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- ABSTRACT

Solid-fuel rocket motors used by the United States Air Force (USAF) to launch missiles
and spacecraft can produce ambient-air concentrations of hydrogen chloride (HCI) gas. The
HCl gas is a reaction product exhausted from the rocket motor during normal launch or emitted
as a result of a catastrophic abort destroying the launch vehicle. Depending on the
concentration in ambient air, the HCI gas can be irritating or toxic to humans. The diagnostic
and complex-terrain wind field and particle dispersion model used by the Lawrence Livermore
National Laboratory’s (LLNL’s) Atmospheric Release Advisory Capability (ARAC) Program
was applied to the launch of a Peacekeeper missile from Vandenberg Air Force Base (VAFB) in
California. Results from this deterministic model revealed that under specific meteorological
conditions, cloud passage from normal-launch and catastropic-abort situations can yield
measureable ground-level air concentrations of HCI where the general public is located. To
protect public health in the event of such cloud passage, scientifically defensible, emergency
ambient-air concentration limits for HCI were developed and recommended to the USAF for use
as launch-hold criteria. Such launch-hold criteria are used to postpone a launch unless the
forecasted meteorological conditions favor the prediction of safe ground-level concentrations of
HCI for the general public. Unlike other launch-hold criteria previously considered and
proposed for HCI that are based strictly on ceiling-concentration levels, the recommended
concentration limits are a 2 ppm 1-h time-weighted average (TWA) concentration constrained
by a 1-min 10-ppm average concentration. This recommended criteria is supported by human
dose-response information, including data for sensitive humans (e.g., asthmatics), and the dose-
response exhibited experimentally by animal models with respiratory physiology or responses
considered similar to humans. Additionally, the recommended concentration limits are
compatible with the physiological response of the human respiratory system to HCI, and are
consistent with the predictive resolution and limitations of deterministic atmospheric-
dispersion models.

INTRODUCTION

Solid-fuel rocket motors are used by the United States Air Force (USAF) to launch
missiles and spacecraft. These motors produce ambient-air concentrations of hydrogen chloride
(HCI) gas, and depending on the concentration, HCI can be irritating and toxic to humans.1-4
The HCI gas is a reaction product exhausted from the rocket motor during normal launch or
emitted as a result of a catastrophic abort destroying the launch vehicle. The diagnostic and
complex-terrain wind field and particle dispersion model® used by the Lawrence Livermore
National Laboratory’s (LLNL’s) Atmospheric Release Advisory Capability (ARAC) Program
was applied to the launch of a Peacekeeper missile from Vandenberg Air Force Base (VAFB) in
California.® This deterministic modeling approach was particularly applicable because
- VAFB is located in the complex coastal terrain of southern California.
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Model results revealed that under certain forecasted meteorological conditions, the
centerline of the HCl cloud, created by a normal launch or a catastropic-abort situation, could
pass over locations where the general public is located, including base housing, or the nearby
cities of Casmalia or Lompoc. For example, under the specific set of meteorological conditions
forecast for the time of launch of a Peacekeeper missile test in November 1994, the model
predicted that a hypothetical catastrophic abort could lead to HCI cloud passage over base
housing. For this situation, Fig. 1 presents the magnitude of the model-derived 5-min, time-
averaged centerline ground-level air concentrations for HCI during the cloud passage over both
the location of base housing, 10-km downwind, and also closer to the source, at a location only
4-km downwind.

Atmospheric-dispersion models provide ensemble mean concentrations (i.e., expected
values) representative of the averagmg times for which the dispersion coefficients were
derived,
typically 15 to 30 min. To deterrnme concentrations with shorter time averages (e.g., 5-min), a
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Figure 1. The 5-min average centerline HCl concentrations predicted at two locations for a
hypothetical catastrophic abort of a Peacekeeper missile using meteorological forecast
conditions for 18 November 1994 at VAFB (northwest flow directed towards base housing).
Likely maximum 1-min average concentration applicable to base housing was derived from 5-
min average using “peak-to-mean” power law (see text).



widely-used averaging-time power law,’3 commonly called a “peak-to-mean” power law, was
applied:

Co=Ca[ P - (1)
p=Calz | - ,

where Cp is the peak (p) concentration (ppm or mg/m3) for the shorter averaging time, Tp;
Ca is the average concentration or mean predicted over the longer averaging time, Ta; and k is a

constant, typically equal to a value of about 0.2.7-9 Accordingly, the likely 1-min-maximum
average HCI concentration that is shown in Fig. 1 to occur at base housing during the maximum
5-min average concentration (about 7 ppm), was calculated analytically by again applying the
“peak-to-mean” power law.

To protect public health in the event of predicted HCI cloud passage directly over
populated areas, scientifically defensible, emergency ambient-air concentration limits for HCI
were developed and recommended to the USAF for use as launch-hold criteria. Specifically,
launch-hold criteria are used to postpone a launch unless the forecasted meteorological
conditions favor the prediction of safe ground-level HCI concentrations at housing facilities on
VAFB, where family members may reside, or over the nearby communities of Casmalia or
Lompoc. These recommended concentration limits for HCl were formulated to be compatible
with the physiological response of the human respiratory system to HCl, and to be consistent
with the predictive resolution and limitations of the dispersion models used to estimate
potential atmospheric concentrations of HCI from a Peacekeeper missile launched from VAFB.

PAST CONSIDERATIONS

Previously considered launch-hold criteria for protecting public health from excessive
exposure to HCl were developed as ceiling-concentration levels, either not to be exceeded
regardless of exposure duration, or not to be exceeded during a specified exposure period. Such
criteria were consistent with the emergency planning guidance recommended by government
agencies10 and the American Industrial Hygiene Association (ATHA)!! for developing such
emergency concentration limits. Even the State of California Environmental Protection

Agency12 and the National Research Council (NRC) of the National Academy of Sciences
(NAS)4 have proposed and recommended concentration levels for HCI for protecting public
health that should not be exceeded during a 1-h exposure period. For example, the State of
California recently proposed an ambient-air concentration of 0.04 ppm (0.06 mg/m3) as the
ceiling limit for the acute 1-h reference exposure level (REL) for HCL12 Similarly, the most
recent NRC/NAS recommended short-term public emergency guidance level (SPEGL) for HCl is
1.0 ppm (1.49 mg/m3) for an exposure period lasting up to 1-h.4

However, on the basis of our assessment of the inhalation toxicology data for HCI that
is applicable to humans and available in the literature, none of the previously mentioned
ceiling-concentration limits appear realistic or suitable for use as launch-hold criteria for this
compound. Our assessment of the inhalation toxicology data for HCl applicable to humans
appears next, followed by our recommendations for launch-hold criteria for this compound.




ASSESSMENT OF APPLICABLE INHALATION TOXICOLOGY DATA

Hydrogen chloride is an irritant gas that is extremely water soluble and so will be
absorbed, neutralized, or otherwise processed by the first moist tissue it contacts. Accordingly,
elements of the upper respiratory tract of humans, particularly the nose and pharynx, are most
likely to intercept and be affected by elevated concentrations of HCL13 In fact, nasal-
dosimetry modeling for humans reveals that 80% of highly soluble pollutants inhaled through
the nose can be absorbed in the nasal cavity under quiet breathing flow rates.14 Although this
powerful scrubbing capacity of the nasal passages for water soluble compounds also has been
demonstrated in rodents, humans typically breathe oronasally and so a direct extrapolation
between these species is not necessarily applicable.15 Indeed, Kaplan et al.16 determined that
the mouse, rat, and guinea pig were more sensitive than the baboon to the lethal effects of HCl
and suggest that anatomical differences in the respiratory tracts of rodents and primates might
account for these differences in sensitivity and the location of respiratory tract injury that was
observed. Furthermore, the United States Environmental Protection Agency (USEPA)L7 reports
that the upper airways of a human child are more closely approximated by the baboon than by
other mammalian species (e.g., rodents), and the complexity of the respiratory tract in humans
increases with age. On the basis of these considerations, the baboon seems to be the closest
animal model for assessing the human dose-response from inhalation of concentrations of HCl
gas in the atmosphere.

Although the guinea pig does not appear to be the perfect choice for a model for human
dose-response to HCI, this organism does exhibit certain sublethal respiratory responses to
HC], such as a tendency for bronchoconstriction, that are comparable to those of humans, and
under conditions of moderate exercise, the guinea pig does develop an increased susceptibility to
the effects of HCL18 Therefore, specific dose-response data for exercising guinea pigs were also
considered to be suitable for extrapolation to humans.

The two critical animals studies that are directly applicable to human populations
were performed by Kaplan et al.19 and Malek and Alarie20. Kaplan et al.19 showed that the
baboon suffered no irritation or adverse effects following inhalation exposure for 5 min to HCl
at a concentration of 190 ppm (285 mg/m?3). Malek and Alarie20 determined that exercising
guinea pigs suffered only mild irritation following exposure to an HCl concentration of 107 ppm
(161 mg/m3) administered continuously for 30 min.

As noted by the NRC/NAS4, most human health-effects data for inhalation exposure
to HCl consists of qualitative observations and uncertainties with respect to analytical
methods. Nevertheless, these data collectively suggest that prolonged exposure by healthy
individuals to concentrations of HCI up to 10 ppm (15 mg/m3) may be tolerated without any
adverse effects, and HCI concentrations of 50 to 100 ppm (75 to 150 mg/m3) may be tolerated for
up to an hour, although irritation to the throat was reported after short exposure to an HCI
concentration of 35 ppm (52.5 mg/m3).421 Also, the threshold limit value (TLV) ceiling-limit
for HCI that has been adopted by the American Conference of Governmental Industrial
Hygienists (ACGIH)?2, appears to be based on the unsubstantiated statement by Elkins23 that
a 5 ppm (7.5 mg/m3) concentration of HCl will be immediately irritating when inhaled. Most
importantly, a recent study performed by Stevens et al.24 revealed no clinically significant
health effects occurred in adult asthmatics exposed to HCl concentrations of 0.8 ppm
(1.2 mg/m3) and 1.8 ppm (2.7 mg/m3) for a 45 min duration that was divided into alternating
equal periods of exercise, rest, and exercise. Interestingly, Spengler et al.25 report that on the
basis of exposure to sulfuric acid (H2SO4) aerosol, asthmatics may be 2 to 10 times more
sensitive than normal individuals in the population. Finally, based on data compiled by



Amoore and Hautala26, and assuming these data are lognormally distributed, the 90%
confidence interval for detection of HCl odor by members of the general public appears to range
from as low as 0.032 ppm (0.048 mg/m3) for the more sensitive, to as high as 18.5 ppm
(27.6 mg/m3) for the less sensitive. An odor detection threshold that is just below a
concentration level that can lead to adverse health effects can serve as a powerful warning
signal to seek shelter or protection from a potentially hazardous situation.

In all of the relevant animal and human studies of inhalation exposure to HCI that
were just mentioned, the irritating effects from the HCI never appeared to occur
instantaneously, but took some time to develop. This suggests that, to a certain degree, the
complexity of the upper respiratory tract of humans can protect individuals against immediate
insult or limit symptoms from elevated exposures of short duration to reversible, mild effects
that are not clinically significant. However, we recognize that deleterious effects could occur
immediately after exposure to an extremely high instantaneous concentration of HCI [e.g.
probably much greater than 200 ppm (300 mg/m3), even for sensitive individuals], but this
threshold has not been sufficiently established. For example, Kaplan et al.27 report that
there was little evidence of deep lung penetration of HCl in adult male baboons exposed for 15
min to concentrations of 500 ppm (750 mg/m3) because of the effective removal or scrubbing of
HCI in the passages of the upper respiratory tract. Yet, these animals and baboons exposed for
15 min to concentrations of 5000 ppm (7500 mg/m3) did experience visible signs of irritation of
the eyes and oral and nasal mucosa (possibly during the first 5 min of exposure), but the
symptoms were not reported to be incapacitating or life threatening, and post-exposure studies
revealed no exposure-related morphological changes or permanent impairment of respiratory
function.

To account for uncertainties in extrapolating directly from a healthy primate to a
healthy human, we apply a 10-fold safety factor to the 190 ppm (285 mg/m3) HCl
concentration delivered for 5 min to the baboon with no observed effects. This calculation
suggests that no adverse health effects should be experienced by healthy humans exposed to an

HCI concentration of approximately 20 ppm (30 mg/m?3) that is sustained for 5 min.

For members of the population with respiratory systems affected by airway disease
(e.g., asthma), exposure to a 20 ppm (30 mg/m3) concentration that is sustained for 5 min may
produce effects. Therefore, we assume that the guinea pig model is representative of such
sensitive members of the population. To again account for uncertainties in extrapolating
directly from the guinea pig to a sensitive human, we apply a 10-fold safety factor to the
107 ppm (161 mg/m3) concentration of HCI administered continuously to the guinea pigs during
30 min of exercise. On the basis of this calculation, sensitive individuals in the population
exposed to HCI concentrations of 10 ppm (15 mg/ m3) for up to 30 min could suffer mild effects,
but these are not expected to be clinically significant and should be quite reversible. It is also
possible that a shorter duration of exposure to this same concentration would produce no effects
in such sensitive individuals. Alternatively, it is important to remember that Stevens et al.24
demonstrated that humans with asthma that were exposed to a lower concentration of HC]
(i.e., 1.8 ppm vs 10 ppm), even during periods of exercise, and for a longer duration (i.e., 45 min
vs 30 min), experienced no significant clinical effects.

Collectively, the relevant dose-response data for HCl suggest that it is unlikely that
even sensitive individuals in the general population would suffer significant adverse health
effects from inhalation exposures to HCI concentrations that range from about 2 to 10 ppm (3 to
15 mg/m3) and last for up to 30 min. Furthermore, evidence from medical case studies28:29
suggest that it is unlikely such concentrations of HCI are acute or high enough to be directly
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responsible for the development of reactive airway dysfunction syndrome (RADS) in
individuals with no preexisting respiratory disease. However, we should mention that there
may be some small fraction of individuals in the population who possess an extremely high
idiosyncratic sensitivity to HCI, and they might be affected by such exposures. Nevertheless,
we believe the exposures to be low enough so that if symptoms do develop in these particularly
sensitive individuals, they are short lived, minor, and reversible. Furthermore, protecting all
members of an exposed population from any observed effects is probably unrealistic, given the
uncertainties and limitations of both the toxicological data and the deterministic atmospheric-
dispersion model.

RECOMMENDED LAUNCH-HOLD CRITERIA

On the basis of the dose-response data just reported and the fact that deterministic air-
dispersion modeling can readlly produce 30-min to 1-h average concentrations for HCl, which
can be converted to 1- to 5-min average concentrations, we recommend using as a launch-hold
criteria a time average concentration, constrained by some short-term concentration limit (not
necessarily an instantaneous ceiling limit). Accordingly, we believe the most reasonable HCI
exposure limit for protecting public health is the combination of a 2-ppm 1-h average
constrained by a 10-ppm 1-min average. Even though some sensitive individuals might
experience mild symptoms from such exposure, these effects should be transient, reversible, and
experienced by only a very small fraction of the population. Furthermore, the magnitude and
duration of brief excursions above the 10-ppm average, during the 1-min averaging time, are not
expected to be sufficient to overwhelm the ability of the human upper respiratory tract to
effectively scrub or neutralize the exposure or otherwise limit the effects from the exposure to
minor and reversible symptoms of short duration. The NRC/NAS! even published time-
weighted average concentrations for short-term exposures to HCL , which included a 2-ppm
time-weighted average for a 1-h exposure duration, for consideration as short-term public
limits (STPLs) for HCl that would prevent irritation that could lead to significant discomfort,
and also objectionable odors.

The USAF recently assembled the Rocket Emission Work Group (REWG) to reach some
concensus regarding public exposure concentration limits for HCl. The launch-hold criteria for
HCI proposed by this organization for protecting public health is also a 2-ppm 1-h time-
weighted average, but constrained by a ceiling limit not to exceed 10 ppm for any length of
time. This recommendation may be too conservative because instantaneous ceiling limits
appear not to account for evidence that the complex human respiratory tract can effectively
scrub, neutralize, or otherwise limit exposures associated with brief concentration fluctuations
greatly exceeding 10 ppm. Moreover, application of such a ceiling limit would require using
probabilistic modeling and consideration of concentration fluctuation distributions to determine
instantaneous HCI air concentrations, and scientists have only recently begun to measure and
understand the magnitudes of such concentration fluctuations in the atmosphere.
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