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EXECUTIVE SUMMARY

The goal of this effort was to review available human health, ecotoxicological,
and environmental fate and transport data for the component materials and the reaction products
from seven candidate smokes for replacement of the M83 grenade. A literature search and data
survey were performed to initially assess candidate materials. The reaction products and ratios of
compounds within each candidate formulation are approximations that were based on chemical
properties and molecular masses of the component compounds. The human health and ecological
toxicity assessments presented herein are provided as a tool to screen for the potential toxicity of
candidate materials in several candidate smoke formulations. The assessment is based on
toxicology data in the available literature for the individual chemicals that are components of the
candidate materials. In some cases, models were based on the chemical and physical properties
of the material and its expected behavior when present in living systems and the environment.
For some chemical components and reaction products, there are significant data gaps, which
increases the uncertainty of the results. Furthermore, none of the disseminated products of the
candidate materials have been collected, analyzed, or evaluated for fate, bioavailability, or
toxicological effects to human, animal, or ecological receptors under operational environments.
Dissemination of these compounds simultaneously may result in cumulative effects that may not
have been predicted, given the current information. Conditions unique to smoke dissemination
from hand grenades may alter the toxicity designation that is presented in this report. This
assessment is not intended to be used in a regulatory context. Study results are intended to
provide information that will serve the decision-making process toward selection of a less-toxic
obscurant and should not be considered a definitive analysis of candidate smoke toxicity.

The U.S. Army develops smoke- and obscurant-generation systems to mask
movements of troops and mechanized equipment in support of Warfighter readiness and
battlefield protection. Current warfare conditions and tactics require that land, sea, and air forces
be trained with and have at their disposal a wide variety of offensive and defensive systems. The
Army-Navy (AN)-8 and M83 grenades are used for deployment of white smoke in the visible
range. Currently, formulations used for deployment of white smoke include HC smoke, with
hexachloroethane (HCE) and zinc oxide that produces zinc chloride as the primary obscurant
(AN-8 grenade), or terephthalic acid (TA) smoke, with TA as the primary obscurant (M83
grenade). HC smoke is an effective obscurant, but both HCE and zinc chloride have immediate
toxic effects when inhaled and are also toxic to wildlife, plants, and aquatic organisms. TA
smoke, which was developed to decrease human and ecological effects, has been found to be less
toxic than HC smoke, but it lacks sufficient operational-screening characteristics and dissipates
quickly. A formulation was needed for a replacement grenade that had greater screening
capability than the M83 TA grenade and minimized toxicological impacts to the Warfighter and
to ecological receptors.

Toxicological information that was reviewed to estimate potential human health
risks includes reported toxicity effects of oral, inhalation, dermal, and ocular exposures; possible
developmental or reproductive effects such as the potential for mutagenesis and carcinogenesis;
and mode(s) and mechanisms of toxicity. Estimates of potential ecotoxicological risks include
the effects caused by exposures of aquatic and terrestrial species of different trophic levels to



component compounds and predicted reaction products from the candidate smoke formulations.
Toxicological information was derived directly from primary sources when available. Sources
used in this search included publications from international journals and national, international,
and Department of Defense databases.

Based on the available literature, the primary component compounds of concern
in the production of the candidate smoke formulations are HCE and the aluminum/magnesium
(Al/Mg) alloy. HCE s listed as a carcinogen for laboratory animals and a possible carcinogen for
humans. The Al/Mg alloy is an inhalation hazard and possible explosive hazard in an
occupational setting during production of the munitions. HCE and Dechlorane Plus additives
(Occidental Oil and Gas Corporation, Houston, TX) can potentially biomagnify in ecosystems,
although field surveys have shown that biomagnification in the field is highly variable and
species-dependent. Based on data collected during this review and on potential exposure
scenarios, smoke formulations HX-10 and HXLCO-10, which contain HCE and Al/Mg alloys,
pose the greatest risk to production workers.

The primary reaction product of concern for human inhalation health risk during
operational activities with the HX-10 and HXLCO-10 smoke formulations is titanium
tetrachloride, which readily transforms to titanium dioxide and to hydrochloric acid under moist
conditions in the environment and within body tissues. Human exposure to these chemicals can
be mitigated by the use of personal protective equipment (PPE), and these formulations should
not be used without PPE; they are not recommended for indoor use because of inhalation risk.

For the reasons stated above, the smoke formulations HX-10 and HXLCO-10 also
pose a risk to ecological receptors. The greatest persistent risk to ecological receptors and
environmental habitats is from excessive levels of soluble aluminum salts under acidic, poorly-
buffered conditions in soil and water (pH < 4.9). All of the candidate formulations contained
aluminum, except BC smoke.

Respective scores for relative toxicities of predicted reaction products from the
candidate smoke formulations were calculated as the averages of the combined human health and
toxicity scores. The resulting predicted toxicities of the candidate smokes, with respect to each
other and those of HC smoke and TA are, in order from greatest to least toxicity:

HC smoke > HXLCO-10 = HX-10 > DCLCO-20 > DC-20 > LP = MGALLCO-15 > BC > TA.
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COMPARATIVE HUMAN HEALTH AND ENVIRONMENTAL TOXICOLOGY
REVIEW OF SEVEN CANDIDATE OBSCURANT SMOKES
FOR REPLACEMENT OF M83 GRENADE

1. PURPOSE AND NEED

The U.S. Army develops smoke and obscurant generation systems to mask
movements of troops and mechanized equipment in support of Warfighter readiness and
battlefield protection. Current warfare conditions and tactics require that land, sea, and air forces
be trained with and have at their disposal a wide variety of offensive and defensive systems.
Among these systems, smokes and obscurants have long been employed to mask movements of
troops and mechanized equipment. Smoke formulations, which have been employed on the
battlefield since World War | (AMC, 1967), are widely used to visually mask the movements of
ground and sea forces (Driver et al., 1993).

The AN-8 and M83 grenades are used for deployment of white smoke in the
visible range (U.S. Army, 2000). Currently, formulations used for deployment of white smoke
include HC smoke with hexachloroethane (HCE) and zinc oxide that produces zinc chloride as
the primary obscurant (AN-8 grenade) or terephthalic acid (TA) smoke with TA as the primary
obscurant (M83 grenade). HC smoke is an effective obscurant, but both HCE and zinc chloride
have immediate toxic effects when inhaled and are also toxic to wildlife, plants, and aquatic
organisms (ATSDR, 1997a; Cichowicz, 1983; Eaton et al., 1994; Fisher et al., 1990; IARC,
1999; Sadusky et al., 1993; Shinn et al., 1985), and therefore, is no longer in production. TA
smoke, which was developed to decrease human and ecological effects, has been found to be less
toxic than HC smoke, but it lacks sufficient operational-screening characteristics and dissipates
quickly (Haley et al., 1995; Sadusky et al., 1995; Thomson et al., 1988). Therefore, a formulation
was needed for a replacement grenade that had greater screening capability than the M83 TA
grenade and minimized toxicological impacts to the Warfighter and to ecological receptors.

Recently, research has focused on developing less-toxic compositions that
disseminate benign salts and oxides. Webb and colleagues (2012) examined several formulations
that used synthetic sea salt. Transmissions through the sea salt compositions were much higher
as compared with HC smoke, but lower as compared with TA smoke. The smoke formulations
from this study were less toxic than the HC and TA smokes. The authors recommended
searching for component materials that efficiently absorb atmospheric moisture and have a low
toxicity profile. Studies with compositions of boron carbide (B4C) and various salts produced
moderate obscuration with relatively low toxicity (Shaw et al., 2013, 2015). As a result of the
encouraging findings from recent studies, an effort is underway to optimize obscuration qualities
and minimize human health and environmental effects. Several candidate formulations are under
consideration for the replacement of the current HC smoke formulation. As part of item
development, analyses of the potential human health and environmental effects of both the
grenade components and disseminated reaction products from the candidate obscurants are
warranted.



Statement of Work

The goal of this effort was to provide human health, ecotoxicological, and
environmental fate and transport data for the component materials and reaction products from the
candidate items. This was accomplished through a literature search and data survey to provide an
initial assessment of the candidate materials. This review is based on toxicology data for
individual chemicals that are components of the candidate materials. None of the disseminated
products of the candidate materials have been collected, analyzed, or evaluated for fate,
bioavailability, or toxicological effects to human, animal, or ecological receptors. The reaction
products and ratios of compounds within each candidate formulation are approximations based
on chemical properties of the component compounds. Furthermore, dissemination of these
compounds simultaneously may result in cumulative effects that may not have been predicted,
given the current information. This assessment is not intended to be used in a regulatory context.
Study results provide information that will serve the decision-making process toward selection of
a less-toxic obscurant and should not be considered a definitive analysis of candidate smoke
toxicity.

2. METHODS

A literature review was conducted on the candidate materials, formulations, and
predicted reaction products for which the following required information has been made
available to the extent possible. This literature review focused on information regarding human
health and terrestrial and aquatic toxicity and fate and is presented in report form. The format for
comparative analysis of toxicological data was adapted from Adams and Eck (2013).

Required information included the following:

1. Full candidate material fill and formulation composition, including coatings,
additives, percentages, and any disclosed proprietary information;

2.  Description of how the item functions, including chemistry, pyrotechnics,

detonation, aerosolization, etc.;

Proposed canister and payload configuration, if known;

4.  Description of the material that will ultimately be deposited to soil and/or
water surfaces during use, if known. If unknown, provide best estimate of
predicted results; and

5. Airborne and deposition concentrations measured, modeled, or otherwise
estimated, if known. If unknown, provide best estimate of predicted results.

w

Physical and toxicological properties for the study compounds were sought
through identification by Chemical Abstracts Service Registry Numbers (CAS RNSs), and where
applicable, by correlations between synonyms and trade names.

Basic physical and chemical properties were determined by consulting
authoritative primary and secondary sources when such information was available. The
properties necessary to assess fate and transport in the environment included the following:



molecular weight;

Henry’s law constant;

logarithm of octanol-water partition coefficient (log Kow);
water solubility;

boiling point;

logarithm of organic carbon partition coefficient (log Koc); and
vapor pressure (VP).

Seven white smoke formulations were considered in this review: BC, HX-10,
HXLCO-10, DC-20, DCLCO-20, MGALLCO-15, and LP. Individual chemicals and
representative proportions of components and combustion products for the white smoke
formulations are shown in Table 1.

The balanced equation for BC smoke including primary grenade reactants
(primary components) and corresponding reaction products predicted by chemical reaction
modeling (FactSage thermodynamic modeling software, FactSage 6.3; Center for Research in
Computational Thermochemistry-ThermFact, Inc. [Montréal, Canada] and GTT-Technologies
[Herzogenrath, Germany]) are shown in eq 1 (Shaw et al., 2015). The products potassium
metaborate and boron trioxide are initially produced in the BC smoke gas phase, but rapidly
condense upon exiting the reaction zone. Potassium chloride is also volatilized and subsequently
condensed unchanged. The small amounts of calcium stearate (secondary component) are
expected to decompose or oxidize to water and carbon—calcium oxides. Air oxidation of carbon
monoxide produces carbon dioxide, and calcium oxide can react with moisture and carbon
dioxide to ultimately form calcium carbonate.

The balanced equations for the HX-10, HXLCO-10, DC-20, DCLCO-20,
MGALLCO-15, and LP formulations, including grenade reactants (components) and
corresponding reaction products predicted by chemical reaction modeling (ICT thermodynamic
code, Windows Frontend, version 1.00; Fraunhofer-Institut fiir Chemische Technologie [ICT;
Pfinztal, Germany]), are shown in eqgs 2 through 7.

BC:
5B4C + 14KNOs + 8KCI — 14KBO; + 3B203 + 8KCI + 7N, + 5CO (1)
5CO + 5/20; (atmospheric) — 5CO2
HX-10
4Mg(s) + 4Al) + 6C.Cls + 6TIO2 — (2)
3MgCl; + 2AICIz + 6TiCls + Al,03 + MgO + 4CO> + 8C
HXLCO-10:

4Mg(s) + 4Al) + 7C2Cls + 6TiO2 + 4Li,CO3 — 3)
3MgCl2 + 2AICl3 + 6TiCls +6LiCl + Al203 + MgO + Li20 + 5CO2 + 9CO + 4C



DC-20:

3Mg + 3Als) + C1gH12Cl12 + NH4ACI — 4)
3MgCy2 + 2AICIs + NH4CI + 18C + 6H2 + Al
DCLCO-20:
Mg(s) + 2Al) + C1gH12Cli2 + NH4CI + 2Li1,CO3 — (5)
MgCl2 + 2AICIs + NH4Cl + 4LiCl + 20C + 6H20
MGALLCO-15:

8Mg(s + 8Al + BKNO3 + KCI + 3Li2COs + 2C2Hs02Ns — 6)
6MgO + 4Al203 + KCI + 3K2COs3 + 3Li20 + 2Mgqy + 7N2 + 4H> + 3C + CO

3LiClO4 + 8B — 3LiCl + 4B,03 (7)

Table 1. Individual Chemicals, Chemical Symbols, CAS RNs, and Representative
Proportions of Components and Predicted Combustion Products for Candidate White
Smoke Formulations*

BC Smoke
Formulation Name Chemical Symbol CAS RN Percentage
Potassium nitrate KNO; 7757-79-1 60
Component Potassium chl_oride KCI 7447-40-7 25
Boron carbide B.C 12069-32-8 13
Calcium stearate [CH3(CH»)16C00].Ca 1592-23-0 2
Potassium metaborate KBO; 13709-94-9 50.5
Potassium chloride KCI 7447-40-7 24.1
Nitrogen gas N> 7727-37-9 7.9
Reaction product Boron trioxide B20s 1303-86-2 6.9
Carbon dioxide CO; 124-38-9 6.6
. Trace
Calcium carbonate CaCOs3 471-34-1 amount
HX-10 Smoke
Formulation Name Chemical Symbol CAS RN Percentage
Hexachloroethane C.Clsg 67-72-1 67.5
Component Titaniym dioxide TiO, 13463-67-7 22.8
Aluminum metal Al 7429-90-5 5.1
Magnesium metal Mg 7439-95-4 4.6
Titanium tetrachloride TICl4 7550-45-0 54.1
Magnesium chloride MgCI2 7786-30-3 13.6
Aluminum chloride AlICl; 7446-70-0 12.7
Reaction product Carbon dioxide CO, 124-38-9 8.4
Aluminum oxide Al:O; 1344-28-1 8.4
Carbon C 7440-44-0 4.6
Magnesium oxide MgO 1309-48-4 1.9

table continued




Table 1. Individual Chemicals, Chemical Symbols, CAS RNs, and Representative
Proportions of Components and Predicted Combustion Products for Candidate White

Smoke Formulations* (continued)

HXLCO-10 Smoke

Formulation Name Chemical Symbol CAS RN Percentage
Hexachloroethane C.Cls 67-72 62.8
Titanium dioxide TiO; 13463-67-7 18.2
Component Lithium carbonate Li,COs 554-13-2 11.2
Aluminum metal Al 7429-90-5 4.1
Magnesium metal Mg 7439-95-4 3.7
Titanium tetrachloride TiCly 7550-45-0 43.2
Magnesium chloride MgCl; 7786-30-3 10.8
Aluminum chloride AICl; 7446-70-0 10.1
Lithium chloride LiCl 7447-41-8 9.6
Reaction product Carbon mo_no?dde CO 630-08-0 9.6
Carbon dioxide CO; 124-38-9 9.1
Aluminum oxide Al,O3 1344-28-1 3.9
Carbon C 7440-44-0 1.8
Magnesium oxide MgO 1309-48-4 1.5
Lithium oxide Li,O 12057-24-8 1.1
MGALLCO-15 Smoke
Formulation Name Chemical Symbol CAS RN Percentage
Potassium nitrate KNO3; 7757-79-1 39.3
Lithium carbonate Li.CO3 554-13-2 14.4
Companent Alumin_um metal Al 7429-90-5 14.0
Magnesium metal Mg 7439-95-4 12.6
Azodicarbonamide CoH402Ny 123-77-3 15.0
Potassium chloride KCI 7447-40-7 4.8
Potassium carbonate K,COs 584-08-7 27.7
Aluminum oxide Al,O3 1344-28-1 27.2
Magnesium oxide MgO 1309-48-4 16.2
Nitrogen N> 7727-37-9 9.3
Reaction product Lith_ium oxidg Li.O 12057-24-8 6.0
Potassium chloride KCI 7447-40-7 5.0
Magnesium liquid Mg 7439-95-4 3.2
Carbon C 7440-44-0 2.4
Carbon monoxide CcO 630-08-0 1.9
Hydrogen H> 1333-74-0 1.1
LP Smoke
Formulation Name Chemical Symbol CAS RN Percentage
Component Lithium perchlorate LiClO, 7791-03-9 78.7
Boron B 7440-42-8 21.3
Reaction product Boron trioxi@e 8%03 1303-86-2 68.6
Lithium chloride LiCl 7447-41-8 314

“Percentages of components were estimated as follows: molecular weight of compound multiplied by the number of
moles divided by total mass of formulation, then multiplied by 100. Percentages of reaction products were estimated
based on the balanced equations for each formulation (eqs 1-7), which were derived from FactSage thermodynamic
modeling software for BC smoke; and from ICT thermodynamic code, Windows Frontend, version 1.00 for HX-10,
HXLCO-10, DC-20, DCLCO-20, MGALLCO-15, and LP smokes.
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Information on combustion, explosion, and thermal decomposition products was
also collected, if it was available. Toxicological information needed to estimate potential human
health risks includes reported toxicity effects of oral, inhalation, dermal, and ocular exposures;
possible developmental or reproductive effects such as the potential for mutagenesis and
carcinogenesis; and mode(s) and mechanisms of toxicity. Toxicological information was derived
directly from primary sources when available. Estimates of potential ecotoxicological risks
include the effects caused by exposures of aquatic species, soil invertebrates, plants, mammals,
and birds to component compounds and reaction products from the candidate smoke
formulations.

Sources used in this search include publications from the U.S. Department of
Health and Human Services, Agency for Toxic Substances and Disease Registry (ATSDR); and
Merck and Company, Inc. (O’Neil, 2006; O’Neil et al., 2001); the Defense Technical
Information Center (DTIC); Food and Agriculture Organization of the United Nations (FAO);
the World Health Organization (WHO); the International Agency for Research on Cancer
(IARC); the International Chemical Safety Cards developed by the National Institute for
Occupational Safety and Health (NIOSH); and the U.S. National Library of Medicine
Toxicology Data Network (TOXNET), which provides access to information from the National
Institutes of Health (NIH) and the U.S. Environmental Protection Agency (USEPA).

TOXNET is a suite of individual databases including ChemIDPIlusLite (CIDPL)
and ChemIDPIlus Advanced, which are used to search for chemical and registration numbers and
chemical identification and structure, respectively; Hazardous Substances Databank (HSDB);
Chemical Carcinogenesis Research Information System (CCRIS); Developmental and
Reproductive Toxicology; Directory of Information Resources Online (DIRLINE); Genetic
Toxicology; Haz-Map (database linking chemicals, jobs, and diseases); Household Products
Databank (potential health effects of chemicals in common household products); Integrated Risk
Information System (IR1S); International Toxicity Estimates for Risk; Toxicology Information
Online (TOXLINE); Toxic Release Inventory; and lactation database (LactMed; a database of
drugs and other chemicals to which breastfeeding mothers may be exposed).

DTIC, the USEPA ECOTOXicology database system (ECOTOX), and the
National Institute of Environmental Health Sciences National Toxicology Program (NTP)
databases were used as document and information resources. Primary sources were identified
and retrieved using the NIH PubMed database, and 1SI Web of Science. (Web of Science is a
registered trademark of Thomson Reuters; DTIC is a registered trademark of the Defense
Technical Information Center; TOXNET, CIDPL, ChemIDPlus, DIRLINE, TOXLINE, and
PubMed are registered trademarks of the U.S. National Library of Medicine; Ovid is a registered
trademark of Ovid Technologies, Inc.; and EBSCOhost is a registered trademark of EBSCO
Publishing.)

Persistence, bioaccumulation, human health toxicity, and ecotoxicity were
evaluated using the general categories of hazard (i.e., low, moderate, and high) that were
modified from Griffiths (2009). Table 2 describes the criteria used in this categorization.
Relative proportions of each substance were also factored into final assessments.



Table 2. Categorization Criteria Used in the Development of ESOH Severity?

Criteria

Low

Moderate

Persistence

Readily biodegrades
(<28 days)

Degradation half-life:
water < 40 days
soil < 120 days

Degradation half-life:
water > 40 days
soil > 120 days

Transport

Water soluble < 10 mg/L
Log Koc>2.0

Water soluble
10-1000 mg/L
Log Koc 2.0-1.0

Water soluble > 1000 mg/L
Log Koc<1.0

Bioaccumulation

LOg Kow < 3.0

Log Kow 3.0-4.5

LOg Kow > 4.5

Toxicity

No evidence of
carcinogenicity or
mutagenicity;
subchronic oral LOAEL
> 200 mg/kg/day; acute
oral and dermal LDsg
> 2000 mg/kg; inhalation
LDso > 20 mg/L

Mixed evidence for
carcinogenicity and
mutagenicity (B2, 2);
subchronic oral LOAEL
5-200 mg/kg/day; acute oral
25 < LDso < 2000 mg/kg;
dermal 50 < LDs
< 2000 mg/kg; inhalation
0.5 < LDs < 20 mg/L

Positive corroborative
evidence for carcinogenicity
and mutagenicity; subchronic
LOAEL

< 5 mg/kg/day; acute oral

LDso < 25 mg/kg; dermal
LDso < 50 mg/kg; inhalation

LDso<0.5 mg/L

Ecotoxicity

Acute LC(D)so > 1 mg/L
or 1500 mg/kg;
subchronic ECso

> 100 pg/L or LOAEL >
100 mg/kg/day

Acute LC(D)so 1-0.1 mg/L
or 1500-150 mg/kg;
subchronic ECsp
100-10 pg/L or LOAEL
10-100 mg/kg/day

Acute LC(D)so < 100 pg/L or
< 150 mg/kg; subchronic
LOAEL < 10 mg/kg/day

TNotes: Information modified from Griffiths, 2009; O’Brien and Ross, 1988; and Swanson and Socha, 1997.
ECso, 50% effective concentration.

ESOH, environment, safety, and occupational health.

LOAEL, lowest-observed-adverse-effect level.
LCsyo, lethal concentration (concentration expected to result in 50% lethality to a population of test animals).
LDso, lethal dose (dose expected to result in 50% lethality to a population of test animals).

Mode of Dissemination

A combustion reaction produces clouds of white smoke to screen the activities of
small military units and for use in ground-to-air signaling.

3. RESULTS

3.1 Physical and Chemical Properties

Physical and chemical properties of component compounds and disseminated
reaction product compounds are summarized in Tables 3 and 4, respectively. Chemical
compounds found in Tables 3 and 4 correspond to the designated smoke candidates: (1) BC, (2)
HX-10, (3) HXLCO-10, (4) DC-20, (5) DCLCO-20, (6) MGALLCO-15, and (7) LP. When data
were not found, the indication “nd” (no data) was inserted. In some cases, the property named in
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the table was not applicable to the substance being described. For example, if the substance is a
nonvolatile solid or an inorganic salt, volatilization and bioconcentration will not be expected. In
these cases, vapor pressure, log Kow, log Koc, and the Henry’s Law constant are negligible and
will not apply. Properties that were not applicable were noted as “n/a.”



Table 3. Physical and Chemical Properties of Component Compounds

Henry’s
Aqueous Law Vapor
Compound Smoke Molar Melting Point | Boiling Point | Solubility at Log Log Constant | Pressure at
Mass Kow at | Koc
Formulation (°C) (°C) 25°C o . at25°C 25°C
(g/mol) (mg/L) 25°C | (soil) (atm- (mMmHg)
m3/mol)
Boron carbide (1) 55,22 24502 3500 Insolublef n/a n/a n/a n/a
Calcium stearate (D) 607.02% 145-160 nd 22 8.23° 8.4 n/a 4.76 x 10-7 @
Potassium chloride (1) (6) 74.552 771 (sut?iorr?es) Solublef n/a n/a n/a n/a
Potassium nitrate (1) (6) 101.102 633.22 4002 357 g/L*? n/a n/a n/a n/a
a a
Hexachloroethane 2 () 236.74b | 1868 186.8 Insoluble® | 4.04¢ | 2188¢ | 3.89 x 103¢ | 0.4 at 20 °C¢
(sublimes) (sublimes)
Titanium dioxide (2) (3) 79.90f 1855.0° 3000 Insoluble? n/a n/a n/a n/a
Magnesium metal (2) (3) 4) (5) 24.30° 651° 1100° Insoluble? n/a n/a n/a n/a
Aluminum metal (2) (3) (4) (5) 26.982 660? 2327° Insoluble? n/a n/a n/a n/a
350¢ 350° 9.0° 7.7 7.4x10%° | 471 %1078
b a
Dechlorane Plus (4) (5) 653.72 (decomposes) | (decomposes) Insoluble (est.) (est.) (est.) (est.)
a
Ammonium chloride 4 (5 53.52 (sugﬁ?nes) 5202 28% (w/w)? n/a n/a n/a n/a
I 13002
a a f _ d
Lithium carbonate (5) (6) (7) 73.89 618 (decomposes) Low n/a 3.27 n/a n/a
a
Azodicarbonamide (6) 116.08° ( decoznzwf)oses) n/a Insoluble? -1.7¢ | 0.48% | 8.2x 1079 | 1.9 x 107104
a 0
Lithium perchlorate @) 106.392 236° 430 a 37.5%, . ¢ n/a n/a n/a n/a
(decomposes)* | Hygroscopic
Boron @) 10.81° 20752 40002 Insoluble? n/a n/a n/a n/a

Notes: 20°Neil, 2006; °Feo et al., 2012; CUSEPA, 1988; “HSDB, 2013; *USEPA, 2011a; 'Haynes, 2010.
Smoke formulations: (1) BC, (2) HX-10, (3) HXLCO-10, (4) DC-20, (5) DCLCO-20, (6) MGALLCO-15, and (7) LP.
Koc (s0il), soil organic carbon—water partition coefficient.

n/a, not applicable.

nd, data were not found (no data).

est, estimated.
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Table 4. Physical and Chemical Properties of Reaction Products

Henry’s
Aqueous Law Vapor
Compound Smoke Molar Mass | Melting Point Boiling Solubility KLOgat :Zog Constant Pressure
ormulation g/mo oint at 4 . at at
F lati /mol °C Point (°C 25°C ZgWC (SOOIIC) 25°C 25°C
(mg/L) (atm- (mmHg)
m3/mol)
rf}g::;%':]arg (1) 81.91° 950" nd Solublef n/a n/a n/a n/a
Potassium a f 1500 .
chloride (1) (6) 74.55 771 (sublimes) Soluble n/a n/a n/a n/a
te:[II—’:SRII(lJJ? de (2) (3) 189.73? -24.1" 136.4 Solublef n/a n/a n/a n/a
gf)rxbl‘ég 1) (2) (3) 44.01° ~55.62 ~78.5° Soluble’ nfa | nla n/a 830
Mjﬁl’;‘?fégm ) (3) (4) (5) 95.23? 708" 1412 Solublef nla nla nla n/a
Aluminum Volatilizes Explosive when
. 2 (3) (4) (5) 133.342 without n/a mixed with n/a n/a n/a n/a
chloride melting? water?
Mag)r(‘iejé“m @) (3) (6) 40.322 28007 3600" Slight? nfa | nla n/a n/a
1 a
Aliminum | 2) 3) ) 74.55° 7710 (Sulkﬁ?rges) Insoluble® na | na n/a n/a
Carbon (2) (3()6()4) ) 12.018 3550f 4827° Insoluble? n/a n/a n/a n/a
m%ir;)ﬁge (3) (6) 28.01 —~205.0? ~191.52 Slight' nfa | nia 1.04 1.55 x 108
'(;rﬁg'r‘l’d”; 3) (5) (7) 42.42 613 1360 Solublef nla nla nla n/a
i . a a 1200 at Reacts to form
Lithium oxide (3) (6) 29.88 1570 600 atm? Li,OH¢ n/a n/a n/a n/a
EZEEZSA:{: (6) 138.20° 8912 Decomposesf Solublef n/a n/a n/a n/a

table continued



Table 4. Physical and Chemical Properties of Reaction Products (continued)

Aqueous Henry's Law Vapor
Compound Smoke Molar Mass Melting Boiling solubility KLogat :209 igg;t?gt Pressure
P Formulation (g/mol) Point (°C) | Point (°C) | at25°C 2C5Méc O.IC at 25 °C
(mg/L) (soil) (atm- (mmHg)
m*/mol)
Ammonium a 338¢° a 0 a
chloride (4) (5) 53.5 (sublimes) 520 28% (w/w) n/a n/a n/a n/a
Water (5) 18.01° 0? 100? n/a n/a n/a n/a n/a
Nitrogen gas (1)(6) 28° -210.01° -195.79f 2.33 n/a n/a n/a n/a
a
Boron trioxide 1)@ 69.622 4502 1869 Soluble? n/a n/a n/a n/a
(sublimes)

1T

Notes: 20’Neil, 2006; PFeo et al., 2012; CUSEPA, 1988; “HSDB, 2013; CUSEPA, 2011; 'Haynes, 2010; 9McGraw-Hill, 2003.
Smoke formulations: (1) BC, (2) HX-10, (3) HXLCO-10, (4) DC-20, (5) DCLCO-20, (6) MGALLCO-15, and (7) LP.

Koc (soil), soil organic carbon—water partition coefficient.

n/a, not applicable.

nd, data were not found (no data).




3.2 Estimated Airborne and Deposition Concentrations

No published data were found for airborne and deposition concentrations of the
reaction products from the candidate formulations described herein. Estimated airborne and
deposition concentrations cannot be reasonably predicted using the reaction products resulting
from the use of models. This assessment will be used to select formulations that will minimize
toxicity and maintain operational effectiveness. Testing will then need to be performed to
determine airborne and deposition concentrations that result from the smoke cloud.

3.3 Toxicology of Component Compounds and Reaction Products from
Candidate Smokes

The comparative human health and ecotoxicology information discussed herein
was determined by analysis of data that were derived from literature searches relating to the
chemical and physical properties, toxicology, transport, and environmental fate of component
compounds and reaction products. These are summarized in Tables 5 through 32, which use
criteria established in Table 2. Detailed characterization, toxicological data, and fate and
transport data for component compounds and reaction products can be found in the appendix.
These data were the best available at the time of this study. In many cases, data from empirical
studies were lacking, and the toxicity assessment was based on chemical and physical properties
of the chemical compound and its environment. Furthermore, toxicity testing was not performed
on the component compounds or reaction products as functional grenades under operational
conditions. At the time of this review, the nature and quantity of the disseminated products had
not been analytically determined. The characterization and relative quantities of the disseminated
reaction products were estimated. Therefore, the toxicity values presented in this report were best
estimates that may change after data from empirical tests are collected and analyzed. Similar data
were also summarized for the reaction products from HC smoke to compare with those of the
candidate smokes (Tables 33 and 34).

3.3.1 BC Smoke

Toxicity from exposure to the component compounds of BC smoke during
production was low (Table 5). Potassium chloride caused anemia in laboratory animals at
extremely high levels (HSDB, 2013). Boron carbide is typically not toxic in the micron-size
range, which is the size of the particles most likely to occur during smoke dissemination. Nano-
sized particles can potentially cause increased toxicity; therefore, particle size should be
monitored during smoke production (HSDB, 2013). Effects can be avoided by the use of
personal protective equipment (PPE) by production workers. Carbon dioxide may be toxic at
extremely high levels, which are not expected to be attained during dissemination. Ecotoxicity of
component compounds of BC smoke (Table 6) is low, except in rare instances where excessive
concentrations of potassium nitrate occur in water, which is usually due to high nutrient inputs
from fertilizer runoff (HSDB, 2013). Proper disposal of component products can prevent
contamination of ecosystems. Toxicity to humans from reaction products from BC smoke is
expected to be low (Table 7).
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Reaction products from BC smoke are also expected to be of low toxicity in the
environment (Table 8). Many of the elements are essential plant nutrients (Barker and Pilbeam,
2006).

3.3.2 HX-10 Smoke

The HX-10 smoke component compound that is of primary concern for both
human health and ecological toxicity is HCE (Tables 9 and 10). The USEPA lists HCE as a
possible human carcinogen (Group C), and HCE has been shown to be carcinogenic to mice and
rats (USEPA, 1988). HCE also has potential to bioconcentrate in the environment (HSDB,
2013). A detailed literature review, including data from studies that estimated the effects of HCE
on human health and ecological receptors, is provided in the appendix. In addition, inhalation of
excessive levels of magnesium metal has been shown to cause “metal fume fever”, which is a
condition that causes flu-like symptoms in production workers. The dust particles from metals
are potentially explosive during production (HSDB, 2013).

Regarding a reaction product of HX-10 smoke, titanium tetrachloride by itself is
not highly toxic to human health. However, it readily reacts with water to form hydrochloric acid
in the air and in the human body (ATSDR, 1997b; Tables 11 and 12). Inhalation of titanium
tetrachloride by unprotected individuals has been shown to produce severe burns caused by
hydrolysis to hydrochloric acid after inhalation (ATSDR, 1997b). Inhalation studies with
titanium tetrachloride in rats resulted in increased edema and death in the study animals
(DuPont, 1980). Aluminum chloride was toxic to the aquatic invertebrate, Daphnia magna
(LCso = 39 mg/L). Contaminated sediments in acidified watersheds can provide a source of
aluminum to the water column (Wong et al., 1989).

3.3.3 HXLCO-10 Smoke

The HXLCO-10 smoke formulation is the same as HX-10, except for the addition
of lithium carbonate. Risks to human health and ecotoxicological effects are similar to those
posed by HX-10 smoke, with the addition of toxicity to citrus plants (Bingham et al., 1964) upon
exposure to excessive lithium in the soil (Tables 13-16).

3.34 DC-20 Smoke

Component compounds of the DC-20 smoke formulation have low human health
toxicity, except for moderate toxicity of magnesium and aluminum metals through the inhalation
route of exposure (Table 17). Metal dust particles may cause the respiratory disorder metal fume
fever and may be an explosive hazard in an occupational setting (ATSDR, 2008a; HSDB, 2013).
For ecotoxicological risk, the component compound Dechlorane Plus has the potential to be
highly persistent and bioaccumulative and has a relatively high log Kow (9.0 as calculated;
Table 3); therefore, the ecotoxicology assessment for Dechlorane Plus in aquatic organisms is
moderate (Table 18). Fish tissue in many parts of world have detectable levels of Dechlorane
Plus; however, the biomagnifications factors (BMFs) are frequently <1.0. Detection of
BMFs >1.0 are considered to be significant (HSDB, 2013). Sverko (2011) suggested that
variability may be a result of species-specific differences in biotransformation, limited sample
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size, or a violation of the steady-state assumption that is required for calculating BMFs (i.e., the
chemical concentrations in the food web do not approximate steady-state conditions).

Reaction products from DC-20 smoke are expected to have little impact on human
health (Table 19). Aluminum chloride is expected to have a moderate impact on ecological
receptors based on toxicity to Ceriodaphnia and to plants in low pH soils (Tables 20 and A.7).

3.35 DCLCO-20 Smoke

The DCLCO-20 smoke formulation has the same component compounds as those
of DC-20, except for the addition of lithium carbonate. Therefore, the primary human health risk
in the component mixture is from metal dust (Table 21), and the primary ecotoxicological risk
(Table 22) is from Dechlorane Plus (Sverko, 2011). In addition, available lithium is relatively
toxic to citrus plants (Bingham et al., 1964).

Potential effects on human health from reaction products are low (Table 23).
Ecosystem impacts are expected to be moderate for aquatic organisms and plants (Table 24).
Aluminum salts, under certain conditions, have been shown to be toxic to aquatic and terrestrial
invertebrates and plants (EC, 2008). Aluminum salts hydrolyze in water, and monomeric
aluminum can be formed in the dissolved fraction (EC, 2008). It is the monomeric aluminum,
and not the salts, that can adversely affect organisms (Driscoll et al. 1980; Parker et al., 1989;
Baker et al., 1990). Under acidic conditions in soil (pH < 4.9), aluminum solubility increases,
and this has been shown to cause mortality in earthworm (ECso of 359 mg/kg) and to inhibit root
growth in plants (EC, 2008). Lithium is relatively toxic to citrus plants (Bingham et al., 1964).

3.3.6 MGALLCO-15 Smoke

Component compounds of the MGALLCO-15 smoke formulation have low
human health toxicity (Table 25), except for moderate toxicity from magnesium and aluminum
metal through the inhalation route of exposure (Appendix Section A.2). Metal dust particles may
cause the respiratory disorder metal fume fever and may be an explosive hazard in an
occupational setting (ATSDR, 2008a; HSDB, 2013). The ecotoxicological risk from
MGALLCO-15 smoke component compounds is low (Table 26 and Appendix Section A.2).

The reaction products from MGALLCO-15 smoke (Table 27) pose a low risk to
human health (Appendix Section A.3). Aluminum chloride is moderately toxic to aquatic (e.g.,
Daphnia) and terrestrial (e.g., earthworm) invertebrates (Table 28 and Appendix Section A.3).
Aluminum salts may be toxic to aquatic and terrestrial invertebrates and plants under acidic
conditions (EC, 2008; Section 3.3.5). Lithium is relatively toxic to citrus plants (Bingham et al.,
1964).

3.3.7 LP Smoke

Component compounds of LP smoke have low toxicity to human health
(Table 29) and low ecotoxicity (Table 30 and Appendix Section A.2).
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Lithium chloride, a reaction product of LP smoke (Table 31), has moderate
human health toxicity (Appendix). It has LDso values of 526 (rat), 850 (rabbit), and 1165 mg/kg
(mouse). Ecological toxicity (Table 32 and Appendix) is moderate overall. Citrus plants show
high toxicity (Table 32) to lithium chloride in soil (LOAEL of 2 mg/kg; Aldrich, et al., 1951).
No toxicity value for lithium has been found for other plant species.
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Table 5. Human Health Impact Assessment for Component Compounds of BC Smoke

Route of Exposure
Compound Mutagenicity | Carcinogenicity Comments
Oral | Inhalation | Dermal | Ocular
Potassium chloride Low Low Low Low Low Low Essential nutrients
Potassium nitrate Low Low Low Low Low Low Causes anemia in ratsat high
concentrations
Micro-sized particles inert;
Boron carbide Low Low Low Low Low Low _nano-3|zed pgrjuc!es may'have
increased toxicity; potential for
mechanical injury to eyes
Reversible lipogranulomas in
Calcium stearate Low Low Low Low Low Low adlpoge tissue occurred in rats
following 24 weeks exposure to
50 g/kg/day
Table 6. Ecotoxicology Assessment for Component Compounds of BC Smoke
Compound Aqugtlc Soil Plants Mammals Birds Comments
Organisms Invertebrates
Potassium chloride Low Low Low Low Low Esse_ntlal nutrients for
animals and plants
Low (algae, Moderately toxic to
Potassium Nitrate fish spp.); Low Low Low Low Daphnla; esseptlal
moderate nutrients for animals
(Daphnia) and plants
Nonreactive at ambient
Boron carbide Low Low Low Low Low temperfitures; boron is
essential element for
plants and animals
Calcium stearate Low Low Low Low Low Relatively safe_
saturated fatty acid
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Table 7. Human Health Impact Assessment for Reaction Products from BC Smoke

Route of Exposure
Compound Mutagenicity | Carcinogenicity Comments
Oral | Inhalation Dermal Ocular
Potassium chloride | Low Low Low Low Low Low Essential nutrients
Potassium P(_)tassium is an essential_
Low Low Low Low Low Low nutrient; boron is an essential
metaborate
element
May be toxic at extremely
Carbon dioxide Low Low Low Low Low Low high levels when inhaled
(>5% in air)
Nitrogen gas Low Low Low Low Low Low Inert gas
Boron trioxide Low Low Low Low Low Low Irritant to mucus membranes

Table 8. Ecotoxicology Assessment for Reaction Products from BC Smoke
Compound Aqua_tlc soil Plants Mammals Birds Comments
Organisms | Invertebrates
Potassium chloride Low Low Low Low Low Essential nutrients for animals and plants
. Potassium is essential element for plants and
Potassium . } . . .
Low Low Low Low Low animals; boron is essential element for animals
metaborate
and plants
Carbon dioxide Low Low Low Low Low Potential greenhouse gas, egsentlal for
carbohydrate production in plants
Nitrogen gas Low Low Low Low Low Inert gas




Table 9. Human Health Impact Assessment for Component Compounds of HX-10 Smoke

8T

Route of Exposure
Compound Mutagenicity | Carcinogenicity Comments
Oral Inhalation | Dermal Ocular
Animal carcinogen (mice, rats);
possible human carcinogen
Hexachloroethane Low Moderate Low Moderate Low Moderate (USEPA Group C,
IARC Class 2B)
Excessive inhalation may cause
Magnesium metal Low Moderate Low Low Low Low metal fume fever; dust partl_cles
are potentially explosive in
occupational setting
Excessive inhalation may cause
Aluminum metal Low Moderate Low Low Low Low metal fume fever; dust partic les
are potentially explosive in
occupational setting
Titanium dioxide Low Low Low Low Low Low Chemically \I/r\;:tr;;r insoluble in
Table 10. Ecotoxicology Assessment for Component Compounds of HX-10 Smoke
Compound Aquapc Soil Invertebrates | Plants Mammals Birds Comments
Organisms
Hexachloroethane Moderate Low Low Low Low Bioconcentration potential in some species

(log Kow = 4.0; BCF = 1 to 708).

Tarnishes in air to form passive oxide layer;
Magnesium metal Low Low Low Low Low In water reacts very slowly to form
magnesium hydroxide and hydrogen gas

Tarnishes in air to form passive oxide layer;

Aluminum metal Low Low Low Low Low .
Insoluble in water

Titanium dioxide Low Low Low Low Low Chemically inert; insoluble in water

BCF, bioconcentration factor.
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Table 11. Human Health Impact Assessment for Reaction Products from HX-10 Smoke

Route of Exposure

Compound Mutagenicity | Carcinogenicity Comments
Oral Inhalation Dermal Ocular
Magnesium chloride Low Low Low Low Low Low Essential nutrients
Aluminum chloride | Moderate Low Low Low Low Low Oral LDSO(;t:);?O mg/kg
Corrosive; inhalation of
Titanium tetrachloride Low High Moderate | Moderate Low Low the hydrol-y5|s-product
hydrochloric acid caused
edema and death in rats
Magnesium oxide Low Low Low Low Low Low Used N some antaqlds;
relatively nontoxic
Aluminum oxide Low Low Low Low Low Low Insoluble in water
May be toxic at
Carbon dioxide Low Low Low Low Low Low extremely high levels

when inhaled (>5%)
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Table 12. Ecotoxicology Assessment for Reaction Products from HX-10 Smoke

Compound Aquatic soil Plants Mammals Birds Comments
Organisms Invertebrates
Magnesium chloride Low Low Low Low Low Esse_ntlal nutrients for
animals and plants
Low at pH >4.9; | Low at pH > 4.9; Acute toxicity to
Aluminum chloride Moderate moderate at moderate at Low Low Ceriodaphnia
pH<4.9 pH<4.9
Titanium tetrachloride Low Low Low Low Low Hydrolyzes in moist air to
form hydrochloric acid
Magnesium is essential
Magnesium oxide Low Low Low Low Low element for animals and
plants
May contribute aluminum
. . to water column from
Aluminum oxide Low Low Low Low Low sediment under pH < 4.9
conditions
Potential greenhouse gas;
Carbon dioxide Low Low Low Low Low essential for carbohydrate

production in plants
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Table 13. Human Health Impact Assessment for Component Compounds of HXLCO-10 Smoke

Compound

Route of Exposure

Oral

Inhalation

Dermal

Ocular

Mutagenicity

Carcinogenicity

Comments

Hexachloroethane

Low

Moderate

Low

Moderate

Low

Moderate

Animal carcinogen (mice,
rats); possible human
carcinogen (USEPA Group C,
IARC Group 2B)

Magnesium metal

Low

Moderate

Low

Low

Low

Low

Excessive inhalation may
cause metal fume fever; dust
particles are potentially
explosive in occupational
setting

Aluminum metal

Low

Moderate

Low

Low

Low

Low

Excessive inhalation may
cause metal fume fever; dust
particles are potentially
explosive in occupational
setting

Titanium dioxide

Low

Low

Low

Low

Low

Low

Chemically inert; insoluble in
water

Lithium carbonate

Low

Low

Low

Low

Low

Low

Prescription drug
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Table 14. Ecotoxicology Assessment for Component Com

pounds of HXLCO-10 Smoke

Compound Aqua_tlc Soil Invertebrates | Plants Mammals Birds Comments
Organisms
Moderate bioconcentration potential in
Hexachloroethane Moderate Low Low Low Low some species (log Kow = 4.0;
BCF =1 to 708)
Tarnishes in air to form passive oxide
Magnesium metal Low Low Low Low Low layer; in water reacts very slowl_y to form
magnesium hydroxide oxide
and hydrogen gas
Aluminum metal Low Low Low Low Low Tarnishes |n. air to fom? passive oxide
layer; insoluble in water
Titanium dioxide Low Low Low Low Low Chemically inert; insoluble in water
Lithium carbonate Low Low Low Low Low Lithium s toxic to _C|tru_s plants at
>2 mg/Kkg in soil
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Table 15. Human Health Impact Assessment for Reaction Products from HXLCO-10 Smoke

Route of Exposure

Compound Mutagenicity | Carcinogenicity Comments
Oral Inhalation Dermal Ocular
Magnesium Low Low Low Low Low Low Essential nutrients
chloride
Aluminum Oral LDso = 370 mg/kg
chloride Moderate Low Low Low Low Low (rat)
Corrosive; inhalation of
Titanium . hydrolysis product
tetrachloride Low High Moderate | Moderate Low Low hydrochloric acid caused
edema and death in rats
Magnesium oxide Low Low Low Low Low Low Used I Some antac_lds;
relatively nontoxic
Aluminum oxide Low Low Low Low Low Low Insoluble in water
Lithium chloride | Moderate Low Low Low Low Low Oral LDSO(;,SZG mg/kg
Lithium oxide Low Low Low Low Low Low Irritant to mucus
membranes
Carbon Low Low Low Low Low Low Nonreactive
May be toxic at
Carbon dioxide Low Low Low Low Low Low extremely high levels
when inhaled (>5%)
Carbon monoxide Low High Low Low Low Low High Ieve(ljsé;:t?]n resultin
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Table 16. Ecotoxicology Assessment for Reaction Products from HXLCO-10 Smoke

Compound Aquatic soil Plants Mammals Birds Comments
Organisms Invertebrates
Magnesium chloride Low Low Low Low Low Esse_ntlal nutrients for
animals and plants
Low at pH >4.9; | Low at pH > 4.9; Toxicity is pH dependent;
Aluminum chloride Moderate moderate at moderate at Low Low acute toxicity to
pH < 4.9 pH < 4.9 Ceriodaphnia
Titanium Hydrolyzes in moist air to
tetrachloride Low Low Low Low Low form hydrochloric acid
Magnesium is essential
Magnesium oxide Low Low Low Low Low element for animals and
plants
May contribute aluminum
. . to water column from
Aluminum oxide Low Low Low Low Low sediment under pH < 4.9
conditions
Lithium chloride Low Low Moderate Low Low Lithium is toxic to _C|tru_s
plants at >2 mg/kg in soil
Lithium oxide Low Low Moderate Low Low Lithium is toxic to citrus
plants at >2 mg/kg in soil
Carbon Low Low Low Low Low Nonreactive
Potential greenhouse gas;
Carbon dioxide Low Low Low Low Low essential for carbohydrate
production in plants
Reacts with oxygen in
Carbon monoxide Low Low Low Low Low ambient air to form
carbon dioxide
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Table 17. Human Health Impact Assessment for Component Compounds of DC-20 Smoke

Route of Exposure
Compound Mutagenicity | Carcinogenicity Comments
Oral Inhalation | Dermal | Ocular
Dechlorane Plus Low Low Low Low Low Low Potential for bioaccumulation,
based on calculated log Kow
Excessive inhalation may cause
Magnesium metal Low Moderate Low Low Low Low metal fume fever; dust partl_cles
are potentially explosive in
occupational setting
Aluminum metal Low Moderate Low Low Low Low DUSt_ par-t|cles are potentlally
explosive in occupational setting
Ammor_uum Low Low Low Low Low Low Nltrqgen (in amm(_)nlum) _and
chloride chloride are essential nutrients
Table 18. Ecotoxicology Assessment for Component Compounds of DC-20 Smoke
Compound Aqua_tlc Soil Invertebrates | Plants | Mammals | Birds Comments
Organisms
Aquatic biomagnification potential is high
Dechlorane Plus Moderate Low Low Low Low | (log Kow =9.0), but results of field surveys were
highly variable and species-specific
Tarnishes in air to form passive oxide layer; in
Magnesium metal Low Low Low Low Low water reacts very slowly to form magnesium
hydroxide and hydrogen gas
Aluminum metal Low Low Low Low Low Tarnishes in air to form passive oxide layer;
insoluble in water
Ammonium chloride Low Low Low Low Low Chloride and_nltrogen In ammonium are essential
nutrients for animals and plants
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Table 19. Human Health Impact Assessment for Reaction Products from DC-20 Smoke

Route of Exposure
Compound Mutagenicity | Carcinogenicity Comments
Oral Inhalation | Dermal Ocular
Magnesium chloride Low Low Low Low Low Low Essential nutrients
Aluminum chloride | Moderate Low Low Low Low Low Oral LDso(;t?):YO mg/kg
Chloride and nitrogen (in
Ammonium chloride Low Low Low Low Low Low ammonium) are essential
nutrients
Carbon Low Low Low Low Low Low Nonreactive
Water Low Low Low Low Low Low Essential compound
Table 20. Ecotoxicology Assessment for Reaction Products from DC-20 Smoke
Aguatic . .
Compound Organisms Soil Invertebrates Plants Mammals Birds Comments
Magnesium chloride Low Low Low Low Low Essential nutrients for animals
and plants
Low at pH > 4.9; Low at pH > 4.9; Acute toxicity to
Aluminum chloride Moderate moderate at moderate at Low Low Cerioda hn)i/a
pH < 4.9 pH<4.9 p
Nitrogen (in ammonium) and
Ammonium chloride Low Low Low Low Low chloride are essential nutrients
for animals and plants
Carbon Low Low Low Low Low Nonreactive
Water Low Low Low Low Low Essential compound for

animals and plants
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Table 21. Human Health Impact Assessment for Component Compounds of DCLCO-20 Smoke

Route of Exposure
Compound Mutagenicity | Carcinogenicity Comments
Oral Inhalation | Dermal | Ocular
Dechlorane Plus Low Low Low Low Low Low Potential for bioaccumulation,
based on calculated log Kow
Excessive inhalation may
cause metal fume fever; dust
Magnesium metal Low Moderate Low Low Low Low particles are potentially
explosive in occupational
setting
Dust particles are potentially
Aluminum metal Low Low Low Low Low Low explosive in occupational
setting
Chloride and nitrogen (in
Ammonium chloride Low Low Low Low Low Low ammonium) are essential
nutrients
Lithium carbonate Low Low Low Low Low Low Prescription drug

Table 22. Ecotoxicology Assessment for Component Compounds of DCLCO-20 Smoke

Compound Aqua_tlc Soil Plants Mammals | Birds Comments
Organisms | Invertebrates
Biomagnification potential is high
Dechlorane Plus Moderate Low Low Low Low | (log Kow =9.0), but results of field surveys were
highly variable and species-specific
Tarnishes in air to form passive oxide layer; in
Magnesium metal Low Low Low Low Low water reacts very slowly to form magnesium
hydroxide and hydrogen gas
Aluminum metal Low Low Low Low Low Tarnishes in air to form passive oxide layer;
insoluble in water
Ammonium chloride Low Low Low Low Low Chloru_je and r_utrogen (|n_ ammonium) are
essential nutrients for animals and plants
Lithium carbonate Low Low Moderate Low Low | Lithium is toxic to citrus plants at >2 mg/kg in soil
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Table 23. Human Health Impact Assessment for Reaction Products from DCLCO-20 Smoke

Route of Exposure
Compound Mutagenicity | Carcinogenicity Comments
Oral Inhalation Dermal Ocular
Magne§|um Low Low Low Low Low Low Essential nutrients
chloride
Aluminum Moderate Low Low Low Low Low Oral LDso = 370 mg/kg
chloride (rat)
Ammonium Chloride and nitrogen (in
. Low Low Low Low Low Low ammonium) are essential
chloride .
nutrients
Lithium chloride | Moderate Low Low Low Low Low Oral LDSO(r:atS)ZG mg/kg
Carbon Low Low Low Low Low Low Nonreactive
Water Low Low Low Low Low Low Essential compound
Table 24. Ecotoxicology Assessment for Reaction Products from DCLCO-20 Smoke.
Compound Aqua_t|c Soil Plants Mammals Birds Comments
Organisms Invertebrates
Magnesium chloride Low Low Low Low Low Esse_ntlal nutrients for
animals and plants
LowatpH >4.9; | Low atpH >4.9; Toxicity is pH
Aluminum chloride Moderate moderate at moderate at Low Low dependent; acute toxicity
pH < 4.9 pH <4.9 to Ceriodaphnia
Chloride and nitrogen in
Ammonium chloride Low Low Low Low Low ammonium are-essent|al
nutrients for animals and
plants
Lithium is toxic to citrus
Lithium chloride Low Low Moderate Low Low plants at
>2 mg/kg in soil
Carbon Low Low Low Low Low Nonreactive
Water Low Low Low Low Low Esser_mal compound for
animals and plants




6¢

Table 25. Human Health Impact Assessment for Component Compounds of MGALL CO-15 Smoke

Compound

Route of Exposure

Oral

Inhalation

Dermal

Ocular

Mutagenicity

Carcinogenicity

Comments

Magnesium metal

Low

Moderate Low

Low

Low

Low

Excessive inhalation
may cause metal fume
fever; dust particles are
potentially explosive in

occupational setting

Aluminum metal

Low

Moderate Low

Low

Low

Low

Excessive inhalation
may cause metal fume
fever; dust particles are
potentially explosive in

occupational setting

Potassium nitrate

Low

Low Low

Low

Low

Low

Causes anemia at very
high concentrations

Potassium chloride

Low

Low Low

Low

Low

Low

Essential nutrients

Lithium carbonate

Low

Low Low

Low

Low

Low

Prescription drug

Azodicarbonamide

Low

Low Low

Low

Low

Low

Food additive (cereal
flour); elimination via
feces or rapid as biurea
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Table 26. Ecotoxicology Assessment for Component Compounds of MGALLCO-15 Smoke

Aquatic

Soil

Compound Organisms Invertebrates Plants Mammals Birds Comments
Tarnishes in air to form
passive oxide layer; In
Magnesium metal Low Low Low Low Low water reacts very slowly
to form magnesium
oxide and deuterium
Tarnishes in air to form
Aluminum metal Low Low Low Low Low passive oxide layer;
Insoluble in water
Low (algae, Moderately toxic to
Potassium nitrate fish spp.); Low Low Low Low D_aphnla, egsenﬂal
moderate nutrients for animals and
(Daphnia) plants
Potassium chloride Low Low Low Low Low Esse_ntlal nutrients for
animals and plants
Lithium is toxic to citrus
Lithium carbonate Low Low Moderate Low Low plants at
>2 mg/kg in soil
Estimated based on
Azodicarbonamide Low Low Low Low Low calculated fate properties

and unpublished
industry report




1€

Table 27. Human Health Impact Assessment for Reaction Products from MGALLCO-15 Smoke

Route of Exposure

Compound Mutagenicity | Carcinogenicity Comments
Oral Inhalation | Dermal | Ocular
Magnesium chloride Low Low Low Low Low Low Essential nutrients
Aluminum chloride Moderate Low Low Low Low Low Oral LDSO(;SJO mag/kg
Lithium oxide Low Low Low Low Low Low Irritant to mucous
membranes
Potassium carbonate Low Low Low Low Low Low Inhalat|on,_ sI_<|n, and
ocular irritant
Potassium chloride Low Low Low Low Low Low Essential nutrients
Carbon Low Low Low Low Low Low Nonreactive
May be toxic at
Carbon dioxide Low Low Low Low Low Low extremely_hlgh levels
when inhaled
(>5% in air)
Carbon monoxide Low High Low Low Low Low High Ieve(ljzac;n resultin
Nitrogen Low Low Low Low Low Low Inert gas
Water Low Low Low Low Low Low Essential compound
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Table 28. Ecotoxicology Assessment for Reaction Products from MGALLCO-15 Smoke

Aquatic

Soil

Compound . Plants Mammals Birds Comments
Organisms Invertebrates
Magnesium chloride Low Low Low Low Low Esse_ntlal nutrients for
animals and plants
Low at pH >4.9; | Low at pH >4.9; Toxicity is pH
Aluminum chloride Moderate moderate at moderate at Low Low dependent; acute toxicity
pH < 4.9 pH < 4.9 to Ceriodaphnia
Lithium oxide Low Low Moderate Low Low Lithium is toxic to citrus
plants at >2 mg/kg in soil
LCso = 200-300 mg/L
Potassium carbonate Low Low Low Low Low (Daphnia);
LCso = 300 mg/L (fish)
Potassium chloride Low Low Low Low Low Esse_ntlal nutrients for
animals and plants
Carbon Low Low Low Low Low Nonreactive
May contribute to global
Carbon dioxide Low Low Low Low Low warming; essential fpr
carbohydrate production
in plants
Reacts with oxygen in
Carbon monoxide Low Low Low Low Low ambient air to form
carbon dioxide
Nitrogen gas Low Low Low Low Low Inert gas
Water Low Low Low Low Low Essential compound for

animals and plants




€e

Table 29. Human Health Impact Assessment for Component Compounds of LP Smoke

Route of Exposure

Compound Mutagenicity | Carcinogenicity Comments
Oral Inhalation Dermal Ocular
Worker lifetime
perchlorate inhalation up
Lithium perchlorate Low Low Low Low Low Low to 84 mg/kg caused no
attributable health
effects
Boron Low Low Low Low Low Low Short-term irritant to
mucous membranes
Table 30. Ecotoxicology Assessment for Component Compounds of LP Smoke
Compound Aqua_t|c Soil Plants Mammals Birds Comments
Organisms Invertebrates
Lithium perchlorate Low Low Low Low Low Lithium is toxic to citrus
plants at >2 mg/kg in soil
Elemental boron is
insoluble in water; boron
Boron Low Low Low Low Low is an essential nutrient for
plants and animals
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Table 31. Human Health Impact Assessment for Reaction Products from LP Smoke

Route of Exposure

Compound Mutagenicity | Carcinogenicity Comments
Oral Inhalation Dermal Ocular
Boron trioxide Low Low Low Low Low Low Irritant to mucous membranes
Lithium chloride | Moderate Low Low Low Low Low Oral LDso = 526-1165 mg/L
in laboratory animals

Table 32. Ecotoxicology Assessment for Reaction Products from LP Smoke

Compound Aqua_tlc soil Plants Mammals Birds Comments
Organisms Invertebrates
Boron trioxide Low Low Low Low Low Irritant to mucous
membranes
Lithium is toxic to citrus
Lithium chloride Low Low Moderate Low Low plants at
>2 mg/kg in soil




GE

Table 33. Human Health Impact Assessment for Reaction Products from HC Smoke

Route of Exposure

Compound Mutagenicity | Carcinogenicity Comments
Oral Inhalation | Dermal Ocular
Oral LDsp = 200 mg/kg
Zinc chloride Moderate High High High Low Low (quinea pig); inhalation
LCso = 7 mg/L (mouse)?
Aluminum oxide Low Low Low Low Low Low Insoluble in water®
Lead High High Low Low Low High Group 2A carcinogen®
Oral LDso= 15 mg/kg (rat);
Arsenic High High High Moderate High High conflrme_d Class A _hL_Jman
carcinogen (skin;
respiratory) and mutagen
Chronic exposure causes
respiratory diseases®;
Antimony Moderate High Low Low High Low produces chromosomal

aberrations or abnormal cell
division in animal cellsf

aNIOSH, 1994; O’ Neil, 2006; ©IARC, 2006; “Hei et al., 1998; ¢Sundar et al., 2010; and 'THSDB, 2013.
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Table 34. Ecotoxicology Assessment for Reaction Products from HC Smoke

Aquatic

Soil

Compound . Plants Mammals Birds Comments
Organisms | Invertebrates
LCso = 0.13 mg/L (Daphnia); LCso = 147 mg/kg
. . . . (earthworm); 108 mg/kg (Norway rat);
Zinc chloride Moderate High Moderate High Moderate LOAEL = 50 mg/L (domestic chicken embryos);
LOAEL = 20 mg/kg (Brassica)®
Aluminum oxide Low Low Low Low Low Insoluble in water®
. LCso = 100 pg/L (sea bass); LOAEC = 46 mg/kg
Lead High Low Moderate | Moderate Low (grass); LOAEC = 20 mg/kg (Norway rat)c
LCso = 0.3 mg/L (clam); LCso = 400 mg/L
. . (earthworm); MATC = 18 mg/kg (plants);
Arsenic Moderate Moderate Moderate | Moderate High LOAEL = 46 mg/kg (shrew):
LCso = 43 mg/kg (dove)¢
Antimony Low High Low High Low EC20 = 78 mg/kg (soil invertebrates);

LOAEC = 0.27 mg/kg (shrew)®

Notes: LOAEC, lowest-observed-adverse-effect concentration; MATC, maximum acceptable toxicant concentration.
aLock and Janssen, 2001; ®O’Neil, 2006; “USEPA, 2013a; and “USEPA, 1988.




4. COMPARATIVE TOXICITY OF CANDIDATE SMOKES

4.1 Comparative Toxicity of Candidate Smoke Formulation Component
Compounds

Determination of the toxicity of component compounds of the candidate smoke
formulations is relevant primarily for the occupational exposure of workers in production
facilities. Exposure in production facilities can be mitigated by the use of engineering controls
and PPE. Exposure of soldiers, workers, and ecological receptors may occur at training or testing
facilities, if unexploded ordnance or dud munitions are left in the field. For formulations in hand
grenades, the risk of exposure to component compounds at training and testing facilities is low.

Based on the available literature, the primary component compounds of concern
in the production of the smoke formulations are HCE and the aluminum/magnesium (Al/Mg)
alloy. HCE is listed as a carcinogen in laboratory animals and a possible carcinogen in humans
(USEPA, 1988; IARC, 1999). The Al/Mg alloy is an inhalation hazard and possible explosive
hazard in an occupational setting (HSDB, 2013). Based on data collected during this review and
on potential exposure scenarios, formulations HX-10 and HXLCO-10, which contain HCE and
Al/Mg alloys, pose the greatest risk to production workers.

HCE and Dechlorane Plus can potentially biomagnify in ecosystems, but field
surveys have shown that biomagnification in the field is highly variable and species-dependent.
HX-10, HXLCO-10, and DCLCO-20, which all contain lithium carbonate, pose an
ecotoxicological risk to citrus plants upon exposure to excessive lithium in soil.

4.2 Comparative Toxicity of Candidate Smoke Reaction Products

Determination of the toxicity of candidate smoke reaction products that result
from combustion of the production compounds is relevant primarily for the field crews on testing
ranges and soldiers at training facilities. Exposure of personnel and biota at testing and training
facilities results from dissemination of the reaction products from the grenade formulations. The
reaction products will also be released to environmental media (i.e., air, water, soil, and
sediment).

The primary reaction product of concern for human health risk during operational
activities is the inhalation of titanium tetrachloride that results from the HX-10 and HXLCO-10
smoke formulations. Titanium tetrachloride readily transforms to titanium dioxide and
hydrochloric acid under moist conditions in the environment and within body tissues, which
poses a potentially high risk of inhalation toxicity. This exposure can be mitigated by using PPE,
and these smoke formulations should not be used without PPE; they are not recommended for
indoor use because of inhalation risk.

For the reasons stated here, the smoke formulations HX-10 and HXLCO-10 also

pose a risk to ecological receptors. The greatest persistent risk to ecological receptors and
environmental habitats is from excessive levels of soluble aluminum salts under acidic, poorly
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buffered conditions in soil and water (pH < 4.9). All formulations of the candidate smokes
contain aluminum, except for BC smoke.

S. TOXICITY OF CANDIDATE SMOKES RELATIVE TO HC
AND TA SMOKES

The human and ecological toxicities to HC smoke reaction products are
summarized in Tables 33 and 34, respectively. Relative to HC smoke, the toxicity of each of the
candidate smokes (Tables 5-32) is low. However, HCE in the component mix of HX-10 and
HXLCO-10 is a moderate risk to production workers if proper engineering controls are not
maintained and utilized, or if PPE is not maintained and used properly (Tables 9, 13, and A.1).
The primary obscurant in the reaction products from HX-10 and HXLCO-10 is titanium
tetrachloride, and although it is less toxic than the zinc chloride in HC smoke, titanium
tetrachloride hydrolyzes readily in moist air to form hydrochloric acid, which poses a high risk
for inhalation toxicity (Tables 11, 15, and A.2). Detailed descriptions of results of human health
and ecological toxicities to HC smoke reaction products have been well documented (ATSDR,
1997a; Cichowicz, 1983; Eaton et al., 1994; Fisher et al., 1990; Hei et al., 1998; HSDB, 2013;
IARC, 1999; Lock and Janssen, 2001; NIOSH, 1994; NRC, 1997; Sadusky et al., 1993; Shinn et
al., 1985; Sundar et al., 2010; USEPA, 1988, 2013a). The human and ecological toxicities to
components and reaction products from TA smoke have been previously reviewed and
documented, and the respective toxicities of TA smoke have been shown to be relatively low
(Haley et al., 1995; Sadusky et al., 1995; Thomson et al., 1988).

We have developed an a priori scoring system to give perspective to the relative
toxicities of the candidate smokes, with respect to HC and TA smokes. The scoring system
(Table 35) was derived from the rankings of the reaction products from the candidate smokes
and HC and TA smokes (Tables 5-34). The respective human health and ecological impacts of
the reaction products from each formulation were categorized as low, medium, or high, based on
criteria from fate and toxicological studies (Table 2). This scoring system was based on the
information currently available and is presented only as a tool to compare the relative toxicities
of the reaction products from the candidate materials to each other and to the HC and TA
smokes. None of the candidate formulations were evaluated for human health and ecological
toxicities that can result from dissemination of the reaction products. Therefore, we presented
these comparisons with some uncertainty. The toxicological risks cannot be fully evaluated until
the reaction products are identified and quantified under operational conditions and toxicological
studies are completed. This scoring system was intended to provide information that can serve
the decision-making process toward selection of a less-toxic obscurant and should not be
considered as a definitive analysis of candidate smoke toxicity. The mean scores presented in
Table 35 are the averages of the combined human health and ecotoxicity scores, which were
calculated for the predicted reaction products from each candidate smoke.
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6. CONCLUSIONS

The component and reaction products from the potential candidates for
replacement of the smoke formulation in grenades, which are described in this report, are less
toxic overall to humans and ecological receptors as compared with those of the HC smoke.
However, several component compounds of the candidate smoke formulations warrant concern,
and therefore, they merit further investigation regarding human health and environmental
toxicological risk.

Based on the current literature, the primary component compounds of concern in
the production of the smoke formulations are HCE and the Al/Mg alloy, respectively. HCE is
listed as a carcinogen in laboratory animals and as a possible carcinogen in humans. The Al/Mg
alloy is an inhalation hazard and a possible explosion hazard in an occupational setting during
the production of the munitions. Both HCE and Dechlorane Plus can potentially biomagnify in
ecosystems, but field surveys have shown that biomagnification in the field is highly variable
and species-dependent. Based on data collected during this review and potential exposure
scenarios, formulations HX-10 and HXLCO-10, which contain HCE and Al/Mg alloys, pose the
greatest risk to production workers. Exposure to workers can be mitigated by using PPE, and
these formulations should not be used without PPE. Exposure to ecosystems from the production
of the smoke formulations can be mitigated using engineering controls to prevent release into the
environment.

The primary reaction product of concern for human health risk during operational
activities is the inhalation of titanium tetrachloride from the HX-10 and HXLCO-10 smoke
formulations, which readily transforms to titanium dioxide and hydrochloric acid under moist
conditions in the environment and within body tissues. Exposure can be mitigated by using PPE,
and these formulations should not be used without PPE; they are not recommended for indoor
use because of inhalation risk. For the reasons stated here, the smoke formulations HX-10 and
HXLCO-10 also pose a risk to ecological receptors. The greatest persistent risk of the reaction
products to ecological receptors and environmental habitats results from excessive levels of
soluble aluminum salts under acidic, poorly buffered conditions in soil and water (pH < 4.9). In
contrast with the controlled conditions in production facilities, mitigation of exposure to the
reaction products from the smoke formulations is difficult, if not impossible, under training and
battlefield conditions, and therefore, environmental exposure to these chemicals is likely.

The respective scores (Table 35) for relative toxicities of predicted reaction
products from the candidate smoke formulations were calculated as the averages of the combined
human health and toxicity scores. The resulting predicted toxicities of the candidate smokes,
with respect to each other and those of HC smoke and TA are as follows, in order from greatest
to least toxicity:

HC smoke > HXLCO-10 = HX-10 > DCLCO-20 > DC-20 > LP = MGALLCO-15 > BC > TA.
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Table 35. Scoring System for Reaction Products from M83 Replacement Smokes, HC Smoke, and TA Smoke

Human Health Toxicity Score Ecotoxicity Score

smoke Low | o king | Raniing | Sre | Low |l Ranking | Seorer | Mean
Ra“ff Ings Points Points [Low = | Rankings Points Points [Low — core

(%0) (AP (B)® (A+B)] (%) (AP (B)® (A+B)]
HC 50 3 24 23 40 9 12 19 21.0
BC 100 0 0 100 95 1 0 94 97.0
HX-10 89 3 2 84 87 4 0 83 83.5
HXLO-10 90 4 4 82 90 5 0 85 83.5
DC-20 97 1 0 96 88 3 0 85 90.5
DCLCO-20 97 1 0 96 87 4 0 83 89.5
MGALLCO-15 96 1 1 94 92 4 0 88 91.0
LP 92 1 0 91 92 1 0 91 91.0
TA 100 0 0 100 100 0 0 100 100.0

Notes: This a priori scoring system is intended to provide information that will serve the decision-making process toward selection of a less-toxic obscurant
and should not be considered a definitive analysis of candidate smoke toxicity. Higher scores represent less toxicity from predicted reaction products. See
tables pertaining to human health impact and ecotoxicological assessment for reaction products.

8L ow rankings (%) = (number of low rankings divided by total number of rankings per smoke for reaction products from candidate formulations).

®For each reaction product: low ranking counts 0 points, moderate ranking counts 1 point, and high ranking counts 2 points.

¢Score = {Low ranking (%) — [Moderate ranking points (A) + High ranking points (B)]}.
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