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U n c l a s s i f i e d  

An e v a l u a t i o n  o f  t h e  t e r r e s t r i a l  t r a n s p o r t ,  t rans fo rmat ions  and e c o l o g i c a l  e f f e c t s  
o f  phosphorus [ r ed  phosphorus-butyl  r ubbe r  (RP/BR)] smoke obscurant  was per formed a t  
P a c i f i c  Northwest Laboratory .  A s i m i l a r  e v a l u a t i o n  u s i n g  w h i t e  phosphorus (WP) 
smoke/obscurant i s  c u r r e n t l y  proceeding. Fu tu re  t e s t i n g  w i t h  o t h e r  smokes a r e  p l an rkd .  
The o b j e c t i v e  o f  t h i s  research  program i s  t o  c h a r a c t e r i z e  t h e  e f f e c t s  o f  smokes and 
obscurants  on: (1) n a t u r a l  v e g e t a t i o n  c h a r a c t e r i s t i c  o f  U.S. Army t r a i n i n g  s i t e s  i n  t h e  
U n i t e d  States;  ( 2 )  p h y s i c a l  and chemical  p r o p e r t i e s  o f  r e p r e s e n t a t i v e  o f  s o i l s  o f  those  
s i t e s ;  and ( 3 )  s o i  1  m i c r o b i o l o g i c a l  communit ies.  The i n f l u e n c e  and i n t e r a c t i o n s  o f  
smoke/obscurant concen t ra t ion ,  r e l a t i v e  h u m i d i t y  (252, 60%, 90% and s imu la ted  r a i n )  and 
wind speed o f  0.22 t o  4.45 m/s by smoke i s  assessed. F i v e  p l a n t  spec ies and f o u r  s o i l s  
were exposed t o  bo th  s i n g l e  and repea ted  doses o f  RP/BR smokes i n  t h e  P a c i f i c  Nor thwest  
Labora to ry  "P-3" r a t e d  r e c i r c u l a t i n g  env i ronmenta l  wind t unne l .  D e t a i l e d  r e s u l t s  f o r  
RP/BR and l i m i t e d  r e s u l t s  f o r  WP a r e  presented.  

T o x i c i t y  symptoms f o r  p l a n t s  exposed f o r  2, 4, 6, and 8 hours t o  concen t ra t i ons  o f  
RP/BR rang ing  f rom 200 mg/m3 ( e q u i v a l e n t  t o  a  mass l o a d i n g  o f  40 p g  P/cm2 t o  250 ug  
P/cm2), e i t h e r  r epea ted l y  o r  am a  s i n g l e  exposure, i n c l u d e d  l e a f  t i p  burn, l e a f  c u r l ,  
l e a f  absc i ss i on  and drop, f l o r a l  a b o r t i o n ,  c h l o r o s i s ,  n e u c r o t i c  s p o t t i n g ,  w i l t i n g ,  
d e s i c a t i o n  and d ieback.  O f  t h e  p l a n t  spec ies  t e s t e d  ( i  .e., ponderosa p ine ,  s h o r t  needle 
p ine ,  sagebrush, a  n a t i v e  grass [Blando Brome], and bushbean) t h e  grass and bushbean 
were t h e  most s e n s i t i v e  t o  RP/BR smoke. The i n t e n s i t y  and d u r a t i o n  o f  these  e f f e c t s  
v a r y  depending on species,  whether t h e r e  was a  post-exposure s imu la ted  r a i n f a l l  
t reatment ,  and whether t he  exposure was a  s i n g l e  h i g h  dose o r  a  s e r i e s  o f  l o w e r  
c o n c e n t r a t i o n  repea ted  doses. A d d i t i o n a l l y ,  b o t h  r e l a t i v e  h u m i d i t y  and w ind  speed 
a f f e c t  t h e  i n t e n s i t y  o f  t h e  p l a n t  e f f e c t s .  S o i l s  e f f e c t s  da ta  suggest t h a t  t h e r e  i s  an 
i nc rease  i n  t h e  m o b i l i t y  o f  s e l e c t e d  t r a c e  elements a f t e r  exposure; however, t h i s  e f f e c t  
appears t o  be ame l i o ra ted  w i t h  t ime.  T h i s  phenomenon i s  i n f l u e n c e d  by s o i l  type,  which 
i s  a  r e f l e c t i o n  o f  t h e  b u f f e r i n g  c a p a c i t y  o f  t h e  exposed s o i l  ( i  .e., Burbank, 
Qua l l ayu te ,  Shawano, and Yamac) as we11 as t h e  c o n c e n t r a t i o n  and d u r a t i o n  of exposure. 
Inc reased  m o b i l i t y  o f  t r a c e  elements i s  a l s o  evidenced i n . t h e  t r a c e  element c o n t e n t  o f  
p l a n t s  grown on s o i l s  a f t e r  exposure t o  RP/BR smoke. S o i l  M i c r o b i a l  community e f f e c t s  
show a  r e d u c t i o n  i n  t h e  p r o d u c t i o n  o f  n i t r a t e  a f t e r  s o i l  i s  exposed t o  RP/BR smoke. 
Th i s  i n d i c a t e s  a  r e d u c t i o n  i n  ammonium o x i d i z i n g  b a c t e r i a l  popu la t i ons ,  s p e c i f i c a l l y  
Nitrosornonas and p robab ly  N i t r o b a c t e r .  For  t h e  most p a r t ,  i t  appears t h a t  most o f  t h e  
p l a n t ,  s o i l  and s o i l  m i c r o b i a l  e f f e c t s  a r e  t r a n s i e n t  i n  n a t u r e  and a r e  somewhat l e s s  
i n t e n s e  r e s u l t i n g  f rom repeated  exposures; however, t h e r e  i s  ev idence t h a t  some of these 
env i ronmenta l  impacts may be p e r s i s t e n t .  
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EXECUTIVE SUMMARY 

Th i s  r e p o r t  p rov ides  d e t a i l e d  i n f o r m a t i o n  rega rd ing  wind tunne l  
eva lua t i ons  o f  t h e  fo rmat ion ,  t r a n s p o r t ,  atmospheric t r ans fo rma t i on ,  
env i ronmenta l  f a t e ,  and t e r r e s t r i a l  e c o l o g i c a l  e f f e c t s  o f  r e d  phosphorus/ 

. b u t y l  rubber  (RP/BR) and w h i t e  phosphorus (WP) smokes/obscurants. These - phosphorus based smokes a r e  used i n  t h e  L8A1 smoke grenade, t h e  XM819 81-mm 
a mortar ,  and t h e  XM803 155-mm how i t ze r  s h e l l  t o  mask t r o o p  and v e h i c l e  

movement d u r i n g  combat t r a i n i n g  th roughout  t h e  U n i t e d  S ta tes .  

The p r ima ry  o b j e c t i v e  o f  t h i s  research program i s  t o  c h a r a c t e r i z e  t h e  
e c o l o g i c a l  response o f :  

Na tu ra l  t e r r e s t r i a l  v e g e t a t i o n  r e p r e s e n t i n g  Army t r a i n i n g  s i t e s ;  

Phys i ca l  and chemical  p r o p e r t i e s  o f  severa l  d i f f e r e n t  s o i l s ;  and 

S o i l  m i c r o b i o l o g i c a l  and i n v e r t e b r a t e  a c t i v i t i e s ,  

t o  these two obscurant  smokes. W i t h i n  t h e  framework o f  t h e  exper imenta l  
design, we eva lua ted  t h e  i n f l u e n c e  o f  concen t ra t i on  o f  t h e  smoke as w e l l  as 
two p r ima ry  env i ronmenta l  v a r i a b l e s ,  r e l a t i v e  h u m i d i t y  (20%, 60%, 90%, and 
s imu la ted  r a i n )  and wind speed (0.5, 2, 4, 6, and 10 mph), on t h e  
e c o l o g i c a l  e f f e c t s  induced by these smokes. The second o b j e c t i v e  was t o  
p rov ide  t h e  d e t a i l e d  da ta  necessary t o  e s t a b l i s h  f requency o f  usage 
c r i t e r i a  f o r  t r a i n i n g  areas based on dose response and response su r f ace  
c h a r a c t e r i z a t i o n .  As p a r t  o f  t h e  o v e r a l l  research  e f f o r t ,  cons ide rab le  
a t t e n t i o n  was g i ven  t o  t h e  d e t a i l e d  phys i ca l  and chemical  c h a r a c t e r i s t i c s  
o f  t h e  smokes. Th i s  was done i n  o r d e r  t o  p rov ide  source terms f o r  
exposure models f o r  concerns assoc ia ted  w i t h  h e a l t h  e f f e c t s  on t roops  
t r a i n i n g  a t  va r i ous  s i t e s ,  l o c a l  r es i den t s ,  as w e l l  as domest ic and 
w i l d l i f e  animal popu la t i ons .  

The research was performed i n  t h e  P a c i f i c  Northwest Labora to ry  Aerosol  
Research Fac i  1  i t y  which con ta ins  a  s p e c i a l l y  designed r e c i r c u l a t i n g  wind 
tunne l .  Th i s  wind t unne l  was used t o  s imu la te  a  broad range o f  
environmental  cond i t i ons ,  v a r y i n g  smoke concen t ra t i on ,  r e l a t i v e  humid i t y ,  
and wind speed, t o  a l l o w  e x t r a p o l a t i o n  of l a b o r a t o r y  t e s t  da ta  t o  va r i ous  
Army t r a i n i n g  i n s t a l l a t i o n s  th roughout  t h e  U.S. 

T o x i c i t y  symptoms r e s u l t i n g  f rom RP/BR o r  WP exposures f o r  f i v e  p l a n t  
species ( i  .e., ponderosa p ine ,  s h o r t  needle p ine ,  sagebrush, b lando brome 
[a grass], and bushbean) v a r i e d  depending on species,  smoke concen t ra t i on ,  
d u r a t i o n  o f  exposure, r e l a t i v e  humid i t y ,  and wind speed. The p r ima ry  
symptoms appear ing i nc l uded  l e a f  t i p  burn, l e a f  c u r l ,  l e a f  absc i ss i on  and 
drop, f l o r a l  abo r t i on ,  c h l o r o s i s ,  n e u c r o t i c  s p o t t i n g ,  w i l t i n g ,  des i cca t i on ,  
and dieback. Exposures l a s t e d  f o r  2, 4, 6, and 8 hours a t  concen t ra t i ons  
t h a t  ranged f rom 200 mg/m3 t o  5,600 mg/m3. O f  t h e  p l a n t  spec ies tes ted ,  

9 
t h e  grass and bushbean were most s e n s i t i v e  t o  bo th  RP/BR and WP. The 
d u r a t i o n  and i n t e n s i t y  o f  t h e  e f f e c t s  a l s o  v a r i e d  depending on whether 



t h e r e  was a  post-exposure s imu la ted  r a i n f a l l  t reatment ,  o r  t h e  exposure was 
a  s i n g l e  h i g h  "acute"  dose o r  a  s e r i e s  o f  lower  " ch ron i c "  repea ted  doses. 
Regrowth of  grasses a f t e r  exposure as w e l l  as t h e  ge rm ina t i on  o f  seed a f t e r  
s o i l  exposure was a l s o  adverse ly  impacted. 

E f f e c t s  o f  RPIBR and WP on t h e  f ou r  s o i l s  t e s t e d  ( i  .e., yamac, 
burbank, shawano, and q u i l l a y u t e )  suggest t h a t  t h e r e  i s  a  p o t e n t i a l  f o r  
inc reased  m o b i l i z a t i o n  o f  t r a c e  elements ( i .e . ,  A1 ) .  However, t h e  e f f e c t s  
appear t o  be ame l i o ra ted  w i t h  t ime  and a r e  s t r o n g l y  i n f l u e n c e d  by t h e  
b u f f e r i n g  c a p a c i t y  o f  t h e  s o i l  as w e l l  as t h e  c o n c e n t r a t i o n  and d u r a t i o n  o f  

n 

exposure. Th i s  inc reased  t r a c e  element m o b i l i t y  i s  a l s o  evidenced i n  t h e  
t r a c e  element con ten t  o f  p l a n t s  grown on exposed s o i l .  

S o i l  m i c r o b i a l  community e f f e c t s  show a  r e d u c t i o n  i n  t h e  p r o d u c t i o n  o f  
n i t r a t e ,  and n i t r i t e  as w e l l  as e f f e c t s  on s o i l  dehydrogenase a c t i v i t y ,  and 
phosphatase a c t i v i t y .  These e f f e c t s  i n d i c a t e  a  r e d u c t i o n  i n  ammonium 
o x i d i z i n g  b a c t e r i a l  popu la t i ons  as w e l l  as o t h e r  s o i l  m i c r o b i a l  
popu la t i ons .  

For  t h e  most p a r t ,  i t  appears t h a t  t h e  p l a n t ,  s o i l ,  and s o i l  m i c r o b i a l  
e f f e c t s  a r e  t r a n s i e n t  i n  nature.  However, t h e  grass regrowth  t e s t  s e r i e s  
da ta  i n d i c a t e  t h a t  some o f  t h e  env i ronmenta l  impacts may be p e r s i s t e n t .  

I n  t h i s  s tudy  we a l s o  at tempted t o  i n t e g r a t e  and i n t e r r e l a t e  those  
processes (atmospheric,  env i ronmenta l ,  and b i o l o g i c a l )  thought  t o  be 
impo r tan t  i n  d e f i n i n g  t h e  i n t e r a c t i o n  o f  phosphorus smokes w i t h  r e c e p t o r  
su r faces  i n  t h e  environment.  The dose based on mass l o a d i n g  was q u a n t i f i e d  
and t h e  responses based on i n d i v i d u a l  v a r i a b l e s  were eva lua ted  t o  p r o v i d e  a  
b a s i s  f o r  e x t r a p o l a t i n g  l a b o r a t o r y  da ta  t o  f i e l d  s i t u a t i o n s .  I n  a d d i t i o n ,  
we p resen t  examples o f  t h r e e  d imensional  da ta  e x t r a p o l a t i o n  f o r  t h e  
t o x i c i t y  response o f  bo th  ponderosa p i n e  and sagebrush t o  phosphorus 
smokes, a g a i n s t  a  s e r i e s  o f  va r i ab les .  The v a r i a b l e s  i n c l u d e  mass l oad ing ,  
r e l a t i v e  h u m i d i t y  and post-exposure s imu la ted  r a i n f a l l .  From t h e  response 
sur face ,  i t  i s  c l e a r  t h a t  f o l i a r  mass l o a d i n g  i s  a  ma jo r  f a c t o r  i n  
t o x i c i t y .  A t  a  g i ven  mass load ing ,  h i g h  and low l e v e l s  o f  r e l a t i v e  
hum id i t y  have an adverse e f f e c t  on t h e  response, p robab ly  because o f  
s p e c i a t i o n  o f  t h e  phosphorus, w h i l e  p r e c i p i t a t i o n  events  ( i  .e., r a i n f a l l )  
can ame l i o ra te  t h e  i n t e n s i t y  o f  t h e  adverse e f f e c t s .  I t  i s  a l s o  apparent  
t h a t  morpholog ic  c h a r a c t e r i s t i c s  o f  t h e  l e a f  su r f ace  can p l a y  a  r o l e  i n  
l i m i t i n g  o r  a m e l i o r a t i n g  t h e  i n t e n s i t y  o f  t h e  impact. 

The ease w i t h  which t h i s  t ype  o f  response su r f ace  c h a r a c t e r i z a t i o n  can 
be a p p l i e d  t o  f i e l d  scenar ios  depends on t h e  bas i s  used f o r  e s t a b l i s h i n g  
doselresponse r e l a t i o n s h i p s .  I n  t h i s  s tudy,  we have generated va lues f o r  
d e p o s i t i o n  v e l o c i t y  based on a i r  c o n c e n t r a t i o n  and mass l o a d i n g  ( f o l i a r  and 
s o i l  ) t h a t  can be a p p l i e d  r e a d i l y  t o  t h e  f i e l d  s i t u a t i o n .  For  example, t h e  
l e n g t h  o f  t ime  a  smoke t e s t  cou ld  be conducted w i t h o u t  adve rse l y  impac t i ng  
a  s tand  o f  ponderosa p i n e  l o c a t e d  8-km downwind cou ld  be r e a d i l y  c a l c u l a t e d  
based on t h e  a i r  c o n c e n t r a t i o n  a t  t h a t  p o i n t ,  t h e  d e p o s i t i o n  v e l o c i t y  f o r  
t h a t  canopy type,  r e l a t i v e  humid i t y ,  and wind speed. I t  i s  t h i s  p r e d i c t i v e  
approach based on p r e c i s e  l a b o r a t o r y  o r  f i e l d  da ta  t h a t  w i l l  be most u s e f u l  
i n  t h e  f u t u r e .  
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1.0 INTRODUCTION 

The U.S. Army has developed smokes and obscurants  t o  mask v i s u a l l y  
t h e  movenient o f  t roops  and v e h i c l e s  d u r i n g  combat. E f f e c t i v e  t r a i n i n g  
scenar ios  f o r  our' armed f o r c e s  r e q u i r e  t h a t  t r o o p  maneuvers s imu la te ,  as 
c l o s e l y  as poss ib le ,  t h e  c o n d i t i o n s  most l i k e l y  t o  be encountered under 

. 1  i v e  combat s i t u a t i o n s  (e.g., hardware, weapons f i r e ,  t e r r a i n ,  weather, 

@ 
vege ta t ion ,  and smoke concen t ra t i ons ) .  W i t h i n  t h e  framework of t h e  
t r a i n i n g  opera t ions ,  t h e  Army has a  r e g u l a t o r y  r e s p o n s i b i l i t y  t o  ensure 
t h a t  t h e  use o f  smokes and obscurants  does n o t  adverse ly  a f f e c t  t h e  h e a l t h  
of l o c a l  r es i den t s ,  o r  t h e  environment, bo th  on and near t h e  t r a i n i n g  
s i t e s .  The environments o f  these t r a i n i n g  cen te rs  range f rom h igh  dese r t s  
t o  sem i t r op i ca l  f o r e s t s ,  thus compl i c a t i n g  t h i s  r e s p o n s i b i l  i ty. 

The Hea l t h  E f f e c t s  Research D i v i s i o n  o f  t h e  U.S. Army Biomedical  
Research and Development Labora to ry  (USABRDL) has been assigned t h e  
r e s p o n s i b i l i t y  o f  de te rmin ing  t h e  p o t e n t i a l  env i ronmenta l  e f f e c t s  
assoc ia ted  w i t h  t h e  use o f  smokes and obscurants i n  t r a i n i n g  and t e s t i n g .  
As p a r t  o f  USABRDL's planned program i n  response t o  t h i s  concern, t h e  U.S. 
Department o f  Energy 's  (DOE'S) P a c i f i c  Northwest Labora to ry  (PNL) was 
ass igned t o  eva lua te  t h e  t r a n s p o r t ,  t h e  chemical t rans fo rmat ion ,  and t h e  
t e r r e s t r i a l  e c o l o g i c a l  e f f e c t s  o f  severa l  o f  t h e  smokes c u r r e n t l y  used i n  
t r a i n i n g  throughout  t h e  U n i t e d  S ta tes .  PNL was assigned t h i s  t ask  f o r  two 
reasons. F i r s t ,  smoke and obscurant  t e s t i n g  c o u l d  be conducted w i t h i n  a  
spec ia l  r e c i r c u l a t i n g  wind tunne l  t h a t  ensures containment o f  t h e  smoke and 
enables researchers t o  s imu la te  a  v a r i e t y  o f  env i ronmenta l  c o n d i t i o n s  
( i  .e., va r y i ng  wind speeds, r e l a t i v e  h u m i d i t i e s ,  temperatures and 1  i g h t i n g  
c o n d i t i o n s )  . Second, PNL researchers have un ique e x p e r t i s e  i n  e v a l u a t i n g  
t h e  i n t e r a c t i o n s  o f  p l a n t s  and s o i l s  w i t h  aeroso ls  and gases under 
c o n t r o l l e d  env i ronmenta l  cond i t i ons .  

The o b j e c t i v e  o f  t h i s  r e p o r t  i s  t o  p resen t  d e t a i l e d  r e s u l t s  assoc ia ted  
w i t h  t h e  fo rmat ion ,  t r a n s p o r t ,  atmospheric t r ans fo rma t i on ,  depos i t i on ,  and 
t e r r e s t r i a l  e c o l o g i c a l  e f f e c t s  o f  two obscurant  smokes. The two smokes 
t e s t e d  were r e d  phosphorus-butyl  rubber  (RP/BR) and w h i t e  phosphorus (WP). 
E f f e c t s  o f  these smokes on t h r e e  p r ima ry  ecosystem components were 
evaluated:  

1) n a t u r a l  t e r r e s t r i a l  v e g e t a t i o n  c h a r a c t e r i s t i c  o f  U.S. Army 
t r a i n i n g  s i t e s  i n  t h e  Un i t ed  S ta tes ,  

2 )  phys i ca l  and chemical p r o p e r t i e s  o f  s o i l s  a t  those s i t e s ,  and 
3 )  s o i l  m i c r o b i o l o g i c a l  and s o i l  i n v e r t e b r a t e  communities. 

W i t h i n  t h e  framework o f  the '  exper imenta l  design, we eva lua ted  t h e  
i n f l u e n c e  o f  two p r imary  env i ronmenta l  v a r i a b l e s ,  r e l a t i v e  hum id i t y  (20%, 
60%, 90%, and s imu la ted  r a i n )  and wind speed ( 2  t o  10 mph o r  0.90 and 4.5 
m ls ) ,  on t h e  e c o l o g i c a l  e f f e c t s  induced by these smokes. The second 
o b j e c t i v e  was t o  supp ly  d e t a i l e d  da ta  on t h e  phys i ca l  and chemical 



c h a r a c t e r i s t i c s  o f  these smokes f o r  use by USABRDL i n  p r e d i c t i n g  dose 
assoc ia ted  w i t h  human h e a l t h  r i s k  assessment models and f o r  f u t u r e  
assessments w i t h  r ega rd  t o  e f f e c t s  on w i l d l i f e  and domest ic an imals .  

I t should be no ted  t h a t  t h e  h e a l t h  and env i ronmenta l  e f f e c t s  o f  Army 
smokes and obscurants  have been s t u d i e d  i n t e n s i v e l y  over  t h e  p a s t  30 years;  - 
these research  e f f o r t s  have r e c e n t l y  been compi led and rev iewed by Shinn e t  
a l .  (1985). I n  genera l ,  research  i n t o  t h e  e f f e c t s  o f  obscurant  smokes has : 
concent ra ted  on animal and a q u a t i c  t o x i c i t y ,  w i t h  r e l a t i v e l y  l i t t l e  e f f o r t  
be ing  expended i n  understanding s o i l / p l a n t  o r  e c o l o g i c a l  e f f e c t s .  The v a s t  
m a j o r i t y  o f  these p rev ious  e f f o r t s  used d i r e c t  a r t i f i c i a l  dos ing  o f  
organisms o r  aqueous amendments o f  suspected t o x i c a n t s .  Wh i le  t h i s  may be 
a p p r o p r i a t e  and necessary i n  many ins tances ,  i t  may n o t  be a p p r o p r i a t e  i n  
deve lop ing  an understanding o f  t h e  p o t e n t i a l  impact  o f  t h e  r e c u r r e n t  use o f  
obscurant  smokes a t  h e a v i l y  used t r a i n i n g  s i t e s .  T h i s  i s  ma in l y  because 
t h e r e  i s  no e s t a b l i s h e d  c o r r e l a t i o n  between a i r b o r n e  smoke concen t ra t i on ,  
d e p o s i t i o n  on s o i  1  s  and p l a n t s  ( d u r a t i o n  and phys i ca l  parameters a f f e c t i n g  
d e p o s i t i o n ) ,  and t h e  u l t i m a t e  e f f e c t ,  env i ronmenta l  d e t e r i o r a t i o n .  



2.0 MATERIALS AND METHODS 

A l l  phosphorus smokes t e s t i n g  was conducted a t  t h e  Aerosol  Research 
F a c i l i t y  a t  P a c i f i c  Northwest Labora to ry  (PNL). Th i s  f a c i l i t y  (F i gu re  
2.1), which i s  l o c a t e d  on t h e  U.S. Department o f  Energy 's  (DOE) Hanford 
S i t e  i n  southeastern Washington, con ta ins  an env i ronmenta l  wind tunne l  
s u i t a b l e  f o r  t e s t i n g  obscurant  smoke under a  wide v a r i e t y  o f  env i ronmenta l  
c o n d i t i o n s .  The f a c i l i t y  and suppo r t i ng  l a b o r a t o r i e s  a r e  used f o r  research 
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i n v o l v i n g  generat ion,  t r a n s p o r t ,  depos i t i on ,  and c h a r a c t e r i z a t i o n  o f  
aeroso ls  and gases i n  complex atmospheric environments. A more d e t a i l e d  
d e s c r i p t i o n  o f  t h e  wind tunne l  i s  p rov ided  i n  Sec t i on  2.2 and add i t ona l  
i n f o r m a t i o n  can be found i n  Van V o r i s  e t  a l .  (1985), Van Vo r i s  e t  a l .  
(1986), and L i g o t k e  e t  a1 . (1986). 

2.1 TEST MATERIALS 

Red phosphorus/butyl  rubber  (RP/BR) and w h i t e  phosphorus (WP) smokes 
were t e s t e d  i n  t h i s  p r o j e c t .  The e f f e c t s  o f  these  smokes on s o i l  
chemist ry ,  m i c r o b i a l l y  mediated s o i l  processes, s e l e c t  i n v e r t e b r a t e s  
i n h a b i t i n g  t h e  s o i l ,  and f i v e  p l a n t  spec ies rep resen t i ng  va r i ous  geographic 
reg ions  o f  t h e  c o n t e n t i a l  Un i t ed  S ta tes  were evaluated.  

2.1.1 Smoke Subs t ra te  C h a r a c t e r i s t i c s  

Both RP/BR and pure  WP were burned t o  generate obscurant  smokes. 
S i x t y - f o u r  k i log rams o f  RP/BR, packaged i n  t h r e e  smal l  drums, were ob ta ined  
f rom t h e  U. S. A m y  a t  Aberdeen Prov ing  Ground i n  Maryland. The m a t e r i a l  
cons i s ted  o f  amorphous r e d  phosphorus granules composed o f  a  95:5 r a t i o  of 
r e d  phosphorus t o  b u t y l  rubber .  The b u t y l  rubber  reduces t h e  c l o u d - p i l l a r  
e f f ec t  o f t e n  found w i t h  pure  RP obscurant  mun i t ions .  Approxiniately 1% of 
t h e  RP/BR m i x t u r e  was m ine ra l  o i l  ( a  d i e  e x t r u s i o n  l u b r i c a n t )  and 1% was 
t a l c ,  i n  accordance w i t h  m i l  i t a r y  s p e c i f i c a t i o n s  (DOD-P-51463(EA), 1960). 
The t a l c  op t im izes  break up and improves d i s p e r s i o n  p a t t e r n  u n i f o r m i t y .  
The RP/BR used i n  t h i s  s tudy  was s i m i l a r  t o  t h a t  used i n  t h e  L8A1 grenade, 
XM819 81-mm mortar ,  and t h e  XM803 155-mm howi tzer .  Approx imate ly  20 kg o f  
RP/BR were used d u r i n g  t h e  study. 

Pure WP was purchased f rom a commercial s u p p l i e r  because d i s t r i b u t i o n  
o f  t h e  m a t e r i a l  i n  w h i t e  phosphorus/ fe l  t (WP/F) n ~ u n i t i o n s  i s  n o t  un i f o rm  
(Spanggord e t  a1 . 1985). The wh i te ,  o r  ye1 1 ow, phosphorus was 1 i ke wax i n  
appearance and t e x t u r e .  

Whi le  RP/BR used i n  t h i s  s tudy  was, t o  o u r  knowledge, i d e n t i c a l  t o  
t h a t  used i n  severa l  types o f  obscurant  dev ices c u r r e n t l y  i n  t h e  m i l i t a r y  
i nven to ry ,  t h e  WP was pure  r a t h e r  than  impregnated i n  a  f e l t  m a t r i x  (WP/F) 
as i s  t y p i c a l  o f  m i l i t a r y  i nven to ry .  Pure WP was used r a t h e r  than  WP/F 
because no s i g n i f i c a n t  e f f e c t  on t h e  f o rma t i on  o r  chemical s p e c i a t i o n  o f  
t h e  smokes was a n t i c i p a t e d  between pure WP and WP i n  a  f e l t  m a t r i x .  



FIGURE 2.1 PACFIC NORTHWEST LABORATORY SPECIAL RECIRCULATING ENVIRONtlENTAL WIND TUNNEL 



Red phosphorus m e l t s  i n  t h e  range o f  585°C t o  600°C. Several  X-ray 
d i f f r a c t i o n  s tud ies  o f  l i q u i d  phosphorus de r i ved  f rom e i t h e r  RP o r  blP 
i n d i c a t e  t h a t  t h e  phosphorus atoms a r e  p resen t  i n  t h e  l i q u i d  as symmetr ical  

- P  t e t r ahed ra .  Th i s  P t e t r ahed ron  i s  t h e  fundamental element i n  
e a p l a i n i n g  t h e  chemist?y o f  phosphorus o x i d a t i o n .  Red phosphorus i s  an 
amorphous m a t e r i a l ,  most l i k e l y  made up o f  l a r g e  random a r rays  o f  
phosphorus atoms, i n  t h e  form o f  connected te t rahedrons .  Commercial RP i s  

. a moderate ly  uns tab le  m a t e r i a l ,  r e a c t i n g  s l o w l y  w i t h  wate r  vapor and a i r  t o  
'4 

fo rm phosphine and va r i ous  oxyac ids o f  phosphorus a t  normal temperatures 
and hum id i t i es .  These r e a c t i o n s  may be slowed by  reduc ing  t h e  temperature 
and by reduc ing  t h e  amount o f  c e r t a i n  meta ls  (such as i r o n ,  copper and 
n i c k e l )  t h a t  niay be found i n  commercial RP. 

White phosphorus i s  a  s o l i d  ob ta ined  by t h e  condensat ion o f  phosphorus 
vapor t o  a  l i q u i d  and then  a l l o w i n g  t h e  phosphorus l i q u i d  t o  coo l  under 
water .  Pure WP i s  a  c o l o r l e s s  waxy s o l i d  m e l t i n g  a t  44°C t o  a  c l e a r  
l i q u i d .  The major  i m p u r i t i e s  i n  commercial w h i t e  phosphorus a r e  a r sen i c  
(usua l  l y  1  ess than 0.02%) and t r aces  o f  hydrocarbons. White phosphorus i s  
made up of unpolymerized t e t r ahed ra  o f  phosphorus atoms (mo lecu la r  fo rmu la  
P4) 

The major  p roduc t  o f  combustion o f  e i t h e r  o f  these phosphorus 
a l l o t r o p e s  i s  phosphorus pentox ide.  I n  t h e  absence o f  s u f f i c i e n t  
q u a n t i t i e s  o f  oxygen, some o f  t h e  1  ower ox ides ( p a r t i c u l a r l y  phosphorus 
t r i o x i d e )  may form. The p o t e n t i a l  f o r  f o rma t i on  o f  phosphorus t r i o x i d e  i s  
o f  spec ia l  i n t e r e s t  because i t  r e a c t s  w i t h  wate r  t o  form phosphor ic  a c i d  
and phosphine, a  ve ry  t o x i c  gas: 

Phopsphorus pen tox ide  a l s o  r e a c t s  w i t h  wate r  and, as a  r e s u l t  o f  t h i s  
r eac t i on ,  i s  one o f  t h e  most e f f e c t i v e  d r y i n g  agents known a t  normal 
temperatures. The r e a c t i o n  o f  phosphorus pen tox ide  w i t h  wate r  produces a  
number of h y d r o l y s i s  products ,  t h e  r e l a t i v e  amounts o f  each depending on 
t h e  c o n d i t i o n s  a t  which t h e  r e a c t i o n  i s  c a r r i e d  ou t .  T h i l o  and Wieker 
(1954) s t u d i e d  t h e  r e a c t i o n  i n  wate r  a t  O°C, and found t h a t  77% o f  t h e  
phosphorus pen tox ide  formed te t rametaphosphor ic  ac i d ,  15% t r i p h o s p h o r i c  
ac id ,  and t h e  remainder t r imetaphosphor ic  ac i d ,  t e t r aphospho r i c  ac id ,  and 
phosphoric ac i d .  The t h r e e  r e a c t i o n  products ,  te t rametaphosphor ic  ac i d ,  
t r imetaphosphor ic  ac i d ,  and t r i p h o s p h o r i c  ac i d ,  a r e  reasonably  s t a b l e  
compounds. Hyd ro l ys i s  o f  t h e  phosphorus pen tox ide  t o  these t h r e e  species 
i s  rap id ;  f u r t h e r  h y d r o l y s i s  proceeds a t  a  much s lower  r a t e .  The 
h y d r o l y s i s  scheme i s  d iscussed i n  d e t a i l  i n  Van Wazer (1958). 

2.1.2 P l a n t  and S o i l  S e l e c t i o n  

F i v e  p l a n t  species,  r e p r e s e n t a t i v e  o f  a  range o f  p l a n t  types, were 
used i n  these s tud ies .  The n a t i v e  spec ies were r e p r e s e n t a t i v e  o f  d i f f e r e n t  
t r a i n i n g  environments throughout  t h e  Un i t ed  S ta tes  and i nc l uded  t h e  
f o l l o w i n g :  



B i g  sagebrush (A r tem is i a  t r i d e n t a t a ,  vaseyana). A medium-sized, 
pe renn ia l  shrub found ove r  v a s t  expanses o f  t h e  a r i d  and sem i -a r i d  
wes te rn  s t a t e s .  I t  grows i n  r e l a t i v e l y  harsh environments on 
a l k a l i n e  s o i l s  and a t  e l e v a t i o n s  f rom sea l e v e l  t o  7000 ft. Source: 
N a t i v e  P l a n t s  Inc. ,  Sandy, Utah. Age: 2 -year -o ld  seed l ings .  

Ponderosa p i n e  (P inus ponderosa). A l a r g e  con i f e rous  f o r e s t  species,  
common t o  western No r th  America. I t  grows a t  a  range o f  e l e v a t i o n s  
and i s  r e l a t i v e l y  t o l e r a n t  t o  drought .  I t  r e q u i r e s  moderate s o i l  
f e r t i l i t y .  Source: MacHugh Nursery,  E l t o p i a ,  Washington. Age: 
2-year-o ld  seed l ings .  

Shor t -needle p i n e  (P inus ech ina ta )  . A con i f e rous  t r e e  spec ies 
ind igenous t o  t h e  southeastern U.S. Th i s  v a r i e t y  i s  used e x t e n s i v e l y  
i n  r e f o r e s t a t i o n .  Source: J .P. Rhody Nursery,  G; 1  b e r t s v i  11 e, 
Kentucky. Age: 2-year-o ld  seed l ings .  

Blando brome (Bromus m o l l  i s ) .  A pe renn ia l ,  cool-season bunch grass 
t h a t  grows w e l l  on d r y  o r  wet, a l k a l i n e  o r  a c i d  s o i l s .  A r a t h e r  
u b i q u i t o u s  range. Source: N a t i v e  P lan ts ,  Sandy, Utah. Grown f r om 
seed. 

. Bushbean (Phaseolus v u l g a r i s ,  tendergreen) .  An agronomic spec ies t h a t  
i s  r e l a t i v e l y  s e n s i t i v e  t o  chemical  i n s u l t s ,  based on p r i o r  - 
exper ience.  Grown f rom seed. 

These f i v e  p l a n t  spec ies p rov ided  a range o f  canopy type,  c u t i c u l a r  
s t r u c t u r e  and t h i ckness  and were s u i t a b l e  f o r  e v a l u a t i n g  p h y t o t o x i c  
response t o  obscurant  smokes and f o r  e v a l u a t i n g  d e p o s i t i o n  v e l o c i t y  under a  
range o f  env i ronmenta l  cond i t i ons .  Ponderosa p ine ,  shor t -need le  p ine ,  and 
sagebrush were ma in ta ined  i n  t h e  greenhouse p r i o r  t o  use. These spec ies 
were a l l owed  t o  go dormant i n  t h e  f a l l  o f  t h e  year ;  i n  December, t h e  
greenhouse temperature was inc reased  and pho toper iod  was a r t i f i c i a l l y  
ad jus ted  t o  break dormancy. P r i o r  t o  t h e i r  exper imenta l  use i n  t h e  sp r i ng ,  
groups o f  these p l a n t s  were t r a n s f e r r e d  t o  growth chambers and a l l owed  t o  
e q u i l i b r a t e  f o r  30 days, where t hey  were ma in ta ined  a t  day /n igh t  
temperatures o f  32°C/210C, a  16-hour pho toper iod  (approx imate ly  500 UE m-2 
sec-1, PAR, a t  l e a f  su r f ace ) ,  and 50% r e l a t i v e  hum id i t y .  Bushbean was 
p l a n t e d  and grown i n  growth chambers under t h e  same c o n d i t i o n s .  Blando 
brome was grown f rom seed and ma in ta ined  a t  day /n igh t  temperatures o f  
27"C/15"CY a 10-hour pho toper iod  (approx imate ly  500 pE m-2 sec-1, PAR, a t  
l e a f  su r f ace ) ,  and 50% r e l a t i v e  humid i t y .  

5 

Both p i n e  spec ies were grown on a commerc ia l ly  a v a i l a b l e  loam s o i l ,  
w h i l e  t h e  sagebrush, b lando brome, and bushbean were grown on Burbank 
s i l t - s a n d .  The l a t t e r  were used t o  eva lua te  d i r e c t  f o l i a r  c o n t a c t  
t o x i c i t y ,  and a t  no t ime  was t h e  s o i l  of these t e s t  systems exposed t o  
phosphorus smokes. 



Two s o i l s  were used t o  eva lua te  i n d i r e c t  s o i l / p l a n t  e f f e c t s .  For t h i s  
eva lua t i on ,  s o i l s  were contaminated w i t h  phosphorus smokes p r i o r  t o  t h e  
seeding and growth o f  t h e  grass species.  The two s o i l s  used were Burbank 
( found  a t  Hanford, Washington), an a1 k a l  i n e  s i l  t -sand t h a t  r e a d i l y  suppor ts  
t h e  growth o f  t h e  grass species;  and Maxey F l a t s  ( found  a t  Morehead, 
Kentucky),  a  s i l t - c l a y  t h a t  i s  noncu l t i va ted ,  has low n u t r i e n t  s t a tus ,  and 
w i l l  suppor t  marg ina l  growth o f  t h e  grass spec ies.  A l l  s o i l s  were . main ta ined  a t  50% t o  66% o f  f i e l d  c a p a c i t y  p r i o r  t o  and f o l l o w i n g  
exper imenta l  use. 

2.1.3 S o i l  Chemistry S tud ies  

Four w e l l  cha rac te r i zed  s o i l s  (Tab le  2.1) r ep resen t i ng  a  range o f  s o i l  
types t h a t  one m igh t  encounter  on t r a i n i n g  s i t e s  were exposed t o  phosphorus 
smokes. The exposure was made on 40 grams o f  s o i l  spread on to  a  700 cm2 
su r face  area. Th i s  method o f  exposure was chosen i n  o r d e r  t o  eva lua te  
changes o c c u r r i n g  w i t h i n  t h e  su r f ace  l a y e r  where t h e  ma jo r  m i c r o b i a l  
decomposit ion and me tab lo i c  processes occur.  I t  i s  a l s o  t h e  l a y e r  t h a t  i s  
sub jec ted  t o  e ros iona l  f o r c e s  (wind, water,  r u n o f f )  which may impact  
ad jacen t  su r f ace  o r  subsur face waters .  

2.1.4 S o i l  M i c rob io l ogy  

The e f f e c t s  o f  RP/BR smoke exposure on s o i l  m i c r o b i o l o g i c a l  h e a l t h  
were eva lua ted  f o r  those processes t h a t  l e a d  t o  t h e  f o rma t i on  o f  m inera l  
phosphorus and n i t r ogen ,  and t o  t h e  decomposit ion o f  o rgan i c  mat te r .  

N i t r ogen  and phosphorus a r e  cons idered macronu t r ien ts  because p l a n t s  
r e q u i r e  l a r g e  q u a n t i t i e s  o f  these elements f o r  growth. They a r e  a l s o  
impo r tan t  n u t r i t i o n a l  elements f o r  t h e  growth o f  s o i l  m i c r o f l o r a .  
Decomposit ion o f  o rgan i c  m a t t e r  (carbon m ine ra l  i z a t i o n )  by t h e  s o i  1  
m i c r o b i a l  popu la t i on  i s  c r i t i c a l  f o r  t h e  c y c l i n g  o f  impo r tan t  n u t r i t i o n a l  
elements (n i t r ogen ,  phosphorus, s u l f u r ,  and some t r a c e  meta ls )  and f o r  t h e  
r e t u r n  o f  o rgan i c  carbon as CO t o  t h e  atmosphere. Carbon m i n e r a l i z a t i o n  
a c t i v i t y  a l s o  d e t o x i f i e s  xenob?ot ic  chemicals t h a t  may be re leased  t o  t h e  
environment. Therefore,  any p h y s i c a l  o r  chemical p e r t u r b a t i o n  on t h e  s o i l  
system t h a t  d i s r u p t s  these m i c r o b i a l l y  mediated processes can i n d i r e c t l y  
i n f l uence  p l a n t  growth, and d i r e c t l y  a f f e c t  t h e  s o i l ' s  a b i l i t y  t o  decompose 
o rgan i c  m a t t e r  and d e t o x i f y  xenob io t i c s .  

S o i l  organisms a r e  a l s o  a  source o f  food  f o r  t h e  s o i l  fauna (e.g., 
m i tes ,  ar thropods,  worms) and thus  occupy an impo r tan t  p o s i t i o n  low i n  t h e  
food chain.  A  d e l e t e r i o u s  impact  on t h e  va r i ous  s o i l  m i c r o b i a l  popu la t i ons  
can a f f e c t  s o i l  i n v e r t e b r a t e  l i f e  and t h e  s o i l - d w e l l i n g  animals t h a t  depend 
on t h e  popu la t i ons  f o r  food. 

Phosphatases a r e  a  broad group o f  enzymes t h a t  c a t a l y z e  t h e  h y d r o l y s i s  
of bo th  e s t e r s  and anhydr ides o f  H PO . Phosphatase enzyme a c t i v i t y  i n  
s o i l  i s  a  c o n t r i b u t i n g  f a c t o r  t o  o?ga!ic phosphate m i n e r a l i z a t i o n  and 
t he re fo re  was chosen as an assay t o  s tudy  t h e  e f f e c t  of phosphorus smoke on 
phosphorus c y c l i n g  i n  s o i l .  



TABLE 2.1. SELECTED PROPERTIES OF TEST SOILS 

Soi  1  P r o p e r t i e s  Burbank Q u i l l a y u t e  Shawano Y amac 

P H 7.43 4.74 4.82 8.43 

Organic carbon (%)  

S u l f u r  (%)  

N i t r ogen  (%)  

T o t a l  phosphorus 
(ug/g) 

F i ne  and course 
c l a y  (%)  

The convers ion  of  o rgan i c  n i t r o g e n  t o  a v a i l a b l e  i n o r g a n i c  forms 
combines two d i s t i n c t  m i c r o b i o l o g i c a l  processes: ammoni f icat ion,  which 
conver ts  o rgan i c  n i t r o g e n  t o  ammonia and n i t r i f i c a t i o n ,  which t rans fo rms 
ammonia t o  n i t r a t e .  Organic m a t t e r  decomposi t ion and carbon t u r n o v e r  
occurs ma in l y  th rough  o x i d a t i v e  metabol ism w i t h  t h e  subsequent r e l e a s e  o f  
co2. 

2.2 WIND TUNNEL FACILITIES AND EQUIPMENT 

Smokes were produced i n  t h e  PNL Aerosol  Research F a c i l i t y  u s i n g  a  
v a r i e t y  o f  l a b o r a t o r y - s c a l e  genera to rs  and were ma in ta ined  w i t h i n  t h e  wind 
tunne l  t o  approximate n a t u r a l  f i e 1  d  concen t ra t ions .  Aerosol  s  were 
c h a r a c t e r i z e d  u s i n g  convent iona l  and s ta te -o f - t he -a r t  i ns t ruments .  
Low-pressure cascade impactors  were used t o  measure p a r t i c l e  s i z e  
d i s t r i b u t i o n  i n  dense aeroso ls ,  and l a s e r  p a r t i c l e  ana lyzers  were used t o  
measure b o t h  p a r t i c l e  s i z e  and t h e  aerosol  mass c o n c e n t r a t i o n  o f  m a t e r i a l s  
con ta ined  w i t h i n  t h e  w ind  t unne l .  Some o f  these ins t ruments  a r e  remote, 
and were thus  used f o r  i n  s i t u  measurement o f  aerosol  c h a r a c t e r i s t i c s ;  no 
probe d i s t u r b e d  t h e  a i r  f l o w  and hazardous m a t e r i a l s  d i d  n o t  need t o  be 



removed f rom t h e  wind tunne l  f o r  ana l ys i s .  Most o f  t h e  l a b o r a t o r y  
i ns t rumen ta t i on  i s  connected t o  a  computer c o n t r o l  and da ta  a c q u i s i t i o n  
system t h a t  improves q u a l i t y  c o n t r o l  and a l l o w s  a  l a r g e  number o f  

- exper imenta l  c o n d i t i o n s  t o  be measured e f f i c i e n t l y .  

2.2.1 D e s c r i p t i o n  o f  Wind Tunnel Tes t  Sec t ion  

Wind speed, humid i t y ,  temperature,  and l i g h t i n g  a r e  c o n t r o l l e d  w i t h i n  
oc t h e  70-m3 r e c i r c u l a t i n g  wind tunne l  i n  t h e  PNL Aerosol  Research Fac i  1  i t y  

(see F igure  2.1). The w ind  tunne l  i s  cons t ruc ted  o f  s t a i n l e s s - s t e e l  t o  
a l l o w  c o r r o s i v e  aeroso ls  and gases t o  be t es ted ,  and i s  used t o  h o l d  
suspended m a t e r i a l s  i n  complete containment. A  nega t i ve  p ressure  i s  
ma in ta ined  d u r i n g  t e s t  sequences and a l l  e f f l u e n t  i s  passed through 
l i q u i d  scrubbers and a  s e r i e s  o f  h i g h - e f f i c i e n c y  p a r t i c u l a t e  a i r  (HEPA) 
f i l t e r s  p r i o r  t o  i t s  re lease .  

P l a n t  and s o i l  exposures were performed d u r i n g  t h i s  p r o j e c t  i n  t h e  
6.1-ni-long by 0.4-m2 t e s t  s e c t i o n  o f  t h e  wind tunne l  (see F igu re  2.1). 
Movable i n t e r n a l  b a f f l e s  were used t o  i s o l a t e  t h e  t e s t  s e c t i o n  f rom t h e  
wind tunne l  p r i o r  t o  and immediate ly  f o l l o w i n g  an exposure t e s t ,  which 
a l lowed t h e  exposure d u r a t i o n  t o  be p r e c i s e l y  c o n t r o l l e d .  V e l o c i t y  and 
aerosol  concen t ra t i on  p r o f i l e s  i n  t h e  approach f l o w  were un i f o rm  across t h e  
w i d t h  and h e i g h t  o f  t h e  t e s t  sec t i on .  The t e s t  environment s imu la ted  
n a t u r a l  env i ronmenta l  cond i t i ons .  Humid i t y  and wind speed were c o n t r o l l e d  
and v a r i e d  between t e s t s ,  and u n i f o r m  temperature was mainta ined.  Adequate 
l i g h t i n g  was a l s o  p rov ided  t o  p reven t  reduced p l a n t  and s o i l  r e s p i r a t i o n  
ra tes .  

EXPOSURE CONDITIONS 

Environmental  parameters i n  t h e  wind tunne l  were c o n t r o l l e d  t o  c l o s e l y  
match those e x i s t i n g  i n  t h e  f i e l d .  A i r  temperature ranged f rom 20°C t o  
23°C f o r  a l l  t e s t s .  The r e l a t i v e  hum id i t y  o f  t h e  wind tunne l  atmosphere 
was c o n t r o l l e d  and ranged f rom 20% t o  90% depending on s tudy  cond i t i ons ;  
water  vapor was added t o  t h e  system by a  s e r i e s  o f  smal l  b o i l e r s  t o  
ma in ta i n  t h e  h i g h e r  hum id i t i es .  A l i m i t e d  number o f  t e s t s  were performed 
a t  r e l a t i v e  hun i i d i t i es  o f  5% and 98% f o r  chemical a n a l y s i s  o f  t h e  aerosol  
on l y .  A ~ l - m e t e r  (40- inch)  v a r i a b l e  speed f a n  was used throughout  each 
t e s t  t o  m a i n t a i n  a  cons tan t  wind speed i n  t h e  wind tunne l  t e s t  sec t i on .  
Tests  were performed a t  wind speeds o f  0.22, 0.90, 1.8, 2.0, 2.7, and 4.5 
m/s (0.5 t o  10 mph). Mean wind speed was measured by an anemometer u s i n g  a  
mean v e l o c i t y  ho t -w i re  probe. 

The hum id i t y  o f  t h e  wind tunne l  atmosphere was t y p i c a l l y  measured a t  
5-minute i n t e r v a l s  d u r i n g  each t e s t  u s i n g  a  d i f f u s i o n  sampl ing probe 
connected t o  a  General Eas te rn  Model 1500 Hygrocomputer. The hygrocomputer 
was a l s o  used t o  measure wind tunne l  temperature.  The probe was c a l i b r a t e d  
a g a i n s t  a  p r e c i s i o n - c o n t r o l l e d  d r a f t  v e l o c i t y  s l i n g  psychrometer. The 
probe was r e q u i r e d  f o r  measuring wate r  vapor concen t ra t i ons  i n  t h e  dense 
aeroso ls  ma in ta ined  w i t h i n  t h e  w ind  tunne l  d u r i n g  exposure t e s t s .  Sample 



a i r  o r i g i n a t e d  i n  t h e  l a b o r a t o r y  and was d r i e d  by passage th rough a  s i l i c a  
ge l  column. The a i r  was then  b rought  t o  near  e q u i l i b r i u m  w i t h  t h e  wate r  
vapor c o n c e n t r a t i o n  i n  t h e  wind tunne l  by pass ing  t h e  a i r  through a  
la rge-sur face-a rea  t e f l o n  membrane f i l t e r .  P a r t i c l e  d e p o s i t i o n  on t h e  
o u t e r  f i l t e r  su r faces  was l i m i t e d  because ve ry  l i t t l e  a i r  f rom t h e  wind 
tunne l  passed th rough i t .  Gaseous d i f f u s i o n  s u f f i c e d  t o  e q u i l i b r a t e  t h e  
sample f l o w  w i t h  t h e  wate r  vapor concen t ra t i on  w i t h i n  t h e  wind t unne l .  

Tes t  d u r a t i o n s  were t y p i c a l l y  2, 4, 6, o r  8 hours.  Tests  cons i s ted  o f  . 
e i t h e r  a  s i n g l e  exposure o r  s e r i e s  o f  exposures t o  obscuran t  smoke i n  which 
t h e  same s e t s  o f  specimens were exposed n i n e  consecu t i ve  t imes ove r  3 
weeks. The aeroso l  mass concen t ra t i on  f o r  RP/BR was c o n t r o l l e d ,  and ranged 
between 200 and 6000 mg/m3 depending on t h e  t e s t ;  w h i l e  WP concen t ra t i ons  
aeroso l  mass was c o n t r o l l e d  w i t h i n  t h e  range o f  50 t o  700 mg/m3 depending 
on s tudy  o b j e c t i v e s .  Aerosol  mass concen t ra t i ons  above 2500 mg/m3 were 
produced d u r i n g  h igh-humid i t y  t e s t s  when t h e  a v a i l a b l e  wa te r  vapor i n  t h e  
wind tunne l  atmosphere c o n t r i b u t e d  s i g n i f i c a n t l y  t o  t h e  t o t a l  mass o f  
p a r t i c l e s  suspended i n  t h e  wind t unne l .  C a l c u l a t i o n s  t o  determine t h e  
a v a i l a b i l i t y  o f  oxygen and wate r  vapor t o  t h e  combustion process o r  t h e  
e v o l u t i o n  o f  phosphorus compounds i n  t h e  wind tunne l  showed t h a t  n e i t h e r  
was l i m i t e d  any more than  t h e y  would be i n  t h e  f i e l d .  

2.3.1 E x ~ o s u r e  Environment and Tes t  Cond i t ions  

T e s t  codes, da te  o f  run, temperature,  r e l a t i v e  humid i t y ,  w ind  speed, 
and d u r a t i o n  o f  exposure f o r  each ma jo r  RP/BR and WP t e s t  a r e  presented i n  
Tables 2.2, 2.3, and 2.4. The r e l a t i v e  hum id i t y  f o r  t h e  RP/BR 
range - f i nd ing  t e s t s ,  s e r i e s  A and B, p robab ly  ranged between 20% and 30% 
because ou tdoor  c o n d i t i o n s  i n f l u e n c e d  t h e  wate r  vapor con ten t  w i t h i n  t h e  
l a b o r a t o r y ;  however, measurements o f  r e l a t i v e  hum id i t y  i n  t h e  w ind  t unne l  
d u r i n g  these  t e s t s  may have been s u b j e c t  t o  m inor  e r r o r .  Wind speed was 
measured d u r i n g  t h e  t e s t s  e i t h e r  by h o t - w i r e  anemometry o r  a  P i t o t - s t a t i c  
tube  procedure. The h o t - w i r e  probe was u n a v a i l a b l e  d u r i n g  most o f  t h e  
RP/BR r a n g e - f i n d i n g  t e s t s  because i t  was r e t u r n e d  t o  t h e  manufac tu re r  f o r  
r e p a i r s .  Because t h e  wind tunne l  mean wind speed remained cons tan t  a f t e r  
i t  was i n i t i a l l y  se t ,  measurements made a t  t h e  beg inn ing  o f  each t e s t  were 
s u f f i c i e n t  f o r  v e r i f y i n g  t h e  wind speed th roughout  each t e s t .  The wind 
t unne l  f a n  motor  speed was n o t  mon i to red  t o  measure v e l o c i t y  because t h e  
f r i c t i o n a l  d rag  o f  t h e  p l a n t  specimens i n  t h e  t e s t  s e c t i o n  v a r i e d  f rom t e s t  
t o  t e s t ,  making a  motor  speedlwind speed c a l i b r a t i o n  meaningless. 

The d u r a t i o n  o f  t h e  exposure i n t e r v a l  f o r  each t e s t  was based on 
v i s u a l  obse rva t i on  o f  t h e  smoke d e n s i t y .  Tes t  s t a r t  t imes  were n e a r l y  
ins tan taneous  and thus  e a s i l y  est imated;  however, approx imate ly  5  minutes 
were r e q u i r e d  t o  remove t h e  v i s i b l e  smoke f r om t h e  t e s t  s e c t i o n  a t  t h e  end 
o f  each t e s t .  The end o f  t h e  exposure i n t e r v a l  was ass igned t o  t h a t  t ime  
when t h e  t e s t  s e c t i o n  purge was one -ha l f  complete, which was t y p i c a l l y  2  o r  
3 minutes f o l l o w i n g  i n i t i a t i o n  o f  t e s t  s e c t i o n  purg ing.  



- Exposure 
Tes t  Date Temperature U i n t e r v a l  

("c) (m/s> [hours (m inu tes )  1 

( a )  R e l a t i v e  h u m i d i t y  was w i t h i n  t h e  range 15%<RHc30% f o r  a1 1 RP/BR 
r a n g e - f i n d i n g  t e s t s .  



TABLE 2.3. EXPOSURE CONDITIONS FOR THE RP/BR TEST D 

R e l a t i v e  - Exposure 
Tes t  Date Temperature h u m i d i t y  U i n t e r v a l  

("c) ( % I  (m/s 1 [hours (minutes)  2 



TABLE 2.4. EXPOSURE CONDITIONS FOR THE WP TEST E 

R e l a t i v e  - Exposure 
Tes t  Date Temperature hum id i t y  U i n t e r v a l  

("c) ( % )  (m/s) [hours (m inu tes ) ]  

A  s teady-s ta te  smoke r e p r e s e n t a t i v e  o f  f i e l d  c o n d i t i o n s  was des i r ed  
f o r  t h e  exposure t e s t s .  Measurements o f  r e l a t i v e  l a s e r  t r ansm i t t ance  and 
p a r t i c l e  s i z e  d i s t r i b u t i o n  i n d i c a t e d  t h a t  t h e  obscurant  aeroso ls  a t t a i n e d  a  
s teady-s ta te  c o n d i t i o n  i n  t h e  wind tunne l  approx imate ly  one-hal f  hour  a f t e r  
t h e  f i r s t  p o r t i o n  o f  m a t e r i a l  was i g n i t e d .  P lan t s  and s o i l s  were exposed 
t o  t h e  f r e s h  smoke d u r i n g  t h e  exposure t e s t s  f o r  t h e  RP/BR range - f i nd ing  
t e s t s ,  s e r i e s  A and B. Dur ing  t h e  RP/BR t e s t  D and WP t e s t  E exposures, 
t h e  t e s t  s e c t i o n  was i s o l a t e d  u n t i l  a  s teady -s ta te  obscurant  aerosol  
had evolved. The s teady-s ta te  aeroso ls  were descr ibed  by t h e  average age 
of t h e  p a r t i c l e s  i n  suspension i n  t h e  wind tunne l .  The p a r t i c l e  age was 
determined f rom t h e  combustion sequence and t h e  measured aeroso l  l o s s  r a t e  
f rom t h e  wind tunne l  atmosphere as a  r e s u l t  o f  d e p o s i t i o n  and vacuum 
removal. The s teady-s ta te  aerosol  was approx imate ly  28 minutes i n  average 
age f o r  t h e  RP/BR t e s t  D  s e r i e s  and 22 minutes i n  average age f o r  t h e  WP 
t e s t  E se r i es .  Assuming an average wind speed o f  0.90 m/s ( 2  mph) these 
s teady-s ta te  aeroso ls  would g e n e r a l l y  r e f l e c t  t h e  chemical c h a r a c t e r i s t i c s  
of obscurant  plumes between 1.2 km and 1.5 km downwind o f  a  f i e l d  source. 

2.4 SMOKE GENERATION 

The u n c l a s s i f i e d  l i t e r a t u r e  p e r t a i n i n g  t o  t h e  s tudy  was reviewed 
d u r i n g  t h e  p l ann ing  and e a r l y  exper imenta l  stages of  t h i s  p r o j e c t .  I n  
genera l ,  t h e  re fe rences  con ta ined  va luab le  i n fo rma t i on .  However, adequate 
da ta  concern ing a c t u a l  f i e l d  env i ronmenta l  c o n d i t i o n s  ( i  .e. , temperature,  
r e l a t i v e  hum id i t y  and wind speed), aerosol  concen t ra t ions ,  and aerosol  
chemical composi t ions would have been va luab le  f o r  comparing t h e  s tudy 
r e s u l t s  t o  f i e l d  s i t u a t i o n s ,  a l though i n f o r m a t i o n  f rom Shinn e t  a l .  (1985) 
was h e l p f u l  i n  de te rmin ing  t h e  average aerosol  mass concen t ra t i ons  t h a t  
were used i n  t h i s  p r o j e c t .  



An impo r tan t  aspect  o f  t h i s  p r o j e c t  was t h e  a t t emp t  t o  r e c r e a t e  f i e l d  
c o n d i t i o n s  i n  a  l a b o r a t o r y .  Because p h y s i c a l  and chemical  c h a r a c t e r i s t i c s  
o f  t h e  ae roso l s  changed as they  aged f o l l o w i n g  t h e i r  gene ra t i on  by 
combustion, aeroso ls  were i n t r oduced  i n t o  t h e  wind tunne l  exposure chamber 
con t i nuous l y  d u r i n g  an exposure t o  s imu la te  an a c t u a l  f i e l d  s i t u a t i o n .  
Prev ious l a b o r a t o r y  s t u d i e s  conducted i n  s t a t i c  t e s t  chambers tended t o  
reproduce t h e  obscurant  aeroso ls  under v a r y i n g  cond i t i ons .  Therefore, i t  
was d i f f i c u l t  t o  o b t a i n  p r e v i o u s l y  pub1 i shed  i n f o r m a t i o n  about  t h e  phys i ca l  

' 

and chemical  c h a r a c t e r i s t i c s  o f  ae roso l s  generated and aged under s irr lu lated . 
n a t u r a l  c o n d i t i o n s  ove r  t h e  expected ag ing  p e r i o d  o f  f i e l d  aerosols .  

2.4.1 RP/BR and WP Combustion 

Smokes were generated by t h e  c o n t r o l l e d  bu rn ing  o f  RP/BR o r  WP i n  a  
2-m3 combustion chamber, then  pass ing  t h e  p roduc t  i n t o  t h e  w ind  tunne l  t e s t  
chamber. Two o t h e r  gene ra t i on  systems were i n v e s t i g a t e d  (DeFord e t  a1 . 
1982, Holmberg and Moneyhun 1984) ; however, n e i t h e r  system was adequate f o r  
t h i s  s tudy.  A  computer -con t ro l led  i g n i t i o n  chamber, shown i n  F i g u r e  2.2, 
was designed and cons t ruc ted  such t h a t  i t  prov ided  a  n e a r l y  cont inuous 
source of  smoke t o  t h e  wind t unne l ,  a l l o w i n g  smokes o f  cons tan t  age and 
c o n c e n t r a t i o n  t o  be ma in ta ined  d u r i n g  t e s t  sequences. Wh i le  i n d i v i d u a l  
p o r t i o n s  o f  t h e  RP/BR and WP were i g n i t e d  s e q u e n t i a l l y ,  t h e  combust ion 
process d u r a t i o n  was t y p i c a l l y  n e a r l y  equal t o  t h e  t ime  between success ive 
i g n i t i o n s ,  r e s u l t i n g  i n  a  n e a r l y  cont inuous p roduc t i on  o f  obscurant  smoke. 
The obscurant  smoke thus  produced was a  combinat ion o f  p a r t i c l e s  of  va r i ous  
ages; however, due t o  t h e  cons tan t  aeroso l  genera t ion  and removal r a t e s ,  
t h e  obscurant  smoke was a t  approx imate ly  s teady -s ta te  c o n d i t i o n s  d u r i n g  
each t e s t .  We b e l i e v e d  t h i s  scena r i o  b e s t  approximated a  f i e l d  s i t u a t i o n ,  
where obscurant  mun i t i ons  a r e  deployed p e r i o d i c a l l y  f o r  up t o  severa l  
hours.  

As many as 22 i n d i v i d u a l  p o r t i o n s  o f  RP/BR o r  WP were i g n i t e d  
s e q u e n t i a l l y  d u r i n g  each t e s t  t o  m a i n t a i n  approx imate ly  cons tan t  smoke 
concen t ra t i ons  w i t h i n  t h e  t e s t  s e c t i o n  (see F igu re  2.2). The phosphorus 
m a t e r i a l s  were p laced  i n  sha l low s t a i n l e s s - s t e e l  t r a y s  and connected t o  
nichrome i g n i t i o n  w i r e s  p r i o r  t o  each t e s t  ( F i g u r e  2.3). The RP/BR was 
burned on a  sand sur faces  and t h e  WP i n  ceramic cups. Du r i ng  RPIBR 
t e s t i n g ,  a i r  was passed through t h e  combustion chamber d i r e c t l y  from t h e  
wind t unne l .  Du r i ng  WP t e s t i n g ,  c o n d i t i o n e d  a i r  was s u p p l i e d  t o  t h e  
combustion chamber f rom t h e  l a b o r a t o r y .  Fans v i g o r o u s l y  s t i r r e d  t h e  a i r  
w i t h i n  t h e  combustion chamber t o  ensure an adequate supp ly  o f  oxygen and 
wate r  vapor a t  t h e  burn  zone. The aeroso l  was passed f rom t h e  chamber i n t o  
t h e  wind t unne l  downwind o f  t h e  t e s t  sec t i on ,  which a l lowed t h e  f r e s h  
aeroso l  plume t o  m ix  comple te ly  and come t o  thermal e q u i l i b r i u m  w i t h  t h e  
wind tunne l  atmosphere p r i o r  t o  approaching t h e  wind tunne l  t e s t  s e c t i o n  
( F i g u r e  2.4). No thermal s t r a t i f i c a t i o n  was observed and t h e  approach f l o w  
t o  t h e  wind t unne l  t e s t  s e c t i o n  was u n i f o r m  i n  aeroso l  dens i t y .  
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FIGURE 2.2. COMPUTER CONTROLLED SMOKE GENERATION SYSTEM 
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FIGURE 2.3. DETA ILED ARRANGEMENT OF COMBUSTION SYSTEM FOR RP/BR 
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FIGURE 2.4. WIND TUNNEL SMOKE GENERATION, INJECTION, BYPASS, 
AND BAFFLE SYSTEM 

Because t h e  WP smoldered and e v e n t u a l l y  b u r s t  i n t o  f lame when d r y  and 
i n  c o n t a c t  w i t h  a i r ,  a  ba th  wate r  system was used d u r i n g  a l l  WP t e s t s .  The 
WP m a t e r i a l  was p laced  i n  smal l  w a t e r - f i l l e d  ceramic cups and a s p i r a t i o n  
tubes were p l aced  i n  t h e  cups ( F i g u r e  2 . 5 ) .  Each cup was then  
a u t o m a t i c a l l y  a s p i r a t e d  j u s t  p r i o r  t o  combustion o f  t h e  WP. The nichrome 
i g n i t i o n  w i r e s  were used t o  promote t i m e l y  i g n i t i o n .  

Aerosol  Generat ion Tes t  Procedure 

The amount o f  RP/BR o r  WP r e q u i r e d  f o r  each t e s t  was c a l c u l a t e d  f rom 
t a r g e t  aeroso l  mass concen t ra t i on  requi rements,  t h e  exposure du ra t i on ,  and 
expe r imen ta l l y  determined r e l a t i o n s h i p s  between mass burned and t h e  
r e s u l t i n g  aeroso l  concen t ra t i on  i n  t h e  wind t unne l .  These r e l a t i o n s h i p s  
were a  f u n c t i o n  o f  r e l a t i v e  humid i t y ;  i nc reased  wate r  vapor i n  t h e  a i r  
g r e a t l y  inc reased  t h e  mass c o n c e n t r a t i o n  of  t h e  aerosol  produced f rom RP/BR 
and WP combustion p e r  u n i t  volume o f  these m a t e r i a l s .  The f i r s t  mass o f  WP 
i g n i t e d  d u r i n g  each t e s t  was two t o  t h r e e  t imes  g r e a t e r  than  t h e  rema in ing  
masses t o  a l l o w  t h e  WP concen t ra t i on  t o  be r a p i d l y  b u i l t  i n  t h e  wind 
t unne l .  The remain ing  p o r t i o n s  o f  WP were o f  equal mass and t h e  aeroso l  
produced by t h e i r  combustion was used t o  r ep lace  t h e  p o r t i o n  o f  t h e  aeroso l  
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FIGURE 2.5. DETAILED ARRANGEMENT FOR COMBUSTION OF WHITE PHOSPHORUS 

i n  t h e  wind tunne l  l o s t  t o  d e p o s i t i o n  and removal i n  t h e  wind tunne l  
e f f l u e n t .  The l o s s  r a t e  o f  aeroso l  t o  these removal mechanisms was 
t y p i c a l l y  on t h e  o r d e r  o f  1% p e r  minute.  

A  g r a v i m e t r i c  procedure was used t o  p o r t i o n  t h e  RP/BR i n t o  t h e  
i n d i v i d u a l  combustion t r a y s ,  and t h e  WP was measured v o l u m e t r i c a l l y  p r i o r  
t o  placement i n  t h e  ceramic cups. The wind tunne l  was sealed and i t s  
atmosphere cond i t i oned  t o  t h e  a p p r o p r i a t e  r e l a t i v e  hum id i t y  a t  room 
temperature, and t h e  t e s t  s e c t i o n  was i s o l a t e d  u s i n g  t h e  b a f f f l e s  and 
bypassed (see F igu re  2.4) p r i o r  t o  WP i g n i t i o n .  Throughout t h e  t e s t ,  t h e  
wind tunne l  was ma in ta ined  a t  0.5 t o  1.0 in.-H20 nega t i ve  a i r  pressure t o  
ensure m a t e r i a l  containment.  A i r  f l o w  th rough t h e  combustion chamber was 
v e r i f i e d  and t h e  chamber m i x i n g  f a n  t u rned  on p r i o r  t o  i n i t i a t i n g  each t e s t  
sequence. Us ing a  preprogrammed t e s t  p lan ,  t h e  l a b o r a t o r y  da ta  a c q u i s i t i o n  
and ins t rument  c o n t r o l  system i n i t i a t e d  each combustion by a s p i r a t i n g  t h e  
ceramic cup (WP o n l y )  and then  h e a t i n g  t h e  a p p r o p r i a t e  nichrome i g n i t i o n  
w i r e  (bo th  RP/BR and WP). Obscurant smoke was a l lowed t o  c i r c u l a t e  
throughout  t h e  w ind  t unne l ,  bypass ing t h e  t e s t  sec t i on ,  f o r  approx imate ly  
30 minutes d u r i n g  which t ime  p l a n t s  and s o i l s  were p laced  i n  t h e  t e s t  
sec t i on .  A f t e r  a  30-minute p e r i o d  t h e  aeroso l  had aged t o  n e a r l y  a  
s teady-s ta te  cond i t i on - -a  c o n d i t i o n  t h a t  remained approx imate ly  cons tan t  
throughout  t h e  tes t - -and  t h e  t e s t  s e c t i o n  was opened t o  t h e  wind tunne l  and 
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t h e  exposure began. Aerosol  gene ra t i on  con t inued  u n t i l  t h e  t e s t  was 
f i n i s h e d ,  a t  which t ime  t h e  t e s t  s e c t i o n  was aga in  i s o l a t e d  and f l u s h e d  
w i t h  f r e s h  a i r ,  then  p l a n t s  and s o i l s  were removed. 

The aeroso l  gene ra t i on  procedures used were g e n e r a l l y  s u f f i c i e n t  f o r  
m a i n t a i n i n g  s teady -s ta te  aeroso ls  i n  t h e  wind t unne l .  A few t imes d u r i n g  
t h e  exposure t e s t s ,  a  t r a y  o f  phosphorus would f a i l  t o  i g n i t e ;  t h e  
r e s u l t i n g  r e d u c t i o n  i n  aeroso l  c o n c e n t r a t i o n  would be observed i n  t h e  
o u t p u t  o f  a  l a s e r  t ransmissometer.  

A  dark  red-b lack  res idue  remained f o l l o w i n g  combustion o f  b o t h  RP/BR 
and WP m a t e r i a l  i n  t h e  combustion chamber. A l though t h i s  r e s i d u e  was d ry ,  
i t  o c c a s i o n a l l y  appeared t o  be wet. The RP/BR m a t e r i a l  burned w i t h  a  
s teady f lame. Combustion o f  t h e  WP began by m e l t i n g  t h e  wax - l i ke  m a t e r i a l ,  
which burned w i t h  a  s p u t t e r i n g  f lame f o r  approx imate ly  t h e  f i r s t  20% o f  t h e  
combustion per iod .  A  l i m i t e d  amount o f  s p u t t e r i n g  con t inued  th roughout  t h e  , 
WP combustion process. 

SMOKE CHARACTERIZATION 

Aeroso ls  produced by t h e  combustion o f  RP/BR and WP may evo l ve  t o  
phosphorus ox ides.  The ox ide  P4OI0 was thought  t o  be t h e  p r ima ry  chemical  
fo rm p resen t  as a  vapor i n  t h e  combustion zone. A dense smoke formed as a 
r e s u l t  o f  condensat ion o f  t h e  combustion p roduc ts  and wate r  vapor  as t h e  
vapor moved away f rom t h e  combustion zone and cooled. Coagu la t ion  o f  t h e  
r e s u l t i n g  h i g h l y  concen t ra ted  p r ima ry  d r o p l e t s  c o n t r i b u t e d  t o  a  r a p i d  
i n i t i a l  i nc rease  i n  p a r t i c l e  s i z e  as t h e  smoke l e f t  t h e  combustion zone. 
Many d i f f e r e n t  spec ies o f  phosphorus an ions were found i n  t h e  r e s u l t i n g  
aeroso l ,  i n d i c a t i n g  complex combustion r e a c t i o n  chem is t r y  occur red  d u r i n g  
p a r t i c l e  fo rmat ion .  I t  appeared t h a t  t h e  f requency o f  occurrence o f  these  
spec ies depended on t h e  a v a i l a b i l i t y  o f  wa te r  vapor. The c h a r a c t e r i s t i c s  
o f  t h e  phosphorus aeroso ls  i n  t h e  wind t unne l ,  and o f  t h e  p a r t i c l e s  
t h a t  were deposi ted,  changed w i t h  age, as i n d i c a t e d  by i n c r e a s i n g  p a r t i c l e  
s i z e  and mass. The change was p o s s i b l y  caused by abso rp t i on  of wa te r  vapor 
and coagu la t i on ,  and by changing chemical  form f rom t h e  decomposi t ion o f  
t h e  h i gh -o rde r  phosphorus anions. 

I n  t h i s  s tudy,  t h e  e v o l v i n g  s t a t e  o f  t h e  phosphorus aeroso ls  was 
p a r t i a l l y  o f f s e t  by t h e  cont inuous gene ra t i on  o f  t h e  ae roso l s  i n  t h e  wind 
t unne l .  Whi le  t h e  i n d i v i d u a l  aeroso l  p a r t i c l e s  con t inued  t o  age and t h e i r  
c h a r a c t e r i s t i c s  con t inued  t o  change, t h e  o v e r a l l  c h a r a c t e r i s t i c s  of t h e  
aeroso l  remained approx imate ly  cons tan t  th roughout  each exposure t e s t .  The 
s teady -s ta te  ae roso l s  were mon i to red  d u r i n g  each t e s t  f o r  mass 
concen t ra t i on ,  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  and va r i ous  chemical  compos i t ion  
parameters such as f r e e  wate r  con ten t ,  phosphate con ten t ,  and phosphorus 
spec ia t i on .  



2.5.1 Phys ica l  Analyses 

Aerosol  Mass Concent ra t ion  

Aerosol  mass concen t ra t i on ,  o r  t h e  t o t a l  mass o f  p a r t i c l e s  suspended 
p e r  volume o f  a i r ,  i s  an impo r tan t  c h a r a c t e r i s t i c  of aeroso ls  t h a t  must be 
measured d u r i n g  p a r t i c l e  d e p o s i t i o n  i n v e s t i g a t i o n s .  The mass concen t ra t i on  
o f  suspended m a t e r i a l  i s  d i r e c t l y  r e l a t e d  t o  t h e  amount o f  t h e  m a t e r i a l  
t h a t  e v e n t u a l l y  depos i t s  on t h e  ground, vege ta t ion ,  and o t h e r  surfaces, and 
i s  thus  d i r e c t l y  r e l a t e d  t o  t h e  e f f e c t  t h a t  t h e  depos i ted  m a t e r i a l  may 
have. When aerosol  mass concen t ra t i on  i s  compared t o  t h e  mass l o a d i n g  on 
exposed sur faces,  t h e  r a t e  a t  which p a r t i c l e s  d e p o s i t  on a  su r f ace  under 
s p e c i f i c  env i ronmenta l  c o n d i t i o n s ,  t h e  p a r t i c l e  d e p o s i t i o n  v e l o c i t y ,  may be 
ca l cu la ted .  

A 
2.5.1.2 Aerosol  Mass Concentrat ion/Laser  Transmissometer 

Aerosol  mass c o n c e n t r a t i o n  was mon i to red  by measuring t h e  
t r ansm i t t ance  o f  a  helium-neon (He-Ne) l a s e r  a t  i n t e r v a l s  o f  30 seconds t o  
2  minutes d u r i n g  each t e s t .  The subsequent da ta  a l lowed t h e  average 
aerosol  mass concen t ra t i on  t o  be c a l c u l a t e d  f o r  each exposure t e s t .  The 
l a s e r  t ransmissometer,  shown i n  F i g u r e  2.6, employed a  20-mW He-Ne l a s e r  
t h a t  was propagated h o r i z o n t a l l y  th rough  t h e  t r anspa ren t  w a l l s  o f  t h e  wind 
tunne l  t e s t  sec t ion ,  pe rpend i cu la r  t o  t h e  a i r  f l ow .  The i n t e n s i t y  o f  t h e  
l a s e r  beam t r a n s m i t t e d  through t h e  t e s t  s e c t i o n  was a f f ec ted  by 
m u l t i p l e - p a r t i c l e  s c a t t e r i n g  o f  t h e  beam by p a r t i c l e s  suspended i n  t h e  wind 
tunne l .  The i n s i d e  sur faces  o f  t h e  t e s t  s e c t i o n  remained unobs t ruc ted  by 
p e r i o d i c  a p p l i c a t i o n  o f  an a n t i s t a t i c  agent, and t h e  r e l a t i v e  t r ansm i t t ance  
o f  t h e  l a s e r  beam remained cons tan t  th roughout  n e a r l y  a l l  o f  t h e  exposure 
t e s t s .  Several  d i f f e r e n t  l a s e r s  were used d u r i n  t h e  RP/BR range- f ind ing  
t e s t s  (RP/BR range - f i nd ing  t e s t s ,  Se r i es  A  and B  7 . The power ou tpu t  of 
these l a s e r s  became uns tab le  a f t e r  v a r y i n g  pe r i ods  o f  use. The ac tua l  
t ransn l i t tance  o f  these  l a s e r s  i n  mW was c a l i b r a t e d  t o  i n d i c a t e  t h e  aerosol  
mass concen t ra t i on  i n  t h e  wind tunne l  t e s t  sec t i on .  

A s e r i e s  o f  c a l i b r a t i o n  curves were developed f o r  t h e  RP/BR 
range- f ind ing  t e s t s .  A l l  c a l i b r a t i o n  curves were ob ta ined  by comparing t h e  
t r ansm i t t ance  o f  t h e  va r i ous  l a s e r s  t o  t h e  a c t u a l  aerosol  mass 
concent ra t ion ,  which was determined by sampl ing t h e  wind tunne l  aerosol  
t h a t  had depos i ted  on g l ass  f i b e r  f i l t e r s .  The l a s e r  c a l i b r a t i o n  data f o r  
t h e  t h r e e  RP/BR range - f i nd ing  t e s t  A exposures (see Table 2.2 f o r  a  
d e s c r i p t i o n  o f  t e s t  c o n d i t i o n s  f o r  a l l  r ange - f i nd ing  t e s t s )  were s i m i l a r .  A 
second l a s e r  was used f o r  t h e  f i r s t  f o u r  exposure t e s t s  o f  range- f ind ing  
t e s t  B. C a l i b r a t i o n  da ta  f rom t h e  f i r s t  t h r e e  o f  these  exposure t e s t s  were 
s i m i l a r  and a r e  descr ibed  by one l a s e r  c a l i b r a t i o n  curve. Dur ing  t h e  
f o u r t h  exposure t e s t  t h e  o u t p u t  o f  t h e  l a s e r  inc reased  and a  d i s t i n c t  
c a l i b r a t i o n  curve  r e s u l t e d .  A  t h i r d  l a s e r  was used f o r  t h e  l a s t  f i v e  
exposures of t h e  RP/BR range - f i nd ing  t e s t  9. Th i s  l a s e r  was used 
throughout  t h e  remain ing RP/BR and WP exposure t e s t s .  Other  than  t h e  f i f t h  
exposure t e s t  and t h e  low concen t ra t i on  h a l f  o f  t h e  n i n t h  exposure t e s t ,  
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t h e  l a s e r  c a l i b r a t i o n  curves determined d u r i n g  t h e  l a s t  f i v e  exposure t e s t s  
o f  RP/BR range - f i nd ing  t e s t  B  were ve ry  s i m i l a r .  The d e v i a t i o n s  i n  t h e  
f i f t h  and n i n t h  exposures may have been caused by changes i n  t h e  ou tpu t  

- power o f  t h e  l a s e r ,  o r  by d i f f e r e n c e s  i n  t h e  c h a r a c t e r i s t i c s  o f  t h e  
p a r t i c l e s  suspended i n  t h e  wind tunne l  d u r i n g  these t e s t s .  

The t h i r d  l a s e r  was used i n  c o n j u n c t i o n  w i t h  a  re fe rence  l a s e r  power 
meter  d u r i n g  RP/BR t e s t  D and WP t e s t  E (see Tables 2.3 and 2.4 f o r  
d e s c r i p t i o n  o f  c o n d i t i o n s  f o r  t e s t  s e r i e s  D and E ) .  P r i o r  t o  pass ing 
through t h e  t e s t  sec t i on ,  t h e  l a s e r  beam was s p l i t  and one p o r t i o n  of i t  
was mon i to red  f o r  a c t u a l  l a s e r  o u t p u t  i n t e n s i t y .  The i n t e n s i t y  r e q u i r e d  
m o n i t o r i n g  because t h e  average o u t p u t  i n t e n s i t y  o f  t h e  l a s e r ,  Po, cou ld  
change by as much as 10% i n  4 hours. The i n t e n s i t y  o f  t h e  p o r t i o n  o f  t h e  
l a s e r  beam t h a t  was propagated through t h e  wind tunne l  was measured as P t ,  
t h e  t r a n s m i t t e d  i n t e n s i t y .  By comparing t h e  r a t i o  o f  P t  t o  Po w i t h  t h e  
ac tua l  mass concen t ra t i on  measured by an i s o k i n e t i c  sampl ing procedure, 
d i r e c t  c a l i b r a t i o n s  o f  aeroso l  mass concen t ra t i on  versus ac tua l  t r a n s m i t t e d  
l a s e r  i n t e n s i t y  were developed. These c a l i b r a t i o n s  remained cons tan t  
throughout  each o f  t h e  t e s t  se r i es .  

No d i f fe rences  i n  r e l a t i v e  t r ansm i t t ance  were observed between 
c a l i b r a t i o n  da ta  ob ta ined  a t  a  r e l a t i v e  hum id i t y  o f  25% and t h a t  ob ta ined  
a t  a  r e l a t i v e  hum id i t y  o f  60%. The r e l a t i v e  t r ansm i t t ance  of t h e  l a s e r  
beam a t  90% r e l a t i v e  humid i t y ,  however, may n o t  be s i m i l a r  t o  t h a t  a t  t h e  
lower  hum id i t i es ,  perhaps because o f  d i f f e r i n g  o p t i c a l  p r o p e r t i e s  o f  t h e  
aerosol  as a  r e s u l t  o f  absorbed wate r  vapor. The p r o p e r t i e s  i n c l u d e  mass 
concent ra t ion ,  p a r t i c l e  s i z e ,  and p a r t i c l e  r e f r a c t i v e  index.  The l a s e r  
t ransmissometer c a l i b r a t i o n  da ta  t h a t  were ob ta i ned  d u r i n g  t h e  h i g h  
hum id i t y  t e s t s  were i n c l u d e d  i n  de te rmin ing  t h e  c a l i b r a t i o n  curve  f o r  RP/BR 
t e s t  D da ta  because i t  was observed t h a t  ve ry  l i t t l e  ove r l ap  i n  aerosol  
mass concen t ra t i on  occur red  between t e s t s  a t  h i g h  h u m i d i t i e s  and t e s t s  a t  
low hum id i t i es .  The WP t e s t  E c a l i b r a t i o n  curve  was m o d i f i e d  t o  account 
f o r  t h e  a l t e r e d  obscurant  p r o p e r t i e s  a t  h i g h  h u m i d i t i e s  because t h e  
range o f  aeroso l  mass concen t ra t i ons  observed d u r i n g  t h e  h i g h  hum id i t y  WP 
t e s t  over lapped those observed d u r i n g  t h e  t e s t s  a t  lower  humid i t y .  

2.5.1.3 Aerosol  Mass C o n c e n t r a t i o n / F i l t e r  Samples 

Samples o f  aeroso l  mass were c o l l e c t e d  p e r i o d i c a l l y  throughout  each 
exposure t e s t  by drawing a  1.0-lpm f l o w  r a t e  o f  wind tunne l  atmosphere 
through 25-mm g lass  f i b e r  f i l t e r  pads. A sharp-edged, s t a i n l e s s  s t e e l  
nozz le  o r i e n t e d  d i r e c t l y  i n t o  t h e  mean a i r  f l o w  d i r e c t i o n  was operated 
i s o k i n e t i c a l l y  f o r  a l l  t h e  0.9 m/s wind speed t e s t s  ( t h e  v e l o c i t y  w i t h i n  
t h e  sampl ing nozz le  was equal t o  t h e  mean v e l o c i t y  o f  t h e  wind tunne l  a i r ) .  
Tests  u s i n g  t h e  same nozz le  and ano ther  i s o k i n e t i c  nozz le  were performed a t  
wind speeds o f  4.5 m/s t o  determine t h e  accuracy o f  t h e  sampl ing technique. 
These t e s t s  supported c a l c u l a t i o n s  i n d i c a t i n g  t h a t  e r r o r s  r e s u l t i n g  f rom 
n o n i s o k i n e t i c  sampl i n g  procedures were i n s i g n i f i c a n t .  Thus, f i l t e r  samples 
were ob ta ined  u s i n g  t h e  0.9 m/s i s o k i n e t i c  nozz le  f o r  a l l  wind speeds. 
Some e a r l y  f i l t e r  samples o f  RP/BR aeroso ls  were ob ta ined  us ing  25-mm 



open-face f i l t e r s ;  again,  no sampl ing e r r o r  r e s u l t i n g  f rom s u b i s o k i n e t i c  
c o n d i t i o n s  was found i n  l a t e r  comparison t e s t s .  

F i l t e r  samples were analyzed g r a v i m e t r i c a l l y  f o r  p a r t i c u l a t e  mass 
immediate ly  a f t e r  t hey  were ob ta ined  t o  reduce t h e  p o t e n t i a l  f o r  
evapo ra t i ve  e r r o r s .  The magnitude o f  an evapo ra t i ve  e r r o r  was determined 
by measuring se lec ted  f i l t e r  samples severa l  t imes over  a  p e r i o d  o f  a t  
l e a s t  30 minutes i n  t h e  cons tan t  h u m i d i t y  o f  t h e  l a b o r a t o r y .  The r e s u l t s  
g e n e r a l l y  y i e l d e d  an e x p o n e n t i a l l y  shaped curve  o f  f i l t e r  mass versus ag ing  . 
t ime  f o r  s e l e c t e d  f i l t e r  samples. Th i s  da ta  was rough l y  l i n e a r  when 
p l o t t e d  on semi log  graph paper, and t h e  r e s u l t i n g  l i n e a r  cu rve  o f  b e s t  f i t  
was e x t r a p o l a t e d  t o  t h e  t ime  a t  which t h e  sample was removed f rom t h e  w ind  
tunne l  atmosphere. Resu l ts  f rom severa l  f i l t e r s  i n d i c a t e d  t h a t  t h e  t o t a l  
p a r t i c u l a t e  mass t h a t  was l o s t  may have been l e s s  than  2% a t  a  r e l a t i v e  
h u m i d i t y  o f  25%, approx imate ly  4% a t  a  r e l a t i v e  hum id i t y  o f  60%, and 8% a t  
a  r e l a t i v e  h u m i d i t y  o f  90%. Labora to ry  hum id i t y  ranged between 30% and 50% 
d u r i n g  these measurements. The t y p i c a l  f i l t e r  sampl ing d u r a t i o n  was 5  
minutes, a1 though 10-minute samples were taken d u r i n g  some 1  ow 
concen t ra t i on  RP/BR t e s t s .  S e l e c t  f i l t e r s  were immersed i n  de - i on i zed  
water ,  a f t e r  g r a v i m e t r i c  ana l ys i s ,  f o r  l a t e r  chemical a n a l y s i s  f o r  
phosphorus and phosphate. Other  f i l t e r s  were des icca ted  f o r  l a t e r  
de te rm ina t i on  o f  f r e e ,  o r  unbound, wa te r  con ten t  o f  t h e  phosphorus 
aeroso ls .  

2.5.1.4 P a r t i c l e  S i ze  D i s t r i b u t i o n  

The s i z e  o f  p a r t i c l e s  t h a t  make up an aeroso l  o f t e n  determine which 
fo rces ,  i n e r t i a l  o r  d i f f u s i v e ,  c o n t r o l  t h e  t r a n s p o r t  and d e p o s i t i o n  
phenomena. The d e p o s i t i o n  v e l o c i t y  o f  p a r t i c l e s  t o  sur faces  v a r i e s  w i t h  
t h e  p a r t i c l e  s ize ;  t y p i c a l l y ,  p a r t i c l e s  w i t h  aerodynamic d iameters  between 
0.1 and 1 pm d e p o s i t  l e s s  q u i c k l y  than  sma l l e r  o r  l a r g e r  p a r t i c l e s .  Th i s  
d i f f e r e n c e  r e s u l t s  because sma l l e r  p a r t i c l e s  a r e  s t r o n g l y  a f f e c t e d  by 
d i f f u s i v e  f o r c e s  and l a r g e r  p a r t i c l e s  by i n e r t i a l  f o r ces .  Aeroso ls  
observed i n  t h e  f i e l d  a r e  po l yd i spe rs i ve ;  t hey  a r e  made up o f  p a r t i c l e s  o f  
many d i f f e r e n t  d iameters .  The s i z e  d i s t r i b u t i o n  o f  such ae roso l s  i s  o f t e n  
l o g  normal and may thus  be w e l l  c h a r a c t e r i z e d  by a  mean o r  median s i z e  and 
a  s tandard  d e v i a t i o n .  

Measuring t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  of an aeroso l  ( t h e  f requency 
o f  p a r t i c l e  occurrence as a  f u n c t i o n  o f  p a r t i c l e  d iameter )  i s  impo r tan t  i n  
d e s c r i b i n g  an a e r o s o l ' s  phys i ca l  c h a r a c t e r i s t i c s .  The p a r t i c l e  s i z e  
d i s t r i b u t i o n  o f  an aerosol  may be based on p a r t i c l e  number f requency,  
aeroso l  mass, o r  o t h e r  parameters such as su r f ace  area o r  p a r t i c l e  volume. 
The p a r t i c l e  s i z e  d i s t r i b u t i o n s  o f  t h e  phosphorus aeroso ls  generated i n  
t h i s  s tudy  were c h a r a c t e r i z e d  by aerodynamic d iameter  r a t h e r  t han  a c t u a l  
p h y s i c a l  d iameter .  Aerodynamic d iameter  i nc l udes  t h e  i n e r t i a l  
c h a r a c t e r i s t i c s  o f  a i r b o r n e  p a r t i c l e s  i n  s i z e  d i s t r i b u t i o n  r e s u l t s .  Th i s  
method a l s o  accounts f o r  t h e  e f f e c t s  on p a r t i c l e  t r a n s p o r t  caused by  t h e  
shape o f  t h e  i n d i v i d u a l  p a r t i c l e s  t h a t  make up t h e  aeroso l .  



P a r t i c l e  s i z e  d i s t r i b u t i o n s  o f  t h e  phosphorus aeroso ls  were measured 
d u r i n g  t h e  exposure t e s t s  f o r  t h e  RP/BR t e s t  D Se r i es  and a l l  WP t e s t  E 
s e r i e s .  No measurements were made d u r i n g  t h e  range - f i nd ing  t e s t s .  

. Convent ional  Andersen cascade-type impactors  were used t o  segregate t h e  - phosphorus aeroso ls  i n t o  e i g h t  aerodynamic s i z e  ranges between 0.3 and 
10 pm. These impactors  were adequate f o r  these aeroso ls  as more than  98% 
o f  t h e  p a r t i c u l a t e  mass was observed t o  be made up of p a r t i c l e s  w i t h  
d iameters  i n  t h e  0.3 t o  10 urn s i z e  range. Samples were drawn 
n o n i s o k i n e t i c a l l y  f rom t h e  wind tunne l  approx imate ly  6 m downwind o f  t h e  

S 
t e s t  sec t i on .  Because t h e  mean wind speed i n  t h i s  l o c a t i o n  was always l e s s  
than 0.75 m/s and t h e  suspended p a r t i c l e s  were smal l ,  no s i g n i f i c a n t  
sampl ing e r r o r s  were i n t r oduced  by t h e  n o n i s o k i n e t i c  sampl ing procedure. 
E i g h t  stages o f  t h e  impactors  were covered w i t h  a  f l a t  preweighed d i s k  o f  
aluminum f o i l  and t h e  l a s t  s tage cons i s ted  o f  an 8-cm-dia. g l ass  f i b e r  
f i l t e r .  P a r t i c u l a t e  mass was c o l l e c t e d  on t h e  aluminum f o i l  d i s k s  and t h e  
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f i l t e r  and weighed immediately.  Se lec ted  d i s k s  and f i l t e r s  were then 
immersed i n  de- ion ized  wate r  f o r  subsequent a n a l y s i s  f o r  elemental  
phosphorus, phosphate, o r  phosphorus spec ia t i on .  P a r t i c l e  s i z e  
d i s t r i b u t i o n s  d e r i v e d  f rom t h e  g r a v i t a t i o n a l  procedure were compared t o  
those de r i ved  f rom t h e  chemical a n a l y s i s  procedures t o  r evea l  p o t e n t i a l  
a n a l y s i s  e r r o r s  and d i f f e r e n c e s  between t h e  s i zes  i n  p a r t i c l e  wate r  
con ten t .  A l i m i t e d  number o f  impac to r  samples were taken w i t h o u t  aluminum 
f o i l  d i s k s  i n  p l ace  on t h e  stages and t h e  p a r t i c u l a t e  mass r i n s e d  of f  t h e  
stages and analyzed f o r  phosphorus t o  determine i f  t h e  aluminum f o i l  d i s k s  
a l t e r e d  t h e  ope ra t i on  o f  t h e  impactors.  

2.5.1.5 P a r t i c l e  Depos i t i on  V e l o c i t y  

The r a t e s  a t  which t h e  RP/BR and WP aeroso ls  depos i ted  t o  t h e  p l a n t s  
and s o i l s  i n  t h e  wind tunne l ,  o r  t h e  d e p o s i t i o n  v e l o c i t i e s ,  were determined 
as func t ions  o f  t h e  phosphorus mass concen t ra t i on  o f  t h e  aerosols .  The 
v e l o c i t i e s  were determined on t h i s  bas i s  because phosphorus-spec i f ic  
a n a l y s i s  methods may be used i n  f i e l d  measurements when obscurant  smokes 
a r e  sampled f o r  assess ing env i ronmenta l  dose. However, t h e  d e p o s i t i o n  
v e l o c i t y  o f  t he  p a r t i c l e s  w i l l  be more comple te ly  r e l a t e d  t o  t h e  a c t u a l  
p a r t i c l e  mass, i n c l u d i n g  phosphorus anions and f r e e  water .  Depos i t i on  
v e l o c i t y  r e s u l t s  were compared f o r  a1 1  t h r e e  types of aerosol  
concen t ra t ions  measured i n  t h i s  s tudy.  

2.5.2 Chemical Analyses 

2.5.2.1 P a r t i c l e  Composit ion 

The composi t ion o f  t h e  p a r t i c l e s  t h a t  made up t h e  phosphorus obscurant  
aeroso ls  was impo r tan t  bo th  f o r  d e s c r i b i n g  t h e  aeroso ls  and f o r  de te rmin ing  
t h e  major  components o f  t h e  aerosols ,  as t h e  components d i f f e r e d  under 
va r i ous  env i ronmenta l  cond i t i ons .  The ag ing  process was a l s o  cha rac te r i zed  
f o r  t h e  f r e s h l y  combusted vapors t o  t h e  changing chemical form o f  t h e  
aerosol  and f i n a l l y  t o  t h e  wel l -aged depos i ts .  



I n  t h i s  s tudy  t h e  b u l k  compos i t ion  o f  t h e  p a r t i c l e s  suspended i n  t h e  
wind tunne l  was c h a r a c t e r i z e d  i n  t h r e e  ways. The f i r s t  method was 
measurement o f  f r esh ,  o r  a c t u a l ,  p a r t i c u l a t e  mass determined by 
g r a v i t a t i o n a l  a n a l y s i s  o f  f i l t e r  samples o f  t h e  aeroso l .  The second method . 
was measruement o f  des iccated,  o r  d r i e d ,  p a r t i c u l a t e  mass determined by 
d e s i c c a t i n g  f i l t e r  samples f o r  24 hours over  a  s i l i c a  ge l ,  then  re -we igh ing  * 

t he  f i l t e r s .  The mass o f  phosphorus p resen t  i n  t h e  aeroso l  was t h e  t h i r d  
method and was determined by ana l yz i ng  f i l t e r  samples f o r  t o t a l  e lementa l  
phosphorus. The r e s u l t s  o f  these measurements were expressed as t h e  
a c t u a l ,  d r i e d ,  and phosphorus mass c o n c e n t r a t i o n  o f  t h e  ae roso l s  i n  t h e  
wind t unne l .  The r e l a t i v e  magnitudes o f  these  t h r e e  p a r t i c l e  compos i t ion  
measurements v a r i e d  as t h e  r e s u l t  o f  p a r t i c l e  age and t h e  r e l a t i v e  h u m i d i t y  
i n  t h e  wind t unne l .  Fresh mass c o n c e n t r a t i o n  i nc l uded  a l l  o f  t h e  mass i n  
t h e  aeroso l  and was r e l a t e d  t o  e lec t romagnet i c  obscura t ion ;  t h e r e f o r e ,  t h i s  
parameter r e s u l t e d  f rom t h e  l a s e r  t ransmissometer measurements o f  t h e  
aeroso ls  i n  t h e  wind tunne l .  D r i e d  aeroso l  mass c o n c e n t r a t i o n  was equal t o  
t h e  f r e s h  mass c o n c e n t r a t i o n  l e s s  a l l  f r ee ,  o r  n o t  chem ica l l y  bound, wa te r  
p resen t  on t h e  p a r t i c l e s .  Phosphorus mass concen t ra t i on  was measured 
because t h e  mass l o a d i n g  o f  phosphorus t o  p l a n t s  and s o i l s  may have a 
g r e a t e r  e f f e c t  t han  t h e  o t h e r  mass concent ra t ions .  

2.5.2.2 T o t a l  Phosphorus 

Concent ra t ions  of t o t a l  phosphorus i n  s o l u t i o n s  generated by  bu rn ing  
RP/BR o r  WP were determined by  u s i n g  an i n d u c t i v e l y  coupled plasma ( ICP) 
emiss ion spect rometer .  Aqueous samples were analyzed w i t h o u t  m o d i f i c a t i o n  
and no rma l l y  d i d  n o t  r e q u i r e  f i l t r a t i o n .  The d e t e c t i o n  l i m i t  u s i n g  t h e  ICP 
spect rometer  was 0.1 mg/L as phosphorus. R e l a t i v e  s tandard  d e v i a t i o n  was 
50% a t  t h e  d e t e c t i o n  l i m i t ,  10% a t  5  t imes  t h e  d e t e c t i o n  l i m i t ,  and 3% a t  
50 t imes t h e  d e t e c t i o n  l i m i t .  

I n  a d d i t i o n  t o  de te rm in ing  phosphorus concen t ra t i ons ,  t h e  ICP 
spect rometer  c o u l d  a l s o  determine up t o  32 o t h e r  elements i n  t h e  s o l u t i o n s  
t h a t  were analyzed. Determin ing many elements t h a t  e x i s t  i n  a  s o l u t i o n  was 
p r e v i o u s l y  u s e f u l  i n  s t u d i e s  i n v o l v i n g  p r e c i p i t a t i o n  of phosphorus spec ies 
f rom wa te r  m a t r i c e s  c o n t a i n i n g  a  range o f  chemical  components (Poston e t  
a1 . 1986), and p rov ided  i n v a l u a b l e  chemical  compos i t iona l  da ta  on s o i  1  
leacha tes  as t h e y  were a f f e c t e d  by depos i ted  phosphorus smoke p a r t i c u l a t e .  

Rout ine  a n a l y s i s  o f  t o t a l  phosphorus, assoc ia ted  w i t h  s o i l s ,  f i l t e r s  
and p l a n t  t i s s u e s  was analyzed u s i n g  t h e  c o l o r i m e t r i c  HPLC method o f  
Yamaguchi e t  a1 . (1979),  a  h igh-p ressure  1  i q u i d  chromatographic (HPLC) 
procedure. Th i s  method was e f f e c t i v e  i n  q u a n t i t a t i o n  o f  monophosphates, 
l i n e a r ,  and c y c l i c  phosphates assoc ia ted  w i t h  RP and WP smokes. Samples 
were e x t r a c t e d  i n  50 m l  o f  SRW f o r  30 minutes, mixed w i t h  1 m l  o f  3.45M 
H2S04y vor texed,  and heated i n  a  wate r  ba th  a t  80°C f o r  30 minutes. The 
samples were then  coo led  t o  room temperature.  Two m i l l i l i t e r  o f  molybdate 
reagent  (10-3 M ammonium molybdate i n  0.6 M s u l f u r i c  a c i d )  and 1 m1 o f  
asco rb i c  a c i d  reagent  (0.1M asco rb i c  a c i d  i n  5% acetone) were added, and 



t h e  samples were vor texed  and heated f o r  15 minutes a t  80°C. The samples 
were coo led  t o  room temperature and absorbance read  a t  830 nm u s i n g  a 
spectrophotometer.  The work ing  range o f  t h e  assay was 0.5 t o  15 pg P / m l ;  

7 -  
samples were d i l u t e d  as necessary f o r  a n a l y s i s .  Th i s  method was c a l i b r a t e d  
a g a i n s t  I C P  analyses, and was found t o  be v a l i d  f o r  l i n e a r  and c y c l i c  
po l  yphosphates . 

2.5.2.3 Reagents 
$ 

Several  reagents  were used f o r  phosphorus spec ies determenat ions. 
Phosphate, phosphi te ,  hypophosphi te ,  and pyrophosphi t e  s o l u t i o n s  were 
prepared f rom reagent-grade chemicals.  C y c l i c  t r imetaphosphate was 
prepared accord ing  t o  Bal  l o u  (1981).  T r ipo lyphosphate  was generous ly  
supp l i ed  by t h e  Monsanto Company (S t .  Lou is ,  M i s s o u r i ) .  

'd Tetrapolyphosphate, hexammonium s a l t ,  and t h e  t ype  5-, 15-, and 
25-polyphosphate g lasses were ob ta ined  f rom Sigma Chemical Company 
(S t .  Lou is ,  M i s s o u r i ) .  A1 1 o t h e r  chemicals were reagent  grade. 

1 P  Species 

Phosphate (PO ,-) , phosphi t e  (HPO,=) , and hypophosphi t e  (H,PO,-1 
were analyzed us in4  an i o n  chromatograph ( I C )  equipped w i t h  an AG1 guard 
and AS1 separa to r  columns and a c o n t i n u a l l y  regenerated f i b e r  suppressor 
l i n k e d  t o  a c o n d u c t i v i t y  de tec to r .  E luen t  was 3 mM NaHCO, p l u s  2.4 mM 
Na,CO,. The d e t e c t i o n  1 i m i t  f o r  t h e  1P species way 0.3 mg/L as phospriorus. 
The s tock  and exposure s o l u t i o n s  were c o n t i n u a l l y  analyzed, which r e s u l t e d  
i n  a l o s s  o f  column e f f i c i e n c y  as a r e s u l t  o f  b i n d i n g  o f  t h e  h i ghe r  
polyphosphates on to  t h e  column i n  t h e  b a s i c  e l u e n t  system. Reasonable 
column recovery  was a t t a i n e d  by back f l u s h i n g  w i t h  a s e r i e s  o f  a c i d  and 
base washes (0.1 - N H,S04, 0.1 - N NaOH, 0.2 - N Na,CO,). 

Spec ia t i on  o f  H igher  Po ly -  and Metaphosphates 

The sepa ra t i on  scheme used f o r  polyphosphates b a s i c a l l y  f o l l o w e d  t h a t  
o f  Yamaguchi e t  a l .  (1979). The procedure i n v o l v e s  an ion  exchange u s i n g  a 
h i g h  s a l t  e l u e n t  g r a d i e n t  c o n t a i n i n g  EDTA t o  complex any meta ls  i n  t h e  
system, thereby  s l ow ing  t h e  depo lymer iza t ion  r a t e .  A 1x10-cm g lass  column 
c o n t a i n i n g  H i  t a c h i  2630 r e s i n  (Mi t s u b i s h i  Chemical I n d u s t r i e s ,  LTD. ) was 
used f o r  a l l  separa t ions .  Two Waters ( M i l l i p o r e  Corp., Bedford, MA) Model 
6000A pumps w i t h  Model 660 s o l v e n t  programmer-cont ro l led d e l i v e r y  o f  e l u e n t  
A (0.22 M NaCl + 5 mM Na4EDTA) and e l u e n t  B (0.53 M NaCl + 5 mM Na,EDTA) 
under program 5. The separated condensed phosphates were then-acid 
hydro lyzed  and t h e  r e s u l t a n t  phosphate reac ted  t o  form a he te ropo l y  b l u e  
complex w i t h  Mo(V-VI), de tec ted  a t  660 nm. Using a wate r  ba th  a t  94°C f o r  
bo th  t h e  a c i d  h y d r o l y s i s  and t h e  c o l o r  development loops r e s u l t e d  i n  good 
recovery  o f  phosphorus species,  based on t o t a l  phosphorus u s i n g  t h e  
a n a l y s i s  ICP spectrometer.  The d e t e c t i o n  method as used cou ld  n o t  o x i d i z e  
phosph i te  and hypophosphite t o  phosphate. Tests  showed t h a t  these species 
a r e  e a s i l y  o x i d i z e d  by l i g h t .  S ince phosph i te  and hypophosphite would 
l i k e l y  co -e lu te  w i t h  phosphate d u r i n g  t h e  HPLC procedure, cou ld  be analyzed ' 



by IC, and were minor  components i n  t h e  species d i s t r i b u t i o n s ,  a d d i t i o n  o f  
a  UV o x i d a t i o n  s tep  was n o t  necessary. 

2.5.2.6 Phosphine 

Phosphine (PH,) was sampled i n  t h e  wind tunne l  aeroso l  by a t t a c h i n g  a - 
gas sampl ing b o t t l e  d i r e c t l y  t o  t h e  wind tunne l  and f l u s h i n g  t h e  tunne l  
w i t h  a t  l e a s t  5  volumes o f  aerosol  a t  a  f l o w  r a t e  o f  0.5 L/min be fo re  
c o l l e c t i n g  t h e  a c t u a l  volume t o  be analyzed. A Hewlett-Packard gas 
chromatograph (GC) , equipped w i t h  a  5% phenyl  , 95% methy l  s i l  i cone- fused  
s i l i c a  c a p i l l a r y  ( h e l d  a t  100°C), and a n i  trogen/phosphorus d e t e c t o r ,  was 
used f o r  phosphine ana l ys i s .  Gas - t i gh t  sy r i nges  were used t o  sample t h e  
gas c o l l e c t i o n  b o t t l e s .  The d e t e c t i o n  l i m i t  v a r i e d  w i t h  b a s e l i n e  
s t a b i l i t y ,  b u t  was no l e s s  than  43 ug/m3 o f  aeroso l .  

2.5.2.7 Whi te  Phosphorus 

Elemental  WP ( P 4 )  i n  t h e  aeroso l  was t rapped i n  40 m l  o f  benzene i n  a  
gas wash b o t t l e  a t  a  sampl ing r a t e  o f  150 ml/min. The e f f i c i e n c y  o f  
benzene as e x t r a c t a n t  f o r  WP has been noted p r e v i o u s l y  ( L a i  and Rosenb la t t  
1977). We found benzene t o  be s u p e r i o r  t o  i soc tane ,  w h i l e  hexane f a i l e d  t o  
h o l d  d i s s o l v e d  WP f o r  more than  a few hours.  Chloroform was a good 
t r a p p i n g  agent, b u t  i n t e r f e r e d  w i t h  subsequent analyses. Es t imated  
ca r r yove r  t o  a  backup t r a p  was <0.1%. The e n t r a i n e d  phosphorus oxy-anions 
d i d  n o t  i n t e r f e r e  w i t h  t h e  P de te rmina t ion .  A wa te r  r i n s e  o f  t h e  benzene 
l a y e r  and t r a p  w a l l s  r e s u l t e d  i n  an e s s e n t i a l l y  complete recovery  o f  t h e  
polyphosphate f r a c t i o n ,  g i v i n g  a second check on t h e  t o t a l  aeroso l  
c o l l e c t e d  i n  t h e  bubb le r .  A GC equipped w i t h  a  4 - f t  g l a s s  column 
c o n t a i n i n g  5% O V l O l  packing, a t  100°C iso therma l ,  and f lame pho tome t r i c  
d e t e c t o r  w i t h  a  phosphorus-spec i f i c  f i l t e r  was used f o r  sample i n j e c t i o n s  
o f  up t o  . O 1  ml o f  benzene t r a p  s o l u t i o n .  The d e t e c t i o n  l i m i t  f o r  WP i n  
benzene was 1 ppb. 

2.5.2.8 Carbon Ana l ys i s  

D i sso l ved  o rgan i c  carbon (DOC) i n  s o l u t i o n s  t h a t  were analyzed was 
determined by  a c i d i f y i n g  t h e  s o l u t i o n  t o  pH <2 w i t h  phosphor ic  ac i d ,  
sparg ing  t o  remove i n o r g a n i c  carbon as CO,, and i n j e c t i n g  t h e  s o l u t i o n  i n t o  
a  carbon ana lyzer ,  where CO, i s  de tec ted  by nond ispers ive  i n f r a r e d  ( N D I R )  
d e t e c t i o n .  The t o t a l  o rgan i c  carbon (TOC) i n  s o l u t i o n  was then  determined 
by d i r e c t  i n j e c t i o n ,  w i t h  d i s s o l v e d  i n o r g a n i c  carbon then  c a l c u l a t e d  by 
d i f f e r e n c e .  

2.5.2.9 Sampling Procedures f o r  Phosphorus S p e c i a t i o n  

Aerosol  mass samples c o l l e c t e d  on g l a s s  f i b e r  f i l t e r s  were 
son i ca ted  i n  de - i on i zed  wate r  f o r  pH, t o t a l  phosphorus, and phosphate 
de te rmina t ions .  Aerosol  samples taken  a t  a  f l o w  r a t e  o f  150 ml/min th rough 
gas wash b o t t l e s  c o n t a i n i n g  50-ml de- ion ized  wate r  were analyzed f o r  t o t a l  
phosphorus, phosphate, and polyphosphate d i s t r i b u t i o n s .  Ana l ys i s  f o r  bo th  



t o t a l  phosphurus and phosphate cou ld  be done f a i r l y  r a p i d l y  compared t o  
s p e c i a t i o n  analyses, and such a n a l y s i s  was t h e r e f o r e  employed as t h e  
o v e r a l l  sample-monitor ing method. S e l e c t  f i l t e r  and cascade impactor  
samples were r o u t i n e l y  f l u s h e d  w i t h  de- ion ized  wate r  f o r  phosphorus 
ana l ys i s .  S t a t i c  d e p o s i t i o n  coupons and aeroso l  gas-washing bubb le rs  used 
i n  s p e c i a t i o n  de te rmina t ions  r e q u i r e d  t o t a l  phosphorus and PO -P f o r  mass 
balance and cross-check ing ab i  1  i t y .  Phosphi te  was i nc l uded  i 4  r o u t i n e  
ana l ys i s ,  s i nce  i t  represen ted  a  minor  b u t  c o n s i s t a n t  c o n t r i b u t i o n  t o  
phosphorus d i s t r i b u t i o n ,  and was n o t  d e t e c t a b l e  by t h e  HPLC sepa ra t i on  
procedure. Hypophosphite l e v e l s  were n o t  cons idered s i g n i f i c a n t  and so 
were mon i to red  b u t  n o t  repor ted .  S ince  t h e  phosphorus s p e c i a t i o n  procedure 
was t ime - i n tens i ve ,  s p e c i a t i o n  d i s t r i b u t i o n  t e s t s  were min imized by 
j u d i c i o u s  cho ice  o f  samples. A1 though Braze1 1  e t  a1 . (1984) recommended 
i n c l u s i o n  o f  EDTA t o  i n h i b i t  breakdown o f  t h e  h i g h e r  polyphosphates, we 
found l i t t l e  change i n  e i t h e r  bubb le r  o r  s t a t i c  wa te r  d e p o s i t i o n  samples 
u s i n g  de- ion ized  wate r  when analyzed on t h e  day o f  p repara t ion .  

E f f o r t s  t o  f i n d  t h e  b e s t  su r f ace  f o r  s t a t i c  d e p o s i t i o n  r e s u l t e d  i n  
t e s t s  on va r i ous  subs t ra tes  i n c l u d i n g  one su r f ace  ( t h e  GSWP f i l t e r )  which 
seemed t o  a t t r a c t  t h e  aerosol .  S ince comparisons o f  d e p o s i t i o n  loads on 
exposed s o i l s  and p l a n t s  suggested t h a t  t h e  empty po l ys t y rene  P e t r i  d i s h  
cover  was a  reasonable e s t i m a t i o n  o f  p l a n t  load ing ,  wet  and d r y  P e t r i  
d ishes were used r o u t i n e l y .  Depos i t i on  on d r y  sur faces  (150-mm po l ys t y rene  
P e t r i  d i s h  cover)  and wet su r faces  (150-mm po l ys t y rene  P e t r i  d i s h  
c o n t a i n i n g  de- ion ized  wate r  o r  s p e c i a t i o n  e l u e n t  A s o l u t i o n )  produced an 
es t ima te  o f  t h e  t o t a l  d e p o s i t i o n  o c c u r r i n g  d u r i n g  each o f  t h e  1 - t o  4-hour 
exposures. Phosphine was sampled i n  t h e  gaseous s t a t e  us ing  a  gas purge 
and t r a p  b o t t l e s ,  w h i l e  elemental  WP was t rapped i n  a  gas wash b o t t l e  
c o n t a i n i n g  benzene. 

SOIL MEASUREMENTS 

An i n i t i a l  s tudy  o f  smoke d e p o s i t i o n  on t h r e e  types  of s o i l s  (sandy 
loam, s i l t  loam, and h i g h  o rgan ic  s o i l )  was conducted d u r i n g  t h e  i n i t i a l  
t e s t  burns. For  t h i s  t e s t ,  s o i l s . w e r e  premoistened t o  approx imate ly  70% 
f i e l d  c a p a c i t y  and were p laced  i n  140-mm (nominal )  po l ys t y rene  P e t r i  d ishes 
( s u r f a c e  area 154 cm2) t o  a  depth o f  0.5 cm. S o i l  response t o  phosphorus 
smoke d e p o s i t i o n  was examined c l o s e l y  because o f  t h e  d ramat ic  inc reases  i n  
s o l u b l e  aluminum and i r o n  i n  t h i s  t e s t .  

Because o f  t h e  l a r g e  expense assoc ia ted  w i t h  r unn ing  s o i l  t e s t s  f o r  
a1 1  p o s s i b l e  scenar ios  s o i  1, exposures were performed a t  0.9 m/s ( 2  mph) 
and about 20% t o  30% r e l a t i v e  humid i t y .  For  t h e  WP exposures, Burbank s o i l  
was used i n  con junc t i on  w i t h  a  s i l t - l o a m  (Maxey F l a t s )  s o i l  t h a t  has n o t  
been f u l l y  charac te r i zed ,  b u t  were chosen because these  s o i l s  were t h e  
p l a n t i n g  media f o r  n a t i v e  p l a n t s  used i n  exposures. 

The bas i c  exposure regime used i n  subsequent t e s t s  cons i s ted  o f  
exposing a i r  d r i e d  s o i l s  as t h i n  lenses (10 91165 cm2) i n  po l ys t y rene  P e t r i  
d i s h  covers.  Th i s  exposure method was chosen t o  eva lua te  changes o c c u r r i n g  



w i t h i n  t h e  s u r f a c e  l a y e r  where t h e  ma jo r  m i c r o b i a l  decomposi t ion and 
me tabo l i c  processes occur.  I t i s  a l s o  t h e  l a y e r  most sub jec ted  t o  a l l  
e ros iona l  f o r c e s  ( i  .e. , wind, water ,  r u n o f f )  t h a t  may impact  ad jacen t  
su r f ace  o r  subsur face waters.  

Four s u r f a c e  s o i l s  r ep resen t i ng  a  range of s o i l  types (see Tab le  2.1) - 
expected t o  be encountered under a c t u a l  f i e l d  c o n d i t i o n s  were exposed t o  a  
2-hour RP/BR aeroso l  d e p o s i t i o n  ( r a n g e - f i n d i n g  t e s t  A3). Dupl i c a t e  s o i l  
lenses were exposed f o r  a  t o t a l  o f  40 g  on to  660 cm2 su r face  area p e r  
sample. A d d i t i o n a l  s o i l  a l i q u o t s  were exposed and h e l d  f o r  2  t o  2 1  days 
p r i o r  t o  wate r  c o n t a c t  under a  s i m i l a r  l each ing  program. For  WP smoke 
aeroso ls  , two su r face  s o i  1  s  were exposed d u r i n g  a  4-hour t e s t  (WP-E3). A 
separate t e s t ,  designed t o  s tudy  t h e  d i l u t i o n  e f f e c t s  o f  l a r g e r  masses o f  
s o i  1, was conducted d u r i n g  a  2-hour RP/BR exposure ( range- f  i nd ing  t e s t  
B9.2, see Tab le  2.3), and cons i s ted  o f  a  sandy loam (Burbank) s o i l  exposed 
i n  v a r y i n g  th icknesses.  Immediate ly  a f t e r  exposure s o i l s  were con tac ted  
w i t h  de- ion ized  wate r  ( 1 0 : l  wa te r  t o  s o i l  r a t i o )  and g e n t l y  a g i t a t e d  (60  
rpm) a t  25°C under ae rob i c  c o n d i t i o n s .  S o l u t i o n s  were sampled 
p e r i o d i c a l l y  ove r  a  24-day i n t e r v a l ,  f i l t e r e d  (<:2ZVm) and analyzed f o r  - pH, 
s o l u b i l i z e d  - o rgan i c  and i n o r g a n i c  carbon, ma jo r  an ions (SO,=, C1-, NO , 
NO, ,PO 3 - )  by i o n  chromatography ( I C ) ,  macro elements (Na, K, Ca, M&, and 
t r a c e  efements ( A l ,  B, Ba, Cd, Co, C r ,  Cu, Fe, L i ,  Mn, Mo, Sr, N i ,  S i ,  and 
Zn) by ICP. Unexposed s o i l  c o n t r o l s  were leached under i d e n t i c a l  
c o n d i t i o n s .  S e l e c t  exposed s o i l  l enses  were h e l d  f o r  v a r y i n g  l eng ths  o f  
t ime  f o l l o w i n g  exposure and p r i o r  t o  wate r  c o n t a c t  t o  s imu la te  d r y  
d e p o s i t i o n  f o l l o w e d  by de layed r a i n / r u n o f f  con tac t .  A f t e r  comple t ion  o f  
t h e  l each ing  p e r i o d  f o r  RP/BR exposed s o i l s ,  phosphor ic  a c i d  (140 ppm 
phosphorus) was added t o  c o n t r o l  s o i l s  a t  a  l e v e l  approx imat ing  t h e  
phosphorus l e v e l s  depos i ted  on exposed s o i l s  t o  d i s t i n g u i s h  t h e  
polyphosphate e f f e c t s  f rom t h e  a c i d i c  phosphate e f f e c t s .  A  f r e s h  a l i q u o t  
o f  a i  r - d r i e d  Burbank (sandy-1 oam) s o i  1  was a1 so con tac ted  w i t h  d i  1  u t e  
phosphor ic  a c i d  (118 ppm phosphorus) and t h e  e f f e c t s  noted. Evapora t ion  
d u r i n g  wate r  c o n t a c t  averaged l e s s  than  0.2% pe r  day and was n o t  r ep laced  
o r  f a c t o r e d  i n t o  c a l c u l a t i o n s .  

2.7.1 S o i l  M i c r o b i o l o a i c a l  Measurements 

Sieved, a i r - d r i e d  Burbank sandy-loam s o i l  was used t o  s tudy  
m i c r o b i o l o g i c a l  e f f e c t s .  Because o f  t h e  i n h e r e n t l y  low m i c r o b i o l o g i c a l  
a c t i v i t y ,  o rgan i c  m a t e r i a l  was added t o  t h e  s o i l  t o  enhance t h e  m i c r o b i a l  
popu la t ions .  A  un i form m i x t u r e  of a i r - d r i e d  s o i l  (500 g )  and ground 
a l f a l f a  ( 5  g )  were p laced  i n  a  1-L Erlenmeyer f l a s k  and 50 ml o f  d i s t i l l e d  
wa te r  was added t o  b r i n g  t h e  s o i l  t o  60% of i t s  mo i s tu re -ho ld i ng  capac i t y .  
The m o i s t  s o i l  m i x t u r e  was incuba ted  i n  darkness f o r  6  days, a f t e r  which 
t h e  en r i ched  s o i l  was p laced  i n  a  l a r g e  Pyrex d i s h  and a i r  d r i e d .  

Enr iched  s o i l  was even ly  spread ove r  t h e  t o p  su r f ace  o f  a  145-mm 
i n s i d e  d iameter  ( I D )  po l ys t y rene  P e t r i  d i sh .  P e t r i  d ishes c o n t a i n i n g  10, 
25, 50 and 100 grams o f  s o i l ,  which rep resen t  s o i l  depths o f  0.4, 1.0, 2.0 



and 4.0 mm, r e s p e c t i v e l y ,  were p laced  i n  t h e  wind tunne l  f o r  exposure t o  
smoke. Table 2.5 l i s t s  smoke exposure c o n d i t i o n s  f o r  m i c r o b i o l o g i c a l  
s t ud ies .  A f t e r  exposure, t h e  s o i l  was mixed we11 and l e f t  covered ( b u t  n o t  
sea led)  i n  t h e  o r i g i n a l  P e t r i  d i s h  used d u r i n g  smoke exposure. S o i l  
subsamples were then  taken f rom these d ishes a t  predetermined i n t e r v a l s  f o r  
assay o f  enzyme a c t i v i t i e s .  

To assay f o r  n i t r i f i c a t i o n  a c t i v i t y ,  a separate a l i q u o t  o f  t h e  exposed 
s o i l  was mixed w i t h  wate r  a t  10 : l  (volume/weight)  wa te r  t o  s o i l  r a t i o  and 
incuba ted  under ae rob i c  c o n d i t i o n s  a t  25OC, i n  darkness, on an o r b i t a l  
shaker r e v o l v i n g  a t  150 rpm. A c o n t r o l  t h a t  cons i s ted  o f  unexposed s o i l  
t r e a t e d  s i m i l a r l y  was incuba ted  under t h e  same cond i t i ons .  I n  one 
exper iment,  s o i l  suspensions were amended w i t h  50 o r  500 ppm o f  ammonium 
i o n  (as ammonium s u l f a t e )  t o  determine p o t e n t i a l  n i t r i f i c a t i o n  a c t i v i t i e s .  
P e r i o d i c  measurements were made f rom t h e  wate r  e x t r a c t s  o f  s o i l  f o r  t h e  
s o l u b l e  n i t r i t e  and n i t r a t e  as an i n d i c a t i o n  o f  s o i l  n i t r i f i c a t i o n  
a c t i v i t i e s .  Methods f o r  n i t r i t e  and n i t r a t e  de te rm ina t i on  were t h e  same as 
those descr ibed  i n  t h e  s o i l  chemis t ry  methods sec t i on .  

S o i l  dehydrogenase a c t i v i t y  was assayed by t h e  methods o f  K l e i n  e t  a l .  
(1971), w i t h  m o d i f i c a t i o n s .  Dehydrogenase assays were i n i t i a t e d  by adding 
0.5 m l  o f  0.5% (w/v) g lucose o r  casamino ac ids  s o l u t i o n  t o  25-nil c e n t r i f u g e  
tubes. The tubes con ta ined  one gram o f  smoke-exposed s o i l  o r  c o n t r o l  s o i l  
t h a t  had been amended w i t h  0.2 ml o f  a 3% (w/v) s o l u t i o n  o f  
2,3,4-tr iphenyl  t e t r a z o l  ium c h l o r i d e  (TTC) . The tubes were incubated a t  
27°C i n  darkness f o r  24 hours. A f t e r  incuba t ion ,  10 m l  o f  methanol was 
added t o  each tube  and t h e  tubes were t ho rough l y  mixed f o r  about 10 seconds 
i n  a vo r t ex  mixer .  A f t e r  c e n t r i f u g a t i o n  a t  12,000 g f o r  10 minutes t o  
e x t r a c t  TTC-formazan formed d u r i n g  t h e  incuba t ion ,  t h e  supernatant  s o l u t i o n  
was decanted. Absorbance o f  t h e  s o l u t i o n  a t  485 nm was determined w i t h  a 
co lo r ime te r .  S o i l  dehydrogenase a c t i v i t y  expressed as m i l l i g r a m s  o f  
TTC-formazan produced p e r  gram o f  s o i l  p e r  24 hours was q u a n t i f i e d  by 
comparing absorbance va lues  t o  a s tandard curve  prepared w i t h  reagent  grade 
TTC-formazan i n  t h e  concen t ra t i on  range o f  0 t o  30 pg/ml methanol. 

S o i l  phosphatase a c t i v i t y  was measured by t h e  procedure o f  Tabatabai  
and Bremner (1969), as m o d i f i e d  by  K l e i n  e t  a l .  (1979). One gram o f  s o i l  
was  laced i n  25-1111 c e n t r i f u a e  tubes w i t h  4 m l  o f  mod i f ied  u n i v e r s a l  b u f f e r  
(MUB) , which c o n s i s t s  o f  trig (hydroxymethyl  ) amino methane, 3.025 g; 
ma le ic  ac id ,  2.9 g; c i t r i c  ac id ,  3.5 g; b o r i c  ac i d ,  1.57 g; 1 N NaOH, 
122 ml ; i n  250 m l  f i n a l  volume, pH 8.65. One m l  o f  paran i t rop f ieny l -  
phosphate (0.025 N prepared w i t h  MUB s o l u t i o n )  was added t o  each tube. The 
tubes were sw i r l ea ,  s toppered and incuba ted  f o r  one hour a t  37OC. One m l  
o f  0.5 N CaC1, and 4 ml o f  0.5 N NaOH were then  added t o  s top  t h e  r e a c t i o n .  
The m i x h r e s  were c e n t r i f u g e d  aT 12,000 g f o r  t e n  minutes. Supernatants 
were decanted i n t o  cuve t t es  and read  a t  400 nm w i t h  a co lo r i rne te r .  
Phosphatase a c t i v i t y  was determined by comparing these  va lues t o  a s tandard 
curve  cons t ruc ted  w i t h  va r i ous  concen t ra t i ons  o f  para -n i t ropheno l  ( 0  t o  
50 pg pe r  m l  MUB s o l u t i o n )  and expressed as pg o f  para -n i t ropheno l  re leased  
pe r  gram o f  s o i l  p e r  hour. 



TABLE 2.5. PHYSICA AND CHEMICAL VARIABLES OF RP/BR SMOKE TESTS FOR THE STUDIES OF MICROBIOLOGICAL 
E F F E c T s k a )  

Deposi t ion P a r t i c l e  Mass Concentration 

Ai r Exposure Re la t i ve  v e l o c i t y  on s i z e  Par t i c l es ,  mg/m3 ~ h o s ~ h o r u s ( ~ )  

Test Temperature v e l o c i t y  t ime  humidi ty d ry  sur face d i s t r i b u t i o n  Fresh Dry Tota l  % 1P 

Date (OC) (mph) ( h r )  ( 8 )  (cm sec-' ) MMAD (urn) 3 
- 

mg-P/m Ptot 

(a)  Compiled from data i n  monthly progress repo r t s  #5, 6, 8, 9. 

(b)  P species measured by IC. 

( c )  Only one s o i l  depth (0.4 mm) was exposed i n  t h i s  t es t .  

(d )  Data n o t  ava i lab le .  

(e )  Actual  r e l a t i v e l y  humidi ty i s  568 f o r  Test D6.2 and 84% f o r  Test D7. 



All dehydrogenase and phosphatase a c t i v i t i e s  were measured i n  t h r e e  
r e p l i c a t e s  and t h e i r  c a l c u l a t e d  mean va lues were compared w i t h  t h a t  of t he  
unexposed c o n t r o l  s o i l  and presented as percen t  o f  c o n t r o l .  

2.7.2 S o i l  I n v e r t e b r a t e  Measurements 

An earthworm b ioassay system was employed t o  e l u c i d a t e  t h e  t o x i c i t y  of 
t h e  WP. The t e s t  was a  s o i l  t e s t  i n  which 80 g  s o i l  ( p l aced  i n  100 x  25mm 

- P e t r i  p l a t e s ) ,  c o n t a i n i n g  5  worms (E i sen ia  f e t i d a )  each, were exposed t o  
aeroso ls  o f  WP d u r i n g  t e s t  s e r i e s  E. These were te rmina ted  a f t e r  14 days, 

4 and e f f e c t s  observed over  t h i s  pe r i od .  An a r t i f i c i a l  s o i l  c o n t a i n i n g  350 g  
sand, 100 g  K a o l i n  and 50 g  d r i e d  pea t  moss (ad jus ted  t o  pH 6.5 w i t h  
CaCO,) , was employed f o r  t h e  earthworm exposures. Worms were f e d  t w i c e  
weekly w i t h  fermented a l f a l f a ,  and s o i l  mo i s tu re  ad jus ted  t o  35% o f  d r y  
weight.  

7 2.8 PLANT/SOIL MEASUREMENTS 

I n  e v a l u a t i n g  d i r e c t  f o l i a r  c o n t a c t  t o x i c i t y ,  p l a n t  canopies were 
exposed t o  smokes under a  range o f  concen t ra t i on ,  t ime, and atmospheric 
cond i t i ons .  I n  a l l  cases, s o i l s  were i s o l a t e d  f rom canopies by bagging t h e  
s o i l  con ta i ne rs  a t  t h e  l owe r  p l a n t  stem t o  p rec lude  any i n d i r e c t  e f f e c t s  
a r i s i n g  f rom s o i l  contan i inat ion.  A l l  f o l i a r  exposures were conducted i n  
t h e  i l l u m i n a t e d  p o r t i o n  o f  t h e  wind tunne l  t e s t  sec t i on .  I n d i r e c t  p l a n t  
e f f e c t s  were eva lua ted  by exposing Burbank and Maxey F l a t s  s o i l s  t o  smoke 
aeroso ls .  These s o i l s  (444 and 526 g  d r y  weigh o f  Maxey F l a t s  and Burbank, 
r e s p e c t i v e l y )  were b rought  t o  mo i s tu re  l e v e l ,  p laced  i n t o  4.5- in.-diameter 
by 4- in . -h igh po ts ,  t h e  su r f ace  l eve led ,  and po t s  exposed t o  smokes. Four 
days a f t e r  be ing  exposed, t h e  s o i l s  were seeded w i t h  15 blando brome seeds. 
Th i s  approach r e s u l t e d  i n  con tamina t ion  o f  o n l y  t h e  s o i l  sur face;  
p o s t - p l a n t i n g  i r r i g a t i o n  should r e s u l t  i n  some r e d i s t r i b u t i o n  o f  smoke 
components down t h e  s o i l  p r o f i l e .  D e t a i l s  o f  t h e  exposure regimes a r e  
presented i n  Sec t i on  3.0. 

Q u a n t i t a t i o n  o f  Exposure/Dose 

The e v a l u a t i o n  o f  p l a n t  t o x i c i t y  responses t o  a i r b o r n e  contaminants 
r e q u i r e s  a  bas i s  f o r  in te rcompar ison  o f  t rea tments  and va r i ab les .  I n  a l l  
o f  t h e  t o x i c i t y  s t ud ies ,  t h e  p o i n t  o f  re fe rence  i s  t h e  mass l o a d i n g  va lue  
o r  exposure dose, as opposed t o  a i r  concen t ra t i on  o r  exposure du ra t i on ,  t o  
p rov ide  a  s p e c i f i c  dose va lue  f o r  each p l a n t .  The mass l o a d i n g  r a t e  i s  
determined by chemical measurement o f  t h e  amount o f  smoke depos i ted  t o  a  
u n i t  area o r  we igh t  o f  f o l i a g e ,  and i s  an abso lu te  index  o f  dose. I n  t h e  
case o f  phosphorus smokes, t o t a l  f o l i a r  phosphorus was determined by 
e x t r a c t i o n  o f  f o l i a r  samples w i t h  s imu la ted  r a i n w a t e r  (Ca ta ldo  e t  a l .  
1981). I n i t i a l  s t u d i e s  showed t h e  phosphorus concen t ra t i on  o f  leachates 
from c o n t r o l  f o l i a g e  ranged f rom 0.5 t o  1.0 pg P/cm2, and mass l o a d i n g  
va lues were c o r r e c t e d  as appropr ia te .  E x t r a c t i o n  e f f i c i e n c y  was c a l c u l a t e d  
a t  98.5% based on phosphorus con ten t  o f  c o n t r o l  and exposed/ext racted 
t i s s u e s .  Mass l o a d i n g  t o  s o i l s  was es t imated  based on l o a d i n g  t o  f i l t e r  
coupons, d r y  P e t r i  d ishes,  and wet P e t r i  d ishes as no ted  e a r l i e r .  
Q u a n t i t a t i o n  o f  i n t e r c e p t i o n  e f f i c i e n c y  based on t ype  o f  r e c e p t o r  su r f ace  

'"C 



(namely t h e  t ype  of canopy s t r u c t u r e )  i s  based on computed d e p o s i t i o n  
v e l o c i t i e s .  The v e l o c i t i e s  a r e  c a l c u l a t e d  f rom t h e  a i r  concen t ra t i on ,  
exposure du ra t i on ,  and t h e  q u a n t i t y  of  smoke (P)  depos i ted  p e r  u n i t  su r f ace  
area. 

Quan t i  t a t i o n  o f  P h y t o t o x i c i  ty  

T o x i c i t y  responses a r i s i n g  f rom d i r e c t  c o n t a c t  o f  smokes w i t h  f o l i a g e ,  - 
namely those  t h a t  a r e  r e a d i l y  v i s u a l i z e d  o r  phenotyp ic ,  were eva lua ted  
u s i n g  a  m o d i f i e d  Daubenmire Ra t i ng  Scale (Tab le  2.6). I n  a d d i t i o n ,  grasses 
t h a t  a r e  harves ted  3 t o  4 weeks a f t e r  exposure ( d i r e c t  canopy e f f e c t s )  were - 
p e r m i t t e d  t o  regrow th rough one o r  more subsequent harves ts ,  and d r y  m a t t e r  
p roduc t i on  was monitored. Regrowth and m o n i t o r i n g  a l l o w s  f o r  e v a l u a t i o n  o f  
any r e s i d u a l  p l a n t  e f f e c t s  r e s u l t i n g  f rom f o l i a r  abso rp t i on  and r o o t  
accumulat ion o f  smoke components. I n d i r e c t  p l a n t  e f f e c t s  r e s u l t i n g  f rom 
smoke contaminants depos i ted  t o  s o i l s  were determined by e v a l u a t i n g  
percentage ge rm ina t i on  and d r y  m a t t e r  p roduc t i on  u s i n g  b lando brome as a  
t e s t  species.  As no ted  i n  Chapter 3.0 (Resu l t s  and D iscuss ion) ,  i n  no case . 
was ge rm ina t i on  a f f e c t e d  by phosphorus smokes. Dry m a t t e r  p r o d u c t i o n  f o r  
p l a n t s  grown on contaminated s o i l s  was f o l l o w e d  through two o r  more 
harves ts .  I n  a d d i t i o n ,  t o t a l  e lementa l  a n a l y s i s  o f  l e a f  t i s s u e  was 
performed f o r  t h e  f i r s t  two ha rves t s  t o  determine whether phosphorus smokes 
a f fec ted  t h e  s o l u b i l i t y  o f  s o i l  m ine ra l s  and s o l u b l e  elements. F i n a l l y ,  a  
s e r i e s  o f  Scanning E l e c t r o n  Micrographs (SEM) were taken  o f  b o t h  exposed 
and c o n t r o l  p l a n t s .  The SEM photographs were t hen  examined t o  i d e n t i f y  
t h e  r e l a t i o n s h i p  o f  morpholog ic  f e a t u r e s  w i t h  degree of  e f fec t .  

Post-Exposure Simulated R a i n f a l l  

The i n t e n s i t y  o f  p h y t o t o x i c  responses t o  f o l i a r  contaminants can be 
m o d i f i e d  by  t h e  presence o r  absence o f  su r f ace  mo is tu re .  Immediate ly  
f o l l o w i n g  exposure, subsets o f  exposed p l a n t s  were sub jec ted  t o  a  s imu la ted  
r a i n f a l l  ( F i g u r e  2.7) e q u i v a l e n t  t o  1.0 cm, as desc r i bed  i n  Cata ldo  e t  a l .  
(1981). S imulated r a i n f a l l  p e r m i t t e d  e v a l u a t i o n  o f  e i t h e r  t h e  amel i o r a t i n g  
e f f e c t s  o f  f o l i a r  su r f ace  wash-off ,  o r  any i n t e n s i f i c a t i o n  o f  e f f e c t s  
r e s u l t i n g  f rom t h e  presence o f  su r f ace  mo i s tu re  and inc reased  f o l i a r  
uptake. 



TABLE 2.6. C O D I N G  FOR THE MODIFIED DAUBENMIRE RATING SCALE AND 
ASSOCIATED PHYTOTOXICITY SYMPTOMS 

- - 

Symptoml in tens i t y  D e s c r i p t i o n  

M o d i f i e d  daubenmire r a t i n a  sca le :  

Phenotypic responses: 

OGA 
NGA 
O&NGA 
TB 
LBD 
NS 
L  D  
C h  1  
BD 
LC 
W 
G D  
D  
F/ SA 

( v a l u e )  

no obvious e f f e c t s  over  c o n t r o l s  
4% o f  p l a n t  f o l i a g e  a f f e c t e d  
between 5%-25% o f  f o l i a g e  a f f e c t e d  
between 25%-50% o f  f o l i a g e  a f f e c t e d  
between 50%-75% o f  f o l i a g e  a f f e c t e d  
between 75%-95% o f  f o l i a g e  a f f e c t e d  
between 95%-100% o f  f o l i a g e  a f f e c t e d  

o l d  growth a f f e c t e d  
new growth a f f e c t e d  
o l d  and new growth a f f e c t e d  
t i p  o r  l e a f  edge burn  
l e a f  burn  and l e a f  drop 
n e c r o t i c  s p o t t i n g  
l e a f  absc i ss i on  o r  needle drop 
c h l o r o s i s  
b lade  d ieback 
l e a f  c u r l  
w i l t i n g  
growing t i p  d ieback 
p l a n t  dead 
f l o r a l  o r  s e e d l f r u i  t a b o r t i o n  

i n d i c a t e s  t h e  l e n g t h  i n  cm t h a t  
needles o r  leaves e x h i b i t  d ieback 
o r  burn  



FIGURE 2.7. POST-EXPOSURE SIMULATED RAINFALL SYSTEM 



RESULTS AND DISCUSSION 

The wind tunne l  t e s t s  were conducted t o  e s t a b l i s h  a  d e t a i l e d  data base 
f rom which one cou ld  p r e d i c t  t h e  chemical t r ans fo rma t i ons ,  t r a n s p o r t ,  
e c o l o g i c a l  e f f e c t s ,  and p o t e n t i a l  l ong- te rm impact o f  r e d  phosphorus/butyl  
rubber  (RP/BR) and w h i t e  phosphorus (WP) obscurant  smokes on components of  
n a t u r a l  environments r e p r e s e n t a t i v e  o f  a  range o f  f i e l d  t r a i n i n g  s i t e s .  

d The wind tunne l  was used t o  s i r r~u la te  t h e  env i ronmenta l  v a r i a b l e s  assoc ia ted  
w i t h  a i r b o r n e  d i ssem ina t i on  scenar ios.  The chemical and phys i ca l  
c h a r a c t e r i s t i c s  o f  t h e  a i r b o r n e  smokes were mon i to red  w h i l e  t hey  were i n  
t r a n s i t  t o  determine t h e  i n f l u e n c e  o f  those c h a r a c t e r i s t i c s  on t h e  
d e p o s i t i o n  of smokes t o  p l a n t  and s o i l  sur faces.  As p a r t  of  t h e  o v e r a l l  
research e f f o r t ,  cons iderab le  a t t e n t i o n  was g i ven  t o  t h e  d e t a i l e d  phys i ca l  

f& and chemical c h a r a c t e r i s t i c s  o f  t h e  smokes. Th i s  was done i n  o r d e r  t o  
p rov ide  source terms f o r  exposoure models f o r  concerns assoc ia ted  w i t h  
h e a l t h  e f f e c t s  on r e s i d e n t s  near  va r i ous  t r a i n i n g  s i t e s  as w e l l  as domest ic 
and w i l d 1  i f e  animal popu la t ions .  

Several  aspects o f  t h e  e c o l o g i c a l  e f f e c t s  o f  phosphorus smokes 
were considered: 

1. Does a  dose/response r e l a t i o n s h i p  e x i s t  f o r  a  g iven  obscurant  smoke, 
and can a  dose/response r e l a t i o n s h i p  d e r i v e d  under l a b o r a t o r y  
c o n d i t i o n s  be used t o  determine t h e  e f f e c t s  o f  smoke used under ac tua l  
f i e l d  c o n d i t i o n s ?  

2. I f  a  dose/response r e l a t i o n s h i p  e x i s t s ,  can i t  be a f f e c t e d  by 
environmental  f a c t o r s  o r  dos ing c o n d i t i o n s  such as r e l a t i v e  humid i t y ,  
wind speed, o r  r a i n f a l l ?  

3. Once t h e  e f f e c t s  of smokes a r e  observed, how can they  be compared o r  
used t o  assess p resen t  and f u t u r e  impacts o f  obscurant  smoke? 

A p o i n t  o f  r e fe rence  must be e s t a b l i s h e d  t o  answer these ques t ions  and 
p r e d i c t  long- term impacts a t  Army t r a i n i n g  s i t e s .  

Dosing 1  eve1 s  ( a i r  concen t ra t i on  and d u r a t i o n )  a r e  i n a p p r o p r i a t e  as a  
re fe rence  p o i n t  f o r  de te rmin ing  t h e  e f f e c t s  o f  a i r b o r n e  contaminants on 
p l a n t  and s o i  1  systems. The phys i ca l  processes ( d i f f u s i o n a l  and 
g r a v i t a t i o n a l  f l u x e s  versus impac t ion)  t h a t  i n f l u e n c e  t h e  t r a n s f e r  o f  
a i r b o r n e  p o l l u t a n t s  f rom t h e  a i r  column, through t h e  boundary l aye rs ,  t o  
r ecep to r  su r faces  where e f f e c t s  a r e  induced a r e  a f f e c t e d  by a  range o f  
parameters. These parameters i n c l u d e  atmospheric c o n d i t i o n s  and t o  some 
e x t e n t  t h e  chemical and phys i ca l  s t r u c t u r e  o f  t h e  recep to r .  Therefore, t h e  
o n l y  a p p r o p r i a t e  method f o r  equa t ing  damages and e f f e c t s  t o  dose i s  t o  
q u a n t i f y  t h e  dose depos i ted  t o  a f f e c t e d  sur faces  and/or s o i l s .  I n  

. t h i s  s tudy  t h e  mass o f  phosphorus depos i ted  pe r  u n i t  mass o r  area o f  
su r f ace  exposed (mass 1  oading) i s  q u a n t i f i e d ,  which a1 lows dose/response 

4 r e l a t i o n s h i p s  t o  be compared, and a l l ows  t h e  mass l o a d i n g  (ML) r a t e  t o  be 



used i n  c o n j u n c t i o n  w i t h  a i r  c o n c e n t r a t i o n  and exposure t ime  f o r  computing 
d e p o s i t i o n  v e l o c i t i e s  (Vd).  The fo rmu la  f o r  c a l c u l a t i o n  o f  V d  i s  shown i n  
Equat ion 1. 

Vd (cm/sec) = ML (mg P/cm2 l e a f )  exposure t ime  3 ( 1 )  
a i r  concen t ra t i on  (mg P/m3) x ( sec )  xbo 

Use o f  Vd pe rm i t s  a  comparison o f  d e s p o s i t i o n  e f f i c i e n c y  t o  va r i ous  
sur faces  as i n f l u e n c e d  by  phys i ca l  and atmospheric v a r i a b l e s  such as 
r e l a t i v e  humid i t y ,  wind speed, physi ,cal  c h a r a c t e r i s t i c s  o f  t h e  a i r b o r n e  
smoke ( i  .e., p a r t i c l e  s i z e ) ,  and p l a n t  canopy and s o i l  c h a r a c t e r i s t i c s .  By 
u s i n g  t h i s  q u a n t i t a t i v e  approach, t h e  wind tunne l  can be used t o  s imu la te  
t h e  behav io r  and e f f e c t s  o f  obscurant  smokes i n  t h e  f i e l d .  I n  a d d i t i o n ,  
computed Vd va lues  based on a  s e r i e s  o f  smoke and atmospheric v a r i a b l e s  can 
be used t o  es t ima te  mass l o a d i n g  and, t h e r e f o r e ,  damage t o  components o f  
t h e  t e r r e s t r i a l  ecosystem. 

Because o f  t h e  l a c k  o f  d e t a i l e d  i n f o r m a t i o n  and/or da ta  on t h e  e f f e c t s  
of phosphorus smokes on p l a n t s  and assoc ia ted  t e r r e s t r i a l  components (ShSnn 
e t  a l .  1985; Van V o r i s  e t  a l .  1985), an exper imenta l  approach was used i n  
t h i s  s tudy.  The exposure t e s t s  were designed t o  determine t h e  e c o l o g i c a l  
e f f e c t s  o f  smokes and t h e  i n f l u e n c e  o f  va r i ous  env i ronmenta l  f a c t o r s  on 
those e f f e c t s .  The t e s t s  cons i s ted  o f  a  r ange - f i nd ing  t e s t ,  a  cumu la t i ve  
dose t e s t ,  and a  s e r i e s  o f  t e s t s  t o  eva lua te  t h e  e f fec ts  of a tmospher ic  
parameters on e c o t o x i c i t y .  The l a t t e r  p r i m a r i l y  i n c l u d e  t e s t s  t o  determine 
t h e  e f f e c t s  o f  r e l a t i v e  humid i t y ,  r a i n o u t ,  and wind speed. 

The range - f i nd ing  t e s t s  e s t a b l i s h e d  a  work ing  a i r  c o n c e n t r a t i o n  f o r  
phosphorus smokes t h a t  induce a  measurable degree o f  e c o t o x i c i t y .  P l a n t  
canopies and s o i l s  were sepa ra te l y  exposed t o  a  s i n g l e  c o n c e n t r a t i o n  o f  
phosphorus smoke f o r  2, 4, 6, and 8  h rs .  Wind speed, r e l a t i v e  hum id i t y ,  
and temperature remained cons tan t  d u r i n g  each exposure. As a  r e s u l t  of t h e  
range - f i nd ing  t e s t s ,  a  dose/exposure p a t t e r n  was se lec ted  t o  e v a l u a t e  
e c o l o g i c a l  responses t o  obscurant  smokes. The range- f i  nd ing  t e s t s  a1 so 
i n c l u d e d  a  post-exposure s imu la ted  r a i n f a l l  t rea tment  t o  p l a n t s  t o  
determine t h e  a m e l i o r a t i n g  o r  i n t e n s i f y i n g  i n f l u e n c e  o f  excess f o l i a r  
su r f ace  mo i s tu re  on phosphorus s o l u b i l i z a t i o n ,  f o l i a r  uptake, and 
subsequent t o x i c i t y .  

The dose/exposure p a t t e r n  e s t a b l i s h e d  i n  t h e  r a n g e - f i n d i n g  t e s t s  was 
subsequent ly  used t o  s tudy  t h e  e f f e c t s  o f  r e l a t i v e  h u m i d i t y  and w ind  speed 
c o n d i t i o n s  on t h e  p h y t o t o x i c i t y  o f  phosphorus smokes. A dose l e v e l  was 
a l s o  e s t a b l i s h e d  t o  s e t  l i m i t s  f o r  t h e  cumula t i ve  dose t e s t .  The 
cumula t i ve  dose t e s t  cons i s ted  o f  n i n e  consecu t i ve  exposures o f  i n d i v i d u a l  
p l a n t s  t o  low and h igh ,  sub tox i c ,  dose/exposure p a t t e r n s .  A f t e r  t h e  n i n t h  
exposure, t h e  t o t a l  dose rece i ved  by each p l a n t  was compared t o  s i n g l e  dose 
exposure t o  e v a l u a t e  t h e  t o x i c o l o g i c  responses and t h e  mass l o a d i n g  l e v e l s  
of f o l i a g e  from these two d i f f e r e n t  exposure scenar ios.  From these  t e s t s  i t  
can be determined whether o r  n o t  t h e  e c o t o x i c i t y  r e s u l t i n g  f rom long- term,  . 
l o w - l e v e l  exposures t o  obscurant  smokes has a  cumula t i ve  e f f e c t  comparable 
t o  a  s i n g l e  t o x i c  dose hav ing  a  comparable mass load ing .  



Other  e f f e c t s  o f  phosphorus smokes t h a t  were i n v e s t i g a t e d  i nc l ude :  
1 )  t h e  i n f l u e n c e  of  s o i l - d e p o s i t e d  smokes on seed germina t ion  and p l a n t  
growth, 2) t h e  s o l u b i l  i z a t i o n  of s o i l  elements and t h e i r  accumulat ion i n  
p l a n t s ,  and 3 )  t h e  e f f e c t s  o f  smokes on m i c r o b i a l  processes impo r tan t  t o  
bo th  s o i l  genesis and p l a n t  growth. 

3.1 SMOKE CHARACTERIZATION 

3.1.1 Phys ica l  C h a r a c t e r i s t i c s  

The r a t e s  o f  p a r t i c u l a t e  mass l o a d i n g  t o  s p e c i f i c  p l a n t s  and s o i l s  
were measured i n  a  wind tunne l  under a  wide range o f  s imu la ted  n a t u r a l  
cond i t i ons .  Th i s  r a t e  o f  mass l oad ing ,  c a l l e d  t h e  d e p o s i t i o n  v e l o c i t y  of 
t h e  aeroso l ,  c o u l d  then  be a p p l i e d  t o  es t ima te  t h e  t o t a l  p a r t i c u l a t e  mass 
l o a d i n g  i n  t h e  f i e l d .  Required f i e l d  measurements would i n c l u d e  exposure 
du ra t i on ,  aerosol  mass concent ra t ion ,  wind speed, and p a r t i c l e  s i ze .  For  
phosphorus obscurant  aerosols ,  t h e  p a r t i c l e  s i z e  measurement requi rement  
cou ld  be rep laced  w i t h  an ambient r e l a t i v e  h u m i d i t y  measurement because t h e  
s i z e  o f  t h e  p a r t i c l e  i s  appa ren t l y  determined by  age and a v a i l a b l e  wate r  
vapor. 

3.1.1.1 Aerosol  Mass Concent ra t ion  

Dur ing  each exposure t e s t  t h e  average mass concen t ra t i on  o f  t h e  
obscurant  smoke suspended i n  t h e  wind tunne l  was determined by c o n v e r t i n g  
t h e  ou tpu t  o f  t h e  l a s e r  t ransmissometer t o  aerosol  mass concen t ra t i on  and 
averaging t h e  r e s u l t i n g  da ta  over  t h e  d u r a t i o n  o f  t h e  t e s t .  Th i s  method 
r e s u l t e d  i n  a c t u a l  aerosol  mass concen t ra t i on ;  t h e  des icca ted  aeroso l  mass 
concen t ra t i on  and t h e  concen t ra t i on  o f  phosphorus, by mass, were determined 
by m u l t i p l y i n g  t h e  a c t u a l  average mass concen t ra t i on  by t h e  app rop r i a te  
r a t i o .  Tables 3.1 through 3.4 l i s t  t h e  average ac tua l ,  des iccated,  and 
phosphorus mass concen t ra t i ons  measured f o r  each exposure t e s t .  F igures  
3.1 through 3.4 a r e  example reco rd ings  o f  smoke concen t ra t i on  versus t ime  
f o r  each t ype  o f  exposure t e s t .  These f i g u r e s  a l s o  show t h a t  t h e  average 
smoke concen t ra t i on  was ma in ta ined  a t  an approx imate ly  cons tan t  1  eve1 
throughout  each t e s t  by a  cont inuous s e r i e s  o f  RP/BR o r  WP i g n i t i o n s .  

The aerosol  concen t ra t i on  reco rd  f o r  RP/BR range - f i nd ing  t e s t  A2 i s  
shown i n  F igu re  3.1. An average a c t u a l  mass concen t ra t i on  o f  1960 mg/m3 
was measured f o r  bo th  t h e  6- and t h e  8-hour exposures. The r a p i d  decreases 
i n  aeroso l  mass concen t ra t i on  a t  14:OO and 16:00 r e s u l t e d  f rom i s o l a t i n g  
and pu rg ing  t h e  t e s t  s e c t i o n  p r i o r  t o  removing exposed p l a n t s  and s o i l s .  
F i gu re  3.2 shows t h e  double c o n c e n t r a t i o n  exposures o f  RP/BR B s e r i e s  
range - f i nd ing  t e s t .  I n  t h e  B s e r i e s  t e s t ,  one s e t  o f  p l a n t s  was repea ted l y  
exposed ( t h r e e  t imes p e r  week, n i n e  t imes  t o t a l  ) t o  a  l ow  concen t ra t i on  o f  
t h e  obscurant  smoke and ano ther  s e t  was exposed t o  a  h i g h e r  concen t ra t ion .  
Wi th  t h e  excep t i on  o f  r ange - f i nd ing  t e s t  61  and 62, t h e  exposures were 4 
hours long; t h e  exposures f o r  t e s t s  61  and 62 were s h o r t e r  because t h e  
aeroso l  mass c o n c e n t r a t i o n  was markedly  g r e a t e r  than  t h e  i n i t i a l  t a r g e t  o f  
200 mg/m3. The average concen t ra t i on  o f  t h e  1  ow concen t ra t i on  exposures 
was approx imate ly  219 mg/m3 (k30:standard d e v i a t i o n  o f  9  t e s t s )  and t h e  
average concen t ra t i on  f o r  t h e  h i g h  concen t ra t i on  exposures was 1140 mg/m3 
(k130:standard d e v i a t i o n  o f  9  t e s t s ) ,  as shown i n  F igu re  3.5. 



TABLE 3.1. AEROSOL MASS CONCENTRATION RESULTS FOR THE RP/BR RANGE- 
FINDING TEST (RFT),  SERIES A 

R e l a t i v e  Aerosol  mass c o n c e n t r a t i o n  
T e s t l d u r a t i o n  humidi  ty Ac tua l  D r i e d  Phosphorus 

( a )  R e l a t i v e  h u m i d i t y  was w i t h i n  t h e  range 15%<RH<30% f o r  a l l  
r a n g e - f i n d i n g  t e s t s .  

( b, P=number o f  t ransmi  ssometer sarnpl es 
Ca l cu la ted  f rom r e s u l t s  o f  chemical a n a l y s i s  o f  a i r  sample f i l t e r  
pads. 

TABLE 3.2. AEROSOL MASS CONCENTRATION RESULTS FOR THE RP/BR RANGE- 
FINDING TESTS (RFT) , SERIES B 

R e l a t i v e  Ac tua l  aeroso l  mass c o n c e n t r a t i o n  
Tes t  hum id i t y  Low dose High dose 

(%)  ( mg/m3 ) ( mg/m3 

Average 219(9) .  1140(9) 

l a )  R e l a t i v e  h u m i d i t y  was w i t h i n  t h e  range 15%<RH<30% f o r  a l l  RP/BR 
range - f i nd ing  t e s t s .  

( b, P=number o f  t ransmissometer samples. 
n(m): n=actua l  average concent ra t ion .  



TABLE 3.3. AEROSOL MASS CONCENTRATION RESULTS FOR THE RP/BR TEST D . ( ~ )  

R e l a t i v e  Average mass concen t ra t i on  
Tes t  hum id i t y  Ac tua l  D r i e d  Phosphorus 

rl (%) (mg/m3 ( mg/m3 (mg P/m3 

2170 673 
2130 6 76 
2030 6 12 

1560 ( c )  44 1 
( 1690) 59 1 
2290 630 
2040 597 
1510 
2070 (726) 425(c )  ( c )  
1720 (707) 

( a )  P=number o f  t ransmissometer samples. 
(b )  Average o f  composite t e s t .  

Est imated. 

TABLE 3.4. AEROSOL MASS CONCENTRATION RESULTS FOR THE WP TEST E 

R e l a t i v e  Average mass concen t ra t i on  
Tes t  h u m i d i t y  Ac tua l  D r i e d  Phosphorus 

( % I  (mg/m3) (mg/m3) (mg P/m3) 

Tes t  El 
Tes t  E2.1 
Tes t  E2.2 
Tes t  E2.3 
Tes t  E3 
Tes t  E4 
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The aeroso l  mass concen t ra t i on  f o r  one o f  t h e  RP/BR Test-D exposure 
t e s t s  a r e  represen ted  i n  F igu re  3.3. Th i s  t e s t  s e r i e s  cons i s ted  o f  two 
2-hour exposures. The combustion r a t e  o f  RP/BR was cons tan t  th roughout  
each t e s t .  The a c t u a l  aeroso l  concen t ra t i on  d u r i n g  t h e  second exposure was 
25% g r e a t e r  than  t h e  concen t ra t i on  d u r i n g  t h e  f i r s t  exposure because t h e  
wind t unne l  h u m i d i t y  was inc reased  f rom 25% t o  56% between t h e  two t e s t s ,  
and t h i s  a d d i t i o n a l  wa te r  vapor was absorbed by t h e  p a r t i c l e s .  One o f  t h e  
s i x  WP Test-E exposure t e s t s  i s  dep i c ted  i n  F igure  3.4. The shape o f  t h e  
aeroso l  concen t ra t i on  p l o t  i s  l e s s  smooth than  t h a t  f o r  t h e  RP/BR aeroso ls  
because o f  t h e  more v i o l e n t  na tu re  o f  t h e  WP combustion process. A l so  
shown a r e  a c t u a l  l a s e r  c a l i b r a t i o n  da ta  p o i n t s  ob ta ined  d u r i n g  t h e  t e s t .  
The average o f  t h e  c a l i b r a t i o n  da ta  i n d i c a t e d  an aeroso l  mass c o n c e n t r a t i o n  
5% l e s s  than  t h e  2950 mg/m3 i n d i c a t e d  by a n a l y s i s  o f  t h e  l a s e r  
t ransmissometer.  A one-to-one r a t i o  between t h e  two methods i s  n o t  
expected. The f i l t e r  ( c a l i b r a t i o n )  da ta  i s  l e s s  accura te  because i t  cannot 
account  f o r  c o n c e n t r a t i o n  f l u c t u a t i o n s  as can t h e  l a s e r  t ransmissometer  
c a l i b r a t i o n ;  on t h e  o t h e r  hand, t h e  transmissometer c a l i b r a t i o n  may 
i n c o r p o r a t e  e r r o r s  o r i g i n a t i n g  i n  t h e  assignment o f  a  c u r v e - o f - b e s t - f i t  t o  
t h e  c a l i b r a t i o n  data.  

The a i r  concen t ra t i ons  generated and ma in ta ined  i n  t h e  wind t unne l  
d u r i n g  exposure t e s t s  ranged f rom 200 t o  4500 mg/m3 f o r  RP/BR, and 2000 t o  
5600 mg/m3 f o r  WP. These ranges tend  t o  approximate t h e  upper range f i e l d  
concen t ra t i ons  p r e v i o u s l y  c a l c u l a t e d  f o r  these two obscurants,  1 t o  13,600 
mg/m3 f o r  RP dev ices and 6 t o  3400 mg/m3 f o r  WP dev ices (Shinn e t  a l .  
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1985). These c a l c u l a t i o n s  were based on es t imates  o f  a f f e c t e d  area and 
e f f e c t i v e  dev ice  f i l l  weight .  Ac tua l  f i e l d  concen t ra t ions  may o f t e n  va ry  
and t h e  a d d i t i o n a l  mass o f  absorbed atmospheric wa te r  vapor and oxygen w i l l  
tend  t o  s i g n i f i c a n t l y  i nc rease  t h e  f i e l d  aeroso l  concen t ra t ions .  

3.1.1.2 P a r t i c l e  S i ze  D i s t r i b u t i o n  

P a r t i c l e  s i z e  d i s t r i b u t i o n s  o f  t h e  obscurant  aeroso ls  d ispersed  i n t o  
t h e  wind tunne l  were cha rac te r i zed  by  mass median aerodynamic d iameter  

t 
(MMAD) and geometr ic  s tandard d e v i a t i o n  (GSD). These two parameters 
adequate ly  desc r i be  t h e  aeroso ls  measured d u r i n g  t h i s  s tudy  because t h e  
d i s t r i b u t i o n  o f  p a r t i c l e  s i z e  was observed t o  be l o g  normal. One p a r t i c l e  
s i z e  d i s t r i b u t i o n ,  ob ta i ned  d u r i n g  RP/BR t e s t  D6, i s  shown i n  F igu re  
3.6. 

d 
The obscurant  aeroso ls  were log-norma l l y  d i s t r i b u t e d  which was 

demonstrated by t h e  l i n e a r i t y  o f  t h e  m a j o r i t y  o f  t h e  cascade impactor  da ta  
when p l o t t e d  as p a r t i c l e  aerodynamic s i z e  versus cumula t i ve  mass percentage 
on l o g a r i t h m i c - p r o b a b i l i t y  graph paper. Two impactors  were used t o  sample 
t h e  RP/BR aerosol  d u r i n g  t h i s  exposure t e s t .  The f i r s t  impactor ,  PNL No. 
13, was operated w i t h o u t  aluminum f o i l  c o l l e c t i o n  d i s k s  and was 
subsequent ly analyzed chemica l l y .  The second impactor ,  PNL No. 14, was 
operated w i t h  aluminum f o i l  c o l l e c t i o n  d i s k s  and analyzed bo th  chem ica l l y  
and g r a v i m e t r i c a l l y .  As seen i n  F igu re  3.6, n e i t h e r  t h e  a n a l y s i s  method 
no r  t he  presence o f  t h e  aluminum f o i l  c o l l e c t i o n  d i s k s  b iased  t h e  r e s u l t s .  
The aerosol  MMAD was es t imated  t o  be 1.60 pm w i t h  a  GSD o f  1.61. 

Aerosol  s i z e  d i s t r i b u t i o n s  measured d u r i n g  t h e  RPIBR t e s t  D s e r i e s  and 
WP t e s t  E s e r i e s  a r e  presented i n  Table 3.5. The a n a l y s i s  procedure was 
p r i m a r i l y  g r a v i t a t i o n a l ;  however, much o f  t h e  da ta  was chem ica l l y  analyzed 
t o  check t h e  a n a l y s i s  accuracy. T y p i c a l l y ,  two separate impactors  were 
used t o  sample t he  obscurant  aeroso l  d u r i n g  each t e s t .  One was used f o r  
sampl ing t h e  s teady-s ta te  aerosol  and t h e  o t h e r  f o r  sampl ing e i t h e r  t h e  
f r e s h  aerosol  p r i o r  t o  an exposure, t h e  s teady -s ta te  aerosol  w i t h  aluminum 
f o i l  c o l l e c t i o n  d i sks ,  t h e  s teady -s ta te  aeroso l  as a  rep roduc t i on  of t h e  
f i r s t  impactor,  o r  t h e  aged aeroso l  f o l l o w i n g  t h e  exposure. 

The MMAD's measured f o r  RP/BR and WP aeroso ls  a r e  grouped by r e l a t i v e  
hum id i t y  i n  t h e  wind tunne l  atmosphere i n  Table 3.6 and F igu re  3.7. 
P a r t i c l e  growth was observed as t h e  aeroso ls  aged between 5  minutes and 
approx imate ly  1 hour a f t e r  combustion. A t  a  r e l a t i v e  hum id i t y  o f  60%, 
p a r t i c l e  s i z e  appa ren t l y  inc reased  by  1.3 t imes i n  d iameter  and 2.0 t imes 
i n  volume. Th i s  i nc rease  was expected because i t  was assumed t h a t  t h e  
p a r t i c l e s  con t inued  t o  grow by abso rp t i on  o f  wa te r  vapor and, t o  a  l e s s e r  
ex ten t ,  b y  coagu la t i on  as they  aged. An even g r e a t e r  inc rease  i n  t h e  s i z e  
of t he  p a r t i c l e s  as t h e  aeroso l  aged may have been p a r t i a l l y  o f f s e t  by 
p r e f e r e n t i a l  d e p o s i t i o n  o f  t h e  l a r g e r  p a r t i c l e s  t o  t h e  wind tunne l  and 
p l a n t / s o i l  su r faces .  
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TABLE 3.5. PARTICLE SIZE AND GSD VERSUS TEST, AGE, AND RELATIVE HUMIDITY. 
RESULTS FOR EACH TEST WERE DERIVED FROM ANALYSIS OF SINGLE 

x CASCADE IMPACTOR SAMPLES 

MMAD 
R e l a t i v e  

Tes t  hum id i t y  Fresh Steady-state Aged G S D ( ~ )  
* (%)  (vm) (vm) (vm) ( ->  

RP/BR t e s t s  

WP t e s t s  

( a )  Geometric s tandard d e v i a t i o n  f o r  s t eady -s ta te  p a r t i c l e  s i ze .  
( b )  Very f r e s h  (age*5 minutes) .  

P a r t i c l e  s i z e  a l s o  inc reased  w i t h  t h e  a v a i l a b i l i t y  o f  water  vapor i n  
t h e  wind tunne l  atmosphere. The p a r t i c l e  aerodynamic d iameter  increased by 
1.2 t imes as t h e  r e l a t i v e  hum id i t y  o f  t h e  wind tunne l  atmosphere increased 
from 20% t o  90%; t h i s  inc rease  was e q u i v a l e n t  t o  a  p a r t i c l e  volume inc rease  
of 1.7 t imes. The inc rease  i n  p a r t i c l e  s i z e  as t h e  r e s u l t  o f  water  vapor 
abso rp t i on  occur red  i n  t h e  60% t o  90% range. For s teady-s ta te  aeroso ls  
t h a t  r e s u l t e d  f rom RPIBR  combustion (average p a r t i c l e  age approx imate ly  28 
minu tes ) ,  t h e  MMAD was measured a t  1.60 vm a t  25% r e l a t i v e  humid i t y ,  1.61 
pm a t  60% r e l a t i v e  humid i t y ,  and 1.95 vm a t  90% r e l a t i v e  humid i t y .  The 
corresponding MMAD' s  f o r  s teady-s ta te  aerosol  s  t h a t  r e s u l  t e d  f rom WP 

i 



TABLE 3.6. SUMMARY OF PARTICLE SIZE VESUS AGE AND RELATIVE HUMIDITY. 
[MASS MEDIAN AEROSOL DIAMETER VERSUS RELATIVE HUMIDITY AND 
AEROSOL AGE FOR RP/BR AND WP AEROSOLS [GSD = 1.60 t 0.1 
(MAXIMUM OBSERVED DEVIATION FROM AVERAGE) NUMBER OF IMPACTOR 
SAMPLES SHOWN I N  ( n ) ] .  

R e l a t i v e  h u m i d i t y  (%) :  %25% %60% %90% 

MMAD (pm) 

S teady-s ta te  aeroso ls  ( a )  1.6 ( 1 )  1.61 ( 5 )  1.95 ( 2 )  
Very f r e s h  ( b )  - - - - - - 

RP/BR 
Fresh ( C  1 
Aged ( c  
S imulated r a i n  

S teady-s ta te  aeroso ls  ( a )  1.50 ( 1 )  1.56 ( 6 )  1.75 ( 1 )  
Very f r e s h ( b )  1.15 (1) - - 1.10 ( 1 )  

W P  
Fresh ( 4  
Aged(d) 
S imu la ted  r a i n  

( a )  S teady-s ta te  ( t i m e  = approx imate ly  28 minutes f o r  RP/BR and 22 minutes 
f o r  WP) 

( b )  Very f r e s h  ( t i m e  = <5 minu tes )  
( c )  Fresh ( t i m e  = approx imate ly  10 minutes)  

Aged ( t i m e  = >50 minutes)  

combustion (average p a r t i c l e  age approx imate ly  22 minu tes )  were measured t o  
be 1.50, 1.56, and 1.75 pm f o r  25%, 602, and 90% r e l a t i v e  humidty,  
r e s p e c t i v e l y .  The s l i g h t l y  s m a l l e r  s i z e  o f  t h e  WP aeroso l  p a r t i c l e s  may 
have been t h e  r e s u l t  o f  t h e  6 minute d i f f e r e n c e  i n  average p a r t i c l e  age o f  
t h e  aeroso l  r a t h e r  than  a d i f f e r e n c e  i n  t h e  f o rma t i on  and e v o l u t i o n  o f  t h e  
ae roso l s  produced f rom t h e  two phosphorus compounds. However, we d i d  n o t  
i n v e s t i g a t e  these d i f f e r e n c e s  any f u r t h e r .  

Measured MMAD's o f  t h e  s teady-s ta te  phosphorus obscurant  ae roso l s  
ranged between 1.50 and 1.95 vm. These measurements t end  t o  be s l i g h t l y  
l a r g e r  than  p r e v i o u s l y  pub l i shed  va lues  (Holmberg and Moneyhun 1982, 
Braze11 e t  a l .  d r a f t  r e p o r t ,  Spanggord e t  a l .  1985, G i l l e s p i e  and Johnstone 
1955, and Katz  e t  a l .  1981) which range f rom 0.30 t o  2.0 pm. However, when 
t h e  age o f  t h e  aeroso ls  a t  t h e  t ime  o f  sampl ing i s  cons idered,  most o f  t h e  
measurements t h a t  a r e  s u b s t a n t i a l l y  l e s s  than  1.50 pm r e s u l t e d  f r om newly 
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generated aerosol  t h a t  i s  presumably i n  t h e  i n i t i a l  rap id-growth stage. 
The measurements o f  G i l l e s p i e  and Johnstone (1955) were f o r  phosphor ic  a c i d  
aeroso ls  and ranged between 1.0 and 1.5 urn. Perhaps t h e  bimodal p a r t i c l e  
s i z e  d i s t r i b u t i o n  r e p o r t e d  by Spanggord e t  a l .  (1985),  w i t h  a secondary 
p a r t i c l e  s i z e  o f  approx imate ly  5 pm, i s  an a r t i f a c t .  Even a single-mode, 
o r  log-normal,  p a r t i c l e  s i z e  d i s t r i b u t i o n  o f t e n  appears bimodal a t  t h e  
extreme upper s i z e  range o f  p a r t i c l e  s i z i n g  dev ices t h a t  use p a r t i c l e  
impac t ion  f o r  c l a s s i f y i n g  s izes .  

3.1.2 Chemical C h a r a c t e r i s t i c s  

L i t e r a t u r e  on phosphorus chem is t r y  i s  ex tens i ve  and we l l - rev iewed 
(Halmann 1972, Riemann and Beukenkan~p 1961, Van Wazer 1958). Phosphorus 
can form po lymer ic  cha in  and r i n g  compounds va lued  as so f t en ing ,  
complexing, and s o l u b i l i t y - c o n t r o l l i n g  agents i n  f e r t i l i z e r  and de te rgen t  
i n d u s t r i e s .  A l though e a r l y  work w i t h  phosphorus smokes was based on t h e  
assumption t h a t  t h e  combustion o f  phosphorus would y i e l d  P 010, which would 
y i e l d  phosphoric a c i d  upon c o n t a c t  w i t h  atmospheric humid i t y ,  i t  became 
apparent t h a t  phosphorus aerosol  chemis t ry  was more complex. Us ing Nuclear  
Magnet ic Resonance (NMR) and gross t i  t r a t i o n  data,  Tarnove ( 1980) suggested 

p t h e  presence o f  te t rametaphosphor ic  and pyrophosphor ic  a c i d  i n  t h e  smoke a t  
a 1:6 mole r a t i o  and concluded t h a t  o n l y  P 0 was formed i n  t h e  
combustion. However, t h e  NMR scans were d8nh00n h i g h l y  concen t ra ted  
d r o p l e t s  o f  depos i ted  aeroso l  which may be s u b j e c t  t o  marked a c i d  



h y d r o l y s i s ,  and no da ta  was r e p o r t e d  which cou ld  p rec lude  t e t r a -  
metaphosphate ove r  t r imetaphosphate. Spanggord e t  a1 . (1985) r e p o r t e d  t h a t  
NMR resonances f o r  tri-, t e t r a - ,  and hexametaphosphates were broad and 
v i r t u a l  l y  i n d i s t i n g u i s h a b l e .  S ince t h e  Tarnove (1980) t i t r a t i o n s  were o n l y  
r e p o r t e d  as t o t a l s  t o  pH 9, no es t ima te  o f  numbers o f  end versus m idd le  
phosphorus groups o r  o f  average c h a i n  l e n g t h  c o u l d  be c a l c u l a t e d .  
De te rmina t ion  o f  d i f f e r e n c e s  between f i r s t  and second a c i d  endpo in t  b e f o r e  
and a f t e r  a c i d  h y d r o l y s i s  and a f t e r  a d d i t i o n  o f  s i l v e r  i o n  t o  d i s p l a c e  t h e  

. 

weak t h i r d  hydrogen f rom phosphor ic  a c i d  would have been r e q u i r e d  t o  b e t t e r  
d e f i n e  t h e  m i x t u r e  o f  o r t h o  and polyphosphates (Van Wazer e t  a l .  1954). 

E a r l y  phosphorus s p e c i a t i o n  a n a l y s i s  on WP/F aeroso l  was l i m i t e d  t o  
a n a l y s i s  o f  o n l y  1P t o  8P spec ies,  and found over  one t h i r d  o f  t h e  
phosphorus t o  be i n  ac ids  g r e a t e r  than  8P (Ka tz  e t  a l .  1981). I n  t h a t  
s tudy,  aeroso l  p a r t i c u l a t e  f rom a  sma l l  r e a c t o r  was t rapped i n  l i q u i d  
oxygen-cooled c o l d  t r aps ,  which were warmed t o  room temperature p r i o r  t o  
wate r  con tac t .  The v a r i a t i o n  i n  t h e  da ta  i s  l i k e l y  due t o  v a r i a t i o n s  i n  
t rea tment ,  p a r t i c u l a r l y  t o  change i n  t ime  o f  wa te r  con tac t ,  r e s u l t i n g  i n  
g r e a t  ove r l ap  o f  spec ies d i s t r i b u t i o n s  versus humid i t y .  B r a z e l l  e t  a l .  
(1984) i n t r oduced  f l o w  i n g e s t i o n  a n a l y s i s  t o  t h e  s p e c i a t i o n  procedure, 
reduc ing  a n a l y s i s  t i m e  t o  40 minutes, a t  t h e  expense o f  t h e  >13 P spec ies.  
The more c o n t r o l l e d  combustion and sampl ing methods i n  t h e  B r a z e l l  s tudy  
r e s u l t e d  i n  measurable c o r r e l a t i o n  of  aeroso l  age and h u m i d i t y  on 
d i s t r i b u t i o n  o f  condensed phosphates. 

The comp lex i t y  o f  phosphorus chemical  i n t e r a c t i o n s ,  as i n f l u e n c e d  by 
t h e  c o n d i t i o n s  p resen t  a t  combustion and sampl ing o f  t h e  r e s u l t a n t  ae roso l ,  
i s  e v i d e n t  f r om p rev ious  s t u d i e s  as d iscussed above. I n  t h i s  s tudy  we have 
b u i l t  on these  e a r l i e r  f i n d i n g s  by  u s i n g  t h e  wind tunne l  t o  more c l o s e l y  
approach f i e l d  c o n d i t i o n s  i n  a  c o n t r o l l e d  manner. 

The p h y s i c a l  and chemical  p r o p e r t i e s  o f  t h e  aeroso ls  must be 
c h a r a c t e r i z e d  b e f o r e  making i n t e r p r e t i v e  eva lua t i ons .  P l a n t  and s o i l  
exposures occur red  under s teady -s ta te  aeroso l  c o n d i t i o n s  i n  t h e  
r e c i r c u l a t i n g  w ind  t unne l ,  which meant t h a t  t h e  aerosol  was a  m i x t u r e  o f  
f resh  and ag ing  p a r t i c l e s ,  r e s u l t i n g  i n  "average" concen t ra t i ons  o f  
polyphosphate spec ies p resen t  versus exper imenta l  c o n d i t i o n s  o f  h u m i d i t y  
and wind speed. Whi le  f r e s h l y  generated RP/BR aerosol  was n o t  p a r t  o f  t h e  
exposure runs, s t udy  o f  such aeroso l  was necessary t o  p rov ide  exper imenta l  
da ta  t h a t  c o u l d  d i r e c t l y  show t h e  e f f e c t  o f  aerosol  age. 

3.1.2.1 P a r t i c l e  Composit ion 

The compos i t ion  o f  t h e  phosphorus obscurant  aeroso ls  i n  t h e  wind 
tunne l  was measured d u r i n g  each exposure t e s t ,  and d u r i n g  severa l  o t h e r  
t e s t s ,  t o  c h a r a c t e r i z e  changes i n  p a r t i c l e  compos i t ion  as a f f e c t e d  by 
r e l a t i v e  humid i t y .  A l i m i t e d  amount o f  da ta  were a l s o  generated t h a t  
measured t h e  change i n  p a r t i c l e  compos i t ion  w i t h  ag ing.  The m a j o r i t y  o f  
these  r e s u l t s  i n v o l v e  t h e  s p e c i a t i o n  o f  t h e  phosphorus an ions i n  s o l u t i o n  
i n  t h e  p a r t i c l e s  and t h e  percen t  o f  t h e  phosphorus p resen t  i n  t h e  p a r t i c l e s  

1 

as phosphate. These da ta  a r e  presented i n  t h e  aerosol  c h a r a c t e r i z a t i o n  
s e c t i o n  o f  t h i s  r e p o r t .  The obscurant  aeroso ls  were a l s o  c h a r a c t e r i z e d  f o r  
f r e e  wate r  and t o t a l  phosphorus con ten t .  



Measurements o f  a c t u a l ,  des iccated,  and phosphorus mass on t h e  f i l t e r  
samples o f  t h e  wind tunne l  obscurant  aeroso ls  were compared t o  determine 
r a t i o s  o f  des icca ted /ac tua l  and phosphorus/actual  p a r t i c u l a t e  mass. The 
a c t u a l  aerosol  mass concen t ra t i on  was m u l t i p l i e d  by these r a t i o s  t o  
determine the  des icca ted  and phosphorus aerosol  mass concent ra t ions  f o r  
most exposure t e s t s  (see Tables 3.1 through 3.4).  The r a t i o s  used f o r  each 
exposure t e s t  a r e  presented i n  Table 3.7. The amount o f  f r e e  wate r  p resen t  
on t h e  p a r t i c l e s  was seen t o  inc rease  w i t h  i n c r e a s i n g  r e l a t i v e  humid i t y ,  
w i t h  t h e  nonevaporatable f r a c t i o n  o f  t h e  p a r t i c l e s  decreas ing f rom 
approx imate ly  90% a t  low r e l a t i v e  h u m i d i t i e s  t o  p robab ly  l e s s  than  50% a t  
h i g h  hum id i t i es .  The percentage o f  t h e  p a r t i c l e s  made up o f  phosphorus, by 
mass, was observed t o  decrease w i t h  i n c r e a s i n g  r e l a t i v e  humid i t y ,  f rom 
approx imate ly  25% a t  low r e l a t i v e  h u m i d i t i e s  t o  l e s s  than 15% f o r  r e l a t i v e  
h u m i d i t i e s  near  90%. The r a t i o  o f  phosphorus mass t o  d r i e d  mass f o r  a l l  
ae roso ls  was appa ren t l y  cons tan t  a t  29.6% +1.3% (s tandard  d e v i a t i o n  o f  12 
p a i r s  o f  measurements). Th i s  r a t i o  i s  94% o f  t h e  s t o i c h m e t r i c  percentage 
(31.6%) f o r  d r y  phosphor ic  ac i d .  Measurements made d u r i n g  t h e  t e s t  
performed under s imu la ted  r a i n  c o n d i t i o n s  (RP/BR test -D8)  revea led  a  l a r g e r  
phosphorus mass t o  d r i e d  mass r a t i o .  A t  45%, t h i s  r a t i o  suggests t h e  
a d d i t i o n  o f  f r e e  water  t o  t h e  suspended p a r t i c l e s  as they  passed through 
t he  s imu la ted  r a i n .  

The pe rcen t  o f  phosphorus, by mass, o f  t h e  obscurant  aeroso ls  was 
p l o t t e d  versus r e l a t i v e  hum id i t y  and compared t o  r e s u l t s  o f  severa l  o t h e r  
i n v e s t i g a t o r s  ( F i g u r e  3.8). The s o l i d - l i n e  curve  on t h e  f i g u r e  represen ts  
t h e  e q u i l i b r i u m  concen t ra t i on  o f  an aqueous s o l u t i o n  o f  phosphor ic  ac id ;  
t h i s  f u n c t i o n  was r e p o r t e d  t o  be r e l a t i v e l y  independent of temperature over  
a  range o f  10°C t o  60°C (Tarnove 1980). Data f rom o t h e r  i n v e s t i g a t o r s  was 
t y p i c a l l y  c a l c u l a t e d  f rom t a b l e s  l i s t e d  i n  t h e i r  r e p o r t s  o r  p u b l i c a t i o n s  
(Holmberg and Moneyhun 1982, Braze1 1  e t  a1 . 1984, Tarnove 1980, and Bur ton  
e t  a l .  1982). The s c a t t e r  i n  these  da ta  may r e s u l t  f rom w i d e l y  v a r y i n g  
genera t ion  techniques, d i f f e r i n g  aeroso l  age a t  t ime  o f  sampling, o r  f rom 
a l t e r n a t i v e  methods o f  sample s to rage  p r i o r  t o  a c t u a l  ana l ys i s .  To a l l o w  
coniparison w i t h  t h e  phosphor ic  a c i d  model, t h e  da ta  were p l o t t e d  versus 
r e l a t i v e  humid i t y ;  however, t h e  s c a t t e r  i n  t h e  da ta  was g e n e r a l l y  reduced 
when da ta  were p l o t t e d  versus wate r  vapor con ten t .  The phosphor ic  a c i d  
e q u i l i b r i u m  curve  was n o t  a p p l i c a b l e  i n  t h e  l a t t e r  case. A i r  temperatures 
which a re  l i s t e d  i n  F igu re  3.8 ranged between 19°C and 30°C. The t r e n d  
seen i n  F igu re  3.8 i n d i c a t e s  t h a t  t h e  phosphorus con ten t  o f  these aeroso ls  
was s l i g h t l y  g r e a t e r  than  t h a t  o f  an aqueous phosphor ic  a c i d  s o l u t i o n  a t  
e q u i l i b r i u m .  Th i s  t r e n d  may r e s u l t  f rom f r e s h  we igh t  l o s s  f rom aerosol  
samples d u r i n g  sample c o l l e c t i o n  o r  t o  some o t h e r  measurement e r r o r  common 
t o  niost o f  t h e  data.  However, cons ide r i ng  t h e  r e s u l t s  o f  phosphorus 
s p e c i a t i o n  w i t h i n  t h e  suspended p a r t i c l e s ,  a  more p robab le  conc lus ion  may 
be t h a t  a  s imp le  phosphor ic  a c i d  model i s  i n s u f f i c i e n t  f o r  p r e d i c t i n g  t h e  
compl i c a t e d  chemical composi t ion and evo l  u t i o n  o c c u r r i n g  w i t h i n  t he  
p a r t i c l e s  of  phosphorus obscurant  aeroso ls .  



TABLE 3.7. RATIO OF DRIEDIACTUAL AND PHOSPHORUSIACTUAL PARTICULATE MASS 

F i l t e r  mass comparisons 
R e l a t i v e  

Tes t  hum id i t y  D r i e d l a c t u a l  Phosphorus/actual  
( % )  

RPIBR RFT-A 1 5 - 3 0 ' ~ )  
( 5  exposures) 

RP/BR RFT-B (20-25) 
( 9  exposures) 

RPIBR t e s t  D l  53 
2 60 

WP t e s t  E 1 
2 
3  
4 

Average r e l a t i v e  h u m i d i t y  ( o f  t h r e e  wind speed t e s t s )  r e p o r t e d  f o r  
RPIBR Tes t  D5 and WP Tes t  E2. 

( b )  + r e f e r s  t o  s tandard  d e v i a t i o n  o f  da ta  se t .  ( n )  i n d i c a t e s  a  da ta  s e t  
o f  n  separate f i l t e r  measurements. 

(') Ra inou t  p o r t i o n  o f  RPIBR Tes t  08. 

I t  may be o f  i n t e r e s t  t o  pursue t h i s  method o f  c h a r a c t e r i z i n g  
phosphorus aeroso ls  when de te rm in ing  t h e  a c t u a l  aeroso l  mass c o n c e n t r a t i o n  
i n  t h e  f i e l d .  Ac tua l ,  o r  f r e s h  aeroso l  mass concen t ra t i on  i s  r e q u i r e d  
d u r i n g  f i e l d  exposures s i n c e  i t  i s  t h e  aeroso l  c h a r a c t e r i s t i c  t h a t  i s  
d i r e c t l y  r e l a t e d  t o  obscura t ion .  Th i s  requi rement  was detemined i n  o u r  
l a b o r a t o r y  as t r ansm iss ion  o f  a  He-Ne l a s e r  and was n o t  w e l l  c o r r e l a t e d  t o  
phosphorus o r  d r i e d  aeroso l  mass concen t ra t i on  when a  wide range o f  
h u m i d i t i e s  were considered. Measuring samples of aeroso l  m a t e r i a l  f o r  
phosphorus c o n t e n t  and then  c o n v e r t i n g  t h e  measurement t o  a c t u a l  aeroso l  
mass concen t ra t i on ,  by e s t i m a t i n g  aeroso l  age and measuring r e l a t i v e '  
humidi-ty, would e l i m i n a t e  e r r o r s  r e s u l t i n g  f rom evapo ra t i on  o f  t h e  f r e e ,  o r  



Data: 

@ PNL, RP/BR T = 22OC 
63 PNL, WP T = 22OC 
A Holmberg and Moneyhun, RP/BR T - 

Brazell et al., RP/BR T = 26-30°C 
OTarnove RP/BR T = 19-26OC 
O ~ u r t o n  et al., RP/BR T =  21-26OC 

- Solid line represents phosphorus 
equilibrium concentration vs. RH 
in an aqueous solution > 1 0-60°C 

- (from Tarnove 1980). 

- 

- 

- 

Relative Humidity (%) 

FIGURE 3.8. CHEMICAL COMPOSITION OF AIRBORNE PARTICLES: PERCENT PHOSPHORUS 
BY MASS I N  VARIOUS AEROSOLS GENERATED FROM BOTH RP/BR AND WP 

unbound, wa te r  i n  t h e  p a r t i c l e s .  A  s i m i l a r  r e l a t i o n s h i p  e x i s t s  between 
a c t u a l  and d r i e d  aerosol  mass concent ra t ion ;  thus  samples cou ld  be 
des icca ted  and weighed, and t h e  a c t u a l  aerosol  mass concen t ra t i on  
c a l c u l a t e d .  

3.1.2.2 Depos i t i on  V e l o c i t i e s  

Depos i t i on  v e l o c i t i e s  f o r  phosphorus aeroso ls  on to  wet and d r y  p l a t e s  
were c a l c u l a t e d  by  u s i n g  average aerosol  mass concen t ra t i on  c a l c u l a t i o n s  
(as  mg P/m3 taken f rom Tables 3.1, 3.2, and 3.3). A l though t h e r e  i s  
cons iderab le  spread i n  t h e  data,  average va lues f o r  RP/BR (Tables 3.8 and 
3.9) and WP (Tab le  3.10) a r e  q u i t e  s i m i l a r .  Not i nc l uded  i n  Table 3.9 i s  
t h e  r a i n o u t  (second hour)  o f  t e s t  D8, where t h e  es t imated  d e p o s i t i o n  
v e l o c i t y  was .090 cm/sec. Depos i t i on  v e l o c i t i e s  on severa l  f i l t e r  types 
(Tab le  3.8) averaged .0059 2 ,0008 (+SD) when t h e  GSWP f i l t e r s  were 
excluded. The l a t t e r  f i l t e r s  showed an apparent charge a t t r a c t i o n  e f f e c t  
which was f u r t h e r  enhanced by c o n t a c t  t o  t h e  po l ys t y rene  suppor t ,  caus ing 
abnormal ly  h i g h  depos i t i on .  I n c r e a s i n g  d e p o s i t i o n  r a t e  w i t h  i n c r e a s i n g  
hum id i t y  and t h e  r e s u l t i n g  inc rease  i n  p a r t i c l e  s i z e  i s  suggested, b u t  t h e  
range i s  no g r e a t e r  than  t h e  v a r i a t i o n  between runs.  The inc reased  
d e p o s i t i o n  on to  a  wet versus d r y  su r f ace  i s  c o n s i s t e n t l y  r ep roduc ib l e .  The 



TABLE 3.8. DEPOSITION VELOCITIES OF RP/BR SMOKE PARTICLES UNDER V A R Y I N G  
EXPERIMENTAL CONDITIONS 

Aerosol  c o n c e n t r a t i o n ( a ) ~ e p o s i t i o n  - 
P a r t i c l e s  as phosphorus v e l o c i t y  

Run Depos i t i on  medium N Time (mg/m3) (mg/m3 ( c ~ / s ~ c )  . 

RFT-A1 GVWP-142 mm f i 1 t e r  2  210 2070 

RFT-A2 GVWP-142 mm f i l t e r  2  360 1960 

RFT-A3 GVWP-142 mm f i  1  t e r  2  120 1960 

H20/poly P e t r i  d i s h  2  

RFT-B2 GVWP f i  1  t e r l p o l y s u p p o r t  2  160 284 
/ g l ass  suppor t  

VCWP f i l t e r  1 
LSWP f i  1  t e r  1 
HATF f i 1 t e r  1 
GA-6 f i l t e r  1 
GSWP f i l t e r / p o l y s u p p o r t  1 
GSWP/glass suppor t  1 
H20/poly P e t r i  2  

H20/glass P e t r i  2  

Dry  p o l y  P e t r i  1 

( a )  Taken f rom Tables 3.1 and 3.2. 
( b )  Est imated f rom average pe rcen t  P  i n  aeroso l .  

da ta  shows reasonable independence o f  d e p o s i t i o n  v e l o c i t y  from aeroso l  
c o n c e n t r a t i o n  when o n l y  m inor  aeroso l  f l u c t u a t i o n s  a r e  i nvo l ved ,  b u t  n o t  
over  wide c o n c e n t r a t i o n  ranges. A smal l  s tudy  o f  d e p o s i t i o n  on to  f i l t e r  
wedges assembled t o  resemble a  simp1 i s t i c  l e a f  canopy produced an expected 
d e p o s i t i o n  p a t t e r n  f a v o r i n g  tops  and windward s i des  o f  t h e  s imu la ted  
leaves.  The model was n o t  pursued. 



TABLE 3.9. DEPOSITION VELOCITIES OF RP/BR SMOKE PARTICLES ON WET 
AND DRY SURFACES(a) 

T e s t ( b )  R e l a t i v e  Exposure Average a e r o s o l ( c )  Depos i t i on  v e l o c i t y  
hum id i t y  t ime  concen t ra t i on  Wet Dry  R a t i o  

(%)  (minutes)  (mg P/m3) su r f ace  su r f ace  (wet /  
(cm/sec) (cm/sec) d r y )  

A 3 25 120 530 ,018 .014 1.29 
D 1 5 3 240 .022 .016 1.38 673 ( d )  D2 60 240(+32) 676(639) (.026) (.022) 1.18 
D3 27 240 6 12 .026 .020 1.30 
D 4 8 9 240 441 .035 .029 1.21 
D5.1 67 60 591 .028 .024 1.17 
D5.2 64 6 1 59 1 .031 .022 1.41 

$4 D5.3 62 6 1 59 1 .020 .017 1.18 
D6.1 2 5 56 630 .041 .031 1.32 
D6.2 5 6 5 8 597 .057 .043 1.33 
D7 8 4 118 ,043 .034 1.26 425(e) D8 , l s t  h r  56 60 %726 .024 .018 1.33 

Ave .031 Ave .024 Ave 1.28 
(+SD) 2.011 k.009 +.08 

TABLE 3.10. DEPOSITION VELOCITIES OF WP SMOKE PARTICLES ON WET AND 
DRY SURFACES(a) 

T e s t ( f )  R e l a t i v e  Exposure Average a e r o s o l ( g )  Depos i t i on  v e l o c i t y  
hum id i t y  t ime  concen t ra t i on  Wet Dry R a t i o  

(%)  (minutes)  (mg P/m3) su r f ace  surface (wet/  
(cm/sec) (cm/sec) d r y )  

WPE 1 5 7 240 625 .026 .018 1.43 
WPE 2.1 66 60 4 10 .030 .024 1.22 
WPE 2.2 6 1 6 0 440 ,034 .026 1.31 
WPE 2.3 6 1 6 0 490 .033 .029 1.13 
WPE 3 3 5 240 515 .024 .017 1.39 
WPE 4 9025 240 405 .038 .028 1.33 

Averages .031+.005 .024+.05 1.30k.11 

Wet su r f ace  = wate r  i n  po l ys t y rene  P e t r i  d i s h  bottom; 
d r y  su r f ace  = po l ys t y rene  P e t r i  d i s h  cover.  
See exposure cond i t i ons ,  Tables 2.2 and 2.3. 
Taken f rom Tables 3.1, 3.2 and 3.3. 
639 mg P/m3 = Average aeroso l  concen t ra t i on  when i n c l u d i n g  t h e  32 
minutes o f  decreas ing smoke t o  which t h e  s t a t i c  d e p o s i t i o n  p l a t e s  
were exposed. 
Est imated va lue.  
See exposure c o n d i t i o n s  Table 2.4. 
Taken f rom Table 3.4. 



3.1.2.3 Phosphate-Phosphorus 

3.1.2.3.1 Decomposit ion o f  polyphosphates i n  t h e  "d r y "  s t a t e .  
Aging o f  aeroso l  depos i ted  on d r y  po l ys t y rene  p l a t e s  o r  c o l l e c t e d  on g l ass  
f i b e r  f i l t e r s  showed t h e  expected r a p i d  breakdown t o  phosphate. A rough 
es t ima te  o f  t h i s  convers ion  i s  shown i n  Table 3.11. T h i s  es t ima te  i s  based . 
on comparison o f  phosphate and t o t a l  phosphorus concen t ra t i ons  f o r  
s t eady -s ta te  aeroso ls ,  and i s  compi led f rom severa l  t e s t s  performed a t  a  
room temperature o f  22°C and r e l a t i v e  h u m i d i t y  o f  20% t o  30%. The l i s t  
presented i n  Tab le  3.11 suggests a  more r a p i d  breakdown r a t e  t han  t h a t  
r e p o r t e d  by Spanggord e t  a l .  (1985) f o r  WP/F and RP/BR burn  res idues ,  where 
a res idue  h a l f - l i f e  o f  49 hours was r e p o r t e d  f o r  convers ion  t o  phosphor ic  
ac i d .  The v a r i a t i o n  i n  breakdown r a t e  i s  n o t  s u r p r i s i n g  s i n c e  such f a c t o r s  
as h u m i d i t y  and smoke p a r t i c u l a t e  c o n c e n t r a t i o n  (and t h e  r e s u l t a n t  pH) 
would have a marked e f f e c t  on t h e  a c t u a l  h y d r o l y s i s  r a t e .  Rapid wate r  
c o n t a c t  was necessary t o  s low t h e  breakdown of polyphosphates. 'P 

3.1.2.4 P a r t i c l e  S i ze  D i s t r i b u t i o n  E f f e c t s  

The genera l  t r e n d  i n  percen t  phosphorus as phosphate versus p a r t i c l e  
s i z e  f o r  RP/BR burns (Tab le  3.12) i s  f o r  a  decrease i n  phosphate w i t h  
decreas ing p a r t i c l e  s i ze ,  though some excep t ions  a r e  noted. Usua l l y ,  
f o r  t h e  WP runs (Tab le  3.13). Phosphate va lues,  again,  were s i n g l e  
de te rm ina t i ons  on each impac to r  stage. The t ime  between sampl ing and wate r  
c o n t a c t  i s  c r i t i c a l ,  as d iscussed i n  t h e  p rev ious  paragraph. 
F o i l - c o l l e c t e d  impac to r  stages tended t o  r e q u i r e  s l i g h t l y  more t ime  p r i o r  
t o  wate r  con tac t ;  e f f i c i e n c y  a l s o  improved w i t h  p r a c t i c e .  

TABLE 3.11. HYDROLYSIS VERSUS AGE PRIOR TO WATER LEACH 

Time t o  
H20 c o n t a c t  ( h r )  N % PO3 - P / t o t a l  phosphorus 

4 

Mean +Standard d e v i a t i o n  

~ ( ~ l b )  33 15 25.2 2.8 
' O w l  ( c )  26.0 2.1 

0.3-0.8 16 51.8 1.8 
2 ( c )  3  61.9 7.0 

>24(b)  - 2 100 2 

( a )  Bubbler  sampler, r a p i d  con tac t .  
( b )  Aerosol  f i 1 t e r  samples , r a p i d  sampl i n g  o f  aeroso l .  
( c )  S t a t i c  d e p o s i t i o n  c o l l e c t i o n ;  t ime  s l a t e d  i s  t ime  t o  H20 c o n t a c t  

a f t e r  end o f  t e s t .  



TABLE 3.12. PHOSPHATE CONTRIBUTION VERSUS PARTICLE SIZE FOR RP/BR AEROSOLS AT THREE HUMIDITIES AND WIND SPEEDS 

Re1 a t i v e  2 7 53 5 6 56 8 9 8 4 84 6 4 60 
h u m i d i t y  (%) 

Wind speed 0.9 0.9 0.9 0.9 0.9 0.9 0.9 2.0 4.5 
(m/s) 

Tes t  r u n  I D  # ~ 3 ' ~ )  D 1 D6.2 D6.2 D 4 D7 D7 D5.2 D2 

Sampl i ng Fo i  1 Fo i  1 Fo i  1 Pan Fo i  1 Fo i  1 Pan Fo i  1 Fo i  1 
method 

Cascade Approximate 
impac to r  p a r t i c l e  
s tage s i z e  

W 
(urn) 

F i l t e r  c .33  16.2 26.8 13.1 22.2 48.1 17.5 15.0 ND. 
2 15.5 

( a )  Ana l ys i s  of  03 done on 6-day o l d  unpreserved samples, which should show some i nc rease  i n  w i t h  
age. 

( b )  ND = n o t  determined. 



TABLE 3.13. PHOSPHATE CONTRIBUTION VERSUS PARTICLE SIZE FOR WP 
AEROSOLS AT THREE HUMIDITIES AND WIND SPEEDS ( N = l )  

Re1 a t i v e  h u m i d i t y  (%)  
Wind speed (m/s) 
Tes t  Run 
Sampling method 
Cascade impac to r  

Stage 

3  
4  
5  
6  
7  
F i  1  t e r  

P a r t i c l e  
s i z e  

> 9  
7.5 
4.8 
3.2 
2.1 
1.2 
0.65 
0.42 

<O. 33 

3 5 5  7  6 1 9 0 5  
0.9 ( a )  1.8 0.9 
WP-E3 WP-El WP-E2.3 WP-E4 
f o i  1  f o i  1  3 -  Pan f o i l  - - - - - - - - - - -  %PO4 -P/PToT - - - - - - - - 

- - - - - - - - - - - - - - - -- 

1 
Water contact  was delayed up t o  30 minutes f o r  t h i s  sample set ,  l i k e l y  r e s u l t i n g  i n  an increase 
i n  conversion t o  phosphate. A l l  o ther  contacts were done w i t h i n  1 minute o f  weighing t h e  f o i l  o r  
disassembling t h e  pan-only impactor. 

* Phosphate c o n t r i b u t i o n  peaks i n  stages 1 t o  2 ,  fa1  1 s, and then increaser s1 i g h t l y  i n  stage 7. 
The peak stage o f  phosphate was not  so wel l  def ined.  

3.1.2.5 Polyphosphate D i s t r i b u t i o n s  

3.1.2.5.1 Aerosol  age e f f e c t s .  The a c t u a l  s p e c i a t i o n  of  phosphorus 
i n  t h e  aeroso l  t h a t  depos i t s  on s o i l s  o r  vege ta t i on  depends on t h e  h u m i d i t y  
o f  t h e  a i r ,  t h e  temperature,  and p robab ly  t h e  composi t ion o f  t h e  a i r  d u r i n g  
i g n i t i o n  and subsequent ag ing  i n  t h e  wind tunne l  o r  i n  a  n a t u r a l  
environment.  The aeroso l  was sampled a f t e r  i t  reached s teady -s ta te  
concen t ra t i ons  i n  t h e  r e c i r c u l a t i n g  wind t unne l ,  w i t h  f r e s h  smoke 
be ing  c o n t i n u a l l y  added. The aeroso l  was thus a  m i x t u r e  o f  f r e s h  and ag ing  
p a r t i c l e s .  Severa l  sma l l - sca le  i g n i t i o n s  o f  RP/BR were done, w i t h  t h e  burn  
plume f i r s t  sampled d i r e c t l y  i n t o  bubb le r  t r a p s  and sampled aga in  a  s h o r t  
t ime  l a t e r  i n  t h e  exposure s e c t i o n  (Tab le  3.14). Ac tua l  wa te r  mass 
measurements corresponded t o  20% r e l a t i v e  h u m i d i t y  i n  t h e  plume and 26% 
r e l a t i v e  hum id i t y  i n  t h e  t e s t  chamber and wind t unne l .  The l a r g e  amount o f  
spec ies n o t  recovered a t  t h e  s h o r t  sampl ing pe r i ods  appa ren t l y  corresponded 
t o  v e r y  l a r g e  polyphosphates, which break down as t h e  aeroso l  ages. The 
30-minute sampl ing p o i n t  would correspond t o  t h e  e a r l i e s t  sampl ing t ime  
d u r i n g  r o u t i n e  exposures of p l a n t s  and s o i l s .  Only  s i n g l e  a n a l y s i s  runs  
were done on each sample, due t o  t h e  l e n g t h  o f  t ime  r e q u i r e d  p e r  a n a l y s i s .  



TABLE 3.14. A G I N G  OF RP/BR AEROSOL AT CONSTANT HUMIDITY 
( N = l )  

PNL Data 
Sampl i ng 0  5  5  30 
t ime  (min)  
Loca t i on  Plume Burn Tunnel Tunnel 

chamber 

Species %/ PToT- 

( a )  n+2) - 
nP = ( P ~ o ~ ~ + ~ ) (  cha in  phosphates 

3.1.2.5.2 Sample m a t r i x  and t ime  t o  a n a l y s i s .  Once sampled i n t o  an 
aqueous s o l u t i o n ,  h y d r o l y s i s  o f  t h e  aerosol  t o  polyphosphates w i l l  s low 
somewhat b u t  p a r t i a l  h y d r o l y s i s  s teps  w i l l  con t inue .  B r a z e l l  e t  a l .  (1984) 
showed t h e  l o s s  o f  >13 P and peaking o f  5-13 P l e v e l s  i n  an aqueous 
s o l u t i o n  i n  two days, w i t h  s i g n i f i c a n t  inc rease  i n  t r imetaphosphate l e v e l s .  
Katz  e t  a l .  (1981) showed a  70% drop i n  concen t ra t i on  o f  5-8 P  spec ies i n  
t h r e e  days. We found a  doub l i ng  o f  t r imetaphosphate l e v e l s  i n  l e s s  than  
two days i n  smoke-dosed de- ion ized  wate r  (see F igu re  3.9; shown i n  Table 
3.33), f o l l o w e d  by an a d d i t i o n a l  77% inc rease  by day 9, on a  s i n g l e  
de te rmina t ion .  S ince a l l  o f  ou r  s p e c i a t i o n  measurements were conducted 
us ing  de- ion ized  wate r  a lone  o r  w i t h  EDTA amendments, i t  must be s t ressed  
t h a t  t h e  ac tua l  h y d r o l y s i s  o f  phosphorus aeroso ls  under environmental  
c o n d i t i o n s  would be d i r e c t l y  dependent on t h e  r e s u l t i n g  matr.ix. Th i s  was 
demonstrated by Poston e t  a1 . (1985),  where wate r  hardness, i o n i c  makeup, 
and n e u t r a l i z a t i o n  caused marked changes i n  spec ies d i s t r i b u t i o n  w i t h  t ime. 

3.1.2.5.3 Humid i t y  e f f e c t s .  When sampl ing w i t h i n  RP/BR burn  plumes 
a t  i n c r e a s i n g  h u m i d i t i e s  (Table 3.15), m inor  changes were seen i n  t h e  
phosphate r a t i o s ,  w h i l e  a  marked r e d u c t i o n  of h i g h e r  polyphosphate species 
occurred. Again, low i n i t i a l  phosphate va lues were observed i n  a l l  f r e s h  
smokes. Under s teady-s ta te  c o n d i t i o n s ,  d e p o s i t i o n  o f  RP/BR o r  WP aeroso ls  
on to  s t a t i c  wa te r  coupons (Tables 3.16 and 3.17) showed spec ies 
d i s t r i b u t i o n s  v e r y  s i m i l a r  t o  those  g i ven  by bubb le r  samples (Tab le  3.18 
and F igu re  3.10; and Table 3.19 and F igu re  3.11). Concentrat ions o f  
phosphate decreased w h i l e  those o f  2 t o  4 P inc reased  w i t h  i n c r e a s i n g  
hum id i t y  f o r  bo th  RP/BR and WP aeroso ls ,  as summarized i n  Table 3.20. 
A l though t h e  B r a z e l l  e t  a l .  (1984) s tudy  r e p o r t e d  a  decrease i n  phosphate 
w i t h  i nc reas ing  humid i t y ,  t h a t  s tudy  r e p o r t e d  a  marked inc rease  i n  >13 P 
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TABLE 3.15. SPECIATION VERSUS HUMIDITY I N  FRESH RP/BR AEROSOL (AQUEOUS 
IMPINGER COLLECTIONS; N= l )  

R e l a t i v e  h u m i d i t y  
5% 20% 95% 

Not q u a n t i f i e d ;  concen t ra t i on  low 

species w i t h  i n c r e a s i n g  humid i t y ,  a  phenomena t h a t  we d i d  n o t  see w i t h  
e i t h e r  f r e s h  o r  s t eady -s ta te  aerosol .  However, when t h e  Braze11 team 
i g n i t e d  RP/BR and WP/F under f ree-burn  c o n d i t i o n s  more c l o s e l y  resembl ing 
ou r  s teady-s ta te  c o n d i t i o n s  (Braze1 1  e t  a1 . 1984), no meta species o r  spec ies 
>11 P were observed, and va lues of t h e  lower  P  spec ies resembled those 
determined here. 



TABLE 3.16. PHOSPHORUS SPECIATION OF RP/BR AEROSOLS VERSUS HURIDITY AT 0.9 
M/S ( 2  mph) WIND SPEED AND 22°C: STATIC DEPOSITION ONTO 
WATER (N= l )  

R e l a t i v e  
h u m i d i t y  ( % )  

Tes t  

P Species 

Recovery (%)  

P spec ies by I C  

( a )  Peak 1P o f f s c a l e  es t imated  u s i n g  bubb le r  and s t a t i c  I C  analyses. 
Recovery es t ima ted  acco rd ing l y .  Maximum va lue  o f  1P i f  100% 
recovery:  38.5%. Sample was preserved w i t h  NabEDTA. 

( b )  Analyses done on 6-day-01 d unpreserved sample. 



TABLE 3 .17 .  PHOSPHORUS SPECIAT ION OF WP AEROSOL VERSUS H U M I D I T Y  A T  A T  0.9 
M/SEC WIND SPEED ( 2  mph) AND 22°C:  S T A T I C  DEPOSIT ION ONTO 
WATER ( N = l )  

I 

Re1 a t i  ve 3 5 5 7 9 0 k 5  ( a  > 
hum id i t y  ( % )  

9 

Tes t  WP-E3 WP-E l  WP-E4 

P species 

1 P 
2 P 
3 P 
4 P  
5 P 
6 P  
7 P 
8 P  
9 P 

1 0 P  
1 1 P  
1 2 P  
1 3 P  

> 1 4 P  - 

Recovery (%)  

P species by I C  
3, 

POL, -P 3 1 . 3  2 1 . 4  

( a )  Added steam genera t ion  caused a jump i n  hum id i t y  d u r i n g  r u n  
f rom - 8 5 %  t o  '95%. 



TABLE 3.18. PHOSPHORUS SPECIATION OF RP/BR AEROSOL VERSUS HUMIDITY AT 0.9 
MIS ( 2  mph) WIND SPEED AND 22°C: AQUEOUS IMPINGER SAMPLES 
( N = l )  

R e l a t i v e  
hum id i t y  (%)  

T e s t  

P spec ies ( b )  

Recovery (%) 

P spec ies by  I C  

2, 
HPO, -P  0.6 0.8 0.4 0.3 0.2 0.2 

( a )  HPLC a n a l y s i s  done on a 6-day-old sample, preserved w i t h  added EDTA 
and ad jus ted  t o  pH 7.1. I C  da ta  on t h i s  r u n  done on unpreserved 

( b )  samples. 
("*)- c h a i n  polyphosphates. np = (pn03n+lA- 

nmP = (Pn03,,) c y c l  i c  metaphosphates. 

Ana l ys i s  done on a 2-day-old unpreserved sample. Leve l  o f  PO$--P by 
I C  on f r e s h  sample was 19.1%. 



P SPECIES 

FIGURE 3 . 1 0 .  PHOSPHORUS SPECIAT ION OF RP/BR AEROSOL VERSUS H U M I D I T Y  A T  0.9 M/S ( 2  mph) WIND SPEED 
AND 22°C: AQUEOUS IMPINGER SAMPLES ( N = l )  



TABLE 3.19. PHOSPHORUS SPECIATION OF WP AEROSOLS VERSUS HUMIDITY AT 0.9 
M I S  WIND SPEED AND 22°C: AQUEOUS IMPINGER SAMPLES ( N = l )  

R e l a t i v e  
h u m i d i t y  (%) 

Tes t  

P Species 

Recovery (%)  

P spec ies by I C  

PO:-- P 

( a )  Bubbler  sample taken p r i o r  t o  jump i n  h u m i d i t y  f rom -85% t o  -95%. 



P SPECIES 

FIGURE 3 .11 .  PHOSPHORUS SPECIATION OF WP AEROSOLS VERSIIS HUMIDITY AT 0 . 9  M/S WIND SPEED 
AND 22°C: AQUEOUS IMPINGER SAMPLES ( N = l )  



TABLE 3.20. PHOSPHORUS SPECIATION VERSUS HUMIDITY I N  STEADY-STATE 
AEROSOLS, AS SUMMARIZED FROM TABLES 3.18 and 3.19 

RP/BR W P  
R e l a t i v e  2 7 53 8 9 35 5 7 8 5 
h u m i d i t y  (%)  

Species %/ PTOT 

1 P 26.0 24.1 18.6 30.2 18.7 16.2 
2 P  15.4 16.0 19.3 18.4 14.7 15.8 
3-4P 16.3 21.8 25.0 18.0 11.5 24.0 
5-13P 30.8 34.0 32.8 30.0 33.4 38.7 
14-2OP 2.4 2.8 1.5 2.5 9.6 2.7 
>2gP - 7.6 'LO 2.7 0.9 12.1 1.8 

HPO, -P 0.6 0.4 0.2 0.2 0.2 0.1 

3.1.2.5.4 Wind speed e f f e c t s .  I n  t e s t s  u s i n g  w ind  speeds o f  0.2 t o  
4.4 m/s, we saw no s i g n i f i c a n t  s h i f t  i n  s p e c i a t i o n  i n  s teady -s ta te  
aeroso ls .  Whi le  t h i s  i s  i n  agreement w i t h  a  sma l l - sca le  t e s t  done by Katz  
e t  a l .  (1981) under e n t i r e l y  d i f f e r e n t  burn  cond i t i ons ,  i t  d i f f e r s  f rom 
Braze l  1  e t  a1 . (1984) .  The Braze l  1  s tudy  showed a  marked decrease i n  t h e  
>13 P  spec ies f r a c t i o n  and an i nc rease  i n  t h e  5 t o  13 P spec ies f r a c t i o n  as 
wind speed rose  f rom 2.0 t o  8.2 m/s. We can o f f e r  no e x p l a n a t i o n  f o r  such 
an e f f e c t ,  un less  t h e  inc reased  r a t e  o f  RP/BR combustion w i t h  t h e  h i g h e r  
wind speeds r e s u l t e d  i n  a  c o n c e n t r a t i o n  b i a s  on t h e  r e s u l t s .  Even i f  w ind  
speed does n o t  have a  s i g n i f i c a n t  e f f e c t  on spec ies d i s t r i b u t i o n ,  inc reased  
speed does a f f e c t  f o l i a r  depos i t i on ,  p a r t i c u l a r l y  as mass l o a d i n g  changes 
f rom d e p o s i t i o n  t o  an impac t ion  phenomenon. 

3.1.2.5.5 P a r t i c l e  s i z e  e f f e c t s .  D i f f e r e n c e s  i n  phosphorus 
s p e c i a t i o n  as a  f u n c t i o n  o f  p a r t i c l e  s i z e  were r o u t i n e l y  mon i to red  i n  terms 
of change i n  phosphate concen t ra t i ons .  The drop i n  phosphate and 
cor respond ing  i nc rease  i n  h i g h e r  polyphosphates was con f i rmed i n  a  
s p e c i a t i o n  check o f  two p a r t i c l e  s i z e  l e v e l s  taken f rom a cascade impac to r  
d u r i n g  t e s t  D4 (Tab le  3.21). A  bubb le r  sample r e p r e s e n t i n g  an i n t e g r a t e d  
aeroso l  sample f rom t h e  same r u n  i s  i n c l u d e d  f o r  comparison. S ince  t h e  
p a r t i c l e  s i z e  inc reases  w i t h  age, t h e  s m a l l e r  p a r t i c l e s  would be expected 
t o  r ep resen t  t h e  f r e s h e r  aeroso l  component o f  t h e  cont inuous phosphorus 
combustion. 

3.1.2.5.6 Environmental  M i t i g a t i o n .  Polyphosphates i n  t h e  presence 
o f  a  sandy loam s o i l  showed acce le ra ted  h y d r o l y s i s  and l a c k  o f  
t r imetaphosphate concent ra t ions ,  compared t o  de- ion ized  wate r  dosed a t  t h e  
same t ime  (see Tab le  3.33). Wi th  s imu la ted  r a i n f a l l  on RP/BR-exposed p i n e  



TABLE 3.21. PHOSPHORUS SPECIATION OF RP/BR AEROSOL (TEST D4) VERSUS 
PARTICLE SIZE AT 9.0 M/S WIND SPEED AND 2Z°C, AND 87% RELATIVE 
HUMIDITY (N= l )  

- -- 

Cascade impactor  2 6 Aqueous impinger  
s tage no. f o r  comparison 

Approximate p a r t i c l e  4.8 0.65 
s i z e  

%/ PTOT 
P species 

1 P 22.6 14.5 18.6 
2P 18.9 20.0 19.3 
3P 14.5 15.6 14.0 
4P 10.9 13.0 11.0 
5 P 8.2 10.0 8.9 
6 P 6.3 8.1 7.2 
7P 4.7 5.4 5.4 
8P 3.1 4.2 3.6 
9 P 2.4 2.9 2.6 

1OP 1.8 2.1 2.0 
1 1 P  1.4 1.3 1.5 
12P 1.0 1.2 0.9 
13P 0.6 0.7 0.7 

214P 1.0 0.9 1.5 

Recovery (%)  9 7 100 97 

P species by I C  
3, 

PO4 -P 21.4 13.3 16.8 

and sagebrush, t h e  r e s u l t a n t  s o l  u t i o n s  showed marked convers ion  (50%-60%) 
of t o t a l  s o l u b i l i z e d  phosphorus t o  phosphate, compared t o  a 29% convers ion 
i n  a water  bubb le r  sample. Most o f  t h e  h i g h e r  polyphosphates were absent 
(account ing  f o r  < l o %  o f  P , compared t o  25% i n  t h e  wate r  bubb le r  sample), 
and o n l y  m inor  t r a c e s  o f  i!Ttnetaphosphate were found. 

3.1.2.6 P h o s ~ h i n e  and WP Dete rmina t ions  

Analyses f o r  phosphine (PH ) i n  wind tunne l  aeroso ls  generated d u r i n g  
t h e  WP-E t e s t  s e r i e s  g e n e r a l l y  Zhowed most va lues approaching t h e  d e t e c t i o n  



l i m i t .  The l i m i t  v a r i e d  somewhat depending on b a s e l i n e  s t a b i l i t y  b u t  was 
no worse than  43 ug/m3 (Tab le  3.22). The maximum phosphine c o n c e n t r a t i o n  
observed d u r i n g  t h e  WP burns was 70 which represen ted  0.02% o f  t h e  
t o t a l  phosphorus i n  t h e  aeroso l ;  minimum es t imates  represen ted  <0.002% o f  
t o t a l  phosphorus. The h i g h e r  va lues were most p r e v a l e n t  a t  h i g h e r  
h u m i d i t i e s .  Katz e t  a l .  (1981) r e p o r t e d  phosphine l e v e l s  a t  l e s s  than  
0.0001% o f  t o t a l  phosphorus, w h i l e  Braze1 1  e t  a1 . ( d r a f t )  de tec ted  no 
phosphine a t  a  d e t e c t i o n  l i m i t  o f  0 .1  ppm. Spanggord e t  a l .  (1985) 
generated ex t reme ly  h i g h  (500 ppm) l e v e l s  o f  phosphine i n  a  sealed r e a c t o r  - 
a t  100% r e l a t i v e  h u m i d i t y  over  a  12-day per iod ,  f o l l o w i n g  WP/F o x i d a t i o n  i n  
a i r  and ad justment  t o  1 atm. w i t h  a i r .  However, such con ta ined  c o n d i t i o n s  
h o l d  l i t t l e  resemblance t o  a c t u a l  f i e l d  cond i t i ons .  The Spanggord s tudy  
r e p o r t e d  no d e t e c t i b l e  phosphine generated w i t h  RP/BR i n  a  s i m i l a r  r e a c t o r  
when i n i t i a l l y  o x i d i z e d  i n  oxygen and then  ad jus ted  t o  1 atm w i t h  a i r .  
The lower  oxygen l e v e l s  i n  t h e  WP/F s tudy  p robab ly  encouraged t h e  f o r m a t i o n  
o f  lower  phosphorus ox ides (such as P406), which r e a d i l y  y i e l d e d  pH3 upon 
d i s p r o p o r t i o n a t i o n .  

Phosphorus components o t h e r  than  phosphine were observed i n  some gas 
samples. Standard a d d i t i o n  and r e - a n a l y s i s  u s i n g  t h e  procedure desc r i bed  
above p l u s  a  4 '  Porapak-Q g lass  column f o l l o w e d  by f lame pho tomet r i c  
d e t e c t i o n  con f i rmed t h a t  t h e  m u l t i p l e  peaks were due t o  spec ies o t h e r  than  
phosphine. 

Phosphine re l ease  f rom aqueous s o l u t i o n s  c o n t a i n i n g  0.2 ppm P have 
been r e p o r t e d  t o  range f rom 6% t o  9% on i n i t i a l  P  ( L a i  and ~ o s e n b f a t t  
1977b). Wh i le  t h i s  r e l ease  r a t e  may be s i g n i f i c a 4 t  f o r  wa te rs  i n  c o n t a c t  
w i t h  h i g h  l e v e l s  o f  e n t r a i n e d  P  (as  i s  found i n  m u n i t i o n  p r o d u c t i o n  
schemes), such a  phosphine r e l e i s e  source would p resen t  1  i t t l e  added danger 
t o  t h e  exposed c i v i l i a n  p o p u l a t i o n  and t r oops  under t r a i n i n g  and normal 
deployment c o n d i t i o n s .  

Leve ls  o f  e lementa l  WP (P ) i n  aeroso ls  sampled v i a  benzene imp ingers  
ranged f rom 0.007% t o  0.015% o f  t o t a l  phosphorus i n  t h e  WP-E t e s t  s e r i e s  
(Tab le  3.23). Upon d e p o s i t i o n  t o  de- ion ized  wate r  su r faces  (Tab le  3.24), 
t h e  P l e v e l s  ranged f rom a  maximum o f  .0009% o f  t o t a l  phosphorus i n  
one-hddur t e s t s  t o  a  maximum o f  .0002% i n  t h e  four -hour  t e s t s ,  as determined 
by e x t r a c t i o n  i n t o  benzine. The marked drop i n  P4 upon wate r  c o n t a c t  
suggests t h a t  aerosol  d e p o s i t i o n  may make a  s h o r t - l i v e d  c o n t r i b u t i o n  o f  
t h i s  t o x i c  spec ies t o  wate r  bodies d i r e c t l y .  However, t h e  l i m i t  o f  
combustion e f f i c i e n c y  f o r  WP/F mun i t i ons  i s  es t imated  t o  be 92%, so 
s i g n i f i c a n t  amounts o f  unreacted P4 cou ld  remain on t h e  ground under f i e l d  
c o n d i t i o n s  (Spanggord e t  a1 . 1985). 

Run t ime,  r e l a t i v e  humid i t y ,  and wind speed a11 v a r i e d  i n  t h i s  t e s t  
s e r i e s  (see Tab le  2.4), making c o r r e l a t i o n s  ques t ionab le .  A s imp le  1  i n e a r  
comparison o f  pe rcen t  r e l a t i v e  h u m i d i t y  t o  pe rcen t  o f  WP/PTOT showed l i t t e  
c o r r e l a t i o n  (R2 = 0.27). 



TABLE 3.22. PHOSPHINE (PH,) CONCENTRATIONS I N  WP AEROSOLS DURING 

WP-E TEST SERIES 

Est imated 
aerosol  

T e s t  Sampl e pH3 concen t ra t i on  
I\ ( u g h 3  (mgP/m3) (a )  %PH3/PTOT 

I-Tunnel be fo re  burn  
2-Fresh aeroso l  
3 - S t a r t  o f  exposure 
4-Mid-exposure 
5 - P r i o r  t o  shutdown 

1-Mid-exposure 
2-Room a i r  b l ank  

3-Mid-exposure 

4-Mid-exposure 

2-Mid-exposure 

1-Mid-exposure 
2-Mid-exposure 
3-Room a i r  b l ank  

( b )  
( c )  $550 

( a )  Est imate o f  concen t ra t i on  a t  t ime  o f  sampling, n o t  average 
concen t ra t i on  over  e n t i r e  run. 

( b )  Not determined. 
( c )  Est imated as be ing  approx imate ly  e q u i v a l e n t  t o  s t a r t  o f  

exposure, though n o t  a c t u a l l y  measured. 
&lo%. 



TABLE 3.23. CONCENTRATION OF P4 I N  AEROSOL BUBBLER SAMPLES: WP-E 
TEST SERIES (N= l )  

R e l a t i v e  
~ e s t ( ~ )  Humidi ty  pg WP/m3 mg PTOT/m3 %WP/PTOT 

( % I  

5 7 4 9 595 .008 WP-El t r a p  1 

WP-El t r a p  2 5 7 8 3 655 -013 

WP-E3 3 5 34 490 .007 

WP-E4 90k5 6 3 425 .015 

Overa l l  Average . 0 lo+. 003 

( a )  See Table 2.4 f o r  d e t a i l s .  
( b )  Pump f a i l u r e  caused l o s s  of aerosol  sample. 

TABLE 3.24. CONCENTRATION OF P4 FOLLOWING STATIC DEPOSITION 

WATER SURFACES: WP-E TEST SERIES (N= l )  

119 wp 
ng WP/cm2 ( t o t a l )  ug PT,,/cm2 %WP/PTOT 

WP-E2.1 .19 .030 4 3 * 7 ( b )  .00043 ( b )  
2.2 .49 .075 54*4(b)  .00090 
2.3 .39 .060 58.0 .00067 

WP-E2 Average .00067+.00024 

( a )  See Table 2.4. 
( b )  Determined from unextracted rep1 i c a t e  depos i t i on  p l a t e s .  

3.36 



3.2 Transpor t ,  Fate, and E f f e c t s  o f  Phosphorus Smoke Depos i t i on  on S o i l s  

3.2.1 Soil-Phosphorus Background 

S o i l  phosphorus may be d i v i d e d  i n t o  two ca tego r i es ,  i n o r g a n i c  and 
o rgan ic .  Whi le  t h e  ma jo r  f r a c t i o n  may be o rgan ic ,  t h e  i n o r g a n i c  forms a re  
more r e a c t i v e .  Mechanisms f o r  phosphorus r e t e n t i o n  by s o i l s  i n c l u d e  
p r e c i p i t a t i o n ,  adsorp t ion ,  m i c r o b i a l  immob i l i za t i on ,  p l a n t  uptake, and 
occ lus ion .  Normal ly,  s o i l  phosphorus i s  cons idered - s p a r i n g l y  so lub le .  A t  
t h e  pH range o f  most s o i l s  (4.0-8.5), H PO and i t s  s o l u b l e  meta l1  i c  
complexes a r e  t h e  ma jo r  phosphor ic  ac id2sp$cies.  S o r p t i o n  o f  phosphate 
g e n e r a l l y  i n v o l v e s  an i n i t i a l  r a p i d  s tage f o l l o w e d  by a  second, s lower  
stage t h a t  may con t i nue  f o r  weeks t o  months. Phosphate s o r p t i o n  has been 
s t a t i s t i c a l l y  c o r r e l a t e d  t o  pHy CaCO con ten t ,  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  
e x t r a c t i b l  e  t g c t i v e )  @on and a1 urninam, and o rgan i c  carbon. Organ ica l  l y  
complexed Fe and A1 a r e  cons idered t h e  most l i k e l y  s i t e s  f o r  adso rp t i on  
on o rgan ic  m a t t e r  sur faces.  I n  a c i d  and n e u t r a l  s o l u t i o n s ,  t h e  ox ides o f  
aluminum and i r o n  c a r r y  a  n e t  p o s i t i v e  charge, w i t h  p o s i t i v e  and n e u t r a l  
s i t e s  on t h e i r  sur faces.  Depending on t h e  l i g a n d  exchanged w i t h  phosphate, 
s o r p t i o n  cou ld  e i t h e r  decrease t h e  su r f ace  p o s i t i v e  charge, l e a v i n g  t h e  
s o l u t i o n  unchanged, o r  inc rease  t h e  s o l u t i o n  hydroxy l  concen t ra t ion ,  
l e a v i n g  t h e  su r f ace  charge unchanged (Berkhe iser  e t  a1 . 1980). 

I no rgan i c  s o i l  phosphorus can be f u r t h e r  c l a s s i f i e d  i n t o  f unc t i ona l  
phosphorus f r a c t i o n s :  nonoccluded, occluded, and c a l c i u m - p r e c i p i t a t e d  
m ine ra l  species.  Nonoccluded phosphorus i s  assoc ia ted  w i t h  aluminum and 
i r o n  ox ide  sur faces  and i s  r e a d i l y  a v a i l a b l e  t o  p l an t s ;  occluded phosphorus 
i s  assoc ia ted  w i t h  t h e  aluminum and i r o n  ox ide  l a t t i c e s  and i s  n o t  r e a d i l y  
a v a i l a b l e  t o  p l a n t s  un less  re leased  by an o u t s i d e  mechanism; calcium-bound 
phosphates a r e  n o t  e a s i l y  a v a i l a b l e  t o  p l an t s .  I n  one t e s t  se r i es ,  t he  
phosphorus i n v e n t o r y  i n  t h e  r o o t  zone (B Hor izon)  changed l i t t l e  i n  
o r g a n i c a l l y  bound and calcium-bound phosphorus, w h i l e  t h e  nonoccluded 
phosphorus g e n e r a l l y  decreased w i t h  s o i l  age. Organic phosphorus con ten t  
was h ighes t  a t  t h e  sur face,  w i t h  d i s t r i b u t i o n  c o r r e l a t e d  w i t h  o rgan i c  
m a t t e r  d i s t r i b u t i o n s  and phosphorus r e c y c l  i n g  by p l a n t s  (Meixner and S inger  
1985). 

When phosphorus i s  added t o  a  s o i l ,  t h e  e q u i l i b r i u m  between aluminum 
ox ides and s i l i c a t e  i o n  i s  d i s rup ted .  Under a c i d i c  cond i t i ons ,  such as 
those r e s u l t i n g  f rom t h e  a d d i t i o n  o f  phosphorus smoke-screen p a r t i c u l a t e s ,  
t h e  phosphates should be p re fe r red  t o  s i l i c a  by t h e  sur face .  If t h e  a c i d  
c o n d i t i o n s  p r e v a i l  f o r  some t ime,  a  cont inuous decrease i n  s i l i c o n  t o  
aluminum r a t i o  o f  t h e  s o i l  c l a y  m ine ra l s  should r e s u l t .  Phosphate enhances 
t h e  d i s s o l u t i o n  o f  s i l i c j  f rom t $ e  su r f ace  even when t h e  s o l u t i o n  
concen t ra t i on  i s  o n l y  10- t o  10- M phosphate. Phosphate i s  sorbed more 
s t r o n g l y  when t h e  sample i s  sub jec tgd  t o  severe l each ing  ( K a f k a f i  1972). 
Whi le  t h e  a p a t i t e  s t r u c t u r e  (Ca (PO I3(OH,F) i s  a  p r imary  form o f  
phosphorus minera ls ,  o t h e r  s t r u 5 t u r 8 s  a r e  a l s o  common. I n  t h e  
plumbogummite group (PbA1 (PO ) (OH) H O), l e a d ' s  p o s i t i o n  may be rep laced  
by ca lc ium,  s t ron t ium,  ba?ium! ?ron 51n8 others .  Secondary hydroxyapat i  t e ,  



f l u o r a p a t i t e ,  oc toca lc ium phosphate (Ca H (PO ) (H 0 )  ) ,  and s t r u v i t e  
( (H ,NH ,K)Mg(P04) (H 0 )  ) m ine ra l s  may f%ri a s 4 f 8 r t ? l  i P e r  r e a c t i o n  p roduc ts  
o r  be $ a r t  o f  a f e r ? i l ? z e r  i t s e l f .  A ma jo r  i n i t i a l  r e a c t i o n  p roduc t  o f  
phosphate f e r t i l i z e r s  i n  s o i l s  i s  b r u s h i t e  (CaH(P0 ) (H  0 )  ) ,  which leads  
r a p i d l y  t o  monocalcium phosphate (CaH (PO ) H 2 0 )  40 th$ r  f e r t i l i z e r  
r e a c t i o n  p roduc ts  r e p o r t e d  have t h e  s f r u c t u 6 e  types o f  KFe2(P04)20H(H20)2 
and ( (NH4)3 ,K3)H6Al 5(P04)8(H20) 18 ( D i  xon and Weed 1977). 

The accumulat ion of o rgan i c  phosphorus i n  s o i l s  and t h e  impor tance of - 
o rgan i c  phosphorus m i n e r a l i z a t i o n  i n  p r o v i d i n g  p l a n t - a v a i l a b l e  phosphorus ib 

a r e  we l l -accep ted  f a c t s .  Methods f o r  f r a c t i o n a t i o n  of  i no rgan i c ,  o rgan ic ,  
and m i c r o b i a l  phosphorus have been r e p o r t e d  (Hedley e t  a l .  1982, K a f k a f i  
1972), b u t  much o f  s o i l  phosphorus remains u n i d e n t i f i e d .  Residual  o rgan i c  
phosphorus i s  p robab l y  l a r g e  mo lecu la r  we igh t  complexes cor respond ing  t o  
t h e  humic a c i d  and humin f r a c t i o n s .  D i s r u p t i o n  o f  t h e  s o i l  by  c u l t i v a t i o n  
and c ropp ing  can r e s u l t  i n  an i nc rease  i n  m i c r o b i a l  a c t i v i t y ,  caus ing  a 
r e d i s t r i b u t i o n  o f  o rgan i c  phosphorus i n  s o i l s .  However, phosphorus con ten t  
of f u n g i  and b a c t e r i a  v a r i e s  w i t h  phosphorus supply,  as appa ren t l y  does t h e  
m ine ra l  i z a t i o n  o f  o rgan i c  phosphorus (Hedley e t  a1 . 1982). The enzyme 
i n o r g a n i c  pyrophosphatase (pyrophosphate phosphohydrolase) i s  r e q u i r e d  f o r  
h y d r o l y s i s  o f  pyrophosphate t o  orthophosphate. Th i s  w i d e l y  d i ~ t r i b u t e d  
enzyme r e q u i r e s  d i v a l e n t  meta l  i ons  f o r  i t s  a c t i v i t y ,  w i t h  Mg be ing  a 
p r ima ry  a c t i v a t o r .  I t  has been demonstrated t h a t  i n h i b i t i o n  o f  
pyrophosphatase a c t i v i t y  occur red  w i t h  o t h e r  t r a c e  elements, p a r t i c u l a r l y  
molybdenum (as  MOO - )  and tungs ten  (as WO - ) .  Other  e f f e c t i v e  i n h i b i t o r s  
i n c l u d e d  H g ( I I ) ,  c~(II), F e ( 1 I )  ,Cd ( I I ) ,  B~III), V ( IV) ,  and As(V).  
I n h i b i t i o n  by A1 ($ I I )+and  F e ( I I 3 )  - w a s 3 ~ m a l l ,  and - no i n h i b i t i o n  was seen f o r  
C o ( I I ) ,  B a ( I I ) ,  K ,Na , C1-, NO , NO , o r  SO4 ( S t o t t  e t  a l .  1985). 

I n t e r a c t i o n  o f  t r a c e  meta ls  w i t h  phosphorus spec ies can c o n t r i b u t e  t o  
l e a c h a b i l i t y  and subsequent m i g r a t i o n  o f  those meta ls .  I n  one s tudy,  
a d d i t i o n  o f  polyphosphates promoted d i s s o l u t i o n  o f  ca lc ium,  manganese, and 
z i n c  w i t h o u t  f o rm ing  s t a b l e  complexes, w h i l e  d i s s o l u t i o n  o f  magnesium and 
i r o n  r e s u l t e d  i n  f o rma t i on  o f  ex t reme ly  s t a b l e  complexes which c o u l d  then  
be leached i n t o  deeper s o i l  hor izons.  Polyphosphates a l s o  caused a marked 
i nc rease  i n  s o l u b l e  o rgan i c  carbon, compared t o  non-phosphorus-amended and 
phosphate-phosphorus-amended s o i l s .  When n o t  coun te rac ted  by  s o r p t i o n  on to  
carbonate p a r t i c l e s ,  a d d i t i o n  o f  polyphosphates markedly inc reased  mob i l e  
phosphorus l e v e l s ,  w i t h  condensed m ine ra l  phosphates compr is ing  t h e  
predominent mob i l e  forms. The p i c t u r e  i s  f u r t h e r  compl i ca ted  by ev idence 
sugges t ing  m i c r o b i a l  p roduc t i on  of  polyphosphates i n  t h e  f i e 1  d (Kudeyarova 
and Kvara l  s khe l  i y a  1984) . 

A d d i t i o n  o f  phosphorus as t h e  ox ides  formed d u r i n g  t h e  p r o d u c t i o n  o f  
smoke screens would d i f f e r  f rom f e r t i l i z e r  a d d i t i o n  because t h e  amendment 
a c t s  as t h e  a c i d  fo rm of t h e  oxides, r a t h e r  than  as t h e  s a l t s .  The 
b u f f e r i n g  c a p a c i t y  o f  most s o i l s  would coun te rac t  smal l  o r  d i l u t e d  a c i d  
a d d i t i o n s .  However, t h e  chemical environment ve ry  near  t h e  smoke 
d e p o s i t i o n  p a r t i c l e s  would d i f f e r  g r e a t l y  f rom t h e  apparent  environment 
over  a l a r g e r  s o i l  r e s e r v o i r .  S ince our  p r ima ry  concern i n  t h i s  p o r t i o n  o f  



t h e  s tudy  was t o  e l u c i d a t e  any e f f e c t s  f rom smoke depos i t i on ,  we looked 
f i r s t  a t  worst-case cond i t i ons ,  s p e c i f i c a l l y ,  h . igh-deposi t ion- to-so i  1  -mass 
r a t i o s .  

Only  su r f ace  s o i l s  were cons idered i n  t h i s  s tudy  s i n c e  d e p o s i t i o n  o f  
smoke p a r t i c u l a t e  would be a  sur face- load ing  phenomenon. Eros ion  by wind 
and water  r u n o f f  cou ld  conce ivab ly  concen t ra te  t h e  sur face-depos i ted  
p a r t i c u l a t e  (and t h e  r e s u l t i n g  s o l u b i l i z e d  spec ies )  t o  l e v e l s  n o t  seen by 
t h e  b u l k  o f  t h e  s o i l  column. Therefore,  t h i n  l a y e r s  o f  s o i l s  were exposed 
i n  an e f f o r t  t o  r evea l  e f f e c t s  t h a t  m igh t  occur  on t h e  su r f ace  b u t  would be 
m i t i g a t e d  by  t h e  e f f e c t s  o f  d i l u t i o n  o r  t h e  s o i l - b u f f e r i n g  capac i t y .  

3.2.2 C a l i b r a t i o n  Tes ts  

Premoistened s o i l s  exposed i n  a 4-hour RP/BR smoke t e s t  (June 26, 
1984) produced dramat ic  e f f e c t s  o f  smoke d e p o s i t i o n  on s o l u b l e  aluminum and 
i r o g  when compared t o  c o n t r o l  s o i l  a1 i q u o t s  (Tab le  3.25). For  these s o i l s ,  
PO4 -P represented 77%, 84%, and 87%, r e s p e c t i v e l y ,  o f  P i n  t h e  24-hour 
e x t r a c t i o n s .  To magni fy  t h e  e f f e c t  o f  smoke d e p o s i t i o n  &RTsoi l  i n  o r d e r  t o  
es t ima te  t h e  p o t e n t i a l  e f f e c t s  o f  su r f ace  r u n o f f ,  a d d i t i o n a l  t e s t s  were 
conducted u s i n g  t h i n  lenses o f  exposed a i r - d r i e d  s o i l .  I n  condunct ion w i t h  
m i c r o b i a l  t e s t i n g ,  a1 i q u o t s  o f  s o i l  were a l s o  amended w i t h  NH (as 
(NH ) SO4) corresponding t o  2.8 and 28 meq./l00 g  s o i l .  ~ h e s 8  l e v e l s  
app$oich and s a t u r a t e  t h e  s i t e s  on t h e  sandy loam s o i l  (CEC.5.5 meq./100 g  
s o i l ) .  Prepared s o i l s  were exposed t o  RP/BR smoke (7/10/84).  Again, 
s o l u b i l i t y  o f  aluminum increased d ran ia t i ca l  ly ,  f o l l o w e d  by expected 
decreases w i t h  t ime. The e f f e c t  on i r o n  i s  s i m i l a r ,  though+not as s t r i k i n g  
(Tab le  3.26). N e i t h e r  a1 uminum n o r  i r o n  i s  a f f e c t e d  by NH l e v e l s  i n  t h e  
dosed s o i l s ,  teough t h e  s o l u b i l i t y  o f  bo th  elements decreates w i t h  
i nc reas ing  NH i n  t h e  c o n t r o l s .  Other  species were a l s o  s o l u b i l i z e d ,  b u t  
such changes ?ould be reproduced by a c i d  amendment. For  a1 1  s o i l  

TABLE 3.25. INTERACTION OF RP/BR SMOKE WITH SOIL: 0.5-CM DEPTHS 
(PREMOISTENED) (N=I) 

24-hour i n c u b a t i o n  

Sandy loam + 4  h r  7.38 3.0 3.6 29 
Depos i t ion  c o n t r o l  7.55 0.65 0.94 23 

S i l t  loam + 4  h r  7.08 0.30 0.40 18 
Depos i t i on  c o n t r o l  7.06 0.79 1.2 13 

High o rgan i c  + 4  h r  6.17 14 6.9 470 
Depos i t ion  c o n t r o l  6.82 2.8 3.6 290 

120-hour i n c u b a t i o n  



TABLE 3.26. MEAN SOLUBLE METAL CONCENTRATIONS OVER TIME FROM SANDY 
'LOAM SOIL AFTER RP/BR SMOKE DEPOSITION FOLLOWED BY WATER 
EXTRACTION (N=2) 

Element A 1  Fe M g  Ca 
Contact  Dosed c o n t r o l  Dosed c o n t r o l  Dosed c o n t r o l  Dosed cont ro l '  

P a r t  1 - no amendments 

1 day 20 2 .1  4.3 2.5 24 6.1 116 28 
2 days 17 2.1 3.8 2.5 26 9.4 120 47 
6 days 12 2.4 3.4 2.8 29 14 118 66 
14 days 3.5 1.8 2.3 2.2 3 2 17 142 86 

P a r t  2 - 50 ug  NH,+/~ s o i l  amendment 
I 

1 day 2 1  1.9 4.5 2.2 2 8 9 137 42 
2 days 18 1.8 3.8 1.9 29 12 139 58 
6 days 12 1.5 3 . 1  2.0 3 3 17 138 83 
14 days 2.4 0.8 1.4 1.1 3 6 2 2 158 111 

P a r t  3 - 500ug NH,+/~ s o i l  amendment 

1 days 22 0.9 3.6 1.1 4 7 3 0 232 152 
2 days 20 1 .O 2.9 1.2 48 3 2 238 170 
6 days 12 0.8 2.3 1.2 5 1 34 238 179 
14 days 3.2 0.5 1.3 0.6 5 5 4 0 257 209 

e x t r a c t i o n s ,  evapora t ion  was n o t  f a c t o r e d  i n t o  r e s u l t s  s i n c e  c o n t r o l s  were 
t r e a t e d  i d e n t i c a l l y  t o  samples. Evapora t ion  r a t e  was es t imated  a t  
0.58k0.04 g/day (N=9), o r  about 0.15% p e r  day f o r  t h e  40 g  s o i l  e x t r a c t i o n  
t e s t s .  

3.2.2.1 Changes i n  s o l u b l e  components 

Tables 3.27 and 3.28 compare s o l u b l e  components f o r  dosed and c o n t r o l  
s o i l s  i n  RP/BR and WP exposures, r e s p e c t i v e l y .  The 0.8-day p e r i o d  was 
chosen t o  m in im ize  secondary changes r e s u l t i n g  f rom m i c r o b i a l  a c t i v i t y  and 
p r e c i p i t a t i o n ,  w h i l e  s t i l l  a l l o w i n g  t ime  f o r  t h e  s o i l  t o  r e s t a b i l i z e  
f o l l o w i n g  wate r  con tac t .  A l though i n i t i a l l y  a c i d i c ,  Q u i l l a y u t e  and Shawano 
s o i l s  have s u f f i c i e n t  b u f f e r i n g  c a p a c i t y  t o  m in im ize  pH drop f o l l o w i n g  
depos i t i on .  Burbank s o i l  r evea l s  t h e  l e a s t  b u f f e r i n g  capac i t y .  The two 
Burbank a l i q u o t s  r ep resen t  d i f f e r e n t  l o t s ,  w i t h  l o t  1  be ing  used f o r  
p l a n t i n g  o f  n a t i v e  spec ies f o r  exposure and l o t  2 f o r  exposures t o  date.  



TABLE 3.27. COMPARISON OF SOLUBLE COMPONENTS RELEASED FROM SOILS 
AFFECTED BY RP/BR SMOKE DEPOSITION AFTER 0.8-DAY 
I PICUBATION WITH WATER 

R a t i o  o f  exposed concent ra t ion /con t ro1  s o i  1 s 

Burbank Q u i l l a y u t e  Shawano Y amac 
4 

g C ( c )  
4.95/8.20 4.76/5.25 4.58/5.20 8.15/9.48 
92/33 ( 1330) ( 1880) 

Ca 275/20 64/30 330/170 110/ 14 
(26)  

K 220/ 110 (32 (59 (<3 
A 1 71/1.5 64/16 92/20 ( e l )  

@ Fe 19/1.5 4.4/3.2 19/5.2 1.4/0.8 
Na (0.7) (2.2) (5.3) ( 100) 
M g 56/4.6 26/18 79/44 46/2.7 
Mn 1.8/.03 8.5/4.2 110/47 (.06) 
S i - 84/33 23/14 (17)  (5.0) 
N03- (0.95) 8.6/5.3 42/27 

- 
(10) 

s04 12/3.0 3.0/1.7 (67 (150) 

' a '  Only  r e s u l t s  t h a t  d i f f e r  by more than 50% f rom t h e  unexposed c o n t r o l s  
a r e  shown; o therw ise  o n l y  t h e  c o n t r o l  va lue  i s  shown i n  ( ) .  

( b )  Resu l ts  a r e  pg/gm s o i l  r e l eased  except  pH, which s t a t e s  a c t u a l  values 
o f  10 : l  s o l u t i o n  t o  s o i l  r a t i o .  
D isso lved  o rgan i c  carbon. 

D isso lved  o rgan i c  carbon (DOC) increases by more than 50% o n l y  f o r  Burbank 
and Maxey F l a t s  s o i l s  (Tables 3.27 and 3.28). 

The s o l u b i l i t i e s  o f  ma jo r  c a t i o n s  (ca2', K', ~a ' ,  M ~ z ' )  inc rease  a f t e r  
smoke depos i t i on ,  - though t h e  r e l a t i v e  amounts va ry  g r e a t l y .  Major  anions 
(C1-, NO3 , SO - )  show bo th  p o s i t i v e  and nega t i ve  v a r i a t i o n s ;  C1- i s  n o t  
i nc l uded  i n  t h$  t a b l e s  because o f  suspected i n t e r f e r e n c e  by o rgan i c  a c i d  
anions i n  I C  a n a l y s i s .  A l l  o f  t h e  s i g n i f i c a n t  changes i n  t h e  re l ease  o f  
s o l u b l e  t r a c e  o r  macro i ons  from t h e  s o i l s  t e s t e d  can be produced by t h e  
a d d i t i o n  of phosphor ic  a c i d  (excep t  t o  aluminum and, i n  some cases, i r o n ) .  
Table 3.29 compares a c i d  l each ing  t o  smoke d e p o s i t i o n  f o r  t h e  s o i l s  used i n  
t h e  WP exposures. 



TABLE 3.28. COMPARISON OF SOLUBLE COMPONENTS RELEASED FROM SOILS 
AFFECTED BY WP SMOKE DEPOSITION AFTER 0.8-DAY 
INCUBATION WITH WATER 

R a t i o  o f  exposed concen t ra t i on / con t ro1  s o i l s  

pH 
DOC 

Ca 

K 

A 1 

Fe 

N a 

M g 
Mn 

S i 

Maxev F l a t s  

( a )  Only  r e s u l t s  t h a t  d i f f e r  by more than  50% f rom t h e  unexposed c o n t r o l s  
a r e  shown; o the rw i se  o n l y  t h e  c o n t r o l  va lue  i s  shown i n  ( ) .  

( b )  Resu l t s  a r e  i n  pg/grn s o i l  re leased  except  f o r  pH, which i s  a c t u a l  va lue  
o f  1 0 : l  s o l u t i o n  t o  s o i l  r a t i o .  



TABLE 3.29. SOLUBLE COMPONENTS RELEASED FROM SOILS BY WP SMOKE 
DEPOSITION VERSUS H3P04 LEACHING AT 0.8 DAY 

Burbank-1 
Smoke ~ e p o s i  t i m i d  1  each(b) Smoke 

PH 3.4 3.4 3.1 3.1 
DOC 150 62 595 494 

Ca 521 588 158 7  9 
K 239 261 18 ( 4  

A 1  199 17.5 272 75.2 
Fe 8  0  1.7 2  8  3.4 
N a  7.4 9.2 2.6 1.6 
M g  107 119 25 12 
Mn 10.8 8.0 76 104 
S i 162 180 2  9 3  4  

NO3- 6.1 7.0 160 172 
SO4= 9.9 15 50 69 

P~~~ 1875 1640 1185 1050 

( a )  N = 2  
( b )  N = l  

The behav io r  o f  s o l u b l e  aluminum w i t h  l each ing  t ime  and w i t h  t ime  t o  
water  con tac t  f o r  t h e  f o u r  su r f ace  s o i l s  exposed t o  RP/BR smoke i s  shown i n  
F igures 3.12, 3.13, 3.14, and 3.15. D u p l i c a t e  s o i l  a l i q u o t s  were con tac ted  
w i t h  de ion ized  wate r  immediate ly  a f t e r  smoke depos i t i on ,  w h i l e  1 a l i q u o t  
pe r  s o i l  was h e l d  f o r  each h o l d i n g  p e r i o d  o f  2  and 8  days p r i o r  t o  water  
con tac t .  Con t ro l s  cons i s ted  o f  unexposed s o i l s  a t  t h e  same wate r  r a t i o  
incubated w i t h  t h e  f i r s t  s e t  o f  exposed s o i l s .  A f t e r  t e r m i n a t i o n  o f  t h e  
main exper iment (26 days) these c o n t r o l s  were then  sp iked  w i t h  H,P04 
(1400 mg P/g s o i l ) ,  approx imat ing t h e  t o t a l  P  l e v e l  depos i ted  on aerosol  
exposed s o i l s ,  and any changes i n  s o l u b l e  spec ies noted. I n  t h e  case o f  
Burbank s o i l ,  r e s u l t s  cou ld  a l s o  be compared t o  t h e  d i r e c t  a c i d  leach  t e s t  
descr ibed  i n  Table 3.29. A l l  t h e  s o i l s  show v a r i a t i o n s  o f  exponent ia l  
decrease i n  s o l u b i l i t y  f rom a  s o i l  s o l u t i o n  w i t h  t ime. Exponent ia l  cu rve  
f i t s  f o r  s o l u b l e  A1 concen t ra t i on  f rom Burbank s o i l  (F i gu re  3.12) a re  as 
fo l lows :  

( 1 )  no de lay  t ime: Y = 72.98*10 (-.0213)x, R 2  = 0,90 

( 2 )  de lay  t ime  2  days: Y = 57.41*10 (-.0368)x R 2  = 1.0 

( 3 )  de lay  t ime 8  days: Y = 62.35*10 (-.0441)x' R2  = 0.98 

The o t h e r  t h r e e  s o i l s  respond b e t t e r  t o  l o g a r i t h m i c  curve  f i t t i n g .  For  
s o l u b l e  A1 f rom Q u i l l a y u t e  (F igu re  3.10) t h e  r e s u l t i n g  equat ions a r e  as 
f o l l o w s :  
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FIGURE 3 .12 .  BEHAVIOR OF SOLUBLE AL  FROM BURBANK S O I L  AFTER RP/BR EXPOSURE 
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FIGURE 3 . 1 3 .  BEHAVIOR OF SOLUBLE AL  FROM QUILLAYUTE S O I L  AFTER 
RP/BR EXPOSURE 
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FIGURE 3.14. BEHAVIOR OF SOLUBLE AL  FROM SHAWANO S O I L  AFTER RPIBR EXPOSURE 
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FIGURE 3.15. BEHAVIOR OF SOLUBLE A L  FROM YAMAC S O I L  AFTER RP/BR EXPOSURE 



( 1 )  no de lay  t ime:  Y = 41.88*10(- ( - .364)x 517)x, R 2  = 0.90 
( 2 )  de lay  t ime  2 days: Y = 44.76*10(-:762)x, R 2  = 0.94 
( 3 )  de lay  t ime  8  days: Y = 111.4*10 , R 2  = 0 . 9 2  

I n  s i m i l a r  fash ion ,  s o l u b l e  A1 f rom exposed Shawano s o i l  ( F i g u r e  3.11) f i t  
t o  l o g a r i t h m i c  equa t ions  y i e l d i n g  R 2  va lues  rang ing  f rom 0.86 t o  0.90. 
Yamac ( F i g u r e  3.15) e x h i b i t s  poorer  agreement (R2 = .79) f o r  t h e  no 
t ime-de lay  curve, c h i e f l y  due t o  t h e  e l eva ted  15-day A1 va lue.  Delayed 
con tac t s  r e s u l t e d  i n  l o g  f i t s  hav ing  R 2  va lues o f  0.96 and 0.90 f o r  t h e  
2-day and 8-day de lay  per iods ,  r e s p e c t i v e l y .  Only  Yamac s o i l  shows an 
i nc rease  i n  i n i t i a l  s o l u b i l i t y  o f  aluminum w i t h  i nc rease  i n  e lapsed t i m e  
p r i o r  t o  wate r  c o n t a c t  o f  an exposed s o i l .  Burbank s o i l  d i s p l a y e d  t h e  
s lowes t  r a t e  o f  aluminum s o l u b i l i t y  l o s s .  A d d i t i o n  o f  phosphor ic  a c i d  t o  
t h e  c o n t r o l s  on day 26 d i d  n o t  cause any s i g n i f i c a n t  i nc rease  i n  aluminum 
s o l u b i l i t y  i n  any s o i l s .  Burbank and Maxey F l a t s  s o i l s  (see  Tab le  3.29) 
appear t o  r e l e a s e  i r o n  i n  a  s o l u b l e  form as a  r e s u l t  o f  smoke depos i t i on ;  
an e q u i v a l e n t  o r  g r e a t e r  r e l ease  o f  i r o n  i s  seen w i t h  t h e  o t h e r  t h r e e  s o i l s  
as a  r e s u l t  o f  phosphor ic  a c i d  a d d i t i o n .  

When s o i l  a l i q u o t s  o f  depths v a r y i n g  over  a  3 5 - f o l d  range were exposed 
t o  RP/BR smoke ( r a n g e - f i n d i n g  t e s t  B9.2), f o l l o w e d  by wate r  l e a c h i n g  as 
p r e v i o u s l y  discussed, t h e  a f f e c t e d  s o l u b l e  spec ies changed i n  p r o p o r t i o n  t o  
t h e  e f f e c t i v e  d i l u t i o n  r a t i o  when ad jus ted  f o r  t h e  c o n t r o l  concen t ra t i ons .  
Data f o r  Burbank s o i l  i s  presented i n  Tab le  3.30. Loga r i t hm ic  cu rve  f i t  
(Y=A*XnB) parameters a r e  g i ven  f o r  t h e  spec ies l i s t e d .  For  c l a r i t y ,  
se lec ted  curve  f i t s  a r e  d i sp layed  g r a p h i c a l l y  i n  F igures  3.16 th rough 3.19. 
T o t a l  P ( F i g u r e  3.16) shows e s s e n t i a l l y  a  s imp le  d i l u t i o n  e f f e c t  w i t h  
inc reased  exposed s o i l  depth r a t i o .  The f i t  s o l u b l e  Fe c o n c e n t r a t i o n  w i t h  
inc reased  exposed s o i l  depth r a t i o  i s  n o t  as good, most l i k e l y  due t o  
i n t e r a c t i v e  e f f e c t s  o f  r e s u l t a n t  s o l u t i o n  pH on s o l u b i l i z a t i o n .  I nc rease  
i n  pe rcen t  o f  t o t a l  s o l u b l e  P as phosphate ( F i g u r e  3.19) w i t h  inc reased  
exposed s o i l  depth r a t i o  suggests t h a t  t h e  e f f e c t s  o f  aeroso l  d e p o s i t i o n  
w i l l  be p r i m a r i l y  t h a t  o f  a c i d i c  phosphate depos i t i on ,  once a l l owed  t o  be 
d i l u t e d  i n  t h e  environment.  A l l  s o i l s  showed t h a t  any e f f e c t  o f  t h e  smoke 
a d d i t i o n  i s  e s s e n t i a l l y  m i t i g a t e d  a t  t h e  g r e a t e r  s o i l  depth r a t i o s ,  
w i t h  t h e  p o s s i b l e  excep t i on  o f  s o l u b l e  ca l c i um f rom Burbank s o i l .  Even 
p o o r l y  buf fered s o i l s  such as Burbank s o i l  appear t o  be a b l e  t o  n e u t r a l i z e  
smoke e f f e c t s ,  p rov ided  enough s o i l  i s  present .  The i n t e r a c t i o n  between 
d i spe rs i on ,  p e r c o l a t i o n  through s o i l ,  and r u n o f f  p o o l i n g  w i l l  most l i k e l y  
govern t h e  s o l u b l e  compos i t ion  and h y d r o l y s i s  r a t e s  o f  phosphorus spec ies 
under a c t u a l  f i e l d  c o n d i t i o n s .  



TABLE 3.30. EFFECT OF RP/BR-EXPOSED SOIL DEPTH ON SOLUBLE SPECIES 
AFTER 5-DAY INCUBATION 

Burbank s o i l  

Depth 

~ a t i o ( ~ )  ug/gm /PTOT p~ DOC ~1 Fe Ca Na K ~g S i  ------------- ug/gm s o i l  ------------- 

1 689 60 5.5 79 49 10.6 256 6.5 214 57 177 
2 333 67 6.5 64 17 3.9 130 5.2 177 33 119 

P 4.5 144 80 7.2 56 2.7 1.8 68 5.4 156 19 87 
8.9 74 90 7.6 44 1.4 1.5 54 5.2 153 17 70 
3 5 20 100 7.9 37 0.9 1.4 43 3.7 131 10 58 

Cont ro l  5 100 8.0 35 1.1 1.3 34 4.7 129 10 60 
p rev ious  
r u n  @ 
depth 1 806 56 5.5 85 6 1  10.5 265 4.7 230 59 190 

Curve Parameters ( b )  

( a )  Approximate deepest depth:  14.5 mrn. Est imated depth r a t i o  o f  1 would 
be e q u i v a l e n t  t o  depth o f  approx imate ly  0.4 mm. 

( b )  F i t  v i a  equa t ion  Y =  AX^, where Y = concen t ra t i on  o f  spec ies o f  i n t e r e s t  
and X = depth r a t i o .  
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FIGURE 3.16. CONCENTRATION OF SOLUBLE P VERSUS EXPOSED S O I L  DEPTH RATIO 
(SEE TABLE 3.30) 
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FIGURE 3.17. CONCENTRATION OF DISSOLVED ORGANIC C VERSUS EXPOSED SOIL 
DEPTH RATIO (SEE TABLE 3.30) 
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FIGURE 3.18. CONCENTRATION OF SOLUBLE IRON VERSUS EXPOSED S O I L  DEPTH R A T I O  
(SEE  TABLE  3.30) 
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FIGURE 3.19. PERCENT OF TOTAL SOLUBLE PHOSPHORUS AS PHOSPHATE VERSUS 
EXPOSED SOIL DEPTH RATIO (SEE TABLE 3.30) 



3.2.2.2 T o t a l  and Phosphate -P D i s t r i b u t i o n  

Four we1 1  - cha rac te r i zed  su r f ace  s o i l s  r ep resen t i ng  a  range i n  s o i  1  
p r o p e r t i e s  were exposed i n  r e p l i c a t e  t o  a  2-hour RP/BR aeroso l  
( r ange - f i nd ing  t e s t  A3). A f t e r  t e r m i n a t i o n  o f  t h e  26-day l e a c h i n g  s tudy,  
t h e  c o n t r o l  f l a s k s  were amended w i t h  phosphor ic  a c i d  (140 ppm phosporus) a t  . 
a  l e v e l  approx imat ing  t h e  l e v e l s  depos i t ed  t o  t h e  s o i l s ,  based on 
d e p o s i t i o n  v e l o c i t i e s  t o  sur faces.  As an added c o n t r o l ,  a  f r e s h  a l i q u o t  o f  
Burbank s o i l  was a l s o  con tac ted  w i t h  d i l u t e  phosphor ic  a c i d  (118 ppm 
phosphorus). Burbank and Maxey F l a t s  ( s i l t  loam) s o i l s  were exposed i n  a  
4-hour WP t e s t  (WP-E3), b u t  a c i d i f i c a t i o n  f o l  1  owing t h e  24-day l e a c h i n g  
s tudy  was n o t  done s i n c e  t h e r e  was no i n d i c a t i o n  o f  change i n  s o i l  response 
w i t h  phosphorus type.  Two analyses us ing  Burbank s o i l  were used i n  t h e  WP , 
t e s t  s i n c e  t h e  ba t ch  used f o r  p l a n t i n g  n a t i v e  spec ies was f rom a  d i f f e r e n t  
l o t  than  t h a t  used i n  t h e  RP/BR exposures. 

A  s t r i k i n g  d i f f e r e n c e  i n  s o i l  response between t h e  RP/BR and WP 
exposures i s  seen i n  t h e  amount o f  s o l u b l e  phosphorus and PO -P w i t h  t ime  
(Tables 3.31 and 3.32). Values f o r  exposed s o i l s  a r e  averag$s o f  rep1 i c a t e  
r e s u l t s .  Con t ro l  va lues a t  0.8 and 9-10 days a r e  inc luded .  S ince  a l l  
s o i l s  w i t h i n  a  s e t  were exposed s imu l taneous ly  t o  t h e  corresponding 
aeroso l ,  v a r i a t i o n  i n  s o l u b l e  P must r e s u l t  f rom 
p r e c i p i  t a t i o n / a d s o r p t i o n  ef fectTOT The s im i  1  a r  1  oss o f  s o l u b l e  phosphorus 
f o l l o w i n g  phosphor ic  a c i d  s p i k i n g  o f  t h e  c o n t r o l  f l a s k s  suppor ts  t h i s  
theory .  The phosphorus mass l o a d i n g  on s o i l s  exposed t o  WP smoke was over  
t w i c e  t h a t  o f  t h e  RP/BR t e s t ,  m a i n l y  because o f  t h e  l e n g t h  o f  t h e  exposure. 
A l though Maxey F l a t s  s o i l s  showed a  marked l o s s  o f  s o l u b l e  phosphorus w i t h  
t ime,  t h e  pe rcen t  o f  t h a t  s o l u b l e  p o r t i o n  which was as phosphate was n o t  
r a d i c a l l y  d i f f e r e n t  f rom t h a t  o f  t h e  Burbank s o i l .  Both s o i l s  show a  l owe r  
pe rcen t  as phosphate a t  24 days t han  was seen w i t h  RP/BR (72% versus 87%), 
which c o u l d  be due i n  p a r t  t o  t h e  inc reased  phosphorus l o a d i n g  and 
subsequent l owe r  pH on t h e  s o i l s  w i t h  WP exposure. 

When RP/BR-exposed s o i l s  were h e l d  i n  covered ( b u t  n o t  a i r t i g h t )  P e t r i  
d ishes f o r  pe r i ods  o f  t ime  p r i o r  t o  i n i t i a l  wa te r  con tac t ,  l o s s  o f  s o l u b l e  
P  f rom Q u i l l a y u t e  s o i l  was seen, s i m i l a r  t o  t h e  l o s s  seen w i t h  t i m e  
f69Towing wate r  c o n t a c t  (Tab le  3.31). The l o s s  f rom t h e  Burbank sample was 
unexpected; however, t h e  percen t  as phosphate rose  expec ted ly  i n  a l l  cases 
excep t  f o r  Yamac s o i l ,  where i t  remained r e l a t i v e l y  cons tan t .  S ince  Yamac 
was t h e  o n l y  s o i l  t o  d i s p l a y  inc reased  aluminum s o l u b i l i t y  w i t h  t ime  de lay  
t o  wate r  con tac t ,  t h e  breakdown o f  t h e  h i g h e r  o r d e r  polyphosphates i s  
l i k e l y  pass ing  through, o r  be ing  r a t e  determined by, a  s m a l l e r  p o l y -  o r  
metaphosphate w i t h . n o  p a r t i c u l a r  a f f i n i t y  f o r  aluminum. F u r t h e r  work i n  
t h i s  area shou ld  i n c l u d e  t h e  s tudy  o f  e f f e c t s  on s o l u b i l i t i e s  . i n  s o i l s  upon 
amendment w i t h  known compounds, such as t r i p o l y -  and t r imetaphosphate.  
When v a r y i n g  depths o f  Burbank s o i l  were exposed t o  RP/BR 
( range- f ind ing  t e s t  B9.2), t h e  percen t  o f  t o t a l  phosphorus p resen t  i n  t h e  
subsequent leach ings  inc reased  t o  e s s e n t i a l l y  100% as t h e  depth r a t i o  r ose  
t o  35 a t  t h e  5-day sampl ing per iod .  



3,  
TABLE 3.31. EFFECT OF SOIL TYPE AND LEACHING TIME OF PO, -P AND TOTAL 

SOLUBLE PHOSPHORUS FOLLOWING RP/BR AEROSOL EXPOSURE 

So lub le  PTOT (ug/g s o i  1 ) % PO '-'P/PTOT So lub le  
4 

Time * 

Burbank Q u i l l a y u t e  Shawano 

770 130 660 

740 120 620 

820 100 630 

780 6 8 600 

8 10 22 460 

800 11 380 

760 8 320 

730 5 300 

Yamac 

5 70 

540 

580 

580 

560 

540 

540 

600 

Burbank 

4 1 

4 4 

40 

46 

5 6 

6 4 

74 

87 

Q u i l l a y u t e  Shawano Yamac 

5.8 5 2 3 8 

5.8 56 4 0 

2.9 5 5 4 0 

2.1 57 4 2 

9.5 7 6 60 

~ 1 6  8 3 7 2 

~ 1 8  9 0 87 

%3 2 9 3 96 

Cont ro l  

0.8 6 2 42 12 7 7 54 53 53 

9 6 4 16 13 83 < 5 5 5 6 1 



TABLE 3.32. EFFECT OF SOIL TYPE AND LEACHING TIME ON P O ~ ~ - - P  AND TOTAL 
SOLUBLE PHOSPHORUS FOLLOWING WP AEROSOL EXPOSURE 

So lub le  PTOT(mg/g s o i l  ) 
3,  

%PO4 -PIPTOT s o l u b l e  

Time Maxey 
(days)  ~ u r b a n k - l ( a )  Burbank-2 ( b )  F l a t s  
0.2 1825 1875 1270 
0.8 1875 1865 1185 

3 183 5 1830 1105 
5 1815 1810 1030 

10 173 5 1735 940 
15 1655 1635 866 
2 5 1650 1645 838 

Cont ro l  
0.8 6.4 6.2 2.8 
10 6.4 4.8 0.45 

A c i d  leach,  day 1 
1 1640 

Maxey , 

Burbank-1 Burbank-2 F l a t s  
4 4 4 2 5 3 
4 6 4 5 56 
47 4 6 54 
5 1 5 2 5 6 
59 5 9 6 2 
6 8 6 7 69 
73 7 1 73 

( a )  Burbank-1 ba t ch  s o i l  was used f o r  p l a n t i n g  n a t i v e  spec ies f o r  
exposure. 

( b )  Burbank-2 ba tch  s o i l  was used d u r i n g  exposure t e s t s  w i t h  RP/BR. 



3.2.2.3 Phorphorus s p e c i a t i o n  w i t h  s o i l  c o n t a c t  

To compare t he  e f f e c t  o f  s o i l  and i t s  i n h e r e n t  m i c r o b i a l  p o p u l a t i o n  on 
t h e  s t a b i l i t y  o f  phosphorus spec ies r e s u l t i n g  f rom phosphorus smoke 
depos i t i on ,  wa te r  e x t r a c t s  o f  exposed unamended sandy 1 oam (Burbank) s o i  1 
(6/26/84 exposure) were compared t o  de- ion ized  wate r  depos i t i ons .  Changes 
i n  phosphorus s p e c i a t i o n  w i t h  t ime  f o l l o w i n g  wate r  c o n t a c t  o f  t h e  s o i l  a r e  
g i ven  i n  Table 3.33 (see F igu re  3.9). S ince metaphosphate e l u t i o n  i s  
superimposed on t h e  polyphosphate se r i es ,  some peaks a r e  n o t  s u f f i c i e n t l y  
separated f o r  p o s i t i v e  i d e n t i f i c a t i o n  i n  t h e  e a r l y  samples. The inc rease  
i n  t r imetaphosphate w i t h  t ime  r e s u l t s  f rom t h e  breakup o f  long-cha in  
polyphosphates. Much sma l l e r  amounts o f  t e t r a -  and hexametaphosphates have 
been seen w i t h  t ime  i n  o t h e r  smoke s o l u t i o n s  h e l d  f o r  weeks t o  months 
(Poston e t  a l .  1985). I n  c o n t r a s t ,  s o i l  c o n t a c t  g r e a t l y  acce le ra ted  t h e  
breakdown o f  t h e  polyphosphates t o  phosphate, and a l s o  e i t h e r  prevented 
f o rma t i on  of t r imetaphosphate o r  acce le ra ted  i t s  breakdown. A f t e r  o n l y  14 
days, phosphate accounted f o r  94% o f  t h e  s o l u b l e  PTOT, as determined by I C .  

3.3 INTERACTIONS AND EFFECTS OF PHOSPHORUS SMOKES ON VEGETATION 

3.3.1 Depos i t i on  V e l o c i t i e s  f o r  Phosphorus Smokes t o  Vegeta t i ve  
Surfaces 

The d e p o s i t i o n  v e l o c i t y  f o r  an a i r b o r n e  contaminant t o  a recep to r  
su r f ace  i s  i n f l u e n c e d  by atmospheric parameters and t h e  c h a r a c t e r i s t i c s  o f  
t h e  recep to r  sur face.  The atmospheric parameters i n c l u d e  p a r t i c l e  s i z e  
d i s t r i b u t i o n ,  r e l a t i v e  humid i t y ,  tu rbu lence ,  and wind speed. These 
parameters a f f e c t  t h e  r a t e  o f  t r a n s f e r  f rom t h e  a i r  column t o  t h e  recep to r .  
A t  low wind speed and tu rbu lence ,  t h e  d e p o s i t i o n  o f  smal l  p a r t i c l e s  
(<0.5um) i s  c o n t r o l  l e d  p r i m a r i l y  by  d i f f u s i o n a l  processes. As t h e  p a r t i c l e  
s i z e  increases, sed imenta t ion  and g r a v i t a t i o n a l  f o r ces  become more 
impor tan t ;  w i t h  inc reased  w ind  speed and tu rbu lence ,  t h e  r a t e  o f  impac t ion  
and d e p o s i t i o n  t o  sur faces  i s  acce le ra ted .  R e l a t i v e  hum id i t y  p a r t i c u l a r l y  
a f f e c t s  t h e  l a t t e r  processes by i n c r e a s i n g  t h e  e f f e c t i v e  aerodynamic s i z e  
of hygroscopic  p a r t i c l e s .  L ikewise ,  t h e  c h a r a c t e r i s t i c s  o f  t h e  recep to r  
su r f ace  can i n f l u e n c e  d e p o s i t i o n  v e l o c i t y .  These c h a r a c t e r i s t i c s  i n c l u d e  
surface roughness, thermal and wate r  g rad ien t s  i n  t h e  case o f  d i f f u s i o n a l  
processes, and canopy c o n f i g u r a t i o n  o r  s t r u c t u r e  i n  t h e  case o f  
g r a v i t a t i o n a l  and sed imenta t ion  processes. 

I n  each o f  t h e  p l a n t  and/or s o i l  exposures conducted us ing  RP and WP 
smokes, d e p o s i t i o n  v e l o c i t i e s  were c a l c u l a t e d  t o  determine i f  they  cou ld  be 
used t o  p r e d i c t  long- term impact  t o  t r a i n i n g  s i t e s .  I n  p r a c t i c e ,  
d e p o s i t i o n  v e l o c i t y  would be used t o  e s t a b l i s h  t h e  r e l a t i o n s h i p  between 
frequency of  obscurant  smoke used i n  t h e  f i e l d  under a range o f  
env i ronmenta l  and dos ing  cond i t i ons ,  and adverse t e r r e s t r i a l  e f f e c t s  
es t imated  f rom l a b o r a t o r y  s tud ies .  



TABLE 3.33. CHANGE I N  PHOSPHORUS SPECIATION WITH TIME AFTER RP/BR 
DEPOSITION ON WATER AND ON THIN LAYER OF SANDY LOAM 
SOIL FOLLOWED BY WATER EXTRACTION 

Time o f  H20 c o n t a c t  Day 1 Day 2 Day 9 
Media H90 Soi 1 H90 Soi  1 H,O Soi  1 

L L L 

P Species ( a )  
1 P 

( a )  Peak n o t a t i o n :  nP = (P,03,+1)(n+2)-;nm~ = (Pn03n)n- 



I n f l u e n c e  o f  Exposure Du ra t i on  

I n  Table 3.34, d e p o s i t i o n  v e l o c i t i e s  a r e  shown f o r  t h e  i n i t i a l  
r ange - f i nd ing  t e s t  f o r  RP smoke exposure. F i v e  p l a n t  spec ies w i t h  a  range 
o f  canopy s t r u c t u r e  and geographic d i s t r i b u t i o n s  were exposed f o r  2  t o  8 
hours t o  smokes c o n t a i n i n g  524 mg P/m3 ('2 g  smoke/m3), a t  cons tan t  
temperature and hum id i t y  and a t  a  wind speed o f  2 mph. 

I n  t h e  case o f  t h e  n a t i v e  p l a n t s  (ponderosa p ine ,  shor t -need le  F ine,  
sagebrush, and b lando brome), d e p o s i t i o n  v e l o c i t i e s  averaged 13 x  10 
cm/sec. These v e l o c i t i e s  were r e l a t i v e l y  cons tan t  w i t h  t h e  du ra t i ons  of 
exposure, as would be expected. The s i m i l a r i t y  i n  d e p o s i t i o n  v e l o c i t y  
between these spec ies i s  p r i m a r i l y  due t o  t h e i r  common canopy 
c h a r a c t e r i s t i c s  (open canopy s t r u c t u r e ,  w i t h  l i t t l e  shadowing o f  ad jacen t  
f o l  i age )  . Depos i t i on  va lues  f o r  bushbean a r e  approx imate ly  ha1 f o f  t h a t  
determined f o r  t h e  n a t i v e  species,  i n  t h e  2- t o  6-hour exposures, and 
a r e  comparable a t  8  hours. I t i s  assumed these d i f f e r e n c e s  a r e  r e a l  , based 
on t h e  o v e r a l l  da ta  f o r  bushbean, and r e s u l t  because bushbean has a  more 
c losed  canopy s t r u c t u r e ,  w i t h  l a r g e  leaves t h a t  droop t o  shadow lower  
f o l i a g e .  Therefore,  d e p o s i t i o n  v e l o c i t i e s  t o  c u l t i v a t e d ,  densely  packed, 
a g r i c u l t u r a l  spec ies may be lower  than  those observed f o r  t h e  n a t i v e  
species. Because o f  t h e  chemical s i m i l a r i t i e s  between RPIBR and WP smokes, 
r ange - f i nd ing  t e s t s  were n o t  performed f o r  WP. 

3.3.1.2 I n f l u e n c e  o f  R e l a t i v e  Humid i t y  

R e l a t i v e  hum id i t y  can a f f e c t  t h e  d e p o s i t i o n  o f  p a r t i c l e s .  The 
h y d r a t i o n  o f  a i r b o r n e  p a r t i c l e s  can inc rease  t h e i r  MMAD and r a t e  o f  
sedimentat ion t o  p l a n t  su r faces  and/or s o i l s .  I n  a d d i t i o n ,  changes i n  
r e l a t i v e  hum id i t y  can a l t e r  t h e  thermal and wate r  g rad ien t s  o f  r e c e p t o r  
sur faces.  Such changes a r e  more common w i t h  p a r t i c l e s  o f  (0.1 urn MMAD, 
which a r e  depos i ted  by d i f f u s i o n a l  processes. I n  Table 3.35, d e p o s i t i o n  
v e l o c i t i e s  o f  RP smokes t o  v e g e t a t i v e  canopies a r e  r e p o r t e d  f o r  r e l a t i v e  
h u m i d i t i e s  o f  27% t o  89%. I f  d e p o s i t i o n  v e l o c i t y  i s  assumed t o  represen t  
an i n t e r c e p t i o n  e f f i c i e n c y ,  then  blando brome i s  most e f f i c i e n t ,  f o l l o w e d  
by t h e  p ines  and sagebrush, w i t h  bushbean t h e  l e a s t  e f f i c i e n t  i n  p a r t i c l e  
c o l l e c t i o n .  

Th i s  e f f i c i e n c y  i s  c o n s i s t e n t  f o r  each o f  t h e  t h r e e  hum id i t y  
t reatments  presented i n  Table 3.35 and F igu re  3.20. Wi th  each p l a n t  
species,  t h e r e  appears t o  be an e f f e c t  o f  r e l a t i v e  hum id i t y  on d e p o s i t i o n  
v e l o c i t y .  The l owes t  d e p o s i t i o n  v e l o c i t y  va lues occur  a t  53% r e l a t i v e  
hum id i t y  w i t h  a l l  f i v e  p l a n t  species.  The va lues i nc rease  s l i g h t l y  a t  27% 
r e l a t i v e  hum id i t y  and a r e  s t a t i s t i c a l l y  s i g n i f i c a n t  and appa ren t l y  r e s u l t  
f rom t h e  inc rease  i n  MMAD o f  a i r b o r n e  p a r t i c l e s  f rom 1.60 t o  1.73 pm. The 
p a r t i c l e  s i z e  inc rease  appa ren t l y  r e s u l t s  f rom c o n d i t i o n s  o f  t h e  burn, and 
cannot be assigned t o  t h e  wate r  con ten t  o f  t h e  a i r  stream. A t  89% r e l a t i v e  
humid i t y ,  however, t h e  d e p o s i t i o n  v e l o c i t y  va lues a lmost  double f o r  each 
p l a n t  species.  The va lues correspond t o  a  sharp r i s e  i n  MMAD t o  1.95 pm, 
and most p robab ly  r e s u l t  f rom h y d r a t i o n  and phosphorus p a r t i c l e  growth. 



TABLE 3.34. DEPOSITION VELOCITIES FOR PLAI(JH)SPECIES EXPOSED TO A CONSTANT 
AIR CONCENTRATION OF RP SMOKE 

Exposure d u r a t i o n  ( h r )  
P l a n t  s ~ e c i e s  2 4 6 8 

Ponderosa p i n e  17212 14 t4  11t1 13+2 ' 

Shor t -needle p i n e  1 2 t l  1 2 t  1 13+1 11t1 
Sagebrush 1324 11+2 18 t2  13*1 
Blando brome 1323 l o t 2  12+1 1322 
Bushbean 42 1 7+2 722 13+3 - 

( a )  Exposures conducted a t  21°C and -20% r e l a t i v e  humid i t y ;  ae roso l s  had a , 
MMAD o f  0.75 mu and a GSD o f  1.60; exper iment code A-1 and A-2. 

( b )  Depos i t i on  v e l o c i t y  (Vd) expressed i n  crn/sec and i s  based on 2 X 
p r o j e c t e d  area; va lues a r e  means + SD f o r  f o u r  r e p l i c a t e s .  

TABLE 3.35. INFLUENCE OF RELATIVE HUMIDITY ON DEPOSITION VELOCITIES FOR 

RP/BR DEPOSITION TO VEGETATIVE SURFACES. ( a )  

Short- 

need1 e Bl  ando 
Experimental Ponderosa p ine Sagebrush Bushbean brome 

Condit ion code cm/sec x l o 3  

3 
( a )  A i r  concentrations f o r  exposures D-3, D-1 and D-4 were 612, 673 and 441 mgPIm ; 

MMAD (CSD) f o r  exposures 0-3, D-1, and D-4 were 1.73 pm (1.57), 1.60 um (1.57), 
and 1.95 pm (1.57), respect ively.  Exposure durat ion was 4 hours. AvgfSD, n=3. 
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However, e f f e c t s  o f  r e l a t i v e  h u m i d i t y  on canopy c h a r a c t e r i s t i c s  a f f e c t i n g  
d e p o s i t i o n  cannot  be r u l e d  ou t .  

I n  t h e  WP smoke s tud ies ,  t h e  burn  chamber was r e c o n f i g u r e d  t o  a l l o w  
t h e  a d d i t i o n  o f  f r esh ,  cond i t i oned  a i r ,  r a t h e r  than  t o t a l l y  t unne l - r ecyc led  
a i r  as i n  t h e  RP t e s t s .  The new c o n f i g u r a t i o n  gave a  much more c o n s i s t e n t  
p a r t i c l e  s i z e  d i s t r i b u t i o n  over  t h e  i n d i v i d u a l  4-hour exposures. As no ted  
i n  Table 3.36 and F igu re  3.21, MMAD f o r  t h e  WP smokes inc reased  r e l a t i v e l y  
l i n e a r l y  f rom 1.50 t o  1.62 t o  1.75 pm as t h e  r e l a t i v e  h u m i d i t y  was 
inc reased  f rom 35% t o  57% t o  90%. Th i s  i n d i c a t e s  t h a t  as r e l a t i v e  h u m i d i t y  
increases,  t h e  p a r t i c l e  s i z e  inc reases  p r o p o r t i o n a l l y  because o f  t h e  
h y d r a t i o n  o f  phosphorus p a r t i c l e s .  The d e p o s i t i o n  v e l o c i t y  r e s u l t s  f o r  WP 
a r e  g e n e r a l l y  c o n s i s t e n t  w i t h  those  f o r  RP/BR, i f  t h e  MMAD a r e  used as a  
bas i s  f o r  e v a l u a t i n g  v e l o c i t y .  Depos i t i on  v e l o c i t i e s  f o r  ponderosa PSne, 
shor t -need le  p i n e  and bushbean a r e  r e l a t i v e l y  cons tan t  a t  4 t o  9  x10 
cm/sec a t  b o t h  35% and 57% r e l a t i v e  humid i t y .  A t  90% r e l a t i v e  hum id i t y ,  
t h e  d e p o s i t i o n  v e l o c i t y  f o r  each o f  these  p l a n t  spec ies inc reases  by  a  
f a c t o r  o f  two. Based on t h e  MMAD f o r  these t h r e e  r e l a t i v e  h u m i d i t y  
t reatments ,  i t  would appear t h a t  p a r t i c l e  growth cannot t o t a l l y  e x p l a i n  t h e  
i nc rease  i n  d e p o s i t i o n  v e l o c i t y ,  w i t h  a t  l e a s t  a  p o r t i o n  o f  t h e  d e p o s i t i o n  
e f f i c i e n c y  be ing  a f f e c t e d  by changes i n  canopy c h a r a c t e r i s t i c s  a t  b o t h  t h e  
h i g h  and low r e l a t i v e  humid i t y .  The e leva ted  d e p o s i t i o n  v e l o c i t y  i s  a l s o  
seen w i t h  sagebrush and b lando brome, and i s  c o n s i s t e n t  w i t h  t h e  RP 
r e s u l t s .  I n  t h e  case o f  sagebrush and b lando brome, d e p o s i t i o n  v e l o c i t y  
va lues a r e  somewhat e l eva ted  a t  35% r e l a t i v e  hum id i t y  compared t o  t h e  57% 
r e l a t i v e  h u m i d i t y  t reatments .  Regression analyses of  t h e  d e p o s i t i o n  
v e l o c i t y / r e l a t i v e  h u m i d i t y  ( F i g u r e  3.17),  shows d e p o s i t i o n  e f f i c i e n c y  f o r  
WP t o  be g e n e r a l l y  comparable t o  t h a t  o f  RP/BR ( F i g u r e  3.18). I n  t h e  case 
o f  WP, p a r t i c l e  s i z e s  inc reased  from 1.5 pm t o  1.75 pm w i t h  i n c r e a s i n g  
r e 1  a t i v e  humid i t y ;  thus  t h e  d e p o s i t i o n  v e l o c i t y  depress ions no ted  a t  $50% 
r e l a t i v e  h u m i d i t y  appear t o  be a  f u n c t i o n  o f  c a n o p y / p a r t i c l e  i n t e r a c t i o n .  

3.3.1.3 I n f l u e n c e  o f  Wind Speed 

Wind speed can s i g n i f i c a n t l y  e f f e c t  d e p o s i t i o n  v e l o c i t y  va lues  by 
d i s r u p t i n g  boundary c o n d i t i o n s  a t  t h e  r e c e p t o r  su r f ace  and i n c r e a s i n g  t h e  
r e l a t i v e  c o n t r i b u t i o n  o f  p a r t i c l e  impact ion,  compared t o  d i f f u s i o n a l  and 
g r a v i t a t i o n a l  processes. I n  Table 3.37, d e p o s i t i o n  v e l o c i t y  va lues  a r e  
shown f o r  ponderosa p i n e  and b lando brome exposed t o  RP/BR smokes a t  60% 
r e l a t i v e  h u m i d i t y  f o r  1 hour  a t  w ind  speeds f rom 0.5 t o  10 mph. P a r t i c l e  
s i z e  d i s t r i b u t i o n s  f o r  t h e  f o u r  wind speed t rea tments  were r e l a t i v e l y  
c o n s i s t e n t ,  cons ide r i ng  t h r e e  separate burns were conducted. D e p o s i t i o n  
v e l o c i t i e s  a r e  comparable a t  0.5 and 2 mph f o r  bo th  p l a n t  species,  and a r e  
c o n s i s t e n t  w i t h  p rev ious  d e p o s i t i o n  v e l o c i t y  values. As wind speed i s  
inc reased  t o  5  and 10 mph, d e p o s i t i o n  v e l o c i t y  va lues f o r  RP/BR i nc rease  
sharp ly .  For  t h e  ponderosa p i n e  t h e  e f f e c t i v e  r a t e  o f  d e p o s i t i o n  i s  
inc reased  by a  f a c t o r  o f  120 f o r  10 versus 2 mph, w h i l e  t h e  r a t e  o f  
d e p o s i t i o n  i s  h i g h e r  by a  f a c t o r  of 70 f o r  t h e  grass species.  The 
inc reases  undoubtedly  r e s u l t  f rom an inc rease  i n  t h e  impac t ion  component o f  
t h e  d e p o s i t i o n  processes. 



TABLE 3.36. DEPOSITION VELOCITIES FOR WP TO FOLIAR SURFACES AS A FUNCTION 
OF RELATIVE HUMIDITY AND PLANT SPECIES(a) 

P l a n t  Exposure R e l a t i v e  Depos i t i on  
species code hum id i t y  v e l o c i t y  

(cmlsec x l o 3 )  

Ponderosa 
P ine  

Sho r t  
Need1 e 
Pine 

Sagebrush 

Bushbean 

Blando brome 

( a )  A i r  concen t ra t ions  f o r  exposures E-3, E-1 and E-4 were 515, 625 and 405 
mg P/m3, r e s p e c t i v e l y .  MMAD (GSD) f o r  exposures E-3, E-1, and E-4 
were 1.50 pm (1.59), 1.62 urn (1.65),  and 1.75 urn (1.60), r e s p e c t i v e l y .  
Exposure d u r a t i o n  was 4 hours; wind speed was 2 mph. AvgkSD, n=3. 
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TABLE 3.37. INFLUENCE OF WIND SPEED OM DEPOSITION VELOCITY OF RP/BR SMOKES 
TO FOLIAGE OF PONDEROSA PINE AND BLAND0 BROME(a) 

P l a n t  species Exposure code Wind speed Depos i t i on  v e l o c i t y  

(mph) (cm/sec x  103) 

Ponderosa Pine D-5.3 0.5 

D - 1  2.0 

D-5.2 4.9 

D-2 10.0 

Blando Brome 

( a )  A i r  concen t ra t i ons  f o r  exposures 0-5.3, D-1,  0-5.2 and 0-2 were 428, 
673, 547 and 676 mg P/m3, r e s p e c t i v e l y ;  MMAD (GSD) f o r  exposures 
D-5.3, D-1, D-5.2, and D.2 were 1.68 pm (1.6),  1.60 um (1.57), 1.68 urn 
(1.6), and 1.55 pm (1.59), r e s p e c t i v e l y .  Exposure d u r a t i o n  was 1 hour,  
a t  53% t o  64% r e l a t i v e  humid i t y .  AvgkSD, n=3. 

S i m i l a r  wind speed s t u d i e s  were conducted w i t h  WP smokes (Table 3.38). 
Wind speeds were v a r i e d  f rom 2  t o  10 rnph, r a t h e r  than  f rom 0.5 t o  10 mph as 
f o r  t h e  RP smokes, i n  o r d e r  t o  b racke t  t h e  5  mph t r ea tmen t  t h a t  showed a  
r a p i d  inc rease  i n  d e p o s i t i o n  v e l o c i t y .  The r e s u l t s  ob ta ined  f o r  WP smokes 
a r e  g e n e r a l l y  c o n s i s t e n t  w i t h  those ob ta ined  f o r  RP smokes. I n  t h e  case o f  
ponderosa p ine,  d e p o s i t i o n  v e l o c i t y  va lues i nc rease  f rom 7  x  10-3 cm/sec a t  
2  mph, t o  1200 x  10-3 cm/sec a t  wind speeds o f  10 mph. Resu l ts  f o r  blando 
brome a r e  comparable, and range f rom 8  t o  920 x  10-3 cm/sec. Based on t h e  
r e s u l t s  f o r  bo th  RP/BR and WP, t h e  d e p o s i t i o n  v e l o c i t y  t o  v e g e t a t i v e  
surfaces begins t o  i nc rease  a t  some p o i n t  between 2  and 4  mph. I t  i s  
impor tan t  t o  no te  t h a t  d e p o s i t i o n  v e l o c i t y  i s  a  d e p o s i t i o n  cons tan t  t h a t  i s  
d i r e c t l y  r e l a t e d  t o  t h e  e x t e n t  o f  mass l o a d i n g  t o  leaves  and s o i l ,  and 
there fo re  would i n d i c a t e  an inc reased  impact a t  h i g h e r  wind speeds. The 
magnitude o f  t h e  change i n  mass l o a d i n g  f o r  2  versus 10 mph, based on 
d e p o s i t i o n  v e l o c i t y  values, would be a  f a c t o r  o f  150. 



TABLE 3.38. INFLUENCE OF WIND ?{!$ED ON DEPOSITION VELOCITY OF WP SMOKES 
TO FOLIAR SURFACES 

P l a n t  Exposure Wind D e p o s i t i o n  
spec ies code speed v e l o c i t y  

(mph) (cm/sec x  103) 

Ponderosa P ine  E  1 
E2.3 
E2.2 
E2.1 

Blando Brome E  1 2  
E2.3 4  
E2.2 6  
E2.1 10 

( a '  A i r  concen t ra t i ons  f o r  exposures E-1, E-2.3, E-2.2 and E-2.1 were 625, 
490, 440 and 410 mgP/m3, r e s p e c t i v e l y ;  MMAD (GSD) f o r  exposures E l ,  
E2.3, E2.2, and E2.1 were 1.62 pm (1.65),  1.59 vm (1.62),  1.58 pm 
(1.6) ,  and 1.52 pm (1.53),  r e s p e c t i v e l y .  Exposure d u r a t i o n  was 1 
hour  a t  57% t o  66% r e l a t i v e  hum id i t y .  AvgtSD, n=3. 

The r e s u l t s  o f  r eg ress ion  analyses o f  t h e  wind speed t e s t s  f o r  RP/BR 
and WP a r e  shown i n  F igu re  3.22. These f i gu res  c l e a r l y  show a  common 
r e l a t i o n s h i p  between w ind  speed and d e p o s i t i o n  v e l o c i t y ,  w i t h  t h e  l a t t e r  
be ing  p r o p o r t i o n a l  t o  t h e  magnitude o f  t h e  mass l o a d i n g  o r  f o l i a r  dose. 
( F o r  RP/BR t h y  equa t i gn  d e s c r i b i n g  t h a t  exponent ia l  r e l a t i o n s h i p  i s  
Y = 6.3457*10 0 - 2 1 3 8 x  , w i t h  an f va lue  f 0.96. For  WP t h e  r e l a t i o n s h i p  
i s  desc r i bed  by t h e  Y = 4.303*10 o-2438x9 , ,  w i t h  an R va lue  o f  0.97). The 
impo r tan t  p o i n t  t o  no te  i s  t h a t  a t  wind speeds i n  excess o f  6  mph, 
d e p o s i t i o n  v e l o c i t y  and t h e r e f o r e  mass l o a d i n g  i nc rease  i n  a  
d i s p r o p o r t i o n a t e  manner. Thus t h e  p l a n t  impacts r e p o r t e d  i n  t h e  2  mph 
exper iment  would be s u b s t a n t i a l l y  more i n t e n s e  had t h e  wind speed been 
h ighe r .  Thus, once d e p o s i t i o n  v e l o c i t y  has been determined f o r  a  s e t  of  
c o n d i t i o n s  i t  can be used t o  compute mass l o a d i n g  o f  a  smoke t o  v e g e t a t i v e  
and s o i l  su r faces  under f i e l d  c o n d i t i o n s ,  and can t h e r e f o r e  be used t o  
p r e d i c t  p o t e n t i a l  impact  t o  t h e  environment.  
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FIGURE 3.22. RELATIONSHIP BETWEEN WIND SPEED AND DEPOSITION VELOCITIES FOR 
PONDEROSA P I N E  AND BLAND0 BROME FOLIAGE EXPOSED TO RP/BR AND 
WP SMOKES. SEE TABLES 3.37 and 3.38 FOR PARTICLE S I Z E  DATA. 



3.3 .2  Mass Loading t o  Vegeta t i ve  Sur faces and I n f l u e n c e  o f  
Post-Exposure Simulated R a i n f a l l  

I n f l u e n c e  o f  Exposure D u r a t i o n  on Mass Loading 

The purpose o f  t h e  range - f i nd ing  t e s t  f o r  RP/BR was t o  e s t a b l i s h  a  
dose/exposure regime t h a t  would produce de tec tab le  t o x i c i t y  i n  t h e  t e s t  
p l a n t  spec ies.  Only  l i m i t e d  s t a t i s t i c a l  eva lua t i ons  were performed w i t h  
t h e  mass l o a d i n g  da ta  presented i n  t h i s  sec t i on .  T h i s  i s  based on t h e  f a c t  - 

U 

t h a t  changes i n  t h e  mass l o a d i n g  va lues w i t h  t r ea tmen t  a r e  b e s t  cons idered  
i n  terms o f  d e p o s i t i o n  v e l o c i t y  which normal izes t h e  da ta  based on a i r  
concen t ra t i on ,  s i n c e  t h e  l a t t e r  v a r i e s  s l i g h t l y  f rom r u n  t o  run.  As no ted  
p rev ious l y ,  o u r  p o i n t  o f  re ference f o r  t h e  a c t u a l  mass l o a d i n g  o f  
phosphorus ( o r  o t h e r  measurable, r e p r e s e n t a t i v e  components o f  a  p a r t i c u l a r  
smoke) i s  t h e  p r ima ry  means f o r  access ing bo th  damage, i n  t h e  case o f  e 

d i f f e r e n t  smokes, and t rea tment  v a r i a b l e s ,  such as r e l a t i v e  h u m i d i t y  and 
wind speed, on v e g e t a t i v e  sur faces.  Tab le  3.39 shows t h e  mass l o a d i n g  o f  
phosphorus t o  f o l i a g e  t o  inc rease  p r o p o r t i o n a l l y  w i t h  inc reases  i n  t h e  
d u r a t i o n  of exposure. Mass l o a d i n g  ranged f rom approx imate ly  50 t o  200 pg 
P/cm2 f o r  each o f  t h e  f i v e  p l a n t  spec ies s tud ied .  Regression a n a l y s i s  o f  
t h e  mass l o a d i n g  r e s u l t s  ( F i g u r e  3.23) f o r  t h e  f i v e  p l a n t  spec ies show 
l o a d i n g  t o  be l i n e a r l y  r e l a t e d  t o  exposure du ra t i on ,  a l t hough  s u b s t a n t i a l  
da ta  s c a t t e r  i s  seen f o r  ponderosa p i n e  and bushbean i n  these  e a r l y  
s tud ies .  I n t e r c e p t i o n  and r e t e n t i o n  o f  smoke aeroso ls  was r e l a t i v e l y  
c o n s i s t e n t  f o r  t h e  f o u r  n a t i v e  p l a n t s ,  and s l i g h t l y  l owe r  f o r  bushbean a t  
t h e  s h o r t e r  exposure per iods .  As no ted  p rev ious l y ,  t h e  c l osed  canopy 
s t r u c t u r e  i n  t h e  bushbean may c o n t r i b u t e  t o  t h e  t ime  r e q u i r e d  f o r  aeroso ls  
t o  e q u i l i b r a t e  w i t h i n  t h e  canopy. 

As p a r t  o f  t h e  p h y t o t o x i c i t y  s t ud ies ,  a  subset o f  each t r ea tmen t  was 
sub jec ted  t o  a  post-exposure s imu la ted  r a i n f a l l  e q u i v a l e n t  t o  0.5 cm o f  
p r e c i p i t a t i o n .  T h i s  exposure p e r m i t t e d  an e v a l u a t i o n  o f  t h e  a m e l i o r a t i n g  
i n f l u e n c e  o f  r a i n f a l l  on reduc ing  mass l o a d i n g  l e v e l s  on f o l i a g e  and 
t h e r e f o r e  any p o t e n t i a l  p h y t o t o x i c i t y .  I t  i s  a l s o  poss ib l e ,  depending on 
t h e  s o l u b i l i t y  and/or t o x i c i t y  o f  t h e  f o l i a r - d e p o s i t e d  contaminants,  t h a t  
t h e  added su r f ace  mo i s tu re  accentuates t h e  e f f e c t s  o f  smoke m a t e r i a l s  by 
i n c r e a s i n g  t h e  e x t e n t  o f  f o l i a r  abso rp t i on  and subsequent t o x i c i t y .  I n  t h e  
RP/BR range - f i nd ing  t e s t ,  a p p l i c a t i o n  o f  a  post-exposure s imu la ted  r a i n f a l l  
reduced mass l o a d i n g  i n  a l l  spec ies t e s t e d  (Tab le  3.39). Mass l o a d i n g  on 
f o l i a g e  was reduced f rom 50% t o  95%. The p ines,  w i t h  t h e i r  open canopies, 
e x h i b i t e d  t h e  g r e a t e s t  removal o f  f o l  i a r  contaminants (85%-95%) ; mass 
l oad ings  f o r  sagebrush and bushbean, w i t h  r e l a t i v e l y  c l osed  canopies, were 
reduced by 50% t o  75%. These r e s u l t s  i n d i c a t e  t h a t  phosphorus smokes 
depos i ted  on to  f o l i a r  surfaces a r e  n o t  t i g h t l y  bound o r  sorbed and can be 
r e a d i l y  removed d u r i n g  r a i n f a l l ,  and post-exposure r a i n f a l l  may be an 
a m e l i o r a t i n g  process i n  env i rons  w i t h  f r equen t  r a i n f a l l  events  as compared 
t o  d e s e r t  env i rons .  



TABLE 3.39. MASS LOADING OF RP/BR SMOKES TO PLANT FOLIAGE AS A FUNCTION OF 
EXPOSURE DURATION (RANGE-FINDING TEST), AND INFLUENCE OF 
POST-EXPOSURE SIMULATED RAINFALL ON RETENTION OF 
PHOSPHORUS ( a )  

P l a n t  Exposure Mass l o a d i n g  Fol  i a r  
spec ies d u r a t i o n  Unleached Leached r e t e n t i o n  

( h r )  (ug t o t a l  P/cm2)(b) ( % )  

Ponderosa p i n e  2 
4 
6 
8 

Shor t -needle p i n e  2 
4 
6 
8 

Sagebrush 2 
4 
6 
8 

Blando brome 2 
4 
6 
8 

Bushbean 2 
4 
6 
8 

- - - - -- - -- - 

( a )  See Table 3.33 f o r  da ta  on Expt  A-1 and A-2. Post-exposure 
leach ing /s imu la ted  r a i n f a l l  was conducted w i t h i n  2 hours o f  
contaminat ion,  and cons i s ted  o f  350 m l  o f  s y n t h e t i c  r a i n w a t e r  passed 
through t h e  canopy over  a 15-minute per iod ,  and i s  e q u i v a l e n t  t o  a 0.5 a 

cm r a i n f a l l .  M a l l  l o a d i n g  based on t h e  p r o j e c t e d  area o f  f o l i a r  
samples . 

( b )  Pro jec ted  l e a f  area. AvgkSD, n=4. 
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FIGURE 3.23. INFLUENCE OF EXPOSURE DURATION ON MASS LOADING RP/BR SMOKES 
TO PLANT FOLIAGE. SEE TABLE 3.34 FOR PARTICLE S I Z E  DATA. 



3.3.2.2 I n f l u e n c e  o f  R e l a t i v e  Humid i t y  and Simulated R a i n f a l l  on Mass 
Loading 

R e l a t i v e  hum id i t y  appears t o  i n f l u e n c e  mass l o a d i n g  of RP/BR smokes t o  
t h e  f o l i a g e  o f  each p l a n t  spec ies (see V , F igu re  3.20). Th i s  i s  

. p a r t i c u l a r l y  e v i d e n t  a t  t h e  lower  and h i g h  r e l a t i v e  h u m i d i t y  t rea tments  
(Tab le  3.40), and r e a d i l y  seen i n  t h e  mass l o a d i n g  da ta  f o r  sagebrush and 
b lando brome. Ove ra l l ,  mass l o a d i n g  was r e l a t i v e l y  comparable f o r  
ponderosa p ine ,  shor t -need le  p ine ,  and sagebrush f o r  each of  t h e  r e l a t i v e  
hum id i t y  t reatments  (125 t o  185pg P/cm2). Bushbean had s l i g h t l y  lower  mass 
l o a d i n g  values (80  t o  110pg P/cm2), w h i l e  t h e  grass species,  blando brome, 
had h ighe r  mass load ings  rang ing  f rom 180 t o  255 pg P/cm2. 

As noted f o r  t h e  d e p o s i t i o n  v e l o c i t y  r e s u l t s  f o r  these  exposures, t h e  
inc reased  d e p o s i t i o n  o f  RP/BR w i t h  i n c r e a s i n g  r e l a t i v e  hum id i t y  may s imp l y  
r e s u l t  form t h e  s l i g h t l y  h i ghe r  MMAD o f  p a r t i c l e s  f o r  t h e  27% and 89% 
r e l a t i v e  hum id i t y  t rea tments  (see Table 3.36). I f  so, then r e l a t i v e  
hum id i t y  has l i t t l e  e f f e c t  on t h e  mass l o a d i n g  o f  RP/BR smoke components t o  
v e g e t a t i v e  sur faces.  However, p l a n t  species,  o r  canopy c o n f i g u r a t i o n ,  does 
appear t o  a f f ec t  mass load ing .  

I n  t h e  r e l a t i v e  hum id i t y  t e s t s  f o r  RP/BR smokes, t h e  e f f e c t  o f  r a i n o u t  
d u r i n g  smoke exposure was a l s o  evaluated.  Th i s  t e s t  i n v o l v e d  exposure of 
p l a n t s  t o  RP/BR smokes f o r  1 hour  ( 2  mph, 89% r e l a t i v e  hum id i t y ) ,  f o l l o w e d  by  
a  s imu la ted  r a i n o u t  d u r i n g  t h e  f o l l o w i n g  hour  o f  exposure. Mass l o a d i n g  
l e v e l s  f o l l o w i n g  t h i s  t rea tment  ranged f rom 22 t o  35 pg P/cm2. These 
va lues a r e  of t h e  same magnitude as those seen w i t h  t h e  2-hour RP/BR 
exposure fo l lowed by post-exposure l each ing  i n  Tab le  3.39. The r a i n o u t  and 
post-exposure s imu la ted  r a i n f a l l  s t ud ies  show t h a t  n a t u r a l  p r e c i p i t a t i o n  
events can reduce f o l i a r  mass l o a d i n g  l e v e l s  and may reduce adverse e f f e c t s  
of phosphorus smokes. 

The r e l a t i o n s h i p  between r e l a t i v e  hum id i t y  and mass l o a d i n g  o f  WP 
smokes i s  shown i n  Table 3.41. Mass l o a d i n g  l e v e l s  f o r  t h e  p i n e  species,  
sagebrush and bushbean a r e  comparable t o  those seen w i t h  RP/BR smokes (see 
Table 3.40). Values f o r  b lando brome a r e  somewhat lower  f o r  WP smokes than 
RP/BR smokes. Wi th  t h e  excep t i on  o f  sagebrush values, t h e  s l i g h t l y  lower  mass 
l o a d i n g  va lues f o r  WP can be exp la ined  by t h e  reduced p a r t i c l e  s i z e  
d i s t r i b u t i o n s  f o r  t h e  WP exposures (see Tables 3.35 and 3.36). 

As w i t h  t h e  RP/BR exposures, no c l e a r  o r  c o n s i s t e n t  e f f e c t  o f  r e l a t i v e  
hum id i t y  i s  noted on mass l o a d i n g  l e v e l s .  A l though mass l o a d i n g  increases 
w i t h  r e l a t i v e  h u m i d i t y  i n  ponderosa p i n e  and b lando brome, t h e  inc rease  i s  
b e l i e v e d  t o  be a  random t rend,  based on t h e  t o t a l  da ta  s e t s  f o r  RP/BR and 
WP. 

F o l i a r  r e t e n t i o n  o f  WP smokes f o l l o w i n g  a  s imu la ted  post-exposure 
r a i n f a l l  i s  h i g h e r  than  t h a t  observed f o r  RP/BR smokes i n  t h e  range - f i nd ing  
t e s t  (see Table 3.39), and g e n e r a l l y  comparable t o  those i n  t h e  r e l a t i v e  
hum id i t y  t e s t s  (see Tab le  3.40). Based on t h e  s i m i l a r i t y  o f  RP/BR and WP 



TABLE 3.40. INFLUENCE OF R E L A T I V E  H U M I D I T Y  AND SIMULATED RAINOUT ON F O L I A R  
MASS LOADING OF RP/BR SMOKES ON PLANT FOL IAGE 

Condi t ion ( a )  Experiment Ponderosa Short-Need1 e  Sagebrush Bushbean Bl ando 
code p ine p i  ne 

( b )  
brome 

(pg t o t a l  P/cm2) 

( a )  Exposure du ra t i on  was 4 hours. AvgtSD, n=6 f o r  RH treatments; n=2 f o r  ra inout.  See 
F igure  3.13 f o r  s t a t i s t i c a l  evaluat ion.  

(b )  Value i n  ( ) represents f o l  i a r  re ten t i on  fo l lowing post-exposure leaching. Mass load ing 
based on pro jec ted l e a f  area. 

I c )  Two p lan ts  were exposed f o r  1 hour, fo l lowed by 1  hour o f  simulated ra inou t  dur ing smoke 

generation; r a i n  i n t e n s i t y  was approximately 2  cm/hour. 

smokes, i t  i s  d i f f i c u l t  t o  r a t i o n a l i z e  these d i f f e r e n c e s  based on chemical  
behavior .  It i s  t he re fo re  assumed t h a t  these  d i f f e rences  a r e  t h e  r e s u l t  o f  
i n c o n s i s t e n c i e s  i n  s imu la ted  r a i n f a l l  d e l i v e r y .  



TABLE 3.41. MASS LOADING LEVELS OF WP TO FOLIAR SURFACES AS A FUNCTION OF 
RELATIVE HUMIDITY AND PLANT SPECIES, AND THE INFLUENCE OF 
POST-EXPOSURE SIMULATED RAINFALL ON FOLIAR RETENTION OF 
PHOSPHORUS ( a )  

ri P l a n t  Exposure R e l a t i v e  Mass Fol  i a r  
spec ies code hum id i t y  1 oadi  ng ( b y e t e n t i o n  

(pg t o t a l  P/cm2) 

Ponderosa p i n e  E3 
E 1 
E 4 

Sho r t  needle p i n e  E3 
E 1 
E 4 

Sagebrush E 3 35% 200. k37 25% 
E 1 5 7% 154. +24 26% 
E 4 90% 140. +14 54% 

Bushbean E3 3 5% 75.+9 6% 
E 1 57% 77.+4 53% 
E 4 90% 142. +73 30% 

B l  ando brome E 3 35% 8 1  .+28 - 
E 1 57% 138. +4 - 
E 4 90% 168. +8 - 

( a )  Exposures conducted a t  2 mph; 4-hour exposure du ra t i on .  
( b )  P ro jec ted  l e a f  area. Avg+SD, n=3. See F igu re  3.21 f o r  s t a t i s t i c a l  

eva lua t i on .  

3.3.2.3 I n f l u e n c e  o f  Wind Speed on Mass Load ing  

Computed d e p o s i t i o n  v e l o c i t y  va lues f o r  d e p o s i t i o n  o f  RP/BR and WP smokes 
t o  f o l i a g e  inc reased  i n  p r o p o r t i o n  t o  wind speed i n  Tables 3.37 and 3.38. 
If i t  i s  assumed t h a t  t h e  t o x i c i t y  o f  phosphorus smokes i s  d i r e c t l y  r e l a t e d  
t o  mass l o a d i n g  t o  v e g e t a t i v e  sur faces,  then  wind speed can be an impo r tan t  
v a r i a b l e .  The e f f e c t  o f  wind speed on f o l i a r  mass l o a d i n g  o f  RP/BR and WP i s  
shown i n  Tables 3.42 and 3.43, r e s p e c t i v e l y .  P lan t s  exposed t o  RP/BR smokes 
a t  0.5 t o  10 mph e x h i b i t  a 100- t o  170 - fo l d  i nc rease  i n  mass l o a d i n g  over  
t h i s  wind speed range. Both ponderosa p i n e  and b lando brome show o n l y  
minimal increases i n  mass l o a d i n g  below 4.5 mph; between 4.5 and 10 mph, 



TABLE 3.42. INFLUENCE OF WIND SPEED ON MASS LOADING OF RP/BR SMOKES TO 
FOLIAGE OF PONDEROSA PINE AND BLAND0 BROME(a) 

P l a n t  spec ies Exposure Wind 
code speed 

(mph) 

Mass 
1 oad i  ng 

(ug ~ / c r n z ) ( ~ )  

Ponderosa p i n e  D-5.3 0.5 
D- 1 2.0 
0-5.2 4.5 
D-2 10.0 

Blando brome D-5.3 0.5 
D- 1 2.0 
D-5.2 4.5 
D-2 10.0 

( a )  Exposures conducted f o r  1 hour  a t  60% r e l a t i v e  hum id i t y .  
( b )  P r o j e c t e d  l e a f  area. Avg+SD, n=3. See F i g u r e  3.22 f o r  s t a t i s t i c a l  

eva lua t i on .  

TABLE 3.43. INFLUENCE OF WIND SPEED ON MASS LOADING OF WP SMOKES TO FOLIAR 
SURFACES(a) 

P l a n t  Exposure Wind Flass 
spec ies code speed 1 oad i  ng 

h p h )  ~ / c m 2 ) ( ~ )  

Ponderosa p i n e  E 1 2 
E2.3 4 
E2.2 6 
E2.1 10 

Blando brome E 1 2 
E2.3 4 
E2.2 6 
E2.1 10 

l a )  Exposures conducted f o r  1 hour  a t  60% r e l a t i v e  hum id i t y .  
(b) Pro jec ted  l e a f  area. AvgiSD, n=3. See F i g u r e  3.22 f o r  s t a t i s t i c a l  

e v a l u a t i o n .  



t h e r e  i s  a  r a p i d  inc rease  i n  d e p o s i t i o n  t o  f o l i age .  A s i m i l a r  behav io r  i s  
noted f o r  WP smokes. I n  t h e  l a t t e r  exposures, t h e  0.5 and 4.5 mph 
t rea tments  were o m i t t e d  and rep laced  by 4  and 6 mph t rea tments  t o  b e t t e r  
d e f i n e  t h e  wind speed c o n d i t i o n s  impac t ing  depos i t i on .  From t h e  da ta  i n  
Tab le  3.42, i t  i s  c l e a r  t h a t  d e p o s i t i o n  begins t o  inc rease  
d i s p r o p o r t i o n a t e l y  a t  some wind speed between 2 and 4 mph, w h i l e  i n c r e a s i n g  
w i t h  a  l o g  f u n c t i o n  a t  wind speeds i n  excess o f  4  mph. 

4 These r e s u l t s ,  i n  a d d i t i o n  t o  demonstrat ing t h e  i n f l u e n c e  o f  wind 
speed on t h e  mass l o a d i n g  o f  phosphorus smokes t o  vege ta t ion ,  c l e a r l y  show 
t h e  e f f e c t  o f  va r i ous  phys i ca l  d e p o s i t i o n  processes on p a r t i c l e  
i n t e r c e p t i o n .  For  example, t h e  MMAD o f  p a r t i c l e s  generated d u r i n g  t h e  
phosphorus exposures approximated 1.7 pm. Based on t h e  mass l o a d i n g  
r e s u l t s ,  i t  would appear t h a t  two d i s t i n c t  processes dominate. A t  wind 
speeds below approx imate ly  4  mph, d e p o s i t i o n  i s  low due t o  l i m i t a t i o n s  i n  
d i f f u s i o n a l  and g r a v i t a t i o n a l  f l u x e s  between t h e  a i r  column and r e c e p t o r  
surfaces. Above 4 mph, boundary l a y e r s  a t  t h e  r e c e p t o r  su r face  a r e  reduced 
and phys i ca l  impac t ion  o f  p a r t i c l e s  on f o l i a r  su r faces  begins t o  dominate, 
compared t o  d i f f u s i o n a l  and g r a v i t a t i o n a l  f l u x e s .  These processes, d r i v e n  
by wind speed, become ex t reme ly  impo r tan t  w i t h  r espec t  t o  p h y t o t o x i c i t y  o f  
phosphorus smokes. 

3.3.3 D i r e c t  P h v t o t o x i c i t v  of Phos~ho rus  Smokes 

The p rev ious  s t u d i e s  were performed t o  e s t a b l i s h  t h e  r e l a t i v e  
importance o f  severa l  env i ronmenta l  and exposure c o n d i t i o n s  on t h e  
d e p o s i t i o n  o f  phosphorus smokes t o  f o l i a r  sur faces,  i n c l u d i n g  r e l a t i v e  
humid i t y ,  w ind speed, exposure du ra t i on ,  r a i n o u t ,  and post-exposure 
s imu la ted  r a i n f a l l .  Each o f  these parameters, w i t h  t h e  p o s s i b l e  excep t i on  
of r e l a t i v e  humid i t y ,  i n f l u e n c e  t h e  mass l o a d i n g  o f  phosphorus smokes t o  
v e g e t a t i v e  sur faces.  I n  t h e  f o l l o w i n g  s t u d i e s  we have at tempted t o  
e s t a b l i s h  t h e  r e l a t i o n s h i p  between f o l i a r  mass l o a d i n g  and p h y t o t o x i c i t y  
r e s u l t i n g  f rom d i r e c t  c o n t a c t  w i t h  f o l i a g e .  I n  each s tudy  t h e  s o i l  
c o n t a i n e r  was bagged t o  p reven t  s o i l  contaminat ion,  thus  a l l o w i n g  
o n l y  f o l i a r  c o n t a c t  . t o x i c i t y  t o  be evaluated.  The i n d i r e c t  e f f e c t s  o f  
phosphorus smokes on p l a n t s ,  v i a  s o i l  contaminat ion,  i s  addressed i n  a  
l a t e r  sec t ion .  

Dea l ing  w i t h  f o l i a r  c o n t a c t  t o x i c i t y  p resen ts  severa l  problems. I n  
t h i s  s tudy  a l l  b u t  one o f  t h e  p l a n t  spec ies (Bushbean) a r e  n a t u r a l  gene t i c  
s tock,  and each i n d i v i d u a l  can rep resen t  a  s l i g h t l y  d i f f e r e n t  genotype. 
Such d i f f e rences  a l l o w  f o r  some p h y s i o l o g i c a l  v a r i a b i l i t y  and p o s s i b l e  
t o x i c i t y  response d i f fe rences  w i t h i n  each t e s t  species.  Also, under bo th  
f i e l d  c o n d i t i o n s  and i n  t h e  wind tunne l  exposure system, where a i r  movement 
occurs a long  a  g i ven  v e c t o r  ( i  .e., w ind d i r e c t i o n ) ,  d e p o s i t i o n  t o  canopies 
can occur  i r r e g u l a r l y  depending on canopy s t r u c t u r e ,  dens i t y ,  and t h e  
presence o f  back eddies. The a i r  movements and c u r r e n t s  account f o r  a  
s u b s t a n t i a l  f r a c t i o n  o f  t h e  f o l i a r  d e p o s i t i o n  i n  bo th  ins tances ,  and a r e  
r e p r e s e n t a t i v e  o f  r e a l  cond i t i ons .  T h i s  approach i s  s u b s t a n t i a l l y  more 
s u i t e d  t o  t o x i c i t y  t e s t i n g  than  s t i r r e d  o r  u n s t i r r e d  s ta t i c -exposu re  



systems. Another  problem i s  how t o  q u a n t i f y  damage t o  v e g e t a t i o n  i n  a  
c o n s i s t e n t  and c o s t  e f f e c t i v e  manner. A f t e r  p r e l i m i n a r y  r e s u l t s  w i t h  RP/BR 
smokes were obta ined,  i t  was dec ided t h a t  t h e  b e s t  approach t o  e v a l u a t i n g  
c o n t a c t  t o x i c i t y  was t o  use a  nonparametr ic  g rad ing  system, namely, a  
m o d i f i c a t i o n  o f  t h e  Daubenmire r a t i n g  s c a l e  (1959),  as a  damage index.  

The m o d i f i e d  Daubenmire r a t i n g  s c a l e  (MDRS) and d e s c r i p t o r s  f o r  
t o x i c i t y  symptoms a r e  g i ven  i n  Table 3.44, and a r e  used t o  desc r i be  t h e  
t o x i c i t y  responses i n  each of t h e  f o l l o w i n g  s tud ies .  The MDRS i s  used t o  
desc r i be  t h e  e x t e n t  o f  v i s u a l  damage caused by phosphorus smokes d e l i v e r e d  
under d i f f e r e n t  exper imenta l  c o n d i t i o n s .  The damage can be any one o r  more 
o f  t h e  l i s t e d  symptoms; however, f o r  t h e  phosphorus smokes t h e  ma jo r  
e f f e c t s  appeared t o  be t i p  burn, c h l o r o s i s ,  and l e a f  d ieback and drop. I n  - 
t h e  case o f  t h e  p ines,  grass, and i n  some ins tances  sagebrush, t h e  
i n t e n s i t y  o f  f o l i a r  damage was f u r t h e r  q u a n t i f i e d  by de te rm in ing  t h e  
p h y s i c a l  l e n g t h  of needle o r  l e a f  damage. The da ta  generated f o r  f o l i a r  
c o n t a c t  t o x i c i t y  a r e  nonparametr ic,  and rep resen t  an o v e r a l l  e s t i m a t e  o f  
f o l  i a r  damage t o  i n d i v i d u a l  p l a n t s .  

3.3.3.1 E f f e c t  o f  Exposure Du ra t i on  and Post-Exposure Simulated 
R a i n f a l l  on P h y t o t o x i c i t y  

The purpose o f  t h e  range - f i nd ing  t e s t  w i t h  RP/BR smoke was t o  determine 
i f  t h e  e x t e n t  o f  p l a n t  damage i s  p r o p o r t i o n a l  t o  mass l o a d i n g  on to  
v e g e t a t i v e  sur faces  ( i  .e., exposure t o  a  s i n g l e  c o n c e n t r a t i o n  f o r  2, 4, 6, 
o r  8 hours ) ,  i f  a  post-exposure s imu la ted  r a i n f a l l  would i n t e n s i f y  o r  
ame l i o ra te  any observed e f f e c t s ,  and t o  e s t a b l i s h  a  work ing  exposure l e v e l  
f o r  subsequent RP/BR and WP s tud ies .  The e x t e n t  o f  p h y t o t o x i c i t y  o r  v i s u a l  
symptoms were r a t e d  f o r  each p l a n t  w i t h i n  each exposure t r ea tmen t  u s i n g  t h e  
MDRS. T h i s  b a s i c a l l y  i n v o l v e s  a  p e r i o d i c ,  post-exposure examina t ion  o f  
p l a n t  f o l i a g e  t o  es t ima te  t h e  f r a c t i o n  o f  t h e  canopy t h a t  i s  adve rse l y  
a f f e c t e d ;  s c a l e  r a t i n g s  a r e  g i ven  i n  Table 3.44. I n  a d d i t i o n ,  a  
q u a n t i t a t i v e  es t ima te  o f  t h e  e x t e n t  o f  damage pe r  needle,  b lade,  o r  l e a f  i s  
determined where f e a s i b l e ,  and any obv ious symptoms a r e  noted. 

Tab le  3.44 shows t h e  t a b u l a t e d  r e s u l t s  f o r  t h e  observed symptoms. I n  
genera l ,  t h e  f i v e  p l a n t  spec ies used e x h i b i t e d  a  wide range i n  response t o  
t h e  RP/BR smokes. The grass appeared t o  be t h e  l e a s t  s e n s i t i v e ,  f o l l o w e d  by  
t h e  sagebrush and p ines,  w i t h  bushbean be ing  t h e  most s e n s i t i v e .  I n  a l l  
cases, w i t h  t h e  excep t i on  o f  bushbean, a  post-exposure s imu la ted  r a i n f a l l  
s u b s t a n t i a l l y  ame l i o ra ted  t o x i c  e f f e c t s .  E f f e c t s  were p rog ress i ve  w i t h  
bo th  t ime  post-exposure and d u r a t i o n  o f  exposure ( i .e. ,  mass l o a d i n g  t o  
f o l i age ,  see Tab le  3.39). Based on t h e  t ime  and mass l o a d i n g  dependence, 
i t  would appear t h a t  phosphorus spec ies a r e  be ing  t r a n s p o r t e d  f rom t h e  
f o l i a r  su r faces  t o  t h e  i n t e r i o r  c e l l s ,  i nduc ing  a  d i s r u p t i o n  o f  e i t h e r  
osmotic and/or me tabo l i c  processes, and r e s u l t i n g  i n  t h e  observed t i p  o r  
edge burn  and l e a f  dieback. S p e c i f i c  observa t ions  a r e  presented i n  Tab le  
3.45. T o x i c i t y  r a t i n g  va lues shown i n  a l l  t a b l e s  rep resen t  t h e  median 
va lues f o r  t h e  t h r e e  r e p l i c a t e s .  I n  t h e  case o f  t h e  ponderosa and 
shor t -need le  p ines,  100% o f  t h e  needles e x h i b i t e d  t i p  burn  and d ieback 



TABLE 3.44. CODING FOR THE MODIFIED DAUBENMIRE RATING SCALE AND 
ASSOCIATED PHYTOTOXICITY SYMPTOMS 

Symptom/ in tens i ty  D e s c r i p t i o n  

4 
Modi f ied  Daubenmi r e  r a t i n g  sca le :  

0  

1 

2  

3  

4 

5  

6 

Phenotypic responses: 

OGA 

T  B 

LBD 

Chl 

BD 

LC 

W 

G D 

D 

F/ SA 

( va lue )  

no obv ious e f f e c t s  over  c o n t r o l s  

~ 5 %  o f  p l a n t  f o l i a g e  a f f e c t e d  

between 5%-25% o f  f o l  i age  a f f e c t e d  

between 25%-50% o f  f o l i a g e  a f f e c t e d  

between 50%-75% o f  f o l i a g e  a f f e c t e d  

between 75%-95% o f  f o l i a g e  a f f e c t e d  

between 95%-100% o f  f o l i a g e  a f f e c t e d  

o l d  growth a f f e c t e d  

new growth a f f e c t e d  

o l d  and new growth a f f e c t e d  

t i p  o r  l e a f  edge burn  

l e a f  burn  and l e a f  drop 

n e c r o t i c  s p o t t i n g  

l e a f  absc i ss i on  o r  needle drop 

c h l o r o s i s  

b lade  d ieback 

l e a f  c u r l  

w i l t i n g  

growing t i p  d ieback 

p l a n t  dead 

f l o r a l  o r  s e e d / f r u i  t a b o r t i o n  

i n d i c a t e s  t h e  l e n g t h  i n  cm t h a t  

needles o r  leaves e x h i b i t  d ieback 

o r  t i p  burn  



TABLE 3.45. PHYTOTOXIC RESPONSES OBSERVED FOR PLANTS EXPOSED TO RP/BR 
SMOKES FOR 2, 4, 6, AND 8 HOURS. COMPARISON O F  PLANTS EXPOSED 
WITHOUT POST-EXPOSURE TREATMENT AND PLANTS SUBJECTED TO A POST- 
EXPOSURE SIMULATED R A I N F A L L .  

T i  me Exposure du ra t i on (hou r ) (a )  
(pos t -  

2 4 6 8 P l  an t  species exposure) 

(day Degree o f  phy to tox ic  response 

Ponderosa p ine  2 0 TB 1 (0-0.5) TB 1 (0-1.0) TB 6 (1-2)  
6 TB 1 (0-2) TB 3 (0.5-6.5) TB 6 (3.5-10) TB 6 (1.5-4) 
12 TB 4 (2.5-9) TB 6 ( 3.5-6.5) TB 6 (4.5-11) TB 6 (3.5-7) 

Ponderosa p ine  2 0 0 0 0 

(1 eached) 6 0 0 TB 2 ( 0-1 ) TB 2. ( 0-1 ) 
12 0 TB 3 ( 0-1.5) TB 2 (2-2.5) TB 3 (4-7) 

Short-need1 e p ine  2 0 TB 1 (0-0.5) TB 6 (0-1) TB 6 (1-3) 

8 TB 2 (0-1.5) TB 3 (1-5) TB 6 (8-9.5) TB 6 (6-9) 

12 TB 2 (0-2) TB 3 (2-6)  TB 6 (10-11) TB 6 (6-11) (b) 

Short-need1 e p ine  2 0 0 

(1 eached) 8 0 0 
12 0 0 

Sagebrush 2 0 0 LBD (5,2) LBD (6,3) 

10 0 LBD (4,2) LBD (6,3) LBD (6,3) 

16 0 LED (6,2) LBD (6,3) LBD (6,3) 

Sagebrush 2 0 0 0 LBD (6,1) 

(1 eached) 10 0 0 LBD (2, l )  LBD (6,l) 
16 0 0 LBD (3,l) LBD (6,1) 

Blando brome 2 0 0 TB 2 (0-0.5) TB 3 (2-6) 
10 0 0 TB 2 (0-1 ) TB 5 (2-8)  
15 TB 2 (0-0.5) TB 2 (0.5-1) TB 3 (0.5-3) TB 6 (4-10) OCA 

Bushbean 

Bushbean 1 0 D D 
( 1 eached ) 3 TB 4 D D 

10 T B 4  D D 

( a )  See Tables 3.34 and 3.39 f o r  experimental condi t ions.  
(b )  New and o l d  growth 

3.76 



f o l l o w i n g  6  and 8  hours o f  exposure. The burn  and d ieback occur red  w i t h i n  1 
t o  3 days f o l l o w i n g  exposure. For  each t rea tment ,  t h e  e x t e n t  o f  t i s s u e  
a f f e c t e d  (percentage o f  p l a n t  f o l i a g e  a f f e c t e d )  and t h e  i n t e n s i t y  of 
e f f e c t s  ( l e n g t h  i n  cm) o f  i n d i v i d u a l  needles e x h i b i t i n g  d ieback)  increases 
w i t h  t ime  f o l l o w i n g  exposure. I n  genera l  i t  appears t h a t  t h e  o l d e r  
v e g e t a t i v e  t i s s u e s  a r e  p r e f e r e n t i a l l y  a f f e c t e d ;  t h i s  was most p r e v a l e n t  i n  
t h e  shor t -need le  p i n e  t h a t  i n i t i a t e d  bud break p r i o r  t o  exposure and had 
newly expanding needles. Th i s  new growth showed t i p  burn  and dieback o n l y  

* i n  t h e  8-hour exposure and a f t e r  12 days post - t reatment .  A p p l i c a t i o n  o f  a  
post-exposure s imu la ted  r a i n f a l l ,  which on average r e s u l t s  i n  removal of 
40% t o  80% o f  t h e  f o l i a r  mass l o a d i n g  depending on canopy s t r u c t u r e  ( a l l  
o t h e r  f a c t o r s  cons tan t ) ,  s u b s t a n t i a l  l y  reduces t h e  e x t e n t  and i n t e n s i t y  o f  
t h e  e f f e c t s .  Th i s  may be o f  consequence i n  a l l e v i a t i n g  p o t e n t i a l  adverse 
s i t e  e f f e c t s ,  p a r t i c u l a r l y  i n  t h e  southeast  and mountainous western s i t e s  
where p e r i o d i c  r a i n f a l l  i s  p reva len t .  * 

Sagebrush e x h i b i t e d  no adverse e f f e c t s  f o r  16 days f o l l o w i n g  2  hours 
o f  exposure. However, t h e  4-, 6-, and 8-hour t rea tments  showed a  r a p i d  
onset  o f  l e a f  edge burn  and dieback, s i m i l a r  i n  e x t e n t  t o  t h a t  noted f o r  
t h e  p ines.  I n  a d d i t i o n ,  t h e  r e l a t i v e l y  s h o r t  leaves o f  sagebrush were prone 
t o  absc i ss i on  and l e a f  d rop  once dieback a f f e c t e d  50% t o  75% of t h e  
i n d i v i d u a l  leaves. A p p l i c a t i o n  o f  a  post-exposure s imu la ted  r a i n f a l l  
markedly reduced l e a f  burn  and dieback i n  t h e  4- and 6-hour t reatments ,  and 
t h e  e x t e n t  o f  l e a f  drop i n  t h e  4-, 6-, and 8-hour t reatments .  

Blando brome was most r e s i s t a n t  t o  phosphorus e f f e c t s  based on t h e  
e x t e n t  o f  f o l i a r  t i s s u e  a f f e c t e d  and t h e  i n t e n s i t y  o f  t h e  e f f e c t s .  As 
noted f o r  t h e  shor t -need le  p ine ,  damage i s  p r i m a r i l y  assoc ia ted  w i t h  t h e  
o l d e r  leaves. Compared w i t h  t h e  o t h e r  p l a n t  spec ies tes ted ,  b lando brome 
e x h i b i t e d  minimal adverse response. Severe e f f e c t s  were noted f o r  t h e  
8-hour t rea tment ,  o n l y  a f t e r  15 days post - t reatment ;  t h e  e f f e c t s  were 
ma in l y  assoc ia ted  w i t h  t h e  o l d e s t  whor ls  of  leaves.  

The e f f e c t s  o f  RP/BR smokes were most severe w i t h  bushbean. However, 
bushbean was i nc l uded  i n  these s t u d i e s  p r i m a r i l y  as an i n d i c a t o r  species 
because o f  i t s  p o t e n t i a l  s u s c e p t i b i l i t y  t o  f o l i a r  i n s u l t s .  The p l a n t s  d i e d  
as a  r e s u l t  o f  t h e  4-, 6-, and 8-hour t reatments ,  w h i l e  t h e  2-hour exposure 
caused r a p i d  and severe symptoms rang ing  f rom l e a f  burn, dieback and 
absc i ss i on  o f  p r imary  leaves, t o  edge burn and nec ros i s  o f  t r i f o l i a t e s ,  t o  
dieback of t h e  growing t i p s .  Cont ra ry  t o  r e s u l t s  o f  t h e  o t h e r  p l a n t  
species,  post-exposure l each ing  appeared t o  a m p l i f y  t h e  t o x i c  e f f e c t s  o f  
t h e  RP/BR smokes, and r e s u l t e d  i n  p l a n t  s t u n t i n g  and c h l o r o s i s .  Whi le  t h e  
e x t e n t  and i n t e n s i t y  o f  these e f f e c t s  were unexpected ly  severe, bushbean 
w i l l  con t i nue  t o  be used t o  i n d i c a t e  e f f e c t s  f rom a i r b o r n e  contaminants.  

S ince t h e  o b j e c t i v e  o f  these s t u d i e s  was t o  eva lua te  c l o s e - i n  e f f e c t s  
of obscurant  smokes, t h e  i n i t i a l  r ange - f i nd ing  t e s t s  were performed u s i n g  
a i r b o r n e  smoke concen t ra t i ons  o f  1900 mg/m3, o r  approx imate ly  525 mg P/m3, 
and i n d i v i d u a l  t e s t  du ra t i ons  o f  2, 4, 6, and 8hrs .  I n  a d d i t i o n ,  because 
t h e  tunne l  was r u n  i n  a  p a r t i a l  r e c y c l e  mode, bo th  t h e  range - f i nd ing  t e s t s  



and cumula t i ve  dos ing  t e s t s  (CDT) were conducted a t  low r e l a t i v e  h u m i d i t y  
t o  m in im ize  t h e  e x t e n t  of  phosphorus h y d r o l y s i s  t o  phosphate and maximize 
c l o s e - i n  e f f e c t s  r e s u l t i n g  f rom p a r t i a l  o x i d a t i o n  and h y d r o l y s i s  p roduc ts .  
The o b j e c t i v e s  appear t o  have been met s i n c e  leacha tes  o f  v e g e t a t i o n  
samples taken w i t h i n  1 hour  of exposure c o n t a i n  25%-40% phosphate, < I %  
phosphi te ,  and t h e  ba lance i n  l i n e a r  and c y c l i c  polyphosphates. Based on 
these exposure c o n d i t i o n s  and t h e  chemical  compos i t ion  o f  t h e  smokes, p l a n t  
and s o i l  e f f e c t s  should be maximized, p a r t i c u l a r l y  i f  one assumes t h a t  
p l a n t  e f f e c t s  must be preceded by t r a n s p o r t  f rom f o l i a r  su r faces  t o  t h e  
i n t e r i o r  o f  t h e  leaves,  as i n d i c a t e d  by t h e  data.  

The s e v e r i t y  of t h e  p l a n t  e f f e c t s  compared t o  those  ob ta ined  i n  s t a t i c  
exposure systems ( B a t t e l l e  Columbus Labo ra to r i es  Month ly  Repor t  No. 8, 
USAMBRDL Con t rac t  No. DAMD17-84-C-4001) was i n i t i a l l y  thought  t o  be based 
on t h e  d i f fe rences  i n  combustion p roduc ts  produced by t h e  two bu rn ing  
methods. However, t h e  p roduc ts  depos i t ed  t o  v e g e t a t i v e  sur faces  i n  our  
s t u d i e s  were r a p i d l y  conver ted  t o  phosphate, and should have o n l y  a  
t r a n s i e n t  e f f e c t ,  i f  any. In a d d i t i o n ,  t h e  maximum exposure l e v e l  a t t a i n e d  
i n  t h e  s t u d i e s  a t  BCL were on t h e  average o n l y  approx imate ly  900 mg o f  
RP/BR smoke/m3 f o r  2  hours,  w i t h  peak exposure l e v e l s  (and t h e r e f o r e  
d e p o s i t i o n )  o c c u r r i n g  ove r  a 15-minute per iod .  T h i s  would suggest t h a t ,  a t  
bes t ,  ou r  l owes t  exposure t rea tment  was 2  t o  3  t imes h i g h e r  i n  magnitude 
than  t h a t  o f  BCL. A lso,  t h e  modes o f  f o l i a r  con tamina t ion  w i l l  undoubtedly  
i n f l u e n c e  d e p o s i t i o n  v e l o c i t i e s  t o  v e g e t a t i v e  sur faces  ( i  .e., s t i r r e d  
chamber versus a  w ind  tunne l  w i t h  a  rep len i shed  moving a i r  column). 
Therefore,  t h e  l a c k  o f  s i g n i f i c a n t  p l a n t  e f f e c t s  i n  t h e  BCL s t u d i e s  a r e  
n e a r l y  comparable t o  t h e  minimal e f f e c t s  observed i n  ou r  s t u d i e s  f o r  t h e  
2-hour t rea tment .  

F o l i a r  c o n t a c t  t o x i c i t y  r e s u l t s  f o r  RP/BR a r e  summarized i n  F i g u r e  
3.24. T h i s  f i v e  p a r t  F i gu re  shows t h e  r e l a t i v e  t o x i c i t y  f o r  t h e  f i v e  p l a n t  
spec ies t o  a  range o f  f o l i a r  mass load ings ,  and t h e  genera l  a m e l i o r a t i n g  
i n f l u e n c e  o f  a  post-exposure simual t e d  r a i n f a l l .  A  number o f  conc lus ions  
can be drawn f r om these  da ta  and t h e  d e t a i l e d  da ta  p rov ided  i n  Tab le  3.45. 
F i r s t ,  p h y t o t o x i c i t y  i n  t he  range - f i nd ing  t e s t  i s  p r o p o r t i o n a l  t o  t h e  
d u r a t i o n  o f  exposure ( i  .e., mass l o a d i n g  t o  f o l i a g e ) .  Second, based on t h e  
symptoms observed, f o l i a r  contaminants assoc ia ted  w i t h  RP/BR smokes a r e  
r e a d i l y  t r a n s p o r t e d  t o  t h e  i n t e r i o r  c e l l s  o f  t h e  leaves. The edge burn  and 
d ieback observed i s  c o n s i s t e n t  w i t h  e i t h e r  s a l t  damage o r  a c i d i t y  e f f e c t s ,  
which r e s u l t  i n  i r r e v e r s i b l e  osmot ic  damage. However, t h e  r a p i d  onse t  o f  
damage would i n d i c a t e  t h e  p o s s i b l e  i n t e r a c t i o n  o f  s p e c i f i c  P  spec ies w i t h  
me tabo l i c  processes, s i n c e  we would n o t  expect  s a l t  damage t o  occur  so 
r a p i d l y .  Th i s  conc lus ion  i s  somewhat suppor ted by t h e  presence o f  
moderate ly  severe damage observed even when some p l a n t s  a r e  sub jec ted  t o  
s imu la ted  r a i n f a l l  w i t h i n  2 hours o f  exposure a t  low hum id i t y .  Th i r d ,  
post-exposure l each ing  does p a r t i a l l y  ame l i o ra te  RP/BR smoke e f f e c t s ,  which 
i n d i c a t e s  t h a t  t r a i n i n g  s i t e s  i n  areas w i t h  moderate t o  h i g h  r a i n f a l l  may 
be impacted l e s s  than  t r a i n i n g  s i t e s  i n  a r i d  reg ions .  Fourth,  p r e l i m i n a r y  
d e p o s i t i o n  v e l o c i t y  and mass l o a d i n g  da ta  show a  p r e f e r e n t i a l  l o a d i n g  o f  
l e a d i n g  and s i d e  sur faces  o f  t h e  canopy, w i t h  a  20% t o  70% r e d u c t i o n  i n  
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FIGURE 3.24. INFLUENCE OF FOLIAR MASS LOADING AND POST-EXPOSURE LEACHING 
ON CONTACT T O X I C I T Y  OF RP/BR SMOKES TO ( a )  SHGRT NEEDLE P INE,  
( b )  SAGEBRUSH, ( c )  BUSHBEAN, (d)  BLAND0 BROME, AND (e )  
PONDEROSA P I N E  



l o a d i n g  r a t e s  f o r  t h e  t r a i l i n g  sur faces .  F i f t h ,  damage f rom RP/BR smokes 
appears t o  p r e f e r e n t i a l l y  occur  t o  o l d e r  t i s sues .  T h i s  e f f e c t  was 
p r i m a r i l y  observed i n  t h e  shor t -need le  p i n e  t h a t  had newly emerging needles 
i n  a d d i t i o n  t o  t h e  p resen t  y e a r ' s  growth, and i n  t h e  b lando brome t h a t  had 
whor ls  of b lades o f  decreas ing age. I n  a d d i t i o n ,  severa l  o f  t h e  grasses 
exposed were i n  l a t e  boo t  s tage and some i n d i c a t i o n  o f  f l o r a l  a b o r t i o n  was . 
noted. F i n a l l y ,  w h i l e  t h e  t o x i c  e f f e c t s  appear t o  be severe, t h e  damage 
observed t o  da te  f o r  t h e  n a t i v e  p l a n t  spec ies should be t r a n s i e n t .  Even 
t h e  p l a n t s  exposed a t  2 gm/m3 f o r  8  hours w i l l  su r v i ve .  However, t h e  
near- long t e rm  e f f e c t  o f  repeated exposure a t  these h i g h  l e v e l s  would 
undoubtedly reduce t h e i r  v i g o r  and a b i l i t y  t o  compete i n  t h e  environment.  

E f f e c t  o f  Cumulat ive Dosing on P h y t o t o x i c i t y  

B r i e f l y ,  t h e  purpose o f  t h e  CDP was t o  determine i f  a  s e r i e s  o f  
r e p e t i t i v e  low-dose exposures t o  RP/BR smokes would e l i c i t  t h e  same e x t e n t  . 
and i n t e n s i t y  of  e f f e c t s  observed i n  t h e  range - f i nd ing  t e s t  u s i n g  a  s i n g l e  
a i r  c o n c e n t r a t i o n  d e l i v e r e d  t o  f o l i a g e  f o r  f rom 2  t o  8  hours.  The b a s i c  
ques t i on  be ing  addressed i s  whether o r  n o t  p l a n t s  can m e t a b o l i c a l l y  
compensate, g i v e n  t ime  between con tamina t ion  events,  t o  a  g i ven  f o l i a r  mass 
l oad ing .  

Whi le  p l a n t  t o x i c i t y  t o  phosphorus smokes w i l l  undoubtedly  be r e l a t e d  
t o  mass load ing ,  i t  may be more conven ien t  under f i e l d  c o n d i t i o n s  t o  use a  
va lue  based on a i r  concen t ra t i on  and exposure du ra t i on .  Such a  va lue  would 
be a p p r o p r i a t e  assuming t h a t  d e p o s i t i o n  v e l o c i t y  i s  r e l a t i v e l y  cons tan t .  
I n  t h e  r a n g e - f i n d i n g  t e s t ,  f o r  example, where p l a n t s  were exposed f o r  2, 4, 
6, o r  8  hours t o  RP/BR smokes a t  concen t ra t i ons  o f  524 mg t o t a l  P/m3 (Tab le  
3.39), an exposure dose can be c a l c u l a t e d  based on t h e  a i r  c o n c e n t r a t i o n  of 
phosphorus and t h e  exposure du ra t i on .  Th i s  t ime-weighted exposure l e v e l  
(TWEL) would c a l c u l a t e  t o  1048, 2096, 3144, and 8384 mg P x  hour  f o r  t h e  
2-, 4-, 6-, and 8-hour t reatments ,  r e s p e c t i v e l y .  Mass l o a d i n g  r a t e s  f o r  
each o f  t h e  f o l i a r  types i n v e s t i g a t e d  a r e  r e l a t i v e l y  p r o p o r t i o n a l  t o  these 
TWEL va lues.  A i r  concen t ra t i ons  employed i n  t h e  CDT s e r i e s  were se lec ted  
t o  e s t a b l i s h  mass l o a d i n g  r a t e s  t h a t  equal and exceed those  t h a t  e l i c i t e d  
an e f f e c t  f o r  a  g i v e n  p l a n t  spec ies i n  t h e  range- f ind ing  t e s t .  For  
example, i n  t h e  case o f  ponderosa p i n e  (Tab le  3.45), i f  t h e  6-hour exposure 
t rea tment  were s e l e c t e d  as a  re ference p o i n t  based on t h e  i n t e n s i t y  of  
response (MDRS o f  6 )  t h e  corresponding p o i n t  o f  r e fe rence  i n  t h e  CDT would 
be t h e  TWEL o f  3144 mg P x  h r  ( o r  i t s  corresponding mass l o a d i n g  r a t e  f o r  
t h a t  t i s s u e  t ype ) ,  i f  t h e r e  were no p l a n t  compensation f o r  a  sequen t i a l  
exposure se r i es .  I f  t h e r e  were a  t ime  dependent compensation, t hen  a  
s u b s t a n t i a l l y  h i g h e r  TWEL va lue  would be r e q u i r e d  t o  induce t h e  same l e v e l  
of t o x i c i t y .  To b r a c k e t  t h e  d o s e / e f f e c t  r e s u l t s  f rom t h e  range - f i nd ing  
t e s t ,  two a i r  concen t ra t i ons  were employed i n  t h e  CDT; [ i .e., 60 and 314 mg 
t o t a l  P/m3 ( d i v i d e d  by 0.276 t o  o b t a i n  t o t a l  smoke concent ra t ions ] .  Table 
3.46 shows t h e  corresponding cumula t i ve  a i r  concen t ra t i ons  and TWELs f o r  
t h e  CDT. The a i r  concen t ra t i ons  and TWELs i n  e f f e c t  expand t h e  lower  
exposure regime, and exceed t h e  h i g h e s t  TWEL (60 t o  11,300 mg P x  h r )  
employed i n  t h e  r a n g e - f i  nd ing  t e s t  (1048 t o  8384 mg P x  h r )  , as no ted  



TABLE 3.46. EXPOSURE FREQUENCIES AND TIME-WEIGHTED EXPOSURE LEVELS FOR 
RP/BR SMOKES I N  THE CUMULATIVE DOSE TEST 

Exposure 
da te  

Exposure Low dose exposure(a) High dose exposure 
number C AC TWEL CAC TWEL 

(mgP/m3/4 h r )  (mgPxhr) (mgP/m3/4 h r )  (mgPxhr) 

( a )  CAC; (cumula t i ve  a i r  concen t ra t i on )  based on e i t h e r  60 o r  314 mg t o t a l  
P/m3 as t h e  t a r g e t  l e v e l  f o r  low and h igh  dose exposures, r e s p e c t i v e l y ;  
TWEL based on a i r  concen t ra t i on  and 4-hour exposure dura t ions .  

above. P lan t s  were exposed t o  these  l e v e l s  f o r  4-hour per iods ,  9 
consecu t i ve  t imes, and a t  2- t o  3-day i n t e r v a l s  over  21 days. Mass l o a d i n g  
r a t e s  were measured a t  t h e  end o f  t h e  s tudy  (exposure No. 9 )  and es t imated  
f o r  exposures 1 through 8. Resu l ts  a r e  shown i n  Table 3.47; no te  t h a t  f o r  
t h e  cumula t i ve  dose t e s t  s e r i e s  dose/mass l o a d i n g  was measured a t  t h e  end 
of t h e  se r i es ,  and dose f o r  exposures 1 through 8  were ca l cu la ted .  As can 
be seen, t h e  low dose mass l oad ings  f o l l o w i n g  exposure No. 9  approximate 
t h e  mass load ings  ob ta ined  f o r  t h e  leached p l a n t s  i n  t h e  range - f i nd ing  t e s t  
(Tab le  3.39), w h i l e  t h e  h i g h  dose l oad ings  approximate and exceed those 
f rom t h e  unleached 6- and 8-hour t reatments .  I n  theory ,  i f  no p l a n t  
compensation t o  mass l o a d i n g  occurs then  e f f e c t s  observed f o r  t h e  
range- f ind ing  t e s t  and t h e  CDT should be comparable a t  a  g iven  mass 
loading.  

I f  t h e  de lay  between r e p e t i t i v e  exposures i n  t h e  CDT pe rm i t s  t ime  f o r  
p l a n t  compensation, then  e f f e c t s  should be reduced f o r  p l a n t s  a t  a  s p e c i f i c  
mass l o a d i n g  i n  t h e  CDT. The t a b u l a t e d  t o x i c i t y  responses f rom t h e  CDT 
exposures t o  RP/BR a r e  shown i n  Table 3.48. These responses a r e  compared 
t o  t o x i c i t y  da ta  f rom t h e  range - f i nd ing  t e s t  found i n  Table 3.45. I n  
a d d i t i o n ,  comparisons o f  mass l o a d i n g  r a t e s  f o r  t h e  range - f i nd ing  t e s t  



TABLE 3.47. ESTIMATED AND MEASURED MASS LOADING RATES TO FOLIAGE FOR THE 
CUMULATIVE DOSE TEST 

Treatment/  Mass l o a d i n g  r a t e  by spec ies (a )  
exposure Ponderosa Shor t -needle Sagebrush Blando Bushbean 

p i n e  b  rome number p i n e  

(pg  t o t a l  P/cm2) 
Low dose exposure 

High dose exposure 

( a )  Mass l o a d i n g  r a t e s  were determined f o r  s o l u b l e  e x t r a c t a b l e  phosphorus 
a t  t h e  end o f  t h e  s tudy  and r e p o r t e d  as exposure No. 9 values; 
i n t e r m e d i a t e  exposure va lues were back ca l cu la ted ;  bushbeans sub jec ted  
t o  h i g h  dose d i e d  1 day f o l l o w i n g  exposure No. 3. Avg+SD, n=3. 

(Tab le  3.39) and t h e  CDT (Tables 3.46 and 3.47) should be noted. The 
p h y t o t o x i c i t y  r e s u l t s  f rom t h e  CDT a r e  q u i t e  s u r p r i s i n g ,  c o n s i d e r i n g  t h a t  
t h e  mass l oad ings  and TWELs r e s u l t i n g  from t h e  h i g h  dose t r ea tmen t  were 
s u b s t a n t i a l l y  above t h e  va lues f o r  t h e  range - f i nd ing  t e s t .  Resu l t s  a r e  
g i ven  i n  Table 3.48, f o r  each p l a n t  species.  Exposure numbers a r e  l i s t e d  
f o r  each o f  t h e  low and h i g h  dose exposures, and t h e  mass l o a d i n g  (TWEL) 
va lues a r e  p rov ided  f o r  p l a n t s  a f t e r  t h e  n i n t h  and f i n a l  exposure i n  t h e  
sequence. The l a s t  column con ta ins  t h e  t o x i c i t y  response da ta  f o r  these  
p l a n t s  as t hey  f i r s t  appeared and one week a f t e r  t h e  f i n a l  exposure. To 
compare t h e  e f f e c t s  f rom s i n g l e  versus m u l t i p l e  exposures, t h e  mass l o a d i n  



TABLE 3.48. TABULATED PHYTOTOXICITY DATA FOR THE REPETITIVE LOW AND HIGH 
EXPOSURE DOSE TREATMENTS FROM THE CUMULATIVE DOSE TEST (THESE 
DATA ARE COMPARED WITH PLANT EFFECTS, FOLIAR MASS LOADING, AND 
TIME-WEIGHTED EXPOSURE LEVELS FOR THE RP/BR SMOKE 
RANGE-FINDING TEST) 

P l a n t  Exposure Dose ML ( T W E L ) ( ~ )  C DT 

Sagebrush 

Bushbean 

species number l e v e l  CDT RFT T o x i c i t y  response 

Ponderosa p i n e  1-8 L 0 
9 L 63(2179) <68(1048) TB 1 (0-0.5 ) 
1-4 H 0 

* 5 H TB 2 (0 -1  ) 
6 H TB 3 (0-2 ) 
9 H 294(11,300) <68(1048) TB 4 (0-2.5 ) 

Short-need1 e p ine  1-8 L 0 
9 L 69(2179) <47(1048) TB 1 (0-1) 
1-5 H 0 
6 H TB 1 (0-0.5) 
9 H 350(11,300) <92(2096) TB 3 (0-2 ) NGA 
1-7 L 0 
8 L LBD (1,O) Chl 
9 L 46(2179) <91(2096) LBD (1,O) Chl 
1-5 H 0 
6 H LBD (1,O) 
9 H 388(11,300) <91(2096) LBD ( 5 , l )  

Blando brome 1-5 L 0 
6 L TB 1 (0-0.5) 
9 L 33(2179) <51(1048) TB 3 (0 -1  ) W 
1 H 0 
2 H TB 1 (0-0.5) 
3-6 H TB 6 (2-7) W,FA 
9 H 480(11,300) 201(8384) TB 6 (3-10) 

MGA ,W, F/SA 
1-4 L 0 
5 L TB 4 W,LD 
9 L 9(2179) 56(2096) TB 6 LC,LD,FA 
1 H TB 6 W,LD,LC,GD 
2 H 32(2105) 56(2096) TB6W,LDYLC,GD 

NS 
3 H D 

( a )  ML (mass load ing)  and TWEL (t ime-weighted exposure l e v e l  ) obta ined 
f rom Tables 3.39, 3.46, and 3.47. 



(TWEL) va lues  a r e  g i ven  f o r  t h e  s i n g l e  exposure range- f ind ing  t e s t ;  t h e .  
l a t t e r  r ep resen t  t h e  dose i nduc ing  a  l e v e l  o f  p l a n t  t o x i c i t y  e q u i v a l e n t  t o  
t h a t  ob ta i ned  f rom cumula t i ve  dosing. 

From t h e  r e s u l t s  shown i n  Tab le  3.48, i t  can be seen t h a t  t h e  e x t e n t  
and i n t e n s i t y  o f  t o x i c i t y  f o r  ponderosa p ine ,  shor t -need le  p ine ,  sagebrush, 
and b lando brome i n  t h e  CDT a r e  much reduced over  those r e s u l t i n g  f rom a  
s i n g l e  8-hour exposure i n  t h e  range - f i nd ing  t e s t  (see Tab le  3.45). I f  t h e  
e x t e n t  and i n t e n s i t y  o f  e f f e c t s  f o r  t h e  two exposure t e s t s  a r e  compared, 
and these e f f e c t s  a r e  r e l a t e d  t o  a  dose l e v e l  u s i n g  e i t h e r  mass l o a d i n g  o r  
TWEL values, i t  i s  p o s s i b l e  t o  determine i f  t h e r e  i s  a  p l a n t  compensation 
t o  r e p e t i t i v e  dose events  compared w i t h  a  s i n g l e  dose g i v i n g  t h e  same mass 
l oad ing .  These va lues a r e  compared under t h e  heading ML(TWEL) i n  t h e  
t a b l e .  From t h e  comparison o f  mass l o a d i n g  (TWEL) va lues f o r  t h e  
r a n g e - f i n d i n g  t e s t  and t h e  CDT, i t  i s  c l e a r  t h a t  t h e  f o l i a r  l o a d i n g  
r e s u l t i n g  f rom r e p e t i t i v e  exposures i s  s u b s t a n t i a l l y  l e s s  t o x i c  t han  s i n g l e  . 
h i g h  dose exposures, as i s  p a r t i c u l a r l y  e v i d e n t  i n  t h e  h i g h  dose l e v e l  
t reatments .  For  example, w i t h  ponderosa p i n e  a  s i n g l e  2-hour exposure 
w i t h  a  TWEL o f  1048 mg P  x  hour  (mass l o a d i n g  o f  68 pg P/cm2) r e s u l t s  i n  
approx imate ly  t h e  same damage as t h e  r e p e t i t i v e  dos ing  e q u i v a l e n t  t o  a  TWEL 
o f  11,300 mg P  x  hour  and cumula t i ve  mass l o a d i n g  o f  294 pg P/cm2. A  
s i m i l a r  t r e n d  i s  ob ta i ned  f o r  each o f  these f o u r  p l a n t  spec ies a t  b o t h  t h e  
low and h i g h  dose l e v e l s .  The da ta  f o r  bushbean i s  n o t  so c l e a r .  Severe 
and r a p i d  onse t  o f  damage occur red  even a t  mass l o a d i n g  and TWEL va lues  
below those  employed i n  t h e  range - f i nd ing  t e s t .  

The r e s u l t s  o f  t h e  cumula t i ve  dose t e s t  c l e a r l y  show t h a t  r e p e t i t i v e  
exposure o f  p l a n t s  t o  sub tox i c  l e v e l s  o f  RP/BR smokes a r e  n o t  p a r t i c u l a r l y  
a d d i t i v e .  T h i s  may r e s u l t  f rom t h e  a b i l i t y  of  t h e  p l a n t  t o  n e u t r a l i z e ,  
g i v e n  t ime,  a  f r a c t i o n  o f  e i t h e r  t h e  s a l t  l o a d  o r  a c i d i t y  e n t e r i n g  t h e  l e a f  
i n t e r i o r .  One a d d i t i o n a l  p o i n t  concern ing RP/BR e f f e c t s  should be noted. As 
suggested i n  t h e  range - f i nd ing  t e s t ,  f l o r a l  a b o r t i o n  and d ieback o f  r e p r o d u c t i v e  
s t r u c t u r e s  f o r  b o t h  b lando brome and bushbean were observed i n  t h e  CDT. 
A l though t h i s  obse rva t i on  i s  n o t  s u r p r i s i n g ,  based on t h e  o v e r a l l  t o x i c i t y  
response, changes i n  spec ies d i v e r s i t y  f o r  t r a i n i n g  s i t e s  may r e s u l t  by 
reduc ing  t h e  a b i l i t y  o f  a  s p e c i f i c  spec ies t o  propagate. A l s o  i n  t h e  CDT, 
new growth p resen t  on bo th  shor t -need le  p i n e  and b lando brome was n o t  
n o t i c e a b l y  a f f e c t e d  by exposures t o  RP/BR; t h i s  obse rva t i on  i s  aga in  
c o n s i s t e n t  w i t h  e i t h e r  s a l t  o r  a c i d i t y  damage, and t h e  genera l  r e s i s t a n c e  
o f  younger t i s s u e s  t o  t h i s  t ype  o f  i n j u r y .  

E f f e c t  o f  R e l a t i v e  Humid i t y  on P h y t o t o x i c i t y  

I n  t h e  f o l l o w i n g  d i scuss ion  o f  d i r e c t  p h y t o t o x i c  e f f e c t s  o f  phosphorus 
smokes, c a r e  should be used when comparing t rea tment  e f f e c t s  w i t h i n  t h i s  
da ta  s e t  w i t h  p rev ious  RP-effects t e s t s .  F i r s t ,  mass l o a d i n g  r a t e s ,  which 
rep resen t  ou r  o n l y  p o i n t  o f  r e fe rence  f o r  e f f e c t s ,  a r e  exposure s p e c i f i c  
and shou ld  be compared. Secondly, t h e  p ines  and sagebrush broke dormancy 
i n  November and i n  e f f e c t  have a  f u l l  complement o f  f o l i a g e  f rom t h e  
p rev ious  y e a r  ( o l d ) ,  and a f u l l  f l u s h  o f  cu r ren t - yea r  f o l  i aqe  (new). 



F i n a l l y ,  t he  grasses and bushbean p l a n t s  a r e  o l d e r  than  those o r i g i n a l l y  
used t o  enable t h e  e v a l u a t i o n  o f  e f f e c t s  o f  RP/BR smokes on f l o r a l  a b o r t i o n  
and seed development. T o l i a g e  age p resen ts  some spec ia l  problems i n  
assess ing t h e  e x t e n t  of  f o l i a r  damage s i n c e  t h e  t i s s u e  age e f f e c t  noted i n  
p rev ious  t e s t s  i s  accentuated. 

I n  Table 3.49, an o v e r s i m p l i f i e d  comparison o f  t rea tments  versus 
e x t e n t  o f  damage (14 days post-exposure) has been made f o r  each o f  t h e  

- p l a n t  species i n  o r d e r  t o  p l ace  o v e r a l l  damage i n t o  perspec t i ve .  The f i v e  
t rea tments  employed separate RP/BR burns and have somewhat d i f f e r e n t  a i r  
mass concen t ra t i ons  (440 t o  725 mg P/m3) and p a r t i c l e  s i z e  d i s t r i b u t i o n s  
(Tab le  3.35 and 3.40), and a r e  t h e r e f o r e  d i f f e r e n t  mass l o a d i n g  ra tes .  
Wi th  wind speed h e l d  cons tan t  a t  2  mph and r e l a t i v e  hum id i t y  increased f rom 
25% t o  90%, ponderosa p i n e  shows an inc reased  l e v e l  o f  damage w h i l e  damage 

.L t o  shor t -need le  p i n e  remains r e l a t i v e l y  constant .  I n  sagebrush, moderate 
damage occurs a t  27% and 89% r e l a t i v e  humid i t y ,  b u t  i s  minimal a t  53%. I n  
bo th  bushbean and blando brome, damage i s  r e l a t i v e l y  severe a t  a l l  t h r e e  
r e l a t i v e  hum id i t i es .  A t  2  mph, where a r a i n o u t  was s imu la ted  d u r i n g  
exposure, e f f e c t s  on ponderosa p i n e  and shor t -need le  p i n e  were somewhat 
amel iorated.  Whi le  i n  sagebrush, bushbean and b lando brome e f f e c t s  were 
n o t  reduced over  those observed a t  90% r e l a t i v e  humid i t y .  

As a general  observa t ion ,  d e p o s i t i o n  t o  v e g e t a t i o n  a t  low r e l a t i v e  
h u m i d i t i e s  appears t o  be as d i s c r e e t  p a r t i c l e s  which f a i l  t o  coalesce and 
there fo re  f a i l  t o  u n i f o r m l y  d i s t r i b u t e  on f o l i a r  sur faces.  However, a t  
h i g h  r e l a t i v e  h u m i d i t i e s  (>60%), t h e  l a r g e r  and more hydra ted  aeroso l  
p a r t i c l e s  appear t o  wet  t h e  f o l i a r  sur faces,  and even r e s u l t  i n  r u n o f f  o f  
l i q u i d .  Th i s  e f f e c t  may i n  f a c t  represen t  an added v a r i a b l e  t h a t  must be 
cons idered i n  r e s o l v i n g  phosphorus e f f e c t s .  

TABLE 3.49. COMPARISON OF GROSS PHYTOTOXICITY OBSERVED 14 DAYS 
POST-EXPOSURE FOR EACH PLANT SPECIES BASED ON TREATMENTS 
EMPLOYED I N  THE RELATIVE HUMIDITY TEST SERIES 

Treatment Ponderosa Short-need1 e Sagebrush Bushbean B l  ando 
p i n e  p i n e  b rome 

WS (mph) RH (%) Response r a t i n g  ( a )  

( a )  M o d i f i e d  Daubenmire r a t i n g  sca le .  
( b )  Simulated r q i n o u t  d u r i n g  genera t ion  and exposure. 



The d e t a i l e d  t o x i c i t y  responses observed f o r  each o f  t h e  p l a n t  spec ies 
f o r  t h e  va r i ous  t rea tments  assoc ia ted  w i t h  t h e  r e l a t i v e  h u m i d i t y  t e s t  
s e r i e s  was eva lua ted .  Resu l ts  f o r  ponderosa p ine  show a p rog ress ion  i n  
bo th  t h e  e x t e n t  and i n t e n s i t y  o f  e f f e c t s  w i t h  t ime  post-exposure. For  t h e  
27% and 53% r e l a t i v e  h u m i d i t y  t rea tments ,  minimal t o x i c i t y  was no ted  and 
post-exposure l e a c h i n g  had 1 i t t l e  a m e l i o r a t i n g  e f f e c t  on t o x i c i t y  (Tab le  
3.50). For  comparison, t h e  va lues i n  ( ) i n d i c a t e  t h e  l e n g t h  (cm) o f  t i p  
burn and dieback. A t  89% r e l a t i v e  hum id i t y ,  e f f e c t s  were much more 
pronounced f o r  b o t h  o l d  and new t i s s u e s ,  and bo th  t h e  e x t e n t  and i n t e n s i t y  
o f  t h e  e f f e c t s  were d r a m a t i c a l l y  reduced by post-exposure leach ing .  Du r i ng  
t h e  course o f  t h e  89% r e l a t i v e  h u m i d i t y  exposure, a  r a p i d  coalescence o f  
depos i ted  p a r t i c l e s  was noted, w i t h  subsequent r u n o f f  f rom leaves.  The 
r u n o f f  may have accounted f o r  t h e  severe t o x i c i t y  ( i .e . ,  s o l u b i l i z a t i o n  and 
f o l  i a r  uptake o f  phosphorus components). When a r a i n f a l l / r a i n o u t  was 
s imu la ted  d u r i n g  t h e  course o f  t h e  e n t i r e  exposure pe r i od ,  t o x i c i t y  was 
comparable t o  t h e  unleached t reatments .  Th i s  comparison was unexpected 
s i n c e  t h e  mass l oad ings  f o r  t h i s  t r ea tmen t  were o n l y  20% t o  30% o f  t h e  
unleached p l a n t s ,  which suppor ts  t h e  assumption t h a t  mo i s tu re  on t h e  f o l i a r  
su r f ace  ( i .e . ,  dew, b r i e f  r a i n f a l l  even t )  may r e s u l t  i n  s o l u b i l i z a t i o n  and 
abso rp t i on  o f  su r f ace  contaminants and thereby  inc rease  t o x i c i t y .  An 
inc rease  i n  t o x i c i t y  would n o t  be i n  c o n f l i c t  w i t h  t h e  t h e o r y  t h a t  
post-exposure s imu la ted  r a i n f a l l  events  may ame l i o ra te  smoke e f f e c t s ;  i n  
t h e  l a t t e r  i ns tance  mo is tu re ,  r a t h e r  than  s o l u b i l i z i n g  contaminants,  
a c t u a l l y  washes p a r t i c u l a t e s  f rom t h e  sur face.  

Resu l ts  ob ta i ned  f o r  shor t -need le  p i n e  (Tab le  3.51) were comparable t o  
ponderosa p ine,  except  t h a t  e f f e c t s  were somewhat more severe. I n  genera l ,  
new growth was l e s s  a f f e c t e d  than  o l d  growth a t  t h e  lower  r e l a t i v e  
h u m i d i t i e s  and i n  t h e  r a i n o u t  study. A t  r e l a t i v e  h u m i d i t i e s  above 50%, o l d  
and new growth was a f f e c t e d .  Rainout ,  i n  t h e  case o f  shor t -need le  p ine ,  
d i d  p a r t i a l l y  ame l i o ra te  t o x i c i t y .  

S tud ies  w i t h  sagebrush (Tab le  3.52) show r e l a t i v e l y  l i t t l e  e f f e c t  
f o l l o w i n g  con tamina t ion  w i t h  RP/BR a t  27% and 53% r e l a t i v e  hum id i t y ,  w h i l e  
a  post-exposure l each ing  ame l i o ra ted  much o f  t h e  e f f e c t .  The l a t t e r  
e f f e c t s  were con f i ned  t o  l e a f  o r  t i p  burn, w i t h  a  smal l  amount o f  l e a f  drop 
e v i d e n t  a f t e r  14 days i n  t h e  27% r e l a t i v e  hum id i t y  t rea tment .  A t  89% 
r e l a t i v e  humid i t y ,  e f f e c t s  a r e  much more pronounced, and we beg in  t o  see 
t h e  onset  o f  r e l a t i v e l y  severe l e a f  burn  and inc reased  l e a f  drop. I n  t h e  
unleached t rea tments ,  bo th  new and o l d  growth a r e  a f f e c t e d .  Post-exposure 
l e a c h i n g  reduces t h e  e f fec ts  o f  t h e  smoke because o n l y  o l d  growth i s  
impacted and l e a f  drop i s  e l im ina ted .  The r a i n o u t  t rea tment  r e s u l t e d  i n  
b o t h  l e a f  burn  and l e a f  drop, b u t  p r i m a r i l y  a f f e c t e d  o n l y  o l d e r  leaves.  

~ushbean ,  as usual ,  p rov ides  a g r e a t  v a r i e t y  o f  e f f e c t s  (Tab le  3.53). 
T o x i c i t y  responses were g e n e r a l l y  severe f o r  a l l  t reatments ,  w i t h  
post-exposure l each ing  g e n e r a l l y  accen tua t i ng  t h e  e f f e c t s .  However, new 
growth formed post-exposure i s  v i a b l e ,  even though deformed ( c u r l  i n g  and 
pucker ing  of leaves) .  Flowers g e n e r a l l y  a r e  n o t  a b o r t i n g  even though 



TABLE 3.50. COMPARISON OF THE INFLUENCE OF RELATIVE HUMIDITY, 
POST-EXPOSURE SIMULATED RAINFALL, AND RAINOUT ON PHYTOTOXIC 
RESPONSES OF PONDEROSA PINE TO RP/BR SMOKES 

Treatment Post - Days T o x i c i  t y ( b )  Observed 
wind RH exuosure ~ o s t -  r a t i n q  r e s ~ o n s e s  - 
speed (%)  t e s t  ( a )  exposure 

2 2 7 u n l  eached 1 0 
4 0 

14 TB ( 0 - 1 ) l  
1 eached 1 0 

4 0 
14 TB (0 -4 )4  

2 53 unleached 1 0 
4 TB ( 0 - 1 ) 1  

14 TB (0 -1 )2  

1 eached 1 TB (0 -1 )1  
4 TB (0 -1 )2  NS 

14 TB (0 -2 )3  

2 8 9 unleached 1 0 
6 TB (0 -2 )6  O&NGA , NS 

14 TB (0-3)6 O&NGA ,NS 
1 eached 1 0 

6 0 
14 TB ( 0 - 1 . 5 ) l  

( a )  Post-exposure s imu la ted  r a i n f a l l ;  RO i s  a r a i n o u t  d u r i n g  exposure. 
( b )  MDRS (see Table 3.44). 



TABLE 3.51. COMPARISON OF THE INFLUENCE OF RELATIVE HUMIDITY, 
POST-EXPOSURE SIMULATED RAINFALL AND RAINOUT ON PHYTOTOXIC 
RESPONSES OF SHORT-NEEDLE PINE TO RP/BR SMOKES 

Treatment Post -  Days T o x i c i t y  Observed 
Wind RH exposure pos t -  r a t i n g ( b )  responses 
speed ( % I  t e s t ( a )  exposure 

2 27 unleached 1 0 
4 TB (0 -3 )4  0 GA 

14 TB (0 -4 )4  0 GA 
1 eached 1 0 

4 0 
14 0 

2 53 unleached 1 0 
4 TB ( 0 - 2 ) l  

14 TB (0 -2 )3  O&NGA 
1 eached 1 TB ( 0 - 1 ) l  

4 TB (0 -2 )2  
14 TB (0 -4 )3  

2 89 unleached 1 0 
6 TB (0 -1 )2  O&NGA 

14 TB (0 -1 )3  
1 eached 1 0 

6 TB ( 0 - 1 ) l  OGA 
14 TB (0 -3 )2  

2 RO 3 0 
14 TB ( 0 - 1 ) l  

( a )  Post-exposure s imu la ted  r a i n f a l l  ; RO i s  a r a i n o u t  d u r i n g  exposure. 
( b, MDRS (see Table 3.44). 

exposed t o  RP/BR smokes. F r u i t  formed e i t h e r  pre-  o r  post-exposure 
con t inues  t o  develop and f i l l ,  a l though t h e  su r f ace  i s  deformed (puckered) .  
Only  i n  t h e  r a i n o u t  s t udy  was f l o w e r  and f r u i t  a b o r t i o n  observed. 

The s e v e r i t y  o f  r e s u l t s  ob ta i ned  f o r  b lando brome (Tab le  3.54) were 
somewhat s u r p r i s i n g  based on i t s  r e s i s t a n c e  t o  RP/BR smokes i n  t h e  
range - f i nd ing  t e s t  and t h e  CDT se r i es .  The r e s u l t s  may be a t t r i b u t a b l e  t o  
age, i n  t h a t  somewhat o l d e r  p l a n t s  were used i n  t h i s  t e s t  t o  a l l o w  
e v a l u a t i o n  o f  seed s e t  and seed development. E f f e c t s  observed w i t h  t h e  
unleached t rea tments  were r a t e d  as severe f o r  a11 r e l a t i v e  h u m i d i t y  t es ted .  
The r a i n o u t  s tudy  r e s u l t e d  i n  no a m e l i o r a t i o n  of e f f e c t s .  I n  genera l  o n l y  
t h e  o l d e r  growth was af fected, ,  and p l a n t s  showed a r a p i d  onse t  o f  w i l t i n g  
and l e a f  drop a t  27% and 89% r e l a t i v e  hum id i t y .  The l e a s t  severe e f f e c t s  
were no ted  i n  t h e  r a i n o u t  s tudy,  where new growth and t h e  deve lop ing  seed 
head appeared t o  be reasonably  r e s i s t a n t  t o  RP/BR smokes. 



TABLE 3.52. COMPARISON OF THE INFLUENCE OF RELATIVE HUMIDITY, 
POST-EXPOSURE SIMULATED RAINFALL AND RAINCUT ON PHYTOTOXIC 
RESPONSES OF SAGEBRUSH TO RP/BR SMOKES 

Treatment Post-  Days T o x i c i  t y ( b )  Observed 
Wind RH exposure pos t -  r a t i n g  responses 
speed ( % I  t e s t ( a )  exposure 

1 

2 2 7 unleached 1 
4 

14 

1 eac hed 1 
4 

14 

2 5 3 unleached 1 
4 

14 

1 eached 1 
4 

14 

2 8 9 u n l  eached 1 
6 

14 

1 eached 1 
6 

14 

0 
0 

LBD ( 2 , l )  

LB ( 1 )  
LBD ( 3 , l )  
LBD (4,2) 

0 
LBD (3,2) 

( a )  Post-exposure s imu la ted  r a i n f a l l ;  RO i s  a r a i n o u t  d u r i n g  exposure. 
( b )  MDRS (see Table 3.44). 



TABLE 3.53. COMPARISON OF THE INFLUENCE OF RELATIVE HUMIDITY, 
POST-EXPOSURE SIMULATED RAINFALL AND RAINOUT ON PHYTOTOXIC 
RESPONSES OF BUSHBEAN TO RP/BR SKOKES(a) 

Treatment Post-  Days T o x i c i t y ( b )  Observed 
Wind R H exposure pos t -  r a t i n g  responses . 
speed ( % I  t e s t s ( a )  exposure 

2 2 7 u n l  eached 1 
4 

14 
1 eached 1 

4 
14 

2 5 3 unleached 1 
4 

14 
1 eached 1 

4 
14 

2 89 unleached 1 
6 

14 
1 eached 1 

6 
14 

LB ( 4 )  
LB ( 5 )  
LBD (6,3) 
LB ( 4 )  
LBD (5,2) 
LBD (6,3) 
LB ( 1 )  
LB ( 3 )  
LB ( 4 )  
LB ( 2 )  
LB ( 6 )  
LB ( 6 )  
LB ( 5 )  
LBD (6,3) 
LBD (6,4) 
LB ( 6 )  
LBD (6,2) 
LBD (6,4) 

NS, Chl 
NS, Chl 

C h 1 
Chl, FA 

Chl 
N S 

NS, FA 
NS, FA 
F/ SA 

Post-exposure s imu la ted  r a i n f a l l ;  RO i s  a r a i n o u t  d u r i n g  exposure. 
( b )  MDRS (see Tab le  3.44). 

S tud ies  o f  t h e  i n f l u e n c e  o f  r e l a t i v e  hum id i t y  on t h e  t o x i c i t y  o f  WP 
smokes t o  t h e  f i v e  s tandard  p l a n t  t e s t  spec ies were conducted u s i n g  
exper imenta l  c o n d i t i o n s  s i m i l a r  t o  those f o r  RP/BR smokes. P l a n t s  were 
exposed t o  WP smokes f o r  4 hours, a t  a wind speed o f  2 mph and r e l a t i v e  
hum id i t y  o f  352, 57%, and 90%. Rep l i ca tes  o f  t h e  exposed p l a n t s  were 
e i t h e r  h e l d  w i t h o u t  f u r t h e r  t r ea tmen t  o r  sub jec ted  t o  a s imu la ted  
post-exposure r a i n f a l l  t o  eva lua te  t h e i r  e f f e c t i v e n e s s  i n  a l l e v i a t i n g  o r  
accen tua t i ng  exposure e f f e c t s .  A11 p l a n t s  were h e l d  f o r  14 days 
post-exposure t o  eva lua te  o v e r a l l  damage and symptoms. Rai nou t  d u r i  ng 
exposure was n o t  conducted. The p h y t o t o x i c i t y  o f  WP smokes t o  t h e  
i n d i v i d u a l  p l a n t  spec ies i s  d iscussed below. 

The o v e r a l l  e f f e c t s  o f  WP smokes, d e l i v e r e d  a t  va r i ous  r e l a t i v e  
h u m i d i t y  l e v e l s ,  on ponderosa p i n e  (Tab le  3.55) a r e  comparable t o  r e s u l t s  
ob ta i ned  f o r  e f f e c t s  f rom RP/BR smokes (see Tab le  3.50). The p r ima ry  
t o x i c i t y  response no ted  was t i p  burn  i n  bo th  t h e  unleached and leached 
t reatments .  I n  t h e  unleached t rea tments  bo th  o l d  and new growth was 



TABLE 3.54. COMPARISON OF THE INFLUENCE OF RELATIVE HUMIDITY, 
POST-EXPOSURE SIMULATED RAINFALL AND RAINOUT ON PHYTOTOXIC 
RESPONSES OF BLAND0 BROME TO RP/BR SMOKES(a) 

I 

Treatment Post-  Days T o x i c i  t y ( b )  Observed 
Wind RH exposure pos t -  r a t i n g  responses 
speed (%)  t e s t ( a )  exposure 

.h 

2 2 7 u n l  eached 1 
4 

14 

2 53 u n l  eached 1 TB (0 -1 )1  
4 TB (0-2)4 W 

14 TB (0 -9 )6  

2 8 9 unleached 1 
6 

14 

( a )  Post-exposure s imu la ted  r a i n f a l l ;  RO i s  a r a i n o u t  d u r i n g  exposure. 
( b )  MDRS (see Tab le  3.44). 

a f f ec ted ,  w i t h  t h e  e x t e n t  o f  t o x i c i t y  (MDRS) i n c r e a s i n g  f rom a va lue  o f  1 
a t  35% r e l a t i v e  hum id i t y  t o  a va lue  o f  2 and 4 a t  57% and 90% r e l a t i v e  
humid i t y ,  r e s p e c t i v e l y .  The i n t e n s i t y  o f  t o x i c i t y  ( i n  t h i s  case t h e  l e n g t h  
o f  needle e x h i b i t i n g  dieback due t o  needle t i p  burn )  i s  a l s o  g r e a t e r  a t  t h e  
h i g h  r e l a t i v e  humid i t y .  Mass l o a d i n g  r a t e s  f o r  t h i s  s tudy  and t h e  RPIBR 
study were comparable f o r  t h e  lower  r e l a t i v e  hum id i t y  t reatments  and o n l y  
s l i g h t l y  h i g h e r  a t  90% r e l a t i v e  h u m i d i t y  (see Tables 3.40 and 3.41). 
P lan t s  sub jec ted  t o  a post-exposure s imu la ted  r a i n f a l l  l each  t rea tment  
showed l i t t l e  o r  no a m e l i o r a t i o n  o f  e f f e c t s .  Th i s  i s  somewhat s u r p r i s i n g ,  
s i nce  mass l o a d i n g  r a t e s  were s u b s t a n t i a l l y  reduced f o l l o w i n g  1 eaching (see 
Table 3.41). Leaching appears t o  reduce WP smoke e f f e c t s  on newly formed 
needles, p a r t i c u l a r l y  a t  t h e  lower  r e l a t i v e  h u m i d i t y  l e v e l s .  

Resu l ts  f o r  shor t -need le  p i n e  (Tab le  3.56) a r e  g e n e r a l l y  s i m i l a r  t o  
those ob ta ined  w i t h  ponderosa pine. Unleached p l a n t s  e x h i b i t  an inc rease  
i n  bo th  t h e  e x t e n t  and i n t e n s i t y  o f  t o x i c i t y  a t  90% r e l a t i v e  h u m i d i t y  
compared w i t h  35% and 57%; t i p  burn  i s  t h e  p r ima ry  response, and bo th  new 
and o l d  growth i s  a f f e c t e d .  The e f f e c t s  o f  WP smoke appear t o  be 
s u b s t a n t i a l l y  l e s s  than  those observed f o r  RPIBR (see Table 3.51), even 
though mass load ings  were comparable. Leaching g e n e r a l l y  reduces t h e  



TABLE 3.55. INFLUENCE OF RELATIVE HUMIDITY AND POST-EXPOSURE SIMULATED 
RAINFALL ON PHYTOTOXICITY OF WHITE PHOSPHORUS SMOKES TO 
PONDEROSA PINE. TOXICITY AS OF 2 WEEKS POST-EXPOSURE. 

R e l a t i v e  Post-exposure T o x i c i  t y ( a )  Observed 
h u m i d i t y  t rea tment  r a t i n g  responses 

35% unleached TB1 (0.5-2) O&NGA; TB 
1 eached TB2 (0-1)  OGA; TB 

57% unleached TB2 (0-2)  O&NGA; TB 
1 eached TB1 (0.5-3) OGA; TB 

90% unleached TB4 (1-7) O&NGA; TB 
1 eached TB3 (2-5)  O&NGA; TB 

( a )  MDRS (see Tab le  3.44) 

i n t e n s i t y  o f  e f f e c t s ,  p a r t i c u l a r l y  i n  t h e  90% r e l a t i v e  h u m i d i t y  t rea tment ,  
even though f o l i a r  r e t e n t i o n  was s l i g h t l y  g r e a t e r  f o r  WP smokes than  RP/BR 
smokes (see Tables 3.40 and 3.41). 

Sagebrush exposed t o  WP smokes e x h i b i t e d  s u b s t a n t i a l l y  more t o x i c i t y  
than  t h e  p ines  (Tab le  3.57). I n  t h e  unleached t rea tment ,  no c l e a r  r e l a t i v e  
h u m i d i t y  e f f e c t  was ev iden t .  E f f e c t s  i n c l u d e d  l e a f  bu rn  and i n  severe 
cases l e a f  drop, o l d  growth was a f f e c t e d  p r e f e r e n t i a l l y  ove r  newly formed 
leaves.  Post-exposure l each ing  reduced t h e  e x t e n t  o f  l e a f  burn  and l e a f  
drop a t  t h e  low r e l a t i v e  hum id i t y ,  b u t  g r e a t l y  inc reased  e f f e c t s  a t  90% 
r e l a t i v e  humid i t y .  I n  t h e  l a t t e r  i ns tance  bo th  new and o l d  growth were 
a f f e c t e d .  

The grass spec ies,  b lando brome, was seve re l y  impacted a t  a l l  t h r e e  
r e l a t i v e  humidi  t y  t rea tments  (Tab le  3.58).  The i n t e n s i t y  o f  e f f e c t s  was, 
however, s u b s t a n t i a l l y  l e s s  a t  35% r e l a t i v e  humid i t y .  I n  a d d i t i o n  t o  t i p  
burn  and dieback, n e c r o t i c  s p o t t i n g  o f  leaves  where smoke d r o p l e t s  impacted 
t h e  su r f ace  and c h l o r o s i s  were ev iden t .  No l each ing  was performed 
pos t -exposure . 

The response o f  bushbean t o  WP smokes (Tab le  3.59) was j u s t  as severe 
as i t s  response t o  RP/BR smokes (see Tab le  3.53). T o x i c i t y  g e n e r a l l y  
i n v o l v e d  widespread l e a f  burn  and necros is ,  f o l l o w e d  by absc i ss i on  and l e a f  
drop. Post-exposure l each ing  p a r t i a l l y  ame l i o ra ted  e f f e c t s  a t  35% r e l a t i v e  
humid i t y ,  w h i l e  accen tua t i ng  e f f e c t s  a t  t h e  h i g h e r  r e l a t i v e  h u m i d i t y  
l e v e l s .  O v e r a l l ,  e f f e c t s  were comparable t o  those f o r  RP/BR, excep t  f o r  
t h e  e x t e n t  o f  l e a f  drop. I t  shou ld  be no ted  t h a t  even i n  t h e  most seve re l y  
impacted bushbean p l a n t s  f l o r a l  damage was n o t  ev i den t ,  and seeds and pods 
developed normal l y  except  f o r  n e c r o t i c  s p o t t i n g .  



TABLE 3.56. INFLUENCE OF RELATIVE HUMIDITY AND POST-EXPOSURE SIMULATED 
RAINFALL ON PHYTOTOXICITY OF WHITE PHOSPHORUS SMOKES TO 
SHORT-NEEDLE P I N E  

R e l a t i v e  Post-exposure T o x i c i  t y ( a )  Observed 
hum id i t y  t rea tment  r a t i n g  responses 

35% unleached 1 (0.5-2) O&NGA; TB 
1 eached 1 (0-0.5) NGA; TB 

57% u n l  eached 1 (0.5-3) O&NGA; TB 
1 eached 1 (0-0.5) OGA; TB 

90% unleached 4 (2-5)  O&NGA; TB 
1 eac hed 3 (0-0.5) OGA; TB 

( a )  MDRS (see Table 3.44). 

TABLE 3.57. INFLUENCE OF RELATIVE HUMIDITY AND POST-EXPOSURE SIMULATED 
RAINFALL ON PHYTOTOXICITY OF WHITE PHOSPHORUS SMOKES TO 
SAGEBRUSH 

R e l a t i v e  Post-exposure T o x i c i  t y ( a )  Observed 
hum id i t y  t rea tment  r a t i n g  responses 

35% unleached LBD ( 4 , l )  OGA; LB, LD 
1 eached LB 1 OGA; LB 

57% unleached LBD ( 3 , l )  O&NGA; Chl ,LD 
1 eached LBD ( 2 , l )  OGA; LB,LD 

90% u n l  eached LB 3 OGA; LB 
1 eached LBD (6,4) O&NGA; LB,LD 

( a )  MDRS (see Table 3.44). 



TABLE 3.58. INFLUENCE OF RELATIVE HUMIDITY ON PHYTOTOXICITY OF WHITE 
PHOSPHORUS SMOKES TO BLAND0 BROFE 

R e l a t i v e  Post-exposure T o x i c i  t y ( a )  Observed 
h u m i d i t y  t r ea tmen t  r a t i n g  responses 

35% unleached 5 (0.5-2) OGA; TB, NS, Chl 
57% u n l  eached 5 (1-9) OGA; TB,NS 
90% u n l  eached 4 (1-5)  OGA; TB ,Chl ,NS 

( a )  MDRS (see Tab le  3.44). 

TABLE 3.59. INFLUENCE OF RELATIVE HUMIDITY AND POST-EXPOSURE SIMULATED 
RAINFALL ON PHYTOTOXICITY OF WHITE PHOSPHORUS SMOKES TO 
BUSHBEAN 

R e l a t i v e  Post-exposure T o x i c i t y ( a )  Observed 
h u m i d i t y  t r e a  tmen t r a t i n g  responses 

35% unleached LBD (6,3) OGA; LB,NS,LD 
1 eac hed LB 4 OGA; LB,NS 

57% u n l  eached LBD (4,2) OGA; LB,NS,LD 
1 eached LBD (6,4) OGA; LB ,NS ,LD 

90% unleached LBD (5,3) OGA; LB ,NS ,LD 
1 eached LBD (6,4) OGA; LB ,NS ,LD 

( a )  MDRS (see Table 3.44). 

I n  summary, t h e  o v e r a l l  t o x i c i t y  observed w i t h  RP/BR and WP smokes 
appears n o t  t o  be c o n s i s t e n t l y  impacted by r e l a t i v e  h u m i d i t y  (see  
Tab le  3.49). Resu l ts  a r e  summarized f o r  bo th  RP/BR and WP i n  F i g u r e  3.25. 
Ponderosa p i n e  was t h e  o n l y  one o f  t h e  f i v e  p l a n t  spec ies t o  show an 
i n c r e a s i n g  e x t e n t  o f  t o x i c i t y  w i t h  i n c r e a s i n g  r e l a t i v e  hum id i t y .  However 
i t  i s  d o u b t f u l ,  based on t h e  behav io r  o f  t h e  o t h e r  f o u r  p l a n t  species,  t h a t  
t h e r e  i s  an e f f e c t  of r e l a t i v e  h u m i d i t y  on t h e  t o x i c i t y  o f  phosphorus 
smokes. Post-exposure s imu la ted  r a i n f a l l  had o n l y  a min imal ,  i f  any, 
a m e l i o r a t i n g  i n f l u e n c e  on t o x i c i t y .  I n  many cases t h e  presence o f  f o l i a r  
su r f ace  mo i s tu re  accentuated t h e  e f f e c t s  o f  t o x i c i t y ,  even though t h e  mass . 



Pond Pine Short Ndl Pine Sagebrush Blando Brome Bushbean 

Plant Species 1 Treatment 

Pond Pine Short Ndl Pine Sagebrush Blando Brome Bushbean 

Plant Species 1 Treatment 

FIGURE 3.25. OVERALL IMPACT OF RELATIVE HUMIDITY AND RAINOUT ON THE 
PHYTOTOXICITY OF RP/BR (TOP) AND WP (BOTTOM) 



l o a d i n g  l e v e l s  were d r a m a t i c a l l y  reduced. These r e s u l t s  appear t o  be 
i n c o n s i s t e n t  w i t h  t h e  r e s u l t s  ob ta ined  i n  t h e  dose/response RFT f o r  RP/BR 
smokes (Tab le  3.45), where a m e l i o r a t i o n  o f  smoke e f f e c t s  was observed. 
However, i f  one compares t h e  mass l o a d i n g  r a t e s  f o r  t h e  RP/BR RFT w i t h  t h e  
p a t t e r n s  o f  t o x i c i t y ,  and a m e l i o r a t i o n  o f  e f f e c t s  f o l l o w i n g  s imu la ted  
r a i n f a l l ,  i t  appears t h a t  post-exposure l each ing  i s  o n l y  e f f e c t i v e  a t  mass . 
l o a d i n g  l e v e l s  o f  100 pg t o t a l  P/cm2 o r  l e s s  a t  t h e  2- and 4-hour exposures 
i n  t h e  RFT. A t  6  and 8 hours o f  exposure, where mass l oad ings  exceed t h e  
100 pg P/cm2 l e v e l ,  post-exposure l each ing  has l e s s  and l e s s  o f  an 
a m e l i o r a t i n g  e f f e c t .  The l a t t e r  dose l e v e l  appears t o  r ep resen t  a  c r i t i c a l  
p o i n t  i n  t h e  dose/response r e l a t i o n s h i p .  T h i s  dose l e v e l  a l s o  e x p l a i n s  t h e  
d iscrepancy i n  r e s u l t s  between t h e  RFT and r e l a t i v e  hum id i t y  t e s t s .  I n  t h e  
r e l a t i v e  h u m i d i t y  t e s t s ,  mass l o a d i n g  l e v e l s  were g e n e r a l l y  s u b s t a n t i a l l y  
above 125 pg P/cm2 (Tables 3.40 and 3.41). Under these c o n d i t i o n s ,  
t o x i c i t y  i s  expected t o  be more severe, and t h e  e f f e c t s  o f  post-exposure 
s imu la ted  r a i n f a l l  t o  be l e s s  ame l i o ra t i ng .  

3.3.3.4 I n f l u e n c e  o f  Wind Speed on P h y t o t o x i c i t y  

I n  each o f  t h e  p rev ious  t o x i c i t y  t e s t s  wind speed was h e l d  t o  2  mph, 
and f rom t h e  r e s u l t i n g  da ta  i t  appears t h a t  t h e  s e v e r i t y  o f  observed 
e f f e c t s  a r e  c l o s e l y  c o r r e l a t e d  w i t h  mass l o a d i n g  t o  v e g e t a t i v e  sur faces .  
As no ted  above, t h e  c r i t i c a l  dose appears t o  be a t  o r  above mass l o a d i n g  
l e v e l s  o f  -125 pg P/cm2. On t h e  bas i s  o f  t h e  ac tua l  mass l o a d i n g  l e v e l s  
determined ove r  a  range o f  wind speeds (Tables 3.42 and 3.43), an e l e v a t e d  
dose response would be p r e d i c t e d  as wind speed increases above 4  mph. 
P r e l i m i n a r y  wind speed s t u d i e s  i n d i c a t e d  t h a t  4-hour exposures were t o o  
l o n g  t o  o b t a i n  meaningfu l  mass l o a d i n g  and t o x i c i t y  da ta  because o f  
complete w e t t i n g  and r u n  o f f  o f  condensed smokes f rom f o l i a r  surfaces. To 
compensate f o r  t h i s  problem, exposures were l i m i t e d  t o  1 hour.  The r e s u l t s  
f o r  b o t h  RP/BR smokes and WP smokes a r e  shown i n  Tab le  3.60. As would be 
p red i c ted ,  t h e r e  i s  an inc reased  t o x i c i t y  o f  bo th  smokes as w ind  speed i s  
increased.  

I n  t h e  case o f  RP/BR smokes, as wind speed was inc reased  f rom 0.5 t o  
10 mph, mass l o a d i n g  t o  f o l i a r  su r faces  inc reased  f rom 20 t o  3000 pg P/cm2 
(see Table 3.42). T o x i c i t y  t o  bo th  p l a n t  spec ies was min imal  a t  0.5 and 2  
mph, as expected f rom mass l oad ings  o f  l e s s  than  45 pg P/cm2. A t  4.5 rnph, 
mass l o a d i n g  inc reases  t o  115 pg P/cm2 f o r  ponderosa p i n e  and 600 pg P/cm2 
f o r  b lando brome, and t o x i c i t y  i s  more severe w i t h  MDRS values o f  4  and 6  
f o r  ponderosa p i n e  and b lando brome, r e s p e c t i v e l y .  The s e v e r i t y  o f  e f f e c t s  
f o r  t h e  p i n e  under these c o n d i t i o n s  a r e  comparable t o  those  ob ta ined  a t  2  
rnph and a  4-hour exposure, which y i e l d e d  t h e  same approximate mass l o a d i n g  
l e v e l  (Tables 3.50). For  t h e  grass, t h e  h i g h e r  mass l o a d i n g  r e s u l t e d  i n  a  
g r e a t e r  i n t e n s i t y  of damage than p r e v i o u s l y  observed (Tab le  3.54). A t  10 
mph, mass l o a d i n g  inc reases  by a  f a c t o r  o f  5 f o r  t h e  grass and a  f a c t o r  o f  
30 f o r  t h e  p ine ,  compared w i t h  t h e  4.5-mph t rea tment .  T h i s  i nc rease  
r e s u l t e d  i n  a  r a p i d  onset  of t o x i c i t y  and r e l a t i v e l y  severe p l a n t  damage, 
i n c l u d i n g  t i p  o r  b lade  burn  and d ieback i n  bo th  species,  n e c r o t i c  s p o t t i n g  
of f o l i age ,  and bud d ieback i n  t h e  p ine .  Damage was severe enough i n  t h e  



p ine  t o  make t h e  p l a n t s  appear dead a t  t h r e e  weeks post-exposure. I n  t h e  
WP s tudy  wind speeds were ad jus ted  t o  p rov ide  b e t t e r  r e s o l u t i o n  o f  
d e p o s i t i o n  and t o x i c i t y  response a t  midrange f o r  t h e  wind speed range. 
Based on t h e  mass l o a d i n g  da ta  i n  Table 3.43, and t h e  t o x i c i t y  r e s u l t s  i n  
Table 3.60, i t  becomes c l e a r  t h a t  bo th  l o a d i n g  and t o x i c i t y  e f f e c t s  
i nc rease  sha rp l y  between 2 and 4  mph, w i t h  a  near  l o g a r i t h m i c  inc rease  
between 6  and 10 mph. O v e r a l l ,  t o x i c i t y  r e s u l t s  f o r  WP smokes based on 
mass l oad ing  were comparable t o  RP/BR smokes. I n  bo th  cases t h e  b lando - brome was more seve re l y  impacted than  t h e  p ine .  A t  w ind speeds o f  4  mph 
and above, f o l i a r  damage was most severe on t h e  windward s i d e  and tops o f  
t h e  p l an t s ;  t h e  l e e  s i d e  appeared t o  be shadowed by t h e  l e a d i n g  canopy 
edge, w i t h  backs ide t u rbu lence  and eddies appa ren t l y  n o t  dominat ing 
depos i t i on .  Both o l d  and new growth was a f f e c t e d .  When c o l l e c t e d  f rom 
f o l i a r  sur faces,  t h e  condensed smokes had a  pH o f  approx imate ly  1, 
i n d i c a t i n g  t h a t  t h e  p r ima ry  niode o f  damage may i n  f a c t  be pH. I n  a d d i t i o n ,  
t h e  grass, which was i n  bloom a t  exposure, showed con t inued  seed 
development post-exposure. F i n a l l y ,  t h e  p ines  t h a t  were n e a r l y  d e f o l i a t e d  
2 t o  3 weeks post-exposure were p laced  i n t o  t h e  greenhouse f o l l o w i n g  t h e  
obse rva t i on  per iod .  A f t e r  30 days, t hey  underwent bud break and new growth 
and developed norma l l y .  These r e s u l t s  aga in  suppor t  t h e  t heo ry  t h a t  much 
of t h e  d i r e c t  p h y t o t o x i c i t y  observed w i t h  phosphorus smokes i s  t r a n s i e n t ,  
and can be t o l e r a t e d  by p l a n t s  t h a t  a r e  sub jec ted  t o  p e r i o d i c  exposure. 

3.3.3.5 Re la t i onsh ips  o f  F o l i a r  C h a r a c t e r i s t i c s  t o  Mass Loading and 
P h y t o t o x i c i t y  

The f o l i a r  i n t e r c e p t i o n  o f  p a r t i c u l a t e  contaminants o r  aerosols ,  such 
as those assoc ia ted  w i t h  obscurant  smokes, i s  g e n e r a l l y  cons idered t o  be 
based on a s e r i e s  o f  phys i ca l  process. These processes i n v o l v e  
sedimentat ion and impact ion,  which a r e  i n  t u r n  dependent on wind speed, 
tu rbu lence ,  and phys i ca l  aerodynamic c h a r a c t e r i s t i c s  of t h e  a i r b o r n e  
p a r t i c l e s .  W i t h i n  these  p h y s i c a l  l i m i t s ,  t h e  r a t e s  and e x t e n t  o f  p a r t i c l e  
t r a n s f e r  f rom a i r  t o  sur faces,  i n c l u d i n g  i n d i v i d u a l  f o l i a r  sur faces,  can be 
p r e d i c t e d  w i t h  some c e r t a i n t y .  However, mathematical  s i m u l a t i o n  o f  
p a r t i c l e  d e p o s i t i o n  t o  more complex p l a n t  canopies, even those o f  s i n g l e  
p l a n t s ,  becomes a  b i t  more tenuous. Th i s  r e s u l t s  f rom unp red i c tab le  
changes i n  boundary l a y e r  c o n d i t i o n s  sur round ing  t h e  canopy; t h i s  
u n c e r t a i n t y  i s  imposed by thermal and wate r  g rad ien t s ,  and t h e  f o rma t i on  o f  
complex eddy p a t t e r n s  as a i r  passes over  complex f o l i a r  s t r u c t u r e s .  

I n  t h e  p resen t  wind tunne l  s t ud ies ,  t h e  process u n c e r t a i n t i e s  
assoc ia ted  w i t h  t h e  t r a n s f e r  o f  a i r b o r n e  contaminants f rom a i r  t o  f o l i a r  
surfaces a r e  e l i m i n a t e d  by e s t a b l i s h i n g  an o v e r a l l  va lue,  under 
c o n t r o l l e d / d e f i n e d  c o n d i t i o n s ,  f o r  t h e  d e p o s i t i o n  v e l o c i t y  f o r  a  p a r t i c u l a r  
canopy type. Th i s  represen ts  a  r e l i a b l e  approach o n l y  if one knows t h e  
impo r tan t  v a r i a b l e s  a f f e c t i n g  t h i s  value, namely wind speed, r e l a t i v e  
hum id i t y  ( p a r t i c u l  a r l y  i f  t h e  smoke i s  hygroscopic) ,  temperature and 
p a r t i c l e  s i z e  d i s t r i b u t i o n .  Th i s  p rov ides  n o t  o n l y  a  measure f o r  mass 
l o a d i n g  (dose) t h e  l a b o r a t o r y  s tud ies ,  b u t  a l s o  a  means o f  e x t r a p o l a t i n g  t o  
f i e l d  dose, based on a i r  concen t ra t i on  and t h e  above c o n t r o l l i n g  v a r i a b l e s .  



TABLE 3.60. INFLUENCE OF WIND SPEED ON THE PHYTOTOXICITY OF RP/BR AND WP 
SMOKES TO PONDEROSA PINE AND BLAND0 BROME 

Wind Time pos t -  T o x i c i t y  Response(a) 
Smoke Expt  speed exposure Ponderosa Blando 
t ype  code (mph) (days p i n e  b rome 

( a )  See Tables 3.42 and 3.43 f o r  mass l o a d i n g  va lues.  



However, t he  q u a n t i t y  o f  smoke res idue  depos i ted  t o  f o l i a r  su r faces  i s  
n o t  t h e  s o l e  measure o f  subsequent con tac t  t o x i c i t y  e f f e c t s .  The smoke 
res idues  must be r e t a i n e d  and e v e n t u a l l y  absorbed i n t o  t h e  l e a f  i n t e r i o r  t o  
e l i c i t  an e f f e c t .  The r e s u l t s  o f  t h e  phosphorus smoke s tud ies  c l e a r l y  show 
d i f f e r e n c e s  i n  t o x i c i t y  response f o r  i n d i v i d u a l  p l a n t  species,  w i t h  

. exposure c o n d i t i o n ,  when mass l o a d i n g  i s  h e l d  r e l a t i v e l y  constant .  
Assuming t h a t  t h e  me tabo l i c  systems o f  each o f  these p l a n t  species a r e  
s i m i l a r ,  t h e  observed d i f f e r e n c e s  i n  c o n t a c t  t o x i c i t y  response must be due 

*I 
- t o  t h e  abso rp t i on  c h a r a c t e r i s t i c s  o f  f o l i a r  sur faces.  Th i s  can be 

i n d i r e c t l y  i n f e r r e d  f rom t h e  s imu la ted  r a i n f a l l  and l each ing  s tud ies  where 
t h e  e x t e n t  o f  removal o f  smoke res idues  f rom f o l i a r  su r faces  v a r i e s  w i t h  
p l a n t  species.  

Scanning e l e c t r o n  microscopy (SEM) was employed t o  p l ace  t h e  r o l e  o f  
sur face s t r u c t u r e  i n  pe rspec t i ve  w i t h  r espec t  t o  f o l i a r  r e t e n t i o n  and 
pathways f o r  abso rp t i on  o f  smoke res idues.  F igures  3.26, 3.27, and 3.28 
rep resen t  SEM's a t  m a g n i f i c a t i o n s  o f  100 t imes and 2000 t imes f o r  t h e  f i v e  
p l a n t  species employed i n  these s tud ies .  SEM's f o r  t h e  two p i n e  spec ies 
a r e  shown i n  F igu re  3.26 a t  100 t imes, two o f  t h e  t h r e e  surfaces o f  
ponderosa p i n e  needles a r e  exposed. As ide f rom t h e  s tomata l  apera tu res  and 
l e a f  marg in  sp ikes,  t h e  su r f ace  i s  r e l a t i v e l y  smooth w i t h  l o n g i t u d i n a l l y  
o r i e n t e d  c u t i c u l a r  wax pa t t e rns .  A t  2000 t imes, su r f ace  s t r u c t u r e  i s  s t i l l  
r e l a t i v e l y  smooth, w i t h  l oose  wax depos i t s  accumulat ing around t h e  stomates 
and c u t i c u l a r  fur rows.  Sur face s t r u c t u r e  o f  short-need1 e  p i n e  ( F i g u r e  
3 . 2 6 ~  and d )  i s  g e n e r a l l y  s i m i l a r  t o  t h a t  o f  ponderosa p ine  w i t h  a  few 
except ions.  These i n c l u d e  t h e  absence o f  l e a f  marg in  sp ikes  and wax p l a t e  
accumulat ions sur round ing  t h e  stomates. I n  b o t h  species,  t h e  absence o f  
v i s i b l e  epidermal c e l l  o u t l i n e s  would i n d i c a t e  a  r e l a t i v e l y  t h i c k  wax 
c u t i c l e .  

I n  t h e  case o f  b o t h  b lando brome grass b lades and bushbean leaves 
( F i g u r e  3.27a and c ) ,  epidermal c e l l  o u t l i n e s  a r e  v i s i b l e  and suggests t h e  
presence of r e l a t i v e l y  t h i n  c u t i c u l a r  wax l a y e r s .  The su r f ace  o f  t h e  grass 
i s  fur rowed ( F i g u r e  3.27a), and con ta ins  we1 1  -spaced l e a f  h a i r s .  Stonlates 
a r e  v i s i b l e  a t  t h e  base o f  t h e  fur rows.  A t  h i g h e r  m a g n i f i c a t i o n  ( F i g u r e  
3.27b), t h e  re1  a t i v e l y  smooth su r f ace  i s  seen t o  be covered by a  rough 
l a y e r  o f  wax depos i ts .  Low m a g n i f i c a t i o n  o f  bushbean leaves  show a  
r e l a t i v e l y  complex, y e t  r e g u l a r  su r f ace  re1  i e f  (F i gu re  3 . 2 7 ~ ) .  Th i s  
c o n s i s t s  o f  r e l a t i v e l y  deep f u r r o w i n g  assoc ia ted  w i t h  t h e  epidermal c e l l s ,  
and pronounced r e l i e f  produced by t h e  l e a f  h a i r s  and t h e i r  assoc ia ted  basal  
c e l l s .  A t  h i g h e r  m a g n i f i c a t i o n  ( F i g u r e  3.27d), t h e r e  i s  an absence o f  t h e  
rough c u t i c u l a r  waxes observed f o r  ponderosa p i n e  and b lando brome, w h i l e  
t h e  fu r rows  a r e  more pronounced. 

The su r f ace  s t r u c t u r e  f o r  sagebrush i s  markedly d i f f e r e n t  f rom t h e  
o t h e r  f o u r  p l a n t  spec ies and i s  shown i n  F igures  3.28a and b. A t  b o t h  low 
and h i g h  m a n g i f i c a t i o n ,  i t  i s  c l e a r  t h a t  t h e  l e a f  su r f ace  i s  covered by a  
dense mat o f  wax f i b e r s .  T h i s  wax i s  dense enough t o  comple te ly  obscure 
even t h e  s tomata l  aperatures,  and i s  c h a r a c t e r i s t i c  o f  many drought  
t o l e r a n t  species.  



F IGURE 3 . 2 6 .  SCANNING ELECTRON MICROGRAPHS OF PONDEROSA P I N E  ( A  AND B )  AND 
SHORT-NEEDLE P I N E  NEEDLES (C  AND D ) .  MAGNIF ICAT IONS ARE 100 
T I M E S  AND 2 0 0 0  T IMES,  RESPECTIVELY 



FIGURE 3 .27 SCANNING ELECTRON MICROGRAPHS OF BLAND0 BROME ( A  AND B)  AND 
BUSHBEAN LEAVES ( C  AND D ) .  MAGNIFICATIONS ARE 100 TIMES AND 
2000 TIMES, RESPECTIVELY 



FIGURE 3 . 2 8 .  SCANNING ELECTRON MICROGRAPHS OF SAGEBRUSH LEAVES (A  AND B).  
' MAGNIFICATIONS ARE 100 T IMES AND 2 0 0 0  TIMES, RESPECTIVELY 



The su r face  s t r u c t u r e  o f  these p l a n t s  he lps  i n  e x p l a i n i n g  some o f  t h e  
observed f o l i a r  r e t e n t i o n  and e f f e c t s  da ta  f o r  t h e  phosphorus smokes. I n  
t h e  case o f  p ines,  t h e  h i ghe r  r e t e n t i o n  o f  smoke res idues  by ponderosa p i n e  
compared w i t h  shor t -needle p ine ,  may be due t o  t h e  wax accumulat ions around 
t h e  stomates. The r e t e n t i o n  by sagebrush obv ious l y  r e s u l t s  f rom p a r t i c l e  
entrapment w i t h i n  t h e  complex wax s t r u c t u r e s  o f  t h e  sur face .  I n  a l l  o f  t h e  
above, t h e  r e l a t i v e l y  t h i c k  c u t i c u l a r  s t r u c t u r e  o f  t h e  f o l i a g e  would l i n i i t  
t r a n s f e r  o f  f o l i a r  depos i t s  t o  t h e  l e a f  i n t e r i o r  and t h e r e f o r e  reduce 
o v e r a l l  e f f e c t s .  S i m i l a r l y ,  t h e  r e l a t i v l e y  t h i n  c u t i c u l a r  wax depos i t s  
found i n  t he  grass and bushbean and g r e a t e r  p o t e n t i a l  f o r  f o l i a r  
absorp t ion ,  may account f o r  t h e i r  g e n e r a l l y  h i g h e r  s e n s i t i v i t y  t o  
phosphorus smokes, bo th  by d i r e c t  c o n t a c t  t o x i c i t y ,  and r e s i d u a l  impact 
descr ibed  i n  regrowth  s tud ies .  

3.3.3.6 Residual  E f f e c t s  o f  Phos~ho rus  Smokes on Rearowth o f  Grasses 

Whi le  t h e  above p h y t o t o x i c i t y  da ta  rep resen t  d i r e c t  e f f e c t s  f rom 
f o l i a r  d e p o s i t i o n  o f  phosphorus smokes, i t  was observed d u r i n g  t h e  RP/BR 
s tud ies  t h a t  when b lando brome was harvested f o r  biomass p roduc t ion ,  
regrowth  was n o t i c e a b l y  i n h i b i t e d  i n  some t r e a t e d  p l a n t s .  Because o f  t h e  
i n h i b i t e d  regrowth, t h e  e f f e c t s  o f  phosphorus smokes on biomass p r o d u c t i o n  
f o l l o w i n g  ha rves t  o f  t h e  s tand ing  vege ta t i on  were evaluated.  The 
e v a l u a t i o n  e l u c i d a t e s  t h e  adverse r e s i d u a l  e f f e c t s  of phosphorus smokes on 
regrowth o f  t h e  pe renn ia l  grass caused by f o l i a r  uptake o f  smoke 
components. I t  should be no ted  t h a t  t h i s  regrowth response was n o t  
observed w i t h  t h e  r e l a t i v e  h u m i d i t y  t reatments ,  appeared t o  be r e l a t e d  t o  
mass load ing ,  and t h e r e f o r e  was s tud ied  o n l y  i n  those exper iments where 
mass l o a d i n g  was high. Resu l ts  f o r  bo th  RP/BR and WP smokes a r e  shown i n  
Table 3.61. Before comparing t h e  r e l a t i o n s h i p  between f o l i a r  mass l o a d i n g  
and r e s i d u a l  regrowth  e f f e c t s ,  i t  should be no ted  t h a t  i n  t h e  e a r l y  RP/BR 
s tud ies  p l a n t s  were grown f o r  approx imate ly  60 days p r i o r  t o  exposure, and 
had l i m i t e d  biomass. I n  l a t e r  s tud ies ,  i t  was necessary t o  determine if 
phosphorus smokes a f f e c t e d  f l o w e r i n g  and seed development. S u b s t a n t i a l l y  
o l d e r  p l a n t s  were used t o  determine t h i s  e f f e c t  (90 t o  110 days). These 
changes i n  p l a n t  age a r e  r e f l e c t e d  i n  t h e  f i r s t  ha rves t  s tand ing  biomass, 
w i t h  t h e  va lues i n  ( )  i n d i c a t i n g  t h e  post-exposure obse rva t i on  per iod .  The 
second ha rves t  biomass va lues a r e  f o r  t h e  s t a t e d  regrowth per iod ,  and t h e i r  
magnitude aga in  w i l l  r e f l e c t  t h e  s i z e  o f  t h e  r o o t  mass ab le  t o  suppor t  
regrowth. 

Data f rom t h e  f i r s t  ha rves t  o f  t h e  grass show no dramat ic  r e s i d u a l  
e f f e c t  o f  mass l o a d i n g  on d r y  m a t t e r  p roduc t i on  i n  any of t h e  t h r e e  
exper iments.  As noted, t h i s  would be expected based on t h e  t o t a l  growth 
p e r i o d  compared w i t h  t h e  post-exposure per iod .  The regrowth,  o r  second 
harves t ,  da ta  t a b u l a t e d  i n  Table 3.61 and g r a p h i c a l l y  presented i n  F igu re  
3.29, c l e a r l y  show t h e  presence o f  a  r e s i d u a l  e f f e c t  o f  f o l i a r  
con tamina t ion  f o r  bo th  t h e  RP/BR smoke and WP smoke exposures. I n  t h e  
cumula t i ve  dose t e s t ,  where p l a n t s  were exposed n i n e  consecu t i ve  t imes t o  
low and h igh  a i r  concen t ra t i ons  o f  smoke, t h e r e  i s  a  90% r e d u c t i o n  i n  
biomass product- ion a t  t h e  h i g h e r  mass l o a d i n g  r a t e .  I n  t h e  RP/BR wind speed 



TABLE 3.61. RESIDUAL EFFECTS OF FOLIAR-DEPOSITED PHOSPHORUS SMOKES ON 
REGROWTH OF BLAND0 BROME 

Mass Shoot d r y  m a t t e r  p roduc t i on (a )  
1 oadi  ng (gm d r y  w t  t i s s u e )  

Smoke Experiment (pg P/cm2) F i r s t  ha rves t (b )  Second ha rves t  

RP/BR CDT Cont ro l  1.72k0.29 ( 2 1  days) 0.2420.02 (22 days) ,* 

1 OW 3 3 1.83k0.35 - 0.2020.09 - 
h i g h  480 1.57k0.27 - 0.02+0.01 +++ 

WST Con t ro l  3.7820.72 (14 days) 0.9520.05 (33 days) 
0 .5mph 27 3.42k0.69 - 0.96+0.02 - 
4.5mph 640 3.4720.89 - 0.50+0.02 +++ (i 

10 mph 2796 3.28k0.55 - 0.005+0.002 +++ 

W P W ST Con t ro l  10.23k0.43 (14 days) 4.91k0.42 (28 days) 
2 mph 34 10.4.0+1.34 - 5.0220.38 
4 mph 259 8.4420.81 - 3.91+0.11 + 
6 mph 585 8.5320.92 - 3.34k0.12 ++ 
10 mph 2719 9.9121.61 - 2.9320.40 +++ 

- - - - -- - - - - - - - - - - - 

( a )  Value i n  pa ren thes i s  i n d i c a t e  e i t h e r  t h e  post-exposure obse rva t i on -  
per iod ,  o r  t h e  second ha rves t  growth per iod .  Avg+SD, n=3; l e v e l s  o f  
s i g n i f i c a n c e  based on t - t e s t  a r e  P<0.01(+++), - P<0.05(++), - P<0. - I ( + ) ,  
and n o t  s i g n i f i c a n t ( - ) .  

( b )  Pre t rea tment  growth pe r i ods  f o r  t h e  t h r e e  exper iments were 60, 90, and 
110 days. 

t e s t  (WST), where p l a n t s  were o l d e r  when exposed, e f f e c t s  a r e  somewhat l e s s  
a t  comparable mass l o a d i n g  l e v e l s .  There i s  a 50% r e d u c t i o n  i n  regrowth  a t  
mass l oad ings  of 640 pg P/cm2, and a 95% r e d u c t i o n  a t  2800 pg P/cm2. 
Resu l ts  f o r  WP a r e  q u a l i t a t i v e l y  s i m i l a r  t o  RP/BR, b u t  n o t  q u a n t i t a t i v e l y .  
Mass l o a d i n g  l e v e l s  o f  250, 580, and 2700 pg P/cm2, r e s u l t  i n  biomass 
r e d u c t i o n s  o f  20%, 32%, and 40%, r e s p e c t i v e l y .  T h i s  i s  s u b s t a n t i a l l y  l e s s  
than  t h a t  seen w i t h  t h e  RP/BR t reatments .  However, we have seen no 
ev idence t h a t  t h e  combustion p roduc ts  o f  RP/BR smokes d i f f e r  f rom those  o f  
WP smokes, and can r u l e  o u t  smoke chemis t ry .  I t  appears t h a t  t h e  o l d e r  t h e  
p l a n t  a t  exposure, t h e  l owe r  t h e  i n t e n s i t y  o f  t h e  r e s i d u a l  regrowth  
e f f e c t s .  . 

There a r e  p h y s i o l o g i c a l  mechanisms t o  e x p l a i n  t h i s  e f f e c t .  P l a n t s  
compr is ing  these  t h r e e  s tud ies  were i n  e i t h e r  a r a p i d l y  growing v e g e t a t i v e  
s t a t e  (RP/CDT) , e a r l y  boo t  s tage where r e p r o d u c t i v e  s t r u c t u r e s  were j u s t  
fo rming  (RP/WST), o r  i n  m id  t o  l a t e  s e e d - f i l l i n g  s tage (WP/WST). I n  t h e  
v e g e t a t i v e  s tage  me tabo l i t es ,  p o s s i b l y  i n c l u d i n g  phosphorus smoke 
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components, a r e  be ing  t r anspo r ted  f rom f o l i a g e  t o  r o o t s  t o  e s t a b l i s h  t h e  
r o o t s  f o r  t h e  n e x t  y e a r ' s  f o l i a g e  growth. As t h e  p l a n t  matures, l e s s  
f o l i a r  m a t e r i a l  i s  t r a n s p o r t e d  t o  t h e  r o o t ,  and more i s  t r a n s f e r r e d  f rom 
f o l i a g e  t o  t h e  deve lop ing  r e p r o d u c t i v e  s t r u c t u r e s  and/or seed. I n  t h e  
l a t t e r  s i t u a t i o n ,  l e s s  o f  t h e  phosphorus components caus ing t h e  observed 
e f f e c t s  would be t r a n s p o r t e d  t o  t h e  r o o t  and regrowth e f f e c t s  would be 
expected t o  be l ess .  
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3.3.3.7 I n d i r e c t  E f f e c t s  o f  Phosphorus Smokes on Grasses Grown i n  
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The sho r t - t e rm  adverse e f f e c t s  o f  smokes r e s u l t i n g  f rom d i r e c t  c o n t a c t  
w i t h  mature, above-ground p l a n t  s t r u c t u r e s  have been evaluated.  However, 
obscurant  smokes used a t  t r a i n i n g  s i t e s  t h a t  have marg ina l  s o i l  f e r t i l i t y  
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e f f e c t s .  S p e c i f i c a l l y ,  what e f f e c t  does t h e  h i g h  a c i d i t y  and/or  h i g h  
phosphorus loads  t o  s o i l  have on t h e  s u r v i v a l  and replacement o f  p l a n t s  a t  
f i e l d  i n s t a l l a t i o n s ?  The s p e c i f i c  o b j e c t i v e s  t o  be addressed inc luded :  
1) e v a l u a t i o n  o f  t h e  e f f e c t s  o f  phosphorus smoke d e p o s i t i o n  t o  s o i l  on seed 
germina t ion ,  u s i n g  b lando brome as a  t e s t  species;  and 2) a  de te rm ina t i on  
o f  t h e  i n f l u e n c e  o f  h i g h  a c i d i t y / h i g h  phosphorus loads  t o  s o i l s  on t h e  
a v a i l a b i l i t y  o f  s o i l  elements t o  growing p l a n t s ,  aga in  u s i n g  b lando brome. 
The assumption was t h a t  t h e  m o b i l i z a t i o n  o f  p o t e n t i a l l y  t o x i c  elements i n  
s o i l s  c o u l d  a c c e l e r a t e  t h e i r  abso rp t i on  by  p l a n t s  and adve rse l y  a f f e c t  
e i t h e r  germina t ion  and/or subsequent growth, and t h e r e f o r e  p l a n t  v i g o r .  

Two s o i l s  were employed i n  these  s tud ies ,  a  Burbank s i l t - s a n d  and a  
Maxey F l a t s  c lay- loam. The Burbank s o i l  i s  c h a r a c t e r i s t i c  o f  t h e  a r i d  
c e n t r a l  Washington s t a t e  reg ion ,  i n c l u d i n g  t h e  Yakima F i r i n g  Range. I t  has 
a  pH of 7 and i s  r e l a t i v e l y  f e r t i l e .  The Maxey F l a t s  s o i l  was c o l l e c t e d  i n  
Kentucky and i s  r e p r e s e n t a t i v e  o f  humid eas te rn  s o i l s ,  has a  pH o f  & 

approx imate ly  5.5, and i s  a  compara t i ve ly  h e a v i l y  leached s o i l  w i t h  low 
f e r t i l i t y .  Pots c o n t a i n i n g  approx imate ly  400 gm d r y  w t  s o i l ,  ma in ta i ned  a t  
2/3 f i e l d  capac i t y ,  were exposed d u r i n g  each o f  t h e  t e s t s  (RFT, RHT, CDT, 
and WST). Mass l o a d i n g  l e v e l s  were es t imated  based on wet and d r y  
d e p o s i t i o n  coupons. Fo l l ow ing  exposure, each po t / t r ea tmen t  was seeded w i t h  
20 b lando brome seeds, germina t ion  percentage was noted and a l l owed  t o  grow 
f o r  a  s e t  p e r i o d  o f  t ime.  The t i s s u e s  were harvested f o r  t o t a l  e lementa l  
a n a l y s i s  by ICP, and regrown i f  necessary f o r  second h a r v e s t  data.  

3.3.3.8 Germinat ion 

S o i l s  exposed t o  e i t h e r  RP/BR o r  WP smokes, under v a r i o u s  c o n d i t i o n s  o f  
exposure d u r a t i o n  cumula t i ve  dose, r e l a t i v e  h u m i d i t y  o r  wind speed, and 
u n t r e a t e d  c o n t r o l  po t s  were seeded w i t h  b lando brome. Cont ro l  s o i l s  had 
ge rm ina t i on  r a t e s  o f  85% t o  95%. Based on these c o n t r o l  r a t e s ,  i n  no case 
d i d  e i t h e r  RP/BR o r  WP smoke, under any c o n d i t i o n ,  s i g n i f i c a n t l y  a f f e c t  
germina t ion .  The l a c k  o f  any adverse e f f e c t  on germina t ion  would suggest 
t h a t  t h i s  s t e p  o f  t h e  p l a n t  growth c y c l e  i s  i n s e n s i t i v e  t o  any secondary 
e f f e c t s  o f  e i t h e r  pH o r  h i g h  phosphorus. 

3.3.3.9 Biomass P roduc t i on  

I n  range f i n d i n g  t e s t  A, s o i l s  were exposed t o  RP/BR smokes f o r  2 t o  8 
hours, mass l o a d i n g  was est imated,  and biomass p roduc t i on  determined 
55-days p o s t - p l a n t i n g .  Resu l ts  f o r  RFT and CDT s e r i e s  a r e  t a b u l a t e d  i n  
Table 3.62, and g r a p h i c a l l y  presented f o r  t h e  RFT s e r i e s  i n  F i g u r e  3.30. 
I n  t h e  case o f  Maxey F l a t s  s o i l ,  t h e  f i r s t  ha rves t  biomass inc reased  
s i g n i f i c a n t l y  w i t h  i n c r e a s i n g  s o i l  d e p o s i t i o n  l e v e l s ,  compared w i t h  
c o n t r o l s .  I n  t h i s  i ns tance  phosphorus l o a d i n g  o f  t h e  s o i l  a c t u a l l y  
inc reased  p l a n t  growth on t h e  l o w - f e r t i l i t y  s o i l .  A f t e r  c ropp ing  and 
regrowth  f o r  an a d d i t i o n a l  34 days, biomass p roduc t i on  aga in  inc reased  w i t h  
phosphorus l o a d i n g  t o  s o i l .  No evidence o f  r e t a r d e d  regrowth  was ev iden t ,  
as seen w i t h  d i r e c t  f o l i a r  contaminat ion.  Biomass r e s u l t s  f o r  t h e  f i r s t  
and second ha rves t  o f  p l a n t s  grown i n  Burbank s o i l  showed no s i g n i f i c a n t  
e f f e c t  on p l a n t  growth. 



TABLE 3.62. EFFECT OF SOIL-DEPOSITED RP/BR SMOKES ON THE GROWTH OF BLAND0 
BROME SEEDED POST-EXPOSURE. SOILS WERE EXPOSED EITHER FOR 2, 
4, 6, OR 8 HOURS I N  RFT-A, OR TO CONSECUTIVE DOSES I N  THE CDT 

S o i l  mass Shoot d r y  w t  (grn)'a' 

Exper iment 1 oadi  ng F i r s t  
( b )  

Second 

91 
So i  1 code ( vgP/cm2 ha rves t  ha rves t  ( c >  

Maxey F l a t s  RFT-A Con t ro l  
190 
390 
580 
780 

Burbank RFT-A Con t ro l  
190 
390 
580 
780 

Maxey F l a t s  CDT Cont ro l  0.06kO. 1 0.14k0.01 
L o w x 9  160 0.31k0.13 ++ 0.3750.05 +++ 
High x 9 2080 1.63k0.17 +++ 0.83k0.03 +++ 

Burbank CDT Cont ro l  1.82k0.07 0.54kO. 06 
LOW x 9 160 2.02k0.01 ++ 0.57k0.06 - 
High x 9 2080 2.25k0.14 ++ 0.64k0.07 - 

( a )  Avg+SD, n=3; l e v e l s  of s i g n i f i c a n c e  based on t - t e s t  a r e  P<0.01(+++), - 
P<0.0.05(++), P<0. I ( + ) ,  and n o t  s i g n i f i c a n t ( - ) .  

( b )  55 days 
- 

(c) 34 days 
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FIGURE 3.30. INDIRECT EFFECTS OF SOIL DEPOSITED RP/BR SMOKES ON GROWTH 
OF BLAND0 BROME ON BURBANK SILT-SAND AND MAXEY FLATS 



I n  t h e  CDT, a t  t h e  f i r s t  ha rves t  (60 days) t h e  low dose exposure 
r e s u l t e d  i n  s o i l  mass l o a d i n g  l e v e l s  comparable t o  t h e  2-hour t rea tment  i n  
t h e  RFT, w h i l e  t h e  h i gh  dose gave s o i l  mass load ings  a  f a c t o r  o f  2  t o  3  
t imes h ighe r  than t h e  8  hour t rea tment ,  o r  2000 pg P/cm2 s o i l  su r face .  I n  
Burbank s o i l  contaminated i n  t h e  cumula t i ve  dose t e s t  se r i es ,  s i g n i f i c a n t  
increases i n  biomass p roduc t i on  i s  observed f o r  t h e  f i r s t  harves t ,  b u t  n o t  
i n  t h e  second harves t .  S i m i l a r l y ,  t h e  f i r s t  ha rves t  f rom Maxey F l a t s  s o i l  
shows a  s i g n i f i c a n t  inc rease  i n  biomass p roduc t i on  a t  bo th  low and h i g h  

I dose l e v e l s .  S ince growth was minimal on Maxey F l a t  c o n t r o l  s o i l s ,  N-P-K 
f e r t i l i z e r  was a p p l i e d  t o  a l l  t h r e e  t rea tments  ( cumu la t i ve  dose t e s t )  of 
t h i s  s o i l  f o l l o w i n g  t h e  f i r s t  harves t .  Dry  m a t t e r  p roduc t i on  f o r  t h e  
second ha rves t  (42 days), f o r  each t reatment ,  was h i g h e r  than t h e  c o n t r o l s .  
I n  f a c t ,  f e r t i l i z a t i o n  o f  t h e  Maxey F l a t s  s o i l  d i d  l i t t l e  t o  i n f l u e n c e  t h e  
phosphorus e f f e c t s  o t h e r  than  inc rease  second ha rves t  biomass r e s u l t s  f o r  
t h e  c o n t r o l  s. 

The i n d i r e c t  p l a n t  e f f e c t s  o f  RP/BR and WP smokes generated over  a  
range o f  r e l a t i v e  hum id i t y  t rea tments  were s i m i l a r ,  t h e r e f o r e  o n l y  t h e  da ta  
s e t  f o r  RP/BR i s  presented, p a r t i c u l a r l y  s i n c e  t h e  l a t t e r  i nc l uded  a  
r a i n o u t  t reatment .  I n  t e s t  s e r i e s  D, s o i l s  were exposed t o  RP/BR smokes 
under t h r e e  r e l a t i v e  hum id i t y  c o n d i t i o n s  and s imu la ted  r a i n o u t .  For  t h e  
r e l a t i v e  humid i t y ,  t rea tments  were approx imate ly  180 pg P/cm2 and inc reased  
by 15 - fo l d  t o  3000 ug P/cm2 under r a i n o u t  c o n d i t i o n s  (Tab le  3.63). I n  t h e  
case o f  Burbank s o i l s ,  t h e  r a i n o u t  t reatment ,  w i t h  i t s  much h ighe r  
d e p o s i t i o n  t o  s o i l ,  i nc reased  biomass by 32% compared w i t h  t h e  c o n t r o l .  I n  
comparison, t h e  lower  s o i l  dose r e s u l t i n g  f rom non- ra inou t  c o n d i t i o n s  a t  
27%, 53%, and 89% r e l a t i v e  humid i t y ,  reduced biomass p roduc t i on  
s i g n i f i c a n t l y .  I n  f a c t ,  these  r e s u l t s  suggest t h a t  low r e l a t i v e  h u m i d i t i e s  
tend  t o  c o n t a i n  smoke components i n h i b i t o r y  t o  growth, more so t h a t  a t  
e i t h e r  of t he  h i g h e r  r e l a t i v e  h u m i d i t y ' s  o r  under r a i n o u t  cond i t i ons .  Th i s  
response p a t t e r n  i s  ma in ta ined  through t he  second ha rves t  on Burbank s o i l s .  
Again, t h e  l a c k  of s i g n i f i c a n t  growth r e d u c t i o n  a t  t h e  h i g h  r a i n o u t  l e v e l s  
and a  r e s i d u a l  t o x i c i t y  w i t h  r e l a t i v e  humid i t y ,  p a r t i c u l a r l y  a t  t h e  lower  
r e l a t i v e  humid i t y ,  a r e  noted. Th i s  apparent r e s i d u a l  t o x i c i t y  i s  seen a l s o  
i n  t h e  canopy h e i g h t  data,  where o n l y  t h e  r e l a t i v e  hum id i t y  t reatments  o f  
t h e  second ha rves t  e x h i b i t  a  reduced b lade  l e n g t h  o f  22 versus 33 
cen t imete rs .  

Resu l ts  f o r  Maxey F l a t s  s o i l  a r e  n o t  t o t a l l y  c o n s i s t e n t  w i t h  those o f  
Burbank s o i l .  As be fo re  (see Table 3.62), growth was promoted w i t h  a l l  
phosphorus a d d i t i o n s ,  compared w i t h  t h e  c o n t r o l s .  However, t h e  h i g h  
phosphorus l oad ings  r e s u l t i n g  f rom r a i n o u t  a re  i n h i b i t o r y  compared w i t h  t h e  
1  ower load ings  i n  t h e  r e l a t i v e  h u m i d i t y  t rea tments  (P=0.003). Th i s  
suggests t h e  presence o f  some adverse i n t e r a c t i o n .  I n  t h e  f i r s t  harves t ,  
t h e  e f f e c t  o f  r e l a t i v e  hum id i t y  i s  c l e a r l y  seen a l though n o t  and i n d i c a t e s  
a  reduced r a t e  o f  d r y  m a t t e r  p roduc t i on  as r e l a t i v e  h u m i d i t y  d u r i n g  
exposure i s  reduced. I n  t h e  second ha rves t  t h e  r a i n o u t  t rea tment  con t inues  
t o  e x h i b i t  an i n h i b i t o r y  t r e n d  (P=0.006), w h i l e  t h e  e f f e c t s  o f  r e l a t i v e  
hum id i t y  a r e  no l onge r  ev iden t .  



TABLE 3.63. INFLUENCE OF RELATIVE HUMIDITY AND RAINOUT ON GROWTH OF BLAND0 
BROME GROWN ON SOILS CONTAMINATED WITH RP/BR SMOKES, EXPOSURE 
SERIES D 

@ 

F i r s t  ha rves t  Second h a r v e s t  
S o i l /  Mass D ry Canopy Dry  Canopy 
t r ea tmen t  1 oadi  ng we igh t  h e i g h t  we igh t  h e i g h t  

( ug  P/cm2) (gm) (cm) (sm) (cm) (* 

Burbank 
27% RH 180 2.29+0.05+++ 33 0.64+0.05++ 22 
53% 160 2.42+0.24+ 33 0.64+0.02++ 22 
89% 180 2.72+0.07++ 33 0.87+0.04+ 22 
Rai nou t 3000 3.97+0.02+++ 33 1.5150.37- 33 
Con t ro l  0 3.06k0.06 33 1.80k0.41 33 

Maxey F l a t s  
27% RH 180 1.20+0.11+++ 30 0.63+0.01+++ 22 
53% 160 1.32+0.17+++ 30 0.79+0.04+++ 22 
89% 180 1.61+@.09+++ 30 0.67kO.O +++ 22 
Rai nou t 3000 1.11+0.04+++ 28 0.23+0.06++ 10 
Con t ro l  0 0.06k0.01 8.5 0.04kO.O 4.5 

Avg+SD, n=3; l e v e l s  o f  s i g n i f i c a n c e  based on t - t e s t  a r e  P<0.01(+++), - 
P<0.05(++), - P<0.1(+), - and n o t  s i g n i f i c a n t ( - ) .  

I t  i s  p r e s e n t l y  u n c l e a r  as t o  t h e  cause o f  e i t h e r  t h e  r e s i d u a l  e f f e c t s  
f o l l o w i n g  f o l i a r  con tamina t ion  o r  t h e  i n d i r e c t  e f f e c t s  on p l a n t  growth 
f o l l o w i n g  s o i l  con tamina t ion .  Two reasonable op t i ons  a r e  p l a u s i b l e .  
F i r s t ,  t h e r e  i s  some component i n  phosphorus smokes t h a t  i s  r e a d i l y  
absorbed and p e r s i s t s  and a f f e c t s  subsequent p l a n t  growth. Secondly, t h e  
presence o f  a v a i l a b l e  phosphorus i n  s o i l s ,  r e s u l t i n g  f rom e i t h e r  r o o t  
e x c r e t i o n  f o l l o w i n g  f o l i a r  uptake o r  d i r e c t l y  depos i ted  t o  s o i l  i n  t h e  
l a t t e r  s t ud ies ,  may cause e i t h e r  an i o n  imbalance o r  r e s u l t  i n  
s o l u b i l i z a t i o n  o f  t o x i c  m a t e r i a l s  i n  s o i l  t h a t  a r e  o the rw i se  u n a v a i l a b l e  
f o r  p l a n t  uptake thereby  i nduc ing  t h e  observed e f f e c t s .  The f i r s t  
p o s s i b i l i t y  i s ,  i n  o u r  op in i on ,  much more p l a u s i b l e .  

3.3.3.10 Elemental C o m ~ o s i t i o n  o f  P l a n t  T issues 

The d e p o s i t i o n  o f  phosphorus smokes t o  s o i l s  and t h e  e v a l u a t i o n  of 
subsequent p l a n t  a v a i l a b i l i t y  o f  s o i l  elements, was performed f o r  s o i l s  
exposed f rom 2 t o  8 hours (RFT), f o r  s o i l s  r e c e i v i n g  n i n e  r e p e t i t i v e  
exposures t o  low and h i g h  concen t ra t i on  smokes (CDT), and t o  s o i l s  exposed 
t o  smokes under a range o f  r e l a t i v e  h u m i d i t y  and s imu la ted  r a i n o u t  
c o n d i t i o n s  ( r e l a t i v e  humidi- ty t e s t ) .  The purpose o f  t h e  e v a l u a t i o n  was 



i d e n t i f y  t h e  immediate causes f o r  y i e l d  r educ t i ons  observed w i t h  
post-exposure p l an ted  s o i l s ,  and t o  i d e n t i f y  any sub tox i c  m o b i l i z a t i o n  o f  
non -nu t r i en t  t r a c e  elements normal l y  assoc ia ted  w i t h  s o i  1  s. 

I n  t h e  RFT, where s o i l s  were exposed t o  RP/BR smokes f o r  2 t o  8  hours,  
mass l o a d i n g  o f  phosphorus t o  s o i l  su r faces  ranged f rom 190 t o  780 pg P/cm2. 
Resu l ts  f o r  t h e  concen t ra t i ons  o f  i n d i v i d u a l  elements i n  shoot t i s s u e s  f o r  
b lando brome a r e  shown i n  Table 3.64. I t  should be no ted  t h a t  i n  t h i s  and 
t h e  subsequent t h r e e  da ta  se ts ,  no evidence o f  As, Cd, Co, C r ,  N i ,  o r  Pb 
m o b i l i z a t i o n  was observed. I n  a d d i t i o n ,  t h e  behav io r  o f  Ba, Na, L i ,  and S r  

TABLE 3.64. AVAILABILITY OF SOIL ELEMENTS FOR PLANT UPTAKE FOLLOWING 
CONTAMINATION OF SOILS WITH RP/BR SMOKES FOR 2 TO 8 HRS(a) 

Soi 1 /Element (b)  Tissue concentrat ion (pg/gm dry  wt)  

Maxey F l a t s  s i  l t - loam 
Exposure dura t ion  (h rs )  Control 2 4 6 8 
Mass Loading (pg P/cm2) 0 190 390 580 780 

Burbank s i l t - sand  
Mass loading (ug P/cm2) 0 190 3 90 580 780 

( a )  Pots ( l l .5cm d i a  x 1Ocm deep) were exposed t o  aerosols conta in ing and planted w i t h  
Blando brome. MeanfRange, n=2. 

(b )  As, Cd, CO, Cr, Ni and Pb were a t  o r  below detec t ion  l i m i t s .  



was comparable t o  t h e i r  monovalent and d i v a l e n t  n u t r i e n t  analogs, and a r e  
n o t  repor ted .  The f o l l o w i n g  d i scuss ion  i s  compl i ca ted  by s u b s t a n t i a l  
d i f f e r e n c e s  i n  t h e  i n t e r a c t i o n  o f  phosphorus smokes w i t h  t h e  two s o i l s  
used. 

Resu l ts  f o r  Maxey F l a t  s o i l  show t h e  t i s s u e  concen t ra t i ons  o f  t h e  
d i v a l e n t  c a t i o n s  Ca, Fe, Mg, Mn, and Zn t o  i nc rease  w i t h  i n c r e a s i n g  s o i l  
l o a d i n g  o f  RP/BR smoke, w h i l e  t h e  c o n c e n t r a t i o n  o f  monovalent K decreases, 
and t h e r e  i s  no apparent  e f f e c t  on Cu ( F i g u r e  3.31). Compared t o  t h e  
c o n t r o l  p l a n t s ,  t i s s u e  concen t ra t i ons  o f  phosphorus t end  t o  i nc rease  w i t h  
mass load ing ,  as one migh t  expect.  The concen t ra t i on  o f  A1 i s  r e l a t i v e l y  
unchanged a t  2 t o  6 hours,  b u t  inc reases  s h a r p l y  a t  t h e  h i g h e s t  smoke 
load ing .  Based on these  data,  t h e  f i r s t  ha rves t  growth promot ion (see  
Tab le  3.63) may i n  f a c t  be due t o  l i m i t e d  phosphorus a v a i l a b i l i t y ,  w h i l e  
t h e  i n h i b i t i o n  no ted  i n  t h e  second h a r v e s t  a t  8  hours c o u l d  r e s u l t  f rom A1 

I 
and Mn t o x i c i t y .  

Resu l ts  w i t h  t h e  Burbank s i l t - l o a m  s o i l ,  as noted, a r e  somewhat 
d i f f e r e n t .  No s t a t i s t i c a l l y  s i g n i f i c a n t  p a t t e r n s  f o r  p l a n t  a v a i l a b i l i t y  
a r e  no ted  f o r  A l ,  Cu, Fe, K, Mg, Mn, o r  Zn. The a v a i l a b i l i t y  o f  Ca shows a  
decreas ing t r e n d  w i t h  mass load ing ;  K  shows a  s i m i l a r  t r e n d  ( F i g u r e  
3.32). Con t ro l  t i s s u e s  show s u b s t a n t i a l  l y  h i g h e r  phosphorus 1  eve1 s  , 
compared w i t h  Maxey F l a t  s o i l ,  w i t h  inc reased  t i s s u e  c o n c e n t r a t i o n  w i t h  
mass l o a d i n g  l e v e l .  Some decrease i n  t i s s u e  concen t ra t i on  f o r  B  a r e  a l s o  
i n d i c a t e d .  

I n  t h e  cumu la t i ve  dose t e s t ,  t h e  h i g h  dose t r ea tmen t  r e s u l t e d  i n  a  2  
t o  3 - f o l d  i nc rease  i n  mass l o a d i n g  compared t o  t h e  r a n g e - f i n d i n g  t e s t .  For  
t h e  f i r s t  h a r v e s t  f rom Maxey F l a t s  s o i l  (Tab le  3.65), a  comparison of t h e  
e lementa l  concen t ra t i ons  i n  t i s s u e s  f rom c o n t r o l s  and h i g h  dose s o i l s  
g e n e r a l l y  r e i n f o r c e  t h e  p rev ious  r e s u l t s .  A t  t h e  h i g h  dose t h e  
concen t ra t i ons  o f  A l ,  B, Cu, Fe, K, and Zn decrease, w h i l e  Mg increases,  
and Mn and Ca remain constant .  The Burbank s o i l ,  which showed no 
d e f i n i t i v e  t r ends  (excep t  f o r  B, K, and Ca) w i t h  mass l o a d i n g  up t o  780 pg 
P/cm2 (see Tab le  3.64), does e x h i b i t  some changes w i t h  r e s p e c t  t o  p l a n t  
a v a i l a b i l i t y  a t  2080 ugP/cm2. T h i s  i s  seen i n  t h e  noted inc reases  i n  A l ,  
Fe, and Mn i n  t i s sues .  Concent ra t ions  o f  Ca decrease, w h i l e  those  o f  B, Cu, 
K, Mg, and Zn remain unchanged. 
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FIGURE 3.31. PLANT TISSUE CONCENTRATIONS OF DIVALENT CATIONS FOR PLANTS 
GROWN I N  MAXEY FLAT SOIL  AND EXPOSED TO RP/BR 
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FIGURE 3.32. ELEMENTAL COMPOSITION OF PLANT TISSUE FOR PLANTS GROWN I N  
BURBANK S O I L  



TABLE 3.65. AVAILABILITY OF ELEMENTS FOLkgYING CUMULATIVE D O S I N G  WISP 
RP/BR SMOKES (FIRST HARVEST) 

Soi l /E lement  T issue  concen t ra t i on  (pg/gm d r y  w t )  

Maxey F l a t  s i l t - l o a m  
Mass l o a d i n g  (pgP/cm2) 160 2080 Cont ro l  

3 A 1 107+66 82530 312539 
B 2152 2 152 29+2 
C a 388651522 77935400 6357+804 
C u 1322 9+1 2156 
F e 138+16 117514 262539 
K 27300+4100 9800?1311 24540+2280 
M g 11482577 30862155 1856+60 
M n 6185102 74957 8232174 
P 1400+260 3120+260 841520 
Zn 4057 3554 60212 

Burbank s i l t - s a n d  
Mass l o a d i n g  160 2080 Cont ro l  

The r e s u l t s  from t h e  second ha rves t  o f  t i s s u e  da ta  f rom these t r e a t e d  
s o i l s  a r e  shown i n  Table 3.66. For  t h e  Maxey F l a t s  s o i l ,  which was 
f e r t i l i z e d  f o l l o w i n g  t h e  f i r s t  harves t ,  t h e  c o n t r o l  t i s s u e s  inc reased  i n  K 
and P. I n  t h e  h i g h  dose t reatment ,  t h e  concen t ra t i ons  o f  B, Ca, Cu, K, Mg, 
and Mn increased compared t o  c o n t r o l  values. Z inc  decreases, and A1 and Fe 
remain unchanged. I n  t h e  Burbank s o i l ,  a l l  element concen t ra t i ons  i n  
t i s s u e s  remained cons tan t ,  w i t h  t h e  excep t i on  o f  A1 and Mn. U n l i k e  A1 i n  
t h e  f i r s t  harvest ,  which increased, A1 concen t ra t i on  decreased 
s u b s t a n t i a l l y  i n  t h e  second harves t .  Mn e x h i b i t e d  a p e r s i s t e n t  inc rease  i n  
a v a i l a b i l i t y  i n  bo th  harves ts .  



TABLE 3.66. AVAILABILITY OF ELEMENTS FOLLOWING CUMULATIVE DOSING WITH 
RP/BR SMOKES (SECOND HARVEST). 

Soi l /E lement  T issue  concen t ra t i on  (ug/grn d r y  w t )  
Maxey F l a t  s i l t - l o a m  
Mass l o a d i n g  160 2080 Con t ro l  

Burbank s i l t - s a n d  
Mass l o a d i n g  160 2080 Con t ro l  

For  Burbank s o i l ,  t h e  i n f l u e n c e  o f  r e l a t i v e  h u m i d i t y  and r a i n o u t  
c o n d i t i o n s  on t h e  p l a n t  a v a i l a b i l i t y  o f  s o i l  elements f o r  t h e  f i r s t  and 
second harves ts  i s  shown i n  Tab le  3.67. F i r s t  ha rves t  da ta  show A1 
( P ~ 0 . 0 5 )  t o  be e l eva ted  i n  o n l y  t h e  53% r e l a t i v e  h u m i d i t y  t rea tment ;  w h i l e  
B  TP<o. 1 )  Ca (P<0.05), Mg ( P ~ 0 . 1 ) ~  Mn (P<0.05) and Zn (P<0.05) a r e  reduced 
i n  concen t ra t i on .  Only  Ca, Fe, Mn, P an3 Zn a r e  s i g n i f i c a n t l y  a t  a l l  
r e l a t i v e  h u m i d i t y  t reatments .  T issue  concen t ra t i ons  f o r  t h e  second ha rves t  
a r e  s i m i l a r  t o  c o n t r o l s  except  f o r  Mn (P<0.05) and P (Pc0.1). These 
r e s u l t s  would suggest t h a t  d i s r u p t i o n  o f - s o l u b i l i t y  conFro ls  i n  s o i l s  as a  
r e s u l t  of low con tamina t ion  l e v e l s  o f  RP/BR a r e  n o t  p a r t i c u l a r l y  
p e r s i s t e n t .  However, i n  t h e  r a i n o u t  t rea tment  where a s imu la ted  r a i n f a l l  
d u r i n g  gene ra t i on  accounts f o r  t h e  e l eva ted  s o i l  depos i t i on ,  amounting t o  
approx imate ly  3000 ug P/cm2, some changes i n  t i s s u e  concen t ra t i ons  were 
observed. I n  t h e  f i r s t  harves t ,  t h e  t i s s u e  l e v e l s  o f  A l ,  Fe, and p o s s i b l y  
Mn were e leva ted .  The e l e v a t i o n  i s  c o n s i s t e n t  w i t h  t h e  f i r s t  ha rves t  



TABLE 3.67. PLANT AVAILABILITY OF ELEMENTS FROM BURBANK SILT-SAND 
FOLLOWING CONTAMINATION WITH RP/BR SMOKES AT A RAF'GE(a) 

b 
OF RELATIVE HUMIDITIES AND UNDER RAINOUT CONDITIONS 

Treatment /e l  ement T issue concen t ra t i on  (vg/gm d r y  w t )  

Burbank f i r s t  ha rves t  

3 
Treatment 53% 27% 89% Rainout  Cont ro l  
Mass l o a d i n g  160 180 180 3000 

Burbank second ha rves t  

( a )  F i r s t  and second harves ts  were a f t e r  55 days and 34 days o f  growth, 
r e s p e c t i v e l y .  

r e s u l t s  f rom t h e  CDT. However, i n  t h e  second ha rves t  concen t ra t ions  o f  
bo th  A1 and Mn were back t o  c o n t r o l  l e v e l s ,  w i t h  o n l y  Fe remain ing 
e leva ted .  

Resu l ts  f o r  t h e  f i r s t  and second harves ts  f rom Maxey F l a t s  s o i l  were 
s u b s t a n t i a l l y  more complex (Tab le  3.68). When r e l a t i v e  h u m i d i t y  i s  t h e  
v a r i a b l e ,  t he  t i s s u e  concen t ra t i ons  o f  A l ,  By  Cu, Fe, K, and Zn d e c l i n e  i n  
t h e  f i r s t  harves t ,  w h i l e  Ca and Mg increase,  and Mn remains cons tan t .  No 
t r ends  w i t h i n  t h e  r e l a t i v e  hum id i t y  t rea tments  a r e  c l e a r l y  apparent.  Under 
r a i n o u t  cond i t i ons ,  t h e  concen t ra t i on  o f  ale1 elements decrease except  f o r  



TABLE 3.68. PLANT AVAILABILITY OF ELEMENTS FROM MAXEY FLATS SILT-LOAM SOIL 
FOLLOWING CONTAMINATION WITH RPIBR SMOKES AT A RANGE OF RELATIVE 
HUMIDITIES AND UNDER RAINOUT CONDITION ( a )  

T rea tmen t l e l  ement T issue  Concent ra t ion  (pg/gm d r y  w t )  

Maxey F l a t s  f i r s t  ha rves t  
Treatment 53% 27% 89% Rainout  Cont ro l  
Mass l o a d i n g  160 180 180 3000 

Maxey F l a t s  second ha rves t  

F i r s t  and second ha rves t  were a f t e r  55 days and 34 days o f  growth, 
r e s p e c t i v e l y .  

Ca, Mg, and En, which remain cons tan t .  An i n t e r e s t i n g  obse rva t i on  can be 
made based on t h e  phosphorus l e v e l s  i n  t rea tments  and c o n t r o l s .  Whi le  
t h e r e  i s  a  3 0 - f o l d  d i f f e r e n c e  i n  t h e  s o i l  phosphorus load,  o n l y  a  2 - f o l d  
d i f f e r e n c e  was observed i n  t i s s u e  concent ra t ion .  Th i s  obse rva t i on  suppor ts  
t h e  r o l e  o f  p l a n t  r o o t s  i n  r e g u l a t i n g  i o n  uptake, a l though t h e  f a t e  and 
i n t e r a c t i o n s  o f  t h e  rema in ing  phosphorus r e s i d i n g  i n  these  s o i l s  should be 
considered. 

I n  t h e  second harves t ,  b a s i c a l l y  s i m i l a r  t rends  i n  t i s s u e  compos i t ion  
were seen f o r  t h e  r e l a t i v e  hum id i t y  t rea tments .  Aluminum, B, Cu, Fe, Mn, 
and Zn were s t i l l  l ow compared t o  c o n t r o l s .  However, K l e v e l s ,  a l though 



s t i l l  depressed were beg inn ing  t o  increase,  and Ca l e v e l s  r e t u r n e d  t o  
c o n t r o l  concen t ra t ions .  Under r a i n o u t  cond i t i ons ,  e f f e c t s  were comparable 
t o  t h e  r e s u l t s  f rom t h e  f i r s t  harves t .  Potassium i n  p a r t i c u l a r  r e t u r n e d  t o  
c o n t r o l  l e v e l s .  

These t i s s u e  data,  w h i l e  appear ing t o  be q u i t e  complex and i n  many 
ins tances  c o n t r a d i c t o r y ,  r ep resen t  t h e  end r e s u l t  o f  a  s e r i e s  o f  a b i o t i c  
and b i o t i c  processes, i n c l u d i n g  b o t h  s o i l  and p l a n t  processes. I n  

- a d d i t i o n ,  apparent d i f f e r e n c e s  between da ta  s e t s  were f u r t h e r  compl icated 
by a  range o f  exper imenta l  v a r i a b l e s ,  i n c l u d i n g  p r e p l a n t i n g  e q u i l i b r a t i o n  
per iods  (CDT versus RFT and r e l a t i v e  hum id i t y )  , growth du ra t i on ,  mass 
l o a d i n g  r a t e s ,  and t h e  t ype  and f e r t i l i t y  l e v e l  o f  t h e  two s o i l s  used. A 
number o f  i n d i r e c t  e f f e c t s  o f  phosphorus smoke d e p o s i t i o n  t o  s o i l s  can be 
assumed o r  pos tu la ted .  F i r s t ,  RP/BR smokes a r e  a c i d i c  and w i l l  have more o r  
l e s s  o f  an e f f e c t  on s o i l  pH, depending on b u f f e r i n g  capac i t y .  A lso,  s o i l  
a c i d i t y ,  o r  increased H i on ,  can cause a  d isp lacement  o f  c a t i o n s  f rom 
c a t i o n  exchange s i t e s .  The d i sp laced  c a t i o n s  cou ld  account f o r  t h e  
observed increases i n  p l a n t  a v a i l a b i l i t y  o f  mono and d i v a l e n t  c a t i o n s  such 
as Ca, Fe, K, Mg, Mn, and Zn, and p o s s i b l y  A l .  A c i d i t y  cou ld  a l s o  reduce 
t h e  s o i l  s o l u b i l i t y  o f  an ions such as B. Secondly, t h e  presence o f  h i g h  
concent ra t ions  o f  s o l u b l e  phosphorus i n  s o i l s  cou ld  form i n s o l u b l e  
phosphorus complexes, p a r t i c u l a r l y  i f  t h e  concen t ra t i ons  a r e  h i g h  enough 
t o  exceed t h e  an ion  exchange c a p a c i t y  o f  t h e  s o i l .  Th is ,  i n  f a c t ,  may 
account f o r  t h e  reduced l e v e l s  o f  A l ,  Ca, Fe, Mg, Mn, and Zn. Several  
causa t i ve  f a c t o r s  f o r  t h e  observed growth reduc t i ons  can be pos tu la ted .  
F i r s t ,  i n  severa l  ins tances  t h e  h i g h  l e v e l s  o f  A1 and/or Mn i n  t i s s u e s  can 
be t o x i c  t o  p l a n t s  and r e s u l t  i n  growth reduc t ions .  Secondly, i n  severa l  
ins tances  t h e r e  i s  a  d ramat ic  imbalance i n  n u t r i e n t s  ( i .e . ,  Ca, K, Mg, Fe, 
and Mn). The imbalance c o u l d  a l s o  be metabol i c a l l y  d i s r u p t i v e .  F i n a l l y ,  
t h e r e  s t i l l  remains some ques t i on  as t o  whether t h e r e  a r e  smoke components 
o t h e r  than phosphates t h a t  remain i n  t h e  system and induce some adverse 
ef fects .  

Because o f  t h e  i n c o n s i s t e n c i e s  i n  da ta  i n t e r p r e t a t i o n ,  one a d d i t i o n a l  
da ta  s e t  was c o l l e c t e d  i n  an e f f o r t  t o  p l ace  some o f  these mechanisms i n t o  
perspec t i ve .  I n  t h e  wind speed t e s t  f o r  RP/BR smoke, p l a n t s  ( n o t  s o i l s )  were 
exposed t o  wind speeds o f  0.5 t o  10 mph. When t h e  grasses were c u t  back 
f o r  c o l l e c t i o n ,  i t  was c l e a r  t h a t  t h e  10 mph t rea tment  was s e v e r l y  a f f e c t e d  
and h a r d l y  any growth was e x h i b i t e d .  The 4.5 mph t rea tment  e x h i b i t e d  
approx imate ly  a  50% growth r a t e  reduc t i on ,  w h i l e  t h e  0.5 mph t rea tment  
appeared normal. A t  t h i s  p o i n t  t h e  b lando brome was regrown and t h e  shoot 
t i s s u e s  were e l emen ta l l y  analyzed. Table 3.69 shows t h e  r e s u l t s  o f  t h i s  
study. I t becomes q u i t e  c l e a r  f rom t h e  phosphorus da ta  t h a t  a  s u b s t a n t i a l  
f r a c t i o n  o f  t h e  f o l i a r  contaminants a r i s i n g  f rom d i r e c t  smoke con tamina t ion  
were absorbed f rom t h e  leaves and t r anspo r ted  t o  t h e  r o o t  o f  t h e  grass. 
The s to red  phosphorus was then  remob i l i zed  t o  t h e  newly deve lop ing  shoot. 
The remobi l  i z a t i o n  inc reases  w i t h  wind speed ( i  .e., mass l o a d i n g ) .  
However, based on t h e  behav io r  o f  t h e  o t h e r  elements, i t  appears t h a t  t h e  
r o o t  may a l s o  have secre ted  excess phosphorus t o  t h e  s o i l  and a f fec ted  t h e  
a v a i l a b i l i t y  o f  o t h e r  elements. I n  t h i s  i ns tance  t h e  a v a i l a b i l i t y  o f  A1 



TABLE 3.69. CHANGES I N  THE SHOOT CONTENT OF SEVERAL ELEMENTS FOLLOWING 
REGROWTH OF BLAND0 BROME, FOLIARLY EXPOSED TO RP/BR SMOKES 
AT TWO WIND SPEEDS 

E l  ement/ t reatment T issue  concen t ra t i on  (ug/gm d r y  w t )  

Wind speed Con t ro l  0.5 mph 
Mass l o a d i n g  (pg  P/cm2) 0  2 7 

4.5 mph 
640 

and Mn were s u b s t a n t i a l l y  depressed, w h i l e  concen t ra t i ons  o f  Ca, K, and Na 
a r e  e leva ted .  Roots g e n e r a l l y  do n o t  have t h e  c a p a c i t y  f o r  ho ldup o r  
s to rage  o f  Na, t h e r e f o r e  we were most p robab ly  d e a l i n g  w i t h  t h e  e f f e c t s  of 
phosphorus s e c r e t i o n  f rom r o o t s .  However, phosphate secre ted  f rom r o o t s  
c o u l d  n o t  a f f e c t  t h e  c a t i o n  exchange o f  Na; o n l y  t h e  H i o n  can a f f e c t  t h e  
c a t i o n  exchange. Thus, t h e  phosphorus accumulat ion w i t h i n  t h e  r o o t  may 
have caused a  s e c r e t i o n  o f  H  i o n  ( r a t h e r  than  b u t y l  rubber  i n  a d d i t i o n  t o  
P) f r om t h e  r o o t  i n  an e f f o r t  t o  balance charge d i s t r i b u t i o n .  I f  these  
assumptions a r e  t r u e ,  then  much o f  t h e  i n d i r e c t  e f f e c t s  da ta  (e lementa l  ) 
can be exp la i ned  as above. 

3.4 SOIL MICROBIAL EFFECTS 

I n  s o i l  t h e  t r a n s f o r m a t i o n  o f  ammonia t o  n i t r a t e  i s  accompl ished by  
t h e  combined e f f o r t s  o f  two m i c r o b i a l  genera: Nitrosomonas sp. which 
o x i d i z e s  ammonium t o  n i t r i t e ,  and N i t r o b a c t e r  sp., which f u r t h e r  o x i d i z e s  
n i t r i t e  t o  n i t r a t e .  

+ 
Ammonia e x i s t s  as t h e  c a t i o n  NH4 i n  t h e  s o i l ,  which i s  p redominan t l y  

n e g a t i v e l y  charged, and i s  t h e r e f o r e  h e l d  on t h g  c a t i o n  exchange s i t e s  and 
i s  r e l a t i v e l y  inimobile. P l a n t  r o o t s  o b t a i n  NH f rom s o i l s  e i t h e r  th rough  
d i f f u s i o n  o r  r o o t - s o i  1  c o n t a c t  mechanisms. ~ i ? r a t e  (NO - )  , be ing  
n e g a t i v e l y  charged, i s  mob i le  i n  t h e  s o i l  and can move $0 p l a n t  r o o t s  i n  
t h e  t r a n s p o r t a t i o n  stream (mass f l o w ) .  The l a t t e r  mechanism i s  capable o f  
supp l y i ng  g r e a t e r  q u a n t i t i e s  o f  N t o  t h e  p l a n t .  A s i g n i f i c a n t  r e d u c t i o n  i n  
n i t r i f i c a t i o n ,  hence r e a d i l y  a v a i l a b l e  n i t r ogen ,  cou ld  l i m i t  p l a n t  growth 
i n  most s o i l s .  

When a  t h i n  l ense  of s o i l  (0.4 mm depth)  was exposed f o r  2 hours a t  an 
a i r  v e l o c i t y  o f  2 mph and w i t h  phosphorus concen t ra t i on  o f  about  500 mg/m3 



( r ange - f i nd ing  t e s t  A3, Table 3.70), a  75% r e d u c t i o n  o f  t h e  amount o f  
n i t r a t e  produced i n  14 days a t  336 hours (Tab le  3.71) and a  90% r e d u c t i o n  
o f  t h e  peak va lue  o f  t h e  f o rma t i on  o f  n i t r i t e  (Tab le  3.72) were observed i n  
s o i l  amended w i t h  50 and 500 ppm ammonium. The e f f e c t  o f  t h e  smoke on 
ammonium-oxidizing b a c t e r i a  i s  seen i n  t h e  extended l a g  p e r i o d  be fo re  a  
d e t e c t a b l e  inc rease  i n  n i t r i t e  was observed f o r  bo th  unamended and 
ammonium-amended s o i l  suspensions. The r a t e  l i m i t i n g  s tep  i n  t h e  con- 
v e r s i o n  o f  ammonium t o  n i t r a t e  i s  t h e  f o rma t i on  o f  n i t r i t e ;  t he re fo re ,  t h e  
r a t e  o f  n i t r a t e  f o rma t i on  i s  dependent on t h e  a c t i v i t y  o f  ~ i t r o s o m o n a s  
species.  Consider ing t h e  reduced a c t i v i t y  o f  t h e  Nitrosomonas species,  
reduced l e v e l s  o f  t h e  N i t r o b a c t e r  spec ies would a l s o  be expected. I n  
una.mended s o i l  where t h e  ~ r i m a r v  source o f  me tabo l i zab le  n i t r o g e n  can 
e i t h e r  be exchangeable ammonium" o r  m inera l  i z a b l  e  o rgan i c  n i t r ogen ,  a  50% 
inc rease  i n  n i t r a t e  and 30% decrease i n  t h e  peak va lue  o f  n i t r i t e  was 
observed. The reduced Nitrosomonas sp. a c t i v i t y  i s  s i m i l a r  t o  t h e  amended 
s o i l  suspensions. The inc reased  n i t r a t e  f o rma t i on  o c c u r r i n g  a t  t h e  same 
t ime  as t h e  decrease i n  n i t r i t e ,  however, suggests t h a t  t h e  h i g h  n i t r a t e  
l e v e l s  i n  s o i l  exposed t o  smoke r e s u l t e d  f rom an inc reased  h e t e r o t r o p h i c  
convers ion o f  o rgan i c  n i t r ogen .  

Exposure of s o i l  t o  smoke decreases a  p o r t i o n  o f  t h e  s o i l  m i c r o b i a l  
popu la t ion ,  however; some organisms w i l l  remain v i a b l e  due t o  p r o t e c t i o n  i n  
m i c r o s i t e s ,  e t c .  The dead m i c r o b i a l  biomass p rov ides  a  r e a d i l y  decom- 
posable s u b s t r a t e  f o r  t h e  r e ~ a i n i n g  l i v e  organisms, and d u r i n g  t h i s  process 
m ine ra l  N i s  re leased  as NH4 . A v i a b l e  Q u t  reduced p o p u l a t i o n  of  
n i t r i f y i n g  b a c t e r i a  then  o x i d i z e d  t h e  NH4 t o  NO '. Jenkinson (1976) has 
demonstrated an inc rease  i n  s o i l  m ine ra l  N  l e v e l $  a f t e r  f um iga t i on  w i t h  
ch loroform.  

The i n f l u e n c e  o f  r e l a t i v e  h u m i d i t i e s  o f  phosphorous smoke on s o i l -  
n i t r i f y i n g  a c t i v i t i e s  was eva lua ted  w i t h  s o i l  t h a t  had been amended w i t h  
a l f a l f a ,  b u t  n o t  w i t h  ammonium. Table 3.73 and Tab le  3.74 summarize t h e  
e f f e c t  o f  smoke on t h e  p roduc t i on  o f  n i t r i t e  and n i t r a t e .  I n i t i a l  n i t r i t e  
concen t ra t ions  were r e l a t i v e l y  t h e  same f o r  a l l  t h e  s o i l s .  However, s o i l  
of t h i n  lense  (0.4 mm) showed a  l onge r  l a g  p e r i o d  o f  a t  l e a s t  3  days be fo re  
an inc rease  i n  n i t r i t e  was observed. Peak n i t r i t e  l e v e l s  were markedly 
lower  w i t h  decreas ing s o i l  l ense  th ickness,  i n d i c a t i n g  a  reduced a c t i v i t y  
of Nitrosomonas sp. When measured immediate ly  f o l l o w i n g  exposure, t h e  
concen t ra t i on  o f  n i t r a t e  i n  a l l  s o i l  lenses was s i m i l a r  t o  t h e  c o n t r o l  
s o i l .  However, 57 days a f t e r  exposure t h e  n i t r a t e  i n  t he  c o n t r o l  s o i l  
increased 16 - fo l d ,  as d i d  s o i l  lenses o f  1.0, 2.0 and 4.0 mm, which 
inc reased  f rom about 16 t o  21- fo ld .  The most s t r i k i n g  e f f e c t s  o f  smoke 
were observed i n  t h e  t h i n n e s t  s o i l  lenses as t h e  n i t r i f y i n g  a c t i v i t y  e i t h e r  
ceased o r  was n e g l i g i b l e .  N i t r i f y i n g  a c t i v i t y  was most a f f e c t e d  by s o i l  
depth r a t h e r  than  t h e  r e l a t i v e  h u m i d i t i e s  o f  smoke exposure. 

P a i n t e r  (1970) and Focht e t  a l .  (1975) have r e p o r t e d  t h a t  a  
p a r t i c u l a r l y  impo r tan t  f a c t o r  a f f e c t i n g  n i t r i f i c a t i o n  i s  pH. Favorable pH 
range f o r  bo th  Nitrosomonas sp. and N i t r o b a c t e r  sp. i s  7.0 t o  9.0. 



TABLE 3.70. PHYSICAL AND CHEMICAL VARIABLES OF RP/BR SMOKE TESTS FOR THE STUDY OF 
MICROBIOLOGICAL EFFECTS 

Deposi t ion P a r t i c l e  Bass Concentrat ion 

A i r  Exposure Re1 a t i  ve V e l o c i t y  on S i  ze Pa r t i c l es ,  mg/m3 phosphorus(a) 

Test Temp. Ve loc i t y  Time Humidi ty Dry Surface D i s t r i b .  Fresh Desic- Tota l  95 1P 

I D  # Date (OC) (mph) ( h r )  (cm sec-' ) MMAD (urn) cated 
3 
- 

mg-P/m Ptot 

(a )  P species measured by IC. 
( b )  Only one s o i l  depth (0.4 mm) was exposed i n  t h i s  t e s t .  
( c )  Data n o t  ava i lab le .  

( d )  Actual r e l a t i v e  humidi ty i s  56% f o r  Test D6.2 and 84% f o r  Test D7. 



T A B L E  3 . 7 1 .  E F F E C T  O F  RP/BR - SMOKE ON T H E  M I C R O B I O L O G I C A L  CONVERSION O F  
AMMONIUM TO NO3 

Amended s o i l  
T T 

Unamended s o i l  50 ppm NH 
4 

500 ppm NH 
T i  me 

4 

( h r )  Control Smoke Control Smoke Control Smoke 

( a )  Mean * S.D. (n = 2)  

T A B L E  3.72. E F F E C T  O F  RP/BR - SMOKE ON THE M I C R O B I O L O G I C A L  CONVERSION O F  
AMMONIUM TO NOp 

Amended s o i l  
T 7 

Unamended s o i l  5 0  ppm NH 
4 

500 ppm NH 
Time 

4 

( h r )  Control Smoke Control Smoke Control Smoke 

( a )  Mean * S.D. (n = 2 )  



TABLE 3 .73.  EFFECT O F  RP/BR SMOKE ON N I T R I T E  PRODUCTION 

Humidity (8)  
T i  me 2 5 60 90 

f o l l o w i n g  S o i l  depth (mm) 

exposure 

(days)  0.4 1 .O 2.0 4.0 0.4 1 .O 2.0 4.0 0.4 1.0 2.0 4.0 Control 

N i t r i t e  (ppm) ( a )  

5 7 - <0.02 50.02 50.02 50.02 - <0.02 50.02 0.03 50.02 - <0.02 - <0.02 50.02 50.02 0.04 

( a )  S ing le  va luer .  



TABLE 3.74. EFFECT O F  RP/BR SMOKE ON N I T R A T E  PRODUCTION 

Humidity ( 8 )  
Time 25 60 90 

f 01 1 owing S o i l  depth (mm) 
exposure 

(days) 0.4 1 .O 2.0 4.0 0.4 1 .O 2.0 4.0 0.4 1 .O 2.0 4.0 Control 

N i t r a t e  (ppm) ( a )  

( a )  S ing le  values. 



I n h i b i t i o n  o r  s low r a t e s  o f  n i t r i f i c a t i o n  occur red  a t  pH below 6.0. Table 
3.75 l i s t s  t h e  e f f e c t s  o f  smoke on s o i l  pH. Lower pH i n  t h e  t h i n  s o i l  
r e f l e c t s  t h e  inc reased  phosphorus l o a d  on t h e  s o i l .  I t  i s  l i k e l y  t h a t  
phosphorus smoke i n h i b i t e d  s o i l  n i t r i f i c a t i o n  by l o w e r i n g  s o i l  pH t o  an 
un favo rab le  a c i d i c  range. 

I n h i b i t i o n  o f  t h e  n i t r i f i c a t i o n  process c o u l d  l e a d  t o  a  r e d u c t i o n  i n  
t h e  p r o d u c t i v i t y  l e v e l  o f  t h e  s o i l  f o r  p l a n t  growth. Th i s  may be 
e s p e c i a l l y  t r u e  f o r  a  s o i l  such as Burbank which i s  i n h e r e n t l y  low i n  
f e r t i l i t y .  However, s o i l  depth t o  2 mm i s  no rma l l y  o n l y  a  f r a c t i o n  o f  t h e  
s o i l  h o r i z o n  t h a t  c o n t r i b u t e s  t o  n i t r i f i c a t i o n  and n i t r o g e n  c y c l i n g .  
Therefore,  s lower  r a t e s  o f  n i t r i f i c a t i o n  i n  t h e  2-mm su r face  of s o i l  due 
t o  smoke exposure m igh t  n o t  be a  ma jo r  env i ronmenta l  impact.  

S o i l  dehydrogenase assay has been recommended as an index  o f  genera l  . 
s o i  1  m i c r o b i a l  a c t i v i t y  (Casida, 1967; Sku j i ns ,  1967). T h i s  assay was 
chosen f o r  t h e  smoke e f f e c t  s tudy  because i t  measures t h e  p o t e n t i a l  a b i l i t y  
o f  a  m i c r o b i a l  community t o  decompose o rgan i c  m a t t e r  and t o  m i n e r a l i z e  a  
r e p r e s e n t a t i v e  carbon and/or n i t r o g e n  source t o  carbon d i o x i d e  (carbon 
m i n e r a l i z a t i o n )  and ammonia (ammoni f i ca t ion) .  Dehydrogenase assay was 
c a r r i e d  o u t  u s i n g  g lucose as t h e  s u b s t r a t e  t o  s tudy  t h e  e f f e c t s  on carbon 
m i n e r a l i z a t i o n .  Casamino ac ids ,  another  carbon source h i g h  i n  n i t r o g e n ,  
was used as s u b s t r a t e  i n  t h e  dehydrogenase assay t o  s tudy  t h e  e f fec ts  on 
ammoni f icat ion.  

I n  t h e  range - f i nd ing  s tudy  (see Table 3.70) enzyme a c t i v i t i e s  were 
f o l l o w e d  f o r  5  days. S o i l  dehydrogenase measured i n  t h e  presence o f  
casamino ac ids  was reduced t o  l e s s  than  d e t e c t a b l e  l e v e l s  and remained 
reduced a t  l e a s t  5 days f o l l o w i n g  exposure, whereas i n  t h e  presence of 
g lucose t h e  a c t i v i t y  showed a  s l i g h t  recovery  f rom 0% t o  6% i n  5  days 
(Tab le  3.76). However, i n  t h e  subsequent s tud ies  i n v o l v i n g  smoke o f  t h r e e  
r e l a t i v e  h u m i d i t i e s  and s o i l  o f  f o u r  d i f f e r e n t  depths, t h e  r e s u l t s  va r i ed .  
Wi th  t h e  same s o i l  l ense  (0.4 mm) exposed t o  smoke of s i m i l a r  h u m i d i t y  
(25%),  dehydrogenase measured i n  t h e  presence o f  g lucose recovered t o  a  
s m a l l e r  degree o f  2% i n  7  days, b u t  d e c l i n e d  below d e t e c t a b l e  l e v e l s  a f t e r  
a  pro longed i n c u b a t i o n  p e r i o d  o f  56 days (Tab le  3.77). Wi th  t h e  same s o i l ,  
dehydrogenase measured i n  t h e  presence o f  casamino a c i d s  showed peak 
recovery  o f  o n l y  4% i n  14 days (Tab le  3.78). The v a r i a t i o n  i n  t h e  recovery  
o f  dehydrogenase a c t i v i t y  m igh t  be a t t r i b u t e d  t o  t h e  v a r i a t i o n  i n  t h e  
phys i ca l  and chemical  p r o p e r t i e s  o f  t h e  smoke runs. As shown i n  
Table 3.70, a t  t h e  same h u m i d i t y  o f  25%, r a n g i n g - f i n d i n g  t e s t  A3 had l owe r  
mass c o n c e n t r a t i o n  i n  terms o f  t o t a l  p a r t i c l e s  o r  t o t a l  phosphorus than  t h e  
o t h e r  t e s t  runs. 

Tables 3.77 and 3.78 a l s o  show t h a t  dehydrogenase a c t i v i t y  inc reases  
w i t h  i n c r e a s i n g  s o i l  depth. Wi th  t h e  4.0-mm s o i l  lense, smoke e f f e c t s  
were l e a s t  ev i den t .  Never the less,  t h e r e  was s t i l l  a  20% t o  25% decrease 
i n  t h e  casamino acids-amended s o i l  and about  a  60% t o  40% decrease i n  
g lucose-  amended s o i l .  When measured immediate ly  f o l l o w i n g  exposure, 



TABLE 3.75. EFFECT OF RP/BR SMOKE ON S O I L  pH 

Humidity ('4) 
Time 25 60 90 

f 01 1 owing S o i l  depth (mm) 
exposure 

(days) 0.4 1 .O 2.0 4.0 0.4 1.0 2 .O 4.0 0.4 1.0 2.0 4.0 Control 

( a )  S ing le  values. 



TABLE 3.76. EFFECTS OF RP/BR SMOKE ON SOIL ENZYME ACTIVITY 

Time f o l l o w i n g  Phosphatase Dehydrogenase Dehydrogenase 

exposure (days)  ( g l  ucose-amended s o i  1 ) (casamino ac ids  

amended s o i  1 ) 

A c t i v i t i e s  ( %  o f  c o n t r o l  ) ( a )  

( a )  Mean k S.D. (n.3). 

ammoni f icat ion,  w i t h  t h e  excep t i on  o f  0.4-mm s o i l  a t  60% humid i t y ,  reached 
peak va lue  i n  2 weeks and then  decreased and showed no s i g n  o f  l e v e l i n g  o f f  
i n  56 days (Tab le  3.78). Carbon m i n e r a l i z a t i o n ,  w i t h  t h e  excep t i on  o f  
4.0-mm s o i l  a t  25% humid i t y ,  peaked a t  an e a r l i e r  p e r i o d  o f  one week and 
seemed e i t h e r  t o  remain a t  t h e  same l e v e l  o r  s l i g h t l y  reduced l e v e l  
(Tab le  3.77). 

Organic m a t t e r  can be an impo r tan t  source o f  b i o l o g i c a l l y  a v a i l a b l e  
phosphorus i n  s o i l .  A s s i m i l a t i o n  by  p l a n t s  and microorganisms o f  phosphate 
f rom o rgan i c  phosphate compounds i n  s o i l  i s  preceded by t h e i r  h y d r o l y s i s  by  
e x t r a c e l l u l a r  phosphatases. There a r e  t h r e e  c lasses  o f  t h i s  h y d r o l y t i c  
enzyme: t h e  a l k a l i n e ,  t h e  ac id ,  and t h e  n e u t r a l  phosphatase. I n  t h i s  s tudy  
phosphatase was assayed i n  a s l i g h t l y  a l k a l i n e  b u f f e r  and no a t t emp t  was 
made t o  d i s t i n g u i s h  t h e  t h r e e  phosphatases, which have d i f f e r e n t  pH opt ima. 

S o i l  phosphatase a c t i v i t y  measured i n  s o i l  exposed t o  t h e  
range - f i nd ing  t e s t  A3 smoke r u n  was reduced by about 50% immediate ly  
f o l l o w i n g  exposure and remained a t  t h a t  l e v e l  f o r  a t  l e a s t  5 days 
(see Tab le  3.76). Table 3.79 shows t h a t  a comparable r e s u l t  was ob ta i ned  
w i t h  o t h e r  smoke runs. Immediate ly  f o l l o w i n g  exposure, phosphatase 
measured i n  t h e  t h i n n e s t  s o i l  l ense  was reduced by 50%, 40%, and 30% o f  t h e  
c o n t r o l  a t  h u m i d i t i e s  o f  25%, 60%, and 90%, r e s p e c t i v e l y ,  whereas i n  t h e  
t h i c k e s t  s o i l  lense,  min imal  o r  no e f f e c t  was observed. However, w i t h  
pro longed i n c u b a t i o n  t i m e  f o l l o w i n g  exposure, phosphatase a c t i v i t y  
g r a d u a l l y  decreased. For  t h e  0.4-mm t h i c k  s o i l  l ense  exposed t o  smoke o f  
90% humid i t y ,  phosphatase d im in ished  t o  a l e s s  than  d e t e c t a b l e  l e v e l  28 
days a f t e r  exposure. 



T A B L E  3.77. EFFECT OF RP/BR SMOKE ON S O I L  DEHYDROGENASE A C T I V I T Y  (GLUCOSE-AMENDED S O I L S )  

Humidi t y  (8) 
T i  me 25 60 90 

f 01 1 owi ng S o i l  Depth (mm) 

exposure 

(days)  0.4 1 .O 2.0 4.0 0.4 1 .O 2 .O 4.0 0.4 1 .O 2 .0 4.0 Cont ro l  

Dehydrogenase A c t ' v ' t y  

(%  o f  c o n t r o l  ) l a  j 

( a )  Mean * S.D. ( n  = 3 ) .  



T A B L E  3.78. E F F E C T  O F  RP/BR SMOKE ON S O I L  DEHYDROGENASE A C T I V I T Y  (CASAMINO ACIDS-AMENDED S O I L )  

Humidity (%) 

Time 25 60 90 
f 01 1 owi ng S o i l  Depth (mm) 
exposure 

(days) 0.4 1 .O 2.0 4.0 0.4 1 .O 2.0 4.0 0.4 1 .O 2.0 4.0 Control 

Dehydrogenase A c t i v i t y  
(% o f  cont ro l  ) 



TABLE 3.79. EFFECT OF RP/BR SMOKE ON S O I L  PHOSPHATASE A C T I V I T Y  

Humidity ($) 

Time 25 60 90 
f o l  lowing S o i l  Depth (mm) 
exposure 

(days) 0.4 1 .O 2.0 4.0 0.4 1 .O 2.0 4.0 0.4 1 .O 2.0 4.0 Control 

Phosphatase Act i  
($ o f  cont ro l  ) 

( a )  ~ e a n  * S.D. ( n  = 3 ) .  



The gradual  decrease i n  phosphatase enzyme a c t i v i t y  i n  s o i l  may be 
r e l a t e d  t o  t h e  i nc rease  i n  orthophosphate concen t ra t i ons  ove r  t h e  same 
pe r i od .  Orthoposphate i s  an end p roduc t  i n  t h e  phosphatase-catalyzed 
reac t i ons ,  and can a c t  as a  c o m p e t i t i v e  i n h i b i t o r  f o r  t h i s  c l a s s  o f  
enzymes. As orthophosphate concen t ra t i ons  decrease th rough n a t u r a l  
processes t h e  phosphatase a c t i v i t y  i n  t h e  s o i l  w i l l  l i k e l y  be r e s t o r e d .  

Judging f rom t h e  genera l  t r e n d  o f  decreased enzyme a c t i v i t y  w i t h  
inc reased  smoke humid i t y ,  i t  appeared t h a t  h u m i d i t y - r e l a t e d  p r o p e r t i e s  such 
as d e p o s i t  v e l o c i t y ,  mass concen t ra t i on ,  e tc . ,  as l i s t e d  i n  Tab le  3.70, a l l  
i n f l u e n c e d  smoke t o x i c i t y  on s o i l  m i c r o b i a l  a c t i v i t i e s .  

F i gu re  3.33 d e p i c t s  t h e  genera l  t r ends  o f  e f f e c t s  on s o i l  phosphatase 
by smoke screens a t  25, 60 and 90% r e l a t i v e  hum id i t i es .  T h i s  i n d i c a t e s  a  
reduced l e v e l  o f  phosphatase assoc ia ted  w i t h  t h e  exposed t h i n  s o i l  s u r f a c e  
and remained reduced f o r  a t  l e a s t  8 weeks. 

F igures  3.34 and 3.35 i l l u s t r a t e  t h e  t r ends  o f  smoke e f f e c t s  on s o i l  
dehydrogenase. Smoke e f f e c t s  were most severe i n  t h e  t h i n  s o i l  l a y e r  i n  
t h a t  v i r t u a l  l y  a1 1  o f  t h e  dehydrogenase a c t i v i t y  ( w i t h  glucose, F i gu re  
3.34, o r  casamino ac ids ,  F i gu re  3.35, as s u b s t r a t e  r e s p e c t i v e l y )  ceased t o  
f u n c t i o n .  Carbon m i n e r a l i z a t i o n  decreased f o l l o w i n g  exposure, b u t  was a b l e  
t o  r ecove r  t o  a  smal l  e x t e n t  a f t e r  2  weeks. I n  some ins tances  w i t h  a  
t h i c k e r  s o i l  l a y e r ,  ammon i f i ca t ion  showed enhancement b e f o r e  l e v e l i n g  o f f .  

F i g u r e  3.36 demonstrates t h e  e r r a t i c  t r ends  o f  s o i l  n i t r i f i c a t i o n  
a c t i v i t y  r e s u l t i n g  f rom phosphorus smoke exposure. However, t h e  t r ends  
i n d i c a t e  a  severe i n h i b i t i o n  i n  su r f ace  s o i l  a f t e r  exposure, b u t  were a b l e  
t o  r e g a i n  a c t i v i t y  a f t e r  2  weeks. 

The e x t e n t  o f  t h e  impact  o f  phosphorous smokes on s o i l  m i c r o b i a l  
a c t i v i t y  and subsequent env i ronmenta l  i m p l i c a t i o n s  w i l l  be dependent on 
s o i l  type,  seasonal v a r i a t i o n ,  and t h e  f requency o f  exposure t o  t h e  smokes. 
S o i l  p h y s i c a l  and chemical  f a c t o r s  t h a t  can i n f l u e n c e  t h e  e f f e c t  smokes 
have on s o i l  m i c r o b i a l  a c t i v i t y  i n c l u d e  p a r t i c l e  s i z e  and p o r o s i t y ,  which 
can determine t h e  depth t o  which t h e  e f f e c t s  occur,  and i n i t i a l  s o i l  pH and 
b u f f e r  capac i t y .  The phosphorous smokes can reduce s o i l  pH. The e x t e n t  of 
t h i s  r e d u c t i o n  w i l l  be dependent on t h e  b u f f e r i n g  c a p a c i t y  o f  t h e  s o i l ,  and 
t h e  impact  on s o i l  m i c r o b i a l  a c t i v i t y  w i l l  be dependent on t h e  i n i t i a l  s o i l  
pH. The s o i l  m i c r o f l o r a  can adapt t o  d i f f e r e n t  pHs, t h e r e f o r e  a  s o i l  t h a t  
i s  i n i t i a l l y  i n  t h e  a c i d  range may n o t  be as seve re l y  a f f e c t e d  by exposure 
t o  phosphorous smoke than  a  s o i l  w i t h  a  h i g h  pH, such as t h e  Burbank s o i l .  

Seasonal f l u c t u a t i o n s  i n  temperature and mo i s tu re  determine m i c r o b i a l  
a c t i v i t y  i n  s o i l .  Exposure t o  phosphorous smoke i n  t h e  s p r i n g  when s o i l  
m i c r o b i a l  a c t i v i t y  i s  o f t e n  a t  a  peak ( f a v o r a b l e  mo i s tu re  and temperature 
c o n d i t i o n s )  would be more c r i t i c a l  than  d u r i n g  per iods  when t h e  s o i l  i s  d r y  
o r  co ld .  The Burbank s o i l  a l s o  showed a  c a p a c i t y  t o  r ecove r  m i c r o b i a l  
a c t i v i t y  a f t e r  smoke exposure. Repeated exposure c o u l d  have more se r i ous  
and l o n g - l a s t i n g  e f f e c t s  on t h e  s o i l  m i c r o b i a l  a c t i v i t y  and t h e  a b i l i t y  o f  
t h a t  s o i l  t o  i n t e r a c t  w i t h  t h e  r e s t  o f  t h e  ecosystem i n  a  normal capac i t y .  
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FIGURE 3.33. S O I L  PHOSPHATASE A C T I V I T Y  FOLLOWING RP/BR SMOKES EXPOSURES 
OF S O I L  LENSES OF 4.0, 2.0, 1.0, AND 0.4 mm THICKNESS A T  
R E L A T I V E  HUMID ITY  OF 25 ,  60, AND 90%.  ERROR BARS REPRESENT 
STANDARD DEVIAT IONS,  n=3 
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FIGURE 3 . 3 4 .  S O I L  DEHYDROGENASE A C T I V I T Y  ( I N  GLUCOSE AMENDED S O I L )  
FOLLOWING RP/BR SMOKE EXPOSURE OF S O I L  LENSES OF 4.0, 2 . 0 ,  
1.0, AND 0.4 mm THICKNESS AT R E L A T I V E  H U M I D I T Y  OF 25, 6 0 ,  
AND 90%.  ERROR BARS REPRESENT STANDARD DEVIAT IONS,  n=3 
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FIGURE 3.35. S O I L  DEHYDROGENASE A C T I V I T Y  ( I N  CASAMINO A C I D S  AMENDED S O I L )  
FOLLOWING RP/BR SMOKE EXPOSURE OF S O I L  LENSES OF 4 .0 ,  2.0, 
1.0,  AND 0.4 mm THICKNESS A T  R E L A T I V E  HUMID ITY  OF 25 , . 60 ,  AND 
90%.  ERROR BARS REPRESENT STANDARD DEVIAT IONS,  n=3 
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FIGURE 3.36. SOIL NITRIFICATION ACTIVITY FOLLOWING RP/BR SKOKE EXPOSURE OF 
SOIL LENSES OF 4.0, 2.0, 1.0, AND 0.4 mm THICKNESS AT 
RELATIVE HUMIDITY OF 25, 60, AND.90% 



4.0 CONCLUSIONS 

A l i m i t e d  number o f  s i t e s  a r e  used i n  t h e  Un i t ed  S ta tes  f o r  t e s t i n g  
obscurant  smokes and f o r  t r o o p  t r a i n i n g  exerc ises .  S ince these s i t e s  a r e  
un ique f rom t h e  s tandpo in t  o f  topography and environment, i t  i s  i n  t h e  
n a t i o n a l  i n t e r e s t  t o  p r o t e c t  t h e i r  phys i ca l  and b i o l o g i c a l  c h a r a c t e r i s t i c s ,  
thereby  assu r i ng  t h e i r  l ong- te rm use fu lness  and a v a i l a b i l i t y .  I n fo rma t i on  
on t h e  env i ronmenta l  behavior ,  f a t e ,  and e f f e c t s  o f  obscurant  smokes i s  
necessary t o  adequate ly  assess t h e  1 ong-term impacts of obscurant  smoke 
use. 

Th i s  s tudy  has been designed t o  s imu la te ,  under c o n t r o l l e d  l a b o r a t o r y  
cond i t i ons ,  t h e  combustion, d e l i v e r y ,  depos i t i on ,  chemical f a t e  and 
p o t e n t i a l  b i o l o g i c a l  e f f e c t s  o f  r e d  phosphorus/butyl  rubber  (RP/BR) and 
w h i t e  phosphorus (WP) smokes. Var ious atmospheric,  env i ronmenta l  , and 
b i o l o g i c a l  v a r i a b l e s  a r e  used t o  determine r e s u l t i n g  env i ronmenta l  impacts, 
and s tud ies  were conducted u s i n g  a range o f  exposure and post-exposure 
va r i ab les .  The v a r i a b l e s  used were e i t h e r  c o n t r o l l e d  o r  va r ied ,  and 
i nc l uded  r e l a t i v e  humid i t y ,  wind speed, temperature,  smoke concent ra t ion ,  
and exposure du ra t i on .  I n  a d d i t i o n ,  key parameters i n c l u d i n g  boundary 
cond i t i ons ,  tu rbu lence ,  and p a r t i c l e  s i z e  d i s t r i b u t i o n s  w i t h i n  t h e  
exposure t e s t  s e c t i o n  o f  t h e  wind tunne l  were used t o  e x t r a p o l a t e  data t o  
f i e l d  s i t u a t i o n s .  The use o f  a wind tunne l ,  compared t o  s t a t i c  l a b o r a t o r y  
exposure systems, a l l o w s  f o r  dynamic exposure scenar ios  t h a t  can more 
c l o s e l y  s imu la te  impo r tan t  env i ronmenta l  v a r i a b l e s  and processes. I n  t h i s  
study, t h i s  approach p rov ides  an i n t e g r a t e d  v iew o f  smoke chemist ry ,  
atmospheric t r a n s p o r t ,  and d e p o s i t i o n  a t  approx imate ly  1 km f rom a 
genera to r  o r  source. 

4.1 PHYSICAL AND CHEMICAL CHARACTERISTICS OF AIRBORNE PHOSPHORUS SMOKES 

V a r i a t i o n s  i n  exper imenta l  and chemical  methods used by PNL and o t h e r  
researchers t o  generate and c o l l e c t  smoke aeroso l  (Braze1 1 e t  a1 . 1984, 
Katz e t  a l .  1981, Spanggord e t  a l .  1985) have l e d  t o  some c o n f l i c t i n g  
observa t ions  t h a t  may n o t  n e c e s s a r i l y  be reproduced under a c t u a l  f i e l d  
cond i t i ons .  Based on ou r  aerosol  s tud ies ,  we conclude t h a t  phosphorus 
s p e c i a t i o n  i s  a f f e c t e d  by hum id i t y  and aeroso l  age ( t i m e  t o  wate r  c o n t a c t ) ,  
whether s p e c i a t i o n  r e s u l t s  f rom d i r e c t  d e p o s i t i o n  on to  f o l i a g e ,  s o i l s ,  
l akes  and streams, o r  by r a i n o u t  and r u n o f f .  H y d r o l y s i s  w i l l  a l s o  be 
a f fec ted  by t h e  r e s u l t i n g  s o l u t i o n  environment generated by t h e  w e t t i n g  
techniques, and t h e  a v a i l a b i l i t y  o f  agents caus ing complexat ion o r  
p r e c i p i t a t i o n .  P a r t i c l e  s i z e  i s  a f u n c t i o n  o f  parameters i n c l u d i n g  age and 
humid i t y ,  and so w i l l  r e f l e c t  t h e  corresponding d i s t r i b u t i o n s  on a more 
l i m i t e d  sca le .  Wind speed may have a minor  e f f e c t  on spec ies d i s t r i b u t i o n ,  
b u t  would most l i k e l y  be outweighed by t h e  m o i s t u r e - r e l a t e d  responses. 

S ince combustion and h y d r o l y s i s  r e a c t i o n s  a r e  expected t o  be 
temperature dependent, f u t u r e  work should i n c l u d e  s t u d i e s  a t  p o t e n t i a l  
f i e l d  temperatures (<O°C t o  40°C o r  more), and t h e  corresponding a c t u a l  



mois tu re  con ten t  ranges covered by r e l a t i v e  hum id i t y  va lues.  S ince  t h e  
env i ronmenta l  impact o f  these aeroso ls  may be dependent on i n d i v i d u a l  
chemical spec ies t h a t  a r e  i n  t u r n  dependent on age and env i ronmenta l  
i n f l u e n c e ,  accura te  p r e d i c t i o n  o f  t h e  r e l a t i v e  impact o f  f i e l d  use o f  
phosphorus obscurants  would r e q u i r e  such measurements. 

4.2 IMPACT OF PHOSPHORUS SMOKES ON SOIL CHEMISTRY 

Al though phosphorus s p e c i a t i o n  e f f e c t s  on leacha tes  o f  exposed s o i l s  
i n d i c a t e d  t h a t  t h e  s o i l s  can a c c e l e r a t e  t h e  h y d r o l y s i s  r a t e  o f  t h e  h i g h e r  
polyphosphates and p o s s i b l y  a l t e r  t h e  mechan is t i c  pathway o f  t h e  
h y d r o l y s i s ,  t h e  s o i l s  d i d  change as a  r e s u l t  o f  phosphorus aeroso l  
depos i t i on .  Phosphorus aerosol  d e p o s i t i o n s  r e s u l t  i n  an inc reased  a c i d i c  
impact  on s o i l s ,  which may exceed t h e  b u f f e r i n g  c a p a c i t y  a t  t h e  v e r y  
sur face of  t h e  s o i l s .  The inc reased  s o l u b i l i t y  o f  A1 observed f rom severa l  
sur face s o i l s  was n o t  due t o  an a c i d  o r  phosphate e f f e c t ,  and i s  t h e r e f o r e  - 
presumed t o  be due t o  t h e  presence o f  one o r  more condensed phosphates. 
I n t e r a c t i o n  o f  t r a c e  meta ls  w i t h  phosphorus species c o u l d  c o n t r i b u t e  t o  
l e a c h a b i l i t y  and subsequent m i g r a t i o n  o f  those meta ls .  The phosphorus 
amendment i s  s u b j e c t  t o  p r e c i p i t a t i o n  and adso rp t i on  removal, which i s  
h i g h l y  dependent on s o i l  type. The e f f e c t s  o f  phosphorus aeroso l  
depos i t i ons  on su r f ace  s o i l  appeared t o  be m i t i g a t e d  w i t h  inc reased  
s o i l  volume, so changes i n  s o l u b i l i z e d  spec ies w i l l  l i k e l y  be min imal  on a  
f i e l d  sca le .  Phosphorus depos i t i ons  may a c t u a l l y  be b e n e f i c i a l  t o  
n u t r i e n t - p o o r  su r f ace  s o i l s .  However, t h e  p o t e n t i a l  e x i s t s  f o r  e l e v a t e d  
l e v e l s  of s o l u b l e  components r e s u l t i n g  f rom r u n o f f  i n t o  streams and l akes .  
Fu tu re  work shou ld  i n c l u d e  s t u d i e s  o f  t h e  e f f e c t s  o f  cod i spe rs i on  o f  
phosphorus aeroso l  w i t h  d u s t  p a r t i c u l a t e  f rom su r face  s o i l  types.  

4.3 IMPACT OF PHOSPHORUS SMOKES ON SOIL MICROFLORA 

Phosphorus smoke e f f e c t s  on t h e  s o i l  m i c r o b i a l  community were 
eva lua ted  u s i n g  f o u r  p r i n c i p a l  m i c r o b i o l o g i c a l  parameters: n i t r i f i c a t i o n ,  
carbon m i n e r a l i z a t i o n ,  ammon i f i ca t ion  and an e x t r a c e l l u l a r  enzyme, 
phosphatase. Va r i ab les  i n  t h e  smoke exposure t e s t s  i n c l u d e d  s o i l  depth 
(0.4 t o  4.0 mm) and r e l a t i v e  h u m i d i t i e s ,  which ranged f rom 25% t o  90%. 
Resu l ts  i n d i c a t e d  t h e  env i rons  o f  t h e  s o i l  su r f ace  and near  s u r f a c e  would 
be most s u s c e p t i b l e  t o  t o x i c  e f f e c t s  o f  smoke because t h e  ma jo r  p o r t i o n  o f  
t h e  phosphorus l o a d  was i n  t h e  s o i l  su r face .  Based on t h e  response 
sur faces  (see F igures  3.33 through 3.36), i t  appears t h e  e f f e c t s  o f  
phosphorus smoke on ind igenous s o i l  micro-organisms i n  s o i l  a t  o r  near  t h e  
sur face may be severe and p e r s i s t e n t .  Never the less,  w i t h  i n c r e a s i n g  s o i l  
depth,  d e l e t e r i o u s  e f f e c t s  a r e  l e s s  i n t e n s e  and appear t o  be t r a n s i e n t .  
Smoke/humidity i n t e r a c t i o n s ,  when r e l a t e d  t o  o t h e r  aeroso l  p r o p e r t i e s  such 
as p a r t i c l e  s i z e  d i s t r i b u t i o n  and phosphorus mass concent ra t ion ,  may have 
some e f f e c t s ,  a l though t o  a  l e s s e r  e x t e n t ,  on t h e  ind igenous s o i l  
micro-organisms. 

I t  i s  apparent  f rom these s t u d i e s  t h a t  obscurants  can have a  s e r i o u s  
impact  on s o i l  m i c r o b i a l  communit ies and t h e i r  a c t i v i t i e s .  The degree and 



l o n g e v i t y  o f  t h e  e f f e c t s  a r e  dependent on a number o f  f a c t o r s ,  w i t h  s o i l  
t ype  be ing  a  key f ac to r .  Fu tu re  s t u d i e s  should address t.he i s sue  o f  s o i l  
t ype  as t h e  s i t e s  where phosphorus smoke obscurants  may be used vary  
i n  c l i m a t e  and geology, and hence va ry  i n  t h e  types o f  s o i l s  t h a t  e x i s t  on 
them. 

4.4 FOLIAR CONTACT TOXICITY: DIRECT EFFECTS 

I n  cons ide r i ng  t h e  c o n t a c t  t o x i c i t y  o f  phosphorus smokes t o  p l a n t s ,  
whether i n  t h e  f i e l d  o r  under l a b o r a t o r y  c o n d i t i o n s ,  i t  i s  d i f f i c u l t  t o  
eva lua te  t o x i c i t y  response based o n l y  on a i r  concen t ra t i on  and exposure 
d u r a t i o n  s i nce  a  wide range o f  parameters a f f e c t  t h e  t r a n s f e r  o f  smoke 
res idues f rom the  a i r  column t o  f o l i a r  o r  s o i l  su r faces .  Th i s  d i f f i c u l t y  
has been a l l e v i a t e d  i n  t h i s  s tudy  by us ing  t h e  a c t u a l  r ece i ved  dose ( i  .e., 
mass l o a d i n g )  as t h e  abso lu te  measure o f  chemical i n s u l t .  Therefore,  t h e  
i n f l u e n c e  o f  a  wide range o f  mod i f y i ng  v a r i a b l e s  can be eva lua ted  i n c l u d i n g  
mass l o a d i n g  ( r a n g e - f i n g i n g  t e s t  s e r i e s ) ,  r e l a t i v e  humid i t y ,  w ind speed, 
t h e  i n f l uence  o f  p l a n t s  t o  compensate f o r  cumula t i ve  dose episodes 
[cumulat ive dose t e s t  (CDT) ser ies ] ,  post-exposure leach ing ,  and dos ing 
d u r i n g  s imu la ted  r a i n o u t  cond i t i ons .  Wind speed was shown t o  have t h e  most 
pronounced e f f e c t  on mass l o a d i n g  and t h e r e f o r e  on phy toxoc i t y .  Mass 
l o a d i n g  increases a lmost  l o g a r i t h m i c a l l y  as wind speed i s  increased f rom 2 
t o  10 mph. I n  a d d i t i o n ,  once a  mass l o a d i n g  va lue  i s  ob ta ined  and t he  
exposure d u r a t i o n  and a i r  concen t ra t i on  a r e  known, a  d e p o s i t i o n  v e l o c i t y  
va lue  can be ca l cu la ted .  The d e p o s i t i o n  v e l o c i t y  va lue  can be r e a d i l y  used 
i n  a  p r e d i c t i v e  mode t o  determine mass l o a d i n g  t o  p l a n t  f o l i a g e  under f i e l d  
cond i t i ons ,  assuming t h a t  wind speed, r e l a t i v e  humid i t y ,  a i r  concen t ra t ion ,  
and exposure d u r a t i o n  a r e  known f o r  t h e  f i e l d  s i t u a t i o n .  Depos i t i on  
v e l o c i t y  da ta  ob ta ined  f o r  s o i l s  can be used i n  a  s i m i l a r  manner. 

Numerous observa t ions  can be made concern ing t h e  t o x i c i t y  o f  
phosphorus smokes t o  n a t i v e  vege ta t ion :  

1. The dose/response r e l a t i o n s h i p s  f o r  RP and WP smokes a r e  g e n e r a l l y  
s i m i l a r  f o r  t h e  f i v e  p l a n t  spec ies s tud ied.  

2. A p p l i c a t i o n  o f  a  post-exposure s imu la ted  r a i n f a l l  tends t o  ame l i o ra te  
phosphorus e f f e c t s  by  removing a  s u b s t a n t i a l  f r a c t i o n  o f  t h e  dose. 

3. R e l a t i v e  hum id i t y  has a  v a r i a b l e  i n f l u e n c e  on t o x i c i t y ;  i nc reased  
r e l a t i v e  hum id i t y  increases t o x i c i t y  i n  ponderosa p i n e  and sagebrush, 
b u t  has l i t t l e  c o n s i s t e n t  e f f e c t  on sagebrush, blando brome o r  
bushbean. Th i s  may be a  f u n c t i o n  o f  t h e  abso rp t i ve  c a p a c i t y  of  f o l i a r  
c u t i c l e s  c h a r a c t e r i s t i c  o f  i n d i v i d u a l  spec ies.  

4. There i s  a  pronounced i nc rease  i n  mass l o a d i n g  and t he re fo re  t o x i c i t y  
response a t  wind speeds i n  excess o f  4 t o  6 mph. 

5. P lan t s  r e c e i v i n g  a  s e r i e s  o f  n i n e  consecu t i ve  dosings over  a  t h ree -  
week p e r i o d  appear t o  compensate f o r  t h e  cumula t i ve  dose, r e s u l t i n g  i n  
minimal p h y t o t o x i c  response compared w i t h  s i n g l e  l a r g e  dose events.  



6. Wi th  t h e  excep t i qn  o f  bushbean, each o f  p l a n t  spec ies,  when seve re l y  
impacted t o  t h e  p o i n t  o f  near  d e f o l i a t i o n ,  e x h i b i t e d  secondary bud 
a c t i v i t y  and recovered w i t h i n  30 t o  45 days post-exposure. T h i s  would 
i n d i c a t e  t h a t  t o x i c i t y  i s  g e n e r a l l y  l o c a l i z e d  t o  t h e  impacted f o l i a g e ,  
and t h a t  p e r i o d i c ,  severe e f f e c t s  a r e  t r a n s i e n t  and can be t o l e r a t e d  
by t h e  p l a n t .  

4.5 RESIDUAL AND INDIRECT SOIL/PLANT EFFECTS 

Whi le  t h e  adverse env i ronmenta l  impacts r e s u l t i n g  f rom c o n t a c t  
t o x i c i t y  f r om RP/BR and WP smokes appear t o  be t r a n s i e n t ,  a d d i t i o n a l  
s t ud ies  suggest t h a t  t h e  r e c u r r e n t  use o f  phosphorus smokes may have 
long- te rm impacts on p l a n t  performance a t  h e a v i l y  used t r a i n i n g  s i t e s .  
These s t u d i e s  i n c l u d e  t h e  r e s i d u a l  e f f e c t s  s tud ies  where f o l i a r l y  exposed 
grasses were c u t  back and a l lowed t o  regrow, and t h e  i n d i r e c t  e f f e c t s  
s tud ies  where s o i l s  were contaminated w i t h  phosphorus smokes and i r  

subsequent ly  seeded w i t h  grass. I n  t h e  r e s i d u a l  e f f e c t s  s t u d i e s  performed 
i n  t h e  cumula t i ve  dose t e s t  and wind speed t e s t  se r i es ,  second h a r v e s t  
biomass r e s u l t s  i n d i c a t e  t h a t  some component o f  t h e  smoke r e s i d u a l s  
depos i ted  t o  t h e  f o l i a g e  was absorbed and t r anspo r ted  t o  t h e  r o o t ,  
r e s u l t i n g  i n  s i g n i f i c a n t  biomass reduc t i ons  d u r i n g  t h e  second regrowth.  
The e f f e c t  was much more pronounced f o r  RP/BR t rea tments  than  WP 
t reatments .  A s i m i l a r  e f f e c t  was no ted  i n  t h e  i n d i r e c t  e f f e c t s  s t u d i e s  
where s o i l s  were contaminated p r i o r  t o  p l a n t i n g .  However, because t h e  two 
s o i l s  used v a r i e d  i n  f e r t i l i t y ,  e f f e c t s  on f i r s t  ha rves t  da ta  were somewhat 
masked. The e f f e c t  i s  however, c l e a r l y  observed i n  t h e  r e s u l t s  f rom t h e  
r e l a t i v e  h u m i d i t y  t e s t  s e r i e s  f o r  RP/BR smokes. Th i s  aspect  o f  t h e  
env i ronmenta l  impact  o f  phosphorus smokes can r e s u l t  i n  reduced 
v i g o r  o f  s e l e c t e d  p l a n t  species,  and should be f u r t h e r  i n v e s t i g a t e d .  

4.6 EXTRAPOLATION OF LABORATORY DATA TO FIELD SCENARIOS : 
PREDICTIVE CAPABILITIES 

An adequate da ta  base must be developed f o r  i n d i v i d u a l  smokes t o  
eva lua te  t h e  env i ronmenta l  impact  o f  obscurant  smoke use. Data and e f f o r t s  
based on p rev ious  and c o n t i n u i n g  l a b o r a t o r y  and f i e l d  i n v e s t i g a t i o n s  must 
be i n t e g r a t e d  t o  d e f i n e  impor tan t ,  i f  n o t  c o n t r o l l i n g ,  processes. I n  t h i s  
s tudy  we at tempted t o  i n t e g r a t e  and i n t e r r e l a t e  those processes 
(a tmospher ic ,  env i ronmenta l ,  and b i o l o g i c a l )  thought  t o  be impo r tan t  i n  
d e f i n i n g  t h e  i n t e r a c t i o n  o f  phosphorus smokes w i t h  r e c e p t o r  su r faces  i n  t h e  
environment. The dose based on mass l o a d i n g  was q u a n t i f i e d  and t h e  
responses based on i n d i v i d u a l  v a r i a b l e s  were eva lua ted  t o  p r o v i d e  a  bas i s  
f o r  e x t r a p o l a t i n g  l a b o r a t o r y  da ta  t o  f i e l d  s i t u a t i o n s .  F i gu re  4.1 p resen ts  
examples of t h r e e  d imensional  da ta  e x t r a p o l a t i o n  f o r  t h e  t o x i c i t y  response 
(Daubenmire Index)  o f  bo th  ponderosa p i n e  and sagebrush t o  phosphorus 
smokes, aga ins t  a  s e r i e s  o f  v a r i a b l e s .  The v a r i a b l e s  i n c l u d e  mass l oad ing ,  
r e l a t i v e  hum id i t y  and post-exposure s imu la ted  r a i n f a l l .  From t h e  response 
sur face ,  i t  i s  c l e a r  t h a t  f o l i a r  mass l o a d i n g  i s  a  ma jo r  f a c t o r  i n  
t o x i c i t y .  A t  a  g i ven  mass l oad ing ,  h i g h  and low l e v e l s  o f  r e l a t i v e  
h u m i d i t y  have an adverse e f f e c t  on t h e  response, p robab l y  because o f  



s p e c i a t i o n  o f  t h e  phosphorus, w h i l e  p r e c i p i t a t i o n  events  ( i  .e., r a i n f a l l  ) 
can ame l i o ra te  t h e  i n t e n s i t y  of t h e  adverse e f f e c t s .  I t i s  a l s o  apparent 
t h a t  morphologic c h a r a c t e r i s t i c s  of  t h e  l e a f  su r f ace  can p l a y  a  r o l e  i n  
l i m i t i n g  o r  a m e l i o r a t i n g  t h e  i n t e n s i t y  o f  t h e  impact (see F igures  3.13 
through 3.15 f o r  E l e c t r o n  Micrographs showing d i f ferences i n  l e a f  su r faces  
between p i n e  and sagebrush). 

The ease w i t h  which t h i s  t ype  o f  response su r f ace  c h a r a c t e r i z a t i o n  can 
be a p p l i e d  t o  f i e l d  scenar ios  depends on t h e  b a s i s  used f o r  e s t a b l i s h i n g  
dose/response r e l a t i o n s h i p s .  I n  t h i s  s tudy,  we have generated values f o r  
d e p o s i t i o n  v e l o c i t y  based on a i r  concen t ra t i on  and mass l o a d i n g  ( f o l i a r  and 
s o i l )  t h a t  can be a p p l i e d  r e a d i l y  t o  t h e  f i e l d  s i t u a t i o n .  For  example, t h e  
l e n g t h  o f  t ime  a  smoke t e s t  cou ld  be conducted w i t h o u t  d e f o l i a t i n g  a  s tand 
of ponderosa p i n e  (DR=7)  l o c a t e d  8-km down wind cou ld  be r e a d i l y  c a l c u l a t e d  
based on t h e  a i r  concen t ra t i on  a t  t h a t  p o i n t ,  t h e  d e p o s i t i o n  v e l o c i t y  f o r  
t h a t  canopy type,  r e l a t i v e  hum id i t y  and wind speed. I t i s  t h i s  p r e d i c t i v e  
approach based on p r e c i s e  l a b o r a t o r y  o r  f i e l d  da ta  t h a t  w i l l  be niost u s e f u l  
i n  t h e  f u t u r e .  



Simulated 
Rain 

Simulated 
Rain 

FIGURE 4.1 RESPONSE SURFACE FOR PONDEROSA P I N E  ( t o p )  AND SAGEBRUSH (be low)  
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