, 2009b). The two planes with known use in ORH had mostly
detectable levels of phenoxy herbicides (see Table 3-2).
In April 2010, the 18 C-123 aircraft stored at Davis-Monthan AFB were smelted at an
off-base contractor-operated smelting unit for conversion to aluminum ingots (Young and
Young, 2014a). Of the ORH C-123s identified in historical documents, only four remain. Those
aircraft are located at museums in Georgia, Ohio, and Pennsylvania (details in Appendix B,
Table B-1).
Overall, when specified, the current documentation indicated valid collection methods
and valid analytical protocols were followed. For estimating the loading on the surfaces, the
Committee decided that only data collected from aircraft used in ORH should be included. While
the sampling sites were not equally distributed across all aircraft or locations within the aircraft,
the Committee considered all data available, particularly in light of the limited amount of
sampling conducted on C-123 aircraft used in ORH.
RETROSPECTIVE ESTIMATION OF CONCENTRATIONS
FROM THE FULL SET OF WIPE SAMPLES
The measurements of TCDD from various interior surface locations on “Patches” or the
other C-123 planes were highly variable (Table 3-3). TCDD concentrations in surface wipe
samples collected in C-123s between 1994 and 2009 ranged from 1,440 ng/m2 in 1994 down to 1
ng/m2 in 2009. The range among the 1994 samples alone was almost an order of magnitude
(210–1,440 ng/m2) (see Figure 3-1). Regardless of the actual reconditioning process for former
ORH C-123 aircraft, detection of TCDD in samples taken several decades later establish that any
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clean-up attempts had not been entirely successful. Records do not show that C-123 aircraft were
tested for herbicide or dioxin contamination soon after they returned from Vietnam.
The Committee noticed the singularly high TCDD value of 1,400 ng/m2 reported in
“Patches” in 1994. The samples collected in the same aircraft the following year had values
considerably lower, with several below detection. These wide variations lead to uncertainty in
estimating the actual exposures of the AF Reservists, but confirm that TCDD exposure would be
expected. While some samples were collected in areas that are suggested to have had little
traffic, the work patterns of the AF Reservists and the different configurations of equipment and
personnel used in flight assignments led to the Committee’s judgment that contact with these
surfaces carried a risk, though not quantifiable, of harmful exposure to the AF Reservists.
A number of limitations in these data are obvious. Samples were analyzed for TCDD at
only four different periods; 1994 and 1995 (from “Patches”), 1996, and 2009. The samples from
“Patches” appear inconsistent, as far higher levels were found in 1994 compared to 1995 (the
highest level measured in 1995 [30 ng/m2] is more than 20-fold lower than the average level
measured in 1994 [617 ng/m2]). A major limitation is that the earliest TCDD samples were
collected in 1994, roughly 20–25 years after these planes were returned from Vietnam and more
than 10 years after their retirement from use by AF Reservists in 1982. The Committee agreed
that the TCDD interior wipe samples were the most informative data available, although all of
the TCDD samples from C-123s that were known to have been used in ORH came from a total
of only three planes. Other aircraft known to have been used in ORH were not sampled. The
sampling sites within the planes were also highly variable with some collected in areas of higher
traffic where exposures were more likely than others. Also, important details regarding collection
and analysis methods were often found to be missing (see detailed discussion of samples above).
Wipe Value

10,000

“Patches” (1994)
“Patches” (1995)
Two other
C-123s (2009)

TCDD (ng/m2)

1,000
100
10
1
0.1
1960

{

1970

1980

} {

1972-1982: Period of
Post-Vietnam Use

1962-1971:
ORH

1990

}

2000

2010

Year

FIGURE 3-1 TCDD Surface Concentrations from Interior Wipe Samples.
NOTE: TCDD surface concentrations obtained from the total of 24 wipe samples from the interiors of post-Vietnam
C-123 aircraft by year. Clear points represent non-detect samples plotted at their detection limit.
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In addition to these TCDD wipe samples, air samples were collected in 2009 and
analyzed for TCDD, all of which were non-detects, and samples from various media were
collected and analyzed for 2,4-D and 2,4,5-T in 1979 and 2009 (see Table 3-2).
Clearly, any results of quantitative evaluation of potentially harmful TCDD exposures
during the period of ORH C-123 use by AF Reservists from such sparse and possibly
inconsistent exposure data will be very uncertain. Therefore, the Committee was unable to
extrapolate with any confidence the levels of TCDD expected in the C-123s during 1972–1982
when exposure of the AF Reservists might have occurred.
Assuming there were no additional sources of TCDD contamination once the C-123s
were returned to the United States, the discovery of residues long after ORH implies that
degradation of TCDD was much slower within the planes than on their exteriors, which were
exposed to sunlight and open environments. There is little doubt that TCDD surface levels in the
late 1970s and early 1980s were higher than those in 1994, 1995, and 2009, and thus levels
measured in these later years likely represent a lower bound on levels the AF Reservists might
have been exposed to.
These factors led the Committee to conclude:
Detection of TCDD long after the AF Reservists worked in the planes means that surface
levels at the time of their exposure would have been at least as high as the available
measurements, and quite plausibly considerably higher.
The resulting measurements of interior surface sampling in 1994, 1995, and 2009 most
likely represent a lower bound, at least in terms of order of magnitude, of unit values of
ng/m2 for what the surface concentrations might have been when AF Reservists worked in
the planes.
ASSESSMENT OF VALIDITY AND UTILITY
Wipe Samples
The ability of a wipe sample to capture true surface loadings is limited in many respects.
It is likely that wipe sample data can differ, depending on the methods used in their collection
(EPA, 1991) (i.e., different samplers, wiping material, solvent, or lab analyses), resulting in a
wide range of values. In addition, there is variability due to specific characteristics of the
sampled surfaces (e.g., porosity, texture, orientation) (CHPPM, 2009; EPA, 1991). The
Environmental Protection Agency (1991) holds that even if adequate sampling is achieved,
results are not always reproducible and estimates from wipe samples may indicate levels that are
“substantially below true surface levels.”
The utility of the wipe sampling of the C-123 aircraft is also reduced by the limited
number of aircraft sampled and a limited number of surfaces sampled within each aircraft. For
sampled surfaces, there is little information regarding the texture or porosity. Additionally, these
samplings were conducted decades after the applicable time period of potential exposure. Sample
collection methods were frequently either not reported (e.g., no mention of a wetting agent) or
incompletely reported (e.g., solvent used is reported, but not the volume used), suggesting that
methodologies across sampling periods were likely not uniform.
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Air Samples
Air sampling methodologies vary depending upon whether the target compounds are
expected to be present in the vapor or particle-bound phase. Particles are typically captured using
filters that lack sorption capacity for vapor phase compounds. Vapor phase compounds are
typically captured using a sorbent (porous polymer, polyurethane foam [PUF], etc.). Either type
of sampler is encased in a cartridge with inlet and outlet ports through which air is drawn at a
known rate. Sorbent cartridges will incidentally also capture particles, but are not considered
reliable or quantitative for that purpose. When materials are expected to be present in both
phases, use of a collection train consisting of a particle filter followed by a sorbent is standard
practice.
Only very limited air sampling data were collected in the effort to understand potential
post-Vietnam exposures in the C-123 aircraft. In 1979, air samples were collected from a single
plane at Westover AFB in Massachusetts and analyzed for AO herbicides (and malathion). In
2009, particle samples were collected for herbicide analysis and vapor samples were collected
for TCDD analysis from two ORH planes at Davis-Monthan AFB in Arizona.
The air sampling conducted in 1979 involved single air samples in 3 locations (sampled
more or less simultaneously) within a single aircraft (tail number 56-4362) (USAF, 1979). The
samplers utilized only a porous polymer sorbent (Chromosorb C-102). The samplers were
operated for 5 hours at 0.74 liters/minute (lpm), producing sample volumes of approximately 0.2
m3. The recorded temperature was 61°F and the elevation of Westover AFB is 243 feet above
mean sea level (AMSL). Two of the three samples revealed air concentrations of 2,4-D, 2,4,5-T
that were near or above estimated vapor saturation concentrations of the acid moieties. However,
the 2,4-D and 2,4,5-T esters have higher vapor pressures than the acids, and analysis of a scrape
sample did reveal the presence of ester forms. Thus, the third sample was reported as non-detect,
but a method quantitation limit was not reported. The third sample result is questionable. The
samplers were all located within the open cargo area of the plane. Extreme concentration
gradients are not plausible. The discrepancy is likely explained by (1) sampling error (e.g.,
failure to collect or extract the non-detect sample) or (2) an inadequate margin between the
detection limit of the method and vapor saturation concentrations of the target compounds (i.e.,
poor sampling design). As noted above, measurable levels of 2,4,-D and 2,4,5-T esters were
found in a single surface sample collected by scraping, so despite the fact that no herbicides were
detected in one of the air samples, a preponderance of the evidence suggests that herbicide was
present in the air inside the plane during the 1979 sample collection.
In February 2009, additional air samples were collected from two other ORH C-123s (tail
numbers 55-4532, 55-4571) at Davis-Monthan AFB (Select Engineering Services, 2009). The
temperature was not reported, but the average high and low temperatures in Tucson in February
2009 were 41°F and 75°F. The elevation of Davis-Monthan is approximately 2,700 feet above
mean sea level. Herbicide samples were collected using NIOSH Method 5001. This technique
utilizes a glass fiber filter alone and does not capture vapor phase compounds. It is designed for
capture of dusts of 2,4-D acid and 2,4,5-T acid. It does not capture the ester forms of the
phenoxy herbicides. Samples were collected for 60 minutes at 2 lpm producing a sample volume
of approximately 0.12 m3. Results were reported as non-detect. Stated detection limits were
roughly 8 and 30 µg/m3 for 2,4,5-T and 2,4-D, respectively. Given that numbers in that range
correspond to total suspended particulate concentrations encountered routinely in indoor
environments such as homes and offices, and that sampling at Davis-Monthan was in planes not
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in active use (i.e., unoccupied), the sampling strategy may not have been sufficiently sensitive to
detect herbicide unless the dusts captured approached 100% herbicide.
Air monitoring for TCDD on the two planes at Davis-Monthan in February 2009
followed EPA method TO-10a, which is a low volume PUF method for pesticides and PCBs.
Sampling was conducted for 4 hours at 4 lpm, producing sample volumes of approximately 1 m3.
In contrast, the EPA method for PCDDs, TO-9a, specifies a sample volume of 325–400 m3.
Results were reported as non-detect for 2,3,7,8-TCDD in all four planes sampled. Detection
limits of 0.5–4 pg/m3 (0.0005–0.004 ng/m3) were reported for TCDD. Documentation of
quantitation limits was not provided and no positive (spiked) controls were reported. Therefore,
evidence of extractability of TCDD from PUF using the applied methods was not provided. Per
EPA method TO-10a guidance, detection limits of 0.001 to 50 µg/m3 (1–50,000 ng/m3) are
expected with sampling times of 4–24 hours. Although limits are compound specific, the low end
of that range is roughly 1,000 times higher than the detection limit claimed in the Davis-Monthan
report.
These samples were collected to assess whether there was a significant exposure risk to
personnel who were going to be involved in the destruction and recycling of the aircraft over a
short period of time, rather than for exposures continuing over years, as was the situation for the
AF Reservists. Also, given the low vapor pressure of TCDD, the unknown sampling temperature
(vapor pressure declines with temperature), the high elevation of the site (lowered total pressure),
lack of active personnel in the plane, and the extended period since service in Vietnam, the air
sampling protocol was not appropriate to estimate inhalation exposure to the AF Reservists.
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4

Evaluation of Assessments of Possible Exposure of
Air Force Reservists from Service in ORH C-123s

“The exposure assessment seeks to quantify the amount of a chemical
contacting the outer boundary of a human and can provide an estimate of
internal dose.”
—TG 312 (CHPPM, 2009; p. 12)
Before the US Department of Veteran Affairs (VA) asked the Institute of Medicine (IOM)
to convene this Committee, a number of parties had expressed opinions about the sampling results1
from C-123 aircraft that were formerly used to spray herbicides in Vietnam and were subsequently
used by Air Force (AF) Reserve personnel in the United States between 1972 and 1982 (detailed
sample results are presented in Chapter 3 of this report). The positions developed were based on
qualitative, or at most semi-quantitative, treatment of the sampling data and their sources fall into
two general categories:
•
•

interpretations by individuals and entities associated with the military (USAF, 1994,
1997b, 2009a,b, 2012a,b; Young and Young, 2012, 2013a), and
statements provided to the C-123 Veterans Association (ATSDR, 2012, 2013a,b;
Berman, 2011; NIEHS, 2011, 2013; Schecter, 2013; Stellman, 2012, 2013).

In this chapter, the Committee reviews the approaches adopted in these documents.
Just as this Committee started its work, Lurker et al. (2014) published a paper that used the
available C-123 sampling data in a much more quantitative fashion in three models of exposure.
The strengths and weakness of these estimation models are also addressed in this chapter.

1

The one exception is that the results of a second dioxin sampling of “Patches” in 1995 were not entered into the
data set until spring of 2014, when their existence was pointed out by Nieman (2014) in a letter to the editor
responding to Lurker et al. (2014).
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The Committee then compares the existing indoor contamination guidelines for TCDD (as
presented in Table 2-1) to the range of exposures supported by the existing sampling data. This
serves to put in context the degree to which the AF Reservists may be at increased risk of adverse
health consequences in association with exposure to components of the herbicides sprayed in
Vietnam from working in ORH planes after they were returned to the United States.
This chapter concludes with the Committee’s integration of these various pieces of
information in a qualitative fashion. From this, the Committee makes its judgment about whether
the existing information related to sampling of the ORH C-123s support there having been a
meaningful elevation in the risks of adverse health effect among the AF Reservists.
INTERPRETATIONS OF SAMPLING RESULTS BY ENTITIES
ASSOCIATED WITH THE MILITARY
Between 1979 and 2009, air and wipe samples were taken from several C-123 aircraft that
had formerly been used to spray herbicides in Vietnam and were then used by AF Reservists in the
United States from 1972–1982. These sampling efforts are detailed in Chapter 3 of this report.
Internal memos, evaluations, and laboratory reports provided by VA regarding the sampling
included some comments regarding elevated levels, but their bottom lines were largely dismissive
about the possibility of there being potential health hazards related to exposures to these aircraft.
Specific instances are noted below:
• After noting that the results for 2,4-D and 2,4,5-T in air were below the 10 mg/m3
threshold limit value for each of these herbicides, the conclusion was “Sample results
show contamination levels to be below amounts considered to be possible health
hazards” (USAF, 1979).
• Another AF report concluded “the interior of the C-123 aircraft under discussion is
heavily contaminated with PCDDs.” When referring to the 25 ng/m2 standard for office
workers established by NRC (1988) as applied to 70-kg restoration workers for 375
days, however, the report also noted that “a higher surface concentration would be
acceptable” and recommended that, during restoration, exposure “be maintained at the
lowest possible level” by use of protective gear and procedures (USAF, 1994).
• “[T]he C-123 exterior and the majority of the interior are not contaminated with
PCDDs or PCDFs above detectable levels . . . contamination is confined to a very small
area of the plane’s interior and to the inside of the rear inspection ports” (USAF,
1995a).
• A consultative letter (USAF, 1997b) addressing the 1996 sampling at Davis-Monthan
AFB of two ORH C-123s for TCDD and 12 for phenoxy herbicides, concluded that
“there is potential for individual exposure” and that, before sale or transfer, at least 10
TCDD samples should be gathered from each plane and any with detectable dioxin
needed to be fully decontaminated.
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Reports in Preparation for Smelting of C-123s at Monthan-Davis AFB
In 2009, air and surface sampling was conducted for TCDD and phenoxy herbicides in two
ORH C-123s and another ten ORH C-123s were tested for herbicide residues on surfaces only
(USAF, 2009a,b). The final report concluded that “concentrations of 2,4‐D and 2,4,5‐T detected
inside the aircraft were very low with respect to risk‐based screening levels of concern and do not
pose a significant risk” and that “low levels of dioxin/furans, near the risk‐based screening level,
on all interior surfaces that were sampled” represent “low level contamination that does not pose a
significant risk to personnel involved in short term recycling activities” (USAF, 2009b). No
comments were made about the experience of the AF Reservists.
The risk-based screening levels presented in the 2009 USAF report (USAF, 2009b,
Appendix F and reproduced here in Table 4-1, 2009c) were said to incorporate consideration of
both oral and dermal exposure resulting from contaminated surfaces. The Committee has
determined that the aggregate screening levels derived from the pathway-specific surface
contamination screening levels for the dermal and oral routes shown in Table 4-1 were calculated
incorrectly. The USAF report calculated the screening levels by simply adding the individual
screening levels for the two routes, rather than by using the inverse-of-the-sum-of-the-inverses
formula, which is EPA’s recommended method for calculating aggregate screening levels (EPA,
2001).
As a result, the screening levels used were established on the basis of the less sensitive
rather than the more sensitive of the two pathways; hence the derived guideline levels are not
necessarily protective. Had the aggregate screening levels been calculated correctly from the stated
dermal and oral screening levels, the TCDD result would be 1 ng/m2 and the results for 2,4-D and
2,4,5-T would be 200 µg/m2. For the two C-123s sampled in 2009 (see Tables 3-2 and 3-3), the
average surface contamination levels reported for TCDD (14 and 16 ng/m2), 2,4-D (590 and 590
μg/m2), and 2,4,5-T (520 and 500 μg/m2) exceeded these values.
TABLE 4-1 AF Screening Levels the Assessment of Surface Contamination with Committee’s
Correction

Dermal
Screening
Level

Chemical

Oral
Screening
Level

Erroneous
Aggregate
Screening
Level

2,4,5‐Trichlorophenoxy
acetic acid, (2,4,5‐T)

206 μg/m2

100,000 μg/m2 100,000 μg/m2
(100 mg/m2)
(100 mg/m2)

2,4‐Dichlorophenoxy
acetic acid, (2,4‐D)

206 μg/m2

100,000 μg/m2 100,000 μg/m2
(100 mg/m2)
(100 mg/m2)

Polychlorinated
Dibenzodioxins

0.00111 μg/m2
(1.11 ng/m2)

0.022 μg/m2
(22 ng/ m2)

0.0231 μg/m2
(23 ng/ m2)

Aggregate
Screening
Level
Corrected
by
Committee
200 μg/m2

200 μg/m2

1 ng/m

SOURCE: Appendix F: Risk Screening Level Assessment, Table 1, USAF, 2009b.
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US Air Force School of Aerospace Medicine Report
In April 2012, the US Air Force School of Aerospace Medicine released a report
commissioned by the Headquarters Air Force Medical Support Agency (AFMSA/SG3) detailing
an exposure assessment related to Agent Orange (AO) for UC-123 aircraft previously used in
support of ORH in Vietnam (USAF, 2012a). The cover memo to the report (USAF, 2012b)
summarized that:
• “There was no relevant personal exposure or laboratory data found.”
• “[E]xisting information is inadequate to accurately determine individual exposure.”
• “[I]t is unlikely that the exposures experienced between 1972 and 1982 would have been
sufficient to cause harm.”
• “Given the absence of a clear finding of potential harm, we believe it unnecessary to relay
such individual findings to persons whom had entered or worked on C-123s between 1972
and 1982, and whom may be unaware of this assessment.”
The USAF (2012a) review described the USAF sampling study conducted in 2009 as being
the “most comprehensive” and it adopted the screening levels and the associated conclusions from
the 2009 report as valid. The Committee, however, has determined that these screening levels were
incorrectly calculated (as described in the previous section) and therefore cannot be assumed as
protective as asserted by the USAF review.
The USAF review (2012a) also concluded that the air sampling data for the phenoxy
herbicides were “within acceptable exposure limits” although no air exposure limits were
presented in this document, and it is not clear what exposure limits are being referred to by the
authors. The Committee has concluded that the air sampling data were minimal and of unknown
quality. Two of three air samples from a former ORH C-123 were collected in 1979 and tested
positive for herbicide exposure. In addition, air samples from two other ORH planes were
collected in 2009, decades after the relevant period of exposure, using a low-volume screening
protocol. Those samples were acquired at ambient temperature and pressure unlikely to be
generally representative of in-flight work conditions of the AF Reservists. All the 2009 2,3,7,8tetrachlorodibenzo-p-dioxin (TCDD) air samples (including blanks and controls) were reported as
non-detect without corresponding quality assurance/quality control (QA/QC) materials, bringing
into question whether the laboratory conducting the analysis could in fact capture and extract
relevant amounts of TCDD with the sampling media used.
The Executive Summary of the USAF report concluded that, since there is a lack of TCDD
“regulatory standard or consensus standard of practice … in the occupational health profession,
application of wipe sampling data to estimate personal occupational exposures is not warranted”
(USAF, 2012a, p. 4). The Committee concurs that there is no agreed upon method for estimation
of dose from wipe sampling data, but notes (as reviewed below) that multiple agencies and
individuals have attempted to make such estimates. Based on those efforts, it is unreasonable in
this case to assume that uncertainty regarding the threat presented by observed surface loads can be
interpreted as evidence of negligible risk. Dismissal of the results from wipe sampling was not
justified.
The Committee finds that the final paragraph of the conclusions in the report (USAF,
2012a) is problematic in three respects:
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• The report’s “assessment of risk” could not have been “dependent upon the findings of
the National Academy of Sciences’ Institute of Medicine RANCH HAND studies”; that
work is officially known as the Air Force Health Study because it was conducted by the
Air Force, and is in no way a product of IOM or any other part of the National
Academies.
• It asserts that “It is reasonable to assume that any exposures associated with HO
[Herbicide Orange] in post-Operation RANCH HAND utilization of the UC-123 would
likely be less than exposures associated with HO during Operation RANCH HAND.”
The Committee agrees that workday exposures during active use of AO were likely
greater than post-war exposures on a comparable task basis. However, ORH personnel
were in Vietnam for a median of about 320 days (CDC, 1988), and undoubtedly did not
access spray aircraft on every day of in-country service. Post-war exposures to AF
Reservists would have been generally less frequent on an annual basis, but may have
extended for up to 12 years. So some fraction of the AF Reservist cohort could have
conceivably spent more time in contaminated C-123s than did some fraction of the RH
cohort (especially if the AF Reservists worked full-time or were schedule for additional
hours throughout the year). In addition, some post-war tasks could have resulted in
workday exposures that exceeded the workday exposures of some less-exposed RH
personnel (for example, flight crew officers) in terms of overall duration, more work
inside the planes on the ground under conditions of reduced ventilation, etc.
• In asserting “Consistent with the findings of the National Academy of Sciences’ Institute
of Medicine biennial report ([Update] 2010), it is reasonable to conclude that it is not
possible to derive quantitative estimates of any increased health risks [emphasis added]
for” the AF Reserve personnel, the AF report (2012a) misrepresents the charge and
determinations of the Veterans and Agent Orange (VAO) committee. The second task
assigned to VAO committees by the 1991 Agent Orange Act was to estimate risk to
Vietnam veterans for each specific adverse health outcome. These outcome-specific risks
are what are being referred to in the statement “estimation of risks experienced by
veterans exposed to the chemicals of interest during the Vietnam War is not feasible”
(IOM, 2012, p. 11). Not only is determination of potency factors from epidemiologic
results for each health problem far from being feasible, there are no exposure data to be
drawn upon for non-Ranch Hand Vietnam veterans. In contrast, the issue concerning the
AF Reservists and ORH C-123s is whether the risk of adverse health outcomes of any
sort was elevated among those with potential exposure. This Committee considers the
sampling data for the AF Reserve C-123 population, albeit limited, an adequate basis for
itself makes a qualitative exposure assessment and some judgment about the overall
health risk from TCDD exposure that the AF Reservists may have experienced and finds
this justification from the authors of the USAF report (2012a) for not doing to be invalid.
Investigations into the Allegations of Agent Orange/Dioxin Exposure
from Former Ranch Hand Aircraft
In a report with the above title (Young and Young , 2012), a similarly named one on 2,4,5T (Young and Young, 2013a), and a formal briefing document (Young and Young, 2013b), VA’s
Compensation Service received an interpretation of the “dry” Agent Orange residues found on
surfaces inside C-123s used by AF Reservists after their use in Vietnam, which has been
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incorporated onto VA’s webpage concerning this issue
(http://www.publichealth.va.gov/exposures/agentorange/locations/residue-c123-aircraft/scientificreview.asp; accessed August 21, 2015). The Committee found their description of the chemical
properties and behavior of TCDD and its propensity for dermal absorption to be inaccurate.
Notable issues include the following:
•

•

•

•

Young and Young often refer to TCDD residues as “dry” and immobile. Semi-volatile
organic compounds (SVOCs) that are nominally solid at room temperature are
generally not found in pure, crystalline form in the environment. Even below their
melting point, dilute SVOCs do not crystallize and are found sorbed or dissolved in
various matrices (Mackay, 2001). Since TCDD is not deliberately manufactured, but
only exists as a very dilute contaminant, it would be expected to behave as a sub-cooled
liquid rather than a solid. Therefore, it would not be immobile as Young and Young
asserted.
No attempts to investigate the removal efficiency of the selected method or of
alternative methods for surface sampling for TCDD specifically have been reported.
Unlike the irreversible binding of organics by activated carbon, binding to metals
would be expected to be negligibly small. For instance, when investigating surface
wiping techniques, Deziel et al. (2011) used stainless steel as a substrate to avoid issues
associated with wiping porous surfaces, and Slayton et al. (1998) stated “wipe-sampling
procedures provide semi-quantitative data for non-porous surfaces (i.e., metal) but are
considered poor for porous surfaces (i.e., concrete).” The claim that hexane is required
to remove TCDD from surfaces in the C-123s appears to be conjecture and not
evidence-based.
The assertion that “studies of dermal contact with TCDD have found that any exposures
that occurred were ‘negligible’ because the skin is a major barrier to TCDD uptake,
contributing less than 1% over the long term to the body burden” (Young and Young,
2012, p.3) is based on interpretation of a Dow-funded study of the link between soil
contamination and body burden in non-occupationally exposed adults (Kimbrough et
al., 2010). The passage conflates dermal exposure with exposure to contaminated soil.
Kimbrough et al. do not discuss dermal absorption, dismissing it a priori as “a minor
contributor to body burdens of the general population”. However, dermal exposure can
be an important source of exposure in occupational settings. For instance, the Dioxin
Registry Report for the Dow manufacturing facility in Midland, Michigan (NIOSH,
1991) notes that “air sampling for chloracnegens were [sic] discontinued by 1966
because skin contact was recognized as the primary route of exposure.” Similarly,
Kerger et al. (1995) state “The available literature suggests that dermal uptake of dioxin
in the workplace may be the primary source of occupational exposure.” It should be
further noted that, at least initially, the TCDD in the C-123s would have been dissolved
in herbicides, which are themselves well-absorbed (Harris and Solomon, 1992; Moody
et al., 1990) and that at no point would the surface matrix in the planes have been soil.
The claim that TCDD is not volatile below its melting point is also incorrect. As
discussed in Chapter 2, TCDD behaves like other SVOCs with similar physicalchemical properties. At room temperature, it is generally dissolved or sorbed into a film
and is in constant flux around equilibrium with surrounding media.
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STATEMENTS PROVIDED TO THE C-123 VETERANS ASSOCIATION
The C-123 Veterans Association (CVA) circulated the available sampling data to several
dioxin researchers requesting replies regarding their interpretations of possible exposures
(ATSDR, 2012, 2013a,b; Berman, 2011; NIEHS, 2011, 2013; Schecter, 2013; Stellman, 2012,
2013). The statements that were provided agreed with the CVA position that the sampling data
support the possibility that the AF Reservists’ risks of adverse health effects were increased by
their service in ORH C-123s.
Interpretation of the Agency for Toxic Substances and Disease Registry
Prior to the publication of Lurker et al. (2014), which is discussed in the next section of this
chapter, the most detailed response to the CVA came from the Agency for Toxic Substances and
Disease Registry (ATSDR), which provided three documents with the same approach and
conclusion (ATSDR, 2012, 2013a,b). The first from Sinks compared the average TCDD
concentration from surface wipe samples collected from the interior of “Patches” (USAF, 1994) to
TCDD screening guidelines corresponding to a 10−6 cancer risk, as recommended by the US Army
Center for Health Promotion and Preventive Medicine (CHPPM) in Technical Guide 312 (TG 312)
(CHPPM, 2009). TG 312 derived surface wipe screening levels (SWSLs) for 70-kg office workers
over a 10-year period assuming exposure to contaminated surfaces through dermal contact and
absorption, incidental ingestion by hand-to-mouth behaviors, and inhalation through breathing resuspended particulates. Environmental samples with concentrations above the SWSL for TCDD
indicate the need for a more thorough health risk assessment.
ATSDR calculated an average TCDD surface concentration of 636 ng/m2 for the three C123 interior wipes collected in 1994. ATSDR concluded that this value exceeded the TG 312
screening guideline of 3.5 ng/m2 by a factor of 182, which corresponds to a 200-fold greater cancer
risk than the screening value. The opinions expressed in the initial report were subsequently upheld
twice, first by Ikeda and by Portier (ATSDR 2013a,b), and again in a presentation to this
Committee on June 16, 2014, by Sinks (ATSDR, 2014).
The initial ATSDR opinion letter acknowledged the limitations of the available data, most
notably the questionable representativeness of TCDD surface concentrations from the sampled C123s to surface levels in the other ORH C-123s and the 20- to40-year lag time between when AF
Reservists worked on them and collection of the comparison surface wipe samples. ATSDR
further acknowledged a lack of information on flight crew activities, work histories and duration of
work in C-123 aircraft, and minimal information regarding their interior environment at the time
when the C-123s were used by AF Reservists. Additionally, ATSDR noted that the TG 312 SWSL
was derived from an office worker scenario, and thus, was likely to be under-protective for the
TCDD exposures of AF Reservist personnel when they worked inside the confined space of an
aircraft. Representative exposure levels of the AF Reservists would depend on skin surface area,
duration of exposure, hand washing, and food intake. In their June 2014 presentation to the
Committee, ATSDR additionally pointed out that the newly available sampling data had been
collected from wipe samples from different aircraft and sequential sampling of the same surfaces
in a given aircraft had not been conducted. Thus, it is not possible to infer degradation rates for
TCDD on the sampled surfaces. Further, the purpose of the additional surface wipe sampling was
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for estimating exposure risk for personnel preparing the aircraft for destruction or recycling, not
for retrospective evaluation of exposures to C-123 Reservists.
ATSDR’s summary interpretation of the available information was:
•
•
•
•
•

inhalation exposures to TCDD in C-123 aircraft could not be excluded;
aircrew operating in “this and similar environments were exposed to TCDD”;
it was not possible to accurately establish the degree of exposure (high or low), or the
risk of adverse effects among C-123 AF Reserve flight crew;
the contamination levels in 1994 in at least one plane greatly exceeded current DOD
screening guidelines; and
the observed levels would likely have required the use of personal protective equipment
or the grounding of these aircraft.

These observations from ATSDR are largely in accord with the Committee’s assessment of the
available data. A comprehensive comparison of the wipe samples reviewed by ATSDR to the TG
312 screening guidelines is provided in Table 4-2.
TABLE 4-2 ATSDR’s Comparison of Interior Surface Wipe Samples Collected from C-123 to
Screening Guideline of 3.5 ng/m2 TCDD from TG 312 (CHPPM, 2009)
Location of Planes
Wright-Patterson AFB
(USAF, 1994)
1

Davis-Monthan AFB
(USAF, 1996)
2

Davis-Monthan AFB
(USAF, 2009b)
2

Number of Planes
Sampled
Number of Samples
3
2
16
Available
Observed Mean
640
380
16
(ng/m2)
Observed Rangea
(210–1,440)
(20–740)
(1 to 28)
(ng/cm2)
Observed-to-Screening
180
10.8
4.6
Ratio
SOURCE: ATSDR, 2012, 2013a,b, 2014.
a
The range of surface wipe concentrations from each sampling period has been added by the Committee.

CRITIQUES OF THREE MODELS
PRESENTED IN LURKER ET AL. (2014)
The CVA had provided Jeanne Stellman with the then available data from sampling of the
C-123s (that is, without the sampling conducted on “Patches” in 1995). Dr. Stellman and
colleagues, Fred Berman and Richard Clapp, entered into collaboration with Peter Lurker, who had
been involved in the sampling conducted on the C-123 aircraft at Monthan-Davis AFB. A report of
this group’s efforts to perform quantitative exposure estimation using these data (Lurker et al.,
2014) was published just before this Committee was convened.
Lurker et al. (2014) presented three modeling approaches to address potential exposures to
C-123 flight crews and maintenance personnel in post-Vietnam operations. The first approach
involves estimation of exposure due to hand-to-mouth contact using a protocol based generally on
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prior exposure assessment guidance from US Environmental Protection Agency (EPA) (EPA,
1989) developed for management of hazardous waste sites and more specifically on May et al.
(2002) and US Army guidance in TG 312 (CHPPM, 2009) developed for evaluation of risks to
office workers from exposure to chemicals on indoor work surfaces. The committee calls this the
“Dermal-oral Direct Contact Model.” Lurker et al.’s second approach evaluated the potential
degree of vapor supersaturation of herbicides in air samples collected in a C-123 in 1979 and then
predicted potential inhalation exposures to vapor and particle-bound TCDD. The committee calls
this the “Maximum Saturation Vapor Pressure Model.” Lurker et al.’s third model adapted the
methodology of Little et al. (2012), which uses an approach based on thermodynamic arguments to
predict indoor air concentrations from surface residues of SVOCs. The committee calls this the
“Thermodynamic Emissions Model.” Exposures that were predicted using this third model were
again attributable solely to inhalation. Lurker et al. (2014) interpreted the results of their modeling
as supporting the premise that the AF Reservists had experienced exposure to residual herbicide
components that could have exceeded guidelines of EPA, The Netherlands, and the World Health
Organization.
The Committee endeavored to reproduce the estimates Lurker et al. reported from these
three models as a means of validating the models and of gaining full understanding of the
assumptions that were made. With the validated models, the Committee was able to explore the
sensitivity of their results to various scenarios and changes in assumptions. The Committee found
none of the estimation models assessed to be without weakness and considered no particular
exposure scenarios for the AF Reservists to be well documented. Consequently, the committee
members did not find any specific quantitative estimates likely to be representative of the range of
exposures experienced and so refrained from presenting any quantitative exposure estimates that
might be construed as representing predictions it favored for the AF Reservists’ actual exposures.
This decision is also in accord with the Committee’s charge to conduct a qualitative assessment.
Dermal-oral Direct Contact Model
Although abbreviated as “dioxin dermal-oral exposure,” the first model in Lurker et al.
(2014) can more appropriately be described as a dose estimate of non-dietary oral ingestion due to
hand-to-mouth contacts. The model has roots in EPA’s guidelines for risk assessments at
Superfund sites (EPA, 1989). EPA’s original equation for intake (I) in mg/kg body weight-day is:

I = C×

CR × EFD 1
×
BW
AT

(1)

where CR is the contact rate, EFD is exposure frequency and duration, C is the contaminant
concentration, BW is body weight, and AT, the averaging time.
Lurker et al. (2014) added terms to correct for the sampling efficiency of the wipe
technique for surface concentration estimation (FTwe), and to convert units representing surface
area (CFa) and expanded the terms for contact rate and for exposure frequency and duration in the
original equation as follows:
•

CR = (SA)(FTss)(FTsm)(FTre)(CFwt)(FTga)
Here, SA is the exposed skin surface area, FTss is the fraction of the mass of the
contaminant that is transferred from the surface to the skin, FTsm is the fraction of skin area
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that touches the mouth, FTre is the fraction of contaminant transferred from the skin to the
mouth, CFwt is a conversion factor, and FTga is the fraction of contaminant absorbed from
the gastrointestinal tract.
•

EFD = (RH)(EF)(WD)(ED)

Terms used include RH, the probability of being on a Ranch Hand aircraft, EF, the count of
hand-to-mouth events per day, WD, the number of work days per year, and ED, the
duration of exposure.
The equation in Lurker et al. (2014)2 after these substitutions is:
I=

( RH )(C s )(CFa )( SA)( FTss )( FTsm )(CFwt )( FT ga )( EF )(WD)( ED )( FTre )
( FTwe )( BW )( AT )

(2)

May et al. (2002) and TG 312 (CHPPM, 2009) were both mentioned in Lurker et al. (2014)
as sources that also had adapted EPA’s intake model. The Committee found that the three versions
differ slightly in how they compute the ingestion due to hand-to-mouth events. Most notable are
terms explicitly accounting for the frequency of contacts between the skin and surfaces (in the May
model) and the fractional surface area involved in the contact between skin and surfaces (in the
CHPPM model). Lurker’s model does not seem to account for either of these factors. Aside from
some confusion on the interpretation of this transfer input, the Lurker et al. (2014) model is
specifically for non-dietary ingestion dose due to hand-to-mouth contacts. The model does not aim
to include non-dietary ingestion due to object-to-mouth contacts, let alone inhalation, dermal, or
dietary ingestion exposure. This exclusivity could be a problem when the contaminant of interest is
assumed to reside in multiple media and where other routes of exposure may be important.
Additionally, this model embodies a simple linear estimate. The direction in which an
increase or decrease in the value of any input variable will modify the resulting exposure estimate
is entirely predictable. The model does not account for chemical-dependent properties (for
example, transport, decay, partitioning) or uncertainty in input parameters. It can be used for
individuals of different body weight, but aside from this, there are some restrictions in the ability
to include varying activities (such as contact with surfaces) from person to person or over time.
This model is quite representative of commonly used models for exposure estimation, but
almost any result could be obtained depending on what values are assumed for the large number of
input variables. A broad spectrum of values is usually feasible for any exposure situation under
investigation, but the extensive uncertainties about the actual work histories of the AF Reservists
in this case make this model even more flexible. The Committee agrees with the point made by
Driver (Driver and Solomon, 2014) at the committee’s workshop that with its multiplicity of
component variables, each of which can be assigned a wide range of values, the model is too
plastic to provide any real insight into what levels of exposure might actually have occurred.
Maximum Saturation Vapor Pressure Model
The saturation vapor pressure model presented in Lurker et al. (2014) is a simple
thermodynamic model premised on the assumption that the maximum vapor air concentration in an
enclosed environment will be a function of the saturated vapor pressure. However, applying it to
2

Personal communication with the authors confirmed that the term FTsm was missing from Equation 2.
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semi-volatile compounds in a mixture can present a number of challenges. In addition, the
saturated vapor pressure is temperature- and pressure-dependent. To apply to an air concentration,
a closed system is assumed with no air exchange. This is not the case when an aircraft is in use,
however, so this pathway would represent a maximum concentration that would result through
volatilization under static conditions. The herbicide 2,4-D or 2,4,5-T concentrations in the Lurker
paper were derived by assuming each was a pure substance at 760 mm Hg air pressure. These
substances are solids at room temperature. If they are dissolved in an oil-based film then the mole
fraction of other compounds in the film with similar vapor pressure should be considered. Driver
and Solomon (2014) noted that the air concentrations to which the calculated vapor pressures were
being compared were not the acid forms of 2,4-D and 2,4,5-T, but rather the esters which have a
considerably higher vapor pressure.
Based on the premise that the 2,4-D and 2,4,5-T acid vapor concentration calculated was
lower than the measured concentration, the measured air concentration would contain both vapor
phase and particulate phase of these compounds. The next step was to estimate the TCDD air
concentration by assuming that, because the 2,4-D and 2,4,5-T were in both the vapor and
particulate phase and TCDD is less volatile than either of the herbicides, it also would be
partitioned from the vapor phase to a particulate phase. The Committee was unable to reproduce
the TCDD air concentrations reported in the Lurker paper by following the indicated calculations
with the specified inputs. There are a number of questionable assumptions involved in these
calculations. Driver and Solomon (2014) objected that the value used in the Lurker for the
concentration of TCDD in AO represents the upper range of what has been found to have been
present in AO. Lurker et al. (2014) also assumed that the degradation of TCDD within the aircraft
was similar to that of the herbicides within the aircraft, which is questionable.
Independent of whether the model predicts appropriate saturated vapor pressure for TCDD,
the applicability of this model for an inhalation route is questionable since, once the doors and
hatch of the aircraft were opened, the air exchange would increase within the aircraft and while the
aircraft was flying the increased air exchange would drastically reduce the air concentration
associated with volatilization. The basic premise is that there would be redistribution onto particles
of semi-volatile compounds with resulting exposure. However, the TCDD concentration on the
particles cannot be determined by this method. The Committee found that this model is unsuitable
for estimation of exposures experienced while a contaminated plane was in flight and that its use is
further hindered by the difficulty of establishing appropriate values for the saturation vapor
pressure.
Thermodynamic Emissions Model
The third model in Lurker et al. (2014) was a general thermodynamic model developed for
emission of SVOCs, a class of compounds that includes TCDD. The model is based on a screening
level model described in Little et al. (2012), which was proposed for use in health-based
evaluations of chemicals prior to entry into commerce. Lurker et al. (2014) applied this model by
using an expected gas phase concentration immediately above the surface of the source material,
the exchange between the air and organic film expected to be throughout the aircraft on surfaces
and dust based on an octanol-water coefficient, the surface area of the interior of the aircraft, and
the ventilation rate. This approach can provide a steady state air concentration in a specified
microenvironment with a constant air exchange rate and a source of semi-volatile compounds that
is not exhausted over the time period of interest.
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This is an appropriate model to use for TCDD in the post-Vietnam ORH C-123 aircraft if
the input parameters can be properly established. However, the Committee identified problems for
several of the input parameters presented in the Lurker paper:
•

•

•
•

The value given in Table 6 of Lurker et al. (2014) for the convective mass-transfer
coefficient (h) appears to be an order of magnitude low. Based on the air concentrations
given in the paper, it appears that a value of 3.68 m/h (rather than the tabled value of
0.368 m/h) was actually used.
The ventilation rate of 170 m3/h, which is said to be adapted from Meek (1981), is
much smaller than the ventilation rate of 8,464 m3/h for a flying C-123 aircraft reported
in that document. It should be noted that the crew were also in the aircraft before and
after flights and during training session while on the ground when the ventilation rate
would be only a fraction of the 170 m3/h.
The interior surface area was underestimated by assuming a cylindrical shape because
portions of the interior were exposed substructure of the aircraft which present a much
larger surface area than a smooth surface.
The largest uncertainty is associated with y0, the gas-phase concentration in contact
with the emission surface, which was calculated using maximum saturation vapor.

As indicated above there are a number of problems with the assumptions in the Lurker
paper calculations. Even if those values were accepted as accurate, Lurker et al. (2014) corrected
the gas phase TCDD concentration for the portion that would be on the particle phase, which
should not be included in y0. Estimating y0 is recognized as the largest short-coming of this model
approach (Little et al., 2012). Thus, the Committee does not have confidence in the TCDD air
concentrations calculated from this model based on the input parameters used.
The approach taken by Little et al. (2012) could, however, reasonably be applied to a
scoping analysis of the inhalation exposures to the C-123 flight crews. Based on that approach,
vapor phase air concentrations would be expected to be highest while planes were stationary and
lowest during flight. Time spent in the planes while they were on the ground is, therefore, a key
determinant of exposure due to inhalation and dermal absorption of vapor. Based on projected onground air concentrations, and given that aggregate exposures would be expected to be a multiple
of vapor inhalation exposures, average workday exposures to flight crews could be problematic,
but maintenance personnel whose on-ground time in the planes exceeded that of flight crews, or
flight crews who participated in static training missions, probably had even higher exposures.
UNDERESTIMATES RESULTING FROM ALL POSSIBLE PATHWAYS
NOT BEING FACTORED INTO SOME GUIDELINES
The Committee used the existing indoor contamination guidelines for TCDD that were
presented in Chapter 2 as a means of assessing the degree to which possible exposures of the AF
Reservists may indicate possible adverse health consequences. The Committee considered the
guidelines for surface loading the most applicable to the occupational situation of the AF
Reservists. These guidelines for surface loading range from 1 to 25 ng/m2, with 3.5 ng/m2 being
the level derived by CHPPM and 22 ng/m2 being the guideline derived in the 2009 AF report.
(More correctly, the AF value should have been 1.1 ng/m2, if dermal exposure actually had been
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taken into account; see Table 4-1.) Although such guidelines are derived with the intention of
amply protecting the health of exposed individuals, some guidelines may not be as healthprotective as the risk level nominally stated. The Committee finds that the existing indoor
contamination guidelines for TCDD (see Table 2-1) expressed in terms of surface loading or air
levels are incomplete with respect to consideration of all possible exposure pathways.
Table 4-3 indicates which of all possible exposure pathways were factored into the
guidelines derived for building reentry, and which the Committee found to be most applicable for
the situation of the AF Reservists. Examination of the bases for the surface loading standards
shows that they are largely driven by estimated ingestion exposures related to hand-to-mouth
contact. Hand contamination is presumed to occur via contact with contaminated surfaces. Objectto-mouth contact is discussed in some of the relevant documents, but not actually included in dose
estimation. Inhalation exposure is more often formally addressed, but typically not directly tied to
surface contamination (even though, in a physical-chemical sense, air and surface residues are
contiguous and exchanging phases). Hence, separate standards are derived for ingestion and
inhalation pathways, with the proviso that measured contamination in either phase should lower
the acceptable level of contamination in the other. Dermal exposure is often considered, but only
as a consequence of direct contact with surfaces. As discussed below, dermal protocols use rates of
contact with surfaces that are low compared to traditional values used in occupational and
environmental health, assume that normal clothing is chemical-protective, and address dermal
absorption in a crude manner. Dermal absorption of vapor-phase TCDD is not considered in any of
the proposed protocols. Given that some potentially important pathways are ignored, and that
others are treated in a perfunctory manner, the degree of protectiveness of the existing guidelines
expressed in terms of surface loading or air concentration should not be assumed.
TABLE 4-3 Exposure Pathways Considered in Prior Surface Standard Relevant Literature
Ingestion
Hand-toObject-tomouth
mouth

a

Inhalation

Dermal Absorption
Direct
Vapor
Contact

Kim & Hawley (1985)a

√

-

√b

√

-

CHPPM (2009)

√

-

√

√

-

WTC (2003)

√

-

√b

√

-

Lurker et al. (2014)

√

-

√

-

-

Adopted by NRC, 1988
b
Included but not explicitly linked to surface contamination.

Transfer Coefficients
Transfer coefficients (TC) are routinely used to characterize occupational exposure to
contaminated surfaces. A TC represents the equivalent surface area from which 100% of the
dislodgeable chemical residue is removed and transferred to the skin or clothing of a worker per
unit of time. Application of this approach to assess the use of pesticides in indoor spaces is
proceeding out of necessity, but is less firmly established than for agricultural applications due to
greater heterogeneity in indoor surfaces and behavioral patterns. Nevertheless, methods for
translating surface contamination to human dose are needed, and the TC approach is a likely
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candidate. Derivations of the guidelines for contamination of building interiors discussed here
typically do not explicitly use an estimated TC (the 2003 World Trade Center document is the
exception). However, implicit transfer coefficients are inevitably found in all of the guidelines
expressed in terms of surface loading. In agricultural occupational health practice, TCs routinely
exceed 1,000 cm2/hr. The WTC protocol utilized a TC of 1,200 cm2/hr, but described it incorrectly
as a skin contact rate and then inappropriately applied a surface-to-skin transfer efficiency.
Dermal Absorption of Residues on Skin
TCDD’s rate of absorption into skin can be estimated from surface loads, transfer
coefficients, and resulting predicted dermal doses. Fluxes are lower than available experimental
results. For instance, the 3% availability assumed in the WTC protocol is based on absorption
experiments conducted by Poiger and Schlatter (1980), who applied TCDD in soil to rats in vivo.
Observed flux in the experiment producing the 3% estimate was nearly 500 pg/cm2-hr or 106 times
the flux implicit in the WTC protocol. Fraction absorbed is not independent of chemical load on
skin (Kissel, 2011). Sampling skin surfaces with low loading is unlikely to provide an appropriate
measure of potential dermal dose due to depletion, whereas testing at a high loading is unlikely to
show dose dependence due to saturation. Application of fractional absorption data from high load
experiments to low load conditions can lead to gross underestimation of absorption efficiency.
Dermal absorption of the phenoxy herbicides has been shown to be substantial in laboratory
animals and in human volunteers (Harris and Solomon, 1992; Moody et al., 1990); 2,4-D and
2,4,5-T penetrate the skin relatively rapidly and could potentially take TCDD with them. Dermal
absorption of PCBs, which are chemically similar to TCDD, has been found to exceed
bioaccessibilty via either the ingestion or respiratory route in humans (Ertl and Butte, 2012; Lees et
al., 1987).
Dermal Absorption of Vapor
For compounds that are sparingly soluble in air, pulmonary absorption may or may not
exceed absorption through the skin. Weschler and Nazaroff (2012) have presented methods for
estimating the contribution of vapor absorption via skin to total exposure to vapor phase chemicals.
Compounds for which absorption of vapor via skin might plausibly exceed absorption via
inhalation include both TCDD and the n-butyl esters of the herbicides 2,4-D and 2,4,5-T.
PLAUSIBILITY OF AO-RELATAED
IMPAIRMENT OF HEALTH AMONG AF RESERVE PERSONNEL
With increasing awareness of the toxic potential of various agents in the environment,
substantial resources have been expended to develop methods to evaluate health risks in a rational
and consistent fashion. Over the past several decades a general framework has been accepted for
developing quantitative guidelines (like those discussed in Chapter 2) for use in assessing
exposures to toxic substances, but objectives vary and, by its very nature, risk assessment is
fraught with uncertainties. Specific efforts in risk assessment invariably come to points of
uncertainty where assumptions must be made and numerical inputs must be selected in order to
move forward; however, opinions may differ on exactly what the appropriate decisions are in a
given circumstance.
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Given a range of options for addressing what could be concluded about health risks from
the sparse set of results from exposure sampling on some of the C-123 aircraft that had been used
in ORH and subsequently by AF Reservists, the Committee undertook a number of approaches in
an attempt to be inclusive and thorough. In the end, the Committee reached the following
consensus about the central question in this task: It is plausible that working on these ORH
C-123s could have contributed to adverse health effects for some AF Reservists.
Historic reconstruction of occupational exposures relies on combining the two components
of exposure, exposure concentration and contact time. Knowledge of the exposure levels during
the time period of interest are combined with the job histories of the workers that delineate the
time spent in the different activities (job classifications) that bring workers into contact with those
exposure concentrations. Depending upon the quality of the data available, the results can vary
from a quantitative exposure evaluation usable for a quantitative risk assessment to a qualitative
evaluation of whether a problematic exposure may have occurred. The data available to this
Committee fall into the latter category.
There were only limited numbers of measurements of TCDD and the herbicides in AO on
the surfaces and in the air of aircraft flown by the AF Reservists (the exposure concentration), and
those measurements were made years to decades after the exposures occurred. Although the
paucity of measurements and delay in obtaining them increase the uncertainty about exposures, it
is clear that decay and loss processes would result in overall lower levels at the time of
measurement than had been the case when the AF Reservists actually were exposed. The
Committee, in the absence of knowledge of the losses of TCDD and herbicides during the time
period of operation and storage of the aircraft, did not have a basis for predicting the decay in
concentration and adjusting the measurements accordingly.
A second constraint on the Committee’s deliberations was an incomplete knowledge of
which aircraft were employed by the Reservists, the specific jobs and activities they were involved
in, and the duration of time spent in the aircraft during their service. These factors would have
been needed to estimate the contact rate, frequency, and time. Thus, the Committee based its
conclusions on a qualitative evaluation of AF Reservists’ potential exposures, although
quantitative estimates based on various models and assumptions were explored. The Committee
considers the AF Reservists to have been exposed to TCDD and herbicide through multiple
routes when on aircraft that had previously been used in ORH.
A further consideration in interpreting the evidence is that background exposures were
higher during the period that AF Reservists worked on the ORH C-123s. In reaffirming its oral
TDI of 2 pg/kg-d for TCDD and other dioxin-like chemicals, the Environment Agency of the
United Kingdom (UKEA, 2009) noted that the average adult is estimated to consume about 49
pg TEQ from food and drinking water and to inhale approximately 0.2 pg TEQ on a daily basis,
corresponding to a mean daily intake (MDI) of 0.7 pg/kg-d for a 70-kg adult. Twenty years
earlier in 1988, the average person consumed on the order of 1.2 pg/kg-d TEQ (WHO estimate in
NRC, 1988). Any AF Reservists ever assigned work on one of the ORH C-123s during their
years of service most certainly received at least some increment in exposure to these substances.
Superimposed upon the yet higher background levels of 1972–1982, such increments in exposure
would have posed a more substantial threat to health than they would if experienced today. As
discussed in Chapter 2, very small increments in exposure are not necessarily innocuous. They
can increase the risk of adverse health effects either through a linear relationship or by crossing a
threshold to a level at which adverse effects are plausible.

PREPUBLICATION COPY – UNCORRECTED PROOFS
53

Copyright © National Academy of Sciences. All rights reserved.

Post-Vietnam Dioxin Exposure in Agent Orange-Contaminated C-123 Aircraft

As another way of addressing its charge of putting in context the levels of exposure
plausibly experienced by the AF Reservists, the Committee attempted to compare them to existing
guidelines for TCDD exposure within enclosed settings. When making such comparisons, the
Committee considered differences in the activities that influence exposures of the population for
which the guidelines were developed, along with differences in duration of exposure. Such
modulating activities include contact rates with surfaces, breathing rates, hand-to-mouth
frequency, access to hygienic facilities before eating, surface area of the skin exposed, etc. Greater
activity and movement of the AF Reservists would have resulted in contact with multiple surfaces
since Reservists frequently sat on the floor of the aircraft with limited or no access to lavatory
facilities prior to eating. This would suggest that they would have higher exposure from
inadvertent ingestion and dermal pathways than office workers. On the other hand, the number of
hours and years of work that the AF Reservists were in the aircraft were less that that used for
establishing the guidelines for the office workers. Based on these varying conditions, it is the
Committee’s judgment that it is plausible, in some cases, the AF Reservists’ exposures
exceeded TCDD guidelines for workers in enclosed settings.
All projected exposures will necessarily be uncertain due to limitations in the data
available. The C-123 crews were potentially exposed to TCDD from air by inhalation and dermal
absorption of vapors. Because of the methods used to collect the air samples, the Committee did
not considered the resulting measurements useful, Surface contamination with a SVOC can lead to
exposure by inhalation of the chemical released into air, dermal absorption resulting from
contacting a contaminated surface, and ingestion arising from hand-to-mouth transfer. There were
24 usable interior wipe samples of TCDD from ORH C-123s (see Table 3-3). Sixteen of them were
collected in 2009, 27 years after the C-123s had been retired. The remaining eight were collected
in 1994 and 1995, 12 years or more after retirement. These samples came from only three C-123s,
and there is only a little anecdotal information on how representative these three C-123s are of all
the ORH planes used back in the United States. There is no record of where in the interior of a C123 some of the samples were collected. The three highest wipe samples (200, 250, and 1,400
ng/m2 collected in 1994) seem rather inconsistent with five samples of the same plane conducted
in 1995 for which the largest concentration measured was 30 ng/m2, and the remaining four were
non-detects (< 20 ng/m2). Moreover, these samples were from “Patches,” a plane selected for
sampling because of chemical odors (due to the herbicides themselves or, perhaps more likely, the
insecticides that had also been sprayed by this aircraft), so consequently these samples may not be
representative of the ORH C-123s in general. The values of samples gathered from the other two
C-123s in 2009, however, were quite closely clustered, perhaps an indication of redistribution
toward homogeneity on their interior surfaces as they sat sealed on the desert. The only two TCDD
air samples collected were collected in 2009 using a screening sampling method (USAF, 2009b),
apparently under conditions of artificial mechanical ventilation (Nieman, 2014), and they both
were non-detects. It is clear that any estimate of TCDD exposure to C-123 crews based on these
meager data will be very uncertain. Nevertheless, the Committee worked with these data in an
effort to fulfill its charge by gaining at least some perspective on potential exposures.
To assess whether industrial sites require clean-up, it has become common practice to do a
“worst case scenario” evaluation as an initial screening procedure. Assumptions are made in
selecting variables for estimation models to be protective of all exposed individuals; that is, they
are “conservative.” The Committee considered this approach as a potential starting point. In light
of its charge to provide VA with a sense of the plausibility of an increase in health problems
actually occurring among AF Reservists who had worked with ORH C-123s, however, the
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Committee thought it more constructive to limit the inputs used in exploring various exposure
models to ranges more likely to reflect the residues and the work experience of the AF Reserve
personnel.
Exposure assessors frequently perform computer simulations, or Monte Carlo modeling, in
which the exposure model is run repeatedly with values sampled from the theoretical distributions
of each input variable. The results of all the iterations produce a distribution of exposure estimates
that describes central tendency and variability for the situation in question. Because of the sparse
nature of the available sampling results and the Committee’s instruction to perform a qualitative
assessment of exposure, such an intricate approach was not deemed necessary or scientifically
credible.
The limitations of the available sampling data (as described previously) make them
inadequate for deriving definitive estimates of exposure, but the Committee did explore different
approaches to quantitative assessment to gain a sense of magnitude and variability for answering
its second charge. The Committee does not, however, endorse any particular estimates generated
in the course of its quantitative explorations, so specific estimation results are not presented in
this report.
The Committee had defined the sampling results that would be best for any numerical
considerations to be interior TCDD wipe samples. Unfortunately, this set of measurements was
limited to eight samples from “Patches” (three in 1994 and five in 1995), and seven and nine
samples collected in 2009 from two ORH C-123s that had been stored in the desert for many
years (see Table 3-3).
The set of guidelines adopted as being most appropriate for comparison with the sampling
results were those for surface loadings on indoor surfaces, which ranged from 1 to 25 TEQ ng/m2
(see Table 2-1). Derived between 1983 and 2009, they seem to have tended toward greater
stringency as data and understanding of the toxicity of dioxin-like chemicals increased. They
include the 3.5 ng/m2 screening level derived by CHPPM and the 22 ng/m2 guideline found in the
2009 AF report (which should have been 1.1 ng/m2, if dermal exposure had been taken into
account as claimed; see Table 4-1). The Committee considered this range of surface standards as
roughly defining zone in which observation of sampling measurements suggests transition into a
level of exposures plausibly associated with consequential increases the risk of health problems.
It was the Committee’s understanding that VA’s interest is in determining whether the
AF Reservists had plausibly been at risk of experiencing exposures hazardous to their heath.
With this objective, strict adherence to the public health practice, or “precautionary principle”
that adopts very protective assumptions to ensure that no health threat to a population might be
overlooked seemed inappropriate to the Committee. Therefore, in its efforts to establish the
plausible magnitude of the AF Reservists’ exposures, the Committee considered values reflective
of their actual work experience, rather than the extreme or “worst case” values that are often
used in risk assessments. When putting its perceptions of the available data in context, however,
the Committee accepted international screening guidelines, generally derived in accord with the
precautionary principle, as defining a range of values at which taking further action in the
interest of health would be merited.
Most of the guidelines that the Committee used to put the possible exposures of C-123
personnel in context were developed for hypothetical long-term office workers (an application of
the precautionary principle), but information on the work profiles of the AF Reservists was far
too unclear to permit adjustment of the guidelines to match their work experience. Although the
cumulative time the AF Reservists spent in ORH C-123s was less than 30- to 40-year working
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lifetimes, the nature of the C-123 personnel’s work activities may have increased the exposure
experienced per unit of time, thereby reducing the “protectiveness” of the guideline. Also,
several of the guidelines expressed in terms of surface TCDD levels probably underestimated the
extent of dermal absorption. While such guidelines are generally derived with the intention of
being protective, if the guidelines do not factor in all routes of exposure or activities of the
workers, then their tendency toward protectiveness from “worst-case” estimation of risk would
be diminished.
The extent to which the levels of TCDD in the aircraft would degrade or be depleted over
time was also uncertain. Several committee members thought that the levels of sampled residues
would reflect only a small fraction of the concentrations present during the decade of use after
the ORH C-123s returned from Vietnam. There was no consensus on the value for the fraction
degraded or depleted over time, but all agreed that the contamination at the time of sampling
would have been less than it had been at the time of exposure at least 10 years earlier. Therefore,
the long delay between the time of exposure and the time of sampling would at worst contribute
to under-estimation of the AF Reservists’ exposure.
In other respects, comparisons of exposure estimates for the AF Reservists to established
guidelines are associated with a great deal of uncertainty, but there is no reason to anticipate an
overall trend of systematic over- or under-estimation of health risks. For example, it was not at
all clear that the three sampled planes and the 24 interior samples gathered were representative of
the ORH C-123s used by the AF Reservists or the surfaces with which they had contact.
Although this is a substantial source of uncertainty, there is no evidence suggesting their
selection was biased toward over- or under-estimation.
These arguments recognize considerable uncertainty, but they do provide support for
concluding that the reported TCDD surface levels are very unlikely to be systematic overestimates in comparison to the existing surface loading guidelines. Table 4-4 is a compilation of
sources of uncertainty demonstrating that there are a substantial number that might be expected
to tend toward underestimation of the exposures and associated health risks experienced by the
AF Reservists, which together may go far toward neutralizing the protective bias normally built
into guidelines. Screening guidelines are intended to provide protection for workers with a vast
range of far less extreme values than those of the hypothetical office workers used to in deriving
the guideline.
The Committee became convinced that simply comparing the unadjusted surface
measurements from the ORH C-123 to the existing guidelines for surface loading provides a
valid qualitative means based on international regulatory standards for envisioning the degree of
health risk associated with these results (see Figure 4-1).
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TABLE 4-4 Likely Directionality of Various Sources of Uncertainty Involved in Assessing Exposure of
AF Reservists Who Used ORH C-123s on the Basis of Available Sampling Results
Source of Uncertainty If Quantitative Exposure
Direction of Bias in
Estimates Were Derived from C-123 Surface
Estimation of Exposure or Risk
Sample Data
Representativeness of sampled aircraft and locations
sampled

None perceived

Samples gathered long after the period of potential
exposure

Underestimate

Wipe samples may indicate levels that are “substantially
below true surface levels” (EPA, 1991)

Underestimate

Air sampling insufficiently sensitive

Underestimate

Degree of uptake from surfaces by AF Reservists vs.
assumptions in surface guidelines for office workers

Overall directionality unclear

Duration in contaminated space—less, but likely also
the case for target population of guideline
Intensity of physical activity—greater
Contact with surfaces—greater
Exposure estimates in terms of TCDD only versus
guidelines in terms of TEQs

Minimal underestimate of total TEQ
exposure in case of AO-derived residues

Screening guidelines—“worst case” approach is designed to Generally over estimate risk, but may not be
be health protective
as protective as thought
Upper limit on potency factor

Protective

Extreme duration of exposure

Protective

Failure to incorporate exposure by all routes

Non-protective

Older guidelines do not include more sensitive TCDD
exposure-response information from new research

Non-protective

Reservists exposed when TEQ burdens were high for
general population

Non-protective for threshold effects
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FIGURE 4-1 Existing TCDD Surface Concentrations in Relation to Interior Wipe Samples.
NOTE: TCDD surface concentrations obtained from the total of 24 wipe samples from the interiors of post-Vietnam
C-123 aircraft by year. The horizontal band represents the 1-25 ng/m2 range of existing surface guidelines for TCDD.
Clear points represent non-detect samples plotted at their detection limit.

Given the variety of approaches pursued in its efforts to interpret the available data and
the intrinsic weaknesses of those data, the Committee was unable to determine which, if any, of
the various models and exposure scenarios investigated should be regarded as the most reliable
representation of the experiences of AF Reservists. The Committee observed, however, that
under at least some reasonable scenario, all the models that were considered generated exposure
estimates for the C-123 personnel that were larger than what screening guidelines deemed to be
“acceptably” safe. Several factors contributing to uncertainty discussed in this report (such as the
long delay between when the activities leading to possible exposure occurred and sampling, the
failure to adequately account for the extent of dermal absorption, considering only TCDD
measurements of TCDD only in comparison to the screening levels developed in terms of TEQs
for all dioxin-like chemicals contributing to exposure overall, etc.) would be expected to bias
exposure estimates toward underestimation and hence an understatement of projected risk for the
AF Reservists. Such tendencies toward underestimation would countervail to a certain extent
against the built-in “worst-case” nature of the available guidelines considered. When even these
quite probably understated values fall in the region delineated by the screening levels for interior
surfaces derived by several expert regulatory groups, the Committee’s reasons for attributing
plausibility to the occurrence of non-trivial increases in the risk of adverse health outcomes have
a firm basis.
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5

Summary of Findings

The Committee’s charge consisted of two tasks:
•
•

Evaluate the reliability (including representativeness, consistency, methods used)
of the available information for establishing exposure; and
Address and place in context (qualitatively by comparison to established
exposure guidelines) whether any documented residues represent potentially
harmful exposure by characterizing the amounts available and the degree to
which absorption might be expected.

Some of the desired types of information (particularly ample sampling information from
the time of the Reservists’ exposure) that any exposure assessor would prefer to have when
addressing these tasks simply does not exist. Similarly, much other important information is not
available in any definitive form. The Committee did its best to integrate the information provided
by the military through VA, from the retired AF Reservists, and by other interested parties.
Relevant publications from the peer-reviewed literature were consulted, but a great many of the
critical documents (for example, personal statements, letters, memos, and commissioned reports)
fall into the category of documents that have not been peer-reviewed, sometimes referred to as
“grey literature,” and so must be regarded as being somewhat less than authoritative.
In numerous instances, information and opinions from various sources (documents and
people) differed considerably. Controversy about many issues persists with no definitive way to
establish what the facts are. The Committee is not in a position to make final judgments
surrounding discrepancies between the recollections of military personnel and those of the AF
Reservists. In some instances, the resolution of these very heated debates would make very little
difference in the execution of the Committee’s task. For instance, this is the case for the dispute
about what efforts were made to decontaminate the Operation Ranch Hand (ORH) C-123s before
their use by the Reservists or even what decontamination measures were taken by the Reservists
themselves. No matter what methods may have been used, TCDD and phenoxy herbicide
residues were still detected 30 years later in several of the C-123 aircraft at levels in excess of
international guidelines. The Committee anchored its deliberations upon the facts available for
incorporation in the scientific endeavor of exposure estimation and did not give particular
credence to any party’s recollection of the events.
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The Committee notes that the two bulleted tasks in its charge are followed by:
The possible health effects would be assumed to be those characterized in prior
Veterans and Agent Orange reports, and would not be re-assessed for this report.
VAO activities to date have found the information concerning the exposure of
Vietnam Veterans inadequate to establish dose-response relationships for individual
health outcomes or to quantify the risk of a particular Veteran experiencing any
adverse effect.
This Committee does concur with earlier IOM committees responsible for the biennial
updates in the Veterans and Agent Orange (VAO) series that there are inadequate data to
establish dose-response relationships for particular health outcomes or to quantify the increased
risk of any individual veteran to experience any adverse effect. The Committee’s task has been to
assess whether the AF Reservists using the C-123s that had sprayed herbicides in Vietnam had
experienced exposures that might increase their risk of any adverse health outcome. The
estimates of toxic potency underlying the guidelines referred to by the Committee have been
derived from controlled animal studies, rather than the epidemiologic results that underlie
conclusions concerning association in the VAO series.
FINDINGS IN RESPONSE TO THE FIRST TASK
OF THE COMMITTEE’S CHARGE
Only very limited sampling data were collected from the C-123s, and all but the 1979
herbicide samples from “Patches” were gathered decades after the AF Reservists’ exposures on
the aircraft had occurred. The data include a series of spot samples in a subset of the planes used
by the Reservists with only some of the sampled aircraft having been used in ORH. The
limitations of the data available on the levels of TCDD contamination in the interior of the C-123
planes used between 1972 and 1982 by AF Reservists include
•
•

•

•
•

The sampling efforts were not designed to quantitatively assess the potential exposure
to the AF Reservists.
TCDD sampling was not contemporaneous with the exposure period of concern, and
there is great uncertainty about what changes in TCDD levels had occurred inside the
planes, during active use prior to 1982 when depletion due to high air turnover would
have been maximal and then during their long storage in the desert.
Sampling and analysis methods used over the various sampling periods apparently
were not uniform, but the methodologies were not fully described. Aside from the air
samples which were collected using inappropriate methods, however, the Committee
did not find information to invalidate any of the reported measurement data.
Considerable non-uniformity in the distribution of contamination throughout the
interior of “Patches” and differences in sampling procedures may have contributed to
the inconsistencies noted between the sampling results in 1994 and 1995.
Detailed, reliable information is not available on the activities of aircrews and
maintenance personnel inside these airplanes (e.g., time spent in planes, contacts with
surfaces, use of protective equipment, etc.) and very little information is available on
the use of specific aircraft.
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•

The limitations of the available information make them inadequate for deriving
definitive quantitative estimates of exposure, but they are sufficient for a screening
level of analysis. Despite these limitations, it is significant that the interiors of the C123s that had sprayed herbicides in Vietnam and were later used by AF Reservists
had AO and TCDD contamination at levels in excess of international guidelines long
after their use by AF Reserve personnel.

Understanding of the physical and chemical characteristics of SVOCs like TCDD
establishes that they would not be immobilized on surfaces, so residues were available for
transfer by dermal contact, inhalation, and ingestion. AF Reservists serving in the contaminated
C-123s, therefore, experienced some degree of exposure to TCDD and herbicides through
multiple routes when working in ORH C-123s. The Committee notes that the sampling results
appear to be consistent with redistribution of dioxin in accordance with established
thermodynamic principles which predict more uniform readings as contamination in hot spots
vaporize and resettle averaging out the concentration over the entire interior surface with the
passage of time. The exposure potential of individuals working in that environment was likely
highly variable. Even if the sampling results were considered an adequate basis for estimating
exposure, the information necessary for derivation of estimates on an individual basis is not
available.
Air TCDD levels would be expected to be higher on the ground than while flying, due to
lower air circulation. Maintenance workers would, therefore, be expected to have higher
inhalation exposures per time spent in the planes than crew members. Work practices of
maintenance workers may also have involved more contact with contaminated surfaces than
those of crew members. Consequently, depending on the amount of time maintenance workers
spent in planes, their TCDD exposures could have been higher than those of C-123 crew
members.
FINDINGS IN RESPONSE TO THE SECOND TASK
OF THE COMMITTEE’S CHARGE
•
•

•

Of the various interpretations of the available data available for review, the Committee
finds ATSDR’s qualitative assessment (2012, 2013a,b, 2014) to be the most reasonable
and well-supported.
How representative the samples very limited number of TCDD gathered from the
ORH C-123s are of the TCDD distribution throughout their interior is uncertain, but,
in the absence of definitive information to the contrary, the Committee assumed that
the three ORH C-123s sampled were representative of the entire fleet.
There is no definitive information on the rate of degradation or depletion of TCDD on
interior surfaces of the aircraft in the decades after their use in ORH. Without
adjustment for reductions in the contamination over time, estimates of TCDD exposures
to the AF Reservists based on samples taking from the C-123s in the mid-1990s and in
2009 could, therefore, underestimate their actual exposures, quite possibly markedly.
Therefore, the measurements resulting from interior surface sampling in 1994, 1995,
and 2009 probably represent a lower bound on what average surface TCDD
contamination might have been when AF Reservists worked in the planes.
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•

•

•

•

Because of problems related to factoring dermal absorption into the some guidelines,
the Committee recognized that several of those referred to during its evaluation might
not be as protective as supposed. Several guidelines underestimated the extent to which
dermal absorption contributes to total exposure in the workplace. In another instance, a
guideline for surface loading purported to be protective for the combination of dermal
and oral exposure was calculated erroneously so that the more sensitive dermal pathway
effectively had not been factored in.
The Committee did not find any of the existing contamination guidelines for TCDD it
reviewed or the three models as presented and parameterized in Lurker et al. (2014) a
perfect match for the circumstances being evaluated, but it did decide that the surface
TEQ loading guidelines were most applicable to the AF Reservist’s occupational
situation.
The Committee switched its attentions to the guidelines themselves after determining
that efforts to adjust the poorly documented work profiles of the Reservists to
correspond with those hypotheticized for office workers in deriving the guideline had
an indeterminate effect. It is the Committee’s judgment that comparing the unadjusted
surface measurements from the ORH C-123s to the existing guidelines for surface
loading provides the most valid qualitative means of evaluating the degree to which
these results according to international guidelines.
The existing guidelines for TEQs on interior surfaces ranged from 1 to 25 ng/m2, zone
in which sampling measurements reach a level where action should be taken.

Although the existing information is inadequate for estimating exposure with any degree
of certainty, the Committee was able to answer its charge to evaluate the reliability of the data
and to qualitatively establish whether the documented residues represent potentially harmful
exposures.
The available sampling data are sufficient to demonstrate long-term Agent Orange and
TCDD contamination of the C-123s. Understanding of the physical and chemical properties of
TCDD establishes that residues measured on the inorganic surfaces within the C-123s would not
have been immobile and that contact with the exterior of the AF Reservists’ bodies would have
occurred to some extent. Retrospective estimation of concentrations present at the time of the AF
Reservists’ service based on these limited measurements would inevitably be subject to
substantial uncertainty. At the time when the AF Reservists were working on these C-123s, the
levels of TCDD would have been at least as high as those measured at later times. Hence,
exposure estimates based on the collected samples without adjustment for any depletion of the
TCDD loading on interior surfaces would likely underestimate the actual exposure experienced
many years earlier. Direct comparison of those surface loading measurements with existing
TCDD guidelines without additional adjustments to incorporate assumptions about work
practices during state-side use of the ORH C-123s would not be expected to systematically overestimate their exposures and associated risks.
Bearing in mind all of the factors discussed above, the committee reached consensus that it
is probable that the TCDD exposures of at least some AF Reservists exceeded levels equivalent to
some guidelines established for office workers in enclosed settings. The Committee’s
interpretation of the available data is that, although they do not permit definitive quantitative
estimation of exposure due to a multitude of uncertainties, they do indicate that it is plausible that
the C-123s did contribute to some adverse health consequences among AF Reservists who worked
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in ORH C-123s after the planes returned from Vietnam. The Committee is firm in its conviction
that AF Reservists working in ORH C-123s were exposed (in the technical sense of the word of
having bodily contact with the chemicals) to the components of AO to some extent. The
Committee members could not stand behind any particular exposure estimates produced by
manipulating the existing data, but they are clear in their finding that the surface-wipe sampling
measurements of dioxin gathered in 1994, 1995, and 2009 are fully consistent with exposures to
AF Reservists while working in ORH C-123 planes that exceeded international exposure
guidelines.
The Committee also notes that, because (aside from the now decontaminated “Patches” on
museum display) the ORH C-123s have been destroyed and efforts to recover the work records of
the AR Reservists have been unsuccessful, it is highly unlikely that any additional information will
become available to establish more definitively the magnitude of exposures experienced by the AF
Reservists.
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Appendix A
Public Agendas from Committee Meetings

FIRST PUBLIC MEETING
May 15, 2014
Keck Building, Room 106
500 Fifth Street, NW
Washington, DC 20001
1:00 p.m.

Welcome; Goals and conduct of the public meeting; Introduction of
committee members
Robert Herrick, Committee Chair

1:05 p.m.

Charge to the Committee
Loren Erickson, U.S. Department of Veterans Affairs (VA)

1:25 p.m.

Major Wesley T. Carter (retired), Chair, The C-123 Veterans’ Association

1:45 p.m.

Other comments, as requested by attendees, and discussion

2:00 p.m.

Close Public Session
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SECOND PUBLIC MEETING/WORKSHOP
June 16, 2014
Keck Building, Room 100
500 Fifth Street, NW
Washington, DC 20001
Welcome, Goals, Conduct of Meeting, Introduction of Committee Members
8:30 a.m.

Robert Herrick, Committee Chair

Panel 1: Post-Vietnam Handling and Use of the C-123s
8:45 a.m.

Wesley Carter, C-123 Veterans Association

8:50 a.m.

Alvin L. Young, A.L. Young Consulting, Inc.

8:55 a.m.

Comments and Questions from Committee Members

Panel 2: Collection and Analysis of Samples
9:45 a.m.

Peter Lurker, Germantown Consultants, LLC

9:50 a.m.

Peter C. Kahn, AESOP, Rutgers University

9:55 a.m.

Thomas E. McKone, University of California, Berkeley

10:00 a.m.

Comments and Questions from Committee Members

10:45 a.m.

BREAK

Panel 3: Exposure Modeling with Existing Data
11:00 a.m.

Thomas H. Sinks, Deputy Director of NCEH, ATSDR

11:05 a.m.

Jeanne M. Stellman, Columbia University

11:10 a.m.

Patrick Finley, Sandia National Laboratories

11:15 a.m.

Jeffrey H. Driver, RiskScience.net

11:20 a.m.

Comments and Questions from Committee Members
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12:15 p.m.

LUNCH

Interpretations of Resulting Exposure Estimates and General Discussion
1:00 p.m.

Comments and Questions from Attendees
(Make request to staff for a 5-minute slot before lunch)

1:15 p.m.

Additional Comments and Questions from Committee Members

1:30 p.m.

General Discussion

2:30 p.m.

Adjourn Open Session
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Appendix B
History and Sampling of C-123s in USA
After Spraying Herbicides In Vietnam
TABLE B-1 Operation Ranch Hand C-123s Identified in Historical Recordsa

UC-123
Tail #b
54-558

Squadron Assignment, Museum/Year (if known)
4500th ABW, MAP

54-570

4500th ABW, MAP

54-575

4500th ABW, MAP

54-576

12th SOS (Vietnam, no date); 56th SOW (Thailand, no
date); 405th Fighter Wing (The Philippines, no date); South
Vietnamese Air Force (1971); MASDC (no date), AFLC
(1972); MAP
12th SOS (Vietnam, no date); 315th TAW (Vietnam, no
date); Vietnam Air Force (no date); MASDC (no date),
AFLC (no date); Air America (1973); MAP
12th SOS (Vietnam, no date); 56th SOW (Thailand, no
date); MAP

54-577
54-578
54-584

12th SOS (Vietnam, no date); 315th TAW (Vietnam, no
date); Vietnam Air Force (1971); MASDC (no date), AFLC
(no date); MAP

54-586

12th SOS (Vietnam, 1968–1970); 315th TAW (Vietnam, no
date); MASDC (1970), AFLC (no date); 911 TAG (PA,
1972); 731st TAS (MA, 1981); retired from service 1982;
destroyed (2010)
12th ACS

54-588
54-589

Year
Crashed
or
Lost and
Location

Transferred
via Military
Assistance
Program
(MAP)Location and
Year
Royal Thai Air
Force
(Thailand),
1971
Royal Thai Air
Force
(Thailand),
1971
Royal Thai Air
Force
(Thailand),
1971
Royal Thai Air
Force
(Thailand),
1973
Royal Lao Air
Force, 1973
South
Vietnamese Air
Force, 1973
Royal Thai Air
Force
(Thailand),
1973

1962
(Vietnam)

12th SOS (Vietnam, no date); 315th TAW (Vietnam, no
date); MASDC (no date); MAP

Royal Thai Air
Force
(Thailand), no
date but records
show it was
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54-591
54-597

12th SOS (Vietnam, no date); 315th TAW (Vietnam, no
date); Vietnam Air Force (no date); MASDC (no date),
MAP
12th ACS

54-602

1st SOS

54-605

12th SOS (Vietnam, 1966–1968), 315th TAW (Vietnam, no
date); MASDC (1970); AFLC (1971); 907th TAG (OH,
1972); 355th TAS, (no year); 356th (OH, 1973); retired
from service 1984; destroyed (2010)
12th SOS (Vietnam, 1966–1969); 315th TAW (Vietnam, no
date); MASDC (1971); AFLC (1971); 1st SOW (FL, no
year); 24th SOW (Panama, 1973); 907th TAG (OH, 1975);
355th TAS, (OH, no year); 356th (OH, no year); 439th AW
and 731st TAS (MA, 1976); retired from service 1982;
destroyed (2010)
12th ACS

54-607

54-611
54-618

54-621
54-628

54-630
54-633

54-658

54-664
(Thunderpig)

54-693

54-701

12th SOS (Vietnam, 1966–1969); 309th SOS (Vietnam, no
year); 315th TAW (Vietnam, no year); MASDC (1970);
AFLC (1971); ADTC (FL, no year); 302nd TAW, 906th
TAG, 355th TAS (1972–1981, OH); retired from service
1982; destroyed (2010)
19th ACS
12th SOS (Vietnam, 1966–1968); 309th SOS (Vietnam,
1969); 315th TAW (Vietnam, no year); MASDC (1970);
AFLC (1971); 355th TAS (OH, no date); retired from
service 1982; destroyed (2010)
12th ACS

destroyed in
combat
Philippines Air
Force, 1970
1966
(Vietnam)
1968
(Florida)

1967
(Laos)

1967
(Vietnam)

1967
(Vietnam)

12th SOS (Vietnam, no date); 315th TAW (Vietnam, no
date); MASDC (no date); AFLC (no date); 1st SOW (FL,
no date); 906th TAG, 907th TAG, and 355th TAS (OH, no
dates); retired from service 1982; retired for preservation—
Museum of Aviation, Robins AFB (GA, 1984)
12th SOS (Vietnam, no date); 315th TAW (Vietnam, no
date); MASDC (1970); AFLC (no date); 24th SOW
(Panama, no date); 906th TAG, 355th TAS (OH, no dates);
retired from service 1982; retired for preservation—
Mobility Command Museum, Dover AFB (GA, 1987)
1st CW (training of RH crews)(FL, no date); 315th ACG
(Vietnam, no date); MASDC (1969); 317th TAW (OH,
1969); MASDC (1970); AFLC (1970); 906th TAG, 355th
TAS (OH, no date); retired from service 1981;declared
surplus and dropped from AF inventory (1985); retired for
preservation—Air Heritage Museum (PA, 1994)
12th SOS (Vietnam, 1967–1968); 309th SOS (Vietnam,
1969); 315th TAW (Vietnam); MASDC (1970), AFLC
(1971); 1st SOW (FL, no date); 355th TAS and 356th TAS
(OH, no date); retired from service 1982; destroyed (2010)
12th SOS (Vietnam, 1968–1970), 309th SOS (Taiwan,
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55-4511
55-4520

55-4532

55-4547

55-4570

1969); 315th TAW (Vietnam, no date); MASDC (1970);
AFLC (1970); 4500th ABW (VA, 1970); 906th TAG, 355th
TAS and 356th TAS (OH, no dates); retired from service
1982; destroyed (2010)
12th SOS (Vietnam, 1968); 315th TAW (Vietnam, no date);
MASDC (no date), AFLC (no date); MAP
12th SOS (Vietnam, 1968–1969); 310th SOS (Taiwan,
1969); 315th TAW (Vietnam, no date); MASDC (1970);
AFLC (1971); 51st ABW (South Korea, no date); 56th
ABW (AZ, no date); 907th TAG (OH, no date); 356th TAS
(OH, no date); retired from service 1981; destroyed (2010)
12th SOS (Vietnam, 1968–1970); 310th SOS (Taiwan, no
date); 315th TAW (Vietnam, 1970); MASDC (1970); 24th
SOW (Panama, 1970); AMARC (1970); AFLC (1971);
911th TAG (PA, no date); retired from service 1980;
destroyed (2010)
12th SOS (Vietnam, 1968–1969); 310th TAW (Taiwan,
1969); 315th TAW (Vietnam, no date); MASDC (1970);
AFLC (no date); 4500th ABW (VA, 1970); 906th TAG,
355th TAS, and 356th TAS (OH, no date); retired from
service 1986; destroyed (2010)
12th SOS, 311th SOS (Vietnam, 1968–1969); 315th TAW
(Vietnam, no date); MASDC (1970), AFLC (no date); 51st
ABW (Korea, no date), 907th TAG (OH, no date); retired to
AMARC (no date); MAP

56-4368

12th SOS (Vietnam, 1968–1969); 310th TAW (Taiwan,
1969); 315th TAW (Vietnam, no date); MASDC (1970),
AFLC (no date); 24th SOW (Panama, no date); 907th TAG,
355th TAS, and 356th TAS (OH, no date), retired from
service 1986; destroyed (2010)
12th SOS (Vietnam, 1967–1968); 310th SOS (Taiwan, no
date); 315th TAW (Vietnam, no date); 911th TAG, 758th
TAS (PA, 1972); MASDC (1980); destroyed (2010)
346th TCS (NC, 1961); ORH (Vietnam, 1962); 4500th
ABW (VA, 1962); 315th Air Division Headquarters, 2nd
Division (Vietnam, 1963); 377th CSG (Vietnam, 1966);
315th ACW (Vietnam, 1966 [converted to UC-123 in MD,
1968]); 315th TAW (Vietnam, 1968 [converted to
insecticide sprayer—Operation Flyswatter]); 377th
(Vietnam, 1972); MASDC (1972); 911th TAG (PA, no
date); 901st TAG, 731st (MA, 1972); transferred to
museum status—United States Air Force Museum, WrightPatterson, AFB (OH, 1980)
464th TCW

56-4370

464th TCW

56-4371

12th SOS (Vietnam, no date); 315th TAW (Vietnam, no
date); MASDC (1970); AFLC (1971); 906th TAG (OH, no
date); 355th TAS (OH, 1975); retired from service 1982;
destroyed (2010)

55-4571

55-4577
56-4362
(Patches)

Republic of
Korea, no year

Royal Thai Air
Force
(Thailand),
1975 (currently
located in
Chiang Mai
Museum,
Thailand)

1962
(Vietnam)
1962
(Vietnam)
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56-4373

310th TAS

56-4378

309th ACS

1971
(Vietnam)
1966
(Vietnam)

56-4384

12th SOS (Vietnam, no date); 310th SOS (1969); 315th
Year and
TAW (Vietnam, no date); MASDC (no date), AFLC (no
country
date); MASDC (no date); MAP
undisclosed
57-6289
12th SOS (Vietnam, no date); 315th TAW (Vietnam, no
Royal Thai Air
date); 405 Fighter Wing (The Philippines, no date);
Force
MASDC (1970), Vietnam Air Force (1971); AFLC (1973);
(Thailand),
MASDC (no date); MAP
1973
57-6291
12th SOS (Vietnam, no date); 315th SOW (Vietnam, no
1980 (OK)
date); MASDC (1970); AFLC (no date); 302nd TAW,
906th TAG, 355th TAS (OH, no dates)
SOURCE: Information compiled from Carter, 2013; Alvin L. Young, A.L. Young Consulting, Inc., personal
communication, May 5, 2014; Young, 2014; Young and Young, 2014a,b.
ABBREVIATIONS: ABW, Air Base Wing; ACG, Air Commando Group; ACS, Air Commando Squadron;
ACW, Air Command Wing; ADTC, Air Development and Test Center; AFLC, Air Force Logistic Command
(Hayes Aircraft Facility, Napier Field, Dothan, Alabama); AMARC, Aerospace Maintenance and
Regeneration Center; CSG, Combat Support Group; MASDC, Military Aircraft Storage and Disposal Center
(Davis-Monthan Air Force Base, Tucson, AZ); SOS, Special Operations Squadron; TAG, Tactical Air Group;
TAS, Tactical Airlift Squadron; TAW, Tactical Air Wing; TCS, Troop Carrier Squadron; TCW, Troop
Carrier Wing.
a
C-123 aircraft tail #’s 54-583, 54-585, 54-635, 54-685, and 55-4544 were excluded from this table.
Each of these aircraft were identified as ORH planes in some recent historical documents provided by
the VA (Young and Young, 2013, 2014a,b); however, although these C-123 aircraft were stationed with
the 12th SOS in Vietnam (ORH), the flight records for these aircraft do not indicate that they were used
for herbicide missions (USAF, 2009a). Tail #56-4375, nicknamed The White Whale” was used for VIP
transport, not herbicide missions, and was also excluded from this table.
b
C-123 aircraft tail numbers that are in bold were destroyed and recycled in 2010.
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TABLE B-2 Sampling of C-123s in USA after Spraying Herbicides in Vietnam
Date
03/09/1979
(Report
dated
09/1979)

Event

Plane

Sampling –
Westover AFB
(to determine the
source of bad
odors)

06/1980

Sampling

“Patches”

3 Air Samples – (2,4-D and
2,4,5-T = 0.243 mg/m3 to
0.428 mg/m3); TLV = 10
mg/m3
1 Paint Scraping from cargo
tie-down rings (& 1 residue
sample lost) (detection limit
60 µg/kg) 2,4-D = < 60 µg/kg;
2,4,5-T = < 60 µg/kg
• 2,4-D Butyl Ester µg/kg
(AO) = < 60
• 2,4-D Isooctyl Ester
µg/kg (AOII) ≈ 92
• 2,4,5-T Butyl Ester µg/kg
(AO) ≈149
• 2,4,5-T Isooctyl Ester
µg/kg (AOII) = < 60
Malathion µg/kg ≈ 145
Dropped from inventory by
transfer to museum status
(USAF Museum, Wright
Patterson AFB, Ohio)
Swipes:
2,3,7,8-TCDD
(nanograms/sample):
[interior 200 ng/m2 – 1400
ng/m2]
Interior (midship) – 14.22098
(TEQ – 14.458)
Interior (tail) – 2.06846 (TEQ
– 2.152)
Interior (tail) – 2.40728 (TEQ
– 2.491)
Exterior (wing) – 0.04015
(TEQ – 0.041 [4.1 ng/m2])
Exterior (wing) – 0.00255
(TEQ – 0.003 [0.3 ng/m2])
Also values for PCDD,
PCDF, etc.
49 surface wipes (TCDD)
Composite A2:
0 ng/600 cm2
Interior Front Port
Composite A3:
3.2 ng/400cm2 [53
ng/m2?] (figures as noted
in appendix B, corrected
from 3.2 ng/600 cm2)
Inside inspection ports
on rear bottom of

“Patches”

1994 (date
samples
taken
unclear,
request for
samples in
September;
first
discussed
November,
1994)

Wright Patterson
AFB Museum
Annex

“Patches” (?)

09/13/1995

Sampling –
Wright Patterson
AFB Museum
Annex (sampling
done by OHM
Remediation
Services, Corp)

“Patches”

Other
Malathion ≈ 145
µg/kg
Black residue
found in wing was
malathion

Document
describes plane as
“highly
contaminated”
(Samples analyzed
by Pace
Incorporated
Environmental
Laboratories)

WESTON
Laboratories
(ng/m2
measurements from
UC = 123K
Sampling and
Analysis Plan,
February 2009)
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11/17/1995

Wright Patterson
AFB Museum
Annex
(proposal for
decontamination)

“Patches”

07/1996

Wright Patterson
AFB Museum
Annex
(proposal for
decontamination)

“Patches”

09/1996

Sampling (309th
Aerospace
Maintenance and
Regeneration
Group (AMARG

17 planes
(5 without
documentation
of service in
Operation

aircraft (exterior)
(described in 11/17
memo as rear of cargo
bay); report says
“inspection ports which
tested positive are below
the same area of the
interior which was hot”)
Composite A5:
0 ng/600 cm2
Interior Front Starboard
Composite A6:
0 ng/600 cm2
Interior Center Port
Composite A7:
0 ng/600 cm2
Interior Center
Starboard
Composite A8
1.8 ng/600cm2 [45
ng/m2?] (figures as noted
in appendix B, corrected
from 1.8 ng/400 cm2)
Interior Rear (rear
interior of cargo bay)
No dioxin found on exterior
of plane or spray equipment
A proposal OHM
Remediation Services, Corp –
once aircraft wiped down 3
times, “175 wipe samples will
be taken plus 10 percent for
quality control”
• New proposal from
OHM Remediation
Services, Corp –16 wipe
samples will be taken
including those for
quality control, proposes
to composite the wipes
from designated sections
of the grid before
analysis is performed by
USEPA Method 8280;
four composite samples
will be analyzed,
representing a 2,500 cm2
area)
17 planes swipe sampled for
2,4-D and 2,4,5-T prior to
sale; 2 samples per plane
(from inboard spray fittings
and floor underneath fittings).
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– formerly
AMARC),
Davis–Monthan
AFB, AZ

Ranch Hand)

02/1997

Wright Patterson
AFB Museum
Annex

“Patches”

02/18–
19/2009
(USAF,
2009b)

AMARG

4 Planes
Tail #’s 54-585
(no detect in
1996)
(herbicide
sprayer but not
RH according
to AMARG
and Dr. Paul
Cecil);
55-4571 (>25
µg/wipe,
1996)(RH
according to
AMARG);
55-4532 (>25
µg/wipe 1996)
(RH according
to AMARG);
55-4544 (no
detect in, 1996)
(herbicide
sprayer but not
RH according
to AMARG
and Dr. Paul
Cecil)

Swipes collected on moist
Whatman glass filters from
6x6 areas “of the floor located
under the spray line caps” and
“inside the spray line”
14 of 17 samples had
detectable herbicides
(2.2 µg/swipe to 960
µg/swipe)
Memo stating that “Patches”
is now washed and decontaminated and open for
employee and public access
(aircraft sampled by OHM
Remediation Services, Corp
after cleaning … no dioxin
contamination detected
[cleanup action level of 25
ng/m2])
124 (?) wipe samples (not
including 2 lost samples); 100
square cm area, hexane used
for dioxin/furan samples and
water for herbicide samples
Wipe Sampling Results:
No detectable AO
constituents on exterior
2,4-D and 2,4,5-T—very low,
no significant risk (1600 and
1100 µg/m2, respectively)
(level of concern, 100,000
µg/m)
•

•

•

•

2,4-D (55-4571): 587
µg/m2; 95% UCL = 911
µg/m2 in interior
2,4-D (55-4532): 453
µg/m2; 95% UCL = 781
µg/m2 in interior
2,4,5-T (55-4571): 518
µg/m2; 95% UCL = 698
µg/m2 in interior
2,4, 5-T (55-4532): 502
µg/m2; 95% UCL = 815
µg/m2 in interior

Samples
conducted to
obtain data “to
assess what
controls (if any,
may be needed to
ensure protection
of the health and
safety of
recycling
personnel.”
Samples set to
TestAmerica
analytical
laboratories

2 aircraft (55-4544, 54-0585)
had trace levels of
dioxin/furans on interior floor
locations (max 3.9 ng/m2
TEQ [risk-based screening
level value, 23 ng/m2]) and
non-detect levels or all other

PREPUBLICATION COPY – UNCORRECTED PROOFS
81

Copyright © National Academy of Sciences. All rights reserved.

Post-Vietnam Dioxin Exposure in Agent Orange-Contaminated C-123 Aircraft

surfaces
2 aircraft had low level
dioxin/furans on all interior
surfaces (55-4571—14.95
ng/m2 TEQ; 5504532—18.2
ng/m2 TEQ with 95% UCLs
of 21.7 and 24.7 ng/m2);
considered to have low-level
contamination that does not
pose a risk for personnel for
recycling activities.
Levels inside spray tank were
very high
16 Air samples: 2,4-D and
2,4,5-T collected in fuselage
with pump and glass fiber
filter at a rate of 2L/minute
for 60 minutes.
Dioxins/furans collected on a
foam plug at 4L/minute for ~4
hours (testing for conditions
for unprotected workers
cleaning out debris from
planes … not flying in planes.
Air Sampling Results:
No detectable AO
constituents in any air
samples
NOTES: 2,4-D, 2,4-dichlorophenoxy acetic acid; 2,4,5-T, 2,4,5-trichlorophenoxyacetic acid; AFB, Air
Force Base; AMARC, Aircraft Maintenance and Regeneration Center; AMARG, Aerospace Maintenance
and Regeneration Group; AO, Agent Orange; nd, not detected; MASDC, Military Aircraft Storage and
Disposal Center; RH, Ranch Hand; PCDD, polychlorinated dibenzo-p-dioxin; PCDF, polychlorinated
dibenzofuran; TCDD, 2,3,7,8-trichlorodibenzo-p-dioxin; TEQ, toxic equivalent; USAF, United States Air
Force; USEPA, United States Environmental Protection Agency.
*AO (Agent Orange)–50% n-butyl ester of 2,4-D, 50% n-butyl ester of 2,4,5-T; AOII (Agent Orange II)–
50% n-butyl ester of 2,4-D, 50% n-isooctyl ester of 2,4,5-T.
AMARG refers to The 309th Aerospace Maintenance and Regeneration Group, often called The Boneyard,
is a United States Air Force aircraft and missile storage and maintenance facility in Tucson, Arizona,
located on Davis-Monthan Air Force Base.
AMARG was previously Aerospace Maintenance and Regeneration Center, AMARC, the Military Aircraft
Storage and Disposal Center, MASDC, and started life after World War II as the 3040th Aircraft Storage
Group.
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Appendix C
Committee Biographies
Robert F. Herrick, Sc.D. (Chair), is a senior lecturer on occupational hygiene at the
Harvard School of Public Health. His educational background includes a B.A. degree in
chemistry from the College of Wooster, an M.S in Environmental Health Science from
the University of Michigan, and a Doctor of Science in Industrial Hygiene from the
Harvard School of Public Health. He is certified in the comprehensive practice of
industrial hygiene. His research interests are centered on the assessment of exposure as a
cause of occupational and environmental disease. He has conducted research on the
development of methods to measure the biologically active characteristics of reactive
aerosols, and on studies of work processes in the construction and semiconductor
industries to develop task-based models to identify and control the primary sources of
worker exposures. He has also investigated exposures and biomarkers of PCB exposures
to workers in PCB-contaminated buildings. Dr. Herrick is Past Chair of the American
Conference of Governmental Hygienists (ACGIH), and Past President of the
International Occupational Hygiene Association. Prior to joining the faculty at the
Harvard School of Public Health, Dr. Herrick spent 17 years at the National Institute for
Occupational Safety and Health (NIOSH) where he conducted occupational health
research. Dr. Herrick also previously served on the Institute of Medicine Committee to
Review the Health Effects of Vietnam Veterans of Exposure to Herbicides—Second and
Third Biennial Updates as well as the Committee for a Review of Evidence Regarding
Link between Exposure to Agent Orange and Diabetes.
Robert Canales, Ph.D., M.S., is an assistant professor in the Community, Environment
and Policy Division at the Mel & Enid Zuckerman School of Public Health at the
University of Arizona. He received his M.S. in statistics and Ph.D. in environmental
engineering and science from Stanford University and was a post-doctoral fellow at the
Harvard School of Public Health. Dr. Canales applies principles in the natural sciences
and mathematics to explore environmental health issues, particularly human exposure to
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