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EXECUTIVE SUMMARY

The objective of this study was to determine whether the use of mixed o'Acurant smokes
for training purposes presents an added environmental impact compared with the use of
individual smokes. The environmental fate and effect of the Individual obscurant smokes, red
phosphorus/white phosphorus (RP/WP) (Van Voris et al. 1987), fog oil MG) (CatL,)o et WI.
1989a), and hexachloroethane (HO) (Cataldo et al. 1989b) previously ha-., 'een aswssed. In
summary, of the individual smokes evaluated, only the phosphorus smokes resulted ir' mode-
rate to severe plant damage from contact toxicity and exhibited moderate rosidual plant effects.
Both HC and phosphorus smokes had adverse effects on the functional peaformance of soil
microbial activity. Fog oil had little effect on plants or soil microbes. No significant advers'
effects on soil chemistry or soil Invertebrates were observed for any of the smokes. The present
study attempts to establish whether mixed-smoke scenarios, employing these three smokes In
sequential combination, could have a synergistic Impact on the environs in which they are
employed for training. The principal mixed smoke scenario Involved sequential exposure to
HC, FO, and WP. Additional scenarios Involved use of FO/WP and HC/FO. Air concentrations
were set at those levels normally effective in the field and were 500 to 600 mg/m3 for FO and
HC, and 2000 mg/m3 for WP. Exposure durations ranged from 2 to 4 h for each smoke. Thus,
effects and/or Impacts can be compared with those reported for individual smokes.

Mixed-smoke scenarios involving FO and HC smokes resulted In airborne chemistries
and deposition products generally consistent with their reported Individual behavior. However,
with WP, the combustion products or rates of conversion of polyphosphates to phosphate
appear to be altered by the presence of FO and HC+FO, resulting in elevated levels of non-
phosphate P. This may have influenced tha higher-than-expected toxicity of mixed smokes
containing WP. Similarly, there may be a potential Interaction of HC-derlved C0- with the
polyphosphates from WP combustion, which may Influenoe the fate and effects of these mixed
smokes.

Deposition velocities, and subsequent mass loading of the mixed smoke components P,
Zn, and C0 were generally similar to those for single-smoke exposures. Deposition velocities
were highest for ponderosa pine and lowest for tall fescue; these ranged from 0.003 to 0.4 cm/s
and were dependent on wind speed.

The effects of smoke mixtures on soil chemistry were not judged significant; however,
several important changes occurred with mixed smokes. The anion/cation balances for soil
extracts indicate the likely presence of polyphosphates In excess o; those observed for P
smokes alone. This would Indicate that the presence of other sm( ..e constituents may slow the
rate of decomposition of polyphosphates. Trace metal solubilization in soils exposed to mixed
smokes likely results from Increased additive acidity. Fluctuations in nitrogen pools likely result
from effects of smoke constituents on microbial populations.

Mixed-smoke application involving HC/FO/WP resulted in greater contact phytotoxiclty
than expected based on published single-smoke exposures. All plant species exhibited
moderate to severe damage at mass loading levels comparable to, or less than, those used In
single-smoke exposure tests. Plant sensitivity to mixed smokes was bush bean > sagebrush >
ponderosa pine > tall fescue. In alternate scenario tests involving WP/FO, damage to all plants
was also severe. Cumulative dose tests using HC/FO resulted in severe damage only to bush
bean and sagebrush, and were comparable to those expected based on single-smoke
exposures. Results Indicated that much of the phytotoxcitly is from WP smoke constituents.
Attempts to resolve the source of phytotoxicity, through application of specific WP smoke
constituents Indicated that foilar damage can be elicited by both pH and P205, but not long-
chain polyphosphates.
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Growth and regrowth of exposed tall fescue plants indicated no significant residual
effects based on biomass production. Similarly, seeding and growth of tall fescue on soils
contaminated with mixed smokes showed no effects on either germination or dry matter
production.

Soils exposed to mixed smokes were evaluated for effects on key microbial processes,
Including respiration, dehydrogenase activity, phosphatase activity, and nitrification. Soil
respiration was reduced in soils exposed to HC and WP containing smokes; however, recovery
was evident after 4 weeks. Both phosphatase and dehydrogenase activity was depressed
following exposure to mixed smokes, but again, recovery was evident after 4 weeks. Although
the population of .NItromonas sp. in soils was not dramatically affected in soils exposed to
mixed smokes, the population of Nitacr sp. was reduced in Burbank soil. Results indicated
that effects were most pronounced for soils exposed to smokes containing HC and less for soils
exposed to WP smokes.

No effects were noted on earthworm survival in soils containing any of the mixed-smoke
combinations.

Overall, the major environmental Impacts observed with mixed obscurant smokes result
from combustion products of WP; this observation is consistent with previously reported toxicity
resulting from use of individual smokes RP/WP, FO, and HC (Van Voris et al. 1987; Cataldo
et al. 1988, 1989a and b). It is likely that soils exposed to mixed smokes are most affected by
pH, and possibly polyphosphates produced in combustion of phosphorus smokes. Plant effects
appear to result principally from the pH of phosphorus smokes, and likely P205. Plant effects
are not persistent based on residual and Indirect effect studies. Microbial processes appear to
be adversely affected both by Zn associated with HC smoke and possibly the polyphosphoric
acid associated with WP and RP smokes. In general, FO smokes have a beneficial effect on
microbial processes.
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l 1~~.o 1I•SQU ..T..DUTIC,

The U.S. Army has deployed a number of smokes and obscurants to visually mask the
movement of troops and vehicles during combat. Effective training scenarios for the armed
forces require that troop maneuvers simulate, as closely as possible, the conditions most
likely to be encountered under live combat situations (e.g., hardware, weapons fire, terrain,
weather, vegetation, and smoke concentrations). Within the framework of the training
operations, the Army has a regulatory responsibility to ensure that the use of smokes and
obscurants does not adversely affect the health of local residents, or the environment, both
on and near the training sites. The environments of these training centers range from high
deserts to semitropical forests, thus complicating this responsibility.

The Health Effects Research Division of the U.S. Army Biomedical Research and
Development Laboratory (USABRDL) has been assigned the responsibility of determining
the potential environmental effects associated with the use of smokes and obscurants In
training and testing. As part of USABRDL's planned program In response to this concern, the
present study was designed by Pacific Northwest Laboratory (PNL) to evaluate the transport,
chemical transformation, and terrestrial ecological effects of several smokes currently used In

-- Army training sites throughout the United States. The present study expands previous field
studles In two major respects. First, smoke and obscurant testing Is conducted within a

Sspecial recirculating wind tunnel that ensures containment of the smoke and allows
simulation of a variety of Pnvironme,'ntal conditions (I.e., varying wind speeds, relative
humidities, temperatures and lightlt conditions) under dynamic exposure conditions.
Second, the complex chemical nature of obscurant smokes requires that chemical
transformations be correlated with environmental effects in a defined manner.

Within the framework of the experimental design for the present studies, the primary
objective was to assess the Influence of two primary envIronmental variables: or, the relative
humidity (20, 60, 90%, and simulated rain) and the wind speed (2 to 10 mph or 0.90 and 4.5
m/s) on the ecological effects Induced by smokes. The second ovurall objective was to

Sdetermine whether mixed-smoke exposure scenarios employing white phosphorus,
hexachloroethane, and fog oil obscurants in battlefield sequence result In environmental
i•mpacts similar to, or greater than, those observed for individual component obscurants. The
sequence of obscurants used In this study was selected commensurate with U.S. Department
of Defense (DOD) Battlefield Tactics Manuals DAPAM 525-3 and DAPAM FC 350-1.

The health and environmental effects of Army smokes and obscurants have been
studied Intensively over the past 30 years; these research efforts have recently been
compiled and reviewed by Shinn at al. (1985) and CichowIcz (1983). In general, research
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into the effects of obscurant smokes has concentrated on animal and aquatic toxicity, with
relatively little effort being expended In understanding soil/plant or ecological effects. The
majority of these previous efforts used direct artificial dosing of organisms or aqueous
amendments of suspected toxicants. Although these methods may be appropriate and
necessary In many Instances, they may not be appropriate In developing an understanding
of the potential Impact of the recurrent use of obscurant smokes at heavily used training sites.
This Is mainly because no estibllshed correlations exist between airborne smoke
concentrations, depositions on soils and plants (duration and physical parameters affecting
deposition), and the ultimate effects, environmental deterioration.

Frevious studies associated with this project have Investigated the environmental fate
and effects of the individual obscurant smokes. Red phosphorus rubber and white
phosphorus smokes (Van Voris et al. 1987), fog oil (Cataldo et al. 1989a), and
hexachloroethane (Cataldo et al. 1989b). These wind tunnel experiments established the
physical and chemical characteristics of the individual smoke aerosols, evaluated deposition
velocities for smoke aerosols to both foilar surfaces and soils, and established the dose
response relationships and extent of impacts for terrastrial plants, soil microbes/processes,
and soil Invertebrates. Results of these stidlas are summarized in the subsections below.

1.1 EAEAUD, EEEETSOF PHOSPHORUS SMOKES (Van Voris etal. 1987)

1.1.1 Physical and Chemical Charactrlstics of Phosphorus Smoke.

The particle size mass median aerodynamic diameter (MMAD) and distribution
geometric standard deviation (GSD), of steady-state aerosols were determined to be 1.6 g.m
± 1.6 at relative humidities (RH) frurn 25 to 60%; particle size Increased to 1.9 gm, as RH
increased to 90%. White phosphorus aerosols exhibited similar Increases in particle size
with Increasing RH, ranging from 1.5 to 1.75 i~m. Trhese changes resulted from hydration of
the aerosol particles. Aerosol particle size was Influenced by its age or residence time In the
tunnel. The MMAD of fresh RP aerosols (5 to 10 min) was slightly smaller than aged (> 50
min) aerosols; for WP, the size of fresh versus aged aerosols was 1.1 to 1.3 pm. Thus, the
aged aerosols employed In these and subsequent wind tunnel tests were aged and
simulated those at approximately 1500 m from a field generator. All phosphorus exposures
were conducted at 400 to 500 mg P/m 3 air.

The chemistry of RP and WP aerosols was time and humidity dependent. The content
of phosphate In phosphorus smokes increased from 25 to 100% with aging in moist air. The
polyphosphates (Pn , n - 2 to >20), which compose 75% of the initial aerosol mass, are
converted to 1P (phosphate) In the presence of water. The fractions 5-13P and 2-4P make
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up the remainder of the non-phosphate P for both the RP and WP aerosols. During WP
studies, the concentrations of phosphine within the wind tunnel ranged from below detection
limits 43 to 70 g.g/m 3 , with the higher values found only under higher RH conditions.
Similarly, elemental WP levels ranged from 0.007 to 0.015% of total P deposited to surfaces
and decreased to 0.0002% In 4-h tests. Contact with moist surfaces reduced these
concentrations to below detectable levels.

Deposition velocities (Vd) for RP and WP aerosols were calculated at 0.013 cm/s for all
plant surfaces. These Increased somewhat with RH because of Increased MMAD of
aerosols. Wind speed had a pronounced effect of Vd, with values increasing from 0.01 at 2
mph to >0.8 cm/s at 10 mph.

1.1.2 Imoact of Phosohorus Smokes on Soil Chemistry

Analysis of leachates from RP- and WP-exposed soils Indicated that the hydrolysis rate
for the higher polyphosphates was accelerated. However, phosphorus aerosol deposition
resulted In increased acid to soils, which may exceed the buffering capacity at the surftice of
soils. Increased Al solubility was noted, and although not related to acidity or phosphate
contained In deposited aerosols, was believed to be based on the presence of condensed
phosphates.

1.1.3 Follar Contact Toxicity: Direct Effects

Contact toxicity was Investigated and quantified based on the actual received dose,
i.e., mass loading, as the absolute measure of chemical insult. The effects of RP and WP
were assessed under a number of simulated conditions. These Included mass loading (RFT
series), relative humidity (RHT sedes), wind speed (WST), the influence of plants to
compensate to cumulative dose episodes (CDT series), post-exposure leaching, and dosing
during simulated rainout conditions. Wind speed was shown to have the most pronounced
effect on mass loading, and therefore, phytotoxicity. Primarily, It was the result of a
logarithmic increase In mass loading as wind speed increased from 2 to 10 mph.

A number of general observations concerning the toxicity of phosphorus smokes to
native vegetation in the contact toxicity mode were made. First the dose/response
relationships for RP and WP smokes were generally similar for the five plant species studied.
Second, application of a post-exposure simulated rainfall tended to ameliorate phosphorus
effects by removing a substantial fraction of the dose. Third, relative humidity had a variable
influence on toxicity; Increased RH Increased toxicity in ponderosa pine and sagebrush, but
had little consistent effect on sagebrush, blando brorne, or bushbean. Fourth, a pronounced
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increase was apparent in mass loading, and therefore, toxicity response at wind speeds in
excess of 4 to 6 mph. Fifth, plants receiving a series of nine consecutive dosings over a
3-week period appeared to compensate for the cumulative dose, resulting in minimal
phytotoxic response, compared with single large dose events. Last, with the exception of the
bush bean, each plant species that was severely Impacted to the point of defoliation,
exhibited secondary bud activity and recovered within 30 to 45 days post-exposure. This
would indicate that toxicity Is generally localized to the Impacted foliage, and that periodic
severe effects are transient and can be tolerated by the plant.

1.1.4 Reaidual and Indirect Soil/Plant Effect!

Although the adverse environmental Impacts resulting from contact toxicity from RP
and WP smokes appear to be transient in nature, associated studies suggest that the
recurrent use of phosphorus smokes may have a long-term Impact on plant performance at
heavily used training sites. These Include: 1) the residual effects studies where follarly
exposed grasses are cut back and allowed to regrow; and 2) the Indirect effects studies
where soi;s are contaminated with phosphorus smokes and subsequently seeded with grass.
In the residual effects studies performed in the CDT and WST series, second harvest
biomass results Indicated that some component of the smoke residuals deposited to the
foliage was absorbed and transported to the root, where during the second regrowth,
significant biomass reductions resulted. The effect was much more pronounced for RP
compared with WP treatments. A similar effect was noted In the Indirect effects studies where
soils were contaminated before planting. This aspect of the environmental Impact of
phosphorus smokes can, If not transient In nature, result in reduced environmental vigor of
selected plant species.

1.1.5 Impact of Phosphorus Smokes on Soil Microflora

Phosphorus smokes were shown to significantly affect soil microbiological activities.
Reductions In ammonification and nitrification, and phosphatase and dehydrogenase
activities were observed for all treatments. Effects were most pronounced in the upper few
millimeters of the soil, which received deposited phosphorus.
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1.2 --ATE AND EFFECTS OF FOG OIL SMOKES (Cataldo et al. 1989a)

1.2.1 Physical and Chemical Characterlstics of Fog Oil Smoke

Fog oil aerosols were generated by vaporization and condensation of SGF-2 fog oil.
The aerosol was aged under simulated natural conditions and used to expose plant, soil, and
other test systems. Aerosol mass concentrations ranged from less than 100 to 1000 mg/m3 ,
depending on the test series or exposure parameter evaluated. Particle sizes of airborne FO
ranged from 1.6 to 3.1 lim, and the composition of the aerosol appeared not to be affected by
relative humidity over a range of 20 to 91%.

Average deposition velocities to plants ranged from 0.016 to 0.037 cm/s. Mass loading
values and calculated deposition velocities to plant foliage showed significant variation
between species. Plants with open canopies, such as pines and sagebrush, were a factor of
1.5 to 2 higher than plants with closed canopies, such as bush bean and tall fescue. The
particle size and aerodynamic behavior of FO smoke were not affected by relative humidity,
and therefore, appeared to have little influence on deposition velocity and subsequent mass
loading to plant or soil surfaces. Wind speed had a pronounced effect on deposition to
surfaces, with deposition velocity to follar surfaces Increasing dramatically from 0.02 cm/s at 2
mph, to 200 to 1000 cm/s at 10 mph.

Depuration of FO aerosol residues collected by deposition to glass fiber filter substrate
under laboratory conditions was approximately 6% of the total amount deposited after 10 days
and 14%/, afttr 65 days. In contrast, the depuration rate from environmental surfaces was much
greater. Depuration losses from ponderosa pine were approximately 80% after 4 days, with a
half time of 1.7 days. This rapid loss results from volatilization from the relatively large foilar
surface area. Depuration from the Maxey Flats soil was biphasic, exhibiting a rapid loss with a
half time of 20 days, followed by a reduced volatilization with a half time of 500 days.
Depuration of FO from the Burbank soil was monophasic with a half time of 58 days.
Differences In behavior between soils Is believed to result from both higher surface sorption In
the Maxey Flats soil, which allowed for an Initial Increased volatilization and a higher
downward leaching In the more porous Burbank sand, which reduced the Initial rate of
volatilization.

1.2.2 FolIar Contact Toxicity: Direct Effects

Based on a deposited dose of 100 to 500 gIg FO/cm2 , equivalent to 2- to 8-.h exposure
to smokes at 900 mg/m3 air, toxicity responses were judged moderate. The visualized effects
were chlorosls, necrotic spotting ot foliage, and leaf or needle burn. Relative humidity had no
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dramatic effect on the quality or intensity of damage, other than that expected based on
deposited dose. Repetitive dosing at 2- to 3-day Intervals resulted in substantially less
damage than indicated by the total delivered dose. This amelioration In effects apparently
resulted from the rapid loss by volatilization of FO from foilar surfaces. Post-exposure
simulated rainfall had little or no Impact on the extent of FO damage. The comparatively low
phytotoxicity of FO resulted from the low concentration of aromatic hydrocarbons contained In
the oil. The aliphatic hydrocarbons, which are the major constituents of FO, were less
phytotoxic than aromatic hydrocarbons. However, the aliphatic hydrocarbons can affect
membrane/cell permeability and likely accounted for the observed damage.

1.2.3 Residual and Indirect Soil/Plant Effects

Residual effects, namely those that result from foilar absorption uf smoke constituents
transferred to below ground plant tissues, were apparent In several of the test series. Although
these appeared to be persistent In short-term studies (two croppings of tall fescue), the
causative hydrocarbons were normally biodegradable, and the effects were attenuated In time.
Indirect effects, those that Impact the plant following soil deposition of smoke constituents, were
somewhat dependent on soil type. In general, grass grown on Burbank soil was less affected
than that grown on Maxey Flats soil. This difference may well have resulted from tile relative
retention of FO on these two soil types. In no case was seed germination affected.

1.2.4 Impact of Fog Oil Smokes on Soil Mlcroflora

Fog oil deposited to soil had little deleterious effect on soil microbial activity. On the
contrary, It enhanced the microbial activities In many of the parameters assayed. Cumulative
dose of FO exposure had no effect on soil respiration, and slightly Increased the activity of
nltrobacterpopulations In Palouse soil, while no change was observed In Burbank soil. In
addition, the cumulative dose of FO greatly Increased soil dehydrogenase activity particularly
In Palouse soil. Although exposure to FO at 20 to 91% RH or at 10 mph wind speed showed a
slightly Inhibitory Influence In dehydrogenase activity and soil nitrifying bacteria In a few
Instances, respiration was not affected by these exposures. This was In contrast to exposure to
red phosphorous/butyl rubber smoke, which had a strong inhibitory Influence on a number of
key soil microbial and enzymatic activities (Van Voris et al. 1987).
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1.2,5 Soil Invertebrate Effects

Earthworm bloassays Indicated no adverse effects of FO with exposures up to 800
gig/cm2 soil. In vijr. studies, where FO was uniformly amended to soil, showed earthworm
survival to be 100% until a soil concentration of -3600 pg/cm2 (285 Jig fog oil/g) was reached.

1.3 FATE AND EFFECTS OF HEXACHLOROETHANE SMOKES (Cataldo et al. I 989b)

1.3.1 Phyalal mid Chamical Charanteristlca of HC Smoke

Air concentrations of HC smoke were maintained at approximately 500 mg/m3 for all
test series except for the cumulative dosa tests, which were established at 150 and 700
mg/m 3 for the low and high dose scenarios, respectively. The MMAD (± GSD) for the
aerosols averaged 1.7 gim (1,5) for all teat series, with relative humidity having a direct effect
on MMAD; MMAD values Increased from 1.7 to 2,1 jim as relative humidity Increased from
20 to 85%.

The HC smokes contained >50% extractable ZnCI2 on a mass basis, with
ohlorocarbon compounds composing slightly >1% of the mass; the remainder of the mass
was associated with Insoluble carbonaceous ash, The results Indicated that most, If not all, of
the biotic effects were from either Zn or possIble changes In pH. The chlorocarbon
compounds, Including CC14, C2CI4, C2 C!6 and C06C 8 , were found to be In concentrations of
5 to 7 mg/m 3. The environmental half-life of or - % amoclated with plant foliage ranged
from I to 80 days, and was dependent both /pe and relative humidity. Half-lives for
soils were higher than for plant surfaces, anu ,Anged from 5 to 70 days.

Results of HO deposition studios for nolls and deposition plates Indicated that
acidification of the soils to levels comparabla to those of the wet deposition plates generally
caused similar solubilization oharacteristics as those found on exposed soils, As expected,
delaying water contact had no observed effect; this was In contrast to the significant effect on
P speclatlon resulting from phosphorous aerosols, Depression of nitrate In some exposed
soils likely refleots the Initial suppression of microbial activity,

1.3.2 E.•iarContact Toxiolty' Dlrest -Eff

As observed with previous smoke utudlos (Van Voris et al, 1987; Cataldo ot al, 1 989a),
mass loading of the tissues Increased with both oxposuro time and Incroasing wind speed.
There appeared to be no significant effect of Incroasod relative humildity on foilar mass
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loading, and post-exposure leaching significantly reduced the original mass loading levels
with a concomitant reduction in phytotoxic effects. The pines and sagebrush exhibited
slightly higher mass loading rates, and this may have been related to follar morphology. The
overall phytotoxIcity of the HC smokes to vegetation appeared to be linked to the degree of
Zn deposition (accumulation) to the tissues during the course of the exposures. Under all
exposure conditions, the bush bean proved to be the most sensitive in exhibiting both visual
and physiological (photosynthesis/respiration) phytotoxic responses, with the ponderosa
pine appearing least sensitive of those species tested.

1.3.3 Residual and Indirect Soil/Plant Effects

Dry matter accumulation for the grasses was reduced Immediately following exposure;
however, regrowth rates for subsequent harvests of follarly exposed plants did not
significantly differ from those of the controls. Secondary effects on dry matter accumulation
by grasses grown In exposed soils were not evident following any of the exposures.
Although a significantly elevated tissue concentration of Zn was present in these plants, there
were no apparent interactions of Zn or Al on the mineral nutrition of exposed plants.

1.3.4 Impact of HC Smokes on Soil Microflora

Soil subjected to HC exposure showed Inhibition of soil respiration, dehydrogenase
and phosphatase activities, and a decline in populations of nitrifying bacteria. The Inhibition
depenaed largely on soil types and HC aerosol mass concentration. Exposures for 1 or 2 h
resulted in no significant effect on soil dehydrogenase activity, but prolonged exposure for up
to 4 h Inhibited soil respiration and enzymatic activities. Inhibition of nitrifying bacteria was
less pronounced in Palouse soil than in Burbank soil, and Nitrosomonas spp. was less
sensitive to HC smoke exposure than Nltrobacterspp. Reduced soil respiration and
dehydrogenase activity were also observed in soils subject to HC aerosol under various
relative humidities. The only exception was Palouse soil amended with glucose, which
showed enhanced dehydrogenase activity at 1 to 2-weeks post-exposure time. The results
indicated that Nitrosomonas spp. was less sensitive to HC smoke exposure than Nitrobacter
spp. When soils were repeatedly exposed to HC aerosol smoke, soil respiration was
inhibited along with dramatically reduced enzymatic activities. Soil dehydrogenase
decreased to 1 to 15% of unexposed control In both soil types tested. Phosphatase declined
to 12 to 51% of unexposed control in Burbank soil while exerted some effect only after 4
weeks. The cumulative dose tests also showed that Nitrosomonas spp. was less sensitive to
exposure than Nitrobacter opp. In Palouse soil; however, both groups Uf nitriflers were
reduced to below detection limit in Burbank soil. Results Indicated that HC aerosol smoke is
likely to have a negative impact on soil microbial activities and populations.
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Overall, HC smokes are less toxic to terrestrial blota than were the phosphorus
smokes (Van Voris et al. 1987), but HC smokes are more toxic than observed for FO smokes
(Cataldo et al. 1989a). The biotic effects noted appear to be based on Increased Zn loads to

soils or vegetation, or may be based on transient changes in soil pH resulting from the acidity

of HC aerosols.

1.3.5 oilItbr.1LEffui=

Earthworm survival was not impacted by HC aerosols deposited to soils at rates of 8

.g Zn/cm2 or 32 gg HC/cm2 .

1.4 MIXED-SMOKE SCENARIOS

This report presents detailed results associated with the formation, transport,

atmospheric transformation, deposition, and terrestrial ecological effects of a series of
mixed-smoke exposures. The studies described are similar in nature to those performed with
red phosphorus rubber and white phosphorus smokes (Van Voris et al. 1987), fog oil
obscurants (Cataido et al. 1989a) and HC smokes (Cataldo et al. 1989b). The purpose of
these investigations are to ,stablish whether the sequential application of mixed smokes to
simulated training scenarios has adverse environmental effects different than individual
obscurant smokes.

The effects of mixed smokes on the following three primary ecosystem components
were evaluated:

"* Natural terrestrial vegetation characteristic of U.S. Army training sites in the
I Jnited States

"• Physical and chemical properties of soils at those sites
"• Soil microbiological and soil invertebrate communities.
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2.0 MATERIALS AND METHODS

Studies employing mixed smokes, Including HC, WP, and FO, were conducted at the
Aerosol Wind Tunnel Research Facility at Pacific Northwest Laboratory. This facility houses an
environmental wind tunnel suitable for testing obscurant smoke under a variety of
environmental conditions. The environmental wind tunnel, shown in Figure 2.1, and
supporting laboratories are used for research Involving generation, transport, deposition, and
characterization of aerosols and gases in complex atmospheric environments. A more
detailed description of the wind tunnel, and specific methods related to the Individual smokes,
can be found in Van Voris et al. (1987), Cataldo et al. (1989a), and Cataldo et al. (1989b).

2.1 AEROSOL WIND TUNNEL RESEARCH FACILITY

The PNL Aerosol Wind Tunnel Research Facility provides a combination of special
capabilities for laboratory simulation of natural environments. Tests are performed of the
transport, deposition, resuspension, and chemical fate of airborne particles and gases.
Advantages of laboratory tests over actual field tests Include controlled and reproducible
(on-demand) test conditions. It Is also of critIcal Importance that such studies be performed In
dynamic conditions provided by wind tunnels rather than in static or stirred exposure
chambers. This Is because of several conditions that are Influenced by a dynamic
environment: 1) contaminant aging in natural environments may include chemical and
physical transformations that may be Influenced by sunlight, humidity, temperature, or other
parameters; 2) deposition of airborne particles, whether by diffusive or inertial forces, to various
test subjects such as plants, soils, and water surfaces, Is strongly influenced by wind speed
and the flow field gen nrated within plant canopies or the boundary layers of wind over leaves
and other surfaces; and 3) the chemical fate of particles deposited to surfaces, or the rate of
transfer of contaminants from the surface to the Interior of plants and soils may be altered by
the aging of surface deposits under the influences of temperature, humidity, and wind speed.
Under static conditions (chambers with no uniform air flow, either with or without temperature
and humidity control) transport, transformation, and effects of airborne materials will likely not
be similar to those occurring in actual field environments. The dynamic conditions created In
an environmental wind tunnel provide realistic simulation of natural environments for transport,
transformation, and fate and effects experiments.

The laboratory of the research facility houses a sealed, recir~ulating (or closed-loop)
wind tunnel, controlled-environment plant growth chambers, Instruments for aerosol
characterization, and a computer system, and is supported by a v-arl.cty of analytical chemistry
laboratories. Designed for total containment of airborne toxic, hazardous, and radioactive
materials, the facility offers a unique capability to conduct aerosol research on such materials

2.1



I

A I
4 1

'I 
I-'t� �*'�

w I
g I I

Sn '1'

- 4

U I,

C �.1

C0 1'
z I

3
0

U
3

I-
C,, U

U
LL
C 3
Sc

0.

U
U

2.2 3
I



in a dynamic environment simulating natural fleld conditions. Computerized control of, and
data acquisition for the wind tunnel exposure environment Includes temperature, humidity,
illumination, wind speed, gas species concentration, and airborne contaminant composition
and dispersion.

The laboratory of the facility is supplied with filtered ambient air for ventilation; an
Independent exhaust system then draws this single-pass air through duuble banks of HEPA
"absolute" filters before release. The wind tunnel is operated at a negative air pressure during
tests to contain contaminants.

2.1.1 Environmental Wind Tunnel

The environmental wind tunnAI of the PNL Aerosol Wind Tunnel Research Facility Is
used to study the transport, deposition, and chemical fate of airborne contaminants on physical
and biological systems. The wind tunnel Is Ideally suited for environmental studies because of
Its large, 68 m3 (2400 ft3 ) volume, and because it Is Insulated and supplied with environmental
control systems. Temperature Is controlled by an air conditioning system; relative humidity Is
controlled by computerized Injection of water vapor via an ultrasonic atomizer; and gas
concentrations may be controlled by computerized monitoring and Injection.

The wind tunnel Is constructed of stainless steel and transparent Lexan® for resistance
to chemical corrosives. A 300 psi washdownr system Is used to clean and decontaminate the
wind tunnel following tests. Constructed as a closed-loop system as shown in Figure 2.2, the
wind tunnel may also be operated In single-pass mode for many research applications by
Installing a 48-ft2 bank of HEPA filters In the return section, just upwind of the 30 hp belt-driven
fan. Because of the low pressure drop across the large area of the filter bank, the maximum
attainable speed In the primary test section Is 31 mns (70 mph) either with or without the HEPA
filters. Secondary test sections provide alternative testing locations to the 0.6-m-square
primary test section; two 1.5-m-square, and one 2-m-square test sections may be used for
large test subjects.

2.1.2 Wind Tunnel Test Section

The primary test section of the wind tunnel Is 6.1 m long and 0.6 m wide and tall with
transparent Lexan® walls, Cleveland, Ohio, and ceiling (see Figure 2.1). Mean wind speed Is
controllable between 0.2 and 31 m/s (0.5 and 70 mph). Uniform air flow Is provided by
reducing boundary layer at the Inlet to the test section using a specially-shaped effuser section
and turning vanes In all corners of the wind tunnel. Velocity Is uniform over the center 85% of
the test section cross section, and velocity gradients are typically less than 4%. Because
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aerosol generation Is usually performed downwind of the test section, mixing is complete and
uniform contaminant concentrations are provided to test subjects. Illumination Is provided to
maintain plant respiration processes; four adjustable 400 W metal halide lamps are mounted
above the test section, and UV lamps are also available. Plant pots and other portions of test
subjects that do not require exposure are placed below the surface of the test section floor
within a false floor.

To facilitate tests, Isolation baffles are installed on the Inlet and outlet planes of the test
section. Upon completion of a test, these Isolators are rotated upward to seal the test section
from the rest of the wind tunnel. The air within the test section Is then quickly cleared by
purging It with clean, filtered laboratory air, thus providing a controlled end-of-test or providing
an opportunity to access the test section and exchange test subjects for a second or continued
exposure test. During the time the test section is Isolated, a bypass duct Is operated, thus
maintaining a dynamic atmosphere In the remainder of the wind tunnel. Because the primary
test section contains only 5% of the total wind tunnel volume, tests may be performed in a
series by reopening the test section and continuing the testing Immediately, without the need to
recreate the test atmosphere.

2.1.3 Aerosol Instrumentation

An Inventory of Instrumentation Is available to monitor the test environment and aerosol
concentration, particle size distribution and shape, and chemical composition. A computer
control and data acquisition system Is used to program experiments and document monitoring
Instrument data and status. The system provides flexibility to operate during a variety of
experiments and provides alarms to alert the operator If specific conditions or aerosol
characteristics are not maintained within preset tolerances.

In addition to aerosol measuring devices, aerosol generators are available for the
generation of most types of suspended particulate contaminates. In addition to monitoring the
suspended contaminant, other aspects of the exposure environment are monitored. Wind
speed Is measured using hot film anemometry or by employing differential pressure
transducers connected to pitot-statkc probes. Temperature and relative humidity are measurod
In the wind tunnel and at other locations using connected thermocouples and optical dew point
sensor systems. Tho concentrations of specific gas or vapor species are monitored by a
collection of analyzers and on-line gas chromatograph.

Aerosol mass concentrations <0.01 mg/rn"3 to >10 g/m3 are measured using Isoklrietlc
filter samples, laser transmissometers, and single- and multiple-particle light scattering
devices. Physical samples are analyzed gravemetrIcally, or by chemistry, fluoroscopy, or
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optical or scanning electronic microscopy (SEM). Particle size distributions of airborne
contaminants are measured for particles with diameters ranging from 0.003 to 450 p.m using a
variety of Instruments employing Inertial, diffusive, optical, and electrical mobility classifying
procedures. One analyzer sizes end counts particles remotely using a pair of He-Ne laser
beams. That device provides the advantages of analyzing particles without the use of a
physical probe that may influence air flow and particle deposition patterns, rapid (real-time)
analysis of airborne material, and reduced need to remove toxic and hazardous materials from
the wind tunnel for analysis.

2.1.4 Analytical Chemistry

In addition to the size and concentration of airborne particulate contaminants within the
wind tunnel, it is Important to characterize the chemical form of the particles. While many
aerosols such as some ash, dust, and metal aerosols are relatively chemically stable, many
aerosols are transformed chemically between generation or suspension and deposition.
Because of this, aerosol samples and samples from deposition coupons and plant, soil, water,
and other test surfaces are analyzed by chemical methods. Analytical methods employed
Include: 1) high pressure liquid chromatography (HPLC), 2) gas chromatography (GC), 3)
mass spectrometry (MS), 4) GU/MS, 5) anion chromatography (AA), and 6) Inductive coupled
argon plasma spectrometry (ICAP).

2.2 EXPOSURE CONDITION•S

The exposure environment within the wind tunnel was controlled. Both wind speed and
relative humidity were varied as test parameters. Concentration of mixed-smoke aerosols and
time of exposures wore also controlled to provide known test conditions. Temperature was
monitored, but not varied as a test parameter for mixed-smokes tests. The environmental and
aerosol conditions occurring during tests were monitored and recorded using the computer
system and other ds,,ices such as Isokinetlc samplers, cascade Impactors, and partlcle
Impingers. After setting the test environment prior to each test, aerosols were generated in
sequence using tillniature hexachloroethene (HC) smoke pots (Cataldo et al. 1989a), a
vaporization/coi densatlon generator (Cataldo at al. 1989a) for fog oil (FO), and masses of
white phosphorus (WP) In ceramic cups (Van Voris et al. 1987). Aerosols were Introduced 1ro
the wind tunnel downwind of the test section. Generation of HC aerosols was performed at
regular Intervals during the first third of most tests, FO aerosol continuously during the middle
third, and WP at regular Intervals during the final third. Selected tests were performed using
only two of the three smokes In combination; however, the smoke-ordered sequence was
always followed to simulate established field scenarlos.
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2.2.1 , Envrnmgnt

Environmental pararnmters In the wind tunnel wv,-r controlled. Air temperature was
constant for Individual tests, and was between 21 to 240C during most tests. The relative
humidity of the wind tunnel atmosphere was controlled and ranged from 47 to 55%; water
vapor was added to the system to maintain constant humidities. Tests were performed at wind
speeds of 0.9, 1.8, 2.7, and 4.6 rn/s (2 to 10 mph).

The humidity of the wind tunnel atmosphere was typically measured during each test
using a General Eastern Model 1500 Hygrocomputer, Watertown, Massachusetts. Samples
were drawn from the wind tunnel continuously during each test either through a
teflon-substrate filter suspended in the wind tunnel downwind of the test section, or via a
sample drawn from the wind tunnel through another teflon filter. The filter was protected from
particulate deposits by a plaotic sheath on the upwirnd side. The dewpolnt sensor was cleaned
periodically. The hygrocomputer was also used to measure wind tunnel temperature, and was
calibrated by comparison with a precision controlled-draft sling psychrometer.

The mean, or average wind speed approaching the test subjects In the wind tunnel test
section was measured using either a Thermal Systems Incorporated (TSI), St. Paul,
Minnesota, hot-film probe Model No. 1368 connected to a TSI Model No. 1054A anemometer,
or, during the Cumulative Dose tests, a pltot-statio probe connected to a MKS Inc., Andover,
Main, Baratron differential pressure transducer. The hot-fIlm anemometer was calibrated by
comparison with a pitot-statlo probe connected to a Dywer Model No. 1430 mlcromanometer,
Michigan City, Indiana. The MKS transducer was also compared to the micromanometer and
found to be suitably accurate.

2,2.2 Mixed-Smnke Teat Series

Seven series of tests were performed using mixed-smokes obscurants. These Included
trial tests, combined range-finding/wind speed tests, four types of cumulative dose test series,
and a set of two tests of FO only obscurant. Table 2.1 lists test identification numbers, the
sequence of smoke generation, date of performance, and a description of each test series.
Initial trial tests were performed to test aerosol generation and characterization methods and to
determine specific procedures for attaining target aerosol concentrations. The range-finding
and wind speed test series were combined as Increased deposition at the greater wind speeds
provided Increased mass loading riquIred for range-finding effects studies, Because FO
concentrations were reduced during tests MS-7 and MS-8 due to a failure of the oil pump, a
second cumulative dose series was performed with all three smokes. Following repairs to the
fog oil generator, a trial test of fog oil only was performed (MSFOT!). The second fog oil test
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(MS-13) was performed to provide additional aerosol and deposition data as the presence of
HC and WP Interfered with chemical analyses. Cumulative dose tests series 3 and 4 were
performed in an effort to isolate effects of various components of mixed smokes and allow
comparison with previous tests employing single smokes.

TABLE 2.. DESCRIPTION OF MIXED-SMOKE TEST SERIES

Exposure Smoke Test
Test ID Date Employed Description

MS-1 & 2 6/87 - 7/87 HC/FO/WP Trial aerosol tests. No plants

MS-3, 4, 5, & 6 7/87 HC/FO/WP Range-finding/wind speed

MS-7 & 8 1/88 HC/FO/WP 1st cumulative dose series

MS-FOT1 1/88 FO Trial Fog Oil Test. No plants

MS-9 & 10 2/88 HC/FO/WP 2nd cumulative dose series

MS-13(FO) 2/88 FO FO deposition test (with plants)

MS-14 & 15 5/88 FO/WP 3rd cumulative dose series

MS-1 & 17 5/88 HC/FO 4th cumulative dose series

2.2.3 Test Procedures &nd Measured Conditions

The dynamic exposure environment within the wind tunnel was selected for these tests
because of the need to accurately reproduce particulate deposition characteristics, which are
strongly Influenced by wind speed and air flow patterns in plant canopies. To prevent
unrealistic aging of the mixed-smoke aerosols In the wind tunnel, a flow of carrier air was
provided to the aerosol generation chamber to transport the aerosol Into the wind tunnel, and
an equivalent flow was drawn out of the wind tunnel. This transfer flow rate was approximately
20 cfm and resulted In a net loss of aerosol from the wind tunnel system of approximately 1%
per minute. Aerosol losses by deposition to the test subjects and the surfaces of the wind
tunnel accounted for an additional -1% per minute. The mixed-smoke aerosol was therefore a
mixture of freshly generated and aged particles; this experimental laboratory approach was
followed to provide simulation of actual field conditions. Based on the residence time within
the wind tunnel, the average age of the mixed-smoke aerosol in the wind tunnel was estimated
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to be about 2 min, or similar to that of a field-generated aerosol that had drifted approximately
1.5 km downwind under the Influence of a slow 0.9 m/s (2 mph) wind.

The duration of the exposure interval for each wind tunnel test was based on visual
observation of the smoke density. The test section was bypassed, isolated from the wind
tunnel, prior to each Range-Findlng/WindSpeed test to allow the concentration of HC aerosol
to build up. At that time, the exposure was begun by allowing HC smoke to pass through the
test section and closing the bypass loop. The test section was not isolated during the start of
the Cumulative Dose tests, and test timing began approximately 3 min following generation of
the first HC pot. Aerosol generation continued until the test was finished, at which time the test
section was again Isolated and flushed with fresh air. The test section was also isolated from
the wind tunnel during selected Cumulative Dose tests to allow exchange of test subjects and
deposition coupons. Because approximately 5 min were required to flush the visible smoke
from the test section at the end of each test, the end of the exposure test was assigned to that
time when the test section purge was one-half complete, which was typically 2 or 3 min
following Initiation of test section purging.

Test durations were about 3.5, 5, and 7 h. Actual test durations were slightly longer or
shorter than target durations because of requirements of the generation sequence ,r mid-test
sample transfer periods. In addition to tests for instrument calibration or tests of the HC aerosol
generator, two series of tests were performed: range finding/wind speed, and cumulative dose.

The range finding/wind speed tests included 3.5-h exposures. The tests were
performed at 0.9, 1.8, 2.7, and 4.6 m/s (-2 to -10 mph). Four series of cumulative dose tests
were performed using various combinations of mixed smokes. Test durations were 5 (two
aerosols) or 7 (three aerosols) h in duration. Wind speed was about 1.78 m/s (4 mph), and
temperature and relative humidity were at ambient levels. One FO-only test was performed to
provide deposition rate information. Table 2.2 shows a summary of average conditions
existing within the wind tunnel during each mixed smoke test. Average test conditions are
shown at the bottom of the table for both Range-Finding/Wind Speed (21.7 ± 0.70C, 52.5 ±
2.6%, 0.9 to 4.6 m/s), and the Cumulative Dose (22.4 ± 1.10C, 51.3 ± 1.9%, 1.78 ± 0.04 m/s)
test series. Tables 2.3 and 2.4 show average and flucluating vaiues of temperature, relative
humidity, and wind speed during the tests. The number of samples obtained during a
particular sample period or test Is indicated in the tables by No. (#).

Wind speed data, including natural fluctuations in the wind tunnel air flow and
measurement uncertainties are presented in detail for the mixed-smokes tests in Table 2.4.
The greatest deviation of measured wind speed from average was seen to be 6% at 0.9 m/s,
10% at 1.8 m/s, 3% at 2.7 m/s, and 1% at 4.6 rn/s.
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TABLE2.22. ENVIRONMENTAL CONDITIONS, WIND SPEED, AND EXPOSURE
DURATION DURING MIXED-SMOKE OBSCURANT TESTS

Temrp. RH Wind Speed Duration
Test Date (CO) N% (mivs) (min)

TidalTests

MS-i 6/30/87 26.2 42 0.9 206
MS-2 7/1/87 23.7 59 0.9 223
MS-FOT1 1/29/88 -21 -50 1.8 380

Ranga-FindlngaWnd Spaed

MS-3 7/13/87 22.5 53 0.92 212
MS-4 7/14/87 21.8 55 1.83 210
MS-S 7/15/87 21 6 49 2.73 210
MS-6 7/16/87 20.8 52 4.57 210

Cumulatie Dosg

MS-7 1 /19/88 21.2 52 1.79 418
MS-8 1/21/88 21.6 52 1.81 413

MS-9 2/1/88 21.6 52 1.78 420
MS-10 213/88 21.1 50 1.77 420

MS-i 3(FO) 2111/88 22.7 -47 1.78 280

MS-14 5/16/88 23.7 52 1.75 283
MS-15 5/18/88 23.3 51 1.82 282

MS-lB 5/24/88 23.4 54 1.78 290

MS-17 5/20/88 23.4 52 1.70 292

Averaga Test Conditions-

BRangla-Findlinm(Wind Speed 21.7 1 0.7 52.5 ±2.6 0.9 to 4.6

Cu~mlta~tlva Dos@ 22.4±1.1 51,3±1.9 1.78± 0.04
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IJL2. TEMPERATURE AND RELATIVE HUMIDITY AVERAGES AND
FLUCTUATIONS DURING MIXED-SMOKES OBSCURANT TESTS

.Tmperature Relative Humoldity
Average ±1 STD No. Average ±1 STD No.

Test (0C) (CO) (#) (%) (%) (#)

TdaLT~alm

MS-1 2 6.2 0.59 20 42.3 3.0 40
MS-2 2 3.7 0.55 22 59.5 5.8 43
MS-FOTI -21 - -50 -

Range-FindIng/Wtnd Speed

MS-3 22.5 0.35 21 53.0 1.7 41
MS-4 91.8 0.36 21 55.3 2.2 40
MS-5 21.6 0.35 21 48.9 9.5 40
MS-6 20.8 0.19 20 51.9 7.7 41

Cumulaltlva DORA

MS-7 21.2 0.14 80 52.1 3.2 79
MS-8 21.6 0.39 79 52.4 4.0 79

MS-9 21.6 0.33 39 52.2 2.5 37

MS-10 21.1 0.75 41 50.4 1.9 41

MS-13(FO) 22.7 .38 28 -47

MS-14 23.7 0.13 27 51.5 1.5 87
MS-15 23.3 0.24 28 50,8 1.9 86

MS-16 23.4 0.23 27 53.5 2.7 86
MS-17 23.4 0.19 28 52.1 3.4 89
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IABLE.2,4. WINE) SPEED AVERAGES AND FLUCTUATIONS DURING MIXED-SMOKES
OBSCURANT TESTrS

Iacgo Wind Snuag Meanurgd Wind Spend
Average ±1 STD No.

Test (mi/s) (ONs (mi/.s) M#

TiLLal ets

MS-I 0.89 0.9 0.05 -

MS-2 0.89 0.9 0.05 -

MS-FOTI 0.89 1.8 0.05 -

Ftangel-Findinga/nd Spoed

MS-3 0.89 0.92 0.05 -

MS-4 1.79 1.83 0.05
MS.5 2.69 2.7~3 0.07 -

MS-6 4.48 4.57 0.05

CuWuIBI&Le Dos

MS-7 1.79 1.79 0.08 96
MS-8 1.79 1.81 0.03 80

MS-9 1.79 1.78 0.03 192
MS-10 1.79 1.77 0.03 195

MS-13(FO) 1.79 1.78 0.03 128

MS-14 1.79 1.75 0.21 52
MS-15 1.79 1.82 0.04 51

MS-16 1.79 1.78 0.17 88
MS-17 1.79 1.70 0.07 84

2.3 SMOKE (AEROSOL) GENERATION

Mixed-smoke aerosols were generated and Introduced Into tho wind tunnel
continuously during each test to maintain a sequence of physical and chemical aerosol
characteristics for measurements of transport, transformations, and effects on plant, soil,
fnicrobe, and other test subjects. Because physical and chemical characteristics of aerosols
change as they age following generation by combustion, mixed smoke aerosols were
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introduced into the wind tunnel sequentially as described above and allowed to age during

the exposure tests. The sequence of generation was HC then FO then WP. This sequence

5 Iwas selected to correspond to current training procedures employed at U.S. Army training

sites (Battlefield Tactics Manuals TRADOC PAM 525-3 and FC 350-1). Consequently, the

composition of the mixed aerosol was HC during the first third of most tests, FO mixed with

lesser quantities of HC during the middle third, and WP with trace quantities of FO and HC

present during the final third of most tests. Average target aerosol mass concentrations were

selected based on mid- to upper-range concentrations expected in the field, and were 600

Mg/m 3 for HC and FO, and 2000 mg/rn3 for WP.

2.3.1. Test Materials and Generation Procedures

Materials and procedures for the preparation and combustion of HC, FO, and WP have

been described in previous reports, and are described here in less detail. Sketches of the

three types of aerosol generation devices are shown in Figures 2.3 through 2.5.

Hexachloroethane
(HC + Zinc Oxide + A1).
5 - 50 g per pot.
6 - 14 pots per test.
Tin Can on sand surface.
Hot wire igniter (30A).
Combustion: Dirty white plume,

some ash ejected.

I1 • 9% Al Mixture
0I=10i1I9II 6% AI Mixture 30 A Igniter

Sand k

EIJ.RE 2.3. MINIATURE HEXACHLOROETHANE (HO) SMOKE POT AEROSOL
GENERATOR FOR COMPUTER-CONTROLLED WIND TUNNEL
EXPERIMENTS
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Details of HO aerosol generation are described in Cataldo et al. (1989b), of FO in Cataldo et

al. (1989a), and of WP In Van Voris et al (1987).

I
I

Fog Oil I
Fog oil SGF-2. 3
Refrigerated under nitrogen.
1 - 10 ml/min feed rate. U
Combustion: Flash vaporization.

Aerosol Chamber I1Carrier Gas_E22Z2 =(%air)

F 00C VaporizerI3
300 C Haater -FO I

FO
metering
pump 3

I
I

FIGUB.E2.4. TEMPERATURE-CONTROLLED FOG OIL (FO) AEROSOL GENERATOR 3
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I Side View
In Flow -- o 3S te Top View Sec. A-A

7 Generator Material22 ea& Trays
MaeilCompi.oter -and

Trays Control -Electrical

CM a Leads

OutlA A Into

Out Flow22 Channel

] Support Controller

Computer-Controlled C'omputor-Cornrolloci
Water Drain Valve S4ocondary Ignition51Slstemn

TubeI ~Ceramic Cuip

White

Phosphorus

FIGURIE2.5a. WHITE PHOSPHORUS (WP) AEROSOL GENERATOR. compLJTER~
CONTROL WAS USED rQA SPIRATE BATH WATER AND THEN IGNITE
PURE WP.
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The HC was prepared by mixing hexachloroethane crystals with ZnO and Al powders. I
Materials were obtained from commercial chemical suppliers. Two batches of HC mix were
prepared; both contained a ZnO to HC ratio of 1.04; however, one batch contained 9% Al, and 3
one batch contained 6% Al. The HC pots for combustion were manufactured by compacting
the mixtures Into I -oz gill-style tin cans with 3/8-1n.-dia holes In the center of each lid. Clean
white-quartz sand was used to fill the bottom of each pot to allow the HC mixtures to be I
packed near the top of the cans to a density of 1.75 ± 0.15 g/crn3 . The higher Al mixture was
used In the top 20% of the total compacted HC load In each can. This was approximately
prototypic and was done to ensure rapid Ignition. One 29.5 or 39 g HC pot was Ignited at the
beginning of each test, followed by four, five, or six 12 or 16 g HC pots; the actual number
depended on the duration of the HC portion of each test, and the actual mass depended onI
the combustion Interval. Thirty-A hot wire inserts were used via the computer system to ignite
the HC pots at 15- or 20-mrin Intervals during the first third of each test. 3

Differences between miniature HC pots and the 30-lb pots in the Army's Inventory
Included size (a 20-g HC pot contained 0. 15% of the charge of a 30-lb HC smoke pot) and
composition; 30-lb smoke pots contain a lesser fraction (less than 20%) of the high-aluminum
mixture and also contain a thermite Igniter. The small size of the miniature HC pots did not 3
make feasible the use of a thermite starter, and the larger fraction of high-aluminum mixture
was required to ensure that the hot wires used as starters would make contact with the mixture
containing 9% aluminum.

Beforo each test, HC pots were placed into the ~3_m 3 buffer tank of the aerosol
generation system and prepared for Ignition. Fach HC pot was placed on a sand surface In a
stainless steel tray and connected to a hot wire starter. Contact was made between the HC
pots and the starter wires by piercing the protective paper and Inserting the wire about 0.5 cm I
Into the compacted HC charge. The chamber was then sealed, and thu generator system was
powered and connected to the computer. Hot wires were energized for 20 to 30 9 to Initiate
combustion. The HC pots burned vigorously and emitted a dirty white plume and flaming ash.
Figure 2.6 shows an Ignited HC pot. Temperature measurements and visual observations
made during these and previous tests (Cataldo et al. 1989b) Indicated that the mixtures I
attained a temperature of about 6200C within about 3 or 4 s of Ignition, burned for a total of
about 10 to 13 s, and caused the tin containers to glow with a red color. Smoke from each HC
pot was mixed In the buffer tank and drawn Into the wind tunnel at a location downwind of the
test section. 3
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FO obscurant Is produced In the field by vaporizing liquid fog oil. Obscurant smoke
forms as the vapors cool, condense, and form a liquid-droplet mist. The FO generated during
these tests was SGF-2 oil supplied by the U.S. Army, and was Identical to that used previously
(Cataldo, et al. 1988). The fog oil used in all tests, other than trial tests MS-1 and MS-2, was
from a 55-gal barrel designated: SGF-2-3, Fog Oil, MIL-F 12070B, Type SGF-2,
9150-00-261-7895, Lot #1, DLA Goo-83-C-1 284, Date MFD 7-83. The fog oil was stored
under a nitrogen atmosphere to prevent oxidation and the possible formation of sludge. No
discoloration or sludge formation was observed during or subsequent to the mixed-smokes
experiments. The FO used during tests MS-1 and MS-2 was from another barrel, and was
amber colored; possibly due to oxidation that occurred prior to receipt of the barrels at PNL
several years ago. Those two trial tests did not include plant or other test subjects and were
only performed to test aerosol generating and characterizing Instrumentation and procedures.

FO aerosols were produced In the wind tunnel using a vaporizatlon/candensation
method. Liquid FO was pumped onto the surface of an Immersion heater maintained at
8000C. Vapors were then transported through a tube heated to 3000C to the wind tunnel
aerosol generation chamber, or buffer tank, via a gas stream consisting of 96% nitrogen and
4% air. The resulting oxygen composition of the gas stream was approximately 0.8%, a value
selected to represent the depleted oxygen content of typical diesel-engine field generators.
The flow rate of oil Into the generator was controlled at 1.3 or 3 mVmin during the first 20 or 25
min of each FO portion of mixed-smokes tests to provide rapid concentration build-up, and at
0.6 or 1.5 mI/min during the remainder of each test. A liquid oil pump failure that occurred
during test MS-7 and MS-8 caused low FO concentrations; a new pump was used during
subsequent tests,

White phosphorus aerosols were generated by combustion In a manner similar to that
used for HC aerosols. Sections of pure white phosphorus were employed in the wind tunnel
experiments rather than the mixture of white phosphorus and felt used In WP munitions
because the non-uniform distribution of WP In the munitions (reported by Spanggord et al.
1985) would have degraded our ability to control aerosol concentration in the relatively small
scale of the wind tunnel. Pure WP was obtained from a commercial supplier. The
yellowish-white material was similar to wax In appearance and texture.

Sections of WP were cut and placed In masses of 18 ur 24 g and 9.5 or 11.5 g Into
ceramic cups. Tap water was used to cover the WP and the cups were placed into the aerosol
generation chamber. Cups were drained and ignited automatically using the computer
system. Ignition was facilitated using 10 A nichrome heaters. Two of the larger masses were
Ignited at the beginning of the WP portion of the tests, followed by three to six of the smaller
masses, depending on test duration. The interval between Ignitions was 15 or 20 min.
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Ignitions were followed by combustion for about 10 to 15 min. In contrast to the combustion of
HC pots, WP burned with a lazy flame and occasionally released molten droplets rather than
flaming ash.

2.3.2 Aerosol Generation

A combination of range-finding, wind speed, cumulative dose, and fog oil only test
series were generated to perform test trials. Tests were typically performed by sequencing all
three types of obscurants: HC then FO then WP. A listing of tests, sequence of generation,
quantities or rates generated, and Intervals between material combustion periods Is shown in
Table 2.5. The quantity or rate of generation Is listed in the table as mass (HC and WP) or
mass flow rate (FO). The greater masses and rates were generated Initially In order to rapidly
bring the concentration of aerosol In the wind tunnel to target conditions. Typically, one large
HC pot and two large WP cups were Ignited at the beginning of the first and third portions of
each test, respectively. FO was generated at the greater rate for 20 or 25 min at the beginning
of each FO period. In the table, period of generation refers to the Interval between Ignitions of
HC and WP masses and to the method of generating FO by continuously pumping liquid oil
onto a 6000C Immersion heater.

2.4 SMOKE (AEROSOL) CHARACTERIZATION

Mixed smoke aerosols were characterized during each wind tunnel test.
Measurements were made to provide information on aerosol mass concentration, particle size

distribution, and aerosol chemical composition. Aerosol mass concentration and
aerodynamic particle size distribution are important physical characteristics of aerosols that
affeot dose and effects of obscurant aerosols on the environment. The mass concentration of
suspended particles Is the characteristic most directly linked to the dose, or mass loading of
aerosol particles to environmental surfaces such as plants, soil, and water. The aerodynamic
particle size distribution of obscurant aerosols has Important Influences on transport and
deposition rates. Large particles deposit more readily under the Influence of wind speed and
gravitational forces and small particles by diffusion. In addition to physical characterization of
test aerosols, the chemical composition of mixed smoke aerosols was measured during most
tests to measure relative levels of specific components of the aerosols, for both the airborne
and the deposited particulate matter. Analyses of data provided Information for specific times
during the exposures and for the average of aerosol characteristics during tests. In addition,
surrogate surfaces were analyzed to determine the rate of particle deposition, or deposition
velocity, for comparison with plant, soil, and water surfaces.
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TABLE-25. OBSCURANT SMOKE SEQUENCE AND GENERATION PROCEDURES FOR
MIXED-SMOKE TESTS

Porlod of
Aerosol Ouurtv or Psie ........ n

Generation HC FO WP HO & WP FO
Test Sequence (g) (mLmin) (g) (mki (-)

MS-1 HC/FO/WP 21'1 1 -5/-3 26/13 15 Cont,(5)
MS-2 HC/FO/WP 212/11 -1.3/0.6 26/13 15 Cont.
MS.FOT1 FO - 1.0/0,8/1.6 - Cont,

Rana.-Findino/Wlnd Somed

MS-3, 4, HC/FO/WP 29.5/12 -1,3/0,6 18/9,5 15 Cont,
5, & 6

MS-7 & 8 HC/FO/WP 39/16 .1W,3/.,6 24/11,5 20 Cont,

MS-9 & 10 HC/FOIWP 39/16 3.0/1.5 24/11.5 20 Cant.

MS-13(FO) FO . 3.0/1,5 Cont,

MS-14 & 15 FO/WP 3.0/1.5 24/11,5 20 Cont,

MS-16 & 17 HC/FO 39/16 3.0/1.5 - 20 Cont.

(a) Cont, - continuous generation (FO),

2.4.1 Aerlosl Mias Concentration

Aerosol mass concentration was measured using Isoldnetic sample probes and a
laser transmIssometer. Unlike previous tests, the aerosols durinq mixed-smoke tests were
often mixtures of two or three types of obscurants. Chemical analysis of filter probe samples
provided Infornation that was then used to determine dose terms for each obscurant present In
the mixed smokes. Procedures used to accomplish this are discussed In more detail In

Section 2.4.3.

Isokinetic air samples were collected periodically at 15- to 30-min Intervals during
each test as the primary aerosol concentration measurement. The samples were obtained by

drawing known volumes of the wind tunnel atmosphere at a steady flow rate through a

2.20



sharp-edged nozzle oriented Into the wind. Samples were obtained about 100 cm downwind
of the wind tunnel test section. Sample flow rate was controlled using orifice meters operated
at critlcal pressure drop, flow rates were verified by passing the sample flow through a
flowmeter. IsokInetic sampling was performed; the sample flow rate was maintained such that
Lhe velocity present In the probe approximately equaled that In the approaching air stream.
The diameter of the nozzle was 0.48 cm. Particulate matter was collected on 25 mm glass fiber
filters (Gelman, Ann Arbor, Michigan, Type A/E) located about 10 cm directly downwind of the
leading edge of the nozzle. Due to the proximity of the filter to the nozzle, no probe sampling
correction factor was required. The mass of each sample was determined within 30 to 60 s
after removal from the wind tunnel atmosphere; then, the samples were either placed In a
desiccator or contacted with distilled water, 0.1 N HNO3, or Iso-octane, for subsequent
chemical analysis. Aerosol mass concentration was determined for each sampling period by a
rroenuured ratio of particulate mass to total sample volume.

Nearly continuous recordings of aerosol mass concentrations were obtained by
operating a laser transmissometer during each test. These measurements were performed to
provide a record of minute-to-mlnute variations and fluctuations occurring In the aerosol mass
concentration. A He-No laser beam was propagated horizontally across the wind tunnel test
section Just upwind of the plants, and above the soils. The path length through the aerosols
was 61 cm. The power of the Incident and transmitted beams were measured at about 45 s
Intervals throughout each test. The ratio of transmitted (Pr) to incident (Po) beam power was
then recorded as a measure of the obscurance of the aerosol. These data were calibrated to
Indicate aorosol mass concentration by comparison with physical samples of the aerosols
isokinetloally collected on 25 mm glass fiber filters. The calibration of the transmlssometer was
restricted to actual aerosol mass concentration due to the dependence of aerosol obscuratlon
on the physloal properties of the aerosols, Including particle size and Index of refraction. No
attempt was made to calibrate the system for a direct measure of other characteristics of the
aerosols, such as deslccated mass, or specific compounds such as zinc or phosphorus; this
was deemed not to be practical In part because of the changing aerosol composition
throughout each test.

Transmissometer calibration relationships were determined for each test. The
relatonship of transmittance to aerosol mass concentration, shown for each test In Table 2.6,
was 3een typically to be best described by a logarithmic, or powral equation, although a few
iusts were best fit using an exponential curve. Transmittance Is known to be an exponential
funcdon of the extinction coefficient times the pathiength. That the transmissometer
calibrations for the current experiments did not display a definite exponential trend may be due
to fluctuations In the extinction coefficient caused by changing obscurants (HC, FO, and WP),
aerosol aging, and concentration differences. Aging may have caused changes In the
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TABLE2.6. LAZER TRANSMISSOMETER CALIBRATION RELATIONSHIPS FOR

MIXED-SMOKE OBSCURANT AEROSOL TESTS

Test Smokes Calibration Function R2

Range-Flnding/Wind Spead

MS,3 HC/FO/WP Cm - 81.48 x (Pt/Po)A-0.8879 0.991
MS-4 HC/FO'WP Cm _ 60.88 x (Pt/Po)A-0.9794 0.988
MS-5 HC/FO/WP Cm = 65.90 x (Pt/Po)A-0.9428 0.993
MS-6 HC/FO/WP Cm - 52.59 x (Pt/Po)A-1.0506 0.992

cumulative Dosa

MS-7 HC/FO/WP Cm - 3195.0 x 10A(-9.290 x Pt/Po) 0.981
MS-8 HC/FO/WP Cm - 3269.1 x 1OA(-10.23 x Pt/Po) 0.9'10

MS-9 HC/FO/WP Cm = 87.60 x (PtfPo)A-0.7818 0.980
MS-10 HC/FO/WP Cm - 73.14 x (Pt/Po)A-0.8414 0.989

MS-13(FO) FO Cm - 843.4 - 3869.0 x Pt/Po 0.992

MS-14 FONVP Cm w 3872.8 x 1OA(-9.960 x Pt/Po) 0.998
MS-15 FONWP Cm - 3589.9 x IOA(-8.883 x Pt/Po) 0.976

MS-16 HC/FO Cm - 978.1 - 4103.0 x Pt/Po 0.650
MS-17 HC/FO Cm - 836.6 - 2963.4 x PI/Po 0.6425

MS-1 HC/FO/WP Cm - 57.00 x (Pt/Po)A^0.990Y 0.965
MS-2 HC/FO/WP ,m - 1208. x (Pt/Po)A-0.0811 0.819
MS FOTi FO Cm - 1.804 x (PtfPo)A,. .8548 0.q.38
MS-FOT2 FO Cm - 15.63 x (Pt/Po)A^1.0852 0.312

extinction conffIcler due to changes lr particle sIze and particle chomistry as water vapor was

absorbed by the particles. Concentration may have al.so influenced the coeflicient by ddving

coagulation and the recvlting f,,rinatlon of larger particles at the grea' )st concentraions. In

addition, particle deposition tu the iaser windows possibly occui rad during some tost3.
Regardless, the goal of the current measurementn, to provide ýI signal comparable to raference

aerosol mass concentrations, was arcompllshed. Figure 2.7 ,hows calibration functiorns for

four of the mixed-smokes tests.
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FIGUJE2jZ. TRANSMISSOMETER CALIBRATIONS FOR FOUR SELECTED MIXED-
SMOKE TESTS

The transmissometer calibrations ranged from .,clO0 to 3,500 mg/rn3. Although
aerosol mass cmncentrations are discussed in the Section 3.1, a comparison of the
concentrations determined by averaging the isokinetic filter samples and by analysls of
transmissometer was made. Results of this comparison, which Included 171 Individual
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measurements, are shown In Table 2.7. An example of the analysis for one test (MS-16) is

shown In Table 2.8. Differences between calculated and measured average aerosol mass
concentrations ranged from 0.1 to 4.7%. The average error, or the average absolute value of
the difference between the two aerosol mass concentrations, ranged from 3 to 17% and
generally reflected the coefficient of correlation of the calibration functions for each test.

TABL COMPARISON OF MEASURED AND TRANSMISSOMETER-DERIVED
(CALCULATED) AEROSOL MASS CONCENTRATIONS FOR MIXED-

MOKE OBSCURANT TESTS

Calculated/ Average Error
Test Smokes Measured ± 1 SW. dev. Error ± I Std. dev.

Range-FIndIng/Wlnd Speed

MS-3 HC/FO/WP 1.002 0.058 0.045 0.035
MS-4 HC/FO/WP 1.002 0.062 0.049 0.035
MS-5 HC/FO/WP 1.001 0.054 0.035 0.040
MS-6 HC/FO/WP 1.001 0.052 0.041 0.030

Qumulativa Dosa

MS-7 HC/FO/WP 1.005 0.103 0.085 0.055
MS-8 HC/FO/WP 1.033 0.265 0.203 0.166

MS-9 HC/FO/WP 1.004 0.101 0.069 0.072
MS-10 HC/FO/WP 1.003 0.078 0.054 0.055

MS-13(FO) FO 1.047 0.098 0.075 0.076

MS-14 FO/WP 1.001 0.037 0.027 0.023
MS-15 FO/WP 1.006 0.114 0.087 0.069

MS-16 HC/FO 1.007 0.094 0.070 0.059
MS-17 HC/FO 1.004 0.068 0.049 0.045

Std. dev. - Standard deviation.
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2.4.2 Mixed-Smoke Comnosition

The composition of mixed-smoke aerosols was measured during most tests.

Measurements were performed on collected particulate mass from isokinetic filter samples and

deposition coupons. Other samples were obtained during selected tests and Included grab

samples of the wind tunnel atmosphere collected using 1 00-mL glass syringes and alternate

deposition coupon substrate (wet and dry petri dishes). From these samples, and from

samples of plant tissue and surface soil, the chemical composition of mixed-smoke aerosols

was determined for airborne particles and particles deposited to various surfaces. In addition,

because of the mixtures of smoke types present in the aerosol at any given time during the

exposures, the chemical composition was In a constant state of flux. The duration of each

ABLE2. COMPARISON OF MEASURED AND TRANSMISSOMETER-DERIVED
(CALCULATED) AEROSOL MASS CONCENTRATIONS FOR TEST MS-1 6.
Pt/Po WITH NO AEROSOL PRESENT EQUALED 0.2497 ± 0.0013 PRE-TEST,
AND 0.2457 :10.0013 POST-TEST. Std. dev. - ONE STANDARD DEVIATION

AeslMass Concentration
Test Filter Time Pt/Po Measured Calculated Calc/Meas

MS-1 6 Sample (h) (-) (mg/m3 ) (mg/m3 ) (-)

Avg:
F1 07:58 0.1128 560 515 0.920

1.007 F2 08:17 0.1054 550 546 0.992
Std:

F3 08:37 0.1020 550 560 1.017
0.094 F4 08:58 0.1016 590 561 0.951

Avg. Error:
F5 09:17 N D 630 N D

0.070 F6 09:57 0.0934 620 595 0.959
Std. Error:

F7 10:27 0.1104 440 525 1.193
0.059 F8 10:47 0.0743 750 673 0.898

Max. Error:
F9 11:08 0.0717 710 684 0.963

0.193 F10 11:27 0.0725 700 681 0.972
Min. Error:

F11 11:47 0.0703 650 690 1.061
0.008 F12 12:27 0.0725 590 681 1.154
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smoke and the average concentration of its component used In measuring deposition to test
subjects were determined. These components were zinc (for HC), I iydrocarbons (for FO),

and total phosphorus (for WP). Although the relative masses of zinc and phosphorus were
small compared with the total mass of the HC and WP aerosols, the mass of hydrocarbons

was nearly equal to the total mass of FO aerosols. Additional details of inorganic and organic

Individual components of the mixed smoke aerosols are discussed In Sections 2.5 and 3.2.

The water fraction of mixed-smoke aerosols was measured by comparing fresh to

desiccated mass of IsokinetIc filter samples. The difference between the two measurements
was attributed to the fraction of the aerosols consisting of free, or chemically unbound, water

on the particles. As tests were performed at mid-range humidities, Water contents of
one-fourth or greater were expected during periods of the tests dominated by HC and WP
aerosols and much less than one-fourth during the FO portions of the tests. Results of these
measurements were used to provide Information for a table of the composition of the mixed

smoke aerosols, during all three portions of most tests.

Dose terms were determined for the three components of the mixed-smoke aerosols

that were analyzed from samples of the test subjects: zinc, hydrocarbons, and phosphorus.

This was done to determine the relative dose of each component and to allow calculation of

the deposition velocity of each component. Because of the sequential generation of smokes
(HC, FO, WP), and because residual fractions of previous smokes were present In the

following test portions, the period of exposure of test subjects to HC was longest, that of FO

intermediate, and that of WP shortest. Consequently, the average concentration of HC was

least, and that of WP was greatest, even though the aerosol mass concentrations of the
components during each portion of the test were approximately equal to the target values

(600 rng/m 3 for HC and FO, and 2000 mg/m3 for WP).

Dose terms, in mg/m 2 , were calculated using the deposition velocity of individual
components of the aerosols to the suspended 47-mm coupons, the duration of the presence

of each component, and the average concentration of the component. As components were

mixed, the time history of HC (zinc) concentration residuals following cessation of generation
were determined by analyzing isokinetio filter samples for relative amounts of zinc. Results of

these measurements are shown in Figure 2.8. The HC residual may have been greater than

usual during the first half of the FO portion of tests MS-9 and MS-1 0 because of continued
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supply of HC aerosol by the aerosol generation chamber for a period of several minutes. The

3 HC residual was lower than normal during the FO portion nf tests HC-1 6 and HC-1 7 because

the test section was isolated between the two portions of these tests (no WP was generated

during these tests) in order to include test subjects and deposition suhstrates for the analysis

of FO deposits. A loss rate of about 1 .50//min was found to approximate the disappearance

of HC during the subsequent FO and WP portions of the tests. Determination was more

difficult for FO as analysis for hydrocarbons was noi accurate in the presence of zinc and

phosphorus. Because of the similar particle sizes of FO and HC aerosols, the residual

concentration history of FO during the WP portions of tests was assumed to be equal to that of

the HC aerosol. No analysis was needed for WP (phosphorus) except for test MS-7 because

WP was generated during the final period of all exposure tests. (One cup of WP was

inadvertently generated early, during the HC portion of test MS-7 when the protective bath

water was drained early.)

-I
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2.4.,' P'artIcle Size Distrib• __

The size of particles that make up an aerosol often determine which forces, Inertial or

diffusive, control transport and deposition phenomena. The deposition velocity of particles to

surfaces varies with the p,•l.tc!e size; typically, particles with aerodynamic diameters between

0.1 and 1 g~m deposit to natural surfaces such as plants, soil, and water, less quickly than

smeller or larger particles. This difference exists because even smaller paricles are strongly

affected by diffusive forces and larger particles by iNertlal forces. Obscurant aerosols consist

mostly of particles with physical (or actual) diameters about and slighdy less than I p.m;

however, the rclatively fewer particles preaent In the obscurant cloud with diameters greater

than 1 lam typically contain most of the mass of the suspended particulate matter. The size

distrlbutlocis of obscurant aerosols produced by combustion are often log-normal and may

thus be oharacterized by a mean or median size and a standard deviation.

Measuring the particle size distribution of an aerosol (the frequency of particle

occurrence as a function of padllcle diameter) is Important in describing an aerosol's physical

charactetist~cs. The particle sizo dirtribution of an aerosol may be based on particle number

frequency, aerosol mass, or other parameters such as surface area or particle volume. The

particle size distributions of the mixed-smoke aerosols generated In this study were

characterized by aerodynamic diameter rather than actual physical diameter. Determination

of aerodynamic diameter provides Information on the Inertial characteristics of suspended

particles. This method also accounts for the effects on particle transport caused by the shape

of the Individual particles that make up an aerosol without requiring actual Lharacterization of

particle shape.

Particle size distributions of mixed-smoke aerosols were measured during most tests

to provide Information on particle size for comparison with transport and deposition

measurements and to determine the Influence of aging, aerosol mass concentration, and

environment (relative humidity) on particle size. Measurements were typically performed at

the midpoint of each third of the lusts so that the particle size distribution associated with

each major smoke could be Idontifled. Measurements were also made sequentially during a

single portion of a test to demonstrate the repeatability of the procedure.
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Mixed-smoke aerosols were sampled using an eight-stage Andorsen ambient-style

cascade Impactor operated at approximately 26 Lpm. This device provided classification of

the suspended particles In the HC aerosols by separating sampledparticles into nine

different aerodynamic sizes ranging from approximately 0.5 to 10 Pm. Samples were drawn
from the wind tunnel 6 m downwind of the test section, from an area of low wind speed. This

allowed accurate sampling of the larger particles in the aerosols by reducing isokinetic

sampling requirements. Each stage of the Impactor was covered with a pre-weighed, 81 mm

flat glass fiber substrate which was used to collect depositing particulate mass. Collection

substrates were weighed after each sample, and the particulate mass, along with the

sampling flow rate were analyzed to provide particle statistics.

2.4.4 Particle Deposition Velocity

The rate of deposition, or the deposition velocity, of mixed smoke obscurants to

suspended coupons was ineasured. This was done to provide a point of comparison with
deposition velocities measured to plant and soil surfaces. Six 47 mm flat glass fiber filter

pads were suspended In the wind tunnel test section above the soil coupons and just upwind

of the plants. The deposition coupons were oriented horizontally, with the edge Into the wind.

Support was provided behind the coupons by stiff springs suspended vertically from the

ceiling of the test section. The coupons were sandwiched between coils of the springs. The

coupons were oriented upwind of the springs, and throe coupons were attached to each

spring. The vertical locations of the filters ranged from about 10 to 50 cm above the floor.

Coupons were weighed prior to and following the tests. Following the post-test

analysis, tie coupons were either placed into desiccators or prepared for chemical analysis

by contact with water, 0.1 N HNO3, or iso-octane. Deposition velocity was de'ormined for

each sample by the equation: Ud - (1.667 x 104) x (M x A) / (Cm x At), where Ud Is the
deposition velocity in cm/s, M Is the mass deposited to the sample In mg, A is the surface

area of the deposition coupon In cm 2 , Cm Is the average aerosol mass concentration In
mg/m 3 over the duration of the test, At, In min. Surface area was determined to be 34 cm2 ,

the area of the top and the bottom of the filter surface, less the area of the filter covered by the
spring support. Optionally, as the nearly all deposition was to the top of the coupons

(indicating sedimentation was an Important depositional process) the aroa could have been

considered to be only the top of the filters, or 17 cm2 . For the current studies, the area was
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determined using both top and bottom to correlate with the method used for plant leaf

determination.

2.5 SMOKE CHEMICAL CHARACTERIZATION

2.5.1 Oharacterization Methods

Mass collection filters, Impingers, wet (deionized water) and dry (polystyrene petri dish

covers) deposition surfaces, and suspended (prewashed glass fiber filters) deposition

surfaces were used to characterize the smokes. Soils were exposed during MS3 and MS5

tests. All analyses for aerosol metal constituents were done by Jarrell Ash Model 750,

Waltham, Massachussetts, inductively Coupled Argon Plasma emission spectrometry (ICAP)

on the leachate solutions. Chloride and phosphate analyses by Ion Chromatography (IC)

were performed on the water extracts of filters and deposition surfaces. AS1, or AS3

(Dionex, Sunny Vale, California), columns and a standard eluent of 3 mM NaHCO 3 + 2.4 mM

Na2 CO3 , or, AS4A (Dionex, Sunny Vale, California), columns and an eluent of 1.85 mM

Na2CO3 + 1.75 mM NaHCO 3 were used. Chloride analysis of acidic extracts (0.01 M HNO 3)

of filter or deposition surfaces were limited to the ASI or AS3 columns. Dionex,SunnyVale,

California, IC models, 10 or 16 with conductimetric detection were usRsd throughout.

Isokinetic aerosol filter samples were collected during tests MS2-MS6 using

pro-acid-washed 25 mm glass fiber filters. With few exceptions, sampling time was held at 5

minutes. A flow rate of 1 L/min was used for tests MS-2 through MS-4, 1.5 L/mln for MS-5,

and 2.5 /mln for MS-6. Following Initirtl (fresh) mess determinations, one-half of the filters

were dessicated for 24 hours prior to rewelghing for dried particulate mass determinations.

For Inorganic component analysis, filters w•ere leached In 0.01 M HNO 3 .

Samples from aqueous impingers containing 50 mL deionized water were collected

during each of the three phases of aerosol generation during the early MS tests. No

impingers were Included for Inorganic constituent analysis during MS7-17.

Deposition filters (47 mm glass fiber) were pre-acid-washed prior to exposure in the

aerosol flowpath using the spring technique for simulation of plant leaf exposures. All
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(Cataldo et al. 1989b) deposition filters collected during MS tests were dessicated for 24 h

before mass determination, unless otherwise noted, because previous experience has

shown that true fresh weight determinations were unattainable because of moisture loss

during exposure and before Initial weighing. Nominally 100-mm polystyrene petri dish

covers were used for collection of deposition onto wet (delonized water) and dry surfaces

during the mixed- smoke tests.

2.5.2 Soil Treatments and Characterization

Only surface soils were selected for exposure to the mixed-smoke aerosols, because

deposition of smoke particulate would be a surface-loading phenomenon. As In earlier

smoke studies (Van Voris et al. 1987; Cataldo it al. 1989a; Cataldo et al. 1989b), thin layers

of soils were exposed In an effort to reveal effects occurring on the surface that would be

mitigated by the effects of dilution or soil-buffering capacity. Soils (Table 2.9) Included a

sandy loam (Burbank), a low-nutrient acidic silt loam (Maxey Flats), a basic soil (Yamac), and

a more fertiiu soil (fresh Palouse). These soils were collected near benchmark soils in

conjunction with regional soil conservation departments and maintained by PNL. Burbank

and Palouse soils are used In growth of plants for exposures.

Fresh Palouse was recently collected and has not been dried; Maxey Flats was

collected within the past 2 years and has been allowed to air dry. Although the drying and

extended storage of soils can result In differing behavior re ative to continually moist and

aerobic soil, it provides the range of soil properties required for diverse studies and has
necessitated the use of bulk storage for air-dried, mixed, and quartered soils. Analyses at

different times, on different soil aliquots, by different laboratories results in a range of values

(such as noted for the available phosphate determinations) where the higher values were

obtained most recently by NaHCO 3 (pH>7) or NaC 2 H3 0 2 (pH<7) extractions, with the

resulting P determinations all reported as P0 4 "3.

Soils were exposed during tests MS-3 and MS-5. During test MS-3, duplicate 10 g

(<40 mesh) aliquots of Burbank, Maxey Flats, Yamac, and Palouse soil were spread in thin

lenses in 1.50-mm nominal polystyrene petri dish covers. Fresh Palouse soil (<1 mm) was

exposed at single 10 and 20 g (fresh weight) ratios in the petri dish covers, because of the
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Increased difficulty to spread the fresh moist soil evenly over the entire area. During test

MS-5, duplicate aliquots of only Burbank and Maxey Flats soils were exposed.

Exposed and control soils were contacted with deionized water at a 10:1 water to soil

ratio in polycarbonate Erlenmeyer flasks with open-celled foam closures, and Incubated for

up to 15 days at 250C, 60 rpm, In the dark. Sampling Intervals of 1, 2, 5, 9, and 13 or 15 days

were chosen, similar to previous studies. Analyses Included pH and major and minor anions

and cations. Analysis of ammonia was added during current tests, in an attempt to determine

the stage of microbial development as reflected by the NH4+/NO 2 "/NO3 " soiutlon

components.

TABLii2.9. SELECTED PROPERTIES OF SOILS USED IN AEROSOL EXPOSURES

Property Burbank Maxey Flats RItzvilll Yamao Shawano Qulllayute Palouse

"% Sand 45.1 20.6 43.6 26.2 70.6 10.8 1.1
"% Silt 51.4 65.4 43.9 46.4 14.5 62.2 77.5
"% Clay 4.0 14.2 12.5 27.8 14.7 27.0 21.4
"% Ash 98.0 96.9 96.5 83.8 70.2 93.8

pH (100% 7.43 4.41 6.20 8.43 4.82 4.74 5.6
flaid capacity)
Org., (%) 0.52 2.22 0.54 0.74 13.7 12.9 1.88

Sulfur (%) 0.063 ND(a) ND 0,025 0.084 0.124 0.043

Nitrogen (%) 0.061 0.22 0.09 0.095 0.67 0.89 0.16

Total P 2400.0 ND 1420.0 716.0 1440 3900.0 3770.0

P0 -P 5-24 2.4 ND 7-46 7.6 0.13 6-50

Carbonate/ <0.5 <0,5 <0.5 4.65 <0.5 <0.5 <0.5
bkmb.(%)

Ammonla.N 6.1 63.0 9.0 99,0 45.0 36.0 18.3

CEC 5.5 12.8 14.4 25.5 28.0 45.1 23.8
(meq/100 g)

(a) ND - not dcWsrmkr.i.
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2.6 PLANT AND SOIL SELECTION AND CULTIVATION

2.6.1 Plant Selection and Cultivation

The native species selected, Including sagebrush, ponderosa pine, and short-needle

pine are found associated with different training environments throughout the United States

or used in revegetatlon, while bush bean (used as a sensitive Indicator species for soft

crops), the pines and grass are Important agronomic species found adjacent to many training

Installations.

Plant sources and characteristics are as follows:

"Big sagebrush (A laa kidantata, vaseyana). A medium-sized, perennial shrub

found over vast expanses of the arid and semi-arid western states. It grows In
relatively harsh environments on alkaline soils and at elevations from sea level to
7000 ft. Source: Native Plants Inc., Sandy, Utah. Age: 2-year-old seedlings.

" Ponderosa pine (El= pondrgaa . A large coniferous forest species common to
western North America. It grows at a range of elevations and Is relatively tolerant to

drought. It requires moderate soil fertility. Source: MacHugh Nursery, Eltopla,

Washington. Age: 2-year-old seedlings.

Short-needle pine (B= achinata). A coniferous tree species indigenous to the
southeastern United States. This variety is used extensively In reforestation.
Source: J.P. Rhody Nursery, GIIbertsville, Kentucky. Age: 2-year-old seedlings.

" Tall fescue (Festcua jaMl.). A perennial, cool season bunch grass that grows well

on dry or wet, alkaline or acidic soils, and has a rather ubiquitous range. Source:
Native Plants, Sandy, Utah. Grown from seed.

" Bush bean (Ehaaaha yujgarlj, tendergreen). An agronomic species that Is

relatively sensitive to chemical Insults based on previous experience. Grown from

seed.

These five plant species provided a range of canopy type, cuticular structure, and
thickness and were suitable for evaluating phytotoxic response to obscurant smokes and

deposition velocity under a range of environmental conditions. Ponderosa pine, short-needle

pine, and sagebrush were maintained in the greenhouse before use. These species were
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allowed to go dormant in the fall of the year; in December, the greenhouse temperature was

Increased, and photoperlod was artificially adjusted to break dormancy. Before their

experimental use in the spring, groups of these plants were transferred to growth chambers
and allowed to equilibrate for 30 days; they were maintained at day/night temperatures of
32°C/210C, a 16-h photoperiod (approximately 500 mE m-2 s-1, PAR, at leaf surface), and 50%
rolatlve humidity. Bush bean was planted and grown in growth chambers under the same

conditions. Tall fescue was grown from seed and maintained at day/night temperatures of
27/150C, a 10-h photoperiod (approximately 500 mE m-2 s"i, PAR, at leaf surface), and 50%
relative humidity.

Both pine species were grown on a cornmerdally available loam soil, while the
sagebrush, tall fescue, and bush bean were grown on Burbank silt-sand. The latter were used
to evaluate direct foilar contact toxicity, and at no time was the soil of these test systems
exposed to HC smokes.

2.6.2 Soil Selection and Characteristics

Two soils were used to evaluate Indirect soil/plant effects. For this evaluation, soils were
contaminated with FO smokes before the seeding and growth of the grass species. The two
soils used were Burbank (found at Hanford, Washington), an alkaline silt-sand that readily

supports the growth of the grass species, and Maxey Flats (found at Morehead, Kentucky), a
silt-clay that Is noncultivated, has low nutrient status, and will support marginal growth of the
grass species. Physical and chemical properties of these soils are provided In Table 2.9. All
soils were maintained at 50 to 66% of field capacity before and after experimental use. In
addition, a Palouse sllt-soll, typical of eastern Washington agricultural areas, was employed for
the microbial tests.

2.7 PLANT/SOIL MEASUREMENTS

2.7.1 Foilar Contact Toxicity Responses

In evaluating direct follar contact toxicity, plant cannples were exposed to smokes under
a range of concentration, time, and atmospheric conditions. In all cases, soils were isolated
from canoples by bagging the soil containers at the lower plant stem to preclude any Indirect
effects arising from soil contamination. All follar exposures were conducted In the illuminated
portion of the wind tunnel test section.

Tuxicity responses arising from direct contact of smokes with foliar surfaces, lamely
those that are readily visualized or phenotypic, were evaluated using a modified Daubonmire
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Rating Scale (Table 2.10). This nonparametric approach provides for a rapid comparison of
gross toxicity and Its relative Intensity with time of post-exposure. In addition, grasses that aro
harvested 3 to 4 weeks after exposure (direct. canopy effects) were permitted to regrow through
one or more subsequent harvests, and dry matter production was monitored. Regrowth and
monitoring allows for evaluation of any residual plant effects resulting from foliar absorption
and root accumulation of smoke components.

TABL.E.2,10. CODING FOR MODIFIED DAUBENMIRE RATING SCALE AND
ASSOCIATED PHYTOTOXICITY SYMPTOMS

Symptomi/Intensity Description

Modifle~u~mr aia~a
0 No obvious *ffect over c~ontrols
1 5% of plant foliage affeacted
2 Between 5%-25% of follaVe affeacted
3 Between 25%-50% of follaqe aff ected
14 Between 50%-75% of foliage affected
5 Between 75%-95% of foliage affeacted
a Between 95%-1 00% of foliage affected

Phenotypic Respon=e
OGA Old growth affected
NGA New growth affected
O&NGA Old and new growth sife cted

78 Tip or leaf edge burn
LBD Lafd bum and leaf drop
NSI Necrotic spotting
LI Leaof abscission or noedle drop
CH~ Chioroosi
BID Slade dieback
LC Leaf curl
IN Wilting
GE) Growing tip dieback
D Plant dead
RS~A Floral or seed~lrult abortion

(v~ie)Indicates the length In em that needles
or leaves exhibit dieback or burn

2.7.2 Ebptosynthatic Measurements

Oxygan Electrode (Polarogrgghic) hMeasurementsA. Leaf samples were taken before,
Immediately after, and at several Intervais after exposure for analysis of oxygen evolution and
uptake. Leaves were excised from the plants, placed In moistened paper towels, and
maintained on Ice at approximately 40DC until assayed. They were then wet with distilled water
and sliced with a razor blade Into pieces <5 mm In length or diameter. The pieces were
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transferred to an assay medium consisting of 2 mM CaCI2, 10 mM sodium bicarbonate, and
20 mM N-2-Hydroxyethylpiperazine-N'-2-ethansulfonic acid (HEPES) pH 7.6. Paired tissue
samples were taken from this solution and placed directly into paired, water-jacketed (3.9 ml of
control media at 20±1 °C) cuvettes. The suspension was continually stirred with magnetic
stirrers. The cuvettes were then covered with aluminum foil for dark respiration for
approximately 25 min, until a steady-state rate was obtained. They were then illuminated with
saturating light (>1200 iiEinstelns m-2 9"l) at 600 nm for an additional 20 min to obtain a
steady-state rate of photosynthesis. After Illumination, the tissues were removed from the
cuvettes, and blotted and dried overnight In a 750C oven so the dry weight could be obtained.
Assays were run In triplicate and the data expressed as IMol 02 h'g dry wt-1.

Infrared Gas Analyzer (IRGA) Measurements. The exchange of C02 from the plants
may be measured by the use of an Infrared Gas Analyzer (IRGA). A gas analysis system was
constructed In the wind tunnel and a simplified schematic of its components Is given In
Figure 2.12.

A Beckman Model 865 IRGA, Palo Alto, California, In the differential configuration was
employed to measure differences in C02 concentration (pl/L) In air which had passed through
the plant chamber versus that of the original filtered outside air (Figure 2.9). The cylindrical
PlexlglassO plant chamber (45 1 cm3 ) was placed In the same large growth chamber In which
the plants were maintained during the exposure series to minimize environmental differences.
Plant chamber temperature was maintained within ±1 C of the growth chamber. Light
Intensity at canopy level in the plant chamber was -95% that of the growth chamber (400 gE
m-2 s-1). Flow rates (10 Lpm) and backpressures. were used to calculate rates of Net Carbon
Exchange (NCE) (11Mol C02/sec/plant). Measurements of individual plants were taken prior to
exposure and at various times during the experiment. In addition, control plants not exposed to
HC smoke were also measured intermittently over this period, to provide a point of reference.

2.7.3 Indirect Plant Effects

Indirect plant effects were evaluated by exposing Burbank and Maxey Flats soils to
smoke aerosols. These soils (444 and 526 g dry weigh of Maxey Flats and Burbank,
respectively) were brought to moisture level, placed into 4.5-in.-dlameter by 4-in.-high pots, the
surface leveled, and pots exposed to smokes. Four days after being exposed, the soils were
seeded with 15 tall fescue seeds. Thl- approach resulted in contamination of only the soil
surface; post-planting irrigation should result In some redistribution of smoke components
down the soil profile. Indirect plant effects resulting from smoke contaminants deposited to
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FIGUREi2.. SCHEMATIC DIAGRAM OF GAS EXCHANGE SYSTEM USED IN MAKING NET
PHOTOSYNTHETIC AND DARK RESPIRATION MEASUREMENTS.

soils were determined by evaluating percentage of germination and dry matter production
using tall fescue as a test species. Dry matter production for plants grown on contaminated
soils was followed through two or more harvests.
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I
2.7.4 Quantitation of Exposure/Dose 3

Tho evaluation of plint toxicity responses to airborne contaminants requires a basis for

Intercomparlson of treatments and variables. In all the toxicity studies, thG point of reference is
the mass loading value or exposure dose, as opposed to air concentration or exposure
duration, to provide a specific dose value for each plant. The mass loading rate is determined 3
by chemical measurement of the amount of smoke deposited to a unit area or weight of foliage,
and Is an absolute Index of dose. In the case of FO smokes, total follar FO hydrocarbons was
determined by extraction of follar samples (0.5 to 1 g) with 5 mL Iso-octane. Mass loading to U
soils was estimated based on loading to filter coupons, dry Petri dishes, and wet Petri dishes
followed by extraction as noted earlier. Quantitatlon of Interception efficiency based on type of 3
receptor surface (namely the type of canopy structure) Is based on computed deposition
velocities. The veloc•Ies are calculated from the air concentration, exposure duration, and the

quantity of smoke (hydrocarbons) deposited per unit surface area.

The rates at whkih aerosols are deposited to the plant and soil surfaces In the wind 3
tunnel, or the deposition velocities, were determined as functions of the FO mass concentration
of the aerosols, mass deposited, and exposure duration. Deposition velocity results were
compared for exposure variables including duration, relative humidity, and wind speed.

2.7.5 Post-Exposure Simulated Rainfall 3
The Intensity of phytotoxic responses to follar contaminants can be modified by the

presence or absence of surface moisture. Immediately following exposure, subsets of exposed
plants were subjected to a simulated rainfall (Figure 2.10) equivalent to 1.0 cm, as described In
Cataldo et al. (1981). Simulated rainfall permitted evaluation of either the ameliorating effects 3
of follar surface wash-off, or any intensification of effects resulting from the presence of surface
moisture and Increased foilar uptake.

2.8 SOILMICRBIOLOGICAL MEASUREMENTS

Two soils were used to evaluate the effects of mixed smoke exposure on soil
microbiological properties: 1) Burbank sandy loam (sandy, skeletal, mixed, xeric, Torriorthent),

a soil representative of the desert area of Washington, Oregon, and Idaho, with a low cation I
exchange capacity (CEC), low organic matter (OM), and a pH of 7-7.5; and 2) Palouse silt loam
(fine-silty, mixed, mesic, Pachic Ultic Haploxerolls), an agricultural soil typical of eastern 3
Washington, Idaho, and eastern Oregon, with a moderately high CEC and OM, and a pH of 5.6.
Their physical and chemical characteristics are listed In Table 2.9. 3
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A range-finding/wind speed test series (RF/NS) and a cumulative dose test series were
conducted on mixed smokes In the PNL Toxic Aerosol Test Facility as described below.

Large petrd-dishes (150 X 15 mm) containing 50 g of air-dried Burbank sandy loam or
Palouse silt loam soil were moistened with 10 ml of deionized water. For the RFNWS test
series, soils were sequentially exposed to the smokes, hexachloroethane (HC), fog oil (FO),
and white phosphorus (WP), at wind speeds of 0.92,1.83,2.73, and 4.57 n/s (Test No. MS-3,
MS-4, MS-5, and MS-6, respectively) for 3.5 hours nt a relative humidity of 49 - 55%. The
concentrations of mixed smoke at these exposures ranged from 280 - 330 mg/m^3 for HC,
145 -147 Mg/mA3 for FO, and 1100 -1390 Mg/mA3 for WP. Three cumulative dose tests with
various smoke mixtures were conducted. For the MS-9/MS-10 cumulative dose tests, soils
wie, exposed to HC/FO/WP mixed smokes twice (7 h each) for a total exposure time of 14 h,
at a wind speed of 1.78 m/s, over a 3 day period. Soils were exposed twice (4.5 h each) over
a 3 day period to FO/WP mixed smokes in the MS-14/MS-15 cumulative dose test. In the
MS-1 /MS-17 tests, soils were exposed twice to HC/FO mixed smokes for a total of 9 hours
over a 3 day period. Soil moisture icst during each exposure was measured by weight loss
and replaced by adding deionized water Immediately after each exposure. Average moisture
loss was about 90% after each exposure.

For the range finding/wind speed test series, Palouse soil respiration alone was
measured Immediately after the MS-6 test (4.57 m/s) exposure. Respiration was measured
with an electrol,,tic respirometer Incubation systems according to Knapp et al. (1983). After
the smoke exposure, Palouse soil was transferred to pint-size mason jars. Unexposed
(control) soil and exposed soil received 2 ml of delonized water while a second control soil
received 2 ml of a 75 mg/ml glucose solution. Oxygen consumption was measured
manometrically with electrolytic respirometers at a controlled temperature of 20oC.
Respiration was measured periodically for two weeks. Each treatment was repeated twice.

For the cumulative dose tests, soil respiration was measured for both Burbank and
Palouse soils by a modification of Anderson (1982). At post exposure time of 0 (3 days) and
4 weeks, eight grams of exposed and unexposed soil were placed in a specimen cup (120 ml
size) together with a small vial containing 2 ml of 1 M NaOH to trap CO 2 evolved. A small vial
containing water was also included in the specimen cup to maintain constant relative
humidity for the incubation period. The cup was then sealed airtight with parafllm and a
screw cap, and incubated in the dark at room temperature. After 10 days the alkali trap was
removed and covered with screw cap with teflon seal. The carbon dioxide contained in the
alkali trap was quantified as Inorganic carbon by directly Injecting 200P1 of the NaOH solution
into a carbon analyzer ( Model DC-80, Dohrmann, Santa Clare, CA). Blank controls
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consisted of same amount of alkali trap in the cup but without soil. Three replicates were
used for eac(h treatment. The amount of C02 evolved from the soil Is calculated as follow:

L. moles of C02 - (S-B) X V/12

where S - concentration of Inorganic carbon (gg/ml) In the NaOH trap with soil.
B = concentation of Inorganic carbon (gg/ml) In the NaOH trap without soil.
V = vo~umn of alkali trap In ml, In th!s experiment the volume is 2 ml.

The mean values from exposed soil were compared with that of the control (unexposed) soil
and expressed as a percent of the control.

Soil dehydrogenase activity was assayed with a modification of the procedure of
Tabatabal (1982). Aliquots of soil (1.5 g wet weight) were mixed with 0.015 grams of CaC0 3 ,
0.3 ml of 1% glucose and 0.25 ml of the substrate, 2,3,5-triphenyltetrazollunm chloride (3% w/v).
After Incubation at 2200 for 24 hours, 10 ml of methanol was added to the soil to stop the

- reactiun and to extract the product, 2,3,5-trlphenylformazan (TPF). Tho solution was mixed
thoroughly, centrifuged, and the absorbance of the supernatant determined at 485 nm on a
Beckman DLI-50 spectrophotometer. Soil dehydrogenase activity, expressed as I±g of TPF
produced per g of dry soil per 24 hours, was determined by comparing absorbance values to a3 tandard curve prepared with reagent grade TPF and methanol.

Soil phosphatase activity was assayed by the procedure of Tabatabal and Bremner
(1969), as modified by Klein et al (1979). One g of soil was placed In 15 ml centrifuge tubes
with 4 ml of modified universal buffer (MUB), which consisted of tris(hydroxymethyl)amino
methane, 3.025 g; malelc acid, 2.9 g; citric acid, 3.5 g; borki acid, 1.57 g; 1 M NaOH, 122 ml; in
250 ml final volume, pH 8.6. One ml of substrate p-nitrophnnol phosphate (0.025 M prepared
with MUB buffer), was added to each tube. The tubes were stoppered, vortexed and incubated
for one hour at 370C One ml of 0.5 M CaCl2 •ri.d 4 ml of 0.5 M NaOH wers added to the tubes
to stop the reaction. The mixtures were centrifuged at 12,000 g for 10 minutes and absorbance
of supernatant determined at 400 nm wklih a spectrophotometer. Phosphatase activity,
expressed as pg of p-nitrophenol produced per g of soil per hour, was determined by
comparing absorbance values to a stindard curve prepared with reagent grade p-nitrophenol.

Ail soil dehydrogenase and phosphatase activities were measLrod in triplicate and the
mGan values compared with that of the controi (unexposed) soil and resuiNs exprossed as a
percent of tMe control.

2.41



Soil Pitrifying bacteria were enumerated by t( a micro-technique for

most-probable-number (MPN) analysis (Rowa and Waide 1977) using media described by

Alexander and Clark (1965). Ammonium-calcium carbonate medium for Nltrosomronas -type

microorganikms consisted of (NH4)2SO4, 0.5 g; K2HPO 4 , 1.0 g; FeSO4.7H20, 0.03 g; NaCI, 0.3

g; MgSO 4 .7H20, 0.3 g; and CaC0 3 . 7.5 g In 1000 mL distillea water. Nitrite-calcium

carbonate medium for Nitrobacter -type microorganisms consisted of KNO 2, 0.006 g; K2 HPQ 4,

1.0 g; FeSO4.7H20, 0.03 g; NaCI, 0.3 g; MgSO 4 .7H 20, 0.1 g; CaCI2, 0.3 g; and CaC03,1 .0 g

In 1000 mL distilled water. The media were autoclaved at 121oC with 15 lb pressure for 30

min. Aliquots (0.4 mL) were transfered to 30 mini-tubes. A 1 0-fold serial dilution of soil was

prepared with sterile 0.85% saline sulution. Five tubc3 were inoculated with 0.1 mL of 1 0"1

through 10-6 dilutions with five replicates at each dilution. After incubation for 6 weeks at room

temperature In the dark, tubes aonta',ing ammonium-calcium carbonate medium for

Nitrosomonas were tested for the presence of nitrite and/or nitrate ucing the modified

Griess-IlIosvay and nitrate spot test reagents described by Schmidt and Belser (1982).

Positive tests for nitrite/nitrate in these tubes Indicated the presence of Nitrosomonas. Tubes

containing ;itrite-ca,'slum carbonate medium were tested for nitrite. A negative test Tor nitrite
indicated the presence of Nitrobacter. Populations of both groups of nitrifying bacteria were

calculate using a most-probable-number table (Alexander 1982) and presented as the log 10

of MPN Per g of dry soil.

2.9 SOIL INVERTEBRATE ASSAY

An earthworm (Eisenla fetida) bioassay system was used to elucidate the toxicity of the

HC smoke constituents. An artificial soil containing 350 g sand, 100 g Kaolin, and 50 g dried

peat moss (adjusted to pH 6.5 with CaC03) was employed both for culture and for the

earthworm exposures. Worms wera fed twice weekly with fermented alfalfa, and soil moisture

adjusted to 35% of dry weight. Exposure tests used 80 g of the artificial soil (placed in 100 x 25

mm Petri plates) containing five mature worms. Three replicate plates were used for each test

series as noted in the text. The tests were terminated after 14 days, and effects observed over

this per,•,. Effects scored included earthworm mortality and simple response to physical

stimulus (touching), Mass loading or dose was determined on similar soil plates without

worms.
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3.0 RESULTS AND DISCUSSION

3.1 SMOKE (AFROSOL) CHARACTERIZATION

Aerosol mass concentration was determined by mass and by specific chemical

constituent for mixed-smoke obscurant aerosols. These data were then used to determine dose

terms specific to each major component of the smokes during the wind tunnel tests. Size
distributions of the airborne particles were determined and compared with type of obscurant,

obscurant mixture, and aerosol concentration. Finally, deposition velocities of mixed-smoke

aerosols to suspended surrogate surfaces were determined to provide data for Zomparlson with

deposition rates to the plant, soil, and water test surfaces.

3.1.1 Aerosol Mass Concentration

MIxed-smoke tests consisted of one, two, or three segments, each segment being the
period of generation of a specific smoke. The sequence of generation was HC, then FO, and

finally WP. Although most tests Included all three smokes, two tests each were performed with
FO only, HC and FO, and FO and WP. The average aerosol mass concentration present In the

wind tunnel was determined for each test using the results of a laser transmissometur. In

addition, the aerosol mass concentration present during Individual portions of each test was

determined. Test intervals are listed in Table 3.1, and average aerosol mass concentrations are

shown in Table 3.2. Concentrations were close to the target levels of 600 mg/m3 (HC and FO)

and 2000 mg/rn3 (WP).

Actual aerosol concentration histories for mixed-smoke tests are shown in Figures 3.1

through 3.3. The peak seen In Figure 3.1 at about 10:00 during test MS-7 was due to an early

generation of a large WP cup. This occurred because of a faulty water bath control valve.

Figure 3.2 shows the FO/WP tests; the wind tunnel test section was isolated and purged of

smoke between the two portions of these tests to exchange plant and soil samples. This

procedure was required to obtain FO samples not contaminated with WP residue. Figure 3.3

shows the HC/FO tests; again, the wind tunnel test section was Isolated between the two

portions of the tests.
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TABLE 1.1. INTERVALS OF HC, FO, AND WP AS THE PRIMARY COMPONENTS OF
GENERATED AEROSOLS DURING MIXED-SMOKE OBSCURANT TESTS

-Hexachloroethane -Fog O1 -White Phosphorus
StU1/S" At Suatst/Stop At

TOM (r (min) (hr) (rain) (hr) (min)

Range-Findingf/ind SNand

MS-3 820-9:25 65 9:25-10:40 75 10:40-11:52 72
MS-4 8:15-9:20 65 9:20-10:35 75 10:35-11:45 70
MS-5 8:30-9:35 65 9:35-10:50 75 10:50-12:00 70
MS-6 8:00-9:05 65 9:05-10:20 75 10:20-11:30 70

cum .- 11 024m

MS-7(8) 7:48-10:10 142 10:10-12:30 140 12:30-14:45 135
MS-S 7:53-10:10 137 10:10-12:30 140 12:30-14:45 135
MS-9 7:47-10:10 143 10:10-12:30 140 12:30-14:50 140
MS-1 7:47-10:10 143 10:10-12:32 142 12:32-14:40 128
MS-13(FO) 8:20-12:55 275
MS-14 7:55-10:10 135 10:20-12:38 138
MS-15 8:25-10:40 135 10:50-13:05 135
MS-16 7:47-10:07 140 10:15-12:37 142
MS-17 7:47-10:07 140 10:15-12:39 Id14

(a) WP generated during a portion of the first third of test MS-07 (1 pot).

TALj2. AVERAGE ACTUAL AEROSOL MASS CONCENTRATION (CM) DURING EACH
INTERVAL OF MIXED-SMOKE OBSCURANT TESTS (± 1 STD)

,:±Q _.Fm _ Test Ava.

Wind Speed CM CM CM 94
Test (0/) (mnptr3 (mgot (mQrn3 ) (mg/m3 )

MS-3 0.92 520 ± 50 600 ± 30 1760 ± 520 970
MS-4 1.83 520 ± 80 640 ± 20 1640 ± 450 940
MS-5 2.73 460 ± 80 620 ± 20 1740 ±550 940
MS-6 4.57 450 ± 60 550 ± 30 1450 ± 390 820

.umulaaDos

MS-7(a) 1.79 860 ± 660 570 ± 250 1950 ± 400 1120
MS-8 1.81 480 ± 130 420 ± 40 2320 ±480 1060
MS-9 1.78 520 ± 40 680 ± 70 2140 ± 1030 1110
MS-10 1.77 520 ± 40 700 ± 80 2050 ±680 1060
MS-13(FO) 1.78 260 ± 220 260
MS-14 1.75 550 ± 180 2360 ±650 1460
MS-15 1.82 570 ± 200 2140 ±1490 1360
MS-16 1.78 540 ± 50 640 ± 80 590
MS-17 1.70 530 ± 40 600 ± 70 570

(a) WP generated during a portion of the first third of test MS-07 (1 pot).
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0CM LATIVE DOSE SERIES--FO GENERATION DURING FIRST HALF, WP
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3.1.2 Mixed-Smoke Composition I

The quantity of residual HC present during the FO segment and the residual HC and FO 3
present during the WP segment of tests were determined subsequent to the determination of
aerosol mass concentration. This was done using results of chemical analyses of filter coupons

and calculation of dissipation rates of specific aerosols from the wind tunnel. Aerosol-spec-fic I
mass concentrations were then determined. These are shown in Table 3.3. Because HC was
typlc'illy present, as the primary aerosol and then as a residual aerosol for the entire duration of 3
most tests, the exposure duration for HC shown In Table 3.3 was most often the sum of the
durations of all three portions of the tests. Similarly, the durations of the FO portions were
usually a combination of the FO and WP portions, and of the WP portions were equal to the U
duration of the third portion only. Tests MS-13 through MS-17 are exceptions In that they did not
Include all three aerosols. Test MS-7 is also an exception because of an Inadvertent generation 3
of a large WP mass at the end of the HC portion of the test. During that test, the WP bath water in
one WP cup was lowered as the result of a failed bath water control valve, and then the mass
was Ignited when contacted by flaming ash from the combustion of the last HC pot.

I
TABLE 33. AVERAGE AEROSOL-EE 1EQ AEROSOL MASS CONCENTRATION (CM)

DURING EACH INTERVALOF MIXED-SMOKE OBSCURANT TESTS

Haxachloroethans Oil White Phosphorus
Duration CM Duration CM Duration CM

Test (min) (mg/rn3 ) (min) (mg/rn 3 ) (min) (mg/r 3 )

Ranae-Findingofind Sogg

MS-3 212 320 147 260 72 1390MS-4 210 330 145 280 70 1240MS-5 210 300 145 280 70 1360

MS-6 210 280 145 240 70 1100

Cumulative Dose

MS-7(8) 417 270 275 110 -300 -1110
MS-8 412 270 275 110 135 2180
MS-9 423 270 280 300 140 1940
MS-10 413 280 270 320 128 1840
MS-13(FO) - 275 260 -

MS-14 - 273 340 138 2240
MS-15 - 270 360 135 1990
MS-i 6 282 330 142 520 - -
MS-17 284 320 144 480

"One large WP mas was inadwrently generated early during a portion of the first third of test MS-07. Average results were
basd on non-inear concenmation easimates and mass of material generated mladtv4o to test MS-8. Results ware similar to a
135-min concentration of 2460 mg/m 3 . The ratio of WF nass generated in MS.7 to that used in MS-8 was 1.23. The ratio of
2460 to 2180 was 1.13. The difference between these two ratios was speculated to be equal to the adcitional WP.
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Because most plant, soil, and microbiological effects studies were performed by
comparing effects with measured levels of deposited Zn, hydrocarbons, and/or P, the next step
in the analysis of the applied dose (in the wind tunnel) for these components was to determine
the concentration of each of these components during each test. Table 3.4 lists these data and
information on the moisture content of the aerosols. Water, Zn, and P content of these aerosols
were determined from samples collected when only HC was present, or at the end of the tests,
when the aerosol was > ~-90% WP. Although some variations were seen between the various
test series, the dried fraction of the HC aerosols was 62.4 ± 4.3%, and of the WP aerosols was
71.8 ± 1.7%. The dried fraction of the FO aerosols was not measured, but was assumed to be
approximately equal to the 99.0 ± 2.0% reported previously under similar test conditions
(Cataldo et al. 1 989a). The Zn fraction of fresh HC aerosols was seen to be 22.5 ± 1.5%, and
the P fraction of WP aerosols was 22.9 1 0.7%. These data agreed well with results of previous
experiments (Van Voris et al. 1987; Cataldo et al. 1989b). Data reported for WP were
corrected for residual HC and FO; for the samples considered, these residuals did not exceed
11% of the concentration of WP aerosol.

[TABLE 34. AVERAGE QCEMICALSPE5CIFIC AEROSOL, DESICCATED, AND COMPONENT
MASS CONCENTRATIONS (CM) DURING EACH INTERVAL OF MIXED-SMOKE
OBSCURANT TESTS. FOG OIL MASS CONCENTRATION APPROXIMATELY
EQUALED BY HYDROCARBON CONCENTRATION

Hqx w.hkoy thpne F.Qlim• 01 fthetg ~ Pb p;

Test (min) Mass Dried Zn (mlin) Mess (min) Moan Dried P

Range-Findlna/Wrnd Sneed

MS-3 212 320 205 74 147 260 72 1390 1000 320
MS-4 210 330 210 77 145 280 70 1240 890 280
MS-5 210 300 195 70 145 280 70 1360 980 310
MS-6 210 280 180 65 145 240 70 1100 790 250

- - 1umulntP:aIL.

MS-7(a) 417 270 160 60 275 110 -300 -1110 -800 -250
MS-8 412 270 1bO 60 275 110 135 2180 1560 490
MS-9 423 270 160 60 280 300 140 1940 1390 440
MS-10 413 280 170 62 270 320 128 1840 1320 420
MS-13(FO) - 275 280 - -

MS-14 - 273 340 138 2240 1600 520
MS-iS-15 - 270 360 135 1990 1420 460
MS-16 282 330 210 74 142 520 - - -

MS-17 284 320 200 72 144 480

F)One large WP masa was Inadvertently generated early during a portion of the first third of tost MS-07. Average results were
based on non-linear concentration estimates and mass of material generated relative to test MeS8. Results were similar to a
135.min concentration of 2460 mg/m3 . The ratio of WP mass generated In MS-7 to t0at used In MS-8 was 1.23. The rato of
2460 to 2180 was 1.13. The differenoe between these two ratios was speculated to te equal to the addilonal WP.
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One method used to characterize the chemical composition of aerosols present during
all phases of mixed-smoke tests used gravimetric and chemical analyses of isokinetic filter
samples. These data are summarized in Table 3.5, The primary aerosol (HC, FO, or WP) was
compared with Zn, Cl, Al, P, H2 0, and "other" fractional constituents. The difference between
the sum of all constituents and 100% was calculated and labeled as other. Water was measured
as the differential mass present on filter samples after 24 h desiccation over drierite compared
with fresh masses measured immediately post-sampling. Water was seen to vary from 25 to
40% of the fresh mass during the HC portion, from 7 to 18% during the FO portion, and from 20
to 27% during the WP portion of the tests. The fact that the water content did not decrease to
about <5% during the FO portion of the tests may be attributed to the presence of residual HC
aerosol throughout tile FO portions. Mass represented by the other column Is thought to include
ash and chlorohydrocarbon species (for HC), hydrocarbon species (for FO), and oxygen and
hydrogen components of polyphosphate compounds (for WP).
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TABLi . CHEMICAL COMPOSITION OF MIXED-SMOKE AEROSOLS DURING SPECIFIC
INTERVALS OF SEVERAL MIXED-SMOKE OBSCURANT TESTS. (ANALYSES
OF ISOKINETIC AEROSOL FILTER SAMPLES)

Fresh n m. b man PeMR~t.,=
Sample Maus Zn Ca AJ P H20 Other(a)

Test ID No. (mg) Smoke )%) (%) (%)

Range-FindingffiftUnd

MS-3 F2 2.62 HC 21.5 25.1 0.3 0,1 32,4 20.6
F4 2.01 40 21.9 24.4 0.3 0,0 36.1 17.3
F6 3.14 HC/FO 13.1 15.8 0.1 0.0 25.2 45.8
FB 2.90 FO 8.7 10,1 0.1 0,1 14.4 33.3
F1O 9.44 WP 1.2 0.3 0.0 18,1 26.1 55.3
F12 11.25 WP 0.6 0.2 0.0 19.8 25.3 55.1

MS.4 F2 2.54 HC 22.5 25,4 0.4 0,1 39.4 12.2
F4 2.99 HC N D N D N D N D 38,1 N D
F6 3.29 H1/FO 12.9 14,7 0.2 0,1 21.6 50.5
FS 3.06 FO 8.6 9.7 0.1 0.0 12.1 69.5
Flo 9.1 WP 1.3 0.2 0.0 19.2 ND ND
F12 10.02 WP 0.6 0.4 0.0 20.4 26.7 51.9

MS-5 F2 3.24 HC 24.5 29.5 0.5 0.1 35.8 9.6
F4 4.04 HC 22.3 27.1 0.4 0.1 28.7 23.4
F6 5.08 H(OFO 13.1 14,9 0.2 0,0 18.1 53.7
FS 4.48 FO 8.1 9,1 0.1 0,0 15.0 67.7
FlO 16.11 WP 1.1 0.3 0.0 20.6 23.3 54.7
F12 14.53 WP 0.6 0.1 0.0 21.3 23.3 54.7

MS-6 F2 5.83 HO 25.0 27.9 0.6 0.1 34.6 11.8
F4 e658 HC 24.4 27.5 0.5 0.1 35.7 11.8
F6 6.63 HC/FO 14.3 16.7 0.3 0.0 25.0 43.7
F8 7.17 FO0 8.5 9.6 0.2 0.0 11.6 70.1
FlO 23.08 WP 1.1 0.1 0.0 19.8 23.0 56.0
F12 24.65 WP 0.6 0.0 0.0 20.8 25.6 53.0

Cumu.=Ativo.A.

MS-16 F3 5.02 HC 23.1 27.5 0.8 37.5 11.1
F5 5.74 HC 20.4 23,3 0.6 40.4 15.3
F8 6.86 FO 5.7 6.9 0.1 8.7 78.6

MS-17 F3 5.16 HC 22.3 27.0 0.7 34.7 15.3
Fs 5.13 HC 23.6 25.5 0.5 37.0 13.4
F8 6.34 FO 5.5 6.3 0.1 7.7 80.4

MS-2 F4 2.55 HC 24.0 29.6 0.4 0.7 25.9 19.4
F8 3.29 FO 5.0 5.6 0.1 0.0 11.9 77.4
F12 13.28 WP 0.5 0.0 0.0 21.2 20.3 58.0

(U) Indudes ash and chlorohydwcuo spedes (for HC). hydrocarbon species (for FO), and oxygen and hydrogen
component of polyphosphate compounds (for WP).
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3.1.3 E_.•le Sze Di uion

Particle size distributions of the mixed-smoke aerosols were typically log-normal in
distribution. Aerodynamic mass median diameters (AMMD) and geometric standard deviations
(GSD) of the aerosols, mea3ured during the mid to late stages of each segment of most tests, are

shown in Table 3.6. Plots of selected particle size distributions are shown on

logarithmic-probability graph paper In Figures 3.4 and 3.5. Ten samples were obtained of both
HC and WP aerosols, and 15 of FO aerosols. Replicate samples of FO aerosols were obtained
within 15 min of each other during two tests; the repeatability of measured AMMD was ± 0.03
gim. Standard deviations of about 10% (-0.18 lim) In AMMDs measured for each type of smoke

throughout the mixed-smoke tests were primarily caused by a shift In the measured particle size
between early (wind speed) and later (cumulative dose) tests. Consideration of sampling
technique and aerosol and test conditions provided no Insight on the particle size shift; however,
the small magnitude of the shift (about 15%) should affect particle transport minimally, with
deposition rates expected to be less during the cumulative dose tests by perhaps 1.2 to 1.5

times, a small change compared with the level of variability of the plant and soil deposition
measurements and the range of deposition velocities measured to exposed surfaces.

TABLE .. AEROSOL PARTICLE SIZE DISTRIBUTION RESULTS FOR MIXED-SMOKE
TESTS

Wind Speed FR. Hum. CK48) AMMD GSD
Test Smoke (m0s) N%) (mg'r vm) H-)

MS-1 FOa 0.9 42 800 1.91 1.73
FOb 900 1.93 1.72
WP 2000 2,34 1.67

MS-2 HO 0.9 59 480 1.63 1.58
FO 600 1.69 1.68
WP 2400 2.29 1.66

MS-3 HOG 0.9 53 650 1.80 1.83
FO 620 1.71 1.77

MS-4 HC 1.8 55 550 1.71 1.54
FOR() 640 1.65 1.77
FO(b) 620 1.62 1.80
WP 1950 2.26 1.63

MS-5 HC 2.7 49 470 1.78 1.67
FO 630 1.68 1.77
WP 2190 2.32 1.74

MS-6 HC 4.6 52 460 1.72 1.57
FO 530 1.70 1.74
WP 1800 2.40 1.67

MS-7 No Data 1.8 52

MS-8 HC 1.8 52 580 1.38 1.54
FO 280 1.22 1.98
WP 2200 1.90 1.59
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TABLE3. (Continumdl

MS-FOT1 No Data 1,8 50
MS-9 HC 1,8 52 540 1.43 1.85

FO 650 1.47 1.66
V'IO 2050 1.84 1.74

MS-10 HC 1.8 52 520 1.50 1.60
FO 700 1.50 1.64
WP 2300 1.88 1.70

MS-13 No Data 1.8 47
MS-14 FO 1,8 52 680 1.56 1.96

WP 2500 1.96 1.68
MS-15 FO 1i8 51 800 1.51 1.71

WP 2270 1.92 1.62
MS-16 HC 1.8 54 820 1.55 1.59

FO 620 1.57 1.87
MS-17 HC 1.7 52 550 1.53 1.58

FO 600 1.56 1.73

Statistics
AMMD GS0

AVG + 1 TD DEV,(b) STD DEVJAVG GSD +1 STO DEV,(b) STD DEV,/AVGSmiok (AM) (PM) (Y/o) H- H. .

He 1.60 0.15 9.2 1.64 0.11 7.0
FO 1.59 0.16 10.3 1.77 0.11 6.0
WP 2.11 0.23 10.8 1.67 0.05 2.9

(m) Aerosol maam wcowi•tado (CM) appmdrmaW: - CM at time of samle.
(b) Number of partldo size datribution samples: 10 (HG), 15 (FO), and 10 (WP).
STD DEV, , Standard deviaston.
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Although no obvious changes in particle size distribution occurred with changing wind
speed (0.9-4.6 m/s) and relative humidity (42-59%), the AMMD of WP were consistently 1.3 times
greater than those of HC and FO because of the increased concentration of WP in the wind

tunnel. The Increased particle size of the WP was attributed to a faster rate of smoke droplet

coagulation, which was driven by the relatively yeater concentration of WP (about 3.3 times
greater than that of HC and FO). In addition, the AMMD of FO increased from about 1.2 to 1.5 grm
to -1.9 Itm as aerosol corncentration Increased from 300 to 800 mg/m 3 . Although both HC and
WP are hydroscopic, and Increases In both cc.ncentration and particle size would be expected

as a result of increased water vapor absorption as relative humidity increases, the limited range
of humidities in the current study precluded this phenomena. Additional Information on Mhe
Influence of test environment on particle size distributions for RP/BR and WP, FO, and HC are
discussed in Van Voris et P.l. (1987), Cataldo et al. (1989a and 1989b).

During each test, Increased concentration and aerosoi age promoted the growth of
particles by coagulation. An opposite phenomena, the settling of large droplets onto the floor of
the wind tunnel, occurring with increasing aerosol age, also influenced the aerosol particle size
distribution. However, because of the small GSDs of each smoke, very large particles (Dp > -5 -

7 gm) were not present in great quantity (< 2 - 5%, by mass), and preferential settling of large

particles was not a major Influence on the evolving particle size distributions.

The aerodynamic size distributions of the mixed smoke aerosols were measured during
these experiments to provide Information suitable for the goal of characterizing the transport and
effects of obscurcnt smoke aerosols. As an alternative measure of particle size, count median
diameters (CMD) of the smoke droplets may be calculated from the measured aerodynamic
MMD and the GSD. Based on average values (Table 3.6), and assuming droplet specific
gravities (S.G.) of 0.8 (FO) and 1.8 (HC and WP), the typical count medlar. diameter of the m;xed

smoke aerosols was calculated using the Hatch-Choate conversion equation (Hinds 1982).
Results of this analysis

CMD [(AMMD) + (S.G.)1/2] + (e31n2GSD),

indicate average aerosol CMDs of 0.57 (HC), 0.63 (FO), and 0.71 gm (WP) were present in the
wind tunnel during mixed smoke tests. Count median diameters represent the actual diameters
of the median size of the spherical smoke droplets. Thus, CMD represents the particle size for
which equal numbers of particles in the aerosol exist having smaller and larger diameters than
the CMD. CMD is a more useful size parameter for comparing optical characteristics cf aerosols,

but MMD or AMMD are preferable for comparing transport, deposition, and ecological effect
characteristics of aerosols.
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3.1.4 Deposition Velocity to Suspgnded Surrogatp Surfaces

Deposition velocities were measured for dried particulate mass, Zn, hydrocarbons, and
P to glass fiber filter (GFF) coupons. Calculations included Information listed in Table 3.4 and
mass loading measurements from deposition coupons. Results are shown in Table 3.7 and in
Figures 3.6 and 3.7. The coupons were positioned in the wind tunnel test section upwind of the
plant specimens, and suspended horizontally via two coiled springs, as described in Section
2.4.4. In general, greater rates of deposition were observed with increasing wind speed; dried
particulate mass deposited at a rate increasing 6.4 times from 0.0089 to 0.0571 cm/s as wind
speed increased 5 times from 0.92 to 4.57 mis (2 to 10 mph). An even greater Increase was
likely masked by resuspension of particulate matter, especially of the ash component of HC, as
wind speed increased. Deposition was primarily to the top surface and leading edge of the
coupons; the amount depositing to the lower surface was visually estimated to be less than 5 +
5% of the total mass deposited. These deposition patterns suggested that impaction at the
0.042-cm-thick leading edge provided an important deposition phenomena, but that
sedimentation of particles in the boundary layer over the top surface of the coupons supplied the
greatest fraction of deposited material.

JABLi .. DEPOSITION VELOCITIES TO SUSPENDED GLASS FIBER FILTER (GFF)
COUPONS DURING MIXED-SMOKES TESTS

Wind
Speed Particulate Man Zinc Hydl orvVO Phosphorus

Test (m/s) (Wais) (cam) (cnks) (r/ds)

MS-3 0.92 0.0089 ± 0.0010 0.0027± 0.0002 0.018 ± 0.009 0.0047 ± 0,0002

MS-4 1.83 0.013 ±10.004 0.0037±:0.0012 0.013 ± 0.001 0.0069 ± 0.0022

MS-5 2,73 0.019 ± 0.002 0.0060± 0.0001 0.032 ± 0.003 0.012 ± 0.000

MS-8 4.57 0.057 ± 0.009 0.022 . 0.000 0.054 ± 0.004 0.039 ± 0.000

MS-7,10 1.79 0.0034 ± 0.0004 0.0063 ± 0.0005

MS-14-16 1.78 0.028 ± 0.004 0.0056 ± 0.0002

MS-16-17 1.74 0.0037 0.0001

MS-7-17 1,78 0.010 :10.001
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FIGUREi. DEPOSITION VELOCITIES(Vd) TO HORIZONTALLY SUSPENDED 47-MM-DIA
GLASS FIBER DEPOSrrION COUPONS. Ud DETERMINEQ BY DESICCATED
MASS COLLECTED ON BOTH SIDES (TOTAL AREA- CMWd) OF THE
COUPONS, TOTAL TEST DURATION, AND AVERAGE AEROSOL MASS
CONCENTRATION

MS Tests: Dep. Vel. (Zn. FO. P)
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FIGEL 1. DEPOSITION VELOCITIES (Vd) OF COMPONENTS OF MIXED-SMOKE
AEROSOLS TO HORIZONTALDY SUSPENDED 47 MM DIA GLASS FIBER
DEPOSITION COUPONS. Ud DETERMINED BY Zn, HYDROCARBON (FO), AND
P MASSES COLLECTED ON BOTH SIDES (TOTAL AREA - 34CM2) OF THE
COUPONS, AND DURATION AND AVERAGE AEROSOL MASS CONCEN-
TRATION DURING SPECIFIC PORTIONS OF MIXED-SMOKE TESTS
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Data for the determination of the deposition velocities of the major components of the
smokes were based, typically on 2, but as many as S samples contacted with 0.1 N HNO 3 or
iso-octane post-test. Deposition rates were calculated using test duration arid aerosol
concentration data listed In Table 3.4. Only the portions of the tests including each of the
specific components were considered in these deposition rate calculations. For example, HC
was usually present as a primary or residual aerosol throughout the duration of most tests, and
WP was only present during the final portion of most tests. That FO deposition velocities were
greater than those of HC and WP was due to the greater percentage (near 100%) composition
of the hydrocarbon portion of FO compared with the Zn and P components of HC and WP, and
to the tendency of FO deposits to spread and form a film, thus providing less potential for
subsequent resuspension. Deposition velocities to suspended GFF coupons for specific
smoke components, averaged over entire duration of individual tests, may be calculated by
multiplying the listed deposition velocities (Table 3.7) by the square of the ratio of the duration
listed for each specific component to the total test duration (listed In Tables 3.3 and 3.4). For
example, the test-averaged deposition velocities of Zn would equal those listed in Table 3.7
because both durations are equal; however, the test-averaged deposition velocity for FO in test
--MS-3 would be 0.018 x (147/212)2 - 0.0087 cm/s.

3.1.5 Quantification of Relative Applied DosAs

Having determined the duration, average mass concentration, and deposition velocity to
uniform surrogate surfaces (Sections 3.1.1-3.1.4) for each mixed smoke test, relative dose terms
were calculated. The dose term is useful because aerosol concentration and chemical

composition were not constant over test durations because of the nature of the mixture of three
types of obsourants and the sequential process of generation that was employed to simulate
actual training site conditions. The dose term describes the predicted loading, In mg/cm2 , of

each major component of the mixed-smoke aerosols to suspended deposition coupons, and is
calculated as the product of the specific duration, average mass concentration, and deposition
velocity. The values of these parameters arA listed in Table 3.7. Table 3.8 lists dose terms for
mixed-smoke tests. These results provide a point of comparison for measured deposition
velocities and ecological effects for other test subjects.
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TABLE .8. CALCULATED RELATIVE DOSE TERMS, IN mg/m 2 , FOR MAJOR
COMPONENTS OF MIXED-SMOKE AEROSOLS

Zinc Hydrocarb.ons Phosphopus
Test (mg/cm 2) (mg/cm

MS-3 25 410 65
MS-4 36 320 81
MS-5 53 780 160
MS-6 180 1130 410
MS-7 51 370(a) 285
MS-8 50 370(a) 250
MS-9 52 1030(&) 235
MS-10 52 1060(a) 205
MS-13 - 880 -
MS-14 1560 240
MS-15 - 1630 210
MS-16 46 910(a)
MS-17 45 850(I)

) FO depositon veodty dta were not obtained durIng all tests at 1,8 m/s. FO Ud for tests MS-7, MS-17 was
estimated to be 0.020 * 0.008 cm/s, the averageof other measuranents at -1.8 n/s.

3.2 CHEMICAL CHARACTERISTICS OF MIXED SMOKES

3.2.1 Organic Characterization of Aerosols

Characterization of organic residues associated with HC smokes was not performed In

conjunction with mixed smoke tests. Details for organic constituents can be found in Cataldo

at al. (1 989b).

3.2.2 Inorganic Characterization of Aerosols

Aerosol Mass Filters

Analysis of the Inorganic chemical constituents of aerosol filter leachates is presented In

Table 3.9 and summarized In Table 3.10. Masses listed are as fresh weight, although most

filters were desiccated 24 h before leaching for Inorganic analysis; an exception was the test

series MS-7-10, where filters were immediately contacted with leachate after fresh weight

determination, so no moisture determination was made. Blank filter contribution is subtracted

before tabulation. Because the order of aerosol generation Is HC, then FO, followed by WP,
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observed decline in Zn, Cl', and Al contribution during phases II and III of the generation
sequence represents deposition and dilution. The CI/Zn ratio holds steady through HC and FO
generation. Recall that, for earlier HC cumulative dose tests (Cataldo et al. 1989b), the CI/Zn
ratios averaged 1.14-1.17 for aerosol filters. The high percent P as phosphate in tests MS-2-6
results from the delay before contact with the extracting solution, because these filters were
desiccated for 24 h before dissolution of the soluble aerosol components. Filters from MS-7-15
were contacted with leachate fairly soon after fresh weight determination, and so should more
closely reflect fresh phosphate levels. Early studies with RP and WP deposition had shown
complete conversion to phosphate when In the dry state for 24 h before addition of leachate
water (see Table 3.14, Van Voris et al. 1987), so the presence of any non-phosphate P after
that interval was not expected.

T. ANALYSIS OF INORGANIC CHEMICAL CONSTITUENTS OF MIXED-SMOKE
AEROSOL FILTER LEACHATES

Test Sample Massa) %P04.P Ct'Zn % %
(mg total) %Zn %CI %AI %P /Ptot Ratio Moisture Other

MS-2 F2 2.54 23.22 28.15 0.44 0.12 NA 1.21
MS-2 F3 2.44 22.50 26.43 0.00 0.03 NA 1.17
MS-2 F4 2.55 24.03 29.61 0.42 0.73 NA 1.23 25.9 19.3
MS-2 F7 3.2 9.53 11.59 0.00 0.00 NA 1.22
MS-2 F8 3.29 5.04 5.59 0.07 0.00 NA 1.11 11.9 77.4
MS-2 FlO 12.17 1.01 0,18 0.03 19.87 99.1 0.18
MS-2 F1l 12.79 0.70 0,04 0.01 21.58 95,9 0.06
MS-2 F12 13.28 0.49 0.02 0.01 21.23 100.9 0.05 20.3 57.9

MS-3 F2 2.82 21.52 25.07 0.33 0.08 NA 1.17 32.4 20.6
MS-3 F4 2.91 22.54 25.03 0.27 0.00 NA 1.11 35.1 16.1
MS-3 FS 3.14 13.05 15.83 0.12 0.04 NA 1.21 25.2 45,7
MS.3 F8 2.99 8.69 10.14 0.09 0.06 NA 1.17 14.4 66.6
MS-3 Flo 9.44 1.25 0.26 0.02 18.11 92.2 0.21 26.1 54.3
MS-3 F12 11.25 0.58 0.16 0.01 19.82 86,9 0.29 25.3 54.1

0
MS-4 F2 2.54 22.47 25.35 0.39 0.07 NA 1.13 39.4 12.3
MS-4 F6 3.29 12.94 14.73 0.17 0.09 NA 1.14 21.8 50.5
MS-4 F8 3.06 8.65 9,70 0.09 0.00 NA 1.12 12.1 69.5
MS-4 Flo 9.61 1.27 0,16 0.01 19.15 93.2 0.12 nd
MS-4 F12 10.02 0.65 0.35 0.01 20.36 84.1 0.54 26.7 51.9

MS-5 F2 3.24 24.50 29.54 0.54 0.07 NA 1.21 35.8 9.6
MS-5 F4 4.04 22.30 27.10 0.40 0.07 N4A 1.22 26.7 23.4
MS-5 F6 5.08 13.11 14.92 0.17 0.00 NA 1.14 18.1 53.7
MS-5 F8 4.48 8.14 9,13 0.11 n.02 NA 1.12 15 67.6
MS-5 FlO 16.11 1.13 0.27 0.02 2!u.61 77.9 0.23 23.3 54.7
MS-5 F12 14.5.1 0.65 0.05 0.00 21.27 92.4 0.07 23.3 54.7
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Test Sample Mmss(a) % P04-P CVZn % %

(mgtotal) %Zn %Ca %AJ %P /Ptot Ratdi Moisture Other

Il
MS-6 F2 5.83 24.99 27,87 0.55 0.09 NA 1.12 34.6 11.9
MS-B F4 6.58 24.42 27.50 0.50 0.05 NA 1.13 35.7 11.8
MS-. FS 6.63 14.27 16.67 0.28 0.03 NA 1.17 25 43.8I
MS-6 FS 7.17 8.46 9.65 0.16 0.00 NA 1.14 11.6 70,1
MS-B FIO 23.08 1.10 0.14 0.01 19.76 101.9 0.13 23 56.0
MS-S F12 24.65 0.61 0.02 0.01 20.77 101.8 0.03 25.6 53.0 3
MS-7 F3 4.42 19.74 22.71 0.54 0.07 NA 1.15
MS-7 F5 4.26 19.94 22.27 0.55 0.05 NA 1.12
MS-7. F8 5.43 5.23 0.84 0.15 14.55 44.9 0.16MS ./ FiS 31.14 0.02 0.06 0.00 21.45 56.6 2.48
MS-I F17 23.89 0.01 0.09 0.00 21.60 57.0 6.62

MS-8 F3 6.23 22.93 26.40 0.41 0.10 NA 1.15
MS-8 FS 6,7 21.84 25.82 0.80 0.01 NA 1.18
MS-8 FS 4.72 12.07 12.97 0.33 C.00 NA 1.08
MS-8 F17 28.11 0,03 0.07 0.00 20.85 58.1 2.82 3
MS-9 F3 5.57 24.21 27.01 0.09 0.04 NA 1.12
MS-9 F5 6.15 23.07 25.29 0.71 0.00 NA 1.10
MS-9 F8 9.09 8.36 7.43 0.1/ 0.00 NA 1.17
MS-9 F15 37.27 0.03 0.06 0.00 21.04 50.8 1.90 i
MS-9 F17 24.99 0.01 0.08 0.00 21,25 51.0 5.37

MS-10 F3 7.48 22.44 24.95 0.59 0.15 NA 1.11
MS-10 F5 6.42 22.87 27.16 0.65 0.11 NA 1.19
MS.10 F8 8.60 6.55 7.83 0,17 0.07 NA 1.19
MS-l 0 F15 31.04 0.05 0.06 0.00 20.14 48.4 1.35
MS-10 F17 26.51 0.01 0.04 0.00 20.67 57.8 4.43

MS-14 F9 30.69 0,00 NA 0.02 21.28 33.5 NA
MS.14 Fl 24.02 0,00 NA 0.03 21.65 33.1 NA
MS-14 F12 21,82 0,00 NA 0.03 22.46 31.8 NA I
MS-15 F9 28.54 0.00 NA 0,02 21.55 27.3 NA
MS-15 F11 31,36 0,00 NA 0.02 22.54 30.6 NA
MS-1i F12 20.41 0,00 NA 0.02 21.17 27.9 NA !
MS-16 F3 5.02 23,09 27.54 0.80 NA NA 1,19 37.5 11,1
MS-16 F5 5.74 20.37 23.31 0.65 NA NA 1.14 40.4 15.3
MS-1 F8 6.86 5.67 6.90 0.13 NA NA 1.22 8.7 78,6

MS 17 F3 5.16 22,27 27.02 0.71 NA NA 1.21 34.7 15,3
MS-17 F5 5.13 23.57 25.53 0.50 NA NA 1.08 37 13.4
MS.17 F8 6,34 5.47 6.34 0.10 NA NA 1.YC 1.7 80.4

(a) Mau on a ush wslht basis.
(b) NA: not mopkale btwauas of one or more miming compornint,.
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TABLE.A1. ANALYSIS OF iNORGANIC CHEMICAL CONSTITUENTS OF MIXED-SMOKE
AEROSOL FILTER LEACHATES. SUMMARIZED AVERAGES

Ias4() %P04-P CVZn

Test N Function (mg total) % Zn % C4 % Al % P /Ptot Ratio

MS-2-6 summary

HO gen 11 AVERAGE 3.49 22.32 26.14 0.36 0.12 1.17
STD DEV 1.43 3.27 3.78 0.17 0.20 0.05

FO gen 9 AVERAGE 4.35 9.87 11.35 0.13 0.02 1.15
STD DEV 1.61 2.97 3.49 0,08 0.03 0.03

WP gen 11 AVERAGE 14.27 0.88 0.15 0.01 20,23 93.30 0.17
STD DEV 5.18 0.30 0.11 0.01 1.03 7.79 0.15

MS-7-MS-10 summary (b)

HCgen 8 AVERAGE 5.91 22.13 25.20 0.59 0.06 1,14
STD DEV 1.11 1.56 1.84 0.10 0.05 0,03

WP gen 6 AVERAGE 30.60 0.03 0.07 0.00 21.01 54.74 3.31
STD DEV 6.22 0.01 0.01 0100 0.47 3.99 1.94

MS8-10 summary

HC gen 6 AVERAGE 6.44 22.89 26.11 0.61 0.07 1.14
STD DEV 0.64 0.79 0.90 0.11 0.06 0.04

FO) gen 3 AVERAGE 7.47 8.33 9.41 0.22 0.02 1.15
STD DEV 2.39 3.24 3.09 0.09 0.04 0.06

WP gen 6 AVERAGE 31.63 0.03 0.06 0.00 20.84 54.05 2.89
STD DEV 6.62 0.01 0.01 0.00 0.40 4,48 1.66

MS14-15 summary

WP gen 6 AVERAGE 26.14 0,00 0.02 21.77 30.70
STD DEV 4.68 0.00 0.01 0.59 2.61

MS16-17 summaty

HC gin 4 AVERAGE 5.26 22.32 25,85 0.66 1.16
s' DEV 0.32 1.41 1.90 0.13 0.06

FO gen 2 AVERAGE 6.60 5.57 6.62 0.11 1.19
STD DE.V 0.37 0.14 0.39 0.02 0.04

(a) Mon on a freush wot basip.
(b) Test 7 had prsedoduled Ignllion of WP pot, Interfedng with FO results.

Because Table 3.9 groups all unanalyzed components of the aerosol smokes as other,
further explanation is warranted. In the case of HC smoke generation, this component would
Include any ash and chlorinated hydrocarbon products; for FO, this would Include residual ash

and chlorinated hydrocarbon products from the HC, plus (unburned) hydrocarbons from

vaporization of the FO, For WP, the oxygen and hydrogen components of the resultant
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polyphosphoric distribution are not directly analyzed, but may be approximated. The percent P
in acid polyphosphates is 32.3% for 1 P, and would approach 39.5% (also the value for cyclic
metaphosphates) for infinite chain lengths. Because the desiccation process enhances the I
conversion of polyphosphates to phosphate (as borne out analytically in the percent P as
phosphate after desiccation), It is reasonable to use 32.3% as the phosphorus component in
the dried residual, even though that component may have been higher in the fresh weight.
Note that the small increase in weight because of oxidation of the polyphosphates actually
means the corresponding initial moisture content of the fresh aerosol was slightly higher. I
Subtracting the hydrogen and oxygen component from the other component value in the last
filters from tests MS-2-6 results In an estimated 11.0% final residual component due primarily
to FO, becauso the HC component at that time was negligible (Table 3.11).

TABLE3.11. ESTIMATION OF FOG OIL COMPONENT IN THE AEROSOL BY CHEMICAL
APPROXIMATIONS I

P Other O,H Component FO este(")
Test (%) (%) (%) (%)

MS-2 21.2 57.9 44.5 13.4 3
MS-3 18.1 54.3 38,0 16.3
MS-3 19.8 54.1 41.5 12.6
MS-4 20.4 51.9 42.7 9.3 1
MS-5 20.6 54.7 43.2 11.5
MS.5 21.3 54.7 44.6 10.2
MS-6 19.8 56.0 41.4 14.6
MS-6 20.8 53.0 43.5 9.5

LAST FILTERS OF EA. TEST ONLY: Average 11.0Std dev. 1.9 U
Count 5.0

(a) This oolumn would oontain any rsildual HC ash and chlorinated hydrocatrou, but tOa awe minor
components k the total man at then samolng Intervals.

Inorganic Chemical Analysis of Aaueous !jftJge

Aqueous impingers containing 50 mL delonized water were collected during each
of the three phases of aerosol generation during the MS tests (Table 3.12). Tests MS-1
and MS-2 were performed for determination of required test conditions for aerosol I
generation at the targeted concentrations, and are not necessarily similar to succeeding
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TABLEVIA. ANALYSIS OF INORGANIC CHEMICAL CONSTITUENTS OF MIXED-
SMOKE AQUEOUS IMPINGERS. (A) MASS LOADING. (B) AVERAGE
TRAPPING RATE OF ANALYTES

PART A:

Elapsed Zn Al P cl
- Test Sample Time (min) (mg) (ng) (rag) (mg)PART B:

MS-I IMPINGER ' 53 2,27 0.02 0.00 2.53
MS-2 IMPINGER 1 51 1.94 0.t3 0.00 2.23
MS-3 IMPINGER 1 53 2.30 0.02 0.00 2.46.I M- MIGR15 2.0 o.0 0.00 2.4
MS-S IMPINGER 1 50 1.95 0.03 0.00 2.30
MS-6 IWPINGER 2 25 1.03 0.01 0.01 1.22

MS-I IMPINGER 2 41 1.68 0.01 0.01 1.83
MS-2 IMPINGER 2 52 1.32 0.02 0.00 1.47
MS.4 IMPINGER 2 54 1.42 0.01 0.00 1.69
MS-S IMPINGER 2 26 0.77 0.01 0.00 0.90
MS-6 IMPINGER 4 25 0.40 0.00 0.01 0.53

MS-i IMPINGER 3 67 1,16 0,03 14.95 1.13
MS-2 IMPINGER 3 53 0.43 0.01 11.65 0.381 MS-4 IMPINGER 3 51 0,42 0.01 8.40 0.33
MS-5 IMPINGER 4 29 0,22 0.01 6.85 0.11
MS-6 IMPINGER 6 19 0,07 0.00 2.18 0.06

MS-3 IMPINGER 2+3 S0 (a) 1.77 0.02 8.40 1.75
47 (a)

PART8:

Zn Al P C4 %1:PO4P US-n

Test Sample (jig/min) (ig/mimn) (gg/mln) (gg/min) /Ptot Ratio

MS-1 IP -NGER 1 42.74 0.31 0.00 47.64 1.11
MS-2 IMPINGER 1 38.04 0.63 0.00 43.63 1.15
MS-3 IMPINGER 1 43.30 0.45 0.00 46.42 1.07
MS-4 IMPINGER 1 41.30 0.44 0.00 48.70 1.18
MS-S iMPINGER 1 38.90 0,61 0,00 46.06 1.18U MS-6 IMPINGER 2 41.00 0.25 0.54 48.90 1,19

MS-I IMPINGER 2 40.85 0.23 0.36 44.63 1.09
MS-2 IMPINGER 2 25.38 0.33 0.00 28.27 1.11
MS-3 IMPINGER 2 26.30 0,26 0.00 31.30 1.19
MS-4 IMPINGER 2 29.42 0.29 0.00 34.77 1.18
MS-S IMPINGER 4 15.84 0.11 0.28 21.07 1.33
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TABLE 3.12. (Contd.)

PART B: (Continued)

Zn Al P a %P4-P Cl/Zn
Test Sample (Itg/mtn) (ig/min) (.g/mn) (g/mmn) /Ptot Ratio

MS-1 IMPINGER3 17.31 0.48 223.13 16.79 4317 0.97
MS-2 IMPINGER 3 8.20 0.25 219.81 7.08 40.3 0.86
MS-3 IMPINGER 3 8.23 0.18 164.71 6.50 29.8 0.79
MS-4 IMPINGER 4 7.55 0.22 236.21 3.92 34.2 0.52
MS-5 IMPINGER 6 3.66 0.16 114.47 3.05 28.7 0.83

MS.3 IMPINGER 2+3 18.20 0.24 178,72 17.99 31.1 0.99

(a) Total interval uoed for Zn, Cl, and Al deposition rate; only the 47-mrin Interval used for P deposition rate.

tests. Other potential causes of data fluctuation include the Integrity of the multiple

glass-to-tubing vacuum system connections and resultant effect on actual sampling rate, and to

the time of impinger collection relative to the Intervals of each aerosol generation.

During test MS-3, the same trap solution was used as duilng the FO and WP generation

phases, resulting In a mixed sample. These solutions were used for quantification of P only.

For tests MS-3 through MS-6, the level of P as phosphate averaged 31± 2% of total P In those

Impingers taken during WP generation. The CI/Zn ratio during HC and FO segments remained

at 1.16 ± 0.07 (N = 11), or very near to the theoretical figure of 1.08 for ZnCI2 . Earlier HC

cumulative dose tests (Cataldo et al. 1989b) showed similar ranges for CI/Zn ratios (1.12-1.15).

3.2.3 Mbal. oading and Deposition Velocity to Receptor Surfaces

Deposition velocities were calculated for plant, soil, and surrogate surfaces located

within the wind tunnel test section during th9 mixed-smoke tests. Surrogate deposition

coupons were used to provide relatively uniform surfaces for aerosol deposition for

comparison with plant and soil deposition. Surfaces used Included suspended glass fiber

filters, for simulation of deposition to a follar canopy, and wet and dry polystyrene Petri plates,

simulating surface soil deposition.
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Deposition Filters

Deposition filters (47 mm glass fiber) were pre-acid-washed before exposure In the

aerosol flow path using the spring technique (Cataldo et al. 1989b) for simulation of plant leaf

exposures. Deposition filters collected during MS tests were desiccated for 24 h before mass

determination unless otherwise noted, because previous experience has shown that true fresh

weight determinations were unattainable because of moisture loss during exposure and before

Initial weighing. Analysis of eight filters exposed during test MS-2 for dried versus undried

weights showed a ratio of 0.871 :1 0.013, indicating that the differences were consistent.

Because these filter analyses will be used for calculation of average deposition velocities for

the mixed aerosol components, a comparison must be made based on dry weight of aerosol,

rather than fresh weight.

Inorganic chemical analysis of deposition leachates Is summarized in Table 3.13.

Masses listed are on a dessicated weight basis for test series MS-2-6 and MS-1 6-17, and on

an air-dried basis for test series MS-7-15. All filters were leached using 10 mL aliquots of 0.01

M HN0 3 , with the exception of aqueous extraction of test MS-2 filters DC2 and DC6. Blank

filter contribution was subtracted from observed concentrations before final calculation.

Because no difference was noted between acidic and aqueous leachate results, these results

were Included In the averages.

Filters contacted with Inachate shortly after weighing (MS-7-1 5) show roughly half the

available P as phosphate, Implying that the breakdown of polyphosphates Is slower in the

presence of FO and HC+FO. Because these leachates demonstrate a significant potential for

elevated polyphosphate composition relative to earlier studies of WP aerosols alone (Van

Voris at al, 1987), stabilization by the other components In the mixed aerosol Is suspected.

The variation In percent P as phosphate found In leachates that began after desiccation

(MS-2-6) was because the filters had been desiccated for a minimum of 24 h, but desiccation

times actually ranged up to 1 week. Wien the %P04-P/Ptot is plotted versus time to water

contact (Figure 3.8), tho scatter-plot reveals about the same degree of confidence

(R2 .0.91) by the exponential curve fit shown (Y+48.02*10 (4.12*e (-2*X)) or by a linear fit

(Y-47.05 + 6.313"X). This was much slower than the essentially complete conversion of P to

phosphate In about 24 h when only P smoke was generated (Van Voris et al. 1087). Hydrated
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TABLE 3,13. INORGANIC CHEMICAL CONSTITUENTS OF MIXED-SMOKE DEPOSITION I
COUPON LEACHATES. (A) PERCENT DISTRIBUTION. (B) DEPOSITION
VELOCITIES

PART A.

Mass (a) mass (a) % P04-P
Test n Function (mg total) (mg/cm2) %ZN %CL %AL %P /PtotI

MS-2 4 AVERAGE 5.48 0.16 4.35 2.23 0.11 20.8 91.5
ST DEV 0.81 0.02 0.16 0.75 0.04 0.6 1.3 i

MS-3 2 AVERAGE 3.61 0.10 6.56 4.52 0.08 19.1 61.0 3
MS-4 2 AVERAGE 6.00 0.17 5.52 3.57 0.08 14.7 61.1

MS-5 2 AVERAGE 7.96 0.23 6.28 3.39 0.10 21,0 56.8 i

MS-6 2 AVERAGE 20.11 0.58 8.49 2.53 0.20 22.1 68.9

MS-7 3 AVERAGE 13.41 0.39 3.24 2.26 0.12 18.8 49.7
STO DEV 1.31 0.04 0.05 0.10 0.01 0.4 1.0 I

MS-8 3 AVERAGE 12.94 0.37 4.12 P.75 0.12 21.9 49.8
STD DEV 4.06 0.12 0.46 0.42 0.01 0.5 1.0 i

MS-9 3 AVERAGE 10.98 0.32 3.77 2.52 0.11 19,0 45.0
STD DEV 2.84 0.08 0.20 0.57 0.01 0.5 0,8

MS-10 3 AVERAGE 13.22 0.38 3.72 2.16 0.11 18.8 43.0
ST) DEV 0.99 0.03 0.12 0.31 0.01 0.4 0.3

MS-14 3 AVERAGE 12.83 0,37 NA NA NA 17,9 50.2 i
STD DEV 0.72 0.02 (b) 0,3 1.1

MS-15 a AVERAGE 12.22 0,35 NA NA NA 19,3 46.3
STD DEV 0.83 0,02 0.1 1.4

MS-16 3 AVERAGE 3.95 0.11 10.14 14.75 0.28 NA NA
STD DEV 0.32 0.01 0.40 0,60 0.00 NNA II

MS-17 3 AVERAGE 4.58 0.13 10.73 14.84 0.24 NA
STD DEV 0.22 0.01 0.17 0,50 0.01 3

PART B.

Zi a E CVZn .V.NaE 4L. .Za YdALQi
Test n Function .....-- (pR/m 2) ....- Ratio (103"cn'v)

MS-2 4 AVERAGE 6.9 3.4 32.9 0.51 ND ND ND
STD DEV 0.9 0.0 5,5 0.16 (c) I

MS-3 2 AVERAGE 6,8 4.6 19.8 0.68 13.7 7,7 4,5 1
MS-4 2 AVERAGE 0.6 5.6 22,9 0,(5 15.9 9,8 5,5
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TABLE 13. (Contd.1

PART B. (Continued)

Za .I E CVZn Y~ d asP Ydas n Ydas
Test n Function -j g1 cm2 )-- Ratio (I0^ 3Aam•)

MS-5 2 AVERAGE 14.4 7.8 48.3 0.54 31.5 16.3 7.3

MS-6 2 AVERAGE 49.1 14.2 128.2 0.29 103.9 56.4 14.5

MS-7 3 AVERAGE 12.5 8.7 72.9 0.70 15.0 9.3 5.7
STD DEV 1.1 o.7 8.8 0.02 1.8 0.8 0.5

MS-8 3 AVERAGE 15.6 10.0 81.5 0.67 20.7 10.5 5.7
STD DEV 6.5 1.9 23.9 0.13 6.1 4.3 1.1

MS-9 3 AVERAGE 11.9 7.7 60.2 0.67 15.8 7.4 4.3
SI"D DEV 3.2 0.8 16.8 0.13 4.4 2.0 0.4

MS-I 0 3 AVERAGE 14.2 8.2 71.8 0.58 22.3 9.0 4.5
STD DEV 1.5 0.5 6.3 0.10 1.9 0.9 0.3

MS-14 3 AVERAGE NA NA 66.1 NA 15.5 NA NA
ST'D DEV 3.8 0.9

MS-1i 3 AVERAGE NA NA 68.1 NA 18.1 NA NA
SiT DEV 5.0 1.3

MS-i 6 3 AVERAGE 11.6 16.8 NA 1.45 NA 9.5 11.8
STD DEV 1.4 1.9 0.01 1.1 1.4

MS-17 3 AVERAGE 14.1 19.6 NA 1.38 NA 11.3 13.7
STD DEV 0.7 0.9 0.03 0.6 0.7

(a) Mass on a dessicated weight basis for tests MS-2-6, MS-16-17; mass on an air-dried (fresh) weight
basis for test sedes MS-7-15.

(0) NA: not applicable due to absence of at least one component.
(c) ND: not determined, since only a preliminary test.

polyphosphates are thermodynamically unstable with respect to hydrogen phosphate In
storage at room temperature, but kinetics is the controlling factor. Stabilization may be lower
on the isokinetic aerosol filter samples simply because the concentration of the components in
the aerosol from earlier smoke generation would have been greatly decreased before
sampling, whereas the deposition coupons we, a exposed during all phases of aerosol
generation, and consequently, would have deposition of the first two phases before
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FIGURE .8. HYDROLYSIS OF POLYPHOSPHATES TO PHOSPHATE VERSUS TIME
HELD IN THE DRY STATE

Introduction of the WP aerosol. Complexation of metaphosphates with Zn+2 r6sults In stability
constants in the log K of 2-3 range; complexes of chain polyphosphates with transition metals
are more stable than the corresponding cyclic metaphosphates.

In highly acidic solution, metallic cations inhibit hydrolysis, while In weakly acidic to

weakly basic solutions, they can catalyze hydrolysis. For both linear and cyclic

polyphosphates, metal ions generally have a greater catalytic effect on hydrolysis In alkaline

than in acidic media. Minor pH variations can cause major effects on hydrolysis rate,

depending on the metal cation under study. Because the aerosol particles are in contact with

humid air, the resultant solution chemistry should be that of stronger acid solutions; thus, the Zn
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complexation with higher polyphosphates may cause a slight Increase In stabilization. Partial

stabilization as complexes may explain the decrease in the hydrolysis rate of the higher

polyphosphates.

Deposition on Wet and Dry Surfaces

Nominally 100-mm polystyrene Petri dish covers were used for collection of deposition

onto wet (deionized water, Table 3.14) and dry (Table 3.15) surfaces during the mixed-smoke

tests. For a few tests, selected dry deposition plates were exposed for only portions of the

mixed smokes runs: for test series MS-7-8, plates DD-(A to D), DD-(1,2), and WD-(1,2) were

exposed for the entire run Interval, while plates DD-(3,4) were exposed during HC and FO

generation only, and DD-(5,6) were exposed during WP generation only; for MS1 5, DD#0/1

plates were exposed only during WP generation; for MS16, DD#-I/0 plates were exposed only

during HC generation. Again, no significant difference between aqueous and acidic

dissolution of the deposited particulate was observed; so, results of both types were averaged

together. Test MS-7 was a special case, because one WP pot malfunctioned and ignited

during the latter part of the HC generation phase causing elevated P In the DD3 and DD4

leachates. The FO generation was below expected for tests MS-7 and MS-8, but that has not

been correlated with any effect on the Inorganic chemistries to date.

The ratio of wet to dry deposition Zn concentrations averaged 1.4 for test series MS-3-6

and MS-8-1 0. The loss of chloride from dry deposition is covered in the following section.

Phosphorus generally showed similar deposition onto wet and dry plates for test series MS-3-6

and MS-8-1 0 (no wet surfaces exposed during test MS-7), with an average wet/dry ratio of 1.0

± 0.1. However, for test series MS-14-15, where HC smoke deposition was absent, the wet/dry

ratio averaged 1.4, similar to earlier single-smoke WP and RP tests, having wet/dry ratio

averaging 1.3 ± 0.1 (Van Voris et al. 1987). The percent of P as phosphate was consistently

lower In the wet deposition samples compared to the dry deposition samples. However, the

difference was smaller than observed with P aerosol alone. This is particularly interesting

because the elapsed time between deposition and Initial water contact to the dry deposition

plates was generally longer during the MS tests than it had been during the WP tests, because

of altered manpower. For example, during RFT-B2.1 (Van Voris et al. 1987), dry deposition

plates resulted In 58% as phosphate (sample ID No. 10-84-371), while wet deposition plates
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TA1LE 3,1A. MASS LOADING AND DEPOSITION VELOCITIES BASED ON MIXED-
SMOKE DEPOSITION ONTO WET SURFACES

Zn a P % P04-P CLZn Vd as P Vd as Zn Vd as CI
Test N m2 /Pot Raob (103*cmni)

MS-1 2 15.5 34.0 59.4 42.1 2.19

MS-2 2 18.8 44.1 66.9 40.0 2.34

kiS-1 2 18.6 24.8 40.7 32.2 1.33 33.6 25.3 28,9

MS-4 2 17.6 30.7 42.5 29.6 1.75 35.1 23.9 35,8

MS-5 2 14.7 42.5 50.2 32.4 2.90 39.1 19.7 47,3

MS-6 2 18.9 60.5 53.6 30.4 3.61 51.7 23.1 73.8

MS-8 2 25.2 455.7 115.2 31.6 1.84 29.2 16.7 26,2

MS-9 2 21.0 37.0 82.2 32,9 1.77 21.6 13.0 20.7

MS-10 2 21.6 39.5 97.4 32.6 1.82 30.4 13.8 21.8

MS-8-10 6 22.5 40.7 98.3 32.4 1.81 27.1 14.5 22.9
:1:2.0 4. *15.1 ±0.8 -0.06 ±4.3 ±1.8 ±2.6

MS-8/OH(A) 2 23.6 53.8 115.6 31.4 2.28 29.3 15.8 30.9

MS-14 2 0.2 NA 132.8 31.0 NA 31.2 NA NA

MS-15 2 0.1 NA 138.3 29.0 NA 36.7 NA NA

MS-16 2 23.8 43.6 0.0 NA 1.85 NA 19.5 30.7

MS-17 2 22.8 38.8 0,0 NA 1,72 NA 18.1 27.1

(a) 0.01 M NaOH sol, 6on used for wet depositlon.
(b) NA: not applicable because of absence of at least one component.
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ITABLE115. MASS LOADING AND DEPOSITION VELOCITIES BASED ON MIXED-
SMOKE DEPOSITION ONTO DRY SURFACES

Zn CI P % P04-P CVZn Vd as P Vd as Zn Vd as CI
Test N Extractant WJg/m 2) /Ptot Ratio (103"cnt)

MS-1 2 H20 13.8 0.65 61.3 45.6 0.05
MS-I 2 0.01 M HNO3 13.4 0.56 60.4 50.0 0.04
MS-I 4 AVERAGE 13.6 0.60 60.9 47.9 0.04 ND(d) ND ND

±STD DEV 0.3 0.16 0.9 2.6 0.01

MS-2 2 H20 13.7 0.64 70.0 44.6 0.05
MS-2 2 0,01 M HNO3 12.8 0.84 66.2 48.4 0.06
MS-2 4 AVERAGE 13.2 0.74 68.0 46.5 0.06 ND ND ND

±STD DEV 0.5 0.13 3.9 2.4 0.01

MS-3 2 H20 13.2 0.56 39.6 35.4 0.04 30.6 16.8 0.6
MS-3 2 0,01 M HNO3 13.6 0.64 40.0 35.0 0.04 31.0 17.2 0.6
MS-3 4 AVERAGE 13.4 0.56 39.8 35.2 0.04 30.7 17.0 0.6

±STD DEV 0.3 0.12 0.4 0.3 0.01 0.3 0.4 0.1

MS-4 2 AVERAGE 13.7 0.60 41.8 33.0 0.04 32.3 17.4 0.7

MS-5 2 AVERAGE 14.1 1.12 51.6 38.3 0.08 37.6 17.7 1.2

MS-6 2 AVERAGE 16.6 1.45 57.9 31.8 0.09 52.2 21.3 1.7

MS-7 2 H20 14.6 0.52 19.9 25.7 0.04 4.2 11.0 0.4
MS-7 2 .01 M HNO3 14.4 0.43 20.3 26.1 0.03 4.2 10.8 0.3
MS-7 4 AVERAGE 14.5 0.48 20.1 25.9 0,03 4.1 10.9 0.3

±STD DEV 0.4 0.13 0.4 0.3 0.01 0.1 0.3 0.1

MS-8 2 .01 M HNO3 15.0 0.56 105.4 42.8 0.04 26.7 10.0 0.4

MS-9 2 .01 M HNO3 14.0 0.39 86.0 42.8 0.02 22.6 8.6 0.2

MS-10 2 .01 M HNO3 14.5 0.64 102.9 42.27 0.04 32.0 9.2 0.3

MS-8-10 6 AVERAGE 14.5 0.53 98.1 42.6 0.04 27.1 9.3 0.3
±STD DEV 0.5 0.14 9.6 0.6 0.01 4.2 0.6 0.1

MS-7-1/0 2 .01 M HNO3 14.6 0.37 20.7 25.4 0.02 4.2 10.9 0.2

MS-8.1/0 2 .01 M HNO3 17,0 18.1 e.05 NA(a) 1.06 NA 11.4 10.4

MS-9-1/0 2 .01 M HNO3 14.9 17.1 <.05 NA 1.14 NA 9.2 9.6

MS-8-9-1/0 4 AVERAGE 15.9 17.6 <.05 NA 1.11 NA 10.3 10.0
±STD DEV 1.4 1.43 0.06 1.3 0.9

MS-7-0/1 2 .01 M HNO3 0.10 0.09 84.0 44.8 0.88 23.3 (b) 0.1 0.1

MS-8-0/1 2 .01 M HNO3 0.18 0.24 115.0 52.2 1.40 29.2 0.1 0.1

MS-9-0/1 2 .01 M HNO3 0.18 0.21 92.7 52.2 1.14 24.4 0.1 0.1

MS-8-9-0/1 4 AVERAGE 0.15 0.18 97.2 49.8 1.14 25.6 0.1 0.1
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TABLE 3.15. (Cont.)

Zn CI P % P04-P CL'Zn Vd as P Vd as Zn Vd as CI
Test N Extractant (Wgcm2) APtoM Ratio (10A3*cmnee)

+STD DEV 0.04 0.07 14.3 3.9 0.24 2.8 0.0 0.0

MS-7 2 .01 M NAOH 1.44 0.31 19.7 25.2 0.22 4.1 1.1 0.2

MS-7 BLK .01 M HNO3 <.005 0.07 <.1
MS-7 BLK .01 M NAOH <.005 <.03 <.1

MS-14 4 .01 MHNO3 0.12 NA 93.0 46.8 NA 21.8 NA NA
±STD DEV 0.07 0.5 1.2 0.1

MS-15 2 .01 M HNO3 0.09 NA 102.7 43.4 NA 27.2 NA NA

MS-16 2 .01 M HNO3 14.2 15.6 NA NA 1.10 NA 11.7 11.0

MS-17 2 .01 MHNO3 13.7 15.2 NA NA 1.11 NA 11.0 10.6

MS-15-011 2 .01 MHNO3 0.16 NA 104.6 43.9 NA 27.7 NA NA

MS-16-1/0 2 .01 MHNO3 11.4 12.8 NA NA 1.12 NA 11.5(c) 10 .0 (c)

(8) Not applicable because component not present
(b) Comnced to propor aerosol concentraton and time for siroe-wrot•w exposure by estimaons from test MS-8
conoe'rtiona.
(c) Corrct to proper aerosol ooncentration and time for single.smoke exposure.
(d) NO - Not determined.

averaged 30 ± 1% (sample ID Nos. 10-84-367 through 370). Similarly, for WP, dry deposition
plates averaged 53% (N . 2) as phosphate (test WP-3, sample ID Nos. 3-85-297,298), while
wet deposition plates (sample ID No. 10-84-299) resulted in 31% as phosphate. Although
individual aerosol testing methods may not irreputably support the stabilization hypothesis, the
compilation of different tests suggests that stabilization may be occurring.

A few tests with basic trapping solution (tests MS-7 and MS-8) yielded wet deposition
results similar to the corresponding waters (test MS-R) for Zn and P, and 18% Increases in
trapped CI-. For dry deposition leaching with base (test MS-7), Zn was not dissolved by the
base, and Cl- was low in both cases. This solubility pattern is not consistent with Zn combining
with P as pyrophosphate In the dry state, for example, because a corresponding decrease in
soluble P is not observed in the basic extraction. Formation of less-soluble Zn polyphosphates
during particle aging on the dry deposition plates may result in hindering of the hydrolysis to
phosphate; such species might then be less soluble under subsequent contact with dilute
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NaOH. Test MS-7 was the only test that had pre-ignition of a WP pot during the latter part of
HC generation, which may have some influence on the resultant dry deposition, because the
phosphate percent of total P in all dry deposition plates from that study is below •ie range seen
in other sequential mixed-smoke tests. This suggests that some stabilization of the higher
polyphosphates, perhaps during co-deposition with Zn, or oven because of "nt( ao'-n while
still as an aerosol. No other tests were performed with comparable conditl(,. to use foi
validation of any hypotheses.

Loss of Chloride irom Dry Deposition Plates

The notable result emerging from the dry deposition surfaces is loss of Cl" capture and
analysis. If the Zn and COl had been collected only as ZnCi2, the theoretical CI/Zn ratio would
be 1.085. Although wet deposition resulted in Cl-/Zn mass ratios ranging from 1.7 to 3.6 for wet
deposition samples (Table 3.14), CI- levels virtually disappear on dry deposition plates (Table
3.15). In contrast, for single-smoke HG cumulative dose test series A (low loading), wet/dry
ratio was 1.3 for both CO- and Zn (N - 18 wet, 36 dry); for series B (higher loading), the ratio
was 1.5 for both CI" and Zn (N - 18 wet, 35 dry) (Cataldo et al. 1989b). For both RP and WP
tests, the wet/dry deposition ratio averaged 1.3 ± 0.1 (N - 18) versus P analysis (Van Voris et
al. 1987). The effect is attributed to Interaction of the dry chloride residuals with
polyphosphates, because the dry deposition plates seeing only HC or HC + FO consistently
yield CI/Zn ratios of about 1.1, essentially the theoretical ratio for ZnCI2 . Plates exposed to WP
only appear to have similar CI-/Zn ratios, but the low concentrations coupled with the
unsubtracted C0" blank (actually a combination of contamination In the acid plus an analytical
system blank) make these ratios unreliable. For earlier HC cumulative dose tests (Cdtaldo et
al. 1989b), the CI/Zn ratios averaged 1.16-1,22 for wet deposition plates, 1.12-1.20 for dry
deposition plates, and 1.37-1.21 for dry deposition onto glass fiber filters. Those plates
exposed for HC and FO only showed CI/Zn ratios similar to those for dry deposition In HC-only
runs. For wet deposition, the CI-/Zn ratios vary widely for test to te.* out are always greater
than the theoretical value. Wet deposition plates showed CI/Zn ratios greatly exceeding those
of HC-only runs.

For the mixed smokes aerosol filters (Table 3.9) taken during the HO and FO generation
phases, the ratios range from 1.1-1.2 and are reasonably consistent within a test. During the
WP generation phase, the chloride drops out much more rapidly than does Zn. For Impingers
(Table 3.12), the CI/Zn ratio ranges from 1.11-1.18 during HC generation, remains roughly
consistent during FO generation, and drops to 0.50-0.97 during WP generation. In contrast,
deposition filters (Table 3.13) exhibit CI/Zn ratios ranging from 0.3-0.7; wet deposition coupon
CI/Zn ratios are 1.3-3.6 (Table 3.14); dry deposition coupon CI/Zn ratios are 0.04-0.09 (Table
3.15) when all three smoke components are present.
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The great disparity in deposition values suggests that the available aerosol CI- is initially
in a form deposited at the same rate as the aerosol particulate, but upon addition of the WP
aerosol reacts to form either an insoluble component, a compound of Cl not as chloride, or a
gaseous product. Phosphorus oxy-chloride anions can be produced during ring cleavage of
metaphosphates by molten salts, but presence of any moisture would prohibit formation of
such a product. Insolubility Is doubtful, because the desiccated filters show essentially total
conversion of polyphosphate to phosphate, which would have released any Cl if a
chloro-polyphosphate compound had even been possible. The most logical hypothesis is the
release of Cl as gaseous HCI as a result of polyphosphate hydrolytic degradation and
neutralization, which would generate sufficient heat to drive off HCI from "dry" surfaces, but
would remain in solution on wet surfaces. The HCI levels in the tunnel were not directly
monitored during these tests, because early studies with HC-only aerosols showed minimal
acid formation. The acidity of the WP aerosol would mask indirect detection of trace releases
of HCI as Increased acidity In those samples collected during the WP phase of the test.

Deposition to Soil Surfaces

Thin lens soil coupons were exposed as described in Section 2.5.2. Actual mass
loading and deposition velocities as determined from dissolution into deionized water (Table
3.1S) can be based only on phosphorus and chloride values, because of the sorption of Zn to
varying degrees by the soils.

Fresh Palouse soils were exposed to two mass loadings: fresh Palouse 1 was at
loadings similar to other soils exposed during test MS-3; fresh Palouse 2 had 50% of the mass
loading of fresh Palouse 1, on a basis of grams soil exposed. Although this had little effect on
the highly soluble P and Cl, it did affect the solubilized Zn concentrations. Accordingly, these
soils are not averaged in Table 3.16.

Estimation of deposition on soil surfaces is based on wet (Table 3.14) and dry (Table
3.15) deposition plate data. Assuming similar deposition and total solubility, the expected
concentrations in the I 00-mL solution contacting soils exposed over areas of 165 cm 2 during
test MS-3 were (wet; dry deposition):

Zn: 30.7 ppm; 22.1 ppm,
P: 67.2 ppm; 6!a.7 ppm, and
Cl: 40.9 ppm (based on wet only).

3.34



TABLE,.L16. MASS LOADING ON SOIL COUPONS, BASED ON AQUEOUS DISSOLUTION
(N . 2 for samples; N - 1 for controls)

Leach Zn CA P %PO4-P CVZn .dL a). a)
Test Sol Day Wgmd Ptot Ratb (103*aMr)

CONTROL BURBANK 10 1 0.00 0.10 0.31 83
CONTROL BURBANK 2C 2 0.00 0.00 0.37 68
CONTROL BURBANK 10 5 0.00 0.09 0.20 -100
CONTROl. BURBANK 2C 9 0.00 0.11 0.18 -100
CONTROL BURBANK IC 15 0.00 0.13 0.06 -100
CONTROL BURBANK 2C 15 0.00 0.10 0.18 -100

Ave 0.00 0.09 0.22
SD DEV 0.00 0.04 0.11

MS-3 BURBANK 1 3.3 23.2 34.6 41.6 7.1 23.8 22.6
MS-3 BURBANK 2 2.7 23.7 33.7 46.5 8.9 23.9 23.1
MS-3 BURBANK 5 2.1 24.1 33.6 57.9 11.8 23.2 23.5
MS-3 BURBANK 9 1.9 23.7 32.4 68.7 12.6 22.4 23.2
MS-3 BURBANK 15 1.6 24.7 32.4 81.6 15.8 21.6 24.6

CONTROL MAXEY 10 1 0.62 0.24 0.00
CONTROL MAXEY 2C 2 0.02 3.0(a) 0.07
CONTROL MAXEY 10 5 0.01 O.60(a) 0.00
CONTROL MAXEY 2C 9 0.00 0.27 0.00
CONTROL MAXEY 10 15 0.00 0.29 0.00
CONTROL MAXEY 20 15 0.00 0.29 0.00

Ave 0.11 0.34 0.01
ST DEV 0.25 0.15 0.03

MS-3 MAXEY 1 7.1 24.6 16.8 28.6 3.5 11.6 23.8
MS-3 MAXEY 2 6.7 26.4 15.0 25.0 4.0 10.4 25.5
MS-3 MAXEY 5 6.2 25.0 11.6 28.7 4.0 8.1 24.2
MS-3 MAXEY 9 5.9 25.4 9.5 35.4 4.3 6.6 24.6
MS-3 MAXEY 15 5.8 27.2 7.6 46.0 4.7 5.2 26.3

(FRESH)
CONTROL F PALOUSE IC 1 0.00 0.23 0.84 -100
CONTROL F PALOUSE 2C 2 0.00 0.18 0.99 85.2
CONTROL F PALOUSE IC 5 0.00 0.13 0.99 100.1
CONTROL F PALOUSE 2C 9 0.00 0.15 1.09 99.2
CONTROL F PALOUSE IC 15 0.00 0.18 0 .4 (a) -100
CONTROL F PALOUSE 2C 15 0.00 0.17 1 .07 (b) -100

Ave 0.00 0.17 1.00
STO DEV 0.00 0.03 0.10

MS-3 F PALOUSE 1 1 1.3 24.9 25.7 62.0 19.7 17.2 24.2
MS-3 F PALOUSE 1 2 1.2 25.1 25.4 68.5 21.2 16.9 24.4
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TABLE 3.16. (Cant).

Leach Zn C P %PO4-P CVZn Vd.gaa) .y.d.as a)
Test soil Day 4gqm 2) /Ptot Ratio (103 *cm/sec)

MS-3 F PALOUSE 1 5 1.1 24.7 24.3 81.5 22.8 16.2 24.0
MS-3 F PALOUSE 1 9 1.0 25.2 24.2 90,9 24.6 16A1 24,5
MS-3 F PALOUSE 1 15 1.0 27.5 25.1 99.5 28.7 16.7 26,8

MS-3 F PALOUSE 2 1 0.5 24.4 22.6 71.8 50.5 15.0 23,7
MS-3 F PALOUSE 2 2 0.4 24.7 23.0 77.2 55.1 15.3 24,1
MS-3 F PALOUSE 2 5 0.4 24.7 23.7 91.4 55.2 15.8 24,1
MS-3 F PALOUSE 2 9 0.4 24.5 25.3 94.1 59.4 16.9 23.8
MS-3 F PALOUSE 2 15 0.3 26.2 26.9 96.6 77.1 18.0 25.5

(AGED)
CONTROL PALOUSE IC 1 0.00 0.18 0.35 76.5
CONTROL PALOUSE 2C 2 0.00 0.14 0.41 72.3
CONTROL PALOUSE IC 5 0.00 0.21 0.30 148.6
CONTROL PALOUSE 2C 9 0.00 0.19 0.42 108.8
CONTROL PALOUSE IC 15 0.00 0.18 0.12 345.1
CONTROL PALOUSE 2C 15 0.00 0.17 0.36 130.5

Ave 0.00 0.18 0.33
STD DEV 0,00 0.02 0.11

MS-3 PALOUSE 1 0.6 25.4 21.5 65.0 39.8 14.7 24,7
MS-3 PALOUSE 2 0.5 26.0 21.2 75.8 49.8 14.5 25,2
MS-3 PALOUSE 5 0.4 25.6 20.6 91.6 55.4 14.1 24.9
MS-3 PALOUSE 9 0.4 25.7 21.5 94.8 68.9 14.7 250
MS-3 PALOUSE 15 0.3 27.6 23.0 99.2 96.0 15.7 26.8

CONTROL YAMAC IC 1 0.00 17.21 0.60 57.8
CONTROL YAMAC 2C 2 0.00 18.26 0.62 56.8
CONTROL YAMAC iC 5 0.00 17.68 0.42 104.3
CONTROL YAMAC2C 9 0.00 18.43 0.42 102.1
CONTROL YAMAC 1C 15 0.00 18.34 0.36 106.9
CONTROL YAMAC 2C 15 0.00 18.90 0.42 93.2

Ave 0.00 18.14 0.48
STD DEV 0.00 0.60 0.11

MS-3 YAMAC 1 0,2 46.2 22.2 51.2 296 14.7 27,6
MS-3 YAMAC 2 0.10 47.1 16.6 78.6 489 11.2 28.4
MS-3 YAMAC 5 0.05 46.8 22.2 77.9 963 15.0 28,0
MS-3 YAMAC 9 0.03 47.2 23.0 93.4 1558 15.6 28,4
MS-3 YAMAC Is 0.02 50.8 25.0 106.6 1881 17.0 32.0

MS-5 BURBANK 1 5.9 50.2 42.8 44.5 8.5 27.8 46A8
MS-5 BURBANK 5 5.0 52.6 41.2 52.6 10.2 26.8 48,2
MS-5 BURBANK 13 4,5 53.4 38.8 70.4 11.9 25.2 49,8

MS-5 MAXEY 1 10.8 52.8 19,4 30.6 4.9 12.6 49.0
MS-5 MAXEY 5 10.8 54.1 16.9 25.6 5.0 11.1 50.2
MS-5 MAXEY 13 10.8 56.9 12.8 31.1 5.3 8.4 52,8

(a) Vd sclusted for the estimated contrlbutlon from soil, by subtractlng average control soil value.
(b) Analysis suspect because of failing out of range of similar analyses; was not used In average.
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Similarly, for test MS-5, expected leachate concentrations were:

Zn: 24.2 ppm; 23.2 ppm,
P: 82.9 ppm; 85.3 ppm, and
Cl: 70.2 ppm (based on wet only).

Deposition of HC smoke onto soils, as determined by Cl values, correlates well with that
of wet deposition plates; comparison to dry deposition plates cannot be done because of loss
of Cl, as discussed earlier. Calculated deposition velocity of P onto soils, as related to the
solubilized P In the soil leachates, Is misleading and varies widely with the soil type, with a
maximum of about 78% of the dry deposition plate rate. This result is similar to earlier
exposures of soils to single-smoke RP or WP, where the maximum amount of solubilized P
from soils was about 80-85% of the dry deposition plate concentration (Van Voris et al. 1987).
These results support the hypothesis that precipitation/adsorption mechanisms are controlling
the soluble P, as was also seen earlier the RP/BR and WP soil exposures.

Denpoitlon Velocities

Deposition velocities have been determined from both wet and dry surfaces and also
from the soil coupons exposed during the MS tests. The deposition values are Included in the
corresponding tables: deposition coupons, Table 3.13; dry deposition plates, Table 3.15; wet
deposition plates, Table 3.14; and soil deposition Table 3.16. The deposition velocities are
summarized in Table 3.17. As expected, deposition velocity Increases with Increasing wind
speed (MS-3-6), but the effect is most notable on the suspended filters, which are more prone
to changing orientation at higher wind speeds, with a resultant rise in Impaction contribution.

Deposition velocities based on P generally show similar deposition onto wet and dry
plates for test series MS-3-6 and MS-8-1 0 (no wet surfaces exposed during test MS-7), with an
average wet/dry ratio of 1.0 ± 0.1. However, for test series MS-14-15, where HC smoke
deposition was absent, the wet/dry ratio averages 1.4, similar to earlier single-smoke WP and
RP tests, having wet/dry ratio averaging 1.3 ± 0.1 (Van Voris et al. 1987).

Deposition velocities for Individual components of the smokes were similar to those
observed during single-smoke exposures, as summarized in Table 3.18. In this table, only the
highest wind speed test was omitted from wet and dry deposition averaging, and the highest
two wind speeds were omitted on filter deposition averaging because of the Increased
importance of Impaction to total deposited load, as the filters bent In the wind. The MS tests
Ihad initial HC generation of 210 to 420 mg/m 3 ; these bracketod the series A and B HC tests,
which were at low (160 ± 15 mg/m 3 ) and high (680 ± 40 mg/m3 ) aerosol concentrations,
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TABLE3.17.. SUMMARY OF DEPOSITION VELOCITIES FOR INORGANIC CONSTITUENT
OF MIXED-SMOKE AEROSOLS ONTO DIVERSE SURFACES

V,4 aP VYdM Zn V45m.
Test Surface(a) N Function (103*cm/s)

MS-3 Filter 2 Average 13.7 7.7 4.5
DD 4 Average 30.7 17.0 0.6
WD 2 Average 33.6 25.3 28.9
5 soils 10 Average 16.2 ND04 24.5
WD/DD Ratio 1.1 1.5 47.7
Filter/DD Ratio 0.4 0.5 7.5

MS-4 Filter 2 Average 15.9 9.8 5.5
DD 2 Average 32.3 17.4 0.7
WD 2 Average 35.1 23.9 35.8
WD/DD Ratio 1.1 1.4 54.9
Filter/DD Ratio 0.5 0.6 8.4

MS-5 Filter 2 Average 31.5 16.3 7.3
DD 2 Average 37.6 17.7 1.2
WD 2 Average 39.1 19.7 47.3
2 soils 4 Average 20.2 ND 47.9
WD/DO Ratio 1.0 1.1 40.5
Filter/DD Ratio 0.8 0.9 8.2
Soil/DD Ratio 0.5 ND 41.0

MS-6 Filter 2 Average 103.9 56.4 14.5
MS-6 DD 2 Average 52.2 21.3 1.7
MS-6 WD 2 Average 51.7 23.1 73.8

WD/DD Ratio 1.0 1.1 44.7
Filter/DO Ratio 2.0 2.4 0.2
Filter

MS-7 Filter 3 Average 15.0 9.3 5.7
MS-7 DD 4 Average 4.1 10.9 0.3
MS-7 DD-1/0 2 Average 4.3 10.9 0.2
MS-7 DD-0/1 2 Average 23.3(c) 0.11 0.1

Filter/DD Ratio 3.6 0.9 18.3

Ms-8 Filter 3 Av irage 20.7 10.5 5.7
MS-8 DD 2 Average 26.7 10.0 0.S
MS-8 DD-1/O 2 Avorage NA(M 11.4 10.4
MS-8 DM-O/M 2 Average 29.2 0.1 0.1
MS-8 WD 2 Average 29.2 16.7 26.2
MS-8 WD/NaOH 2 Average 29.3 15.8 30.9

WD/DD Ratio 1.1 1.7 82.0
Flhter/L)D Ratio 0.8 1.0 17.9
NaOH/0D Ratio 1.1 1.6 965
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3IABLE.IJZ. (Cont.)

Test Suw.oe(a) N Findion (1 21*)

MS-9 FiR&r 3 Average 15.8 7.4 4.3
MS-9 DO 2 Average 22.6 8.6 0.2
MS-9 DD-1/0 2 Average NA 9.2 9.6
MS-9 DD-0/1 2 Average 25.8 0.1 0.1
MS-9 2 Average 21.6 12.9 20.7

WD/DD Ratio 1.0 1.5 95.0
Flker/DD Ratio 0.7 0.9 19.7

3 MS-10 Filer 3 Average 22.3 9.J 4.5
MS-10 DO 2 Average 32.0 9.2 0.4
MS.10 M 2 Average 30.3 13,8 21.8

WDADD Ratio 0.9 1.5 61.0
Filter/DD Ratio 0.7 1,0 12.6

MS-14 Filter 3 Average 15.5 NA NA
MS-14 DD 4 Average 21.8 NA NAI MS-14 M 2 Average 31.2 NA NA

WD/DD Ratio 1.4 NA NA
FRlter/D Ratio 0.7 NA NA

MS-15 Filter 3 Average 18.1 NA NA
MS-15 DO 2 Average 27.2 NA NA
MS-15 DD-0/1 2 Average 27.7 NA NA
MS-18 WD 2 Average 36.7 NA NA

WD/DD Ratio 1.3 NA NA

Fiter/DO Ratio 0.7 NA NA

Ms 16 Filter 3 Average NA 9.5 11.8
MS-16 DI 2 Average NA 11.7 11.0
MS-1• DD-i/0 2 Average NA 1 1 .5(e) 11.0(e)
IVMS-16 WO 2 Average NA 19.5 30.7

WD/DD Ratio NA 1.7 2.8
Filter/DD Ratio NA 0.8 1.1

MS-17 Filter 3 Average NA 11.3 13.7
MS-17 DO 2 Average NA 11.0 10.6
MS-17 WD 2 Average NA 18.1 27.1

WD/DO Ratio NA 1.6 2.5
Fifter/DD Ratio NA 1.0 1.3

(a) rfamcs exlp e aph lassd e fiber fikers: DOD - dry poy Peri pla*s; WD D 0H20 in poly PeId plao;
WDN.OH w 0.01 M NaOH in Peai DD.1/O - not exposed to last smoke; DD-O/1 - expomd only to last smoke.(b) ND -ra notew~n rLo

(c) Esimaton• from lost MS-8 concmtations used to estimate proper asrosol conoennatlon.
(d) NA - not applicable; component missing.

(A) -onwd to proper umerol concentration and time for single-smoke exposure.
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respectively. The WP generation as the third phase of the MS runs, averaged 1270 for test

series MS3-6, and 2000 for test series MS8-15. By comparison, ranges in aerosol

concentrations for the RP and WPE series (Van Voris et al. 1987) were 2000 to 4400 and 2000

to 5600 rng/rn3 , respectively. Deposition velocities from MS tests based on P 4howed

reasonable Independence from the aerosol mass concentration term, theoretically required but

not well adhered to by HC test results. Results based on Zn show less Independence, while

those of CI are biased because of CI loss from the dry surfaces before analysis.

TABiLE.11, SUMMARY OF DEPOSITION VELOCITIES FROM MIXED-SMOKE TESTS
COMPARED TO SINGLE-SMOKE EXPOSURES: P DEPOSITIONS (Van Voras
et al. 1987), AND HC DEPOSITIONS (Cataldo et al. 1989b)

Vd
Tqst Surface N versus P versus Zn versus CI

(a) (b) ..................... (XlO3 rml/s)............................

MS-3-5, 8-16 WD 9,9,9 31±6 18±5 30±9
RP-A, D seres WD 12, 0,10 31±1
WPE1-4 sedes WD 6, U, 0 31±5
HC22-30A WV 0,18,18 18*2 18±2
HC22-308 WD 0,18,18 29:-2 31±2

MS-3-5, 8-16 DD 8, 8,0 29±4 13±4 NA(c)
RP-A, D seris DD 12, 0,0 24±9
WPE1 -4 sodes DD 6, 0, 0 24±5
HC22-30A DID 0, 36, 36 14±3 14±4
HC22-30B DD 0, 36,35 20±2 20±2

MS-3-4, 8-16 Filter 7, 7, 7 17±3 9±1 7±4
HC22-30A Filter 0,16, 12 5±2 6±1
HC22-308 Filter 0,16,12 8±1 9±1

(a) DD - dry deposition surface, polystyrene petri plate; WOD wet deposition surface, polystyrene Petd plates.
(b) Numbers refr to P. Zn, Cl deten•Inations used In calculations,
(o) NA - not applicable becaur•i of loss of C4 ftom dry surfaces before leachkig:

3.2.4 Interaction of Mixed Smokes with Soils

Presence of Polyphosphate Constituents

Soils exposed as thin lens for deposition studies were also studied to determine any
changes in solubillzed components based on 1 C-fold water to soil contacts. Early Into the data

compilation, It became evident that the anion/cation balance (defined as the difference
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between cation and anions, divided by their sum, on a meq basis) was yielding poor results
when the level of polyphosphate contribution was ignored. Previous data on RP and WP
exposures had not Included this calculation routinely, but based the level of polyphosphates
simply as the difference between total and phosphate-P. Because polyphosphate distribution
was also not directly determined via high-pressure liquid chromatography separation for the
MS runs, an estimate of the degree of polymerization was done on the non-phosphate
component of total P by estimating the average degree of polymerlzation required for a best fit
of the anion/cation balance (Table 3.19). Here, chain length of Pn Is used for very large
chains, but would also cover significant contribution by cyclic metaphosphates, because as n
Increases, the calculation of size per charge approaches that of the cyclic structures. The
approach is overly simplistic in that it assumes complete dissociation of the polyphosphate
anions; in effect, the required average charge on poly-P species is being astimated, based on
the equations for linear (PnO3n+l)(n+2)- and cyclic (PnO3n)n- polyphosphates. For Burbank
soil exposed during test MS-3, the best fit results from an average chain length (ACL) of about
3, decreasing slightly to <3 at greater than 5 days. During test MS-5, the best fit occurs at ACL
of 3-4. For all other soils tested, an ACL of 2 covers most time periods. Tabulated results
represent averages of results (N - 2) for all samples except fur fresh Palouse, where the fresh
Palouse 1 had exposure conditions similar to those of the other soils, while fresh Palouse 2
had approximately 50% less mass loading per grams soil exposed; the chain length to provide
the best anion/cation balance is not different between the two aliquots, however.

To test the validity of this method, data from two exposed Burbank soil leachates, taken
from earlier RP tests (Van Voris et al. 1987), are also included in Table 3.19. The first sample
(sample ID No. 7-84-21) was taken on day 2 of water contact following exposure during test
RP2 and analyzed for polyphosphate distribution. This sample contained 42% phosphate-P,
19% P2-P4, 10% mP3, and the remaining 28% with >P4 chain length; ACL (for nP >1 P) was

calculated as 5. This is in good agreement with the calculated ACL required to minimize the
anion/cation balance. The secorid sample (sample ID No. 9-84-345) was a 5-day leach aliquot
following exposure during RF2-A3. Although not analyzed specifically for polyphosphate
distribution, the results show similar trend to that observed in the exposed soil from test RP2.

In the discussions of individual soil types that follow, the anion/cation balances stated
(Tables 3.20-3.23) refer only to thosj calculated using phosphate, not the higher
polyphosphates.
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TABE3 . PHOSPHATE POLYMERIZATION REQUIRED FOR ANION/CATION BALANCE
SOILS EXPOSED TO MIXED SMOKES (N =2)

Sol Tet Loach P P04-P Anion Cation --- Bab=
Day -- *g/,L].- Total Total (DIFF/

[meqil] SUM] IFP2 IFP3 IFP4 IF Pn
Iniftially (Estknats)

BURBANK MS-3 1 57.2 23.8 1.96 3.70 0.31 -0.05 -0.01 0.02 0.10
BURBANK MS-3 2 57.2 26.8 2.00 3.72 0.3n -0.03 0.01 0.03 0.11
BURBANK MS-3 5 55.5 32.2 2.20 3.48 0.23 -0.03 0.00 0.02 0.08
BURBANK MS-3 9 53.6 36.8 2.33 3.34 0.18 -0.01 0.02 0.03 0.08
BURBANK MS-3 15 61.8 42.3 2.58 3.14 0.10 -0.01 0.01 0.02 0.04
BURBANK MS-S 1 70.6 31.4 3.40 5.46 0.23 -0.04 -0.00 0.02 0.08
BURBANK MS-S 5 68.1 35.8 3.62 5.24 0.18 -0.04 -0.01 0.00 0.06
BURBANK MS-5 13 64.0 45.0 4.02 4.94 0.10 -0.03 -0.01 0.00 0.03

MAXEY MS-3 1 27.6 7.9 2.02 3.41 0.26 0.02 0.05 0.07 0.12
MAXEY MS-3 2 24.7 6.2 2.02 3.35 0.25 0.02 0.05 0.07 0.12
MAXEY MS-S 5 19.2 5.4 1.95 3.01 0.21 0.03 0.06 0.07 0.11
MAXEY MS.S 9 15.6 5.6 1.97 2.83 0.18 0.04 0.06 0.07 0.10
MAXEY MS-3 15 12.5 5.7 2.13 2.67 0.11 0.02 0.04 0.04 0.07
MAXEY MS-6 1 32.0 9.8 3.36 4.89 0.19 0.01 0.04 0.05 0.09
MAXEY MS-6 5 28.0 7.2 3.35 4.77 0.17 0.01 0.03 0.04 0.08
MAXEY MS-5 13 21.2 6.6 3.53 4.52 0.12 0.01 0.02 0.03 0.06

FRESH
PALOUSE 1 MS-3 1 42.5 26.3 2.45 3.40 0.16 -0.01 0.01 0.02 0.07
PALOUSE 1 MS-3 2 41.9 28.7 2.49 3.36 0.15 0.00 0.02 0.04 0.07
PALOUSE 1 MS-3 5 40.1 32.7 2.57 3.03 0.08 -0.00 0.01 0.02 0.04
PALOUSE 1 MS-3 9 40.0 36.4 2.74 3.02 0.05 0.01 0.02 0.02 0.03
PALOUSE I MS-3 15 41.4 41.2 3.08 3.07 -0.00 -0.00 -0.00 -0.00 -0.00
PALOUSE 2 MS-3 1 18.7 13.4 1.48 1.83 0.10 0.00 0.02 0.03 0.05
PALOUSE 2 MS-3 2 19.0 14.7 1.49 1.88 0.12 0.03 0.05 0.05 0.07
PALOUSE 2 MS-3 5 19.6 17.9 1.56 1.72 0.05 0.02 0.02 0.02 0.03
PALOUSE 2 MS-3 9 20.9 19.7 1.68 1.80 0.03 0.01 0.01 0.02 0.02
PALOUSE 2 MS- 15 22.2 21.4 1.86 1.93 0.02 0.00 0.01 0.01 0.01

AGED
PALOUSE MS-3 1 35.6 23.1 2.05 2.87 0.17 0.00 0.02 0.039 0.078
PALOUSE MS-3 2 35.0 26.6 2.14 2.83 0.14 0.03 0.04 0.05 0.08
PALOUSE MS-3 5 34.0 31.2 2.28 2.58 0.06 0.02 0.03 0.03 0.04
PALOUSE MS-3 9 35.6 33.7 2.37 2.60 0.05 0.02 0.02 0.03 0.03
PALOUSE MS-3 15 37.9 37.6 2.62 2.67 0.01 0.01 0.01 0.01 0.01

YAMAC MS-3 1 35.8 18.4 4.72 6.44 0.15 0.05 0.06 0.07 0.10
YAMAC MS-3 2 27.4 21.4 4.88 7.16 0.19 0.15 0.16 0.16 0.17
YAMAC MS-3 5 36.6 28.6 5.22 7.04 0.15 0.10 0.11 0.11 0.12
YAMAC MS-3 9 37.9 35.4 5.60 7.06 0.12 0.10 0.10 0.10 0.11
YAMAC MS-3 15 41.4 44.0 6.13 7.45 0.10 0.11 0.11 0.11 0.11

RP EXPOSURES
BU:BANK RP2 2 29.5 12.4 0.660 1.431 0.369 -0.104 -0.049 -0.019 0.08
BURBANK 1RF2-A3 5 81.1 45.0 1.678 2.892 0.266 -0.161 -0.111 -0.084 0.009
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IARLEA20. INORGANIC CHEMICAL ANALYSIS OF MIXED-SMOKE EXPOSED SOIL
LEACHATE SOLUTIONS WITH TIME: BURBANK

Soil Test Leach pH AB CO Fe K
Type Day [.031a [.0021 (.01] (.0051 (.31

No.

BURBANK 1C CONTROL 1 7.61 < 4.2 0.026 13.1
BURBANK 2C CONTROL 2 7.85 0.07 < 4.8 0.037 15.0
BURBANK 1C CONTROL 5 7.82 < 0.003 4.9 < 16.1
BURBANK 2C CONTROL 9 7.79 < < 6.9 0.028 15.8
BURBANK 1C CONTROL 15 7.85 < 0.008 8.5 0.021 17.1
BURBANK 2C CONTROL 15 8.04 < 0.003 6.6 0.024 15.9

BURBANK I MS-3 1 5.13 6.70 0.029 29.8 1.440 25.0
BURBANK 2 MS-3 1 5.04 6.51 0.070 30.1 1.480 25.0
BURBANK 1 MS-3 2 5.31 6.26 0.061 29.9 1.220 26.0
BURBANK 2 MS-3 2 5.28 6.66 0.060 31.3 1.380 26.0
BURBANK I MS-3 5 5.69 5.11 0.038 29.5 0.834 25.0
BURBANK 2 MS-3 5 5.48 5.60 0.038 29.7 0.963 25.0
BURBANK 1 MS-3 9 5.47 4.28 0.034 29.5 0.580 24.5
BURBANK 2 MS-3 9 5.50 4.39 0.033 29.8 0.600 24.9
BURBANK 1 MS-3 15 5.55 2.24 0.023 29.2 0.280 25.9
BURBANK 2 MS-" 15 5.56 2.37 0.021 29.2 0.270 25.8

BURBANK 1 MS-5 1 4.30 10.8 0.197 44.9 2.390 29.1
BURBANK 2 MS-5 1 4.35 10.4 0.180 43.9 2.130 28.9
BURBANK 1 MS-S 6 4.64 8.98 0.140 45.8 1.690 29.1
BURBANK 2 MS-5 5 4.64 8.60 0.130 44.0 1.590 28.4
BURBANK I MS-5 13 4.85 4.60 0.083 47.9 0.560 29.6
BURBANK 2 MS-5 13 4.86 6.26 0.082 46.2 0.700 28.8

BURBANK +Ha (b) 5 6.66 < 0.027 14.5 0.020 16.5
BURBANK +H3 PO4 (a) 1 3.4 1.75 0.240 58.8 0.920 26.1

Soil Type Ted Leach K Mg Mn Na P
D@V (.3] [.06] [.002] [.01] 1.11
No.

BURBANK IC CONTROL 1 13.1 0.8 0.15 0.5
BURBANK 2C CONTROL 2 15.0 1.0 0.003 0.16 0.6
BURBANK 1C CONTROL 5 18.1 1.2 < 0.07 0.3
BURBANK 2C CONTROL 9 15.8 1.4 < 0.3
BURBANK 1C CONTROL 15 17.1 1.7 0.1
BURBANK 2C CONTROL 15 15.9 1.4 0.13 0.3

BURBANK 1 MS-3 1 25.0 6.4 0.453 0.36 56.8
BURBANK 2 MS-3 1 25.0 6.5 0.462 0.4 57.5
BURBANK 1 MS-3 2 26.0 6.5 0.473 0.53 55.5
BURBANK 2 MS-3 2 p'46.0 6.7 0.53 0.54 59.0
BURBANK 1 MS-3 5 25.0 6.9 0.474 0.22 55.0
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TABLE 3.20. (ConL)

Soil Type Ted L.sh K Mg Mn Na P
Day [.3] [.06] (.002] [.01] [.1]
NO.

BURBANK 2 MS-3 5 25.0 6.9 0.551 0.4 58.0
"BURBANK 1 MS-3 9 24,5 6.8 0.55 0.1 53.1
BURBANK 2 MS-3 9 24.9 7,0 0.58 0.1 54.0
BURBANK I MS-3 15 25.9 7.1 0.57 0.58 50.9
BURBANK 2 MS-3 15 25.8 7.2 0.58 0.7 52.7

BURBANK I MS-5 1 29.1 9.4 1.05 0.59 71.9
BURBANK 2 MS-5 1 28.9 9.3 1.05 0.54 69.4
BURBANK I MS-5 5 29,1 10.4 1.35 0.34 69.7
BURBANK 2 MS-5 5 28.4 10.1 1.32 0.33 66.5
BURBANK 1 MS-5 13 29,8 11.5 1.65 0.45 65.0
BURBANK2 MS-5 13 28,6 11.1 1,60 0.37 63.0

BURBANK +HCI (b) 5 16,5 3,0 <c 0.412 0.5
BURBANK +H3PO4 (c) 1 26,1 11.9 08 0,92 164.0

Soil Type Ted Lmch S9 Sr Zn NH4 + DOC
Dqy (.021 [.002] (.021 (.051 [0.1]
No.

BURBANKIC CONTROL 1 4.15 0.014 < 0.15 4,5
BURBANK2C CONTROL 2 5.46 0.018 0.19 5,1
BURBANK iC CONTROL 5 6.48 0.017 0.06 4.7
BURBANK 2C CONTROL 9 7.35 0,026 c < 4,1
BURBANK 1C CONTROL 15 8.53 0.033 -c 0.05 4.2
BURBANK2C CONTROL 15 7.98 0,023 < 0.04 4.3

BURBANK 1 MS-3 1 9.76 0,132 5.17 0.18 9.4
BURBANK 2 MS-3 1 10.6 0.134 5.63 0.27 10.7
BURBANK 1 MS-3 2 14,2 0.125 4.21 0.17 9.5
BURBANK2 MS-3 2 14.7 0.132 4.63 0.16 10.1
BURBANK 1 MS-3 5 19.8 0.131 3.09 0.13 8.6
BURBANK 2 MS-3 5 20.1 0.133 3.65 0.11 8.3
BURBANK 1 MS-3 9 24 0.130 3.00 0.24 8,2
BURBANK2 MS-3 9 24.3 0.130 3.20 0.18 8.3
BURBANK 1 MS-3 15 27.7 0.130 2.64 0.33 8.6
BURBANK 2 MS-3 15 27.8 0.130 2.62 0.32 8,1

BURBANK I MS-5 1 12.8 0.216 9.68 0.28 18.1
"BURBANK2 MS-S 1 13.3 0.2,12 9.88 0.26 17.4
BURBANK 1 MS-5 5 26.4 0,230 8.27 14.6
BURBANK 2 MS-S 5 25.9 0.215 8.42 < 14.5
BURBANK 1 MS-5 13 38,1 0.230 7.23 0.06 12.7
BURBANK 2 MS-5 13 37,6 0.220 7.83 0.10 12.8

BURBANK +HCI (b) 5 10 0.061 < ND 4.8
BURBANK +H3 P0 4 (c) 18 0.307 0.02 ND 8,2
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TABLE 3.20. (Cont.)

Soil Type Tet Leach C" NO- H%3 P04"3 (0) S04- An/Cation
Day[.041 [.061 0.1] [.061 Balance
No. [Duff/Sum]

BURBANK 1C CONTROL 1 0.16 0.21 1.5 1.3 0.4 0.036
BURBANK 2C CONTROL 2 0,23 0.43 1.0 1.3 0.4 0,245
BURBANK 10 CONTROL 5 0.15 1.00 2.6 1.5 0.9 -0.061
BURBANK 2C CONTROL 9 0.17 0.03 4.3 1.5 0.5 -0.042
BURBANK 1C CONTROL 15 0.21 0.07 6.5 1.5 1.4 -0.006
BURBANK 20 CONTROL 15 0.16 < 5.1 1.5 0.7 -0.049

BURBANK 1 MS-3 1 38.27 < 0.9 72.5 0.7 0.313
BURBANK2 MS-3 1 38.19 < 1.0 73.2 0.7 0.304
BURBANK 1 MS-3 2 39.13 < 0.9 80.6 0.7 0.292
BURBANK 2 MS-3 2 39.26 < 0.8 82.4 0.6 0.308
BURBANK 1 MS-3 6 38.55 < 0.9 95.6 0.8 0,231
BURBANK 2 MS-3 6 40.93 < 0.9 101.5 0.8 0.220
BURBANK I MS-3 9 39.30 < 0.9 110.1 0.8 0.181
BURBANK 2 MS-3 9 39.10 < 1.0 115.6 0.8 0,177
BURBANKI MS-3 15 40.69 < 0.9 124.4 0.9 0,112
BURBANK 2 MS-3 15 42.64 < 1.0 134.9 1,0 0.083

BURBANK 1 MS-5 1 83.80 < 0.8 97.0 1.0 0.235
BURBANK 2 MS-5 1 81.95 < 1.2 95.7 1.1 0,232
BURBANK 1 MS-5 5 84.21 < 0.9 112.4 2.0 0.191
BURBANK2 MS-5 6 86.32 < 1.4 107.4 1.9 0.174
BURBANK 1 MS-5 13 88.90 < 0.9 144.5 2.7 0.097
BURBANK 2 MS-5 13 87.60 < 1.5 131.6 2,8 0.110

BURBANK +HCI (b) 5 44.0 < 4.3 2.1 1.1 -0.028
BURBANK +H3 PO 4 (c) 1 0.18 < 0.7 496 1.3 ND (d)

(a) Analytical detection limit.
(b) See Progress Report No. 34, Table IV.1 (Raw Data ID No. 11-86-163).
(M) Earlier raw data (ID No. 4-85.62), done under P Aerosol Program.
(d) ND - not determinkd.
() Assumes phosphate as H2 PO4" for balance purposes.

Burbank Soil Exposure to Mixed Smokes

Chemical analysis of Burbank leachate solutions over time Is presented In Table 3.20.
Also included are earll•r Jrta from acidified controls using HCI and H3 PO 4 as acid sources
(Van Vorls et al. 1987; Cataldo et al. 1989b). For those earlier data, minor corrections In the
calculations have made small changes In numerical results relative to those referenced, but do
not change any of the trends observed. More species aro Included In the listings than previously
reported, to allow for easier Intercomparlsons between soils.
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Exposure at the high loading level (MS-5) generally showed corresponding general initial
Increases In soluble species, relative to test MS-3 soils. Based on dry deposition plates, the
maximum initial Zn solubility was 24 and 42%/6 for tests MS-3 and MS-5, respectively; similarly, P
solubility ranked at 66 and 84%, while Cl solubility versus wet deposition plates was 94 to 118%,
and so Is considered the best measure of actual deposition. Species that show solubilities that
cannot be attributed to simple acidification were Al, Fe, and Si. Amount of Al added by the MS
aerosol Itself was estimated at 0.7 and 2.5 ppm for tests MS-3 and MS-5, respectively, based on
deposition filter data (Table 3.13) using chloride as a reference and assuming total solubility In
the water extract. Observed Initial Al solubility greatly exceeded those estimates. Solubility of
Al, Fe, and P decreased with time, supporting mineralization. The Mn solubility showed a slight
Increase with time, but was strongly affected by small changes in pH levels In the region of pH 5.
Because phosphate precipitates are Initially amorphous and may show Initial solublilties much
higher than those of crystalline minerals, further elucidation of minerals controlling solubility In
these solutions would require conversion of concentrations to activities and application of
chemical modeling techniques.

Although Increased nitrate levels and peaking In nitrite levels in controls corresponded to
active microbial modifications, no nitrate change and undetectable nitrite concentrations were
seen in the exposed soils. Dissolved ammonia levels Increased slightly over the leaching
period from test MS-3, suggesting that lIttle microbial activity had commenced. Dissolved
organic carbon (DOC) levels were elevated, but decreased slightly during the leaching Intervals
for both tests. No effort was made to directly determine any contribution to DOC by the FO
aerosol, although earlier tests with 70-saturated water suggested solubility of around 3 ppm,
maximum.

Maxev Flats Soil Exposure to Mixed Smokes

Chemical analysis of Maxey Flats leachate solutions Is presented In Table 3.21. The
single elevated Cl value determined for control at day 2 has been attributed to a contamination
problem with that Individual ,ample, because reanalysis of the same aliquot confirmed the

concentration, but later samples agreed with the day I analysis. Based on dry deposition
piates, the maximum initial Zn solubilities were 11 and 76% for tests MS-3 and MS-5,
rospectively; similarly, P solubilities ranked at 43 and 38%, while Cl solubilities versus wet
deposition plates were 97 to 121%, and so are considered the best measure of actual
deposition. Species that exhibit altered solubility not attributed solely to acid effects are Al and
Fe. The SI levels were low and of the same magnitude as those observed under acidic
conditions. The Mn levels were elevated and Increased with time, but were likely directly
controlled by acidity. The higher mass loading of test MS-G resulted in corresponding
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Increases in soluble component concentrations. Nitrate levels of both controls and exposed
soils were high and similar, while soluble ammonia levels in exposed soils were slightly
elevated.

Palus -Aji Exposure Ll Mixed Smokes

Chemical analysis of Palouse leachate solutions is given in Table 3.22. Fresh Palouse
soils were exposed at two mass loadings: fresh Palouse 1 was at loadings similar to other
soils exposed during MS-3; fresh Palouse 2 had approximately 50% of the mass loading of
fresh Palouse 1, on a gram soil basis. As Is typical of stored soils, the Palouse controls
showed an elevation or "flush" of some soluble components (Ca, SI, NH4+, DOC), relative to
the fresh (undried) Palouse controls. The high nitrate and low soluble ammonia levels In fresh
Palouse controls suggested enhanced microbial artilvity. Because Palouse soil was added to
the exposure group primarily because of Its use In the microbial studies, no data were
available on acidified controls.

Based on dry deposition plates, the maximum Initial Zn solubility was 10 and 5% for
fresh Palouse and Palouse, rerpectlvely; similarly, P solubility ranked at 65 and 54%, whIle Cl
solubility versus wet deposition plates was 100% for both, and so Is considered the best
measure of actual deposition. Relative to control, Initial solubility was enhanced for most
species, with Al solubility decreasing with time. Solubility of Al, K, Zn, N03- and, to a lesser
extent, P and Sr was higher from exposed fresh Palouse relative to Palouse, while decreased
solubility from exposed fresh Palouse was observed for Mn, Si, NH4+, and DOC. Solubility of
P remained steady throughout the leaching Interval. The elevated (and climbing) level of
soluble ammonia In exposed Palouse coupled with the low nitrate levels and minor nitrite
levels occurring at the longer solution contact times suggests that the microbial community Is
relatively Inactive In that soil.
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I.LE 3,21. INORGANIC CHEMICAL ANALYSIS OF MIXED SMOKE EXPOSED SOIL
LEACHATE SOLUTIONS WITH TIME: MAXEY FLATS

SoiTiype Tet Leach pH Al Ia Ca Co
Day (.031 1.002] [.011 [.011
No.

MAXEY 1C CONTROL 1 4.81 0.77 0.043 5.10 <
MAXEY 20 CONTROL 2 4.90 0.60 0.0m8 4.89 <
MAXEY IC CONTROL 5 4.97 0.47 0,070 4.30 <
MAXEY 2C CONTROL 9 5.04 0.43 0,056 4.10 <
MAXEY IC CONTROL 15 5.01 0.37 0.064 4.05 <
MAXEY 20 CONTROL 15 5.03 0,38 0.049 4,07 <

MAXEYI MS-3 1 3.72 11.30 0.237 14.70 0,02
MAXEY 2 MS-3 1 3.68 10.90 0,251 14.70 0.02
MAXEY 1 MS-3 2 3.82 10.40 0,235 15.00 0.03
MAXEY 2 MS-3 2 3.80 10.30 0,248 15.20 0.03
MAXEY 1 MS-3 5 3.95 8.01 0,230 14.10 <
MAXEY 2 MS-3 5 3.91 8.01 0,230 14.20 <
MAXEY i MS-3 9 4.01 6.21 0,300 14.00 <
MAXEY 2 MS-3 9 3.97 6.33 0,330 14.30
MAXEY 1 MS-3 15 4.04 4.08 0,160 13.70 0.03
MAXEY 2 MS-3 16 4.02 4.42 0.180 14.10 0.03

MAXEY I MS-S 1 3.28 15.20 0.447 20.50 0,04
MAXEY 2 MS-5 1 3.26 14.70 0,441 20.30 0.04
MAXEY 1 MS-5 5 3.46 13.20 0,457 21.10 0,06
MAXEY 2 MS-S 5 3.45 13.50 0,458 20.70 0,06
MAXEY I MS-5 13 3.6 9.47 0,410 21.50 0,07
MAXEY 2 MS-S 13 3.58 10.20 0.430 21.30 0,07

MAXEY +HOj (b) 5 4.49 0,62 0.214 12.50 0.02
MAXEY +H3 PO4 (0) 1 3.07 7.52 0,510 23.30 0,03
MAXEY 10 CONTROL 1 0.103 2.0 1.01 2.56 0.19
MAXEY 20 CONTROL 2 0.097 3.2 1.00 2.49 0.19
MAXEY 10 CONTROL 5 0.049 3.4 0.89 2,59 0,08
MAXEY 20 CONTROL 9 0.062 1.9 0.83 2,47 <
MAXEY1C CONTROL 15 0.042 3.3 0.84 2,56 <
MAXEY 2C CONTROL 15 0,047 1.6 0.82 1.90 0.25

MAXEY I MS-3 1 0.725 4.1 2.43 8.06 0.17
MAXEY 2 MS-3 1 0.700 3.7 2.37 7.92 0.21
MAXEY 1 MS-3 2 0.524 4.6 2.45 8.80 0,39
MAXEY 2 MS-3 2 0.510 5.0 2.44 8.80 0,36
MAXEY 1 MS-3 5 0.360 3.1 2.45 9.47 <
MAXEY 2 MS-3 5 0.360 3.1 2.44 9.42 0.20
MAXEY 1 MS-3 9 0.280 2.1 2.36 10.30 <
MAXEY 2 MS-3 9 0.290 2.7 2.41 10.40
MAXEYI MS-3 1i 0.220 3.8 2,43 11.00 0.18
MAXEY 2 MS-3 15 0.240 3.9 2.48 11.30 0.43

MAXEY I MS-5 1 0.789 4.9 3,03 11.70 0.28
MAXEY 2 MS-S 1 0.733 4.9 3,06 11.90 0.29
MAXEY 1 MS-S 5 0.546 3.3 3.21 16.20 0,08
MAXEY 2 MS-5 5 0.563 3.4 3.20 16.10
MAXEY 1 MS-5 13 0.420 3.3 3.36 20.20 0.29
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TABLE 3.21. (Cont).

"Soil Type Tet Leach Fe K Mg Mn Na
Day [.005] (.31 [.06] [.002] [.01]
No.

MAXEY2 MS-5 13 0.440 3.2 3.36 20.30 0.28

MAXEY +HCI (b) 0.070 4.0 2.22 7.84 0.37
MAXEY +H3 P04 (c) 0.285 4.0 3.36 10.00 0.45

Sl Sr Zn NH4 + DOC
[.021 [.002] [.021 [.051 [.1]

MAXEY 1C CONTROL 1 0.76 0.024 1.03 3.14 27.4
MAXEY 2C CONTROL 2 1.03 0.022 0.03 3.60 26.5
MAXEY IC CONTROL 1 1.13 0.022 0.02 4.49 28.6
MAXEY 2C CONTROL 2 1.40 0.020 < 5.25 29.1
MAXEY 1C CONTROL 1 1.78 0.021 < 5.51 29.1
MAXEY 2C CONTROL 2 1.74 0.020 < 5.67 27.3

MAXEY 1 MS-3 1 1.51 0.073 11.70 4.38 53.5
MAXEY 2 MS-3 1 1.45 0.072 11.60 4.31 49.1
MAXEY I MS-3 2 2.07 0.071 11.00 4.70 50.7
MAXEY 2 MS-3 2 2.05 0.071 11.00 4.59 49.2
MAXEY I MS-3 5 2.76 0.073 10.30 6.00 51.6
MAXEY 2 MS-3 5 2.68 0.072 10.30 5.71 50.1
MAXEY 1 MS-3 9 3.39 0.070 9.73 6.49 51.6
MAXEY 2 MS-3 9 3.39 0.071 9.81 6.49 50.7
MAXEY I MS-3 15 4.20 0.070 9.41 7,00 51.3
MAXEY 2 MS-3 15 4.15 0.072 9.59 6.84 50.2

MAXEY I MS-5 1 2.07 0.103 17.50 4.66 66.0
MAXEY 2 MS-5 1 2.12 0.103 18.10 4.66 65.5
MAXEY1 MS-5 5 4.18 0.110 17.70 6.36 66.7
MAXEY 2 MS-5 5 4.13 0.110 18.00 6.49 65.1
MAXEY1 MS-5 13 6.32 0.110 17.60 7.41 63.1
MAXEY 2 MS-5 13 6.28 0.110 17.90 7.55 63.9

MAXEY 1 +HCI (b) 1.63 0.065 0.08 ND (d) 24.3
MAXEY 2 +H3 P0 4 (c) 3.42 0.125 0.26 NO 39.8

NO" NO3- PO4-3 (a) 60 An/Cation
(041 [.06o [.1] (061 Balance

Duff/Sum

MAXEY 1C CONTROL 1 o.04 27.5 0.04 5.8 0.099
MAXEY 2C CONTROL 2 < 29.6 0.57 5.3 0.071
MAXEY 1C CONTROL 5 0.25 28.5 0.08 7.1 0.097
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TABLE 3.21. (Cont.l.

So0 l Type Test Leakh N0 2 " NOT PO4-3 (a) SO 4 - An/Cation
Day [04] [.061 [.1] [.06] Balance
No. Diff/Sum

MAXEY 2C CONTROL 9 0.04 28.8 < 6.1 0.097
MAXEY IC CONTROL 15 0.05 29.7 0.03 8.1 0.084
MAXEY2C CONTROL 15 0.05 31.1 < 6.9 0.060

MAXEY I MS-3 I < 28.3 24.86 5.4 0.269
MAXEY 2 MS-3 1 < 28.0 23.45 5.1 0.242
MAXEY I MS-3 2 < 28.3 19.48 5,8 0.263
MAXEY2 MS-3 2 < 27.7 18.48 5.6 0.233
MAXEY I MS-3 5 < 28.5 17.52 6.3 0.217
MAXEY 2 MS-3 5 < 28.0 16.33 6.2 0.211
MAXEY 1 MS-3 9 < 28.8 17.70 6.7 0,174
MAXEY2 MS-3 9 28.2 18.22 6.8 0.181
MAXEY1 MS-3 15 30.9 18.20 7.4 0.114
MAXEY2 MS-3 15 31.0 17.00 7,5 0.114

MAXEY1 MS-5 1 26.9 30.10 5.5 0.193
MAXEY 2 MS-5 1 27.3 29.70 5.6 0.180
MAXEY 1 MS-5 s 27.6 21.53 6.4 0.175
MAXEY2 MS-5 5 27.7 22.32 6.5 0,173
MAXEY 1 MS-5 13 30.1 20.20 7.7 0.012
MAXEY2 MS-5 13 29.9 20.20 7.5 0.129

MAXEY1 +HCl (b) < 16.1 < 5.3 -0.151
MAXEY 2 +H3 PO4 (c) < 16.2 334.00 5.8 ND

(8) Assumes phosphate as H2 P04" for balance purposes.
(b) See Prog, es Report No. 34, Table IV.1 (Raw Data ID No. 11-06-163).
(c) Earler raw data (ID No, 4-85-62) done under P Aerosol Program.
(d) ND - not determined.
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TABL 322 INORGANIC CHEMICAL ANALYSIS OF MIXED-SMOKE EXPOSED
SOIL LEACHATE SOLUTIONS WITH TIME: PALOUSE

Soil Type Teat Leach pH Al Ba Ca Fe K LI Mg
Day (.03] (.0021 [.01] [.005] (.31 [.004] (.06]
No.

FR PALOUSE 1C CONTROL 1 5.88 1.04 0.020 2.3 0.669 15.0 < 0.56
FR PALOUSE 2C CONTROL 2 5.87 1.52 0.014 2.5 0.930 16.0 0.025 0.66
FR PALOUSE 10 CONTROL 5 5.88 0.85 0.012 2.1 0.541 14.2 0.011 0.53
FR PALOUSE 20 CONTROL 9 5.84 0.53 0.018 2.8 0.350 14,6 0.042 0.59
FR PALOUSE 1C CONTROL 15 5.83 0.57 0.034 3.8 0.380 17.5 -e 0,83
FR PALOUSE 2C CONTROL 15 5.84 0.53 0.021 3.6 0.370 16.8 0.011 0.76

FR PALOUSE 1 MS-3 1 4.52 4.66 0.224 29.3 0.548 31.0 0.044 5.23
FR PALOUSE 1 MS.-3 9 4,56 3.85 0.216 29,6 0.414 33.0 0.053 6,16
FR PALOUSE 1 MS.3 t 4.65 2.16 0.190 28.7 0.220 29,9 0.044 5.36
FR PALOUSE 1 MS.3 9 4.70 1.00 0.210 30.2 0.130 30,8 0,091 5.55
FR PALOUSE 1 MS-3 15 4.74 0.33 0.100 30.8 0.074 33.5 0.041 6.73
FR PALOUSE 2 MS-3 1 4.98 1.50 0.094 14.5 0.308 24,8 0.019 2.77
FR PALOUSE 2 MS-3 2 4.99 1.30 0,094 14.8 0.290 27.0 0,053 2,80
FR PALOUSE 2 MS-3 5 5.00 0.57 0.081 14.6 0.150 24.7 0.017 2.91
FR PALOUSE 2 MS-3 9 5.02 0.28 0.100 16.0 0.130 25,9 0.021 3 13
FR PALOUSE 2 MS-3 15 5,07 0.35 0.094 16.9 0.190 28.0 0.025 3.35

PALOUSE IC CONTROL 1 6.92 0.06 0.017 4.2 0.076 5.1 0.013 0,78
PALOUSE 2C CONTROL 2 6.98 0.07 0.008 3.8 0.039 5,2 0.019 0.72
PALOUSE 1C CONTROL, 5 6.88 < 0.015 3.4 <c 5.1 -c 0,82
PALOUSE 20 CONTROL 9 6.86 0.10 0.011 3.6 0.099 3.6 0.018 0.64
PALOUSE I1 CONTROL 15 6,48 < 0,037 7.0 0.009 5.7 < 1.28
PALOUSE2C CONTROL 15 6.67 0.13 0.018 5.5 0.140 4.4 0.019 1,02

PALOUSE 1 MS-3 1 5.33 2.92 0.129 31,7 0.438 5.8 0,038 5.93
PALOUSE 2 MS.3 1 5,29 2.94 0.137 32.6 0.443 8,6 0.038 6808
PALOUSE 1 MS-3 2 5.31 1.84 0.125 32.1 0.209 11.0 0.072 5.85
PALOUSE 2 MS-3 2 5.30 1.82 0.131 32.6 0,205 12.0 0,063 5.96
PALOUSE 1 MS-3 5 5.53 0.80 0,100 30.2 0,078 10.0 0.044 5,93
PALOUSE 2 MS.3 5 6.40 0.59 0,110 31,2 0.078 10.0 0,098 6,10
PALOUSEI MS.3 9 5.54 0.19 0.110 31.5 0.041 9.1 0.046 5,90
PALOUSE 2 MS-3 9 6,45 0.16 0.130 32,4 0.038 9,3 0.058 6.13
PALOUSE I MS-3 is 5.51 0,06 0.091 31,4 0.024 11,1 0,034 6,0O
PALOUSE 2 MS-3 15 5.45 0.06 0.098 32.4 0.024 11.3 0.052 0,27

Mn Na P SI Sr Zn NH4+
(.002] [.01] [.1) [,02J [,0021 (.02] (.05]

FR PALOUSE 10 CONTROL 1 0.008 0.37 1.4 6.64 0.017 <.
FR PALOUSE 20 CONTROL 2 0.009 0.49 1.6 9.31 0,017 < <
FR PALOUSE 1C CONTROL 5 0.003 0.19 1.6 10.70 0.015 < <
FR PALOUSE2C CONTROL 9 l< 0.10 1.8 12.10 0.020 < <
FR PALOUSE 10 CONTROL 15 < 0.46 0.6 14.10 0,029 < 0.10
FR PALOUSE 2C CONTROL 15 < 0.25 1.8 14.10 0,027 < 0.11
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Soil Typo Test Leech Mn No P Si Sr Zn NH4 +
Day [.002] [.011 (.1] (.02] [,002] [.02] [.051
No.

FR PALOUSE 1 MS.3 1 0.34 0.67 42,5 10.30 0,216 2.09 0,13
FR PALOUSE 2 MS-3 2 0.41 0.84 41.9 13.70 0.209 1,95 0,10
FR PALOUSE I MS-3 5 0.49 0.44 40,1 18.90 0.220 1,79 0.18
FR PALOUSE 2 MS.3 9 0.51 0.50 40.0 24.00 0.230 1,60 0,36
FR PALOUSE 1 MS-3 15 0,46 0.66 41,4 28.60 0.230 1.58 0,67
FR PALOUSE 2 MS.3 1 0.11 0L46 18,7 8,29 0,105 0,40 0,07
FR PALOUSE 1 MS-3 2 0.12 0,57 19,0 10.70 0,103 0,37 lc
FR PALOUSE 2 MS-3 5 0,10 0,22 19,5 13.90 0.110 0,37 0,06
FR PALOUSE 1 MS.3 a 0.07 0,10 20.9 17.40 0,120 0,34 0,13
FR PALOUSE 2 MS-3 15 0.05 0,313 22.2 20.60 0,120 0,28 0,07

PALOUSE 10 CONTROL 1 0.08 0.74 0,6 9.29 0,020 , 0,58
PALOUSE20 CONTROL 2 0.03 0,76 0.7 11.70 0,016 14 0,68
PALOUSE 10 CONTROL 5 < 0.83 0,5 14.10 0.016 .c 0,71
PALOUSE 20 CONTROL 9 , 0.50 0.7 16.10 0,017 < 0,67
PALOUSE 10 CONTROL 15 < 0.98 0,2 19.40 0,038 ,< 0.32
PALOUSE 20 CONTROL 15 ,c 0.72 0,6 13,00 0,027 . 0,33

PALOUSE I MS-3 1 1.38 0.99 35,7 16,80 0.115 1.03 1,02
PALOUSE 2 MS-3 1 1.42 0.91 35.4 17,50 0,1•0 1,05 1.06
PALOUSE 1 MS-3 2 1,40 1.32 35,2 22,60 0.150 0,86 1.19
PALOUSE 2 MG-3 2 1,43 1,25 34,0 22,90 0,152 0,87 1,22
PALOUSE 1 MS-3 5 1,33 0.98 34.1 28,50 0,150 0.69 1,75
PALOUSE 2 MS,3 5 1.39 0,95 34.0 29,00 0,160 0.71 1,77
PALOUSE I MB-3 9 1.40 0,80 36.7 32.80 0.160 0,61 2,19
PALOUSE 2 MS.3 9 1,46 1,00 4 33,60 0.160 0.62 2.28
PALOUSE 1 MS-3 10 1.36 1.4P $ 35,60 0,150 0.52 2.57
PALOUSE 2 MS.3 15 1.41 OA J.0 36,30 0.160 0,.54 2,50

-- DOG CtI NO~ Nog- po 4 3(a) o -n/Gatbi~
[,1] (.051 [.041 (.0] [11 [061 .m'l,0,5

FR PALOUSE 13 CONTROL 1 5.4 0.38 0.03 23.9 4.4 2.2 0,048
PR PALOUGE20 CONTROL 2 6.9 0.29 0.03 21.5 4.3 1.8 0,128
P•R PALOUSE 10 CONTROL 5 6,7 0.22 0,02 22,5 5.0 2.0 0,150
HI PALOUSE 20 CONTROL 9 6.9 0.25 25.3 5.5 2,0 0.098
FR PALOUSE 10 CONTROL 15 6.6 0.30 ., 33.3 5.6 2,7 0,091
FR PALOUSE 20 CON'TOL 15 6,8 0.28 .< 33,5 5.7 2.8 0,056

FR PALOUSE 1 MB.3 1 15.5 41,08 < 22.3 80.7 1,2 0,162
FR PALOUSE 2 MS-3 1 15,1 41,42 < 22.4 88.0 1,6 0,148
FR PALOUSE 1 MS-3 2 14.9 40,79 < 20.1 100.1 1,8 0,082
FR PALOUSE 2 MS-3 2 13.1 41,61 < 21.7 111.5 2.0 0,040
FR PALOUSE I MS-3 5 14.6 45 40 < P5 1 126.3 2.6 40.0o2
FR PALOUSE 2 MS-3 5 11,5 2(C .J 0,02 23.1 41,1 1.9 0.105
FR PALOUSE 1 MS-.3 9 10.8 20,40 < 23.1 4,0 1,8 0.118
FR PALOUSE 2 MS-3 9 10.9 20,42 < 21.7 54.9 2.1 0.049
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I

TABLE 3.22. (Cont).I
Soil Type Te Leach DOC Ci" NO2 - N03- P0 4-3 (a) SO4 - An/Cation

Day [.11 [.051 [.04] [.061 [.1] [.06] Balance
No. Diff/Sum

FR PALOUSE I MS-3 15 10.4 20.20 < 25.0 60.3 2.6 0.033
FR PALOUSE 2 MS-3 15 10,6 21.60 30.4 65.7 2.9 0.019

PALOUSE 1C CONTROL 1 22.4 0.29 0.11 0.1 1.4 2.4 0.033
PALOUSE 2C CONTROL 2 20.2 0.22 0.34 1.0 1.5 2.0 0.278
PALOUSE 1C CONTROL 5 17.4 0.34 0.88 2.2 2.3 2.6 0.239
PALOUSE 2C CONTROL 9 14.0 0.31 1.15 5.8 2.3 3.0 0.147

PALOUSE IC CONTROL 15 11.7 0.30 0,14 24.1 2.1 3.6 0.103
PALOUSE 2C CONTROL 15 12,3 0.28 0.10 19.2 2.4 3.7 0.073

PALOUSE 1 MS-3 1 32,4 40.7 -C 0.6 71.6 2.1 0.171
PALOUSE 2 MS-3 1 31,2 43.0 0.02 0.7 70.2 2.4 0,160
PALOUSE 1 MS-3 2 27,8 41.5 < 0.8 81.4 2.3 0.144
PALOUSE 2 MS-3 2 28.6 44.2 < 0.8 81.4 2.4 0.136
PALOUSE 1 MS-3 5 24.3 41.1 < 0.7 96.2 2.4 0.064
PALOUSE 2 MS-3 5 28.8 43.4 < 0.9 94.8 2.8 0.083
PALOUSE 1 MS-3 9 20,7 41.1 0.07 1.2 103.3 2.8 0.047
PALOUSE 2 MS-3 9 20.3 43.7 0.05 1.3 103,2 2.8 0.045
PALOUSE 1 MS-3 15 16.5 44.0 0.12 2.2 116.1 3.4 0.013
PALOUSE 2 MS-3 15 16.4 47.2 0.10 2.5 114.2 3.5 0.008

(a) Assumes phosphate as H2 PO4" for ion balance calculation.

Yamac Soil Exposure t Mixed Smoki

Leachate analysis results from Yamac soil extractions are listed In Table 3.23. Based
on dry deposition plates, the maximum initial Zn solubility was 1.2%; similarly, P solubility
ranked at 54%, while CI solubility versus wet deposition plates was 119%, and so Is
considered the best measure of actual deposition. Previous studies with RP deposition

(RFT-A3) had shown an Increase In soluble Al with increasing time to Initial water contact
following exposure, in contrast to Burbank, which showed decreased solubility with time to

water contact. Because no soils coupons were retained for periodic wetting with time, direct
comparison of this factor cannot be made. Components that showed increases In exposed

I Yamac soil not accounted for by acidification were Al, Fe, and DOC. Sulfate showed a
decrease in concentration, unlike other soils exposed. Nitrate and nitrite levels were lagging in
exposed Yamac leachates relative to controls, suggesting that the microbial activity is only
partially slowed,
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TABLEL3.23. INORGANIC CHEMICAL ANALYSIS OF MIXED-SMOKE EXPOSED
SOIL LEACHATE SOLUTIONS WITH rIME: YAMAC

Soil Type Tedt Lach pH A Ba Ca Cu Fe
Day [.03] [.002] [.01] [.004] (.005]
No.

YAMAC 10 CONTROL 1 9,20 0.38 0,004 1.89 0.021 0.204
YAMAC2C CONTROL 2 8.90 0.24 0.006 2.21 0.028 0.105
YAMAC 10 CONTROL 5 8.76 < 0.005 2.33 0.020 0.007
YAMAC 20 CONTROL 9 8.73 < < 2.40 < 0.025
YAMAC 10 CONTROL 15 8.78 < 0.004 2.63 0.015 0.008
YAMAC 20 CONTROL 15 8.8 < 0.004 2.34 0.010 0.049

YAMAC 1 MS3 1 7.97 0.72 0.007 8.63 0.024 0.333
YAMAC 1 MS3 2 8.13 0.84 0.007 7.94 0.035 0.205
YAMAC I MS3 5 8.22 0.27 0.003 5.40 0.027 0.070
YAMAC 1 MS3 9 8.26 0.13 < 5.20 0.021 0.042
YAMAC 1 MS3 15 8.35 0.21 0.005 4.63 c 0.089
YAMAC 2 MS3 1 8,00 0.59 0.006 8.42 0,022 0.301
YAMAC2 MS3 2 8,16 0.45 0.008 8.11 0.034 0.206
YAMAC2 MS3 5 8.28 0.18 0.004 5.17 0,028 0.099
YAM/AC 2 MS3 9 8,32 < c 5.00 0.022 0.025
YAMAC2 MS3 15 8.37 0.15 0.006 4.78 0.023 0.100

YAMAC +H0C (c) 5 8,81 0,14 0.008 6.29 0,019 0.119
YAMAC +H3 PO4 (d) 1 7,84 < 0.036 23.00 < 0.044

K Mg Mn Na P Sl
[.3] 1.061 1.002] [.011 [.1] [.02]

YAMAC 10 CONTROL 1 0.38 0.005 100 1,0 5.43
YAMAC20 CONTRCL 2 0.4 0.51 0.004 124 1,0 5.43
YAMAC 10 CONTROL 5 < 0.56 < 130 0,7 5.25
YAMAC 2C CONTROL 9 < 0.55 < 139 0.7 5.76
YAMAC 1C CONTROL 15 < 0.75 < 142 0.6 5.62
YAMAC 20 CONTROL 15 < 0.48 < 145 0.7 5.95

YAMAC 1 MS3 1 < 4.16 0.072 130 36.8 8,91
YAMAC 1 MS3 2 1.1 3.97 0.062 146 28.1 9.41
YAMAC 1 MS3 5 < 2.84 0.021 150 37.0 9.43
YAMAC1 MS3 9 < 2.18 < 153 38.4 10.1
YAMAC 1 MS3 15 0.6 1.57 0.018 160 42.8 9.94
YAMAC 2 MS3 1 < 4.02 0.068 126 34.8 8.25
YAMAC2 MS3 2 1.6 3.99 0.058 144 26.6 9.11

YAMAC 2 MS3 5 2,75 0.016 149 36.2 9.28
YAMAC2 MS3 9 < 2.09 < 151 37.4 9.64
YAMAC2 MS3 15 1,55 < 164 39.9 9.85

YAMAC +HCI (c) 5 0.23 1.72 0.011 156 0.5 5.36
YAMAC +H3 PO4 (d) I < 7.40 0.150 200 113.0 12.3
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TABLE 3.23. (Cont.L.

Soil Type Te L eech Sr Zn NH4+ DOG INORGC C4"
D [.002] (.02] [.05] [.1] DIRECT [.05]

YAMAC 1C CONTROL 1 0.01 < 0.10 24.8 < 28.4
YAMAC2C CONTROL 2 0.01 < 0.11 23.8 39.3 30.2
YAMACiC CONTROL 5 0.01 < 0.10 21.0 50.1 29.2
YAMAC 2C CONTROL 9 0.01 < 0.09 18.3 54.4 30.4
YAMAC 1C CONTROL 15 0.01 < 0.04 17.9 57.6 30.3
YAMAC2C CONTROL 15 0.01 < 0.05 18.2 56.2 31.2

YAMACI MS3 1 0.03 0.27 0.07 31.4 < 77.1
YAMAC 1 MS3 2 0.02 0.17 0.08 30.7 20.3 78.5
YAMAC 1 MS3 5 0.02 0.08 0.07 29.6 21.5 77.9
YAMAC 1 MS3 9 0.02 0.06 0.05 28.6 23.0 78.8
YAMAC I MS3 15 0.02 0.05 0.05 25.8 22.9 85.7
YAMAC 2 MS3 1 0.02 0.25 0.06 29.0 < 75.5
YAMAC2 MS3 2 0.02 0.15 0.08 30.5 20.0 76.9
YAMAC2 MS3 5 0.02 0.08 0.07 29.0 21.7 76.4
YAMAC 2 MS3 9 0.02 0.05 0.06 28.0 23.0 76.9
YAMAC2 MS3 15 0.02 0.04 0.05 25.7 23.6 81.9

YAMAC +HCI (c) 5 0.03 ND (a) 15.32 57.66 72.5
YAMAC +H3 PO4 (d) 1 0.1 ND 13 26 28.0

NO Br(a) NO3  P04 3 (b) S04- An/Cation
[41 1.06] (.06] (.11 (.06] Balance

Dtff/Sum

YAMAC 1C CONTROL 1 0.29 0.51 1.4 1.8 15.8 0.035
YAMAC2C CONTROL 2 0.41 < 1.1 1.8 16.1 0.102
YAMAC 1C CONTROL 9) 1.03 < 2.0 2.2 17.6 0.029
YAMAC 2C CONTROL 9 1.86 < 3.2 2.2 19.0 0.022
YAMAC 1C CONTROL 15 1.24 0.57 8.3 2.0 19.9 0.005
YAMAC 2C CONTROL 15 0.96 0.63 8.3 2.0 20.1 0.020

YAMACI MS3 1 0.26 0.54 0.8 58.1 11.9 0.158
YAMACI MS3 2 0.21 0.54 1.0 66.9 12.0 0.189
YAMACI MS3 5 0.41 0.45 1.5 88.5 12.3 0.148
YAMACI MS3 9 0.37 0.58 2.8 110.2 12.6 0.115
YAMAC 1 MS3 15 < 0.62 5.4 138.6 14.4 0.086
YAMAC2 MS3 1 0.26 0.49 0.9 54.3 12.1 0.150
YAMAC2 MS3 2 0.22 0.50 0.9 64.8 11.8 0.192
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TABLE 3.23. (Cont.).

Soil Type Test Leach N02- Br(a) NO3 - PO4-3 (b) S04- An/Cation
Ted [.04] [.06] [.061 [.1] [,06] Balance
No. Duff/Sum

YAMAC2 MS3 5 0.44 0.45 1.4 86.3 11.9 0.149
YAMAC2 MS3 9 0.45 0.53 2.7 106.6 12.1 0.115
YAMAC2 MS3 15 < 0.59 5.5 131.4 13.8 0.109

YAMAC +HCH (c) 5 1.78 0.52 4.36 1i5 21.3 -0.014
YAMAC +H3 PO4 (d) 1 < 0.48 12 319 21.0 ND

(a) Br- Is tentative ID only, based solely on retention time on IC.
(b) Assumes phosphate as H2 PO 4 " for Ion balance calculations.
(c) Eadler raw data ID 11-86-165.
(d) Earlier raw data (Test RF2..A3), done under P Aerosol program.
(0) ND -'not determined.

3.3 TERRESTRIAL VEGETATION EFFECTS

3.3.1. Vgfetation Masn Loading and Foilar Retention of Mixed-Smoke Components

Ranga-FindingWlnd Speed Tests (RFIWS)

The range-finding/wind speed tests involved -21 0-mmn total exposure consisting
of -70-min sequential doses of HC (-500 mg/m3 ), FO (-590 rmg/m 3 ), followed by WP
(- 1840 mg/m3 ). Relative humidity was maintained at 50%, and wind speeds of 2, 4, 6,

and 10 mph were employed. As shown in Table 3.24, there was a gradual Increase in
the foilar mass loading between the lower wind speeds up to 6 mph for each of the
mixed-smoke components and in each of the four species that were exposed.
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'ABLE.3.24. FOLIAR MASS LOADING OF Zn (HC), PHOSPHOROUS (WP) AND FOG OIL
FROM MIXED-SMOKE RF/WS TESTS (MS-3-6). TOTAL DURATION OF
EXPOSURES WAS APPROXIMATELY 210 MIN AT 50% RELATIVE
HUMIDITY.

Spciles Wind Sp•.d Fr , Lk
He-Zinc WP-Phosphorus Fog Oil

(jig/cm2 * s9d., n.6)

Ponderosa Pine 2 mph 8.49 i 0.77 15.67 + 1.77 20.10 ± 20.80
4 mph 7.96 ± 0.88 24.60 ± 13.00 283.24 ± 115.90
6 mph 12,01 ± 1.97 105.82:1:40.11 248.92± 49.29
10 mph 71.91 ± 18.13 769.88± 233.84 574.65 ± 231.47

Sagebrush 2 mph 5.36i 1.10 12.49:± 2.71 26.36: ±13.23
4 mph 13.54± 1.49 28.08 ± 3.61 12.94.4 12.82
6 mph 21.06 ± 4.64 58.93 ± 13.40 141.58.t 43.19
10 mph 122.77 ± S9.24 386.58 ± 218.88 312.58 ± 128.58

Bush Been 2 mph 3.18 ± 0.57 8.62:k 2.11 10.27:±:8.86
4 mph 7.40 ± 1.58 22.56 ± 5.28 30.92 ± 10.99
6 mph 12.25 ± 2.76 52.38 ± 13.20 67.40 ± 22.81
10 mph 40.78*t 25.69 143.54± 93.26 105.28± 61.38

Tall Foecuo 2 mph 2.64 ± 0.50 7.97 ± 1.63 5.79 ± 1.63
4 mph 3.20+ 0.53 10.80 ± 3.01 53.51 ± 5.09
6 mph 3.72± 1.33 19.60:±:11.20 16.07 ± 6.52
10 mph 9.94 ± 2.25 58.68:±*24.95 41.85 ± 12.85

The largest variations (standard deviation) In mass loading between the three smoke
components appeared in the FO samples. This was expected based on results of previous
individual component exposures and the volatile nature of the materia.

A significant increase of at least 300% In follar loading was evident In the HC
component (Zn) between the 6 and 10 mph exposures (compared with 2 mph), while that of
the WP In the pine and sagebrush was much larger (i.e., 600 to 700%). The smallest
increases, still greater than 200% were observed in the FO and may again be attributable to
the sampling difficulties described above.

Among the four plant species, the lowest ovvrall rates of mass loading for the individual
smokes were observed in the grasses, while the highest were found in the pines. These
differences may be related to the relative height of the canopy structure between the two
species and the pine's correspondingly larger relative profile In the oncoming wind. The
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ponderosa pines used for these tests were the tallest species in the exposure chamber,
approximately twice as tall as the grasses, which were the shortest.

Following exposure and initial sampling, selected plants (2 each) from each species
were placed into a leaching chamber, and their canopies were given a simulated rainfall
equivalent to a 0.5-cm rainfall before being sampled (2 subsamples each) a second time for
Individual smoke components. The material that was left on the leaves Is expressed as a
percent of the original amount in Table 3.25.

A slight Increase was apparent In the mean of foilar retention of all three smoke
components with higher mass loading, although the differences did not appear significant
(Table 3.25). The percentage retained by the more water-soluble components contained In the
HC (Zn) and WP (total P) smokes, were similar In each of the four plant species. The greater
retention of the Inorganic Ions on the surfaces of the pine, sagebrush, and bush bean as
opposed to that of the grasses (usually 30 to 50% versus 13 to 18%) were related, In part, to
the smoother surfaces of the grass leaves compared with the sagebrush and bean and the
presence of resin on the surface of the pine.

The leaching of the fog oil by the simulated rainfall appeared to be slightly less effective.
This was probably caused by the hydrophobic nature of the fog oil and its potential for binding
to the similarly hydrophobic cuticular material on the surfaces of the leaves. The overall
reduction in the mixed-smoke components on the leaf surfaces was mostly likely responsible
for the lower phytotoxic responses exhibited by these plants (see Table 3,36.) Overall, folear
leaching of mixed-smoke constituents Is generally similar to the leaching losses observed for
Individual smokes (P, FO, HC), and so synergistic efforts are noted (Van Voris et al. 1987;
Cataldo et al. 1989a, 1989b).
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TABL3.25. PERCENT FOLIAR RETENTION OF MIXED-SMOKE COMPONENTS
FOLLOWING A POST-EXPOSURE LEACHING/SIMULATED RAINFALL(a)
IN MS RFI/WS TESTS

Species Wind Speed d__
HG-1.no WP-Phosphorus Fog Oil

Ponderosa Pine 2 mph 13.74 ± 4.26 12.16 ± 3.35 4.92 ± 4.74
4 mph 13.72±1.69 19.04 ± 10.63 61.20±17.01
6 mph 39.65 ±9.18 67.48 ± 18.11 52.90 ± 22.84
10 mph 51.76 ± 20.83 48.50 ± 19.66 65.01 ± 30.14

Sagebrush 2 mph 34.14 ± 12.60 34.67 ± 13.12 73.89 ± 8.43
4 mph 43.38 ± 24.68 41.80 ± 24.33 44.90 ± 34.69
6 mph 38.13 ±12.75 34.07 ±13.05 85.60±19.56
10 mph 50,51 ± 21.73 52.52 ±19.69 61,19±19.41

Bush Bean 2 mph 40.00 ± 7.27 35.49 ± 10.57 27,33 ± 23.73
4 mph 34.23 ± 11.62 32.89±14.17 49.70 ± 26.17
6 mph 34,11±11,52 29,99 ±9.06 57,10 . 15,18
10 mph 50,90 ± 21.52 39.58 ± 19.25 59.37 .• 16.82

Tall Fescue 2 mph 16.33 ±11,88 16.11 ±14.38 69.70 ± 9.49
4 mph 17.09 ± 8.72 16.41 ± 7.40 66.30 ± 10.93
6 mph 14,70 ± 7.04 13.92 ± 6.61 80,40 ± 18.47
10 mph 18,46 ± 12.41 17.92 ± 16.59 48,59 ± 8.80

(a) Lemahkaimultlad mWa was oonduta witn 2 h of cormnminadon and conulmad of 380 mL of synteto rainwaw
pasad through tie canopy over a 15-nin period and a equivalent b a 0.5-cm ainfall.

Deposition Yelocitles of Mixed-Smoak Components to Vecetatlon In the RF/WS Tests

Deposition velocities (Vd) provide a basis for estimating the transfer of smoke
constituents from air to follar and/or soil surfaces, and for specified conditions such as wind
speed, particle size distribution, and relative humidity, and Is Independent of air concentration
and exposure duration. Deposition velocities for each of the smoke components to vegetation
In the RF/WS Tests are given In Table 3.26. The results, reflecting the mass loading values,
once again Indicate significant Increases with increasing wind speed, particularly between the
6 and 10 mph wind speeds. For ponderosa pine, which exhibited an overall greater collection
efficiency, values for Vd with Increasing wind speed ranged from 0.003 to 0.40 cm/s for HC,
and 0.01 to greater than 0.30 cm/s for WP and FO. Sagebrush had Vd values slightly less
overall than the pine. These ranged from 0.003 to 0.07 cm/s for HC at 2 and 10 mph,
respectively; for WP and FO, Vd values ranged from 0.01 to 0.20 cm/s as wind speed
Increased.
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TABLE 3.2. DEPOSITION VELOCITIES (Vd) OF Zn (HC), PHOSPHOROUS (WP) AND FOG
OIL (FO) TO VEGETATION FROM MIXED-SMOKE RFIWS TESTS

Fd, Dfi V,,,a,,2b
Sped" Wind Speed HO-Zinc WP-Phosphorus Fog Oil

(cma x 103+tLd., N-6)

Ponderosa Pine 2 mph 3.74 ± 0.44 9.03 ± 1.02 11.98 ± 11,58
4 mph 4.58 ± 0.51 14.17 ± 7.49 163.23 ± 67,36
6 mph 6.92± 1.13 60.98 ± 23.11 143.45 ± 28,40
10 mph 41.44± 10.44 443.68 ± 134.76 331.17 ± 133.30

Sagebrush 2 mph 3,08 ± 0.63 7.19±1.56 15.19± 7.62
4 mph 7,80 ± 0,85 16.18 ± 2.08 7.45 ± 7.38
6 mph 12.13± 2.67 33.96 ± 7,76 81.59 ± 24,89
10 mph 70.75:± 22.61 222.78 ± 126.14 100.14 ± 74.10

Bush Been 2 mph 1.83 ± 0.32 4.96k 1.21 5.91 ± 5,1
4 mph 4.26i 0.91 13.00 ± 3.04 17.81 ±6.33
6 mph 7.06± 1.59 30.18 ± 7.60 38.84± 13.14
10 mph 23.50 ± 16,53 82.78 ± 53.74 60.67± 35.37

Tall Feacue 2 mph 1.52 ± 0.28 4.59 ± 0.93 3.34 ± 0.93
4 mph 4,59 ± 1.84 6.27 ± 1,73 30.83 ± 2,93
6 mph 2.14± 0.76 11.29 ± 6,45 60.67± 35.37
10 mph 5.72 ± 1,29 33.82 ± 14.37 24.11 ± 7,40

Increased Vd values were also observed for bush bean, although Increases with wind
speed are not as pronounced. These Increases In Vd were not as pronounced for tall fescue,
particularly In the case of HC components. It should be noted that the patterns and values
obtained for each of the species were comparable to those obtained for the Individual
components in previous wind speed tests (Van Voris et al. 1987; Cataldo et al. 1989a, 1989b).

Figures 3.9 and 3.10 provide regression plots for the deposition velocity data tabulated
In Table 3.26. As wind bpeed is Incruased, values of Vd Increase exponentially. Generally, a
good regression fit of the data Is obtained for each plant species, with overall depo-;Ition or
oollection efficiency being ponderosa pine > sagebrush > bush bean > tall fescue. The least
significant regresslun fits are obtained for the fog oil. This likely results from Interference of H(W0
organic components with the fog oil assay.
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Foilar Mass Loading and Deposition Velocities of Mixed-Smoke ComponentR to Veoetation
Following Cumulative Dose Exposures.

Several mixed-smoke, cumulative-dose test scenarios were performed. These included
HC/WP with minimal FO (MS-7-8), HC/WP/FO (MS-9-1 0), FO alone for ML verification (MS-13),
WP/FO (MS-1 4-15), and HC/FO (MS-1 6-17). Conditions for the cumulative dose (CD) series of
exposures were chosen to simulate recurrent field use of mixed smokes. Also, during this test
series, rates of mass loading to vegetative surfaces were substantially higher after four
exposures than those attained in the 6 to 10 mph treatments in the WS/RFT series.
Experimental conditions consisted of an exposure duration of 7 h with a wind speed of 4 mph
(1.8 m/s), at 50%/6 RH and 210C. Target concentrations of the smoke components were: HC
-600 mg/m3 , to be generated first, FO -600 mg/r 3 second, and WP -2000 mg/in 3 last.

The initial CD series (MS-7 and MS-8), employing HC, WP, and FO was terminated after
two exposures when substantial phytotoxic effects were observed, and it was learned that a
faulty feed pump for the FO had caused a substantially lower concentration to be deposited
than was projected. Thus, test series MS-7-8 can be considered a HC/WP only test. A
subsequent series was initiated with a repaired FO generator, but was again terminated after
only two exposures (MS-9-10) when greater-than-expected plant effects were once again
observed. Because of these unexpected levels of phytotoxicity, a separate exposure (MS-13),
consisting of only FO at the concentration projected for a single CD test, was also performed to
provide a more accurate estimation of loading and phytotoxic/physiological effects of the fog oil
without analytical Interferences from other MS components. The results from the separate FO
exposure (MS-13) represent the dosage and effects resulting from a single exposure at the
concentration level projected from a single CD exposure and should be Interpreted

accordingly.

Foilar mass loading for the HC and WP components in the two CD series is given In
Table 3.27. There appeared to be an elevated deposition of WP in the pines and sagebrush
('-200 1tg/cm 2 ), compared with other species. Tall fescue had the lowest mass loading, at -30
g±g/cm 2 . For HC smokes, mass loading to all species except fescue ranged from 15 to 30

lgg/cm2 ; ML rates were lower for fescue, 6 1g/cm2 . The taller stature of the pines as opposed
to the other species may have been Important in the Interception of the larger WP particles from
the wind stream, thus accounting for the higher rates of loading. Conversely, the smaller
diameter HC particles may have been trapped by the rougher surface morphology (wax plates
and leaf hairs) of the sagebrush leaves. The rates of loading following the two exposures In
each series, which were within the desired ranges, were greater than those of the 6 mph, but
less than those of the 10 mph treatments in the WS/RFT series.
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IA•Si 32Z. AVERAGE FOLIAR MASS LOADING (i.Lg/cm 2) OF PHOSPHOROUS (WP)
AND ZINC (HC) ON VEGETATION SURFACES DURING MIXED.
SMOKE/CUMULATIVE DOSE (MS/CD) EXPERIMENTS (MS-7, MS-8,
MS-9, AND MS-10) (n =6, UNLESS NOTED)

Test/
Species Phosphorous (WP) Zinc (HC)

gL/cM2 ± s.d.(n.6)
MS-7-8

Ponderosa Pine 209.05 ± 58.65 19.03 ± 2.03
Short-Needle Pine 153.71 ± 61.96 17.90± 4.69
Sagebrush 87.84 ± 10.09 22.75 ± 3.87
Bush Bean 94.58 ± 24.63 16.53 ± 4.75
Tall Fescue 36.01 ± 7.44 6.64 ± 1.59

MS-9-MS-10
Ponderosa Pine 107.09 ± 19.05 14.10 ± 1.23
Short-Needle Pine 214.09 ± 33.75 22.54 ± 5.56a
Sagebrush 140.98 ± 45.52 30.55 ± 4.54 b
Bush Bean 59.28 ±130.14 13.06 ± 4.84
Tall Fescue 28.09 ± 2.55 6.24 ± 0.76

(b) n-2.

Follar mass loading for FO following a single exposure (MS-13, Table 3.28) exhibited a
similar pattern to that of the other MS components. Rates were higher In the pines and
sagebrush (110 to 190 lgg/cm 2 , for a single exposure), and lowest in the grass and bush bean
(32 and 75 gg/cm 2 , respectively). Once again, the concentrations observed indicated that for
the two exposure series, MS-9-10, the expected FO concentrations were similar to the 6 to
10 mph WS/RFT series.
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TABLE 3,28. AVERAGE FOLIAR MASS LOADING (Ag/cm 2 ) OF FOG OIL (FO) FOLLOWING
AN EXPOSURE (MS-13) SIMULATING THE CONDITIONS OF THE FOG OIL
PORTION OF THE COMBINED MS/CD TESTS (n . 4)

Species Fog Oil (FO)

(Ig/cm2) ± s.d. (n-4)

Ponderosa Pine 190.03 t 22.83

Short-Needle Pine 158.37 ± 74.94

Sagebrush 111.30±14.23

Bush Bean 74,76 ± 16.43

Tall Fescue 31.78 ± 14.74

Denosition Velocities IQ Vgoetation for Mixed-Smoka Compongrits in Cumulative.Dose

The Vd values calculated for mixed-smoke cumulative dose series are shown In Table
3,29. Fog oil values could not be determined for HC/WP/FO runs (MS-9-MS.10, two sequential
exposures with a 2-day Interval), because of Interference from organics contained In the other
two smokes and loss of hydrocarbons resulting from evaporation from surfaces (Cataldo et al.
1989a). The Vd values for FO were determined independently in test MS-13 (single exposure).
Tall fescue and bush bean exhibited the lowest overall Vd values, while the pines and
sagebrush exhibited the highest values for each of the three smokes. This pattern was
generally similar to that observed In the WS/RFT tests and that previously obtained for the
Individual components (Van Voris et al. 1987; Cataldo et al. 1989a, 1989b). Thus, there
appears to be no synergistic effects of previously disposed smokes or deposition of
subsequent samples.

Variations in Vd values between replicate tests were not significant (P>0.5) for HC.
Significant variations between runs were observed only for the ponderosa pine exposure with
WP(P>0.1). The latter may be related to differences in particle MMAD for the two runs, which
may have resulted from the burn rates of the WP.
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XTMLE..3A22. DEPOSITION VELOCITIES OF Zn (HC), PHOSPHOROUS (WP), AND FOG OIL.
(FO) TO VEGETATION FROM MIXED-SMOKE CUMULATIVE DOSE AND
SPECIAL. FOG OIL TESTS

F.ar 121=11119 vekxti
Spedc TeO H-C-Z)nc WP-Phoup•orous Fog Oil

(orme/ x 103 ± Ad., n.6(s)

Porderosa Pine MS 7.8 2.74 ± 0,29 30.11 ± 2.74
MS9-10 2.03 ± 0.17 15.42 ± 2.74
MS 13 54.75 6.57(b)

Short-Needle Pine MS 7-8 2.57 ± 0.67 22.14 ± 8.92
MS 9-10 3.24 ± 0,80(o) 30.84 ± 4,86 -
MS 13 - 45.63 121.59

Sagebrush MS 7-8 3.27 ± 0,55 12.20 ± 1.45 .
MS 9-10 4.40 ± 0.65(d) 20.31 ± 6.55
MS 13 - 32.07± 4,12

Bush Bean MS 7-8 2.38 ± 0.88 13.52 ± 3.54
MS 9-10 1.8e ± 0.69 8.54 ± 4.34 -
MS 13 - 21.54+ 4,73

Tell Fesoue MS 7-8 0,95 ± 0,22 5.18 ± 1.07
MS9-10 0,89 ± 0,11 4.05 ± 0,36 -
MS 13 09.186 4,24

(a) Unles hoWd.
(b) n-4.
(0) n-&,
(d) n-2,

Alternate Mixed-Smoke Exposure Scenarios

The greater-than-expected phytotoxic effects following only two exposures to the
combined mixed HC/WP and HC/WP/FO smoke scenarios in the CD series prompted
additional exposure scenarios to be undertaken. This was based on ML rates and that the FO
was expected to add a protective barrier to the foilar absorption of the other smoke
constituents. Because Individual exposures under similar condltloi is had already been
performed, and resulted in slightly less plant damage, It was assumed that a synergistic effeot
between two or more of the smokes may be occurring. Therefore, a test series with either
WP/FO (MS-14-15) or HC/FO (MS-16-17), consisting of two sequential exposures similar In
design to the original CD tests, was performed. The mass loading data given In Tables 3.30
(WPIFO) and 3.31 (HC/FO) do not Include the FO component for the same reasons given In the
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I
previous section. It was calculated that the exposure rate, because it was applied under the
same conditions, would be twice that of the individual FO exposure (MS-13, Table 3.28), or 60
to 400 ig/cm2 .

3 As can be seen in Table 3.30, mass loading to plant surfaces ranged from 36 to 679 g
P/cm2 foliage; actual combusted WP loading would be four times these values for phosphorus.

Sagebrush had the highest mass loading, followed by short-needle pine and ponderosa pine,
with bush bean and fescue having the lowest loading. The denser aggregation of needles in
the short-needle pine canopy and the larger size of the WP particle may have accounted for

3I part of the increased loading compared with the ponderosa pine in the MS-7-8 and MS-9-1 0
tests. The highest mass loading occurred on the sagebrush with roughly 4 to 6 tines that of the
previous CD runs. This was attributed In part to the presence of larger and thinner ephemeral
spring leaves on the plants during these exposures, which presented a greater profile to the
smoke during the exposures. The WP mass loading values for both the bush bean and the tall
fescue were also comparable to the previous CD expnsures (Table 3.27 versus Table 3.30)
because their basic canopy structure remained the same.

T. AVERAGE FOLIAR MASS LOADING (pWg/cm 2) OF PHOSPHOROUS (WP) ON
VEGETATION SURFACES DURING MIXED-SMOKE CUMULATIVE DOSE
(MS/CD) EXPERIMENTS (14-15) (n = 6)

Species Phosphorous (WP)

Ponderosa Pine 220.26 ± 39.7

3 Short-Needle Pine 472.63 ± 61.96

Sagebrush 679.04 ± 342.36

Bush Bean 65.75 ± 29.74(a)

Tall Fescue 36.01 ± 7.44

(8) Eposed ony to Mt MSI 4.

3is Mass loading values In the HC/FO exposures ranged from 6 to 56 jig Zn/cm 2 foliage

(Table 3.31). The lowest ML rates were again in bush bean and tall fescue. It should also be

noted the the rates given for the beans are from a single exposure, which was dictated by the
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plant's phytotoxic responses as described below. Sagebrush had the highest mass loading

levels, followed by ponderosa pine and short-needle pine, with mass loading rates of 56, 38,

and 20 pg Zn/cm 2 , respectively. The loading value for the sagebrush was again higher and

appeared dependent on the newer types of ephemeral leaves, while those of the grass ard the

bean were comparable to the previous experiments. As noted earlier (p. 3.64), there is no

indication that previously applied smokes have any synergistic effect on the mass loading of
subsequent smokes.

TABLE31. AVERAGE FOLIAR MASS LOADING (pg/cm2) OF ZINC (HC) ON
VEGETATION SURFACES DURING MIXED-SMOKE CUMULATIVE DOSE
(M,/CD) EXPERIMENTS (16-17) (n - 6)

Species Zinc (HC)

pg/cm2 ± s.d.(n = 6)

Ponderosv, Pine 37.81 ± 7.54

Short-Needle Pine 19.87 ± 4.16

Sagebrush 56.56 ± 17.80

Bush Bean 6.18 ± 2.27(m)

Tall Fescue 6.88 ± 1.30

(a) Expo*1donoMS-14.

3.3.2 MgaV Loading of Mixed-Smoke Constituents tEoLlsQ

Soils were expnsed to mixed smokes to access subsequent Impacts on plant growth,
microbial metabolism, and soil invertebrates (earthworms). Exposed soils were analyzed for
deposited smoke constituents based on Zn, total P, and fog oil hydrocarbons. These values
then established the dose relationships for subsequent biotic effects studies.

RE.ge-FindingWind Speed Test Series

Soil mass loading values for each of the mixed smoke constituents from the RFTNWS test

series are provided In Table 3.32. Except for HC smoke, there is considerable variation in
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deposition rates for the smokes. There were no significant corralations between increasing
wind speed and mass loading of the exposed soil coupons. 'This is understandable because

the portion of the test section ahead of the plants has stable, low turbulence air flow; thus,
deposition to fiat so:l surfaces lying within the boundary layer, would depend more on
sedimentation rates than impaction, as with the plant canopies. Also, no differences in mass
loading were observed between the two soil types, Burbank and Maxey Flats.

T•.BL•_3.3. SOIL MASS LOADING FOR BUr4BANK AND MAXEY FLATS SOILS

FOLLOWING EXPOSURE TO MS RF/WS TESTS

Soil Type Wind Speed , Lif

HC.-Mrn RP-Phoptorou Fog Oil

( b s s.c, n.3)

Burbank 2 mph 6.64± 0.86 15.53 ± 1.97 126.17 .± 114,08
4 mph 5.40 ± 0.45 6.32 ± 1.36 267.18 152.51
6 mph 5.43 ± 0.51 10.23±1.50 48.34 ±0.31
10 mph 9.71 ± 0.98 11.86 ± 3.24 133.00 i 28.32

Maxey Fats 2 mph 11.81± 0.43 11.26±0.21 194,78 ± 181.30
4 mph 7.92 ± 0.89 34.63 ± 2.A4 108.10 ±51.97
6 mph 9.12± 1.39 10.40 ± 3,01 44,57 ±5.42
10 mph 8.82 ± 0.81 C1.91 ± 3.86 222.19 1 C'.36

Mixed-Smoke Qumnulative Dose Test Seri 1g,

As noted earlier, the mixed-smoke cumulative dose test scenarlos Included HC/WP with
minimal FO (MS-7-8), HC/WP/FO (MS-9-10), FO alone for mass loading verification (MS-13),
WP/FO (MS-1 4-15), and HC/FO (MS-1 6-17). Soil mass Ioadilng rates, followIng a 2-h
exposure to each smoke at 4 mph wind speeds are provided In Table 3.33. Mass loading rates
to each of the three soils was comparable for WP and HC in Ithe two test series (MS-7-8,
MS-9-1 0), and ranged from 4 to 20 ug P/cm 2 soil, and 2 tki '920 Ig Zn/cm2 soil followirg WP and
HC deposition. Fog oil loading, based on MS-13 results ranged from 9 to 15 g/fcm 2 for the

three soils. WP deposition was highest in Burbank soil, followed by Palouse and lowest in
Maxey Flatc. Deposition patterns were different for the HC aerosols, with Maxey Flats and
Burbpnk having the highect mass loading levels and Palouse the lowest.
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TABL 333. AVERAGE SOIL MASS LOADING (jlg/cM2) OF PHOSPHOROUS (WP) AND
ZINC (HC) DURING MIXED-SMOKE CUMULATIVE DOSE (MS/CD)
EXPERIMENTS (MS-7-8 AND MS-9-10) (N = 3), AND AVERAGE SOIL
MASS LOADING (pg/cm 2 ) OF FOG OIL (FO) DURING SEPARATE FOG OIL
EXPOSURE AS PART OF THE MS/CD EXPOSURES (MS-1 3) (n . 3)

Test/

Soil Type Phosphorous (WP) Zinc (HC) Fog Oil (FO)

Ng/cm 2 i s.d. (n - 3)

MS-7-8

Maxey Flats 4.40 ± 0.2 18.95 ±1.87 -

Burbank 23.00 ± 2.95 10.21 ± 0.64 -

Palouse 8.93 ± 1.12 2.26 ± 0.03 -

MS-9-10

Maxey Flats 4.35 ± 0.13 20.66 ± 1.30 -

Burbank 21.20 ± 2.07 15.48 ±2.68 -

Palouse 10.23 ± 0.48 2.78 ± 0.30 -

MS-13

Maxey Flats - 9.82 ± 0.68
Burbank 9.30 ± 0.57
Palouse 14.82 ±1.53

Mass loading rates for soils from mixed-smoke scenarios employing WP/FO and HC/FO
are shown in Tables 3.34 and 3.35. Fog oil mass loading levels were not measured directly,
but should be comparable to those provided In Table 3.31. For WP smoke, deposition rates
ranged from 3 gtgP/cm 2 soil for Clnebar, to 109 itgP/cm2 for Burbank soil. These values are
substantially higher than those seen In the HC/WP/FO CD test, and may be related to the larger
particle size distributions of the aerosol. In the HC/FO tests, HC loading ranged from 3
pggZn/cm2 soil for Palouse and Cinebar soils, to 26 iig/cm2 soil in Maxey Flats soil. In this
Instance, deposition was comparable to that seen In the HC/WP/FO test series.
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TABLE 3.4. AVERAGE SOIL MASS LOADING (pg/Cm 2) OF PHOSPHOROUS (WP)
DURING MIXED-SMOKE CUMULATIVE DOSE (MS/CD) EXPERIMENTS
(14-15) (n - 3)

Soil Type Phosphorous (WP)

WC2 * s.d. (nm3)

Maxey Flats 44.35 ± 2.46

Burbank 109.53 ± 8.54

Palouse 46.22 ± 2.25

Clnebar 3.11±0.54

TABLE.35 AVERAGE SOIL MASS LOADING (gg/Cm 2) OF ZINC (HC) DURING
MIXED-SMOKE CUMULATIVE-DOSE (MS/CD) EXPERIMENTS (16-17)
(n - 3)

Soil Type Zinc (HC)

tggm2 ± s.d. (n-3)

Maxey Flats 26.40 ± 1.43

Burbank 19.17 ± 4.25

Palouse 2.72 ± 0.48

Cinebar 3.70±1.00

3.3.3 Contact Phvtotoxlcity of Mixed Smokes Deposlted to Follar Surfaces

The results of previous studies dealing with aerosol characterization and mass loading
of smoke constituents to surfaces are employed to establish the dose conditions for further
evaluation of environmental Impacts. Several environmental parameters, Including wind
speed and relat!ve humidity, and exposure conditions such as smoke type, combinations of
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smoke, and also the quantity of smoke constituents deposited to biotic surfaces and/or biotic
zones can Influence the environmental effects of obscurant smokes.

The following contact toxicity studies are designed to establish the relationship between
foilar mass loading and phytotoxicity arising from direct contact of smoke constituents with
foliage. In these studies, the soil container Is bagged to prevent contamination of soil, thus
allowing evaluation of only foilar contact toxicity. The Indirect effects of mixed smoke on plants,
via soil contamination, are addressed are Section 3.3.4.

Dealing with the foilar contact toxicity problem presents several problems. First, In the
present study three of the five plant species are natural genetic stock, and each individual can
represent a slightly different genotype. This results In some degree of physiological variability,
and thus, possible toxicity response differences within each test species. Second, under both
field conditions and wind tunnel simulations, where air movement occurs along a given vector
(i.e., wind direction), deposition to canopies can occur Irregularly depending on canopy
structure, density, and the presence of back eddies. These air movements and currents
account for a substantial fraction of the foilar deposition in both instances and are real world
conditions. However, this dynamic exposure approach is substantially more suited to toxicity
testing than stirred or unstirred static exposure systems. The third problem, taking for granted
natural variability in test species and foilar deposition patterns, Is how to quantitate damage to
vegetation In a consistent and cost-effective manner. After preliminary results with RP smokes
were obtained (Van Voris et al. 1987), It was decided that the best approach to evaluating
contact toxicity was to use a non-parametric grading system, namely, a modification of the
Daubenmire (1959) rating scale as a damage Index.

The modified Daubenmire rating scale (MDRS) and descriptors for toxicity symptoms
were given in Table 2.10 and used to describe the toxicity responses In each of the following
studies. The MDRS is used to describe the extent of visual damage caused by the HC smoke
delivered under different experimental conditions. This can be any one, or more, of the listed
symptoms; however, for the HC smoke, the major effects appeared to be tip burn and chlorosls.
In the case of the pines, grass, and in some Instances sagebrush, the intensity of follar damage
was further quantitated by determination of the physical length of needle or leaf damage. It
should be restated that the data generated for foilar contact toxicity are non-parametric and
represent an estimate of foilar damage. The physiological data (photosynthesis and
respiration), collected for selected test series, are used to correlate the visual symptoms with
actual metabolic responses to the exposure, and should be considered together In evaluating
actual vegetation effects.
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Phytotoxicity Observed Following Rangae-FindingifWlnd Speed Exposures

Phytotoxic response to the Initial mixed-smoke tests, wind speed tests (MS-3 through
MS-6, Table 3.36), was less than expected based on previous results with the WP (Van Voris
et al. 1987) and HC (Cataldo et al. 1 989b) applied Individually. These results can be attributed
to the lower mass loading rates (Table 3.24). For example, WP was deposited with doses
ranging from 15 to 770 pg P/cm2 ; DR toxicity ratings ranged from 1.5 to 5,5 (minimal to severe)
at 3 weeks post-exposure. Previous studies with WP alone (Van Voris et al. 1987) showed
toxicity ratings to range from 2 to 6 for ponderosa pine at mass loading levels of 7 to 1200 jg
P/Ca2, respectively. Also, HC loading In the MS-3-6 tests ranged from 7 to 72 gig Zn/cm 2 that,

based on earlier single smoke exposures for HC (Cataldo at al. 1989b) should have resulted In
additional damage, which was not observed. In these earlier studies, DR toxicity ratings
ranged from 1 to 2.5 for mass loadings of 4 to 143 lig Zn/am 2, Little or no toxicity would have
been expected for the FO deposited to follar surfaces based on the present mass loading

IABLE 3.6 PLANT SYMPTOMOLOGY TO MIXED-SMOKE EXPOSURES IN WIND
SPEED TESTS MS-3 THROUGH MS-6. DETERMINATIONS WERE MADE
WITHIN 48 h OF INITIAL EXPOSURE AND AFTER THREE WEEKS ON BOTH
THE EXPOSED AND EXPOSED-LEACHED PLANTS

Truatment,) Damage Index Symptornology
Sampling Mlme (DR Scale)

Bush Bean
MS-3, 2 mph

Initial 2.0 ohl, NS
3 Weeks 3.5 chl, NS, LC, TB, NGDH
Leached, 3 Weeks 2.0 NS, TB

MS-4, 4 mph
Inldal 2.0 chl, NS
3 Week. 4,0 chl, NS, LC, TB, NGDH
Leahed, 3 weeks 3.5 NS, TB

MS-6, 6 mph
Initial 4.0 W, NS
3 Weeks 4.0 ohl, LD, NS, OGA
Leached, 3 Weeks 4.0 ohl, LD, NS, OGA

MS-6, 10 mph
InIal 5.5 W, NS, TB
3 Weeks 5.5 LBD, ohi, NS, O&NGA
Leached, 3 Weeks 3.5 LBD, ohl, NS, O&NGA
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TABLE 3.36. (Cont.).

T =ement)ge Wx Symptomobgy
Sampling Tlime (DR Scala)

Sagebrush
MS-3, 2 mph

Inkt 0
3 Weeks 2.0 TB(0.5),BD, OGA
Loched, 3 Weeks 1u TB(0.5)

MS.4, 4 mph
Inital 0
3 Weeks 2.0 TB(O.5), BD, OGA
Leohed, 3 Weeks 1.0 TB(O,5)

MS-5, 6 mph
Initial 0
3 Weeks 3,0 BD, TB(O,5), LD, OGA
Leached, 3 Weeks 1,0 BD

MS-6, 10 mph
Initial 4,0 BD, OGA
3 Weeks 5,5 BD, O&NGA
Leached, 3 Weeks 5,0 BD, O&NGA

Ponderoou Pine
MS-3, 2 mph

InIdal 1,0
3 Weeks 1,5 TB(0.5), NS
Leached, 3 Weeks 1,0 TO(1.5)

MS-4, 4 mph
Inital 1,0
3 Weeks 1.5 TB(1.0), NS
Loched, 3 Weeks 1,0 TB(1.5)

MS-5, 6 mph
Initial 1,5 TB(1.0)
3 Weeks 2.0 NS, TB(1,0), OGA
Leached, 3 Weeks 1.0 NS

MS.6, 10 mph
Initial 4,5 NS, TB(2.0)
3 Weeks 5,5 LBD, NS, O&NGA, LD
Leached, 3 Week. 2.5 NS, TB(4,0), OGA

Tall Fescue
MS-3, 2 mph

Initial 1.0 NS
3 Weeks 1,5 TB(0,5), NS, LO
Leached, 3 Weeks 1,0 TB(0.5), NS, LC

MS-4, 4 mph
Initial 1.0
3 Weeks 1.5 TB(4.0), NS, LO, OGA
Lasched, 3 Weeks 1.0 TB(1.5), LC, OGA

MS-., 6 mph
Initial 3,0 TB(8.0), NS, W, OGA
3 Weeks 3.5 TB(10.0), NS, W, OGA
Leached, 3 Weeks 2,0 TB(4.0), W, NS, OGA
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TABLE 3,36. (Coan).

Trotnme'no) Damage ideX Symptomology
Sampling Time (DR Scae)

Tall Fescue (sent.)
MS-4, 10 mph

Inktal 4,5 NS, TB(10.0), W, OGA
3 Webks 5.6 NS, OGA, TB(1 3.0). W
Leahad, 3 WMeke 5.5 NS, TB(10.0.0), OGA, W

• Daubenmire sle and symptmalogy dnlknK en In Tabe 2,10.
(b) Mb44 employed HO/M"WP.

levels und previous results with single FO smoke exposures (Cataldo et al. 1989a), These
comparative results would Indicate that, at least for single MS dose events, additive effects
from mixed smoke events are not evident and the majority of the effects observed result from
WP constituents.

Of the four species exposed in the mixed-smoke wind speed tests, the bush bean
proved to: be the most sensitive to the materials contained In the smokes (Table 3.36), even
though the bush bean received tMe second lowest dose based on mass loading. Within 48 h,
particularly at higher wind speeds, there was significant damage consisting primarily of
necrotic spottlng and chlorosis In the older exposed surfaces, Within 3 weeks, all the older
exposed leavris had aborted. In the lower wind speed experiments (2 and 4 mph), the damage
did not Includo the leaf buds, and the new leaves developed normally post-exposure, while In
the higher wind speed experiments (10 mph) the developing buds and new shoot growth were
damaged.

The remaining species, tall fescue, sagebrush, end ponderosa pine, did not exhibit
significant phytotoxio responses at lower wind speeds. in fact, there appeared to be a definito
threshold of responses, particularly for the pine and sagebrush, between the 8 and 10 mph
tests (Table 3.26); this corresponded with a dramatic Increase In follar mass loading and
damage (DR 5.5). The damage at the highest wind speed appeared to affect the new growth In
the sagebrush and pine as well, more so than In the grassen.

Post-exposure leaching, to remove surface contaminants, did not consistontly reduce
the extent of plant damage. Although leaching removes 10 to 50% of the follar-deposited HC
and WP components (Table 3.25), amelioration of effects wus apparent only at wind speeds
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below 6 rnph. No amelioration was apparent at high wind speeds and higher mass loading
levels. Thus, toxicity Is likely related to the total amount of material left on the foliage because
In most species 10 to 50% of the original material remained on the leaves, and this residual
dose may still exceed that required for a damage threshold.

It should be noted that, as In previous single-smoke exposures, old growth is more
susceptible to damage than more recent or younger tissues. Damage patterns did not Indicate
which of the components of the mixture may have proven to be the most phytotoxic. However,
the higher Incidence of necrotic spotting, particularly Immediately after the exposure, and plant
wilting (Table 3,36), were more characteristkr of white phosphorus damage (Van Voris et al.
1987).

ontaot Phytotoxlcity to MI.Xed-Srngko CU ,ulative Dose Expasures

In the cumulative dose test (CDT), the objectlive is to determine whether biotic Impacts
from successive exposures are equivalent to, less, or more severe than those resulting from

single exposures having the same total dose (mass loading). This provides essential
Information as to whether effects are cumulative based on total dose, or whether metabolic
compensation occurs In the Intervening time between dose events.

Originally, the CDT series was to employ four consecutive exposures at 2- to 3-day
Intervals. However, because of the extent of plant damage, studies were terminated after the

second exposure period. As noted earlier, test series MS-7-8 nan be considered a HC/WP
only test.

Test series MS-.-1 0 employed ItC/WP/FO. Test MS-i 3 consisted of orily FO at the
concentration projectod for a singlo CDT exposure, and was performed to provide a rmore
accurate estimation of loading, and phytotoxic/physiclogicl 'ffects of the fog oil wvithout
analytical Interferences from the other MS components.

Significant phytotoxic effent war observed w~thin 7 days post-exposure in all species in
both of the MS/CD s5rles (MS-7 8 and MS.-0-10, Tables 3.37 and 3.30. respoctively) In both
te*O series the bush beans were Impacted the groate.at in the shcrest time period (<48 h) with
both the old and new growth balng affected. The plants showod marked rmactotic spotting, leaf
ourl, and w~iting Imn ,edla t9ly alter expo•Le and continued to do so for the next week (DR
5.5.6). However, within tho second week after the exposus'e. ;vere stopped the moristenmatic
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regions of the plant had recovered sufficiently to Initiate new growth, which continued up to the
time the plants were terminated (30 days). At 30 days post-exposure damage to bush bean
was judged moderate (DR 3).

3 The other species also showed substantial damage just before and after the second
exposure of the CD series. The sagebrush, tall fescue, and pines showed necrotic spotting,

,ABLE3137. PLANT SYMPTOMOLOGY TO MIXED-SMOKE EXPOSURES IN
CUMULATIVE DOSE EXPERIMENTS MS-7-8. THE TWO EXPOSURES
WERE MADE AT 48-h INTERVALS, AND SYMPTOMOLOGY
DETERMINATIONS WERE MADE AT 2,7,14, AND 30 DAYS AFTER THE
FIRST EXPOSURE

Ispeoles/ m~m LodML TaW4 REMxri
Sampling Tme Average P, Zn ML(b) Damage Index Symplomology

I Bush Bean
2 days 94.58,16.53 5.5 NS, LO, W, TB, O&NGA
7 days 6.0 LBD, LC, NS, TB, O&NGA
14 days 3.0 LC, NS, TB (1.0), OGA
30 days 3.0 LO, NS, TB (1.5), NGDHC

Pondemsa Pine
2 days 209.05,19.03 1.0 NS
7 days 3.0 NS, TB,m14 days 3.0 LD, NS, TB (5.5)

-"I30 dayu 3.5 GD, LD, TB (7.0)

Sagebrush
2 days 87.04, 22.75 2.0 W, TB (<05), LC
7 days 5.0 LBD, W, TB, OGA, Chi14 days 3.0 BD, TB (<0.5), NGDH
30 days 2.0 BD, TB (<0.5), NGDH

3Shtort-Needle Pine
2 days 153.71,17.90 1.0 NS, Chl
7 days 3.5 NS, ChO, TB (3.5), GD, OGA
14 days 3.0 NS, Chi, NGDH
30 days 2.5 NGDH

Tall Fescus
2 days 36.01, 6.64 2.5 NS, W, TB (5.5)
7 days 4.0 NS, TB (13.0), Chl
14 days 3.0 NS, TB (13.0), Chl3 30 days 3.5 NS, TB (15.0), ChI

DOibenmke wale ,vnd syiptomokogy deflnitloos; MS-.7-8 efnlyed I I-CF/WP.
(b) Avame Iolr m loadne .

-- I (c) Now growth developing healthy.
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wilting, and tip burn to various degrees (DR 2 -5). These observations were an Important part

of the decision to terminate the exposure series at this time. The wilting, similar to that
observed in the WS/RFT tests, may be symptomatic of the WP treatment as reported earlier.
In CD test series MS-9-10, where FO was employed, effects were not substantially different

from the test series without FO to Indicate that FO either added to or had any amelioration
effects on damage.

I•ABLi38. PLANT SYMPTOMOLOGY TO MIXED-SMOKE EXPOSURES IN
CUMULATIVE DOSE EXPERIMENTS MS-9-10. THE TWO EXPOSURES
WERE MADE AT 48-h INTERVALS AND SYMPTOMOLOGY
DETERMINATIONS MADE AT 2,7, 14, AND 30 DAYS AFTER THE
FIRST EXPOSURE ___

Sampling Time Average P, Zn ML(b) Damage Index Symplomology

pgtAn 2  (DR Scale)
Bush Bean

2 days 59.28, 13.06 4.5 NS, LC, W, TB, Chi, O&NGA
7 days 5.5 LBD, LO, TB (0.5), O&NGA
14 days 5.5 LC, NS, BD, TB (1.0), O&NGA
30 days 2.0 NS, NGD-C

Ponderosa Pine
2days 107.09, 14.10 1.0 TB (<0.5)
7 days 2.0 NS, TB (1.5)
14 days 2.0 NS, TB (3.5)
30 days 1.5 TB (3.5)

Sagebrush
2 days 140.98, 30.55 2.5 W, TB (<0.5), LC
7 days 4.5 LBD, W, TB (40.5), OGA
14 days 4.0 BD, NS, TB (<0.5), NGDH
30 days 2.0 TS (<0.5), NGDH

Short-Needle Pine
2 days 214.09, 22.54 1.0 NS
7 days 4.0 NS, TB (3.0), GD, O&NGA
14 days 5.0 NS, TB (6.0), GD
30 days 2.5 TB (6.0), NGDH

Tall Fescue
2 days 28.09, 6.24 2.0 NS, TB (3.5)
7 days 4.0 NS, TB (6.0), Chi, OGA
14 days 5.0 NS, TB (15.5), Chi, OGA
30 days 4.5 NS, TB (15.5), Chl, OGA

(a) Daubenmhe scale and symptomology definition; MS-9-10 eml.oyed HCIFOQWP.
(b) Average foller mass kIodng.
(o) New growth devekong healthy.
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Minimal phytotoxic effects were evident on those plants exposed to a single dose of FO
in the special run (MS-13, Table 3.39). Again, the bush bean showed the greatest effects, but
these were less severe (DR 3-4) than those of the MS exposures, and recovery was noted
within the 30 days post-exposure. With the exception of some necrotic spotting and tip burn
(>7 cm) In the tall fescue, the other species did not appear to have significant damage (DR 2).
These results are comparable to those observed in the previous test series Involving FO alone
(Cataldo et al. 1989a) and were therefore expected given the amount of follar mass loading
involved.

Given that FO alone (MS-13) does not produce the severe phytotoxic effects observed in

the MS-9-10 test series, and that there was not an observable reduction in any phytotoxic

effects observed in the Initial MS/CD exposures (MS-7-8), where the FO generation was

markedly reduced, It was therefore assumed that one of the other two components (WP or HC)

might be at fault. This prompted additional CD exposures using the WP/FO (MS-1 4-15) or the

HC/FO (MS 16-17) to verify the absence of either ameliorating or synergistic effects. These

latter studies with dual smokes were performed at substantially higher mass loadIngs to be

more consistent with the earlier single smoke exposures involving WP (Van Voris et al. 1987)

and HC (Cataldo et al. 1989b).

The results of these additional tests are given below In Tables 3.40 (WP/FO) and 3.41

(HC/FO). Follar mass loading of WP/P ranged from 66 to 679 pg P/cm2 in MS-14-15,

compared with 4 to 30 pg P/cm 2 in MS-7-1 0. Follar mass loading in HC test series MS-1 6-17

ranged from 6 to 56 pg Zn/cm2 , compared with 1 to 4 g.g Zn/cm 2 in MS-7-1 0. Overall, damage

based on the DR rating scale was greater for the WP/FO treatments than the HC/FO treatments.
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.- T•,.3. PLANT SYMPTOMOLOGY IN FOG OIL EXPERIMENT MS-13.
SYMPTOMOLOGY DETERMINATIONS MADE AT 2, 14, AND 30 DAYS
POST-EXPOSURE

Spec"es TComkv Rm: 1

Sampling Time Average FO ML(b) Damage Index Symptomology

S(DR Scale)

Bush Bean
2 days 74.76 3.0 NS, LO, W
14 days 4.0 NS, LC, W
30 days 3.0 NS, LC, W, NGDHW

Ponderosa Pine
2 days 190.03 1.0 NS
14 days 1.0 NS
30 days 1.0 NS

Sagebrush
2 days 111.30 1.0 NS
14 days 1.0 NS
30 days 1.0 NS

Short-Needle Pine
2 days 158.37 1.0 NS
14 days 1.0 NS
30 days 1.0 NS

Tall Fescue
2 days 31.78 1.0 NS, TB (<0.5)
14 days 2.0 NS, TB (3.5)
30 days 2.0 NS, TB (7.5)

(a) Daubomire wace and tymptomology definitions.
(b) Average folar mass loadng.
(c) Neo growth developlng healthy.
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TABiLE3,49. PLANT SYMPTOMOLOGY TO MIXED-SMOKE EXPOSUR~ES IN
CUMULATIVE DOSE EXPERIMENTS MS-14-15. THE TWO EXPOSURES
WERE MADE AT 48-h INTERVALS, AND SYMPTOMOLOGY
DETERMINATIONS WERE MADE AT 2, 8, AND 30 DAYS'AFTER THE FIRST

Sampling"lime Average P MIL(b) Damage Index Symptomology

Buh enlgcm
2  (DR Scalei)

2 days 66.75(C) 5.0 NS, LC, W, TB, O&NGA
B days 3.0 LBD, LC, NS, T8, O&NGA130 days 2.0 LO, NS, NGDH'

Pondwosa Pine
2 days 220.26 1.0 NS, TB, NGA

8days 3.0 NS, TB (1.5), LBD
30 days 2.5 LBD, TB (7.0), NGDH

SagebrushI2 days 679.04 310 W, TB (<0O.5). LC
8 days 5.5 IBD, W T8, OGA
30 days 5.50) BD, TB (.cO.5), NGDH

I Short-Needle Pine
2 days 472.63 3.0 W, NS
8 days 5.0 W, NS, TB (3.5), OGA130 days 2.5 NS, Clhi, NGDH

Tall Fescue
2 days 131.46 3.0 NS, TB (8.5)

____8_days___.0__NS,__TB_(118.0),___Ch _

14days 5.0 NS, TB (18.0), Chi

(U)Ouubenmilre scale and symptomobog defiritlons; test series MS-14-15 employed FO/WP.
(b) Avesuge Wowa mas beig*.
(G) Erposed only to test MS- 14.
(d) New growth~ deyelopig healthy.

(e) One plant dead.

3 1In the WP/FO tests, bush bean w~as eoverely Impacted (DR 5), but recovered.
Ponderosa pine, short-neox1Ie pine, en-id tall fescue were Impacted, but again, showed recovery3 after 14 to 30 days post-exposure. Sagebrush, which received the highest dose, was severely
Impacted and did not recover; this may have been because of the spring exposure time when3 younger leaves were present. Severe wilting was evident in the short-needle pine and
sagebrush.
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In the HC/FO test series (MS-i 6-17, Table 3.41), except for bush bean and sagebrush,
damnage was minimal to moderate (DR 1 to 3). It Is Important to note that mass loadings in
this test series were as much as 25 times higher than those obtained In tests MS-7-1O0 (Table

TABLE 3411. PLANT SYMPTOMOLOGY TO MiXED-SMOKE EXPOSURES IN
CUMULATIVE DOSE EXPERIMENTS MS-1e-17. THE TWO EXPOSURES
WERE MADE AT 48-h INTERVALS, AND SYMPTOMOLOGY
DETERMINATIONS WERE MADE AT 2,7, AND) 30 DAYS AFTER THE FIRST
EXPOSURE

Speiest lad* 1111110=1
Sampling limo

Average Zn ML(b) Da'nage lndox Symptomology

pgtrn `_"AScale)
Bush Bean

2 days 6.18(c) 6.0 NS, IC, LBD, TB, Chi, O&NGA
7 days 5.0 LC, TB (0.5), Chi, NS, OGA
14 days 3.0 LC, NS, Chi, OGA
30 days 2.0 NS, Nr.DHd

Ponderosa Pine
2 days 37.81 2.0 TB (6.5), ChI
7 days 2.0 NS, TB (0.5)
14 days 2.0 NS, TB (7.0)
30 days 2.5 TB (3.5), NGDH

Sagebrush
2 days 56.56 4.0 TB (40.5), LC
7 days 5.0 LBD, Chi, NS, W, TB, OGA
14 days 4.0 BD, NS, TB (1.0), NGDH
30 days 4.00 W, NS, TB (<0.5), NGDH

Short-Needle Pine
2 days 19.87 1.0
7 days 1.0 NS. TB (2.0), O&NGA
14" days 1.5 NS, TB (3.0),
30 days 1.0 TB (3.0), NGDH

Tail Fescue
2 days 6.88 1.0 NS
7 days 3.5 NS, TB (6.0), Chi, OGA
14 days 3.0 NS, TB (11I.5), Chi, OGA
30 days 2.0 NS, TB (16.0), Chi, OGA

(2 DuT emire scale mid symptomology definitions.
(b) Average folar mass lancng.
(c) Exposedlonlyt~yo *tMS- 16.
(d) Now growth developing healthy.
(0) One plant clad.
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3.29), yet damage was less. This would suggest that much of the damage observed In the
mixed-smoke tests, which included WP, was because of the WP constituents deposited to
foliage.

3 3.3.4 Metabolic Responses to Mixed Smokes Wind Speed Exposures

To determine any potential metabolic effects of the mixed smokes, not evident in the
visual phytotoxicity data, additional measurements were performed for two principal metabolic
processes, net photosynthesis and respiration. This employed whole plant infrared gas3= •analysis using only two of the plant species, tall fescue and ponderosa pine. To minimize
plant-to-plant variability, uIngle plants of each species were sampled before and at various
intervals over the 3 week3 following the exposures Itr each of the experiments.

The results of these measuremonts for the WS/RFT tests (MS-3-6) are given in Figures
3.11 and 3.12 and are expressed as net g.Mol C0 2/s per plant at specific time Intervals. Net
002 uptake, or net photosynthesis in the light is considered to be that CO 2 fixed into
carbohydrate over and above that lost through respirat!on and is expressed as a positiveI value. Dark respiration is a measure of the basal respiration rate, or C02 loss, in the absence
of fixation and is expressed as Q negative value.

The overall metabolic effects in the WS/RFT tests empioying HCIWP/FO were less than
expected based on the previous exposures to Individual mixed-smoke components (Van VorisI• et al. 1987; Cataldo et al. 1989b), and as expected, based on visual symptomology for these
test series. The ponderosa pines were generally !n a slow growth condition at the time of3 !exposure (before the spring bud burst), and the whole plant photosynthetic rates were
therefore initially 'ow (Figure 3.1 Ia). Absent or reduced fixation In the presence of basic
respiration may result in a not photosynthetic rate that has a negative value. This was evident

I in ail the ponderosa pine measurements (Figures 3.1 Ia, b, c, and d) following the exposure.
This effect was more prolonged and severe with Increasing wind speed and accompanying3 increases of smoke deposition on the leaf surfaces (Table 3.24). A reductin In photosynthesis
was evident in most cases within 72 h following exposure. Apparent recovery from the
exposure and regain in photosynthetic rate after 3 weeks was evident primarily In the 2-mph
plant (Figure 3.12a) whose mass loading, particularly for WP, was much lower than at highor
wind speeds. The 4-mph plant (Figure 3.12b) remained below the net compensation point
over the 15 days the measurements were taken, while the 6-mph plant may have indicated a
slight recovery after this time (Figure 3.12c). Net photosynthesis appeared to have been3 entirely lost In the 10-mph plant (Figure 3.12d), which also suffered the most extensive
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phytotoxic effects (Table 3.36). Overall, gas exchange results were consistent with visual plant

1 symptoms, where toxicity ratings were 1 to 2 at 2-6 mph and 5 at 10 mph.

3 •The foilar mass loading rates of the WP and HC components in the tall fescue plants at

each of the wind speeds were much lower than those of the ponderosa pines (see Table 3.24).

However, It should be remembered that the grass was exhibiting a much greater growth rate

compared with the pines, and therefore, may have been more sensitive.

At wind speeds of 2 to 6 mph, net photosynthesis and dark respiration in tall fescue were

reduced slightly with increasing wind speed, but were able to recover or exceed the Initial rate

3 over the 3-week post-exposure period (Figure 3.12 a, b, c, and d). Given the lack of visible

phytotoxlc effects on the foliage following exposure at 2 to 6 mph, (see Table 3.37, DR 1 to 3)

this apparent recovery may be attributable In part to the new growth that the plant underwent.

At 10 mph, the highest mass loading rate, there Is a noticeable decline In both photosynthesis

and respiration. This is consistent with the higher observed damage rating of 5 at this wind

speed and no apparent recovery.

Raeonasa to Cumulativa Dosa Expo!,,uras

Photosynthesis and respiration results for ponderosa pine and tall fescue from the CD

test series are given In Figures 3.13a and b (MS-7-8), 3.14a and b (MS-9-10), and 3.1 5a and b

(MS 13). Results are expressed as net pMol COs for each plant before and for 30 days after

the first exposure. Included in the figures are the photosynthetic and dark respiration rates of

control, non-exposed plants taken over the same time period as a determination of non-test
related external/growth effects on the plants. The measurements given in the figures reflect the

rates from a single plant. Given the need for repetitive sampling over time (several weeks) the

determination of total leaf area, a destructive process for each Individual measurement, was

not possible, and absolute rates of photosynthesis and dark respiration were not obtained.

Therefore, the data should be considered as indicative of metabolic trends, both to either

3 corroborate visible phytotoxic symptoms, or indicate early deleterious disorders that had not

been manifested visibly.
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In the MS-7-8 test series, plants were exposed principally to HCIWP (little or no FO).

Toxicity based on the DR rating scale ranged from 1 to 3.5, or moderate damage, In pine and

fescue. The gas exchange data provided In Figure 3.11 show both photosynthesis and

respiration to be affected soon after exposure, followed by recovery In both pine and grass. The

mixed-smoke test series employing HC/WP/FO (MS-9-10) resulted In minimal toxicity to pine (DR

of 2) and moderate to severe damage to tall fescue (DR of 4.5). Gas exchange data for these

plants (Figure 3.14) Indicated a transient effect on photosynthesis following exposure,

followed by recovery In fixation rates. Respiration was only transiently affected In the grass, but

elevated for an extended period In the pine. The FO alone (MS-13, Figure 3.15) hud no effeot of

photosynthesis, but substantially decreased respiration In the grass.

The WP/FO exposures resulted In toxicity values of 2.5 and 3 for ponderosa pine and tall

fescue 30 days post-exposure. Photosynthesis In both plant species was reduced over most of

the evaluation period (Figure 3.16). Respiration was also affected, but recovered to control

levels after 30 days. In the HC/FO exposures (Figure 3,17), photosynthesis In both plant species

was depressed following exposure, and subsoquently recovered. Respiration Increased In pine

following exposure, and then attained control levels. In the grass, respiration Increased with no

sign of recovery to control levels.

It Is clear from the gas exchange data that mixed smoke constituents can have an

adverse, but transient, effect on metabolic processes such as photosynthesis and respiration.

However, unlike many of the phenotypic symptoms, which are permanent (I.e., necrosis, leaf

burn, leaf drop), gas exchange rates tend to doscribe the overall status of basic metabolic

performance. Thus, this type of analysis permits rapid evaluation of both adverse trends and

subsequent metabolic compensation or correction of damage from a whole plant basis, In th_

present studies, much of tho recover/ In gas exchange was a result of growth of new tissues,

particularly in the grass. Yet It is clear that much of the phenotypic damage observed was

transient In nature.
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3.3.5 Contact Toxidtiy of Phosphorus Smoke Constituents

In the present studies, and in previous studies employing the acidic smokes RP/WP
(Van Voris et al. 1987) and HC (Cataldo et al. 1989b), contact phytotoxIcity appeared to be
more prevalent with the phosphorus smokes. The pH of RP follar leachates and Impinger
samples have been measured at 2 to 3, and results from the formation of phosphoric acid
during combustion, while the pH of folear HC leaches range from 4 to 5 and are likely a result of
ZnCI2 rather than HCI. Although it Is possible that pH could account for the observed necrotic
spotting and leaf burn, It does not explain the adverse residual effects observed In regrowth of
grasses in earlier studies with RP/WP (Van Voris et al. 1987).

In the mixed-smoke tests, bush bean was also the most susceptible overall. In addition,
overall contact toxicity In the mixed-smoke cumulative dose tests was substantially greater than
previously experienced with the Individual smokes, particularly when WP was one of the
smokes (MS-7-1 0 and MS-1 4-15, see Tables 3.37, 3.38 and 3.40).

Although the follar contact toxicity of phosphorus smokes was previously (Van Voris et
al. 1987) attributed to either low pH or P-polymers, adverse effects in the present studies were
observed at relatively low P mass loadings (30 to 60 LgP/crn2) in the mixed smoke cumulative
dose series. An attempt was made to resolve the apparent toxicity of the P smokes by applying
a series of Individual P smoke components to foliage; these were previously determined to be
associated with P smokes (Van Voris et al. 1987). These components Included phosphoric
acid, polyphosphates with average chain lengths of P5 and P25, and polyphosphoric acid
containing 35% P205. Contact toxicity results are provided in Table 3.42. Follar acidity
(phosphoric acid, pH 1.1), at mass loading levels of 50 lg/cm2 , Induced severe toxicty, but not
at lower mass loading rates (6 pg/cm2). The polyphosphates P5 and P25 produced no effects
at levels expected to be present in deposited smokes (Van Voris et al. 1987). Polyphosphoric
acid containing P205 and having a pH of 1.5 resulted in an observed toxicity at low mass
loading levels (1.8 pg/cm2 ), a level lower than required for a pH effect. These results, in
conjunction with previous data Indicating a residual toxicity for phosphorus smokes (Van Voris
et al. 1987), would suggest that P205, in addition to acidity, may provide the basis of the
observed toxicity.
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IABLE,12. EFFECTS OF DIRECT FOLIAR APPLICATION(a) OF POLYPHOSPHATE
SOLUTIONS OF VARYING CHAIN LENGTHS TO BUSH BEAN

MIeaWl Form or Average Mass Loading Damage Index

(7 days Post-Exposure) Chain Length(b) pH (pg P/cm2 )

(Average ML ± s.d., n -3) (DR Scale)

Polyphosphoric Acid P205 (35%) 1.48 0.57±0.19 1.0
1.85±0.54 2.0

Na Phosphate Glass P5±2 8.30 1.87±0.48 0.0

Na Phosphate Glass P2564 7.4M 3.92:±0.77 0.0

Phosphoric Acid H3 PO4 1.10 49.69±16.88 5.5
6.30±2.22 1.0

(a) Applied as atomized solution to the leaves.
(b) Average number of P atoms on the chain.

3.3.6 Residual Effects of Mixed Smokes on Dry Matter Production of Follar-Exposed

IW aLEcua

The residual effects studies are those that result from foilar absorption of smoke
contaminants, transport to some distal site (i.e., root) and may exert an adverse effect In
subsequent growth phases. Thus, a contaminant of this type could ImpRct plant performance
(plant biomass production) In perennials such as grasses and trees. In the present studies,
residual effects were examined using tall fescue, which was foliarly contaminated with smokes.
The presence of effects were based on dry matter production following two or more successive
croppings or harvests of standing biomass.

Wind Speed /R ane-Flndlng Test Serias

Results for the WS/RF test series (MS-3-6) are provided in Table 3.43. First harvest and
second harvest dry matter production rates for non-leached canopies were not significantly
different from the controls at the P>0.01 level. This would indicate that there is no significant

3.94



U IB4E 3,43. EFFECTS OF MIXED-SMOKE RF/WS TESTS ON THE REGROWTH (DRY
MATTER PRODUCTION) OF EXPOSED(a) AND EXPOSED/LEACHED(b)3 TALL FESCUE AT 30 AND 60 DAYS POST-EXPOSURE (MS-3-6)

cXy Matter Production
Days Post- Exposure Tieatment Exposed Exposed/Leached

(Avg. g dry wt. 9As,. n = 3)(0)

U30 Control 9.64 ± 0.21
2 mph 7.81 ± 0.73 7.58 ± 0.54
4 mph 8.33 ± 0.218 7.69 ± 0.54

6mph 8.64 ± 0.46 8.57 ±£0.09
10 mph 7.53 ± 0.80 7.55 ± 0.07

60 Control 5.42 ±0.72
2 mph 5.11 ± 0.56 4.84 ± 0.40
4 mph 5.18 ±0.36 5.19±10.16
6 mph 5.56 ± 0.29 5.59 ± 0.27
10 mph 4.82 ± 0.30 4.80 ± 0.72

(a) Rates of mass loading for the three components of the mixed smokes are given In Table 3.6.1.1.I (b) Leaching/simulated rainfall was conducted within 2 h of contamination and corisisted of 350 mL of
synthetic rainwater passed through the canopy over a 16-min period, arnd Is equivalent to a 0.5-cm rainfall.

(c) No significant differences In dry matter production, P>0.0.1.

resIdual effect of foliarly deposited mixed smoke (HC/WP/FO) based on the mass loading rates
presented In Table 3.24. Dry matter production in plants subjected to a post-Gxposure
leaching to remove surface deposits was similar for both controls and non-leached plants.

h This would indicate that application of simulated rainfall or post-exposure moisture events
neither ameliorates nor intensifies the effects of the9se mixed smokes.

Symptomology taken on the plants befoie the first harvest indicated only slight
difforences botween the treated plants and the controls with the treated plants showing
occasional necrotic spotting and tip burn (1-2 cm). Following the first harvest, the plants
appeared Identical to the controls by the time of the sncond harvest.
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S~I

__ _ _ _ _ _ _ _ _ _I

umuljative Dose Exposures and Special FO Tafit Series 'I
The Crl tseAt series employed two sequential smoko exposures separated by a 48-h

period. As noted, test series MS-7-8 can be considered a HOIWP-only test. Test series 3
MS-9-1 0 employed HC/WP/FO. Test MS-1 3 consisted of only FO at the concentration

projected for a single CDT exposure. Test MS-14-15 employed WP/FO, and test series

MS-16-17 used HCiFO. Follar mass loading rates for test series MS-14-17 were substantially

greater overall than those from the WSiRF test series (Tal:4e 3.26) and the CD test series

MS-7-10 (Table 3.27).

Table 3.44 provides results for residual toxicity of mixed-smoke contaminants from test
series MS-7-1 0. Mass loading rates for WP were approximately 30 ugP/cm2 , and were
6 pg/Zn/cm2 for HC. No significant differences (P>0.05) between control and treated plants
were observed for either the standing biomass (30 days post-exposure) or the second harvest I
biomass (regrowth for 60 days post-harvest). The FO alone (MS-1 3) had no significant
residual effects..

I
IaLi ., EFFECTS OF CUMULATIVE MS EXPOSURE (MS-7-8; MS-9-10) AND

SEPARATE FO EXPOSURE (MS-13) ON REGROWTH (ORY MATTER
PRODUCTION) IN TALL FESCUE

Dry Mar Production (a drv wt(L&
Test/ Control Exposed Plants

Days After Last Exposure

MS-7,8 (HC/WPO30 days 15.43 ± 1.41 13.85 ± 1.36
60 days 2.45 ± 0.02 2.36 ± 0.05

MS-9,10 (HC/WP/FO) I
ýiO days 14.27 ± 1.02 3.21 ± 0 91
60 days 3.20 ± 0.24 2.91 ± 0.39

MS-13 (FO1
30 days 14.27 ± 1.02 13.35 ± 0.43
60 days 3.20 ± 0.14 3.16 ± 0,24

(a) Awvage gm dry weight ± s.d.
(b) rn - 3; no significant differences (P>0.05). 3
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Mass loading rates for WP (MS-14-15) and HC (MS-1 6-17) constituents in the WP/FO
and HC/FO ED exposure were similar to those attained in the three smoke exposures using
HC/WP/FO (MS-7-1 0). The results tabulated in Table 3.45 Indicate that there may be some
degree of residual toxicity related to total biomass production in the first harvest from the
WP/FO-treated fescue. However, dry matter production in the second harvest from treated
"plants Is similar to controls. This Indicates that any residual adverse effects are transient. In
the CD test series employing HC/FO, no signif'cant differences were noted in blomass
production botween treated and control plants.

3 . EFFECTS OF MIXED-SMOKE TESTS WITH PHOSPHOROUS
(WP/FO, MS-14-15) OR ZINC (HC/FO, MS-16-17) WITH FOG OIL (FO) ON
THE REGROWTH (DRY MATTER PRODUCTION) OF TALL FESCUE AT
30 AND 60 DAYS POST-EXPOSURE

Test
Days Post-Exposure Treatment Dry Matter Production

(Avg. gram dry wt + a.d, n -3)MS-i14-15 (WP/FO)

30 Control 22.51 ± 2.22
Exposed 17.70 ± 2.35(a)

60 Control 8.47 ± 0.38
Exposed 8.30 ± 0.98

MS-16-17 (HC/FO)

30 Control 22.81 ± 1.84
Exposed 20.69 ± 1.48

60 Control 6.69 ± 0.44
Exposed 5.64 ± 1.01

(a) No slgrnlfant dilffemren.

3.3.7 Indirect Soil Effects on Growth of Tall Fescue Grown on Soils Contaminated with Mixed
Smokes from WS/RF Tests

In the indirect effects studies, soils were contaminated with smoke constituents and
subsequently seeded with tall fescue. Any adverse, Indirect effects would be noted by
changes in establishment and blomass production of treated plants compared with controls.
Pots of soil were exposed in the specified test series and then seeded with tall fescue. The
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percent of germination for each of the pots was recorded, and the plants grown through two or
more successive harvests for determination of relative plant biomass production.

Results from the WS/RF test series (MS-3-6) are shown in Table 3.46. Soil mass
loading rates for these tests ranged from 5 to 10 tg Zn/cm 2 , 6 to 34 p.g P/cm2 , and 50 to 250 i.g
FO/cm2 soil surface. These smoke events had no effect on seed germination in fescue.
Germination percentages averaged 95-110% at all wind speeds for the Burbank soils and
90-110% for the Maxey Flats soils. Subsequent growth and dry matter production of the plants
following three successive harvests indicated once again no apparent significant effects of the
soil-deposited mixed smokes on the growth of plants.

TALE 3.46. INDIRECT EFFECTS OF MIXED SMOKES ZINC (HC), PHOSPHOROUS (WP),
AND FOG OIL (FO) DEPOSITED TO SOILS IN THE WS/RF TEST SERIES (MS-
3-6) ON THE GROWTH OF TALL FESCUE

Dry Matter Production
ladmv 0

Soil Type Wind Speed 1st Harvest (60 Days) 2nd Harvest (120 Days) 3rd Harvest (150 Days)

Averge g dry wt ± s.d.(8)
Burbank

Control 4.48 ± 0.29 15.21 ± 1.48 4.41 ± 0.46
2 mph 3.65 ± 0,56 15.80 ± 2.33 5.09 ± 0.24
4 mph 4.83 ± 0.08 14.62 ± 4.03 4.25 ± 0.66
6 mph 3.97 ± 0.06 14.04± 1.15 4.43 ± 0.31
10 rnh 4.83 ± 0.50 17.24 ± 2.57 4.17 * 0.73

Maxey Flats
Control 3.82:± 0.68 10.48 ± 0.92 3.70 ± 0.24
2 mph 4.12 ± 0.51 11.59 ± 0.73 3.88 * 0.34
4 mph 4.64 ± 0.24 9.68 ± 1.59 3.15 ± 0.49
6 mph 4.26 ± 0.36 10.92 ± 1.50 3.52 ± 0.35
10 mph 5.08 ± 0.12 12.79 ± 0.94 3.76 + 0.30

(a) No significant differences in dr, matter production, PMA.1.

In the CD test series, soil mass loading rates ranged from 4 to 23 p.g P/cm2 for WP and
2 to 20 lag Zn/cm2 for HC. Results from these tests, collected over two growth periods, are given
in Table 3.47. Again, no effects on seed germinatiorn were apparei t. Also, no significant effects
on biomass production were observed for any of the soils employed.
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In the dual smoke CD tests employing WP/FO and HC/FO, soil mass loading rates were
substantially higher. These ranged from 3 to 109 Ig P/cm2 In test series MS-14-15, and 3 to
26 1g Zn/cm2 In test series MS-16-17. In test series MS-14-15 (Table 3.48), WP deposits had no
effect on germination rates, and no adverse effect of first or second harvest biomass production
in Burbank, Palouse, or Cinebar soils. There was a significant increase in first harvest biomass

TBLE347. INDIRECT EFFECTS OF MIXED SMOKES DEPOSITED TO SOILS
FOLLOWING CUMULATIVE DOSE (MS-7-8 AND MS-9-10) AND SPECIAL FO
(MS-13) EXPOSURES ON THE GROWTH OF TALL FESCUE

Dry Matter Productlion (a dry wtW •6aJL
Soil Type/ 1st Harvest 2nd Harvest (c)

Test Treatment (60 Days) (60 Days)

MS.7-8 Burbank
Control 5.64 ± 0.85 14.92 ± 0.81
Exposed 6.51 ± 0.24 15.25 ± 1.90

Maxey Flats
Control 2.49 ± 0.68 11.72 ± 3.00
Exposed 3.14 ± 0.27 9.11 ± 0.69

Palouse
Control 5.53 ± 0.24 17.76 ± 0.95
Exposed 7.11 ± 0.52 18.82 ± 1.77

MS-9-10 Burbank
Control 3.92 ± 0.45 8.14 ± 4.47
Exposed 3.69 ± 0.34 8.04 ± 3.46

Palouse
Control 5.50 ± 0.45 12.15 ± 0.94
Exposed 5.54 ± 1.51 13.44 ± 0.78

MS 13 Burbank
Control 5.24 ± 0.53 11.04 ± 2.29
Exposed 6.18 ± 0.61 10.52 ± 1.06

Palouse
Control 7.57 ± 0.38 12.39 ± 0.80
Exposed 7.67 ± 0.83 12.69 ± 0.54

(a) Avwmge g dry weight ± eld.
(b) n-3; no significant effect at PO.1.
(0) Experiment terminated at second havest.
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IALE3A4. INDIRECT EFFECTS OF MIXED SMOKES PHOSPHOROUS (WP, MS-14-15)
AND FOG OIL DEPOSITED TO SOILS IN THE MS-CD TEST SERIES ON
GROWTH OF TALL FESCUE

Dry Matter Production
Soil Type/ (g drywt)

Test Treatment 1st Harvest (60 Days) 2nd Harvest (120 Days)

Averg g dry wt s.d., n - 3
MS-14-15 Burbank

Control 7.96 ± 0.55 12.73 ± 1.15
Exposed 8.25 ± 0.83 15.68 ± 1.90

Maxey Flats
Control 4.80 ± 0.56 12.90 ± 1.21
Exposed 3.39 ± 0.24' 9.40 ± 1.74(a) 3

Palouse
Control 5.88:± 0.19 12.06 ± 2.46
Exposed 9.27 ± 2.01 14.58 ± 1.73

Cinebar
Control 8.23 ± 1.98 12.87 ± 2.14 -
Exposed 9.70 t.31 14.88 ± 2.14

(a) Signflcant at P o.1, 3

production for Palouse soils (P10.1); this may result from the nutrient value of the phosphorus. I
Some inhibition in biomass production was observed for both the first and second harvests of I
grass from Maxey Flats soil.

Soil mass loading for the HC/FO CD test series ranged from 3 to 26 A±g Zn/cm 2 soil. No
effects were noted on germination. Biomass results from the HC/FO test series are provided In
Table 3.49. Dry matter production, based on controls, was unaffected by HC/FO deposition
(P>0.05).

In general, for the three mixed smoke scenarios no adverse indirect effects were noted 3
for either germination of tall fescue seed or in blomass production through two to three
harvests. Only In the case of WP/FO exposures was there any Indication of reduced

biomass, and this may result from the low fertility of Maxey Flats soil.

I
3.100 I

I



W . INDIRECT EFFECTS OF MIXED SMOKES ZINC (HC) (MS-16-17) AND
FOG OIL (FO) DEPOSITED TO THE SOILS IN THE MS-CD TEST ON
GROWTH OF TALL FESCUE

Dry Matter Production
Soil Type/ (g dry wt

Test Treatment 1st Harvest (60 Days) 2nd Harvest (120 Days)

. II ~Awrag, dry wt :1 a~d., n -,3

MS-16-17 
Burbank

Control 7.30± 1.55 13.96 ± 2.16
Exposed 6.74 ± 1.61 14.66 ±:3.68

Maxey Flats
Control 4.59:± 1.05 13.03 ±11.01
Exposed 4.50 1 1.57 12.33 ± 2.32

Palouse
Control 6.84 ± 0.79 17.15 ± 2.01
Exposed 7.09 ± 0.36 17.04 ± 2.48

Cinebar
Control 6.78 ± 0.62 10.34 ± 1.78
Exposed 7.27 ± 1.26 11.05 ± 1.65I

I 3.4 EARTHWORM BIOASSAY MIXED-SMOKE EFFECTS

I Earthworms were exposed to mixed smokes In each of the range-finding/wind speed
(WS/RF) test series and the cumulative dose test series. Earthworms were maintained and
exposed in a synthetic soil mixture to provide consistency. In each of these treatments, three
replicates of five worms/replicate were employed to evaluate mature worm mortality. The
evaluations were made following a 2-week Incubation period post-exposure to ensure
maximum worm contact with the material deposited upon the soil surface.

The soil mass loading and response results of MS-3-6 are shown in Table 3.50. In
each test there was a survival rate of 100% with no apparent effects on the activity, or motility
of worms based on contact pressure, of the worms. The concentrations reported for each ofI the smokes components, Zn, FO, and P In the table were those in the artificial soil at the end
of the 2-week Incubation period. Soil mass loadings for HC-Zn ranged from 0.6 to 9 ýLg/cm 2
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soil surface, from 38 to 143 jig P/cm2 for WP, and from 292 to 525 IAg/cm 2 for FO soil. The FO
levels were likely reduced by evaporation of the 2 week study period (Cataldo et al. 1989).
Neither Zn nor P would have undergone significant depuratiorn over the 2 weeks.

T. INFLUENCE OF SOIL-DEPOSITED PHOSPHOROUS (P), Zn (HC), AND FOG
OIL (FO) FROM MIXED-SMOKE RF/WS TESTS ON THE SURVIVAL OF
EARTHWORMS (Elsenla foetida). ARTIFICIAL. SOILS (70 g) AND WORMS
EXPOSED TO SMOKE AND HELD FOR 14 DAYS POST-EXPOSURE

T st Cnditon ,,,s , ...... . .
SRFog Oi (a) p (0) Sunrvtu Condition

(g/crm 2 )

MS-3 2 mph 0.97 418.02 38.32 5/5 Healthy
0.65 525.06 47.16 5/5 Healthy
0.65 409.27 40.08 5/5 Healthy

MS-4 4 mph 1,30 390.16 56.59 5/5 Healthy
3.33 338.44 91.96 5/5 Healthy
2,39 316.59 79.58 5/5 Healthy

MS-5 6 mph 3.36 331.79 91.37 5/6 Healthy
2.77 305.93 80.17 5/5 Healthy
1.62 290.73 78.99 5/5 Healthy

MS-6 10 unph 8.78 424.25 101.98 ,5/5 Healthy
8.96 515.35 143,83 5/5 Healthy
7.25 292.95 91.94 5/5 Healthy

(6) Soil mnples taken after Ohe 2-week Incutbuion perod.

Results of the earthworm assays performed during the mixed-smoke cumulative dose
test series, and during the single special fog oil exposure, are provided in Table 3.51. For test
series MS-7-1 0, mass loading for WP, HC, and fog oil consttuents were approximately 230 Ag
P/cr 2 , 4 jig Zn/cm2 , and 30 gig FO/om 2 , re-upectively. Thirty worms were exposed during each
of the tests and none exhibited apparent doleterious effects during and up to 14 days
post-exposure. These results, based on ma,;s loading rates, are consistent with those reported
for the previous WS/RF test series.
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Table 3.52 provides a similar data set for WP/FO (MS-14-15) and HC/FO (MS-16-17)
cumulative dose exposures, rather than the three smoke scenario. Mass loading rates were
comparable to MS-7-10. Again, no effects were noted with respect to earthworm survival.

TAB , I .. INFLUENCE OF SOIL-DEPOSITED PHOSPHOROUS (WP), ZINC (HC), AND
FOG OIL (FO) FROM MIXED-SMOKE CUMULATIVE DOSE (MS/CD) TESTS
ON THE SURVIVAL OF EARTHWORMS (Elsenla foetida). EXPERIMENTI MS-13 COMPRISED A SINGLE FO EXPOSURE TO SIMULATE THE
PREVIOUS MIXED-SMOKE EXPOSURES (MS 7-10). ARTIFICIAL SOILS
(70 g) AND WORMS EXPOSED TO SMOKE AND HELD FOR 14 DAYS
POST-EXPOSURE; DATA ARE AVERAGES OF THREE POTS : S.D.

- Test Phosphorous (WP) Zkn (HC) Fog Oil (FO) Siuvival Condition

pkm2,,.@.d(n.3)

MS-7-8 244.05 ± 70.18 4.50±208. 30/30 Healthy

MS-9.10 220,36 ± 22,34 3.40±056 30/30 Healthy

MS-1 30,11 413.14 30/30 HealthyI

TABLE 3,52. INFLUENCE OF SOIL-DEPOSITED PHOSPHOROUS (WP) AND ZINC (HO)
FROM MIXED-SMOKE CUMULATIVE DOSE (MS/CD) TESTS ON THE
SURVIVAL OF EARTHWORMS (Elsenla foetida). ARTIFICIAL SOILS (70 g)
AND WORMS EXPOSED TO SMOKE AND HELD FOR 14 DAYS
POST-EXPOSURE; DATA ARE AVERAGES OF THREE POTS ± S.D.

Telt Phosphorous (WP) Zinc (HO) Survival Condition

Iicm2 ± s.d. (n a 3)

MS-14-15 278.768 177.65 - 30/30 Healthy

3MS-16-17 9.41±1.43 30/30 Healthy

-I
-I
1 3.103
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In previous earthworm studies with FO and HC alone (Cataldo et al. 1989a; 1989b), no
significant toxicity to the worms was observed; these results are supported by the present data.
However, significant toxicity to P smokes was observed in previous tests (Van Voris et al.
1987). The soil concentrations In the latter studies were higher than obtained in the present
studies and probably account for the differing results. It can be assumed that combinations of

two or three smokes did not have any additive effect with respect to earthworm toxicity, at least

at these mass loading rates.

3.5 SOIL MICROBIAL EFFECTS

The effects of mixed-smoke obscurant exposure on soil microbial populations and soil
microblally mediated processes were evaluated with two different soil types. The soil microbial
population plays a key role In nutrient cycling and the biodegradation of organic compounds In

soil. The decomposition of organic material in soil Into mineral forms and the cycling of plant
nutrients is mediated by the soil microbial processes. The decomposition of organic matter by
the soil microbial population is critical to the cycling of Important nutritional elements (nitrogen,
phosphorus, sulfur, and some trace metals). Soil microbial decomposition processes also
detoxify xenoblotic chemicals that may be released to the environment. Therefore, any
physical or chemical perturbation on the soil system that disrupts these microblally mediated
processes can Indirectly Influence plant growth and directly affect the soil's ability to
decompose organic matter and detoxify xenoblotics.

Soil enzyme activity and respiration of soil are Indicative of the activity of the cumulative
heterotrophic microbial population. Soil respiration is one of the most frequently used indices
of microbial activity in soil (Anderson 1982). Soil dehydrogenase activity has been used in the
past to measure the activity of the soil microbial population and is an Index of endogenous soil
microbial activity (Moore and Russell 1972). Dehydrogenase enzymes are Intracellular and
involved in microbial respiratory processes necessary for the breakdown of organic
compounds in soil.

Phosphatases, which can exist extracellularly, are a broad group of enzymes that cleave
both esters and anhydrides of phosphates from complex organophosphorus compounds.
Their activities in the soil are important for the mineralization of phosphorus from soil organic
matter to the chemical forms available to plants (Ramirez-Martinez 1968). The enzymes are
classified as acid and alkaline phosphatase bee'use they show their optimal activities in acid
and alkaline ranges, respectively. Because the pH of soils used for this study ranged from 5.6
to 7.4, a modified method by Klein et. al (1979), which measured phosphatase activity at pH
8.6, was chosen as an assay to study the effect of mixed smoke on phosphorus cycling in soil.
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Nitrogen Is the nutrient most limiting in agricultural (Stevenson 1982) and arid land
ecosystems (West and Skujins 1978). Nitrogen is considered a macronutrient because plants
require large quantities of this element for growth. Nitrogen is also an essential element for the
soil microbial population. The conversion of organic nitrogen to available Inorganic forms
combines two distinct microbiological processes: ammonification, which converts organic
nitrogen to ammonia, and nitrification, which transforms ammonia to nitrate, Nitrification in
soil Is mediated by nilrifying bacteria, or nitrifiers. The NItrosomonas sp. are responsible for the
conversion of ammonia to nitrite and the Nitrobacter sp. are responsible for the further
oxidization of nitrite to nitrate, a soluble and mobile form In soil used by plants and other
microorganisms.

Soil organisms are also sources of food for the soil fauna (e.g., mites, arthropods,
worms) and thus occupy an Important position low In the food chain. A deleterious Impact on
the various soil microbial populations can affect soil invertebrate life and the soil-dwelling
animals that depend on their populations for food. Effects of mixed smokes obscurant on the
soil microbial community, therefore, were evaluated with these four principal soil
microbiological parameters, namely, soil respiration, soil dehydrogenase activity, soil
phosphatase activity, and soil nitrifying bacteria populations.

3.5.1 S~iL.Bospiration

Soil respiration Is Indicative of the activity of the cumulative heterotrophic microbial
population. It can be measueed by CO 2 evolution or 02 consumption, or both. Heterotrophic
activity is responsible for the decomposition of natural and xenobiotic carbon compounds In
soils and for the cycling and mineralization of essential inorganic nutrients such as nitrogen,
phosphorous, and sulfur.

Respiration of Palouse soil was slightly inhibited by the mixed-smoke exposure at 4.57
rm/s (10 mph, test MS-6) as shown In Figure 3.18. An unexposed control soil amended with
150 mg glucose was Included to ensure that a viable hleterotrophic population was present as
evidenced by the substantial increase in oxygen consumption. In the cumulative dose tests
(Figure 3.19), only two cases of significant difference In respiration were observed between
the exposed and unexposed soils. Palouse soil exposed to a cumulative dose of FO/WP and
Burbank soil exposed to a cumulaUv dJose of HC/FO wrre significantly different from the
controls when measured Immediately after exposure. However, the Impact was slight as
evidenced by the recovery of these soils after a 4-week Incubation. This Indicates that these
mixed-smoke exposures probably were not very toxic to soil heterotrophic microbial activity,
and their effects are monrst likely transient In nature.
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The FO smoke, In either single or cumulative dose, stimulated the soil respiratloki

activity to about I 10% (Cataldo et al. 1989a). This activity was Inhibited by a single or

Scumulative dose of HC smoke to 500/ (Cataldo et al. I1989b). C umulative doses of mixed

smokes c.aused no effects on soil respiration with the exception of HC/FO mixed smokes,

which caused the activity to decline to 70%. It is possible that FO might have a positive

synergistic effect. Because data were not available for the effec of phosphorus smoke alone,

conclusions of synergism among the phosphorus, FO, and HC smokes could not be made.

3.5.2 Soil Dehydrggenasa ActylvXt

S~The Inhibition of enzymes that drive key metabolic reactions In microbial cells is one
main cause oi chemical toxicity to microorganisms and soils. Microbial dehydrogenase

enzyme systems catalyze the oxidation of organic material and fulfill an Important role In the

soil carbon cycle. The assay of soil dehydrogenase activity Is a general Indicator of the

potential activity of the soil microbial population and has been recommended as an Index of

general soil microbial activity (Casida 1967; Skujins 1967).
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Except for the 2.73 m/s (Test MS-5) wind speed test, dehydrogenase activity in
Burbank soil decreased to 70-90% of control level immediately after smoke exposure In the
range-finding/wind speed exposure test series (Table 3.53). Dehydrogenase activity further

decreased to about 50% of the control after 4 weeks. With the 2.73 rn/s test, the activity was
inhibited at 50% of the control Immediately after exposure and remained depressed at this
level for 4 weeks. Also, In the 2.73 m/s test, the Initial effect on dehydrogenase activity in
Palouse soil was severe at 33% of control level, although it recovered to 68% of the control

after 4 weeks. In the Palouse soil, a general recovery trend was observed, except for In the
0.92 m/s (Test MS-3) wind speed test, which had decreased activity with increasing
incubation time. In the range-finding/wind speed test series, the 2.73 m/s test seemed to
cause more enzyme inhibition on both Burbank and Palouse soils than did the 0.92,1.83, and

4.57 m/s tests. One explanation may be the unusually low FO soil mass loading. Soil mass
loading for Burbank and Maxey Flats soils following exposure to mixed smokes RF/WS tests
was unusually low in fog oil (48.34 and 44.57gg/cm2 , respectively) when compared with
other RF/WS tests, which ranged from 108 to 267 gg/cm 2 . Although direct data for soil mass
loading on Palouse soil are not available, judging from the low FO deposition on Burbank
and Maxey Flats soils, it Is conceivable that the FO deposition on Palouse soil was also low.
Previous studies on FO exposure (Cataldo et al. 1989a) have indicated that FO has a
stimulatory and possibly protective effect on soil enzyme activities. Thus, the low enzyme
activities observed in mixed-smoke exposure In the RF/WS tests may be attributed to the low
FO concentration in the mixed smoke.

Figure 3.20 Illustrates the effects of cumulative dose exposures of mixed smokes of
HC/FO/WP (MS-9/MS-10), FO/WP (MS-14/MS-15), and HC/FO (MS-16/MS-17) on soil
dehydrogenase activity. Inhibition was higher than shown In Table 3.53 for the single dose
exposure In the range-finding/wind speed test series. The relative order of toxicity for the
mixed smokes toward soil dehydrogenase was HC/FO/WP > FO/WP > HC/FO. In general, a
cumulative dose of mixed smoke exerted less toxic Impact on Palouse soil dehydrogenase
activity than on Burbank soil. Although the activity seemed to Increase with Increased
post-exposure time, It remained Inhibited, 11-32% of the control In the Burbank soil and

54-59% of the control in the Palouse soil after 4 weeks. The only exception was the Palouse
soil in the HC/FO exposure, which recovered to the level of unexposed control after 4 weeks.

Previous studies with Individual smoke exposures have shown that phosphorus
smokes decreased dehydrogenase activity In Burbank soil to 0-6%, with no sign of recovery
4 weeks later (Van Voris et al. 1987). Single doses of HC smoke exposures caused
moderate inhibition. Recovery to unexposed control levels occurred In Palouse soil, but not
in Burbank soil (Cataldo et al. 1989b); cumulative doses of HC had severe impact (1-8% of
control level) on both soils (Cataldo et al. 1989b), whereas FO smoke stimulated
dehydrogenase activity up to 300% in either single or cumulative dose exposures (Cataldo
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et al. 1989a). In general, single or cumulative dose of mixed -smoke exposure inhibited
neither the severe inhibitory effect of phosphorus smoke nor the profound stimulatory effect of
FO, suggesting a synergistic effects among the phosphorus, HC, and FO smokes.

Soil Phosphatase Activity

Phosphatases, which can exist extracellularly, are a broad group of enzymes that

cleave esters and aaihydrides of phosphates from complex organophosphates and are
important in the mineralization of phosphorus from soil organic matter (Ramirez-Martinez
1968).

JIL 35. DEHYDROGENASE ACTIVITY IN SOIL EXPOSED TO MIXED SMOKES IN
THE RANGE-FINDING / WIND SPEED TEST SERIES

D M Av. P Cof tmiholfmI

Post Exposure
Time Ted No.-> MS-3 MS-4 MS-6 MS-6 MS- MS-4 M2S_ MS-6

(Weeks) WS(b) (0.92m/s) (1.83m/s) (2.73m/s) (4.57m/s) (0.92m/s) (1.83m/s) (2.73m/s) (4.57m/s)

0 90(6)'(o) 70(9)" 47(7)' 89(4)' 85(7)* 80(6)* 33 (5) 62(6)'
1 82(7)' 61(4)' 53(8)' 78(7)' 44(3)' 69(7)' 40(8)' 48(7)'
4 53(5)' 52(5)' 47(0)' 54(4)' 54(3)' 81(10)- 68(9)" 82(8)'

(a) Mea,(standard devltdon), n,3.
(b) WS a wind speod In motor per second.
(c) 'Denotes significant difference from controls (unexposed soils) based on the Student t.test, (P; 0.05).

The effect of mixed-smoke exposure of the rF/WS tests on soil phosphatase activity is
presented in Table 3.54. Although both Burbank and Palouse soils exposed to 0.92 or 1.83
m/s tests (MS-3, MS-4) resulted In an immediate decrease in phosphatase activity, the activity
was able to recover to the level of control after 4 weeks. On the 2.73 and 4.57 m/s tests (MS-5,
MS-6), the time zero inhibition was less severe than the other two tests. However, the Burbank
soil phosphalase activity declined to 48% of the control 4 weeks after exposure to 4.57 m/s
(MS-6) mixed smoke. The higher than normal inhibitory effect on soll dehydrogenase activity
by the 2.73 m/s exposure was not found with the soil phosphatase activity.
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TAE134. PHOSPHATASE ACTIVITY IN SOIL EXPOSED TO MIXED SMOKES

(RANGE-FINDING / WIND SPEED TEST SERIES)

Ph-sh"Ms Aaivttv (% of Cont oh(a)

Post Exposure
Time Test No.-> MS-3 MS-4 MS,6 M.49- MS-3 MS4 MS- IRIS-6
(Weeks) WS(b) (0.92m/a) (1.83m/s) (2.73mrs) (4.57m/s) (0.92m/s) (1.83mb/) (2.73m/s) (4.57m/s)

0 68(2)'(c) 43(10)* 74(8)" 79(6)* 51 (2)' 26(3)' 69(6)' 74(8)'
1 110(4) 112(9) 76(9)' 93(10)' 72(10)' 92(9) 89(7)' 70(7)'
4 101(6) 111(12) 72(5)' 48(4)' 93(7) 83(9)' 84(13) 92(2)'

(a) Mean (standard deviation), n,3.
(b) WS - wind speed In meter per econd.
(c) Denotes s1griflcant difference from controls (unexposed soils) based on the Student tWtest, (P< 0.05).

Burbank soil exposed to the cumulative dose of mixed smokes exhibited a more
pronounced effect on soil phosphatase activity than Palouse soil, as shown in Figure 3.21.
This effect on Burbank soil was also more persistent as Is evident by the continued decline In
phosphatase activity after 4 weeks. Compared with the Burbank soil, effects on Palouse soil
phosphatase activity by the cumulative dose of mixed smokes were moderate and not as
persistent. This was especially true In the HC/FO test (MS-16/MS-17) in that the activity was
not affected in the Palouse soil. Overall relative toxicity of mixed smokes on soil phosphatase
activity is ranked as FOiWP > HC/FO/WP ?_ HC/FO.

Previous data from individual smoke exposures have shown that phosphorus smokes
decreased phosphatase activity In Burbank soil to 28-54% immediately after exposure and
declined to 0-45% 4 weeks later (Van Voris et al. 1987). A cumulative dose of HC inhibited
Burbank soil phosphatase activity to 46% and remained at this level 4 weeks later, whereas
Palouse soil was not affected, although it declined to 51% after 4 weeks (Cataldo et al.
1989b). The effect of the single dose of HC or FO smoke was not studied. Results from the
mixed-smokes exposure studies have shown that the effects of a cumulative dose of
mixed-smoke exposure (HC/FO/WP, FO/WP, or HC/FO) were similar to those of the Individual
phosphorus or HC smoke. However, a single exposure to mixed smoke HC/FONWP had less
impact than the phosphorus of HC smokes. Both Burbank and Palouse soils were able to
fully recover to the unexposed level 4 weeks after exposure. A synergistic effect could not be
concluded because of the lack of data on Individual FO smokes and limited data on HC
smokes.
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3.5.3 Soil Nitrifying Bacteria

The process ot nitrification on the conversion of NH4 + to N02 " and N02" to N03 " in
soil Is a microblally mediated process Important in the N cycle. Nitrate is more mobile in soil
and therefore more available for plant and microbial uptake. Nitrosornonas sp.-type
microorganisms and Nitrobacter sp.-type microorganisms are bacteria that mediate these
processes. These two species are sensitive to environmental toxicants. Assaying the
nitrifying bacteria in soil exposed to mixed smoke Is integral to the assessment of mixed-
smoke effects on soil microorganisms and the soil N cycle.

Populations of soil employing HC/FO/WP of soil Nitrosomonas sp. were not
significantly affected by the exposure to the RFNVS tests (Table 3.55). However, a decline in
the population of soil Nitrobacter sp. was observed in the Burbank soil in the 2.73 m/s (MS-5)
exposure (1able 3.56). Earlier work with FO has demonstrated that It does not significantly
affect the soil nitrifying bacteria (Cataldo et al. 1989a). Results with mixed-smoke exposures
presented here support this observation that FO may be protective and/or stimulatory to the

microbial community.
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TABLE 3,5. EFFECT OF MIXED SMOKES (RANGE-FINDI.NG/WIND SPEED

TESTS) ON SOIL NITROSOMONAS SP. POPULATION

LcaIL9N PEulnionk dix Wt (a)

Post Exposure
This Test No.-)-. MS-3 MS-4 MS-5 IVI-6 MS-3 MVS-4 MS-S MVS-6
(Weeks) WS(b) (O.92m/~s) (1 .83m/s) (2.73ni/s) (4.57m/s) (O.92mn/s) (1 .83um/a) (2.73mn/s) (4.57m/ds)

0 2.04/1.41 2.45/1.63 2.45/1.42 2.28/2.14 3.48/3.47 3.48/2.48 2,48/2.29 2.66t2.44
1 1.41/1.29 1.82/1.45 1.60/1.50 1.6011.45 2.87/2.67 2.90/2.49 2,95/2.49 3.02/2.49
4 1.96/1.19 1.77/1.31 1.44/0.73 1.44/1.19 2.44/2.26 2.01/2.01 2.48/2.48 1.48/1.47

(a) Aftiomnouas population In unexposeci soiVI/hAw7omoms population In exposed soil.
95% confidence Intervul for the 5-reliate, I10-fold dilution most-probeble-number technique Is :k 0.52.
No sIignficant cdfference was found between the unexposed and exposed soil. based on the Student t-tst,
(P& 0.05) on these data.

(b) WS -widspeedIn motor per tcond.

TAL3.6 EFFECT OF MIXED SMOKES (RANGE-FINDING/WIND SPEED TESTS) ON
SOILINITROBACTER SP'. POPULATION

Lnn/MPN a=Wlkiorb dix vAl (it)-

Post Exposure
lIMe Test No.->. MS-3 MS-4 M"- IVI-6 MVS-3 MS4 Ms-S Me-
(Weeks) WS(b) (0.92m/s) (1 .83m/s) (2.73ni/s) (4.57n/s) (0.92m/s) (1 .83m/s) (2.73m/s) (4.57m/s)

0 2.86/2.38 1.63/1.52 2.04/1.42 1.83/1.45 2.48/2.47 3.48/2.46 1.47/1.45 2.17/1.67
1 2.48/086* 2.13/1.29 1.77/0.92 1.451.119 1.67/1.48 1.90/1.67 2.01/1.48 2.23/1.47
4 1.51/1.12 1.5/0.73 2.19/0.38' 1.19/0.38 2.01/1.48 1.48/1.48 1.63/1.23 1.48/1.47

(a) AN/lwb cter population In unexposed soll/Nhnosomonaa population In exposed soil.
95% confidence Interval for the 5-replicate, 10-fold dilution niost-probable-number technique Is ± 0.52.

(b) WSmVwindspoodinmeterpersecond.
(c) Denoats significant difference from controls (unexposed soils) basedl on the Student t-est, (13: 0.05).

Cumulative dose exposures showed no effect on soil Nitrosomonas sp. population
except at time 0 In the Burbark soil after the MS-16/MS-17 test series (Figure 3.22). Overall
relative toxicity of mixed smokes on the soil NItrosomonas SP. population was HC/FO
HC/FO/WP - FOIWP. Soil Nitrobacter sp. population was not affected by the cumulative dose

exposure to FO/WP 1,M4'-14/MS-- 15) mixed smoke (Figure 3.23). However, Nitrobacter ap. In
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both soils decreased after exposure to a cumulatlave dose of HC/FO/WP (MS-9/MS-1 0) and

HC/FO (MS-16/MS-17) mixed smokes. The most severe inhibition was observed with soils

exposed to cumulative dose of HC/FO mixed smokes. Soil N/trobactersp. populations In

both soils were reduced to detection limit. Although Burbank soil showed a sign of recovery,

Palouse soil remained inhibited 4 weeks after exposure to HC/FO mixed smokes. Overall

relative toxicity of mixed smokes on the soil N/trobacter sp. population was HC/FO >

HC/FO/WP > FO/WP.

Studies with Individual smoke have shown that phosphorus smoke Inhibited soil

nitrification potential by lowering soil pH to an unfavorable acidic range; however, no

nitrifying bacterial populations were determined in that study (Van Voris et al. 1987). Fog oil

exerted no Impact on the population of soil nitrifying bacteria (Cataldo et al. 1989a), and a

single dose of HC did not affect the Nitrosomonas spp., while it adversely decreased the

population of Nitrobacter species (Cataldo et al. 1989b). Data from this study show that the

two HC-containing mixed smokes, HC/FO/WP and HC/FO, caused a more severe impact on

soil nitrifying bacteria than the FO/WP mixed smoke. Nevertheless, their overall effect was

not as pronounced as that caused by the cumulative dose of HC smoke exposure. This

indicates that Interactions of FO and WP with HC may have a positive synergistic effect on the

population of soil nitrifying bacteria.
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4.0 CONCLUSIONS

The environmental fate and effects of the individual obscurant smokes, red
phosphorus/white phosphorus (RP/WP) (Van Voris et al. 1987), fog oil (FO) (Cataldo et al.
1989a), and hexachloroethane (HC) (Cataldo et al. 1989b) previously have been assessed. Of
these smokes, only the phosphorus smokes resulted in moderate to severe plant damage from
contact toxicity and exhibited moderate residual plant effects. Both HC and P smokes had
adverse effects on the functional performance of soil microbial activity. Fog oil had little effect on
plants or soil microbes. Significant adverse effects on soil chemistry or soil invertebrates was
not observed for any of the smokes. The objective of the present study was to establish whether
mixed smoke scenarios, employing these three smokes, could have a synergistic impact on the
environs in which they are employed for training. The principal mixed-smoke scenario Involved
sequential exposure to HC, FO, and WP. Additional scenarios Involved use of FO/WP and
HC/FO. Air concentrations were set at those levels normally effective in the field, and were 500

to 600 mg/m 3 for FO and HC, and 2000 mg/m 3 for WP. Exposure durations ranged from 2 to 4 h

for each smoke. Thus, effects and/or Impacts can be compared with those reported for

individual smokes.

The chemistry of the FO and HC smokes following deposition to surfaces was generally
consistent with their reported individual behavior. However, with WP, the combustion products
or rates of conversion of polyphosphates to phosphate appear to be altered by the presence of
FO and HC+FO, resulting in elevated levels of non-phosphate P. This may have Influenced the
higher than expected toxicity of mixed smokes containing WP. Similarly, there may be a

potential Interaction of HC derived CI with the polyphosphates from WP combustion, which may

Influence the fate and effects of these mixed smokes.

Deposition velocities for the mixed smoke components P, Zn, and CI were generally

similar io thcse for single-smoke exposures. Deposition velocities were highest for ponderosa
pine and lowest for tall fescue; these ranged from 0.003 to 0.4 cm/s and were dependent on
wind speed. Calculated values for mixed-smoke components were similar to those reported
previously for RP/WP (Van Voris et al. 1987), FO (Cataldo et al. 1989a), and HC smokes

(Cataldo et al. 1989b).

The effects of smoke mixtures on soil chemistry were not judged significant; however,
several points are important. The anion/cation balances for soil extracts Indicate the likely
presence of polyphosphates. Exposed Burbank soils exhibited increases in nitrate and
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III

dissolved organic carbon (DOC). Maxey Flats soil exhibited Increases In Al, Fe, and NH4 +.

Palouse soil (fresh) exhibited increases in nitrate and NH4 +. Yamac soils exhibited Increases in 3
Al, Fe, and DOC. Trace metal solubllization in soils exposed to smokes likely results from
increased acidity. Fluctuations in nitiogen pools likely result from effects of smoke constituents

on microbial populations.

In the RFT1WS test series employing HC/FO/WP, contact phytotoxicity was greater than 3
expected based on published single-smoke exposures noted In the studies above. All plant
species exhibited moderate to severe damage at mass loading levels comparable, or less than, 3
those used In single-smoke exposure tests. Plant sensitivity to mixed smokes was bush bean >
sagebrush > ponderosa pine > tall fescue. Cumulative dose tests, normally employing 5 to 7
sequential exposures at 2-to 3-day Intervals, were terminated after only two exposures because I
of the higher-than-expected Impacts. With the exception of ponderosa pine, all plants were
severely Impacted on exposure to HC/FO/WP. In alternate scenario tests Involving WP/FO, 3
damage to all plants was also severe. Cumulative dose tests using HC/FO resulted In severe
damage only to bush bean and sagebrush. Results Indicate that much of the phytotoxcity is a 3
result of WP smoke constituents. Gas exchange studies to elicit the effects of smokes on leaf
respiration and photosynthesis Indicated that an adverse, but transient, effect can be observed,
but was most notable with those smokes containing WP. Attempts to resolve the source of I
phytotoxlclty, through application of specific WP smoke constituents Indicated that damage can
be elicited by both pH and P2 0 5 , but not by long-chain polyphosphates. 3

Growth and regrowth of exposed tall fescue plants Indicated no significant residual
effects based on biomass production. Similarly, seeding and growth of tall fescue on soilsI
contaminated with mixed smokes showed no effects on either germination or dry matter

production. Although this Is contrary to reported effects of RP/WP (Van Voris et al, 1987), soil I
mass loading levels were lower in the present mixed-smoke studies because of early
termination of the cumulative dose test series. 3

Soils exposed to mixed smokes were evaluated for effects on key microbial processes,
Including respiration, dehydrogenase activity, phosphatase activity, and nitrification. Soil I
respiration was reduced In soils exposed to HC- and WP-containing smokes; however, recovery
was evident after 4 weeks. Both phosphatase and dehydrogenase activity was depressed I
following exposure to mixed smokes, but again, recovery was evident after 4 weeks. Although
the population of Nitrosomonas sp. in soils was not dramatically affected In soils exposed to -
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mixed smokes, the population of Nitrobacter sp. was reduced in Burbank soil. Results indicated
that effects were most pronounced for soils exposed to smokes containing HC, and less for soils

exposed to WP smokes.

No effects were noted on earthworm survival in soils containing any of the mixed-smoke

combinations.

Overall, the major environmental Impacts observed with mixed obscurant smokes
resulted from combustion products of WP; this observation is consistent with previously reported
toxicity resulting from use of Individual smokes RP/WP, FO, and HC (Van Voris et al. 1987;
Cataldo et al. 1989a, 1989b). It Is likely that soils exposed to mixed smokes are most affected
by pH, and possibly polyphosphates produced In combustion of phosphorus smokes. Plant
effects appear to result principally from the pH of phosphorus smokes and likely P2 0 5 . Plant
effects are not persistent based on residual and indirect effect studies. Microbial processes
appear to be adversely affected both by Zn associated with HC smoke, and possibly the
polyphosphoric acid associated with WP and RP smokes. In general, FO smokes have a

beneficial effect on microbial proceoses.

The question of synergistic effects of mixed-smoke exposures Is difficult to address. For
physical deposition processes, and thus dose to environmental components, no synergisms
were observed. This was particularly true for FO and HC smokes used In combination.
However, mixed smokes affected the chemistry of combustion products when WP was present.
The presence of either FO or HC constituents in smokes appeared to Increase the observed

effects, and likely results from a reduction in the rate of polyphosphate conversion to phosphate.
This aspect of smoke chemistry is implicated in the anion/cation chemistry of soils, and possibly
related to the greater than expected toxicity in plants and soil microbial processes. However,

acidity associated with both the HC and WP smokes cannot be eliminated as a basis for the
observed biotic and soil effects. The latter would represent an "additive" rather than "synergistic
effect" because the only basis for relating dose to effects is mass loading.
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