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EXECUTIVE SUMMARY

This report provides an initlal evaluation and integration of a
comprehensive health and environmental studies data base of Army smoke and
obscurant (S&)) material. The objective was to support the U.S. Army's need
for environmental assessments. In addition this data base should provide
information for environmental impact of 380 devices by various Army agencies
for field test, evaluation, and training. The procedure utilized was a
first-order screening and ranking of the major smoke types and
smoke-generating devices. This was done for each according to the magnitude
of the impact area, the characteristic environmental concentrations, the
relative inhalatfon toxicity, the relative toxicity when ingested by animals,
the aquatic toxicity, the environmental mobility when freshly depcsited, and
the ultimate mobility and fate In the environment.

The major smoke types considered were various forms of white phosphorus
(WP, red phosphorus (RP), hexachloroethane-derived smokes (HC), fog oll
(SGF-2), diesel fuel smokes (DF), and some tnfrared obscuring agents (IR),
£EA-5763 and EA-5769. Various properties of the smoke-generating devices were
taken into account, such as the type of delivery (efther bursting/
instantaneous or diffusing/continucus), effective fill weights, and initial
¢loud volumes in alr. It was found that except for an RP bomblet, all
bursting devices {(grerades, mortars, guns, rockets, and howitzers) have a
relatively small impact on ground areas but diffusing devices (smoke pots,
diesel fuel exhaust, and fog oil generators) could affect larger areas, tens
to hundreds of acres.

The characteristic environmental concentrations of devices were found to
be highest from grenades, but these also were very localized. HC diffusing
(howitzers) and WP bursting (mortars, guns, rockets, and howitzers)
were also devices with high environmertal concentrations. The acute (one-
hour’ inhalation toxicities were highest in HC smoke folliowed by IR
obscurants, WP, RP, DF, and fog oil (SGF-2). HWe developed an air
concentration quotient (C.Q.> for reiative inhalation toxicity of varicus
devices and found that grenades (IR and RP) were potentially the most
dangerous. The artillery-produced smokes (mortars, guns, rockets, and
howitzers) were significantiy toxic when the S&0 was HC and WP. The
phosphorous smokes from wedges (RP/W and WP/FN) were far iess toxic than




- smokes from other devices. HC smoke pots were on the borderline of inhalation

7 tonicity while fog ofl (SGF-2) and dYesel fuel had fnsignificant toxicity.

The foliage ingestion quotient (F.I.Q.) was used to screen one potentia)
acological effect. This indicated that the WP, RP, IR, and HC smokes were
signivicantly toxic to animais when deposited on foliage they consumed.
Arother potential ecological effect was addressed by the usa of an aguatic
toxicity quotient (A.T7.Q.). Here the HC smoke and IR obscurant (EA-5763 and
EA-5769) were found to be toxic to fishes while fog ofl and diesel fuel were
borderiine in thelr aquatic toxicity. WP and RP smoke types had insignificant
A.T.Q.s.

Environmentally transformed by-products of S&0 materials were screened
for water solubility in an effort to predict their fates. In freshly
deposited smokes, the WP, RP, and HC Inorganic forms were found to be highly
wobile, but the water soluble (aromatic) organic components of SGF-2 and DF
were only siightly mcbile. Substances in IR smokes were found to be more or
tess immobile. After a few weeks, transformations usually decreasad the
mobility of WP, RP, and HC by more than three ovders of magnitude. The WP and
RP saoke progucts should end up in phosphate pools. DF by-products increase
in mbility and become susceptible to blodegradation. HC in soll became very
immobile. The wltimate fate of HC in soll or water is partly to join the
large chloride podls and partly to become a component of less mobile,
pH-reguiated, zinc complexes. Bicavallablltty and potential toxicity of P and
KC smokes would then decrease In the long term.

In conclusion, this screening and ranking procedure has determined what
and when smoke-producing devices could be environmental problems and to what
Jegree relative {0 each other. In general, the devices impacting the largest
area (DF and SGF-2) had tasignificant environmental effect due to dilution,
while those with the least area of impact (grenades) had largest environmental
effect. HWe found thar by considering the inmhalation, foliar ingestion, and
aquatic toxicities, combinad +ith the area of impact, the environmentally most
troublesome devices were the HL smoke pot *o'lcwed by the HC grenade and HC
artiliery and, in fourth place, “he IR grenace. All other devicas were orders
of magnitude less important environmentally.
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BACKGROUND AND OBJECTIVES

The U.S. Army has developed smokes and obscurants (S&0) for its needs
in the battlefleld since World War I. The inventory of S&0 at present
consists of materials derived from phosphorus (P), hexachloroethane (HC),
fog olls (SGF-2), diesel fuel (DF), and new infrared (IR) screening agents.
Recent Army S&0 development programs have resulted in improvements in
materiel performance, adaptation of S&0 material to changed battlefield
requirements, invention of new S&0 agents, and requirements for safe and
environmentally acceptable products. The U.S. Army Medical Bicengineering
Research and Development Laboratory C(USAMBRDL) has responded to the Army's
needs with health and environmental studies of S&0 material. Such studies
serve to support the numerous field testing, evaluation, traintng, and
supply agencies which must handie and utilize the S8 material in a safe and
environmentally sound manner.

While the CRDC "Programmatic Life Cycle Environmental ﬂtssessments"]~S
have listed and summarized many key studies of smokes and obscurants, the
extensive Army research effort on the health and Lnvironmental effects has
never been integrated into a comprehensive evaluation. To fill this gap,
USAMBROL has sponsored the present data base compilation and assessment.

The purpose of this report is to provide an initial evaluation and
integration of the comprehensive data base on hea!th and environmental
studies of smokes and obscurants. The methodology consisted of a screening
and ranking procedure that used a data base that had been extracted from
numerous reports and other literature. The most labor-intensive effort was
to transform and quantify data from our iiterature survey study results into
a tomputer-compatible data base management system. A substantial
contribution of this study therefore was the bibliographic file listed in
this repert. In order to accom ‘ish the data base assessment within a
reasonable time and with "milest +e" reports, the effort was plannad in
phases. Phase 1 Data Base Assessment was extensive, but shallow, intending
to encompass all S&) and tc provide to interested users a screening and
ranking system. Phase II would deal with intensive evaluations and fill
knoxledge gaps identified tn Phase I.




APPROACH

- Conclustons and data from numerous reports were cvaluated and entered
into a machine-processable data base (data base management system). The
data were divided into several categories. These inciude S&0 device
characteristics relevant to envivonmental issues, physical/chemical
properties, and various health and environmental quantities described later.
Cross~1ndexing was provided to permit machine searches traceable to the
origiral articles according to an accession number. The subdivisions of the
~ above categories evolved Into a limited set as the evaluation and
comprehension of the data base proceeded. A major consideration in this
evolutinnary process was the guideline of Phase I objective--to provide an
Initiai screening and ranking of first order. The difficulty in adherii: to
this objective was to decide which information was mora properly placed in
Phase II: obviously, some intensive assessment was necessary to acccmplish
Phase I. Consequently, a mi~or effort was expended toward the Phase I
goal--to provide an Intensive S50 assessment and to fulfil) and ident!fy
research needs.

ENVIRONMENTALLY RELEVANT S&0 DEVICE CHARACTERISTICS

The first consideration was to define broad categories of smoke type
This is somewhat artificial because a glven composition may de modified
within a swoke type, and beciuse there may be operational needs to combine
smoke types to achieve a particular smoke/odscurant effect. e gid not
consider the environmental issues of tombined smoke types i1m this study. The
categories of smoke type included in this report are also limited to those
currently lmpor*ant, which excludes outmoded S80, SRO not recommended for
further use, and some S80 wmatertal in an early stage of research and
development. The categories inmcluded are glven in Table 1, Army Sacke Types
for Environmental Screening.

The smoke mavertals listed (see Table 1) Include all the S&0 likely to
be in an Ynventory. Phosphorus smokes have evolved intc prominence. HC
smokes are being phased out, but are common 'n smoke pots. Fog of! smoke
generators shouid remain in prominance for protectieon of secured positions
(rear area of the battlefield), but SGF-2 should be the cnly ol!l recommended




TABLE 1. ARMY SMOKE TYPES FOR ENVIRONMENTAL SCREENING.

A. Phosphorus smokes (P)

1. White phosphorus (WP)
Hhite phosphorus/felt wedges (WP/FW)
Plasticized white phosphorus (PWP)
White phosphorus wicks (WPW)

2.  Red phosphorus (RP)
Red pnosphorus/butyl rubber (RP/BR)
Red phosphorus wedges (RPW)

Haxachloroethane smokes (HC)

Fog oil (SGF-2)

Diesel fuel (DF)

. Infrared (IR) smokes (EA-5763 and EA-5769)

x

m O O

for use. Diesel fuel would be the common smoke type used on moving vehicles.
IR smokes are new, but only two are included in this report (EA5763,
EAB769), and their composition is revealed here only as ¢ily brass particles.
The devices used as delivery systems for smoke and obscuring agents are
usually also the contatners for storage and transport of the smoke type. The
exceptions are the fog ol and diesel fuel normally stored and transported
in bulk contatners. and pumped into a heated, forced-air chamber when
vtilized to generate smoke. The device characteristics that were applied to
health and environmental screening were the effective Fill weight (Q), the
minimum area of ifmpact {A), the burn time (tB). the average rate of burn
(dQ/dt) in the case of continuous smoke generators, and the minimuin vertical
extent (h) of the smoke. Oetalfls of the smoke concentration distribution,
median particle size, and stze-distributions were not used in the
screening. Estimations of effects such as acute inhalation response and
concentrations in the environment resulting from ceposition, were determined
as first-aporoximations by the derivation of suitable quotients or indices.
The first-order estimates were not considered extremely limiting for
the<e ranking purposes. Inhalation response to particle-size ts about the
same for all simokes because thelr physical stzes will be about the same in

= —————— TR T e A LUE St ADNNG N FE L WY U EEW -



order to be effactive obscurants. To a good aporoximatisn, the vraction of
suspended mass retained, for example in ihe deep lung (puimcnary) region,
would be the same for all S&0 agert:. Furtiermo.e, paysically meaningfui
tndices were defined.

The effective f111 welght (Q) divided by tae m!nlauum area of impact (A)
defines the upper bound of deposiiion that could occur over the area under
any circumstances:

Maximum available deposition = g. ()

Carrying this argument further, dividing the effective fi11 weight (Q)
by the minimum effective volume (Ah) defines the maximum environmental alr
concentration (C) averaged over the minimum area of impact (A), which could
occur, e.g., from bursting devices:

.

Q
C =75 (2)

The first difficulty is in determining A. The minimum impact area is
important. however, because 1t can serve as a ranking index in itself. The
mintmum . s F impact is usually small and serves to demonstrate that each
device has a small potential ecological cost when viewed on a global scale.
Consequently, ranking the devices by impact area (A) was a useful first-order
exerctse. In the case of bursting devices C must be defined di{fferently as
derived next.

For bursting devices, the material ts spread instantaneously and can be
viewed as having a Gaussian distribution in the second instant, at which time
atmosgheric diffusion begins. The area AB can be estimated for bursting
munitions as a circle of radtus (R) containing 95% of the material, which
has Gausstan width oy and height o,

R=2o, (3
Ty
2

RB = Qv oy, (4)

h = OZ. (5)
10
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J : We found that for nearly all bursting devices the parameters o and
‘ qz,were-available from the data base, and for approximation purposes:

a, = °y3’ {6)
Hence, the maximum concentration (CB), given for bursting devices in
equation (2} was calculated from the given Q in the data base and equations
(4) through (6).

For burning munitions such as smoke pots, a different approach was used
because a burning device would be diluted and diffused by the wind during the
burn. The minimum impact area (A') for burning devices was defired as the
area covered in the horizontal plane by a substence diffusing under stabie
conditions (Pasquill stability category F) with calm conditions (wind speed
0.5 m/s) during the burn time. For all burning devices the burn time (tE)
(usually several minutes) was availabie from the data base with the axception
of fog oll and diesel fuel continuous generators. For the continuous
generators a convenient burn time of one hour was used, and the burn rate
(dQ/dt) was considered constant so that calculation of QC for continuous
release was the product of dQ/dt and tc, where tc = | hour:

. .
Qe Gt ¢ (7

The minimum impact area for continuous releases (A') depended upon the
plume width (o ), plume helfynt (oz), wind croed (u), and burn time (tB):

! Oy = 0.04 X, (8>
oz = 0.016X, (9

X=utg, (o)

u=0.5m/;. an

where relations (8) and (9) are the Briggs' estimates for close-in diffusion
under calm winds in F stability category from the "Handbook on Atmospneric
D1ffusion.“6 The minimum impact area (A') for the Gaussian plume is a
triangular area containing 30% of the material (see Appendix A) estimated by

A' a2 w oyutc. (i)

N
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~ and .he average environmental air concentration for diffusing smokes by
CD - QlA'oz. (13)

Because the definitions of the minimum impact area for bursting (AB)
and for burning (A') devices are different, care should be exercised in their
comparison. On the one hand bursting devices have a closely defined impact
area, whereas burning devices have a minimum impact area, which was
estimated as a worst case diffusion problem that applies realistically only
in calm winds at night.

The cholce of tC = 1 hour was made to approximate the times of exposure
to fog oil and diesel fuel, but in actual cases it would vary. <(Actual
times could be adjusted as a multiple of hours.) In gquotieats to be
discussed later, one-hour exposure concentrations were compared to C. This
exposure time may seem incongruous to the burn times (tB) of devices that
last only a few minutes. But in that case we envision a puff-like cloud
that persists depending on wind speed and could take up to an hour to
disperse ' very calm
wirds, a worst case.

CCNSIUERATIONS GIVEN O PMYSICAL/CHEIMICAL PROPERTIES OF S&0

A major diffizulty was to determine the likely chemical residuals and
their physical propertie, in the environment. We attempted to reconcile the
expressions given in the da'a base for chemical reactiens during combustion
of 580 devices. It bec mz evident that, particularly for phosphorus and HC
devices, there was no way to unif- the various results. Excellent laboratory
studies that nrcceded to complete combustion under controiled conditions did
not represent wcli the few Fleld ovservations of combustion product
concentrations. MWe made our own estimates ¢f the cri*ical components and
their ultimate fates, to the ¢: ~vee justifiable for a first-order ranking
and verifiabte where possidble. This list of residuals was explor:d for
chemtcal/phystcai pioperties.

Properties considered usefuil for first-order assessments were the
octanol-waler partition coeffictent, the solubility in water at rormal

12




temperatures, the vapor pressure at normal temperatures, and others. The
utitity of these properties has been estabiishad, for example, in estimating
partitioning coefficients for a simplified compartmental model of the
environment. These concepts were defined by Laskowski et §1.7 for the
terrestrial environment in a noteworthy compendium of methods,
“Environmental Risk Analysis for Chemicals," edited by Conway.8 The
environmental fate should be evaluated using the pollutant 1imit values
method of Rosenblatt, Dacre, and Cogley9 in the same book (loc. c¢it.). ke
utilized the “Handbook of Chemical Property Estimation Methods" by Lyman,
Reehl, and Rosenb]attlo to determine octanol-water partitioning cocefficients,
solubtlities, and vapor pressure for certain organic fractions identified as
constituents in SCF-2 fog oil, and in the middle petroleum distillates found
in diesel fuel.

These methods did not lead to a successful ranking of S&0 materials in
terms of soil adsorption coefficients, volatilization, bioconcentration
factors, and biodegradation. The major reason for the incompiete application
of the methods and fatlure to establish preliminary poliutant limit values
was the nature of tie inorganic constituents in phosphorus and HC smokes.
Both of these smokes we found were dominated by highly soluble, very low
vapor pressure inorgantc products that ultimately transform and lose their
fdentity in large elemental pools within the natural water and soll systems.
The utility, and even the meaning, of soil adsorption and volatilization
became obscured.

Methods very useful for ranking pesticides and cther persistent
pollutants were not applicable to S&) chemicals that become part of nutrient
cycles or are transformed into bound components of the soll/sediment systems.
For example, for pesticides the soil adsorption coefficient is highly
correlated to the organic matter concentration, but for phosphoric acid the
soil adsorption occurs on clay minerals and depends upon other elemental
cancentratlcng.”‘12 The phosphoric acid is transformed into caiclum, iron,
and aluminum phosphates whose solubility in the water or soil environment
depends highly on pH.

The first-order rankings of S&0 chemicals for mobility in the

envircnment were by solubllity of the inttially deposited material as a
measyre of potertiai acute deposition effects and by solubility of the
transformed products as a measure of potentlal long-term chronic effects.

13




HEALTH AND ENVIRONMENTAL INDICATORS

The suspended smoke materials were expected to adversely affect living
systems through two pathways. The first was the exposure of mammals to
respirable particles that may be toxic via the inhalation pathways. Since
all smokes have about the same particle-mass size distributions the
respirable fraction would be about the same for each. We ranked the
potential acute effect of smoke/obscurant inhalation according to the one-
hour lethal concentrations to rats. The choice of rats was made because
their inhalation response 1s similar to humans (although this response is
generally less sensitive than mice) and because rats are usually the animals
of choice in toxicology bloassay studies.

The method required some estimations, however. The data base contained
non-standardized information. HWe chose the LCSO at one-hour (lethal
concentration of 50% of the population exposed for one-hour and observed at
14 days following exposure). The data base contained incomplete data such
as LC20 or LC3O. etc., and often data were expressed as doses
(concentrations muitiplied by time). It is usually assumed that Haber's Law
describes inhalation re*sponse.]3 That 1s, the effects are the same for a
given combination of concentration and time of exposure as long as the
product (Ct) remains constant. We found that the method of Haber's Law
{Ct = constant) gave 65% errors in estimating fnhailation effects of smokes.

Two studies of relevant inhalation response in rats were found to give
the same basic results: a study by Dalbey and LockM using "Phillips
Referee-grade" dlesel fuel, and a study by Ballou‘5 using red phosphorus
smoke. We reanalyzed their data and found that LCSO values could be
calcutated from tntermedtate results LCX (e.g., LCZO' LCBO) using the
relation:

« (LC,) exp ((50-X)/B), (14)

LCso X

where B is an experimental constant. We found values of B = 60.3 for diesel
fuel and B = 57.2 for red phosphorus. These B-values are the same within

3%. Furthermore, Dalbey and Lock’'s data confirmed that B is not a function
of exposure time. Next we found that the LC50 time-dependence was
statistically highly correlated to exposure time (R2 = 0.97) by the relation:

14
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loge (LCSO) = -at + b, <15)

fﬁfuhefe'a and b are constants for given experiments. From this we derived the
. interpolation equation at exposure time t]:

where & is the same constant as in equation (15) and the subscripts refer to
two different exposure times, tz and t The constant for diesel fuel
s a = 0.239 b~ while a = 0.295 h~! for phosphorus smoke. The
constants were close enough to combine for ranking purposes, and we used
this one interpolation scheme (Table 2) for all smokes. (The values in
natural logarithms for the other constants, b « 3.291 for diesel fuel and
b = 1.706 for phosphorus smoke, were not uzed.) Solutions to equations (14)
and_(16), as given in Tabie 2, were used te interpolate LC 50 for all smokes
and obscurants. The mean deviation from Haber's Law was 65%.

A determination of deposition was made by a common method. We used a
deposition velocity concept, with a value of Vg = 0.1 cm/sec (3.6 m/h).
This is a commonly accepted estimate for particles of unit density in the
size range 0.3 to 3 um diameter.ﬁ'lé Deposition flux (F) was estimated
from C (mglms)z

Fw ¥4 C. an

For ranking purposaes we took a typical concentration for smoke of

C = 1000 mg/ms, wiich was within a factor of three of the range of values
computed for WP-devices usiag equations {2) and (13). Also, typical fog oil
concentration values were found to be 15 to 2000 mg/m3 1 The deposition
of smoke at 1000 mg/m3 concentration was estimated at 3600 mg/m2 for a
one-hour release, and at cne release per day represents & concentration of
43 mg/kg when incorporated into 5 ¢m of soil and a concentration of

3.6 mg/liter when incorporated into water of 1-m depth. A soil depth of 5
cm represents a zone of soil that is considered well-mixed in natural
ecosystems, but typical plow layers for cultivated fletds would be 15 cm in
depth. reducing this estimated concentration.
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TABLE 2. INTERPOLATIOR TO INHALATION LCg, VALUES FOR OTHER PERCENTAGES
OF LETHALITY AND OTHER TIMES OF EXPOSURE RELATIVE TO ONE HOUR.

" “Ratio of LCgq | Ratic of LC

i A 50
Aif;~relative to given at one-hour exposure to
'Agapercent lethality LC50 at given exposure time, t
- 'LC30 o 174l 3h 1.7
’-,Lcao 1.19 _ 4 h 2.2
LCS0 _ - 1.00 5h 2.9
4LC60 S 0.8 , 6 h 3.8
| LC70 . 0N 7h 5.0
LC80 0.60 8§ h | 6.6

Estimations of follar deposition often use the Chamberiain normaiized
specific concentration (NSC); an example was given by Shinn.]a Using the
accepted NSC value of 30-60 mzlkg (dry welght of foliage) for a one-hour
exposure per day, we obtained an estimate of foliar retention of

100-220 g/kg dry welght for an airborne smoke concentratton of 1000 mg/m3.
Divect follar consumption by cattle would transfer poliutant at 0.020 mg/kg
body weight per day per | mg pollutant/kg; likewise 0.060 mg/kg body welght
for rats.

Smoke praduct accumulation in cattle would be 2.2-4.3 g/kg each day and
tn rats 6.5-13 g/kg each day 1f they were eating follage exposed to

1060 ﬁqu3 for one hour, estimated by the NSC method. The sensitivity of
smokes via the ingestion pathway was estimated by the oral LD50 for rats,
the ingested dose (mg/kg) causing 50% lethality in rats. These data were
readily avatlable In the data base. The ranking of smokes for oral toxicity
was cbtained by dividing the caiculated smoke ingested value, 6.5 g/kg, by
the L£50 for each smocke substance.

Aquatic toxicity was estimated on the basis of the above estimate of
water concentration, 3.6 mg/ltter, compared to the Tngﬁ. the 501 lathal
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concéﬁiration‘fOV 96-hour exposures of common bioassay fishes. Aquatic
franking'of smokes was obtained by taking the ratio of dissoived concentration
“,;to.Tngé, proyided the dissolved concentration was feasible in terms of its
_solublifty in water..

RESULTS
RANKING BY DEVICE IMPACT AREA AND ENVIRONMENTAL CONCENTRATION

As much information as possible was obtained for each device so that
each could be rarked on the basis of its particular effective fill weight,
impabt area, and maximum environmental concentration. The device properties
are provided in Appendix B, because of the extent of those data. It was
possible to categorize the data, however, and to rank these categories in
terms of minimum impact area. The relative importance of each category
according to impact area is given in Table 3. The values in Table 3
represent the ranges given for several similar devices within a category,
rounded off, and indicate whether the device fs diffusing or bursting. (It
should be recalled that diffusing and bursting areas are calculated
differently, so caution should be exercised.) The general result was that
~ phosphorus devices with wedges (RP/W and WP/FK) and'the RP bomblet had the
largest areas of the bursting devices. Except for the bomblet, all bursting
davices would impact a relatively smalil area (less than three acres or the
equivalent of three football fields). Continuous sources like the
smokepots, diesel fuel exhaust systems, and fogq oil’generators. however
would impact large areas (ten to hundreds of acres).

The determination of environmentaltly important concentrations (C) of
snckes and obscurants estimated by equations (2) or (13), was also done for
each device, see Appendix B for details. Just as in the case of the rankings
of impact area, it was possible to categorize the data and to rank these
categories. The relative importance of each smoke and obscurant category is
given in Table 4. W found unexpectedly that arenades, espectally IR and
RP/BR, produce the highest environmental concentrations, but it should be
recalied (Table 3) that these are very locai. HC diffusing (howitzers) and




7 7".'TABLE 3. MINIMUM AREA INPACTED IN SBO DEVICE CATEGORIES, RANKED.

Device type Ground area (ro)®

1. IR bursting, RP/BR bursting (grendades) 50

2. WP bursting (mortars, guns, rockets, howitzers) 100-800

3. HC diffusing (howitzers) 50-1200
4. HC diffusing (grenade) 1000

5. RP/W bursting (mortars ard howitzers) 1000-11000
6. WP/FW bursting (rockets and howitzers) 9500-12000
7. HC and SGF-2 diffusing (smoke pots) 9500-65000
8. RP bursting (bomblet) 180000

9. DF giffusing (diesel fuel exhaust, each hour) 300000-800000
10. SGF-2 diffusing (fog &il generator, each hour) 500000-800000

8 8y comparison, one acre and one football field (U.S.) occupy 4050 m2 and
4250 mz, respectively.

TABLE 4. CALCULATED ENVIRONMENTAL CONCENTRATIONS OF S&0 DEVICES, RANKED.

Device type Concentration (mg/m3)
1. RP Bursting (bomblet) 2
2. DF Diffusing (diesel fuel exhaust, each hour) 10
3. SGF-2 Diffusing (fog oil generator, each hour) 5-10
4, WP/FH Bursting (howitzer and rockets) 5-25
S. HC and SGF-2 Diffusing {smoke pots) 10-110
6. RP/HW Bursting (mortars and howitzers) 25-220
7. HC Diffusing (grenade) 220
8. HC Diffusing C(howitzers) 450-660
9. WP Bursting (mortars, guns, rockets, howitzers) 1800-35Q0
10. IR and RP/BR Bursting (grenades) >10000




P bursting (mortars, gquns, rockets, and howitzers) ordnance produce the
~second highest environmental concentrations, but again over a small area

--from 100 to 1200 m2.-

*RANKING BY INHALATION TOXICITY AND AIR CONCENTRATION QUOTIENT

The inhaiation toxicity of smoke and obscurant materials was the primary
effect considered from short-term, acute exposures (up to one hour). Ke
ranked the smoke materials as mixtures; that is, the chemical composition of
the smoke mixture was not further subdivided for inhalation toxicity ranking.
The various smoke types are ranked in Table 5 according to the one-hour
LCSO for rats.

The LC50 values (inhalation) given in Table 5 were each estimated
from more than one reference. The LC50 value for SGF-2 was estimated from
one LC20 vaXue15 and from several studies of similar oils that put limits
on the L050 estimate for SGF-2. The LCSO value for OF smoke came fr?g
arithmetic averages of values from the original Dalbey and Lock data
numbar of other values]g; all these values had a range from 10300 to
38000 mglm3 with a ratio of the standard deviation to the mean (coefficient
of variation) of 0.44. The LCSO value for RP and RP/BR was an average of
‘two estimates of RP/BR (Refs. 2, 15), and the presence of butyl rubber (BR)
was assumed to be insignificant. The LC50 value for WP and WP/FR was an
average of four estimates, which had a range from 1300 to 4800 mg!m3 {Refs.

2, 20) and no evident effect of the felt wedges (FW). The coefficient of
variation was 0.61 for these values combined. The LC50 values for EA-5763

and EA-5769 found in an unclassified appendix3 could not justifiabiy be
separated so tiay were averaged. The LC50 Xalue for HC smoke was estimated
from the study attributed to Basman et al.,” but also compared with the data
for mice.z‘ considering that mice were usually more sensitive in similar
studies by a factor of 2 to 3. In ageneral, we felt that the relative ranges
and coefficlients of variation found for DF and WP were probably characteristic
of all the smokes. The LC-50 values given in Table 5 could not be estimated
with uncertainties Tess than about 50% because of normal variation.

and a
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" TABLE 5. RELATIVE INHALATION TOXICITY OF SMOKES AND OBSCURANTS IN TERMS OF
" THE ONE-HOUR LCg, FOR RATS, RANKED IN ORDER OF INCREASING TOXICITY.

Relative

LCg, Cmg/m®) toxicity
1. SGF-2 fog ofl 60000 1
2. Diesel fuel smoke 26000 2
3. RP and RP/BR 4000 15
4. WP and WP/FW 2500 24
5. IR {EA 5763, EA 5769) } 970 62
6. HC smoke 333 180

A preferred way to express the relative inhalation toxicity of smoke and
obscurant devices is by means of the concentration quotient, (C.Q.), which
is defined as the ratio of the environmental air concentration (C) to the
particular LCSO value for inhalation toxicity to rats. The C.Q. values
calculated for each device are given in Appendix B. The device categories
given in Table 4 were re-ranked in terms of C.Q. and the values of C.Q. are
given in Table 6. The S80 categories that had C.Q. values near unity and
greater were the devices with potentially significant inhalation toxicity.
Qf these devices the S&O grenades were the mosi dangerous, especially the
RP/BR and IR gqrenades. This 1s expiained by the small volume of thelr
clouds relative to £111 welght. The artillery-produced smokes were the most
toxic when in the form of HC and WP. The phosphorus smokes with wedges
(RP/W and WP/FH) were far less toxic. HC smokepots were on the borderline
of inhalation toxicity significance, while SGF-2 and DF were insigqnificant
in terms of inhalation.

RANKING BY ORAL TOXICITY AND INGESTION QUOTIENT
The effect of S& matertals in the environment would depend on the

pathway of toxicity. Direct Ingestion would be unlikely for humans unless
the matertal were deposited on crops. Animals that feed upon plants,

20
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TABLE 6. AIR CONCENTRATION QUOTIENTS (C.Q.) FOR RELATIVE INHALATION
TOXICITY OF S&0 DEVICES, RANKED IN ORDER OF INCREASING TOXICITY.

Device type c.Q.2
1. SGF-2 diffusing (fog oi1 generator, each hour) 0.0002
2. DF diffusing (diesel fuel generator, each hour) 0.0003
3. RP bursting (bomblet) 0.0003
4. SGF-2 diffusing (smoke pot’ 0.0004-0.002
5. WP/FW bursting (howitzer and rockets) 0.002-0.01
6. RP/W bursting (mortars and howitzers) 0.006-0.06
7. HC diffusing (smoke pots) 0.04-0.25
8. HC diffusing (grenade) 0.7
9. WP bursting Gmortars, guns, rockets, howitzers) 0.7-1.4
10. HC diffusing (howltzers) 1.4-2.0
11. RP/BR bursting {(grenade) 3.4
12. IR bursting {grenade) >10

a C.Q. is the ratto of the environmental air concentration, C, to the
one-hour tethal concentration (LCSO) for rats exposed by imhalation. Values
near unity or greater indicate potentially significant toxicity problems.

however, could be acutely exposed if they consume the S&0 material deposited
on their forage. The relative toxicity of smoke types by ingestion was ranked
tn order of the oral LD50 values to rats, a concentration (mass of toxic
material per body weight, mg/kg) found to be lethal to one-half the rats in an
exposed population. Deposition was calculated on on page 15 for a smoke
concentration of 1000 mg/m3 using the deposition veloctity, €q. (173, angd
foliar retention was estimated using Chamberiains's NSC. Direct consumption
by rats Indicated a value estimated of accumuiated smoke material of 6.5 g/kg
(low range) If they ingested follage exposed to smoke concentrations of

1000 mg/m3 for one-hour. HWe ranked the smokes for acute environmental

effects to animals by determining the foliage ingestioun quotient, (F.I.Q.)
which is defined as the ratio of the amount of contaminant ingested by rats
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(6.5 g/kg) to the LDSO value for oral toxlcity to rats. This screening
method would indicate potential toxicity problems if the F.I.Q. values
approach or exceed unity. The results show that the WP, RP, IR, and HC
smokes are all significantly toxic when deposited on foliage consumed by
animals, see Table 7. Ke determined the oral LDSO values in this case by
examining the smoke product likely to be the agent present when foliar
consumption occurred soon after the exposure.

The oral LDSO value for all phosphorus smokes was estimated as that for
orthophosphoric acld.22 When WP or RP are combusted, the reaction product
PZOS rapidly hydrolyzos.]]’23 In the environment the formation of cyclic
metaphosphates is untikely, and the linear polyphosphates usually found can
be expected to hydrolyze very rapidly in the presence of normal amounts of
moisture.23 A1l the linear polyphosphates Hn+2 (Pn 03p+1) will hydrolyze to
the orthophosphate (n = 1) form, H3 P04. for acute enéironmental effects
(other than inhalation) we used the various properties of orthophosphoric
acid in screening and ranking. Ihe LDSO value for HC smokes was based on
the estimate for zinc chlor‘de.z‘ which comprises about 80% of the combustion
products. {The other significant combustion progucts are far less toxic than
2inc chloride.) The LD50 value for SGF-2 was estimated as mid-range between
that given for diesel fuel25 and that for the polyethylene glycol (PEG-200;
see Ref. 13) with the justification that the aromatic hydrocarbon compounds of
SGF-1 are similar to the middle distriiates found to be toxic in diese! fuel
and fuel oll, but the higher concentrations of aliphatic compounds are known
to ameliorate the toxic effects. Subjective compa: isons of SGF-2 with fuel
oll and PEG-200 were found.'*!7+2%:23 the Lo . value for EA-5763 and
ER-5769 was estimated from the by-products we assumed to occur.3
from copper and zinc in the brass.

such as

RANKING BY AQUATIC TOXICITY QUOTIENT

The effect of a smoke and obscurant material on the aquatic environment
would depend upon the sclubility of the matertal In water, the toxicity to
aquatic life, and upon the amount Of material depostited into water bodies. Ke
estimated that the deposition of S&O from a cloud with an air concentration of
1600 mg!m3
in S&0 coacentrations of about 3.6 mg/liter in the water. The agquatic

passing over a water body 1 meter deep for one hour would result
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TABLE 7. FOLIAGE INGESTICN QUOTIENT (F.I.Q.) FOR RELATIVE ORAL TOXICITY OF
SMOKES AND OBSCURANTS TU RATS, RANKED IN ORDER OF INCREASING TOXICITY.

Rat LD50 (Oral)

Smoke type (mg/kg) F.1.0.2
1, SGF-2 21000 0.3
2. DF 14000 0.5
3. RP and Rp/RP 1530 4.2
4. WP and WP/FH 1530 4.2
5. IR (EA-5763 and EA-5769) 800 8.1
&. HC smoke 350 19

3 The F.I1.Q. uses tha value of 6500 mg/kg as an estimate of the amount of
siicke products consumed by a rat when the foliage receives deposition from
simoke at an air concentration of 1000 mg/m3 for cone-hour. The F.I1.Q. is the
ratio of 6500 mg/kg to the oral LD50 for rats. Values near or greater than
untty indicate potential toxicity problems.

toxicity qu~tlent, (A.T7.Q.) was defined as the ratio of 3.6 mg/iiter to the
TLm96 for sioassay fishes. The TLm96 is the lethal concentration in water
(ma/titer)fcr kalf of the fish after 96-hours of exposure. The A.T.Q. must be
adjusted if the value 3.6 mg/liter exceeds the amount soluble in water; in
that case A.7.Q. is the ratio of the amount soluble to the TLm96. Aquatic
toxicity from the major smoke tvpes would be significant when the A.I.Q.
approaches or exceeds unity. The HC smoke and IR smoke (EA-5763 and EA-5769)
were found to be the most toxic to fishes while fog-cil and diesel fuel had
borderline aquatic toxicity and NP and RP smoke types were of insignificant

toxicity, see Table 8.

The Tnge values for WP and RP were vailues for orthophosphoric acid,
and the values for HC were for zinc chlor1de.2] The SGF-2 and DF were found
to have about the same short-term solub111tyl7 and were given tha same Tlm
estimates based upon toxi-ity of middle distillates present.]7
for IR were avatlable in unclassified appendices.3

22,26

96
TLm96 valyes
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w'iIABLE‘B." AQUATIC TOXICITY QUOTIERT (A.T.Q.) FOR RELATIVE TOXICITY OF SMOKES
AND ODSCURANTS TO BIOASSAY FISHES, RANKED IN ORDER OF INCREASING TOXICITY.

Tiilgg

Smoke type (mg/1iter) A.T.Q.2

WP and WP/FW 100-1000 0.0036-0.036
RP and RP/SR 100-1000 0.0036-0.036
$GF-2 2-50 0.72-1.8
OF 2-50 0.72-1.8
IR (E4-5763 and EA-5769) 0.02-0.10 0.3-1.55
e 0.1-10 0.36-36

8 A.T.Q. uses th2 value 3.6 mg/Titer as an estimate of the amount of smoke
products deposited in waver 1-m deep from & one-hour exposure to an air
concentration of 1000 mg/m°. The A.T.Q. is the ratio of 3.6 mg/1iter to the
Tng6 for common bioassay fishes. Values near unity or greater are of
significant aquatic toxicity.

b The low solubility of IR smoke requires that the A.7.Q. Is a ratio of the
amount soluble to the TLm95 in that case.

RANKING BY SHORT-TERM AND LONG-TERM MOBILITY IN THE ENVIRONMENT

The intermediate fate of smoke and obscurant materials in the environment
was screenad on the basts of the sotubility in water of the Initial chemical
form when deposited on sofl or water. Ranking on the basis of this factor
wouid presume that tnitial mobility in soil and sediments should indicate
potential problems. The initial solubitity of WP or RP smokes was estimated
as that of orthophosphoric acid,27 the iInitial solubility of HC smoke as
that of zinc chlaride,d the tnitial solubility of fog oil and diesel fue!
smoke as measured in a nen-agitated, non-emulsified m?xture.!7 and the
Inttial solubtiity of IR smoke from brass constltuents.3 The results

tadicate that RP, RP, and HC tnorganhic forms that are hiqhly soluble would be

highly meblle, the dissolved orqanic components (presumably 2comatics) in
SGF-2 and DF would be siightly mohile, while IR (EA-5763 and £A-5769) would be

24
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. TABLE 9. MOBILITY OF FRESHLY DEPOSITED SMOKE AND OBSCURANT MATERIALS IN SOIL
. AND SEDIMEKTS, RANKED ACCORDING TO INCREASING SOLUBILITY.

Solubility
- Smoke type (mg/1iter) Relative rank
IR (EA-5763 and EA-5769) 0.03 |
SGF-2 14-52 102 - 103
DF 14-52 10? - 103
HC 4.3 x 108 108
WP and RP forms 5.5 x 106 108

very immobile; see Table 9.

The ultimate fate of S80 materials in the environment was estimated from
the solubility in water of chemical forms thought to result long after
depcsition on soil or water. Again ranking by this procedure should indicate
if transformed smoke components could become mobile. The HC smoke initially
would consist of highly soluble zinc chloride and unreacted aluminum chloride
plus insoluble forms such zinc and aluminum oxides. The chlorides hydrolyze
rap1d1y21 and form hydrochloric acid and zinc oxychlorides in the presence
of normal moisture. 1In the soil and sediments these forms undergo lon-
exchange readily. Studies attributed to Fullerz} provided sstimates for
Zinc fon as the soluble form in soils and zinc hydroxide as the soluble form
in water. The chloride ions were disregarded because they enter a fairly
large poo! in natural solls and waters (e.qg., sodlum and potassium chlorides).

The IR materials (EA-5763 and EA-5769) and SGF-2 fog ofl were given the
same long term solubility as their estimated initlal solubility. The
sotubility of DF was obtained from a measured soiubility of OF after a few
"7 Ihe fate of orthophosphoric acid fn low

weeks in the environment.
concentrations in soil and sediment ts governed by the pH and type of clay
mineral present.l2 The distribution of orthophosphate spacies as a function
of pH s well known. Epitaxial adsorption on clay mineral surfaces and soltd
phase formation reactions show that apatites are formed as well as fron and
aluminum phosphates. From Edzwald's adaptation of Stumm and Leckiela these
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;TABLE 10. LONG-TERM MOBILITY OF TRANSFORMED SMOKE AND OBSCURANT MATERIALS
7.~ IN SOIL AND SEDIMENTS.AT pH 7, RANKED ACCORDING TO INCREASING SOLUBILITY.

- . : Solubility
Smoke type (ma/1iter) Relative rank
HC 1n soll 6.5 x 1074 |
IR (EA-5763 and EA-5769) 3x 1072 50
SGF-2 14-52 10410
HC in water 99 10°
OF 360 6 x 10°
WP and RP 1560 108

all have about the same solubility near oH 7. We used the solubility of
FePOd, which was >1ightly higher than the others, as an indicator species
_For the long-term fate of combusted WP and RP. The result was that of the
S80, the HC in soil and IR CEA-5763 and EA~576%) have Insignificant long-term
mobility compared to SGF-2, HC in water, DF, WP, and RP; see Table 10.

The SBO materials with the highest short-term solubllity, (WP, RP, and
HC) fresh after deposition, had decreased solubility by more than three orders
of magnitude in the long term due to estimated transformation in the
envivonment. compare Tables 9 and 10. This rapid trarnsformation and
demobilization, particularly of P and HC smokes essentlally renders them less
haraful to plant and animal life. More work is needed on the environmental
fate of S&0 materials and thelr potential toxicity in thelr fransformed
states. The screening showed that smoke combustion products and their
dynamics in soil and water systems were relatively complicated and not well
untfied, aithough studled in some detail.
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- RANKING BY OVERALL ENVIRONMENTAL IMPORTANCE

We vanked the overall environmental importance of device categories by
multiplying the minimum area of impact by the C.Q., F.I.Q, and A.T.Q. This
empirical index is the product of area, relative inhalation toxicity,
relative follar ingestion toxicity, and relative aquatic toxicity with equal
weighting. Numerically, it had units of area, and in the case of a give.
range of vaiues the geometric mean was used. It was found that HC smoke
pots are environmentally the worst problem by an order of magnitude above HC
grenades and HC howitzers. These {n turn are an order of magnitude worse
than the IR grenades. A1l other devices are two orders of magnitude less
important in overall environmental effects, see Table 11.

TABLE 11. QVERALL ENVIRONMENTAL IMPORTANCE FOR SMOKE AND OBSCURANT DEVICES,
RANKED FROM LEAST TO MOST.

Importance valuea

1. KWP/FW (rockets and howitzers) 1.1
2. SGF-2 (smoke pot) 2.5
3. RP (bomblet) 2.8
4. RP/W (mortars and howitzers) 3.3
5. RP/BR (grenade’ 8

6. SGF-2 (generater) 13

7. WP (mortars, guns, rockets, nowitzers) 14

8. DF (diesel fuel exhaust) 24

9. IR (EA-5763 and EA-5769, grenade) 3x 108
10. HC (howltzers) 3 x 10°
1. HC (grenade) 5 x 104
12. ne (smoke pots) 2 x 10°

a Importance value is the product of area, C.Q., F.I.Q., and A.T.Q. with
units tn square meters.
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APPENDIX A

THE JUSTIFICATION OF MINIMUM IMPACT AREA, A',
ESTIMATED FOR DIFFUSING MILITARY SMOKES

The concentration (C) for a ground-level continuous source in a uniform
flow field of speed u, 1s usually represented by a “Gaussian piume", for
example see the "Handbook on Atmospheric Diffusion":6

C(x,y,2) = C{x,0,0)exp - % (y/cy)2 exp - % (z/Tz)Z

where C(x,0,0) is the centerline concentration at groundlevel given by

Qc/tc_

my%u

Here QC {s the mass of material dispersed over a time period tc, and oy,

o, are the characteristic width and height of the plume. To a good
approximation, oy and o, are 1inear functions of downwind distance, x,

for burn times on the order of minutes. The downwind distance traveled is

X = utc. and the ground area covered can be estimated as a triangle of length
x and base 4woy. The value w is retained from integration of the concentration
distribution in the vertical from ground level to infinity and in the
crosswind, y-direction from minus infinity to plus infinity. If we solve

for the concentration, C, at ground level (z = 0) and at y = §/3 °y

where the concentration ts one-fourth of the centerline concentration we

C(x,0,0) =

obtain
¢ o=
92z
Thus the area A' defines 90% of the plume width (y/oy w + 5/3),
Al = ZvayutC

and is the area containing greater than one-fourth the centerline concentration.

33

S e T T R T T Y T S R R N Y T (RO SR R R LY T YO AT




* APPENDIX B.

" TABLES OF CALCULATED ENVIRONMENTAL
VARIABLES FOR SPECIFIC SMOKE AND OBSCURANT DEVICES®®

" TABLE B-1. WHITE PHOSPHORUS-TYPES.

A C

Device Mund tion Type (n?) (mg/m)
Y. 4.2-inch mortar M2 KP 516 3100
2. 4.2-1nch mortar M328AK WP/PWP - 54 3140
"~ 3. 60-mm mortar M302 WP 166 1820
4, 81-mm mortar M57 WP 366 2820
5. 81-mm mortar M375 Wp 228 2320
6. 90-mm gun M313 WP 243 2490
7. 105-mm gun M4 8 WP 455 2950
8. 120-ma gun M357 Wp 516 3100
9. 105-mm howitzer M60 WP 354 2900
10, 185-mn howitzer N110 WP 778 3470
11. 155<-mm howitzer XMB25 WP/Fi 12000 24
12, S-inch rocket MK¢ WP/PHP 718 3390
13. 57-mm rocket M308 WP 96 1900
14. 75-mn rocket M3 WP 198 2350
15. 2.75-inch rocket M259 We /W 9500 6

TABLE B-2. RED PHOSPHORUS-TYPES

A C

Device Munition Type (m) (mg/md)
Y. grenade LBAT RP/BR 50 13600
2. 81-mm mortar ¥M319 RP/W 940 139
3. 155-.mm howftzer XM803 RP 11300 26

4. bomblet (submunition) CBU-88 RP 283000 1.3
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TABLE B-3. INFRARED-TYPES

s ' A C
" “.Davice Munition Type (mé) {mg/m3)
»l. grenade XM-76 IR 50 10000
TABLE B-4. HEXACHLOROETHANE~TYPES
te A C
Device Munition Type  (sec)  (md) (mg/m3)
1. smoke pot M1 HC 390 9506 77
2. smoke pot M5 HC 1020 65025 13
3. smoke pot M4A2 HC 750 35156 29
4. grenade M8 HC 126 992 218
5. 105-mm howitzer 105M84 HC 120 52 450
6. 155-mm howitzer M116M1 HC 138 1190 664
TABLE B-5. FOG-OIL AND DIESEL-TYPES
te A C
Device Class Type  (sec)  (mé) (mng/m3)
1. generator, fog-ofl M3A3 SGF-2 3500 810000 5.9
2. generator, fog-oil XM52 SGF-2 3600 810000 8.9
3. smoke pot, fog-oll AN-M7 SGF-2 630 26200 66
4. exhaust, diesel VEES OF 3600 810000 8.3
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