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NOTICE

Disclaimer

The findings in this report are not to be construed as an official
Deparbnent of the Army position unless so designated by other authori zed
documents.

Disposition I

Destroy this report when it is no longer needed. Do not return it
to the ori ginator.
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INTRODUCTION

Land wastewater treatment by spray i rrigation is an important alterna-
tive in advan ced wastewater treatment at military installati ons. From a
p Il ic heal th standpoint, this technology raises the question of a poten-
tial human heal th hazard from inhalation of pathogen—containing aerosols.
Some aspects of this problem have been addressed in previous studies 1 3

in which d ata were obtained on the travel of colifo rni bacteri a from spray
i rrigation systems using undisinfected raw or settl ed sewage. There is a
continuing need for field data affording a better definition of this
p rob 1 em • L~ 5 5

In an earlier stu dy,6 ’7 field data on aerosol levels of aerobic bac-
teria , colifo rms, and Kl ebsiella duri ng spray i rrigation were presented.
For comparison , a predi cti ve model of downwind aerosol travel8 was used.

The earlier field study6 and the one reported here were both con-
ducted at Ft. Huachuca , AZ, where the golf course is i rrigated with
ponded secondari ly treated wastewater. Because of smooth terrain and
other considerations , the dri ving range was selected as the test site.

In most of the tests reported here , wastewat er leaving the holding
pond pump pit was a rti fi cially seeded with coliphage f2, whi ch was used
as a mode l of aerosol migration and die-off for single-stranded RNA
viruses . Air sampling was conducted at downwind distances up to 563 meters.
In addition , data were obtained on the relati ve abundance of various bac-
teri al groups in aerosols for comparison with corresponding wastewater
concentrations.

OBJECTIVES

The fi rst obj ecti ve of this study was to provi de field data on micro-
biol ogical aerosols resulting from spray i rrigation with treated waste—
water at a military installation , to i ncl ude: enumeration of bacteri a
present in the wastewater source; determination of the fracti on of waste—
water escaping the wetted zone as an aerosol ; the measurement of aerosol
levels and aerosol parti cl e size of total , indi cator and pathogenic bac-
teria; and comparison of wastewater and aerosol microbiologi cal popula-
tions to provide information on relative rates of die-off through aero —
solization , thereby contributi ng to eventual identifi cation of the most
suitable indicator organisms for wastewater aerosols.

A second objective was to use a bacteri al virus tracer to model the
aerosol dissemintati on of enterovi ruses by determining virus inactivation,
aerosol parti cl e size range , and estimated downwind travel of virus at
relatively great distances downwi nd.

5
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MATERIAL S AND METHODS

This study included both laboratory studi es at the US Army Medical
Bloengineering Research and Development Laboratory (USAMBRDL ) and field
studies at Ft. Huachuca , AZ. Field studi es were conducted from 19 October
to 31 October 1975 . Since thi s study is an extension of previ ous e fforts
conducted at Ft. Huachuca ,6 ’7 many of the experi mental methods were the
same and will not be repeated in this report.

General Methods

Coliphage f2. Bacteri ophage f2 was prepared in q uantity in tryptone—
yeast extract (TYE) broth at 35°C in a batch fermentor using E. col i K13
as the host strai n , according to the method of Loeb and Zinder9 as modi-
fied by Enger et al .’0 For enumerati on of coliphage in liqui d samples,
incl uding those from the high vol ume electrostati c precipitato r (LEAP)*
sampi~r, routine soft agar plaque assay methods were used , with incuba-tion at 35°C. E. coi l strain Kl3 , from logarithmi c phase cultures in TYE
broth at 35°C, served as the indicato r system. -

Air Samplers. An dersen viable type parti cl e size—discriminating sam-
plers ,t operated at 28,3 liters of air per minute , were also used in esti-
mating coliphage aerosols. These were loaded with plas ti c Petri dishes
containing 45 ml TYE agar. Followi ng exposure, and imediately before
incubati on at 35°C, plates were overlain with the soft agar—E. coli K13
mixture .

The electrostatic precipitato r (LEAP) sampler was operated at
1000 1/mm air flow and 13 kilovolts electrostati c potential . A 50 ml
volume of one-quarter strength plate count brothl plus 0.1 percent
Tween-801 was continuously reci rculated through the LEAP sampler duri ng
operation .

All -glass impingers (AGI-30) , drawi ng 12.5 1/mm , contained 30 m1
distilled wate r for sampl i ng of dye aerosols or 30 ml of 50 percent
nutrient broth plus one drop Dow—Corning Antifoam B for biolo gical
aerosol s.

Laboratory Methods

Laboratory aerosol s were generated by an all— glass two—fluid Pen-i—So 1~nebulizer or by a spinning disc aerosol generator (ERC)* operated at
60,000 RPM. All aerosols were dynami c with a constant airf low rate of
1000 1/ mm and passed through a 930 liter Plexi glas chamber fitted wi th
transverse b affles near the entry ports to facilitate aerosol mixi ng. At

* Environmenta l Research Corp., St. Paul , MN.
~ Andersen 2000, Inc., Atlanta , GA.
~ Difco Laboratories, Detroi t, MI .
~ Pen— i-Sol , Los Angeles, CA.
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the effluent end of the chamb er, an open-ended sampling manifol d 10 cm in
diameter was ducted to the high volume (LEAP) sampler.

In the l aboratory, Andersen samplers operati ng at 28.3 1/mm of air
were located within the aerosol chamber.

The test bacterial aerosol s were prepared from stationary phase shak-
ing cultures of Serratia marcescens, pigmented strain , and E. coil 162,
in plate count broth (Difco). Cells , freed of n utrient materi als by
500—fol d dilution , were held in secondari ly—treated sewage (bio-disc
effluent) for 1 hour prior to aerosolization. Coliph age f2 aerosols were
prepared from seeded activated sludge effluent. Using the nebulizer ,
aerosol s of medi an parti cl e diameter 2.0 iim were generated, while, with
the spinning disc generato r, aerosols of medi an particl e diameter 3.9 urn
were prepared.

Field Methods

Wastewater Treatment and Irrigation at Ft. Huachuca. Wastewater was
provided secondary treatment by tri ckling filtrati on and was stored in
lagoons with a 6—8 day retention peri od, depending on i rrigation require-
ments. During i rrigati on periods the wastewater flowed from the l agoons
by gravity into a balance pond to aid in flow stabilization and then to
the i rrigation system pump pit. Centrifugal pumps forced the wastewater
to the golf course through a 12— inch main. During this study , the flow
was regulated to 550 gallons per minute (gpm) at 120 pounds per square
inch (psi) at the pump station . Chlorinati on of wastewater was performed
by addition of aqueous chlorine , formed by interaction of chlorine gas
wi th water, at the pump pit. When it was desired to examine unchlori —
nated effluent at the spray site, the chlori ne was shut off and the i rri-
gation system operated for a period of at l east 1 hour prior to sampling.
This permi tted the clearing of the distri bution system of residual chlorine .

Five Rainbir d* quick— set 85 E impact sprinklers with 1/2—inch nozzl es
were utilized during this study. General ly, only one sprinkler was
utilized duri ng each test peri od. The sprinkler was selected to best
suit sampler location restri ctions as a functi on of wi nd directi on. The
nozzle pressure was maintained at approximately 100 psi to provide an
average “wetted” zone radi us of 34 meters. The spray arc height was
about 4.6 meters from ground l evel.

In runs in which air samples were drawn at a distance of 563 meters,
five sprinkl ers were in simultaneous operation . These were arrayed in a
single line , and on 46 m centers. Only the LEAP sampler was deployed
at the furthes t distance , wi th power obtained from a portable generator.

* Rainbird Sprinkler Manufacturing Corp., Glendorra , CA.
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f2 Vi rus and Fluorescein Tracer Studies. One end of a stainless steel
tube wi th an internal diameter of 6 mm was fitted into the sprinkler system
pump bell , and the other end extended above the pump pit where it was fitted
to flexible ~ubber tubing. Conti nuous seedi ng of the sewage at the pump
to obtain 10 pfu/ml f2 vi rus or 6 ug/mi fl uorescein dye at the spray head
was accomplished by peristaltic pump .

Fl uorometri c Determinations. In runs usin g added sodi um fl uorescein
tracer, wastewater grab samples and LEAP and AGI air sampler fl ui ds were
subj ected to fl uorescence measurement in a fl uorometer* fitted with
exci te r fi lters 2A + 47B and barrier fi lter 2A-l2. The instrument was
calibra ted against dye sol utions of known concentration.

Chlorine Determination. Determi nations of total available and free
availabl e chlorine in wastew ater at the spray nozzle were performed du n n
eval uation of chlori nated aerosols. The LaMotte colorimetri c DPD method1
was employed in the fiel d throughout each test run. Both total and free
avai lable chlorine were determi ned by this method.

Wastewater and Aerosol Sampling Methods. Grab sampl es were taken
at the spray nozzl e near the start and end of each aerosol sampling run.
For sampl es of chlori nated effl uent, suffi ci ent sodi um thiosulfa te was a dded
to the sample bottles to reduce 8 mg/ i chlori ne. Samples were refri gerated,
and bacteriologi cal analysis was performe d on the s ame day .

For collecti on of bacteri a from aerosol s amples , both An dersen viable
samplers and the LEAP s amplers were used. Standard Methods agart was used
to determine the total aerobic bacteri al population. Endo agart was pre-
pared daily for enumerati on of colifo nms . Tracer f2 were determi ned on
lYE agar with a l awn of E. coli strain Kl 3.

An dersen samplers were pai red for fiel d sampling, for simultaneous
estimation of two different microbi al parameters, at three distances
downwind and at one upwi nd site. In addition , for each test, one down-
wind distance was chosen for the deployment of four a dditional Andersen
s amplers along an arc for either total aerobic bacteri a or f2 vi rus
estimation.

The high vol ume LEAP samplers were generally operated simultaneously
at the closest and most distant downwind sampling stations. The LEAP
samplers were operated at 13-14 kilovo l ts and 900-1000 1 /mm . Recirculat-
ing vol umes of 50 or 100 ml of collection flui d were used, and evapora-
tive losses were restored by frequent addi tion of sterile distilled water.

* Model 110, Arnsco/Turner Associates, Palo Al to, CA.
t Balti more Biological Laboratories (BBL), Inc., Cockeysvi lle , MD.
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For fl uorescein aerosols , Ande rsen s amplers we re replaced by AG I-30
s amplers conta ining 30 ml d ist i l led water. Excessive evaporati ve losses
were restore d during sampling. In the LEAP s ampler , broth was replaced
by distil led water containing 0.1 percent Tween-80.

Sampler Stands and Power Supply. Sampler stands were prepare d so
the air intakes of AGI, An dersen and LEAP samplers were 5.5 feet from
ground level . The stands were made to be readily broken down for ship-
ping. While all stands and samplers were kept approximately l evel , the
LEAP sampler stands were fitted with addition al adjustable l eveling screws
to allow precise adjustments because of the requi rement for a level sur-
face for the wetted sampling disc.

Electri cal power (115V AC) was supplied to the test site by an elec-
tri cal drop from a power line to a fuse box. Three-wire cable carried
power from the box to a junction where l eads to the downwind samplers were
joined. A smaller cable from the golf course club house provi ded power to
the upwind control samplers . All downwind samplers were started simultane-
ously by throwing the main swi tch on the fuse box.

Meteorological Monitoring and Test Condi tions. Sampling was performed
at different periods of the day so that various air stability conditions
coul d be observed. On-site meteorologi cal recording systems were acti vated
several hours priur to sampling to determi ne if appropri ate sampling condi-
tions existed. Most important was the wind direction measurement. Genera—
ally, sampling procedures were initia ted only when there was less than
90 degrees of directional vari ability. If thi s cri terion was sati s fied,
the samplers were positioned at the mean position of the wind di rection.
At night , the dri ving range lights were turned on during sampler prepara-
tion and extinguished during actual sampling.

Continuous general area meteorologi cal data and local site data were
col lected during the study. Local fiel d devi ces provi ded continuously
recorde d wind speed , wind di rection , temperature and relati ve humi dity
measurements . Wind measurements were taken 2 meters from ground level .
Temperature and relati ve humi di ty measurement were taken at approximately
1.2 meters from ground level , using devi ces contai ned within a shelter.
General are a meteorologi cal data were collected at the Ft. Huachuca
Atmospheri c Sciences Laboratory , located approxi mately 3 mi les from the
spray site . General are a data collected incl uded total and direct radi a-
tion , evaporation rate , upper air measurements , and barometric pressure.

Bacterial Identi fication. Enumeration of total presumptive colifo rm
organisms was performed on secondary effluent samples using the spread
pl ate method on Endo agar and the membrane filter method on m-Endo broth
(Difco). Fecal colifo rms and fecal Streptococcus determinations were made
by the membran e fi l ter method using m-FC broth (Difco) and m-Enterococcus
agar (Dlfco), respecti vely.

9
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Bacteri a isolated in pure cultures for parti al i denti fication were
obtained from colonies on plates of Standard Methods agar (BBL). For
each such plate used , all colonies present on the plate , or on a ran-
domly chosen sector thereof, after 48 hours incubati on were picked ,
thereby eliminating bias based on colony morphology . In the case of
Andersen s amples , colonies were chosen in thi s manner from each plate
in the s ample , in numbers proportional to that plate ’s share of the
sample. In this way , bias based on aerosol parti cl e size was minimi zed.
Prior to testing, each colony was puri fied by isolation streaki ng and
cells from a singl e isolated colony were transferred to a Standard Methods
agar slant.

Isolates we re classif ied according to the schema show n in Figure 1
whi ch is based on key chara cteri sti cs . The s cheme begins by divi ding
Gram—positive bacteri a according to cellular morphology and Gram—negati ve
bacteri a into fermenters , oxi dizers and non—utilize rs of glucose. Fur-
there subdi vision of Gram-negati ve bacteri a relied largely on the cyto-
chrome oxi dase test , which distinguishes not only Ae romonas and Vibnio
from Enterobacte ri aceae, but most Al kaligenes and Fl avobacteni urn from
Acinetobacter , etc. The categoni ei defined do not always follow genus
lines , and no isolate could be fully i dentified without additional test-
ing, wh i ch was not withi n the scope of this study.

The oxi dati ve /fe rmentati ve test was perfo rmed in paired tubes of 0-F
agar (Di fco) with 1 percent gl ucose. One tube was overlain with 1 cm of
sterile mineral oil , and the tubes were incubated at 35°C for 24 and 48
hours. The oxidase test was performed using paper test strips (Pathotec*),
and the citra te test, using Simmons citrate agar (Difco).

Mathematical Analysis of Aerosol Data

A dispe rsion model was developed8 to account for the performance
parameters of the sprayer, as well as sampler location and meteorologi-
cal data. The model is based on Turner’s’2 adaptation of the diffusion
equation of Pasquill:13

1 0.5 _12
1 1-°~5 Z H  

~~•5 Z+H 2

C = 27T ay
Q
az U Le y j [

~ 
z +e

* General Diagnosti cs, Inc., Morris Pla ins , NJ.
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in which:

C = concentration of organisms at a point x meters downwind of a
source , y meters c~’osswind of a wind -di rection line running 

~through the source , and z meters above zero elevation , counts/rn ;

Q = source strength of emission , viable counts/sec or nanograms (ng)
dye/sec;

a = dispersion parameter in y direc tion , dependent on x and atmos-
~“ pheri c stability ;

= dispersion parameter in z direction , dependent on x and atmos-
pheri c stability ;

U = wind speed , mps ; and

H = effecti ve height of source above zero elevation , in.

The model incorporates separate calculati ons for all 1—mm i ntervals
throughout the sampling period , thereby taking account of recorded
changes in wind velocity and direc tion.

Appl i cation of the model and comparison of model predictions with
fi eld data have been described previous ly.6’7 Further data evaluation
and predi cti ve modeling of microbial aerosol plume dispersion and die—off
are currently being performed under contract, and a supplemental report
on this effort is forthcoming.

RESULTS

Laboratory Studies

Recovery Efficiencies of Colipha~e f2 in Andersen Sampl ers. A series
of laboratory aerosols of coliphage f2 were measured simultaneous ly by
Andersen and AGI samplers , using tryptone—yeast extract as the collecti ng
medium. Aerosol sampl i ng time was 30 minutes . Indi cated aerosol dens i-
ties are presented in Table 1. Recovery efficiency in Andersen samplers
averaged 28 percent of that obtained with AGI samplers when Andersen sam-
pler plates were overlain promptly (5 m m )  with TYE soft agar contai ni ng
host E. col i bacteri a and i ncubated. When plates were subjected to a
45 minute delay at room temperature prior to overlay and i ncubation , mean
recovery effi ciency was reduced to 19.2 percent.

12 
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TABLE 1. COMPARISON OF SIMULTANEOUS ESTIMATES OF COLIPHAGE f2 AEI~SOLSBY AGI-30 AND ANDERSEN VIABLE—TYPE AIR SAMPLERS

Time from
Median Aerosol Exposure Aerosol Andersen Estimate

Exp. Parti cle Density , to Overlay, Density , as Percent
No. Diamete r AGI Ande rsen Andersen of AGI Estimate

(ji m) (pfu/m3) (mm ) (pfu/m3)

1 3.9 89 5 22.4 25
45 16.5 19

2 2.0 710 5 128 18
45 86 12

3 2. 0 14 ,450 5 2,860 20
45 3,180 22

4 3.9 14 ,400 5 4,900 34
60 2 ,700 19

5 3.9 3,400 5 1,310 38
60 816 24

6 3.9 388 5 106 27

7 3.9 1 ,712 5 480 28

8 3.9 6 ,000 5 1,988 33

9 3.9 1,520 5 4 75 31

Mean 5 28.2
45—60 19.2

Standard Deviation 5 6.55
45-60 4.55

13
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Effect of Prolonged Exposure in LEAP Sampler on Survival of E. col i 162
and Serratia marcescens. E. coli 162 and Serratia marcescens from 16—hour
shaking broth cultures were continuously circul ated through the LEAP sam-
pler for 30 minute s in one— fourth strength Difco plate count broth. One
thousand liters per ruin airflow and 13 KV electrostati c potential were
maintained. In the first of two experiments , inoculation of the circu-
lating fl ui d was made directly and, in the second experiment, by a 2—mi nute
exposure to a dynami c aerosol generated from sterilized secondari ly treated
sewage. All samples were hel d at room temperature for the entire 30 mi nutes.
Results , shown in Figure 2, indi cate no declin e in bacterial recovery by
either very short or long-term exposure to condi tions existing within the
LEAP sampler.

Field Studies

A total of 15 aerosol sampl i ng runs were compl eted. Total bacteri a
were enumerated during all runs , while seeding with the coliphage f2 tracer
was conducted duri ng 11 of the 15 runs. Nine of the sampling runs were
conducted under daylight conditions (1.3 to 2.4 Langleys). Four runs , all
with coliphage f2 present , were conducted at dus k or under darkness (0.5
to 0.7 Langleys). Chlori nated wastewa ter was examined in three runs only,
of which two include d the coliphage tracer.

Bacterial and Co1iphag~e Densities in Wastewater Grab Sampl es. Mean
levels of various groups of bacteri a present in unchlori nated wastewater
samples obtained at the spray nozzl e duri ng aerosol determinations are
presented in Table 2. Coliphage determi nations on E. col i Kl3 were per-
formed only for those runs where wastewater was artificially seeded with
f2. A mean level of 4. lx l05 pfu/ml wast ewater was achieved during these
seeded runs. Standard bacteri al plate count vari ed over a tenfold range
with a mean of 2.4xl 05/ml. Presumptive coliforms enumerated on M—Endo
broth represent a more valid colifo rm estimate than do those counted on
Endo agar , which were a more incl usive assemblage of organisms . Mean pre-
sumptive colifo rm densities were about 1.2 percent of standard plate
counts , while , of the former, about 8.2 percent were fecal coliforms.
Fecal col iform l evels exceeded those of fecal Streptococcus by a factor
of approximately 18.

When chlorinated effluent was examined , mean reducti ons below unchiori—
nated levels were 3300—fold for standard plate count bacteri a but only
18—fold for coliphage f2 .

Bacterial Level s in Ambient Air. Bacteri al levels in ambient air were
determi ned by pos itioning two An dersen samplers upwind of the spray source .
These were operated simultaneously with downwi nd samplers during all
sampling runs. These background bacterial aerosol levels ranged from 15
to 198 cfu/m3 for coliform-like organisms on Endo agar and also for bac-
teriophage infective for the indi cator strain E. col l K13.

14
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TABLE 2. DENSITY OF VARIOUS ORGANISMS IN CHLORINATED AND UNCHLORINATED
EFFLUENT AT THE SPRAY NOZZLE

Via ble Or~anisn~/ml Numbe r
Organism Range Geometri c Mean of Runs

Unch lorinated Effluent

Standard plate count 4.2xl 04-4.lxl O5 2.4xl05 12
Colifo nn-like, En do agar 6.8xl03-4.8xl04 2.2x1O4 3
Colifo rms, Endo broth 9.0x101 -2.5x104 2.8x103 3
Fecal colifo rms 5.5xl&-9.5x102 2.3xl02 2

Fecal Streptococcus 4.OxlO°-4.Oxl& 1. 3xl01 3
Coliphage f2 (added) l.6xl 05-l.3xl 06 4.lxlO5 9

Chlorinated Effluent

Standard Pl ate Count 5.Oxl&-8.8x1& 7.3xl& 3
Colifo rm—like, Endo agar -- <io .2 1
Colifo rm, Endo broth —- 2. Oxl 02 1
Fecal Streptococcus -- <io .2 1
Coliphage f2 (added) l.OxlO4-5.3xl 04 2.3xl O4 2

Bacterial and Coliphage f2 Aerosols Resulting from Spray Irri gation.
Net aerosol levels observe d at downwind sampling stations are shown in
Tables 3, 4, and 5.

All Andersen sampler estimates of f2 col i phage aerosols in the field
have been multi plied by a factor of 4.0 in order to compensate for the
reduced efficiency (25%) of such estimates indi cated in l aboratory data
(Table 1).

All runs were characterized by low relati ve humi dity. Mean wind
speeds ranged from 1.5 to 5.0 mps. In runs using unchlori nated effluent,
bacteri a determined by standard plate count (T~bl es 3 and 4) ranged from
150 to 10,500 colony-formIng parti cles (cfp)/m above background at 46 m
downwind. The same parameter reached up to 4,700 at 76 m , 3,200 at 101 m~500 at 152 m, and 13 at 563 m downwi nd. C~1iphage f2 recove ry was as high
as 19,000 plaque- fo rming parti cl es (pfp )/m at 46 m and 460 at 563 m
downwind.
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From chlorinated effl uent, coliphage f2 aerosols were readily demon-
strated at di stances up to 101 meters , the greatest distance tested under
those conditions (Table 5). Standard bacterial plate count results , how-
ever, fell to near—background levels at all distances. Total chlori ne
residual at the nozzl e was approximately 6 mg/ l.

In Table 6, standard plate count and col iphage f2 aerosol densities
have been normalized to source strength. There was a tendency for Ander-~sen sampler standard bacterial plate counts to be somewhat highe r in
relation to source strength i n runs characterized by dusk or darkness
(Runs 3, 5, 9, and 10). In runs 6, 7, an d 15, using chlorinated waste—
wa ter , bacteri al aerosols were extremely hig h in relation to source
strength. However, due to inhe rent vari ability in measurements of the
ambient leve l of airborne bacteri a, it is not clear how much of the aero-
sol observed represents an actual increase above background.

TABLE 6. TOTAL BACTERIA AND COLIPHAGE f2 AEROSOL STRENGTH AT 46 METERS,
IN RELATION TO SOURCE STRENGTH, CHLORINATED AND
UNCHLORINATED EFFLUENT , DAYTIME AND EVENING

Total Mean 3Chlori ne Total Aerosol Viable ?arti cles/m X 1000
Residual Radi ation Time Viable ParticlesJml at Source

Run (mg/l) (Langleys) (sec) Bacteri a Col i phage

2 0a 1.9 11,5 11.0 __ b
4 0 1.6 10.7 7.9 2 .6

11 0 1.4 30. 7 7.2 49.0

1 3 0 2.3 9.2 7.5 7.~14 0 1.2 13.1 6.3 --
16 0 2.2 10.0 3.6 --
17 0 1.3 9.2 6.8 3.5

3 0 0.7 12.1 10.5 39.0
5 0 0. 7 16.4 15.8 6.4
9 0 0.5 24.2 30.1 11.9

10 0 0.5 21.9 24.1 5.8

6 6.0 2.4 21.9 647.0
7 6.5 1.7 30.7 356.9 150.0

15 6.0 2.3 10.0 -- 9.6

a. Iinchlorlnated effl uent.
b. Not san~led.c. Below background level .
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LEAP sampler estimates of aerosol strength tended to be somewhat
lower than An dersen sampler estimates (Table 7) for both standard bac-
terial plate count and coliphage f2.

TABLE 7. COMPARISON OF ANDERSEN AND LEAP SAMPLER ESTIMATES OF
STANDARD PLATE COUNT AND COLIPHAGE f2 AEROSOL STRENGTH.

ANDERSEN ESTIMATES OF f2 MULTIPLIED BY 4.0

Std. Plate Count cfu/m3 Coliphaqe f2 pfu/m3
Run Distance Azimuth LEAP An dersen A/I LEAP Andersen A/L

4 76 68 __ b 124 343 392 1.1
5 76 70 l ,4Q0 2,880 2.1 2,280 456 0.2
6 46 291 0 _ a a
7 46 253 —- 32 312 9.8
9 76 93 4,070 3,930 0.97 11 ,700 3,316 0.3
10 50 113 2,100 1 ,870 0.89 20,000 5,520 0.3
11 76 328 344 3,370 9.8 3,046 6,000 2.0
12 76 313 53 502 95 __ a 

__ a
12 101 313 108 183 1.7 __ a _a
13 76 313 702 4,730 6.7 295 1 ,072 3.6
13 101 313 35 1 ,900 54.3 0 1 ,372
14 76 313 778 3,800 __ a a
14 101 313 388 3,210 8.3 ~_a _ a

15 76 313 ~~b 
__

b 30 444 14.8
15 101 313 —— ~~ — — ~~ 173 200 1.2
16 76 315 —~~ ‘-‘ ——

Medi an 7.5 1.6

a. Not sampled.
b. Below backgro und level.

Bacterial Identi fication. Results of bacteriologi cal testing of ran-
dom samples of bacteri al colonies obtained from wastewate r grab samples
and aerosol samples are presented In Table 8. A signifi cant shift occurred
In the overal l distribution of bacteri a -Into groups (PcO.01 , as indi cated
by chi-sq uare based on contingency table). This suggests di fferential
die-off rates among various components of the populati on. Major relati ve
Increases, in aerosol as compared to source populations , occurred for the
Enterobacteriaceae group and Gram—positive rods, while a major decrease
occurred for Moraxella—like bacteria.
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TABLE 8. ASSIGNMENT OF RANDOMLY CHOSEN BACTERIAL ISOLATES
TO ARBITRARY GROUPS

Group Source Aerosol

Enterobacteri aceae 2 34
Aeromonas/Vibrio-like 5 17
Pseudomonas/Fl avobacteri un-like 0 1
Ad netobacter/Pseudomon as-i ike 0 3
Al kal i genes/Pseudomonas-like 1 3
Moraxel la—like 54 11
Acinetobacter-like 35 46

Gram Positi ve
Ro ds 2 14
Cocci 7 4

Total 106 132

Aerosol Parti cle Si ze. Medi an parti cle di ameters for bacteri al and
col iph age aerosols are gi ven i n Table 9. Also i ncl uded are percentages
of particles falling in the respi rable range , 1— 5 ~im.

1
~ Each value i s

the mean of observati ons for a n siTiber of runs. No great difference is
evi dent between experi mental and upwind bacteri al aerosol s in regard to
either parti cle diameter or percent of parti cles in the 1-5 ~im range.

TABLE 9. MEDIAN PARTICLE DIAMETER AND PERCENTAGE OF PARTICLES
IN 1.0 TO 5.0 ~m RANGE

Median Particle Diameter Percent 1—5 ~~Coliphage f2 Bacteria Coliphage f2 Bacteria

46 m 4.7 5.1 56 48
61-76 m 5.1 5.3 45 44
92-101 m 4.1 5.5 62 43
143-152 m 5.~ 4.8 39 50
Upwind -- 5.1 _a 42

a. Not determined.
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Dye Runs. Resul ts of the two runs in whi ch aerosols of tracer fluo-
rescein dye were generated are summarized in Table 10. Aerosol l evels at
46 m are mean val ues of several measurements. In relati on to source
strength, fl uorescein aerosol levels were higher than bacteri al and coli-
phage aerosols (cf. final col umn of Table 10 and final two col umns of
Table 6). The difference is a reflection 0f the existence of a biologi-
cal die-off factor in mi crobi al aerosols and the absence of such a factor
in dye aerosols. Di rect comparison cannot be made , howeve r, as microbio-
logi cal and dye aerosols were not measured in the same runs nor unde r the
same meteorologi cal conditions.

Modeling

Mathemati cal modeling of runs having sufficiently complete meteoro-
logical and othe r data yielded predi ctions of aerosol concentrati on at
each sampler location. For each such sample, the rati o predicted concen-
tration/observed concentrati on was deri ved, and these ratios are pre-
sented in Table 11 for bacteri al aerosols, and Table 12 for coliphage
aerosols. Rati os for indi vi dual samplers vary over a wide range. This
is parti cularly true within runs (cf, runs #2 and 3 in Table 11 and #10
in Table 12). Thus , the mathemati cal apporti onment of airborne micro-
organisms to various regions of the sampling array differed greatly from
the actual distribution . If all downwi nd sampl es taken in a given run
are treated as one composite sample , and a composi te predi ction is used,
an overal l rati o predicted recovery/observed recovery is derived for each
run. Such rati os are gi ven in Table 13. The ratios for the bacteri al
runs (medi an = 626) are quite comparable to those for the coliphage runs
wi thout chlori nation (median = 639). The ratio of coliphage from the run
using chlorinate d effluent, run #7, was much lower, i.e., 79, which indi-
cates greate r than predicted aerosol survival .

DISCUSSION

Only about 20-25 percent recovery of aerosolized coliphage f2 was
accomplished by the Andersen samplers in compari son to recovery in liqui d
AGI-30 samples . Andersen sampler collecti on efficiency for bacteri a, as
well as coll ection effici enci es for the LEAP sampl er, approach 100 percent
of AGI sampler efficiency.6

In the secondarily treated wastewater, both the bacterial concentra—
tions and the effect of chlori nation upon the bacteria were comparable to
those reported in the earlier phase of this study.6

’
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TABLE 13. RATIOS OF TOTAL PREDICTED RECOVERY/TOTAL ACTUAL RECOVERY
WHEN ALL DOWNWIND SAMPLES FROM EACH RUN ARE POOLED

AS A SINGL E COMPOSITE SAMPLE

Predicted Recove ry
Run Organi sm Radi ation Chlorination Actual Recovery

2 Bacteria Daylight No 669
3 Bacteria Dusk No 1 ,047
9 Bacteria Darkness No 308
12 Bacteria Daylight No 582

3 Coliphage Dusk No 364
7 Coliphage Daylight Yes 79
9 Coliphage Darkness No - 1 ,661
10 Coliphage Darkness No 734
13 Coliphage Daylight No 544

The value of col iphage f2 as a tracer virus is evident in thi s work.
Coliphage aerosol s downwind are demonstrable at lower l evels than total
bacteri al aerosols because of the virtual absence of a background col i-
phage. Thus , in this study, samples taken at the long distance (563 m)
stations yielde d an obvious contribution above background for f2 phage
but a questionable contri buti on -f rom wast~~ater-borne bacteria.

The resistance of this coliphage to chlorination (Table 2) was
observed to be much greater than that of the standard aerobi c bacterial
plate count or the i ndi cator bacteria tested. This factor, coupled with
rela tively good aerosol surv i val , makes f2 an effective l abel for chlori-
nated wastewater aerosol eval uati on. High resistance to chlori nation is
a property of some pathogenic microorganisms, incl uding enteri c viruses ,
aci d—fast bacteria, bacterial spores, and amebic cysts. A marker with
similarly high chlorine resistance is a better model than the colifonn
group for the determina tion of downwi nd migration of such resistant
pathogens from chlori nated was tewater. 

-

Bacteri al aerosol l evels downwi nd were general ly comparable to those
observed in the fi rst phase of the study. Also, as i n the earl ier phase,

• bacteri al aerosols in relation to source strength were higher under dusk
or night conditions (Table 6) than duri ng the day. Low relati ve humi dity
prevailed during both daytime and night runs (Tables 4, 5, and 6). Night
runs were, however, characterized by low radiation, lower wind speeds and
greater wi nd stability . The relati ve contributions of these various
factors to the enhanced aerosol l evels observed at night cannot be accu-
rately resolved at this time.
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Bacterial aerosols observed in the three runs using chlorinated efflu-
ent (6.0-6.5 mg/i total chlorine) do not represent signifi cant ~ncreases
above background. Nonzero net aerosol levels of 28 to 57 cfu/m were
recorded at 46 m (Table 5), but background levels of 40-57 cfu/m3 in the
same runs , coupled wi th high sampler— to—sampler vari ability , render the
resul t unce rtain. The same uncertainty exists with respect to bacteri al
aerosols, from unch iori nated effl uent, at the 563 m distance (Table 4).
Corresponding seeded coliphage aerosols, however, were far above back-
ground levels ~n both cases.

One objective of these studies concerns the i dentification of groups
of microorganisms suitable for use as i ndi cators of mi crobi al aerosols
arising from wastewater sources. Several criteria have been recognized
as important in such a group , e.g., prevalence in sewage, relatively good
resistan ce to aerosolizati on and chlorinati on stresses, and scarcity in
the ambi ent mi crobi al aerosol . Ultimately, an indicator system must
reflect a persistent, i dentifi able addition to the ambient aerosol.

The total colifo rm group did not differ signi ficantly from total
aerobic bacteri a in its persistence as an aerosol . Thi s is seen in
Tab le 14, which combines data from both phases of the Ft. Huachuca study.
In this table the ratio standard plate count/Endo broth- coliform bacteria
is gi ven for both nonchiori nated effluent and LEAP sample i n the same
runs, and the runs are grouped according to distance of the sampler from
the sprayer. This ratio remains approximately the same as one moves from
effluent to aerosol , wi thin the range of sampling distances represented in
the data. This does not eliminate the possibility that some groups of
bacteria present in sewage might be more persistent in the aerosol state
than the colifo rm group. Such organisms might well be of interest as
possible indi cators of mi crobial aerosols arising from wastewater sources.

Estimates of medi an particl e diameter, derived from Andersen sampler
data (see Table 9 for summari zation) reveal no major di fferences between
experimental and ambi ent (upwind) aerosols. There were also no differ-
ences in this respect between bacterial and vi ral aerosols. Comparison
of bacterial aerosol data wi th the earlier phase of the study (downwind
median = 4.7, upwind median = 4.4 i~m) Indicates no difference.

Mathematical prediction of net aerosol l evels was performed on bac-
teria In four runs and on coliphage f2 in five runs. Predictions were
made for each sampler location and employed separate calculations for
each 1-minute Interval as described in the earlier report.6 The ratio
predicted aerosol level/observed aerosol l evel proved to be qui te variable
(up to three orders of magnitude) from saupler to sampler withi n a singl e
run (Tables I l , 12). ThIs suggests that the model develbped , whi ch must
make certain assunptlons regarding the mechanism of aerosol generation by
this sprayer, is quite Imperfect in its apportionment of the aerosol plume
to the various regions sampled. In accordance wi th this suggestion, under-
statement by the model of the downwind aerosol strength in one area would
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TABLE 14. RATIO OF TOTAL AEROBIC BACTERIA TO ENDO BROTH COLIFORM BACTERIA
IN NOZZL E GRAB SAMPLES AND LEAP AEROSOL SAMPLES. -

COMBINED DATA FROM PHASES I AND II

Phase and Std Plate Count/Total Coliform
Distance (m) Run Effluent Aerosol

46 1-12 1100.0 2300.0
1-13 49.0 40.0

Geom. Mean 232.0 303.0

61—76 1—7 21.0 4.9
11-12 12.0 59.0
11-14 6.4 28.0

Geom. Mean 11.7 20.1

91— 107 1-9 46.0 43.0
I-il 780.0 860.0
1-14 240.0 62.0

11—12 12.0 51.0
11-14 6.4 27.0

Geom. Mean 58.1 79.4

152-198 1—2 580.0 1.1
1-10 3.5 310.0

Geom. Mean 45.0 18.5

Al l Distances Geom. Mean 47.0 55.2

be of necessity compensated for in some degree by overstatement as regards
another downwind area. Therefore, organisms collected in the sampling
array have also been p resented (Tab le 1 3) as a composite sample (the sum
of all downwind samples) ~nd the result compared to a composite predic-tion (the sum of counts/m prediction for all downwind samplers). The
datun given in the table is the ratio total predicted recovery/total
actual recovery. Here it is seen that excess of predi cted over observed
spans the range from 308- to 1661—fol d for unchiorinated effluent.

This excess of predicted over observed can be regarded as a measure
of jverall efficiency, I.e., an overal l relation between source strength
and resul tant aerosol . The major components of thi s relation are aero-

• solization efficiency of the sprayer, which the model assumes to be
100 percent, and bi ologi cal die—off , wh ich the model assumes to be zero.
Physical decay is probably a lesser factor. Study of fluo rescein aero-
sols permits observation of the overall effi ciency in the absence of
biologi cal decay. However, in the present phase , the fluorescein runs
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were not subjected to modeling. In the earlier phase of the study, the
ratio predicted/observed for fluorescein runs was 310 (0.32 percent
efficiency). Thus, biologi cal die-off shoul d be reflected in increases
of the ratio predicted/observed above 310; cf. ratios of 308 to 1661 for
unchlorinate d effluent shown in Table 13.

No difference is apparent between bacterial and viral aerosols as
reflected in these ratios. This is in contrast to laboratory data,6
indi cating a lower aerosol die-off rate for f2 than for E. coi l or
S. marcescens. The present study differs presumably because of the
consistentT~ low humi di ty levels encountered (Tables 3 and 5) and because
of the difference in the spectrum of resistance by bacteri al types
invol ved.

In addi tion there appears to be no signi ficant difference between
the ratios for runs performed at dusk or in darkness and those for day—
time runs. In contrast, actual aerosol l evels,- in relation to source
strength, were high er un der conditi ons of dusk or darkness (Table 7, runs
3, 5, 9, 10) than in daytime. This may be due largely to greater atmos-
pheri c stability or reduced wind velocity (Tables 4 and 5). Since the
model takes these factors Into account, higher predicted aerosol l evels
would result. -

As regards the public health signifi cance of these and similar observa-
tions, important gaps in our knowledge remain. These include: (1) the
number of cells or vi rus parti cles of various pathogens i n the aerosol
state required to ini tiate infection in man and; (2) whether, and under
what ci rcumstances, foci of human infection actually arise in associa-
tion with spray irri gation using wastewater.
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CONCLUSIONS

In the absence of chlorination , aerobic bacteri a were detected at
greater than backgroun d levels at 150 m downwind.

The bacteri al aerosol concentrati o~i was reduced to near background
levels even at the immediate downwind stations when a chlorine residual
was maintai ned in the wastewater.

Seeded coliphage f2 at about the same wastewater source density as
standard bacteri al plate count were readily detected in unchlorinated
wastewater aeros~ls at ~63 m downwind. At 46 m coliphage f2 reached
levels of l.9xlO pfu/m . Coliphage f2 aerosols from chlorinated water
were detected at 137 m downwind. Coliphage f2 in the wastewater were
reduced 18-fold by chlorination as oppose d to 3300—fold for bacte ria.

Coliphage aerosols were readi ly measured by impaction on agar surfaces
in Andersen samplers, but the efficiency of recovery was only 20-25 percent
as measured against liqui d-impingement AGI samplers. There was, other-
wi se, good agreement between the different types of sampling equi pment
used.

The median parti cle diameter was ca 5.0 urn for both bacteria- and
virus—bearing parti cles. Approximately 45-55 percent of such parti cles
fell within 1—5 urn, the range of efficient pulmonary deposition . Thus
pathogeni c aerosol components , if present, coul d readi ly reach the human
lung.

Aerosol concentrations of seeded fl uorescent dye were somewhat greater
in relation to source strength than microbiologi cal aerosols. The differ-
ence was well wi thin an order of magnitude , indi cating a rather limited
biologi cal die-off.

Mathemati cal modeling of the aerosol plume yi elded predictions of
aerosol density that, when taken in conjunction with the aerosol—
generating efficiency of the sprayer, as indi cated by data from the
earlier phase of the study, yields a factor of 1.0 to 5.5 for die—off and
other aerosol decay factors.

None of the processes or safeguards considered, i.e., biologi cal
die—off in the aerosol state, distances up to 563 m , or chlorinati on,

• achieves more than a parti al reduction In the numbers of mi croorganisms
present in the aerosol.
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LIST OF ABBREVIATION S

AGI All—gl ass inpinger
AGI—30 All-gl ass inpinger, 30 ml
C Degrees Celsi us
cfp/m3 Colony-forming particles per cubi c meter
cfu Colony—forming units
cfu/m3 Colony-forming units per cubi c meter
cfu/ml Colony— forming uni ts per milliliter
DPD Diethylphenylenedi amine oxalate I

S

E. coli Escherichia coil
Exp. Experiment
Geom. Geometri c
Gram-pos. Gram-positive
hrs Hours
1/mm Liters per minute
LEAP Lundgren Electrostatic Aerosol Precipitator Air Sampler

(Envi ronmental Research Corp.)
rn Mete rs
m3 Cubi c meters
mg/i Milligram s per liter
mm Minutes
ml Milliliters 

S

m Millimeters
mps Meters per second
urn Mi crometers
ng/ml Nanograms per milliliter
ng/m3 Nanograms per cubi c meter
0-F Oxidati ve-fermentati ve
pfu/m3 Plaque--forming units per cubi c meter
pfu/ml Pl aque-forming units per milliliter
pfp/m3 Plaque-forming parti cles per cubi c meter
RH Relative humi dity
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RNA Rib ose n uclei c acid
S. marcescens Serratia marcescens
sec Seconds
TYE Tryptone-yeast extract
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