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'I' I ' i l  , I#: : MI~ASUl<I<MI~N'I' A N D  CAl,CUTArl'ION 01; kJNSA'lYJi~A'l'ED 

CONIIUC'I' I V  I1'Y A N D  SOL1, WA'I'EII I )  1 FBUS LVLTY 

CRIS WORK UNIT: SWC-018-gG-4 CODE N O . :  Ariz.-WCL-61-4 

INTRODUCTION: 

The o b j e c t i v e s  and need f o r  s t u d y  f o r  t h i s  p r o j e c t  were g iven  

i n  t h e  1961 Annual Report  of t h e  U.S. Water Conserva t ion  Labora to ry  

Annuill Repor ts  f o r  1962, 1963, and 1965 r e p o r t e d  work concern ing  

c o n d u c t i v i t y  and s o i l  w a t e r  d i f E u s i v i . t y  measurements a t  s e v e r a l  

p o r o s i t i e s  and t e m p e r a t u r e s .  The 1966 r e p o r t  concerned d e v i a t i o n s  

from Darcy ' s  law f o r  f low of  wa te r  through f i n e  p o r e s .  The 1967 

and 1968 r e p o r t s  con Lain d a t a  on the  f low o f  v a r i o u s  p o l a r  and 

nonpolar  I i q c t i d s ,  and s a l t  s o l u t i o n s  o f  clif f e r e n t  c o n c e n t r a t i o n s  

through two ceramic  p l a t e s  i n  an  a t t e m p t  t o  e l u c i d a t e  t h e  e f f e c t  o f  

s t r u c t u r i n g  of p o l a r  molecules  and e l e c t r o k i n e t i c  e f f e c t s  on f low 

through very  f i n e  p o r e s .  T h i s  r e p o r t  c l a r i f i e s  some p o i n t s  i n  the  

mt.thcxls of c;llcul;l t i ng  unsntura tccl  h y d r a u l i c  c o n d u c t i v i t i e s  froir~ 

pore  s i z e  d i s t r i b u t i o n  d a t a .  T h i s  c o n s t i t u t e s  a t e r m i n a l  r e p o r t  a s  

t h i s  p r o j e c t  was t e rmina ted  d u r i n g  1971. 

Methods f o r  c a l c u l a t i n g  t h e  h y d r a u l i c  c o n d u c t i v i t y  of 

u n s a t u r a t e d  s o i l  from t h e  wa te r  c o n t e n t - p r e s s u r e  head r e l a t i o n  have 

been proposed by C h i l d s  and Col l i s -George  (1950),  Marsha l l  (1958): 

and M i l l i n g t o n  and Quirk  (1959, 1960, 1961).  T h i s  r e p o r t  shows 

t h a t ,  when it matching f a c t o r  i s  used,  the  c a l c u l a t i o n  p rocedures  

f o r  t h e  Marsha l l  and t h e  M i l l i n g t o n  and Quirk methods a r e  s i m i l a r  

excep t  f o r  the  exponent of  t h e  pore  i n t e r a c t i o n  term, and a  

s t  a t  i s  Lical  va lue  f o r  the  exponent i s  de te rmined .  

?'he c o n c l u c t i v i t i e s  a r e  o b t a i n e d  by d i v i d i n g  t h e  wa te r  c o n t e n t -  

p r e s s u r e  head r e l a t i o n  i n t o  n e q u a l  wa te r  c o n t e n t  inc rements ,  

o b t a i n i n g  t h e  p r e s s u r e  head h a t  t h e  midpoint  of each increment ,  

;111d c r t l c u l n ~ i n g  t h e  c o n d u c t i v i t y  u s i n g  t h e  e q u a t i o n  
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- 1 
whcrc It i s  t h c  hyc i r i~u l i c  c o n d u c t i v i t y  (cm niin ) cor respond ing  t o  

i 
t h e  i t h  wa te r  c o n t e n t  increment ,  y i s  t h e  s u r f a c e  t e n s i o n  of  wa te r ,  

, t h e  d e n s i t y  of  water ,  g  t h e  g r a v i t a t i o n a l  c o n s t a n t ,  and 7 t h e  

v i s c o s i t y .  The number 30 i s  a composi te  of t h e  c o n s t a n t  118 from 

P o i s e u i l l e ' s  equa t ion ,  4 from t h e  s q u a r e  of  r = 2y/h, where r  i s  

t h e  pore  r a d i u s ,  and 60 c o n v e r t s  from seconds t o  minu tes .  The term 

r r c p r e s c n t s  t h e  w a t e r - f i l l e d  p o r o s i t y ,  u s u a l l y  t aken  a s  t h e  vo lu -  

m e t r i c  water  c o n t e n t .  The exponent 01 E )  p, i s  a  c o n s t a n t  whose 

v a l u e  depends upon t h e  method of  computat ion.  The summation 

i n d i c e s  a r e  j and i, and m i s  t h e  number of  inc rements  f o r  which 

t h e  c a l c u l a t i o n  i s  t o  b e  made. 

The d i f f e r e n c e  between M and MQ methods l i e s  i n  t h e  v a l u e s  of 

p  and n. For t h e  M method p  = 2  and n  i s  the  number o f  wa te r  

c o n t e n t  inc rements  from z e r o  t o  t h e  wa te r  c o n t e n t  i n  q u e s t i o n .  For 

t h e  MQ method p = 413 and n  = n  t h e  t o t a l  number of water  c o n t e n t  
t  

i nc rements  from z e r o  t o  t h c  s a t u r a t e d  wa te r  c o n t e n t .  

Consider  t h e  M method, wi th  p  = 2  and n  dependent  on t h e  wa te r  
L 

c o n t e n t  inc rement .  We have (c i /n )  . NOW E = t l  - ( n t  - n )  k ,  
i 

and & = E / n  T h e r e f o r e ,  ~ . / n  = c l / n t  i s  c o n s t a n t  f o r  any wa te r  
1 t '  1 

c o n t e n t .  The Marsha l l  e q u a t i o n  i s  then  

2 2  
w i t h  A = (30y / p g q ) ( c / n )  , where any E and i t s  c o r r e s p o n d i n g  n  can 

'I'hc M Q  method r c q u i r c s  p  = 413 and n = n  n c o n s t a n t .  Thus, 
t ' 
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A s  c.ar1ic.r work h a s  shown, boLh t h e  M nncl M Q  mcthocls r e q u i r e  a  

ma tch ing  f a c t o r  t o  a d e q u a t e l y  r e p r e s e n t  e x p e r i m e n t a l  d a t a .  Us ing  

t h e  r a t i o  o f  t h e  measured  t o  t h e  c a l c u l a t e d  s a t u r a t e d  c o n d u c t i v i t y  

k s /k l  a s  t h e  m a t c h i n g  E a c t o r ,  we have  

whtarc, p = 0 Sot- thr)  M ; ~ r s h a l l  f o r m  I n t i o n  ( t h e  p o r e  i n t e r a c t i o n  t e rm 
2 

( ~ / n )  c a n c e l s  when t h e  r a t i o  i s  Eormed) and p  = 4/3  f o r  M i l l i n g t o n  

and Q u i r k .  S i n c e  b o t h  t h e  M and MQ d e r i v a t i o n s  a r e  b a s e d  upon an  

i d e a l i z e d  c a p i l l a r y  t u b e  model ,  t h e  v a l u e  o f  p  a p p e a r s  a r b i t r a r y .  

[ t  i s  oS i l l t c ~ r c ~ s t ,  t h e n ,  t o  tlotc>rminc t h e  v a l u e  o f  p f o r  which 

fk1\1-1[ ion 1 wi .1  1 l)t*sl p r t ~ d  i c  I t ~ x p ( ~ r i n w n i  :11 C O I I ~ L I C ~  i v i  t i c s .  

U~3tn were s c l e c  Led Crom t h e  l i t e r a t u r e  on t h e  b a s i s  o f  h a v i n g  

k v a l u e s  o v e r  a  wide r a n g e  o f  w a t e r  c o n t e n t s  and a d e t a i l e d  w a t e r  

c o n t e n t - p r e s s u r e  head  r e l a t i o n .  The d a t a  were  o b t a i n e d  i n  a  

l a b o r a t o r y  u n d e r  c o n d i t i o n s  t h a t  a l l o w e d  t h e  c o n d u c t i v i t y ,  w a t e r  

c o n t e n t ,  and p r e s s u r e  head  t o  b e  measured  on t h e  same sample .  

Vnlucs  of  p were calculated by a n  i t e r a t i v e  p r o c e d u r e  t h a t  

nl inimizcd t h c  sums o f  s q u a r e s  o f  (k - I< 
c a ~ c ) / ~ m e a s  

. These  
mea s 

v a l u e s ,  s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y  and s a t u r a t e d  w a t e r  c o n t e n t  

v a l u e s ,  a r e  p r e s e n t e d  i n  T a b l e  1. Fo r  f o u r  m a t e r i a l s  t h e  a v e r a g e  

v a l u e  o f  t h e  e x p o n e n t  i s  n e a r l y  1. 

A 1  though n o t  p e r f e c t ,  t h e  c o n d u c t i v i t i e s  c a l c u l a t e d  from 

l a b o r a t o r y - d e t e r m i n e d  h - E r e l a t i o n s  r e a s o n a b l y  p r e d i c t  conduc-  

t i v i t i e s  measured i n  t h e  f i e l d .  These  r e s u l t s  s u p p o r t  t h e  u s e  of  

c.a l c u l a  t i o n  metliocls f o r  o b t a i n i n g  t h e  t i y d r a u 1 . i ~  c o n d u c t i v i t y - w a t e r  

c o n t c n  t  r e l a t i o n  f o r  f i c l d  s o i l s .  
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SUMMARY A N D  CONCLUSIONS : 

Two methods f o r  c a l c u l a t i n g  h y d r a u l i c  c o n d u c t i v i t i e s  o f  porous  

m a i c r i a l s  were examined and s i m p l i f i e d .  I n  p a r t i c u l a r ,  t h e  methods 

proposed  by M a r s h a l l  and by M i l l i n g t o n  and Qu i rk  were  shown t o  be 

s i m i l a r  except. f o r  t h e  p o r e  i n t e r a c t i o n  t e rm.  Using  a  m a t c h i n g  

I . ~ c , l  o r ,  c , c l t ~ , l t  i o n s  f o r  t h e  two mclhotls t i i f  fc.r o n l y  b y  t h t  cxponcJnt o f  

1 1 1 ( *  p o r e  i ~ > t c . r , ~ c . t  ioi, Lcriit, br'irl): 0 l o r  M:ii-slla 1 1' 5 111c1t hod and 4 /  1  f o r  

M i l l i n g t o n  and Q u i r k ' s .  Data f o r  f o u r  po rous  m a t e r i a l s ,  f o r  which 

t h e  h y d r a u l i c  c o n d u c t i v i t i e s ,  p r e s s u r e  h e a d s ,  and w a t e r  c o n t e n t s  

worcl do t  rrminct l  01, t tic s:llnc' s:lmp l o ,  wcrv cisctl i n  :t s t a t  i s t i c a l  

procctlur-cb 1 0  o1,l:tirt a I?cbsL l i t  v;~luca Ini t h e  c ~ x p o n c ~ ~ t .  For l h (  l o u r  

m a t e r i a l s ,  a n  exponen t  o f  1 a d e q u a t e l y  p r e d i c t e d  t h e  nieasureci con-  

d u c t i v i t i e s .  With t h i s  exponen t ,  h y d r a u l i c  c o n d u c t i v i t i e s  f o r  a 

f i e l d  s o i l  were c a l c u l a t e d  from a  l a b o r a t o r y - d e t e r m i n e d  p r e s s u r e  

head -wa te r  c o n t e n t  r e l a t i o n .  C a l c u l a t e d  and measured  c o n d u c t i v i t i e s  

:ip,rred t o  w i t h i n  t h e  l i m i ~  o f  e r r o r  o f  measurement .  These  r e s u l t s  

s u p p o r t  t l ic L I S C  0 1  c;i L ~ u l ~ ~ L i v n  111~t l10ds  f o r  ob t : r i n ing  t h e  hyc l rau l ic  

conduct  i v i i y -wa tc l r  c o n t e n t  r e l a t i o n  l o r  f i e l d  s o i l s .  
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TITLE : MATERIALS AND METHODS FOR WATER HARVESTING AND 
WATER STORAGE I N  THE STATE OF HAWAII 

CKIS WORK UNIT : SWC-018-gG4 Code No. : Ariz  .-WCL 65-2 

INTRODUCTI ON : 

Treatments  and p rocedures  a t  t h e  Maui catchments  remained t h e  

same a s  d e s c r i b e d  i n  p r e v i o u s  annual  r e p o r t s .  A new a s p h a l t -  

f i b e r g l a s s  c o v e r i n g  w a s  i n s t a l l e d  on t h e  Kukaiau catchment  i n  

June 1971. Also i n  June 1971, c r i t i c a l  depth  flumes were  i n s t a l l e d  

on t h r e e  s m a l l  wa te r sheds  of n o n - i r r i g a t e d  s u g a r  cane  and two small 

wa te r sheds  o f  p i n e a p p l e .  

RESULTS AND DISCUSS I O N  : 

Kukaiau Catchment: The e l a s t o m e r i c  r e s e r v o i r  l i n i n g  is per -  

forming s a t i s f a c t o r i l y  . S e v e r a l  s m a l l  seam f a i l u r e s  o c c u r r e d ,  b u t  

t h e s e  were e a s i l y  r e p a i r e d  by ranch p e r s o n n e l .  Seams i n  t h e  

c h l o r i n a t e d  p o l y e t h y l e n e  s h e e t i n g  s t a r t e d  f a i l i n g  r a p i d l y  e a r l y  

i n  1971. The s h e e t i n g  was removed and a n  a s p h a l t - f i b e r g l a s s  cover- 

i n g  i n s t a l l e d  i n  June 1971. A d e s c r i p t i o n  of t h e  i n s t a l l a t i o n  i s  

p r e s e n t e d  i n  t h e  1971 annua l  r e p o r t  t i t l e d  "Fabr icated-In-Place ,  

Reinforced L in ings  and Ground Covers, " 
Maui Catchments : A l l  p l o t s  were c o n s i d e r e d  i n  s a t i s f a c t o r y  

c o n d i t i o n  when i n s p e c t e d  i n  June 19 71. S e v e r a l  seams were  s t a r t i n g  

t o  f a i l  on  t h e  Hypalon s h e e i n g  on P l o t  1, The s h e e t i n g  i t s e l f  

appeared t o  be  w e a t h e r i n g  s a t i s f a c t o r i l y ,  The b u t y l  and a s p h a l t -  

f i b e r g l a s s  p l o t s  were i n  e x c e l l e n t  c o n d i t i o n .  There  were  3 o r  4 

p l a n t s  growing through t h e  f i b e r g l a s s  b u t  t h e s e  were  e a s i l y  removed. 

Trouble  is  s t i l l  b e i n g  encounte red  w i t h  p l u g g i n g  o f  t h e  meters on 

t h e  w a t e r  measuring sys tem.  It appears  t h a t  t h e  meters and s c r e e n s  

w i l l  r e q u i r e  c l e a n i n g  on a  bimonthly s c h e d u l e  o r  more o f t e n  t o  

i n s u r e  r e l i a b i l i t y  o f  t h e  d a t a .  

Analysis  h a s  been s t a r t e d  of t h e  runof f  d a t a  c o l l e c t e d  from t h e  

p l o t s  f o r  t h e  p e r i o d  o f  24 June 1966 through 27 September 1969. Th is  

runof f  d a t a  i s  from t h e  c r i t i c a l  dep th  flumes on t h e  p l o t s  and was 

recorded  on c h a r t s  w i t h  w a t e r  s t a g e  r e c o r d e r s .  The c h a r t s  on t h e  
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r e c o r d e r s  were changed weekly and the  d a t a  recorded  u s u a l l y  r e p r e -  

s e n t e d  5  t o  50 runof f  e v e n t s  p e r  c h a r t .  Ana lys i s  o f  t h i s  volume 

of d a t a  was delayed u n t i l  a  c h a r t  r e a d e r  and Wang c a l c u l a t o r  was 

purchased.  

P r e l i m i n a r y  a n a l y s i s  of t h e  r a i n f a l l  d a t a  shows t h a t  t h e  major 

p o r t i o n  o f  t h e  p r e c i p i t a t i o n  a t  the  t e s t  s i t e  o c c u r s  as  showers l e s s  

than  5  mm i n  s i z e  and w i t h  i n t e n s i t i e s  o f  less t h a n  1 0  mm p e r  h o u r .  

Measured runof f  from t h e  g r a s s  p l o t  f o r  t h e  p e r i o d  o f  24 June 1966 

through 27 September 1969 by weeks i s  p r e s e n t e d  i n  Table  1. T o t a l  

runof f  from t h e  p l o t  averaged approximately  1 5  p e r c e n t  f o r  t h i s  

p e r i o d .  Th is  q u a n t i t y  of runoff  i s  l a r g e r  t h a n  was e x p e c t e d ,  

e s p e c i a l l y  when c o n s i d e r i n g  the  s i z e  and i n t e n s i t y  of t h e  i n d i v i d u a l  

r a i n f a l l  e v e n t s .  One o b s e r v a t i o n  from t h e  runof f  r e s u l t s  i s  t h a t  

t h e  m a j o r i t y  of t h e  runof f  occurs  d u r i n g  t h e  w i n t e r  and e a r l y  s p r i n g  

months. F u r t h e r  a n a l y s i s  of t h e  d a t a  w i l l  be done t o  e v a l u a t e  run- 

o f f  by i n d i v i d u a l  r a i n f a l l  e v e n t .  Conversion of ana log  t o  d i g i t a l  

d a t a  f o r  t h e  b u t y l  and a s p h a l t  p l o t s  has n o t  been completed. 

S t u d i e s  were i n i t i a t e d  i n  the  s p r i n g  of 1971 t o  measure runof f  

and e r o s i o n  from s m a l l  wa te r sheds  of n o n - i r r i g a t e d  s u g a r  cane and 

p ineapp le .  I n  May 1971, f i v e  s i t e s  approximately  5  a c r e s  i n  s i z e  

were s e l e c t e d .  Two of t h e  s i tes were on s u g a r  cane i n  a  100 t o  200 

inch r a i n f a l l  zone on the  i s l a n d  of Hawaii. The o t h e r  t h r e e  s i t e s  

a r e  on the  i s l a n d  o i  Oahu, two p ineapp le  and one s u g a r  cane i n  an 

approximately  100 i n c h  r a i n f a l l  zone. 

Runoff from t h e  si tes w i l l  be  measured w i t h  c r i t i c a l  depth flumes 

equipped w i t h  w a t e r  s t a g e  r e c o r d e r s .  The flumes were  p r e f a b r i c a t e d  

a t  t h e  U.S. Water Conservat ion Labora to ry ,  p a r t i a l l y  disassembled 

and a i r  f r e i g h t e d  t o  t h e  i s l a n d s .  I n  June 1971 t h e  flumes were i n -  

s t a l l e d  by p e r s o n n e l  from t h e  USWCL s t a f f  w i t h  a s s i s t a n c e  by S o i l  

Conservat ion S e r v i c e .  The downstream ends of two flumes had  t o  be 

suppor ted  on t r e s t l e s  which were a l s o  p r e f a b r i c a t e d  and sh ipped  

w i t h  t h e  flumes.  At one s i t e  a b u l l d o z e r  was p rov ided  t o  move t h e  
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s o i l .  A t  the  o t h e r  f o u r  s i t e s  a l l  e x c a v a t i o n  and b a c k f i l l i n g  w a s  

done by hcmd wi th  s h o v e l s ,  p i c k s ,  cancl a wheelbarrow. 

Each s i t e  w i l l  be equipped w i t h  a weighing ra ingage .  The d a t a  

from t h e  ra ingages  and w a t e r  s t a g e  r e c o r d e r s  w i l l  be recorded  on 

punched paper  t a p e  a t  5 minute i n t e r v a l s  f o r  l a t e r  p r o c e s s i n g  by 

computer. F i n a l  i n s t a l l a t i o n  of t h e  r a i n g a g e s  and w a t e r  s t a g e  

r e c o r d e r s  w i l l  be  completed i n  e a r l y  1972. Maintenance of t h e  

r e c o r d e r s  w i l l  be performed by SCS p e r s o n n e l  augmented by p e r i o d i c  

v i s i t s  by USWCL p e r s o n n e l .  

SUMMARY AND CONCLUSIONS : 

The e l a s t o m e r i c  r e s e r v o i r  l i n i n g  on t h e  Kukaiau w a t e r  h a r v e s t i n g  

u n i t  i s  i n  good c o n d i t i o n .  There were s m a l l  seam f a i l u r e s  which were 

r e p a i r e d  by ranch p e r s o n n e l .  A new a s p h a l t - f i b e r g l a s s  c o v e r i n g  was 

i n s t a l l e d  on t h e  catchment i n  June 1971 t o  r e p l a c e  t h e  c h l o r i n a t e d  

p o l y e t h y l e n e  s h e e t i n g  which was f a i l i n g .  . 

Treatments  a t  t h e  t k u i  t e s t  s i t e s  were  i n  s a t i s f a c t o r y  c o n d i t i o n  

when v L s i t e t l  Ln .June 1970. Severa l  scams wcrc s l a r t i n g  t o  f a i l  on 

t h e  Hypalon s h e e t i n g .  They b u t y l  and a s p h a l t - f i b e r g l a s s  p l o t s  were 

i n  e x c e l l e n t  c o n d i t i o n .  Troub le  i s  s t i l l  b e i n g  encounte red  w i t h  

plugging of meters  and s c r e e n s  on the  w a t e r  measur ing systems.  

Ana lys i s  was s t a r t e d  of t h e  runoff  d a t a  from t h e  p l o t s  f o r  t h e  

p e r i o d  24 June 1966 through 27 September 1969. The m a j o r i t y  of t h e  

i n d i v i d u a l  p r e c i p i t a t i o n  e v e n t s  f o r  t h i s  p e r i o d  o c c u r r e d  as small 

showers o f  l e s s  t h a n  5 mm each and i n t e n s i t i e s  of l e s s  t h a n  10 mm 

p e r  hour .  T o t a l  runof f  from t h e  g r a s s  p l o t  f o r  t h i s  p e r i o d  averaged 

approximately  15 p e r c e n t  and o c c u r r e d  p r i m a r i l y  i n  t h e  w i n t e r  and 

e a r l y  s p r i n g .  

S t u d i e s  were  i n i t i a t e d  t o  m a s u r e  runof f  and e r o s i o n  from approx i -  

mately 5 a c r e  wa te r sheds  o f  n o n - i r r i g a t e d  s u g a r  cane and p i n e a p p l e .  

I n  June 1971 c r i t i c a l  dep th  flumes were i n s t a l l e d  on t h e  f i v e  s i t e s .  

F i n a l  i n s t r u m e n t a t i o n  w i l l  be completed i n  1972. 

PERSONNEL: L. E. Myers and G. W .  F r a s i e r .  

CURRENT TERMINATION DATE: J u l y  1972 
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?'able 1, R a i n f a l l  and runof f  r e s u l t s  from t h e  g r a s s  p l o t  a t  Maui 

t e s t  s i t e  by weeks. 

C h a r t  Date R a i n f a l l  Runoff Char t  Date  R a i n f a l l  Runoff 

(mm> (m) (m> (%I 
24 Jun 66 

1 J u l  66 

8 J u l  66 

1.8 J u l  66 

25 J u l  66 

1 hug 66 

9 Aug 66 

15 Aug 66 

22 Aug 66 

29 Aug 66 

5 Sep 66 

12 Sep 66 

19 Sep 66 

27 Sep 66 

3 Oct 66 

1.0 Oct 66 

1 7  Oct 66 

24 Oct 66 

'I1 Oct 66 

9 Nov 66 

14 Nov 66 

21 Nov 66 

28 Nov 66 

5 Dec 66 

12 Dec 66 

19 Dec 66 

26 Dec 66 

30 Dec 66 

T o t a l  f o r  
19 66 

0 
1/ M a l f u n c t i o n  of wa te r  s t a g e  

0 
- 

r e c o r d e r  
24,2 27.8 2/ M a l f u n c t i o n  of  r a i n g a g e  - 
10.3 11.7 -- 
34.5 3.8 
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Tab 1.e 1. Continued . 
Chart Date 

5 Jan  67 

9 J a n  67 

16 Jan  67 

24 Jan 67 

30 Jan 67 

6 Feb 67 

13 Feb 67 

20 Feb 67 

27 Feb 67 

6 Mar 67 

14 Mar 67 

20 Mar 67 

28 Mar 67 

3 Apr 67 

10 Apr 67 

17 A p r  67 

25 Apr 67 

1 May 67 

8 May 67 

16 May 67 

23 May 67 

29 May 67 

6 Jun 67 

13 Jun 67 

19 Jun 67 

26 Jun 67 

5 J u l  67 

11. J u l  67 

18 J u l  67 

24 J u l  67 

Rainfa l l .  Runoff C h a r t D a t e  R a i n f a l l  Runoff 

(mm> (mm> (%> (mm) (md ('G 
5.7 0 0 1 Aug 67 62.2 4.8 7.7 

27.0 4.4 16.3 7 Aug 67 297 .O - I/  - 
13 ,0 0 0 14 Aug 67 53 .O 0 0 

33.7 6.9 20.5 2 1 A u g 6 7  14.4 0 0 

8.2 0 0 28 Aug 67 3.2 0 0 

83.5 20.8 24,9 5 Sep 67 27 - 3  0 0 

36.4 0.9 2.5 12 Scp 67 19.1 0 0 

4 1.3 9.2 22.3 18 Sep 67 18.2 0 0 

28,7 4.4 15,3 26 Sep 67 22.4 0 0 

20.6 0 0 2 Oct 67 12,5 0 0 

26,3 8.5 32.3 9 Oct 67 9.5 - I/  - 
266,5 146.1 54.8 1.6Oct 67 0 0 0 

53,2 15.1 28.4 2 4 O c t  67 36.9 - 1/ - 
55.2 13.5 24.5 30 Oct 67 85.7 5 ,3  6.2 

14.8 - 11 - 6 Nov 67 67.8 3.1 4.6 

5.2 0 0 13 Nov 67 21,7 - 11 - 
9.6 0 0 20 Nov 67 247 ,O 12.3 5.0 

8.7 0 0 29 Nov 67 102.7 - l /  - 
20 -0  0 0 4 Dec 67 75.5 11,8 15.6 

53.2 0.8 1.5 11 Dec 67 17,9 - I/  - 
8.5 0 0 18 Dec 67 31,7 - 11 - 
3.9 0 0 27 Dec 67 60.6 1 1 1.3- 2.1 - 
8.3 0 0 To ta l  f o r  1892.1 -291.2 15.4 

1,5 0 0 
1967 

30.2 0 0 

84.1 0 0 

59.4 0 0 

40.0 0 0 

95.2 21.6 22,7 

56.7 1.7 3.0 
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Table  1. Continued. . 

Chart  Datc RainEa 1.1 Runoff Char t  Date Ra infa  11 Runoff 

1 J a n  68 

8 .Jan 68 

17 J a n  68 

23 J a n  68 

6 Feb 68 

13 Feb 68 

21 Feb 68 

1 Mar 68 

7 Mar 68 

17 Mar 68 

21 Mar 68 

29 Mar 68 

4 Apr 68 

I1 Apr 68 

17 Apr 68 

25 Apr 68 

3 May 68 

10 May 68 

14 May 68  

23 May 68 

3 1  May 68 

6 Jun 68 

1.4 Jun 68 

21 Jun 68 

27 Jun  68 

4 J u l  68 

11 J u l  68 

19 J u l  68 

25 J u l  68 

2 Aug 68  

8 Aug 68  

16 Aug 68 

23 Aug 68 

30 Aug 68 

6 Sep 68 

13 Sep 68 

20 Sep 68 

27 Sep 68 

4 Oct 68 

11 Oct 68  

18 Oct 68 

27 Oct 68 

1 Nov 68 

8 Nov 68 

15 Nov 68 

22 Nov 68  

1 Dec 6 8  

5 Dec 68 

13 Dec 68 

20 Dec 68 

27 Dec 68  

T o t a l  f o r  
1968 
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Table 1, Continued. 

Chart  Date R a i n f a l l  Runoff C h a r t D a t e  R a i n f a l l  Runoff 

7 Jan 69 

10 Jan  69 

17 Jan 69 

24 Jan  69 

2 Feb 69 

7 Feb 69 

16 Feb 69 

21 Feb 69 

1 Mar 69 

7 Mar 69 

16 Mar 69 

21 Mar 69 

29 Mar 69 

4 Apr 69 

11 Apr 69 

18 Apr 69 

25 Apr 69 

4 May 69 

9 May 69 

16 May 69 

23 May 69 

29 May 69 

7 Jun 69 

13 Jun 69 

22 Jun 69 

27 Jun 69 

5 J u l  69 

11 J u l  69 

18 J u l  69 

25 J u l  69 

( m . 4  (%> 

21.2 23,O 1 Aug 69 

0 0 10 Aug 69 

0 0 15 Aug 69 

87.9 28.5 2 2 A u g 6 9  

2.3 3.4 2 9 A u g 6 9  

55,9 20.1 5 S e p 6 9  

7.7 7 ,2  1 2 S e p 6 9  

11 - 20 Sep 69 

11 - - T o t a l  f o r  

28.4 18.0 1969 
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TITLE : IRRIGATION OUTLET STRUCTURE TO DISTRIBUTE WATER 

ONTO EROSIVE SOILS 

CRIS WORK UNIT: SWC-018-gG4 CODE NO,: Ariz.-WCL-66-2 

INTRODUCTION: 

For need of s tudy,  see Annual Report f o r  1966, 

OBJECTIVES : 

To o b t a i n  design c r i t e r i a  f o r  low-cost i r r i g a t i o n  o u t l e t s  t h a t  

w i l l  d i s t r i b u t e  l a r g e  s t reams of  water without  excess ive  erosion.  

PROCEDURE : 

The major a c t i v i t y  on t h i s  p r o j e c t  has  been t o  cons t ruc t  

o u t l e t s  a t  farm s i t e s  where e ros ion  problems e x i s t ,  observe t h e i r  

opera t ion ,  determine t h e i r  weaknesses, then r e p a i r  o r  r econs t ruc t  

them and cont inue  t o  observe t h e i r  performance and longevi ty .  

RESULTS AND DISCUSSION: 

Inspec t ions  throughout t h e  year  i nd ica t ed  no cases  of  f a i l u r e  

due t o  f a u l t y  design,  o the r  than on t h e  Cannon Ranch, where some of 

t h e  o r i g i n a l  s t r u c t u r e s  were b u i l t  and a f i rm  bond was no t  made 

between t h e  d i s s i p a t o r  box and t h e  rest of t he  s t r u c t u r e ,  I n  t h i s  

case ,  bermuda g r a s s  grew through the  c racks  and w i l l  eventua l ly  

r u i n  t h e  s t r u c t u r e .  

On t h e  Sparr  Ranch, S-2 was r e b u i l t  because of a l e a k  i n  the  

o r i g i n a l  t i l e  o u t l e t  next  t o  t h e  d i t c h ,  which allowed water t o  under- 

mine the  s t r u c t u r e .  S-3 a l s o  needed r e p a i r  because of damage by 

machinery, 

The SS-2 s t r u c t u r e  on t h e  Spencer and Spencer Ranch, which was 

coated by a c l a y  emulsion i n  1970 because weeds were growing through 

t h e  walls and ru in ing  i t ,  i s  i n  e x c e l l e n t  condi t ion  a t  t h e  end of 

t h e  2972 year .  

Ten eros ion-prevent ive  s t r u c t u r e s  were b u i l t  by t h e  owner a t  

t he  Scarborough Ranch i n  conjunct ion with an  automated i r r i g a t i o n  

system, under t h e  d i r e c t i o n  of  D r .  Howard Haise,  Water flow i s  

p a r t l y  d i s s i p a t e d  by t h e  automatic  rubber p i l lows ,  and then i s  
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d i s t r i b u t e d  onto an apron, 

Two s t r u c t u r e s  were b u i l t  a t  t he  T. P. Ranch, p r i n c i p a l l y  f o r  

t h e  purpose of making a movie, The John Deere Company filmed the  

movie, which i s  being shown throughout t h e  United S t a t e s  and o the r  

count r ies .  The movie showed ou r  pre- fabr ica ted  form f o r  making 

t h e  d i s s i p a t o r  box, and then showed t h e  complete process  o f  pouring 

t h e  concre te  and cons t ruc t ion  of t he  o u t l e t  s t r u c t u r e ,  

The o u t l e t  s t r u c t u r e s  f o r  jack ga t e s  a t  t h e  Wheeler and Wood- 

house Ranches appeared t o  be doing t h e  r equ i r ed  erosion-prevent ion 

job, Resul t s  a t  t h e  Wheeler Ranch are masked by t h e  o r i g i n a l  p i l e -  

up of  concre te  and rocks  hauled i n t o  t h e  o r i g i n a l  e ros ion  hole .  

This  hindrance w i l l  b e  removed t h e  f i r s t  t ime t h e  bermuda g r a s s  i s  

r ep lan ted ,  

A new s t r u c t u r e  s e r v i c i n g  a jack  g a t e  a t  t h e  Cur r i e  Ranch was 

b u i l t  by t h e  owner dur ing  t h e  summer, upon our  recommendation. It 

involves  a 4 - f t  drop onto  a platform, where t h e  water i s  d i s s i p a t e d  

by concre te  blocks s e t  a t  t h e  edge of  t h e  p la t form i n  a semi-c i rc le ,  

approximately 15 f t  from t h e  o u t l e t ,  The e ros ion  i s  non-exis ten t ,  

t o  da t e ,  

Addit ional  work should be  conducted on s t r u c t u r e s  t o  prevent  

e ros ion  from 3-ft-wide jack g a t e s  which emit up t o  20 c f s  of  

i r r i g a t i o n  water ,  

SUMMARY AZJD GONGLUSIONS : 

Inspec t ions  of  s t r u c t u r e s  showed no cases  where design w a s  

f a u l t y ,  a s  f a r  a s  e ros ion  prevent ion was concerned, S t r u c t u r e  

f a i l u r e s  were due t o  machinery damage. I f  t h i s  damage i s  t o  be 

minimized, t h e  s t r u c t u r e s  w i l l  have t o  be  r e in fo rced  and/or  made 

heavy enough t o  withstand machinery damage. The inexpensive course  

of  a c t i o n  i s  t o  be more c a r e f u l  when making t u r n s  wi th  t h e  machinery. 

Research on eros ion-prevent ive  s t r u c t u r e s  on jack  g a t e s  needs t o  b e  

expanded, The s t r u c t u r e s  now b u i l t  a r e  prevent ing e ros ion ,  bu t  so 
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many d i f f e r e n t  o u t l e t  s i t u a t i o n s  e x i s t  t h a t  each one i s  a  design 

problem i n  i t s e l f ,  

PERSONNEL: Leonard J. E r i e ,  J, A. Replogle, D ,  A. Bucks, and 

Or r in  F, French, 

CURRENT TERMINATION DATE: December 1971. 
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TITLE : FLOW MEASUREMENT I N  OPEN CHANNELS WITH CRITICAL 

DEPTH FLUMES . 
CRIS WORK UNIT : SWC-018-gG-4 CODE NO.: Ariz.-WCL-67-1 

INTRODUCTION : 

Summaries of s t u d i e s  on s e v e r a l  c r i t i c a l - d e p t h  flumes w i t h  

c r o s s - s e c t i o n a l  shapes t h a t  were t r apezo ida l ,  t r i a n g u l a r  o r  c i r c u l a r ,  

appear i n  previous r e p o r t s  (see Annual Reports f o r  1966-1970). 

Technical  Papers "Flow Measurement w i t h  C r i t i c a l  Depth Flumes" 

(1969) and " C r i t i c a l  Depth Flumes fo r  Determining Flow i n  Canals 

and Natural  Channels" (1970) were followed by a  p r e s e n t a t i o n  

e n t i t l e d  "Tai lor ing  Cr i t i ca l -Depth  Measuring Flumes" before  t he  

Instrument Soc i e ty  o f  America, P i t t sburgh ,  Pennsylvania,  May 1971. 

The f i r s t  paper presented some t h e o r e t i c a l  a spec t s  f o r  p r ed i c t i ng  

t h e  c a l i b r a t i o n  r e s u l t s  f o r  flumes and a l s o  summarized the  e f f e c t s  

of  i n s t a l l a t i o n  anomalies;  t he  second paper proposed s i z e s  f o r  

s e v e r a l  common d i t c h  shapes f r equen t ly  cons t ruc t ed ;  and t h e  t h i r d  

descr ibed  methods of i nco rpo ra t i ng  the  head l o s s  e f f e c t s ,  based 

on boundary l a y e r  development, i n t o  more accu ra t e  p r e d i c t i o n  

techniques.  

PROCEDURE : 

The l abo ra to ry  c a l i b r a t i o n  techniques have been previously 

descr ibed .  For comparison purposes, a  d i scharge  t a b l e  was f i r s t  

computed fo r  an i d e a l  f r i c t i o n l e s s  flow through each flume. The 

computations were repea ted ,  i nco rpo ra t i ng  t h e  e f f e c t s  of roughness 

and v e l o c i t y  d i s t r i b u t i o n .  A curve of  a type o f  c a l i b r a t i o n  

c o e f f i c i e n t  was c a l c u l a t e d  by comparing t h e  roughness r e s u l t s  

w i t h  t he  i d e a l  d i scharge  c a l c u l a t i o n s .  The l abo ra to ry  measurements 

were a l s o  compared t o  t he  i d e a l  d i scharge  r a t e s .  A d i r e c t  compari- 

son of t he  computed and labora tory-der ived  c a l i b r a t i o n - c o e f f i c i e n t  

curves then  ind i ca t ed  t h e  success  of  t h e  f i t  f o r  t h e  flow range.  

RESULTS : 

A t o t a l  of  16 flume con f igu ra t i ons  have been l abo ra to ry  

c a l i b r a t e d  and the  r e s u l t s  compared w i t h  computer p r e d i c t i o n s  
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made according t o  the  procedure descr ibed  i n  Annual Report 1970. 

Five more flume des igns  have been cons t ruc ted  and i n s t a l l e d  i n  

Arizona and Hawaii. Laboratory c a l i b r a t i o n  o f  t he se  flumes was 

considered unnecessary because of t he  success  of the computer 

p r ed i c t i ons  of t h e  16 flumes, 

Tables 1-16 l i s t  t h e  labora tory  c a l i b r a t i o n  d a t a  and o t h e r  

der ived flow informat ion  f o r  each flume. Tables 17-21 l i s t  

computed va lues  only because no l abo ra to ry  c a l i b r a t i o n  was made 

on these  f i v e  flumes. Table 22 summarizes t he  b a s i c  dimensions 

of a l l  t h e  flumes inc luding  the  maximum depth, 
'max) 

and the  

maximum discharge  r a t e ,  
Qmax 

, Figure 1 de f ines  most of  t he  

symbols and column headings of  t he  t a b l e s .  

Refer r ing  t o  Tables 1-21 and Figure 1, the  column headings 

from l e f t  t o  r i g h t  a r e  a s  fo l lows:  

1. Flow depth, Y1, a t  d i s t a n c e  X I .  

2. Discharge r a t e ,  Q, i n  c f s ,  

3. C r i t i c a l  dep th  i n  t he  t h r o a t  s e c t i o n ,  L3. 

4. Froude number a t  t h e  po in t  of  depth measurement, Y1.  

5. I d e a l  f l u i d  d i scharge  r a t e ,  c f s ,  

6. Discharge c o e f f i c i e n t ,  column 2 d iv ided  by i d e a l  

d i scharge  r a t e .  

7.  Average v e l o c i t y ,  V 1 ,  i n  the  approach sec t ion ,  L1. 

In genera l ,  a l l  c a se s  of d e v i a t i o n  from expected behavior 

could be t r aced  t o  problems involved i n  accu ra t e ly  determining 

the  flow a r e a  of t he  flume t h r o a t ,  e i t h e r  because of  i n s u f f i c i e n t  

suppor t  of the  flume t h r o a t  wa l l s ,  o r  of warpage of  t h e  m a t e r i a l s  

of which the  flume was cons t ruc ted .  Flume 2, Table 2, dev ia ted  

-5% below expected f o r  flow depths  l e s s  than 1 / 3  f o o t .  However, 

t h i s  depth t o  l eng th  of  t h r o a t  r a t i o  i s  o u t s i d e  t h e  1:20 range 

c u r r e n t l y  recommended f o r  use w i t h  t h i s  method o f  head l o s s  

c a l c u l a t i o n .  

Flume 3, t h e  f i r s t  o f  t h e  t r i a n g u l a r  flumes cons t ruc ted  i s  

s a t i s f a c t o r y  except  i n  t h e  flow depth  range exceeding 1 foot .  
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Excess d e f l e c t i o n  of t he  flume t h r o a t ,  added t o  i n s u f f i c i e n t  t h r o a t  

length t o  achieve p a r a l l e l  flow r e s u l t e d  i n  3% more d ischarge  than 

expected.  Flume 4 of s i m i l a r  s i z i n g  had added suppor t  and added 

o u t l e t  s e c t i o n s  and i s  s a t i s f a c t o r y  almost t o  t h e  f u l l  depth d e s p i t e  

a  r e l a t i v e l y  s h o r t  t h r o a t  length,  L3. Added o u t l e t  s e c t i o n s  appear 

t o  he lp  compensate f o r  s h o r t  t h r o a t  l eng ths ,  Sho r t  t h r o a t  l ength ,  

and not d e f l e c t i o n ,  appears  r e spons ib l e  f o r  the  behavior  of Flume 5. 

A longer t h r o a t  and added o u t l e t  s e c t i o n s  b r ing  t h e  r e s u l t s  i n t o  
I 

l i n e .  

Flume 10 opera ted  s a t i s f a c t o r i l y  u n t i l  t h e  PVC p l a t e s  used i n  

t h e  t h r o a t  s e c t i o n  began t o  t ake  up water and warped enough t o  

prevent ready de te rmina t ion  of  t he  flow a r e a ,  The l a s t  h a l f  of 

Table 10 r e f l e c t s  t h i s  problem. The p l a t e s  were l a i d  i n t o  an 

e x i s t i n g  flume cons t ruc t ed  of galvanized s h e e t  s t e e l  and held down 

by non-hardening mas t ic  m a t e r i a l  and modeling c l a y .  The p l a t e s  

warped i n  two d i r e c t i o n s  when moisture  remained behind the  p l a t e s  

over n i g h t .  

The most s u r p r i s i n g  r e s u l t s  occurred w i t h  p i l o t  s t u d i e s  of 

flumes No. 15 and 16. These flumes a r e  cons t ruc ted  w i t h  the  con- 

t r a c t i o n  extending i n t o  the  channel from one w a l l  on ly .  These 

flumes could be cons t ruc ted  i n  e x i s t i n g  concre te  channels a t  

minimum c o s t .  The d ischarge  t a b l e s  checked ou t  a s  i f  the  asym- 

me t r i c  cond i t i on  d i d  not  e x i s t .  

Flumes 17-21 a r e  des igns  t h a t  have been i n s t a l l e d  i n  Arizona 

and Hawaii by our  own and o the r  agenc ies .  

F  IELD INVESTIGATIONS : 

Five of t he  flumes t h a t  were l abo ra to ry  c a l i b r a t e d  have been 

placed i n t o  f i e l d  measurement s e r v i c e .  These a r e  flumes number 

3 ,  5, 7, 9, and 11 of Table 22. Five more des igns ,  i n s t a l l e d  

w i t h  computer c a l i b r a t i o n  only,  have been i n  s e r v i c e  f o r  per iods 

ranging from 6 months t o  over  3  y e a r s ,  The most u n i v e r s a l  problem 

i s  plugging o f  the  s t i l l i n g  w e l l  depth-sensing p i p e l i n e s .  Bed 

load sediments appear t o  progress  i n t o  t he  flume a s  a  type o f  
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sand dune and covers  t h e  o u t  l e t  ho le  s o  t h a t  d e p t h  o f  f low cannot 

be d e t e c t e d  and t h e  f low a r e a  i s  changed.  Suspended sediments  

a r e  o n l y  a  minor problem i n  t h a t  t h e  s t i l l i n g  w e l l s  e v e n t u a l l y  

f i l l  w i t h  sed iments  b u t  t h e  t ime-frame i s  s o  long  t h a t  r o u t i n e  

annua l  o r  semi-annual  c l e a n i n g  i s  a l l  t h a t  i s  r e q u i r e d .  However, 

i n  some s t r e a m s  t h e  bed load d e p t h  th rough  some flumes may change 

a s  much a s  s e v e r a l  i n c h e s  o r  even more t h a n  a  f o o t  d u r i n g  a  s i n g l e  

s to rm.  This ,  of  c o u r s e ,  i n c a p a c i t a t e s  t h e  flume. 

Flume number 11, Tab le  22, i s  o f  t h e  type  used on an Arizona 

wa te r shed  named Monument Tank. A p a r t i c u l a r l y  s e v e r e  s t o r m  

produced enough r u n o f f  t o  wash l a r g e  q u a n t i t i e s  o f  1 /2-  t o  2-inch 

f l a t  s h a l e - l i k e  r o c k s  from t h e  d e s e r t  s u r f a c e  i n t o  t h e  channe l s  

b e i n g  measured by t h e s e  f lumes.  Two o f  t h e  f lumes o p e r a t e d  normal ly  

w i t h  o n l y  minor s e d i m e n t a t i o n  observed.  Another had abou t  3 o r  

4 inches  o f  c o a r s e  sand and g r a v e l  d e p o s i t e d  i n  t h e  approach 

s e c t i o n  w h i l e  a  f o u r t h  flume had about  1% f e e t  o f  t h e  s h a l e - l i k e  

g r a v e l  and some 6- inch  d i a m e t e r  b o u l d e r s  d e p o s i t e d  i n  t h e  approach 

s e c t i o n  and converg ing  s e c t i o n .  I n  a l l  c a s e s  t h e  t h r o a t  s e c t i o n s  

were c l e a r .  

S i m i l a r  e x p e r i e n c e  was observed on a n o t h e r  Arizona wa te r shed  

managed by t h e  Southwest  Watershed Research Cen te r ,  Tucson, on 

flume number 20, Tab le  22, d e s i g n a t e d  by them a s  K-3B. Large 

bed loads  could  not  p a s s  t h e  flume, d e p o s i t i n g  more t h a n  a  f o o t  

o f  sand and g r a v e l  i n  t h e  approach and converg ing  s e c t i o n s .  

The U n i v e r s i t y  o f  Arizona Flume Number 17, Table  22, d e s i g n a t e d  

by t h e  U of  A a s  Arcad ia  Flume, showed t e n d e n c i e s  o f  d e p o s i t i n g  

sand i n  t h e  approach s e c t i o n ,  depending on t h e  s t o r m  and on t h e  

way t h e  r e c e s s i o n  flow o c c u r r e d .  Most o f  t h e  sed iments  appeared 

t o  be d e p o s i t e d  d u r i n g  t h e  r e c e s s i o n  p e r i o d .  A n e a r l y  con t inuous  

s o u r c e  of  sand moves i n t o  and down t h e  channe l  and long p e r i o d s  

o f  f low below 1.5  f e e t  deep (80 c f s )  produce a n  average  v e l o c i t y  

i n  t h e  approach s e c t i o n  o f  l e s s  t h a n  abou t  2.5 f e e t  p e r  second.  
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lplume number 18 (U of A dclsignation i s  "Iiighschool" flume), 

Table 22, on the  o t h e r  hand, has s tayed  q u i t e  c l e a r .  This water-  

shed probably peaks qu ick ly ,  has a  rock l i n e d  s t a b l e  channel wi th  

l i t t l e  o r  no apparent  source  of  sediment, and flows deeper than 

1.5 f e e t  fo r  a  longer  po r t i on  of t h e  s torm than does number 17. 

It appears l o g i c a l  t h a t  t he  movement of  sediment through a  

flume i s  a  func t ion  of t h e  t r a c t i v e  force ,  the  s i z e  of p a r t i c l e s ,  

and the  q u a n t i t y  of  p a r t i c l e s .  High upstream v e l o c i t i e s  b r ing  

down more bedload than low v e l o c i t i e s ,  bu t  t he  p a r t i c l e  s i z i n g  

can a l s o  be expected t o  be l a r g e r .  

Another s tudy i s  being i n i t i a t e d  t o  i n v e s t i g a t e  t he se  r e l a t i o n -  

s h i p s  and t o  determine flume designs t h a t  f a c i l i t a t e  movement of 

sediment. This w i l l  be conducted under a  s e p a r a t e  Research Out l ine .  

SUMMARY AND CONCLUSIONS : 

Six teen  models of c r i t i c a l - d e p t h  flumes have been l abo ra to ry  

c a l i b r a t e d  i n  e f f o r t s  t o  v e r i f y  a n a l y t i c a l  methods of accu ra t e ly  

p red i c t i ng  t h e i r  c a l i b r a t i o n .  Resul t s  on flumes of r ec t angu la r ,  

t r i a n g u l a r  and t r a p e z o i d a l  c r o s s - s e c t i o n a l  shapes e s t a b l i s h  t h a t  

t he  c a l i b r a t i o n  can be pred ic ted  t o  w i t h i n  2 2% f o r  a  minimum t o  

maximum depth of flow range of about 1:20. Conformance t o  s tandard  

s i z e s ,  a  long-standing l i m i t a t i o n  t o  use o f  c r i t i c a l - d e p t h  flumes, 

i s  unnecessary. Computer techniques permit t a i l o r i n g  of  the  flume 

t o  the  channel and flow condi t ions  s o  t h a t ,  i n  most cases ,  a  des ign  

con f igu ra t i on  can be s e l e c t e d  t o  avoid the  problems of submerged- 

flow opera t ion ,  common t o  many previous a p p l i c a t i o n s  of c r i t i c a l -  

depth flumes . 
The computational procedure involves  t h e  a p p l i c a t i o n  of  hydro- 

dynamics t o  the  c a l c u l a t i o n  of  t he  drag  force  exe r t ed  by a  flowing 

f l u i d  on one s i d e  of a  f l a t  p l a t e  which has been warped t o  t h e  

shape of t he  flume t h r o a t .  This  drag force  i s  incorpora ted  i n t o  

t h e  app rop r i a t e  energy equa t ions  t o  p r e d i c t  t h e  flume c a l i b r a t i o n .  

These equa t ions  were solved by i t e r a t i o n  techniques on d i g i t a l  

computers. 
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The procedure  was a p p l i e d  t o  t h e  s i x t e e n  flumes having a  

range i n  roughness  h e i g h t s  from h y d r a u l i c a l l y  smooth t o  0.005 

f e e t .  A l l  anomal ies  from t h e  p r e d i c t e d  flow were  s a t i s f a c t o r i l y  

exp la ined  by i n a c c u r a c i e s  i n  de te rmin ing  t h e  flume dimensions o r  

t o  i n s u f f i c i e n t  r e s t r a i n t  a g a i n s t  d e f l e c t i o n  o f  t h e  flume w a l l s ,  

The flumes can be c o n s t r u c t e d  by a  wide v a r i e t y  o f  methods, 

p e r m i t t i n g  t h e  use  o f  t h e  most economical  l o c a l  m a t e r i a l s  and 

t e c h n i q u e s .  C o n s t r u c t i o n  c r i t e r i a  a r e  n o t  r i g o r o u s ,  r e q u i r i n g  

dimensional  accuracy i n  t h e  t h r o a t  s e c t i o n  o f  t h e  flume t o  be 

approximately  t h e  same a s  t h a t  d e s i r e d  i n  t h e  r e s u l t i n g  d i s c h a r g e  

r a t e ,  w h i l e  a l l  o t h e r  dimensions can be about  5 10%. Rough- 

dimensioned, h a n d - p l a s t e r e d  c o n s t r u c t i o n  i s  u s u a l l y  s u f f i c i e n t  

excep t  i n  t h e  t h r o a t  s e c t i o n .  

Modeling t e c h n i q u e s  a p p l i e d  t o  s m a l l  f lumes c a l i b r a t e d  i n  

t h e  l a b o r a t o r y  t o  o b t a i n  p r o t o t y p e  d i s c h a r g e s  a g r e e  w e l l  w i t h  t h e  

computer-generated c a l i b r a t i o n s  and i n d i c a t e  t h a t  s i z e  i s  no 

p a r t i c u l a r  l i m i t a t i o n .  The l a r g e s t  flume i n  o p e r a t i o n  t h a t  was 

des igned by t h e  t e c h n i q u e  has a  c a p a c i t y  o f  1900 c f s  and t h e  

s m a l l e s t  o p e r a t e s  a t  a  maximum c a p a c i t y  o f  0.25 c f s .  

PERSONNEL: John A. Rep log le  and C .  G .  H i e s e l .  

CURRENT TERMINATION DATE: Terminated 1971. 
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T a b l e  1. L a b o r a t o r y  d a t a  f o r  Flume Number 1 a p p e a r s  i n  
c o l u m n s  1 and 2. Remain ing  c o l u m n s  d e r i v e  
f r o m  t h e s e .  Symbol s  a r e  d e f i n e d  i n  P i  
T a b l e  2 2  p r o v i d e s  a d d i t i o n a l  d i m e n s i o n a l  d a t a ,  

FLUME D I M E N S  XONAL DATA: B1= 1 , 5 0 0  21.1 . O O O O  
SILL HEIGHT . O O O  B3= 1 , 0 0 0  
X1 = . 5 0 0  L2= 1 , 5 0 0  L3= 3 , 0 0 0  K- . 0 0 0 5 0 0 0 0  

Y 1  Q CRITICAL FROUDE IDEAL DISC* 
FT CFS DEPTH. FT NOOAT Y Q COEF* V 1  

DPDPIDIIPPEP~PPPP Wa 

, 1 8 1  , 2 4 4 4  . I 3 0  . 3 7 3  .2682  .9112 , 9 0  
. I 8 4  .2522 . I 3 2  . 3 7 5  . 2 7 4 9  . 9 1 7 3  , 9 1  
.224 . 3 3 6 3  . I 6 1  . 3 7 2  , 3 6 9 3  .9107 1 , O O  
. 232  , 3 5 3 8  . I 6 7  , 3 7 2  . 3 8 9 2  . g o 8 9  1 , 0 1  
. 2 4 3  .3822 . I 7 5  . 3 7 5  . 4 1 7 2  .9160  1 , 0 4  
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T a b l e  2. L a b o r a t o r y  d a t a  f o r  Flume Number 2 a p p e a r  
columns 1 and  2 ,  Remaining columns d e r i v e  
f r o m  t h e s e .  Symbols a r e  d e f i n e d  i n  Ff 
T a b l e  2 2  p r o v i d e s  a d d i t i o n a l  d i m e n s i o n a l  d a t a .  

FLUME DIMENSIONAL DATA: B 1 -  1 . 5 0 0  Zl= . 0000  
SILL HEIGHT= , 0 0 0  B 3 =  1 . 0 0 0  Z3-4 , 0 0 0 0  
X l =  . 5 0 0  L2= 1 , 5 0 0  L3= 8 , 0 0 0  K* . 00050000  

Y 1 Q CRITICAL FROUDE IDEAL DISC* 
FT CFS DEPTH-FT N O *  AT Y Q COEF* V 1  

P P I P P P ~ ~ P P P P P P I Q L P P ~ ~ ~ ~ D P P ~ C P E I  =IBIS33 

, 2 2 0  - 2 6 8 5  . I 5 8  - 3 0 5  .3594 .7470  $ 8 1  
.240 .3160 , 1 7 3  . 3 1 5  - 4 0 9 5  ,7716  , 8 7  
, 3 3 9  , 5 5 9 2  .244 . 3 3 3  . 6 8 7 5  ,8134 1 . 0 9  
.462 .9360 .333  . 3 5 0  1 .094 .8557 1 . 3 5  
, 4 7 2  .9680 . 3 4 1  . 3 5 0  1 .129  , 8 5 7 0  1 , 3 6  
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T a b l e  3 .  L a b o r a t o r y  d a t a  f o r  Flume Number 3  a p p e a r s  i n  
co lumns  1 and  2. R e m a i n i n g  c o l u m n s  d e r i v e  
f r o m  t h e s e ,  Symbol s  a r e  d e f i n e d  i n  F i  
T a b l e  22  p r o v i d e s  a d d i t i o n a l  d i m e n s i o n a l  d a t a ,  

FLUME D I M E N S  IONAL D A T A  : B l =  . 6 6 6  Z 1 =  . 5 7 7 3  
SILL HEIGHT= . O O O  B 3 =  . 000 Z3= , 5 7 7 3  
X I 9  - 5 0 0  L2= 2 . 3 1 0  L3= 2 , 3 3 3  K= . 00005000  

Y 1  Q CRITICAL FROUDE I D E A L  DISC* 
FT CFS DEPTHeFT N O *  AT Y Q COEF. V 1  

S a a Z n # 3 2 P D P P H B P P P I  ~ E % B P P I I ~ P P P P ~ P 1 P P B 9 Z = ~ P P = ~ i ( B I I D o X 5 ~  

. 227  . 0 3 0 3  . I 8 2  .066  .0327  , 9 2 6 0  , 1 6  

. 3 3 9  . 0 8 6 3  , 2 7 2  . 0 9 9  , 0 8 9 6  , 9 6 2 7  . 2 9  

. 4 1 5  , 1 4 6 0  . 3 3 3  . I 1 9  . I 4 9 2  .9784 . 3 8  

. 5 1 5  - 2 4 8 7  . 4 1 5  , 1 4 0  , 2 5 7 4  . 9 6 6 1  . 5 0  
- 6 2 7  , 4 1 7 3  . 5 0 6  , 1 6 7  - 4 2 3 7  . 9 8 4 9  , 6 4  
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T a b l e  4 .  L a b o r a t o r y  d a t a  f o r  Flume Number 4  a p p e a r s  i n  
columns 1 a n d  2.  R e  a i n i n g  co1u 
f rom t h e s e .  Symbols  a r e  d e f i n e d  i n  F i g u r e  1. 
T a b l e  22 p r o v i d e s  a d d i t i o n a l  d i m e n s i o n a l  d a t a .  

FLUME DIMENSIONAL DATA: B 1 =  , 6 6 6  Z 1 =  , 5 7 7 3  
SILL H E I G H T =  , 0 0 0  B3= , 0 0 0  231. .5773  
X I =  .500 L2= 2 , 3 1 0  L3= 2 .333  K= .00005000 

L4= 2 . 3 1 0  L5- 2 . 3 3 3  
Y1 Q C R I T I C A L  FROUDE IDEAL DISC* 
PT CFS DEPTH O F T  N O * A T  Y (2 COEF* V 1  

: - D I P I P I = W I I P D P P  ~ P D P % = ~ X P P U % P P P =  ~ 9 ~ ~ ~ P ~ ~ ~ = I P P P ~ 9 ~ ~ =  

.6 91 .5190  , 5 5 9  , 1 7 5  ,5422  .9571  . 7 0  
, 7 9 5  .7514 .645  , 1 9 7  .7745  .9701  .84 
, 8 0  2 .7526 , 6 5 1  , 1 9 4  , 7 9 2 0  .9502 - 8 3  
.957 1 .187  .7-79 . 2 2 1  1 , 2 4 3  .9550  1 . 0 1  
, 9 6 0  1 . 1 9 3  .782 . 2 2 1  1 . 2 5 3  , 9 5 2 1  1 . 0 1  
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T a b l e  5 ,  L a b o r a t o r y  d a t a  f o r  F lume  Number 5  a p p e a r s  i n  
c o l u m n s  1 a n d  2. R e m a i n i n g  c o l u m n s  d e r i v e  
f r o m  t h e s e .  S y m b o l s  a r e  d e f i n e d  i n  F i g u r e  1. 
T a b l e  2 2  p r o v i d e s  a d d i t i o n a l  d i  e n e i o n a l  d a t a .  

FLUME DIMENSIONAL DATA: B 1 =  . 1 6  7  21.. . 5 7 7 3  
SILL HEIGHT= , 0  00 B3= , 0 0 2  Z3- , 5 7 7 3  
X I =  . 12  5  L2= . 577 L3= , 5 8 3  K= . 0 0 0 0 5 0 0 0  

Y 1 Q CRITICAL FROUDE IDEAL DISC* 
FT CFS DEPTHeFT N O b A T  Y (2 COEF* V l  

p I m I P I P I P I P P P P P P I P I I I  

. 0 9 5  , 0 0 3 5  . 0 7 6  . l o 5  . 0 0 3 9  . 8 7 8 5  . 1 6  
, 1 0 8  . 0 0 4 8  . 0 8 6  . I 1 8  . 0 0 5 4  . 8 9 3 6  . 1 9  
, 1 4 8  , 0 1 0 8  , 1 1 9  . I 5 3  . 0 1 1 8  . 9 1 2 7  ' 2 8  
. I 6 7  . 0 1 4 8  , 1 3 4  . 1 6 9  . O l 6 0  . 9 2 3 8  . 3 3  
. 2  07 . 0 2 5 9  . I 6 7  , 2 0 1  . 0 2 7 5  . 9 4 2 1  . 4 3  
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T a b l e  6 .  L a b o r a t o r y  d a t a  f o r  F lume  Number 6  a p p e a r s  i n  
c o l u m n s  1 a n d  2. R e m a i n i n g  c o l u  
f r o m  t h e s e .  S y m b o l s  a r e  d e f i n e d  
T a b l e  2 2  p r o v i d e s  a d d i t i o n a l  d i m e n s i o n a l  data. 

FLUME DIMENSIONAL DATA: , 1 6 7  21.. , 5 7 7 3  
SILL HEIGHT= . 000  , 0 0 2  Z3= , 5 7 7 3  
X l  = . 1 2 5  L2- . 5 7 7  L3m 1 , 1 6 7  K =  , 0 0 0 0 5 0 0 0  

L4= . 5 7 7  L5= . 5 8 3  
Y 1  q CRITICAL FROUDE IDEAL DISC* 
FT CFS DEPTHeFT NO*AT Y 

D P P X S I ~ ~ = P = P P = P ~ = D P = ~ P - ~ ~ = ~ : L ~ J ~ = = ~ ~ P X ~ ? ~ ~ P P ~  

, 1 4 6  . 0 1 0 3  . I 1 7  . I 5 0  . 0 1 1 4  . 9 0 6 4  . 2 8  
. 2 2 1  . 0302  . I 7 9  , 2 0 7  0 3 2 6  - 9 2 5 0  . 4 6  
, 2 4 2  . 0 3 8 3  . I 9 7  . 2 2 2  . 0 4 0 9  . 9 3 5 9  . 5 1  
, 3 0 5  . 0 7 0 2  . 2 4 9  . 2 6 3  . 0 7 3 6  , 9 5 4 5  . 6 7  
, 3 4 4  . 0 9 5 5  . 2 8 2  . 2 8 3  . l o 0 1  . 9 5 4 7  . 7 5  
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T a b l e  7.. Laboratory d a t a  f o r  Flume Number 7 a p p e a r s  i n  
columns 1  and 2 .  Remaining c o l u  
from t h e s e .  Symbols a r e  d e f i n e d  
Table  2 2  p r o v i d e s  a d d i t i o n a l  d i m  

FLUME DIMENSIONAL DATA: R l =  .666 Z l =  . 5 7 7 3  
SILL HEIGHT= . O O O  B 3 =  .006 23.. ,5808 
X1m .SO0 L 2 -  3.000 L 3 =  3,000 K =  s00000500  
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T a b l e  8 .  L a b o r a t o r y  d a t a  f o r  F lume  Number 8  a p p e a r s  i n  
c o l u m n s  1 and 2 ,  R e m a i n i n g  c o l u m n s  d e r i v e  
f r o m  t h e s e ,  S y m b o l s  a r e  d e f i n e d  i n  F i g u r e  1. 
T a b l e  2 2  p r o v i d e s  a d d i t i o n a l  d i m e n s i o n a l  d a t a .  

FLUME DIMENSIONAL DATA: E l -  , 7 5 0  Z l =  1 , 0 0 0 0  
SILL HEIGHT- - . 025  B3= . 0 0 8  Z3= , 2 6 7 9  
X 1 =  .SO0 L2= 1 . 5 0 0  L3= 4 . 0 0 0  K =  . 0 0 0 0 5 0 0 0  

Y 1  Q CRITICAL FROUDE IDEAL DISC* 
FT CFS DEPTHOFT NOOAT Y (2 COEF* V 1  

== l=5=ZP=======x=X3Ef= t=L== iJ= iP==PJ I2 ; iJE - ibP3P I=X===  ~ ~ 1 9 F l i ~  

. 2 0 9  . 0094  , 1 6 4  . 0 2 4  , 0 1 4 5  . 6 5 2 1  . 0 5  

. 3 8 9  , 0 5 0 6  . 3 0 8  - 0 4 2  . 0 6 3 8  . 7 9 4 0  . 1 2  
, 5 1 4  , 1 0 8 2  . 4 0 8  . 0 5 3  . I 2 5 4  . 8 6 2 6  . 17  
. 5 4 7  , 1 2 5 6  , 4 3 5  , 0 5 4  . I 4 6 0  . 8 6 0 5  . 1 8  
.5 63  . I 3 6 9  . 4 4 8  . 0 5 6  . I 5 6 6  - 8 7 4 2  , 1 9  
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T a b l e  9.  L a b o r a t o r y  d a t a  f o r  Flume Number 9  a p p e a r s  i n  
c o l u m n s  1 a n d  2 ,  R e m a i n i n g  c o l u m n s  d e r i v e  
f r o m  t h e s e .  S y m b o l s  a r e  d e f i n e d  i n  F i g u r e  1, 
T a b l e  22  p r o v i d e s  a d d i t i o n a l  d i m e n s i o n a l  d a t a ,  

FLUME DIMENSIONAL DATA: B 1 =  . 6 6 6  Z l =  . 5 0 4 9  
SILL HEIGHT- , 0 0 0  B3= . 0 0 6  Z3= , 5 0 4 0  
X 1 =  $ 5 0 0  L2= 2 . 0 0 0  L3- 2 , 0 0 0  K =  . 0 0 0 5 0 0 0 0  

Y 1 Q CRITICALFROUDE IDEAL DISC* 
FT CFS DEPTHeFT NO-AT Y Q C O E F o  V 1  

I P P P I I I I = I P ~ ~ ~ X P P ~ P L ~ ~ : ~ X P ~ ~ Z B P = I ~ ~  

. 16  2  . 0 1 0 8  . I 2 8  - 0 4 1  .OX33 , 8 0 6 7  . 0 8  

. I 6 5  , 0 1 1 0  , 1 3 1  , 0 4 0  . 0 1 3 9  . 7 9 0 3  . 0 8  

. 2 1 8  , 0 2 2 8  , 1 7 3  . 054  , 0 2 7 5  , 8 2 9 9  . 1 3  
, 2 7 2  . 0417  . 2 1 7  . 0 6 9  - 0 4 7 4  . 8 8 0 9  . 1 9  
, 2 9 9  . 0 5 2 1  , 2 3 8  , 0 7 4  - 0 5 9 8  . 8 7 2 2  . 2 1  
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T a b l e  1 0 .  L a b o r a t o r y  d a t a  f o r  F lume Number 1 0  a p p e a r s  i n  
c o l u m n s  1 a n d  2. R e m a i n i n g  c o l u  
f r o m  t h e s e ,  S y m b o l s  a r e  d e f i n e d  i n  F i g u r e  1, 
T a b l e  2 2  p r o v i d e s  a d d i  t i o n a l  d i m e n s i o n a l  d a t a ,  

FLUME DIMENSIONAL DATA: B 1 =  , 6 6 6  Z l =  1 , 7 3 2 1  
SILL HEIGHT- . 0 5 0  B3= , 0 0 0  Z3= 1 , 7 3 2 1  
X 1 =  . 5 0 0  L2= 2 . 3 3 0  L35 1 . 6 6 7  K =  . 0 0 0 5 0 0 0 0  

Y 1  Q CRITICAL FROUDE IDEAL DISC* 
F T CFS DEPTHOFT NO*AT Y Q COEF* V 1  

I ~ P D P P P P ~ P P = P P P P ~ B ~ P P ~ ~ P ~ ~ ~ ~ = = X L D P  

, 1 0 8  . 0 1 4 0  . 0 8 6  . 0 4 7  . 0 1 5 3  . 9 1 5 1  , 0 9  
, 1 5 2  , 0 3 3 4  . I 2 1  , 0 7 4  . 0 3 6 1  . 9 2 5 2  - 1 6  
. I 8 2  , 0 5 4 2  . I 4 6  , 0 9 3  . 0 5 6 8  , 9 5 3 9  . 2 1  
, 2 3 9  . l o 8 1  . I 9 2  , 1 2 5  . 1 1 3 1  . 9 5 6 0  , 3 2  . 294 , 1 8 5 9  , 2 3 7  . I 5 6  . I 9 1 2  . 9 7 2 5  .42  
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T a b l e  11. L a b o r a t o r y  d a t a  f o r  F lume Number 11 a p p e a r s  i n  
c o l u m n s  1 a n d  2. R e m a i n i n g  c o l u  
f r o m  t h e s e .  S y m b o l s  a r e  d e f i n e d  
T a b l e  2 2  p r o v i d e s  a d d i t i o n a l  d i m e n s i o n a l  d a t a .  

FLUME DIMENSIONAL DATA: B 1 =  1 , 0 0 0  Z 1 =  1 . 0 0 0 0  
SILL HEIGHT= B3= . O O O  
X l =  2 . 0 0 0  L3= 7 , 0 0 0  K= 0 0 0 0 0 5 0 0 0  

Y 1  Q CRITICAL FROUDE IDE 
FT CFS DEPTHOFT NOeAT Y Q COEF* V l  

p n = = a = = m = a ~ t ~ m = ~ = m ~ ~ e r a g . x ~ ~ e r  P P B ~ ~ = = P I P P I I  

. 2 9 8  . l o 0 2  , 2 3 9  . 0 9 2  - 1 1 2 5  . 8 9 0 5  . 2 5  

. 3  65  . I 6 8 2  , 2 9 3  - 1 1 0  . I 8 7 6  . 8 9 6 7  . 3 3  

. 4 2 4  . 2 4 7 9  . 3 4 1  , 1 2 6  , 2 7 3 8  , 9 0 5 3  . 4 1  

. 5 1 1  , 4 0 4 3  $ 4 1 2  . I 4 9  . 4 3 9 1  . 9 2 0 7  . 5 2  

. 5 7 1  . 5 5 3 0  . 4 6 2  . I 6 7  . 5 8 1 9  , 9 5 0 3  . 6 1  
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T a b l e  1 2 .  L a b o r a t o r y  d a t a  f o r  Flume Number 1 2  a p p e a r s  i n  
c o l u m n s  1 a n d  2. R e m a i n i n g  c o l u m n s  d e r i v e  
f r o m  t h e s e ,  S y m b o l s  a r e  d e f i n e d  i n  F i g u r e  1. 
T a b l e  2 2  p r o v i d e s  a d d i t i o n a l  d i m e n s i o n a l  d a t a .  

FLUME DIMENSIONAL DATA: B 1 =  1 , 0 0 0  Z 1 =  1 . 0 0 0 0  
SILL H E I G H T -  . 0 3 7  B 3- , 0 7 3  Z 3 =  1 , 0 0 0 0  
X I =  2 . 0 0 0  L2= 3 . 0 0 0  L 3 =  7 . 0 0 0  K g  . 0 0 0 5 0 0 0 0  

Y 1  Q CRITICAL FROUDE IDEAL DISC* 
FT CFS DEPTHOFT NOOAT Y Q COEF* V 1  

I = s P ~ P P P P P P E P = = ~ P ~ P = ~ z ~ z = L c ~ ~ P : ~ ~ P ~ E s ~ ~ ~ ~ ~ P ~ ~  

. I 0 5  , 0 0 9 8  . 0 7 9  . 0 2 9  , 0 1 5 5  . 6 2 9 3  . 0 6  

. I 8 2  . 0 3 7 8  . I 4 0  , 0 5 7  . 0 4 9 3  . 7664  . 1 4  

. 2 5 3  , 0 7 0 6  - 1 9 7  . 0 6 8  . I 0 2 0  . 6 9 2 2  . 1 8  . 3 2 1  . 1 4 1 7  . 2 5 2  , 0 9 6  , 1 7 5 0  . 8 0 9 5  , 2 9  
, 3 6 1  , 1 8 6 9  . 284  , 1 0 6  . 2 2 9 5  . 8 1 4 4  , 3 3  
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T a b l e  1 3 .  L a b o r a t o r y  d a t a  f o r  Flume Number 1 3  a p p e a r s  i n  
c o l u m n s  1 a n d  2 ,  R e m a i n i n g  c o l u m n s  d e r i v e  
f r o m  t h e s e ,  S y m b o l s  a r e  d e f i n e d  i n  F i g u r e  1. 
T a b l e  2 2  p r o v i d e s  a d d i t i o n a l  d i m e n s i o n a l  d a t a .  

FLUME DIMENSIONAL DATA: B l a  , 8 3 3  21.. 1 . 0 0 0 0  
SILL HEIGHT= , 0 0 0  B3= . 3 3 3  23.. 1 . 0 0 0 0  
X l =  . 5 0 0  L2= 3 . 0 0 0  L 3 5  3 . 0 0 0  K =  . 0 0 0 0 0 5 0 0  

Y 1  Q CRITICAL FROUDE IDEAL DISC* 
FT CFS DEPTHeFT NO-AT Y Q COEF- V 1  

= ~ ~ = P = J ~ ~ P ~ P = S P P P I P = P ; ~ ~ P I ~ ~ L C = = F = I O ~ = ~ = ~ ; ~ ~ Z ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

, 1 1 3  . 0 4 5 1  , 0 8 2  . 234  . 0 5 0 7  . 8 8 9 0  . 4 2  
. I 6 6  . 0 8 8 9  . I 2 3  . 2 5 0  . 0 9 9 1  . a 9 6 8  . 5 3  
, 2 3 3  , 1 7 1 5  . 1 7 6  , 2 7 8  . I 8 4 0  . 9 3 1 9  , 6 9  
. 3 5 7  , 4 0 5 9  . 2 7 6  . 3 2 1  , 4 1 8 0  . 9 7 1 1  . 9 5  
. 4 5 0  . 6444  . 3 5 3  . 3 4 0  , 6 6 6 6  , 9 6 6 6  1.11 
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T a b l e  1 4 .  L a b o r a t o r y  d a t a  f o r  F lume Number 1 4  a p p e a r s  i n  
c o l u m n s  1 and 2 .  R e m a i n i n g  c o l u m n s  d e r i v e  
f r o m  t h e s e .  S y m b o l s  a r e  d e f i n e d  i n  F i g u r e  1. 
T a b l e  2 2  p r o v i d e s  a d d i t i o n a l  d i m e n s i o n a l  d a t a .  

FLUME DIMENSIONAL DATA: B 1 =  1 . 0 0 0  Z 1 =  1 . 0 0 0 0  
SILL HEIGHT= . 4 6 3  B 3= , 9 6 2  Z 3 =  1 . 0 0 0 0  
X 1 =  2 , 0 0 0  L2= 3 . 0 0 0  L3= 7 . 0 0 0  K =  . 0 0 5 0 0 0 0 0  

Y 1  Q CRITICALFROUDE IDEAL DISC* 
FT CFS DEPTHOFT NO-AT Y Q COEF* V 1  

P ~ ~ ~ ~ = ~ P I P ~ ~ I P ~ P P I I ~ F I ~ ~ ~ P L P I ~ ~ ~ ~ ~ ~ ~ ~ P I ~ ~ P ~ ~ L " I I ~ ~ . ~ ( ~ ~ ~  

. 3 1 1  . 5676  . 2 2 1  , 0 9 9  . 6 4 0 8  . 8 8 5 8  , 4 1  

. 3 7 1  , 7 8 1 0  , 2 6 6  . I 1 8  , 8 6 9 0  . 8 9 8 8  . 5 1  

. 4  54 1 , 1 0 8  . 3 3 0  - 1 4 1  1 . 2 4 1  , 8 9 2 7  . 6 3  

. 5 3 2  1 . 5 2 2  . 3 9 1  . I 6 5  1 , 6 5 3  - 9 2 0 7  - 7 6  
, 5  94 1 . 8 5 2  . 4 4 0  . I 7 9  2 .025  , 9 1 4 7  - 8 5  
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T a b l e  1 5 ,  L a b o r a t o r y  d a t a  f o r  F l u m e  Number  1 5  a p p e a r s  i n  
c o l u m n s  1 a n d  2. R e m a i n i n g  c o l u  
f r o m  t h e s e ,  S y m b o l s  a r e  d e f i n e d  i n  F i g u r e  1, 
T a b l e  2 2  p r o v i d e s  a d d i t i o n a l  d i m e n s i o n a l  d a t a .  

FLUME DIMENSIONAL DATA: B1= . 9 8 9  Z l =  1 . 0 1 0 0  . 
S I L L  HEIGHT- , 0 0 8  B3= , 4 1 6  Z3= 1 , 0 2 4 0  
X l  = , 6 6 7  L2- 1 , 5 0 0  L3= 3 * 0 0 0  K m  . 0 0 0 5 0 0 0 0  

Y l  Q CRITICAL FROUDE IDEAL DISC0 
F  T CFS DEPTHOFT NOOAT Y Q COEF* V 1  

P P ~ ~ ~ P I P S ~ P ~ O I I I P P ~ ~ O I ~ ~ ~ W ~ X P ~ ~ P O I ~ X ~ P ~ ~ ~ X I ~ ~ ~  

. 5  64 1 . 1 5 8  , 4 4 5  . 3 5 2  1 , 1 9 0  . 9 7 2 7  1 . 2 9  

. 2 7 3  , 2 6 1 4  . 2 0 5  . 2 6 8  . 2 8 7 5  . 9 0 9 2  . 7 3  . 2 7 4  - 2 7 2 2  . 2 0 6  . 2 7 8  . 2 8 9 5  . 9 4 0 3  . 7 5  
, 2 6 6  , 2 5 4 1  . 2 0 0  . 2 7 2  . 2 7 4 0  . 9 2 7 4  . 7 3  
. 1 4 5  . 0 8 2 9  , 1 0 5  . 2 2 7  . 0 9 2 8  . 8 9 2 5  . 4 7  
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T a b l e  1 6 .  L a b o r a t o r y  d a t a  f o r  Flume Number 1 6  a p p e a r s  i n  
c o l u m n s  1 and 2 .  R e m a i n i n g  c o l u m n s  d e r i v e  
f r o m  t h e s e .  S y m b o l s  a r e  d e f i n e d  i n  F i g u r e  1. 
T a b l e  2 2  p r o v i d e s  a d d i t i o n a l  d i m e n s i o n a l  d a t a .  

FLUME DIMENSIONAL DATA: B 1 =  , 9 8 9  Z 1 =  1 , 0 1 0 0  
SILL HEIGHT= . 0 0 8  B3= , 6 6 6  2 3 3  1 , 0 1 1 0  
X I =  . 6 6 7  L2= 1 . 5 0 0  L3= 3 . 0 0 0  K =  . 0 0 0 5 0 0 0 0  

Y 1  (2 CRITICAL FROUDE IDEAL DISC* 
F T CFS DEPTH-FT NOOAT Y Q COEF- V 1  

= P I D P = P = P Z = I P ~ P D P E = ~ ~ = = I = ~ ~ : ~ P ~ ~ ~ = C ~ I P ~ ~ P ~ = I ~ ~ P = =  

. 9 0 7  4 .122  . 754  . 5 2 8  4 . 2 8 5  . 9 6 1 8  2 . 3 5  
, 7 9 6  3 , 1 4 7  . 6 5 6  . 5 1 4  3 . 2 7 7  , 9 6 0 2  2 . 1 7  
. 7 1 0  2 , 4 8 6  , 5 8 1  , 5 0 1  2 .602  . 9554  2 . 0 1  
, 6 4 3  2 , 0 3 5  . 5 2 3  , 4 9 0  2 , 1 3 7  . 9524  1 . 8 9  
. 5 5 6  1 , 5 1 3  , 4 4 8  , 4 7 2  1 . 6 0 8  . 9 4 0 7  1 . 7 2  
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Tablc 17. Computed calibrations and derived flow information for 
Flume 17. Symbols are defined in Figure 21. Tablc 22 
provides additional dimensional data. 

FLUME D I M E N S I O N A L  DATA: B 1 =  1 7 , 0 0 0  Z l =  2 .0000  
S I L L  H E I G H T =  , 0 0 0  B3= 1 1 , 0 0 0  23.. 2 .0000  
X I =  1 , 0 0 0  L 2 =  9 . 0 0 0  L3= 1 6 . 0 0 0  K =  . 0 0 0 5 0 0 0 0  

L.4= 6 , 0 0 0  L5= , 0 0 0  
Y 1  Q C R I T I C A L  FROUDE I D E A L  D I S C *  
F T C F S  D E P T H - F T  N O O A T  Y Q C O E F *  V 1  

P ~ L ~ ~ P ~ P P I = ~ = = = P P ~ ~ ~ = ~ = ~ J P C ~ . X ~ ~ E D ~ ~ ~ = . I I D I ~ ~ D I E D ~ ~ ~ ~ U ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

. 5 0 0  1 2 . 5 3  . 3 3 9  . 3 5 6  1 4 . 3 4  .8734 1 . 3 9  
1 . 0 0 0  4 0 , 2 0  . 7 1 8  . 3 9 2  43 .22  . 9 3 0 0  2 . 1 1  
1 . 5 0 0  8 0 . 3 3  1 , 1 0 8  . 4 1 3  8 4 . 3 8  . 9 5 1 9  2 .67  
2 .000  132 .7  1 . 5 0 7  , 4 2 9  1 3 7 , 7  . 9 6 3 6  3 . 1 5  
2 . 5 0 0  197 .6  1 . 9 1 3  . 4 4 3  203 .5  . 9 7 0 9  3 . 5 9  
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Table 18. Computed calibrations and derived flow information for 
Flume 18. Symbols are defined in Figure 21. Table  22 
provides additional dimensional data. 

FLU M E  DIMENSIONAL DATA: B 1 =  9 , 0 0 0  212.1 1 .5000  
S I L L  HEIGHT- . O O O  Z3= 1 . 5 0 0 0  
X 1 =  1 . O O O  1,2= 5 . 0 0 0  L3= 1 0 . 0 0 0  K- . 00050000  

IA4= 5.000 L 5 =  , 0 0 0  
Y 1  Q C R I T I C A L  FKOUDE I D E A L  D I S C e  
FT CFS DEPTH*FT N O e A T  Y Q COEF* V 1  

~ = P = P I I ~ P P T P ~ E = I P P I I ~ ~ P I I I I I ~ ~  P I I P P I P E l P P X l P P Z Z P  I P I Q l I I x I I I I  

, 5 0 0  7.364 . 3 5 3  , 3 9 0  8 . 0 8 5  .9108  1 , 5 1  
1 .000  2 3 , 7 1  , 7 4 0  .425  24.90 .9521  2 .25 
1 . 5 0 0  4 7 , 9 8  1 . 1 4 1  , 4 4 8  49 .59  , 9 6 7 5  2.84 
2 , 0 0 0  80.39 1 , 5 5 1  . 4 6 6  82 .38  .9759  3.34 
2 .500 121 .4  1 . 9 6 9  , 4 8 3  123.7  .9813  3 .80  
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T a b l c ~  19. Compu~c~tl c a l i b r a t i o n s  and d e r i v e d  flow i n f o r m a t i o n  f o r  
Flume 19. Symbols a r e  d e f i n e d  i n  F igure  21.  Tab le  2 2  
p rov ides  a d d i t i o n a l  d i n ~ e r ~ s i o n a  l d a t a .  

PLUHE D I M E N S I O N A L  D A T A :  ] B 1 =  1 6 , 0 0 0  Z 1 =  3 . 0 0 0 0  
S I L L  H E I G H T =  . O O O  B3- 1 1 . 0 0 0  2 3 s  3 , 0 0 0 0  
X I -  1 , 0 0 0  L2.r  8 . 0 0 0  L3= 1 0 . 0 0 0  K =  . 0 0 0 5 0 0 0 0  

I , 4 -  5 . 0 0 0  L  5= . O O O  
Y I  q C R I T I C A L  F R O U D E  I D E A L  D I S C O  
F T C F S  D E P T H - F T  N O O A T  Y (7 C O E F e  V 1  

I P C P P I P P P P I P P ~ P P I P P a J = f l = a D I = = E d X f l = = ~ =  

, 5 0 0  1 3 . 6 9  . 3 5 5  . 4 0 6  1 5 , 0 9  , 9 0 7 1  1 , 5 6  
1 . 0 0 0  4 4 , 5 2  . 7 4 6  . 4 4 4  46 .81  . 9 5 0 8  2 , 3 4  
1 . 500  9 0 . 7 3  1 . 1 5 2  , 4 6 9  93 .81  . 9 6 7 1  2 , 9 5  
2 .000  1 5 3 . 0  1 . 5 6 8  . 4 8 8  1 5 6 . 7  . 9 7 6 0  3 - 4 7  
2 , 5 0 0  232.2 1 . 9 9 1  .SO6 2 3 6 , 4  . 9 8 1 9  3 . 9 5  
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Table 20. Computed calibrations and derived flow information for 
Flume 20. Symbols arc defined in Figure 21. Table 22 
provides additional dimensional data. 

FLUME D I M E N S I O N A L  D A T A :  B 1 =  3 , 0 0 0  Z 1 =  1 , 5 0 0 0  
S I L L  H E I G H T =  . 000 B3= 1 , 5 0 0  23.1 1 , 0 0 0 0  
X l =  1 . 0 0 0  L2= 8 . 0 0 0  L3= 1 2 . 0 0 0  K= . 0 0 0 5 0 0 0 0  

Y 1  Q C R I T I C A L  F R O U D E  I D E A L  D I S C *  
FT C F S  D E P T H m F T  N O * A T  Y Q C O E F *  V l  

~ = ~ ~ ~ ~ ~ ~ ~ = P P P = E ~ P P P P I = = = ~ ~ ~ L ~ B I e t x s e P I P ~ e t S P = . E p t P h = ~ = ~ P P I = x ~  

, 5 0 0  1 .904  . 3 4 5  , 2 7 7  2 , 1 5 3  . 8 8 4 3  1 . 0 1  
1 . 0 0 0  6 , 7 7 9  . 7 3 1  , 3 0 6  7 .301 , 9 2 8 4  1 . 5 0  
1 . 5 0 0  1 4 . 8 5  1 , 1 3 1  , 3 2 4  1 5 . 6 8  . 9 4 6 9  1 , 8 8  
2 .000  26 .51  1 . 5 3 6  . 3 3 7  2 7 , 6 8  .9576  2 . 2 0  
2 . 5 0 0  42 .12  1 , 9 4 6  , 3 4 7  4 3 , 6 6  , 9 6 4 8  2 .49  
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Table  21 .  Computed c a l i b r a t i o n s  and d e r i v e d  flow i n f o r m a t i o n  f o r  
Plume 21, Symbols a r e  d e f i n e d  i n  F igure  2 1 ,  Table 2 2  
p rov ides  a d d i t i o n a l  d imensional  d a t a .  

FLUMk DIMENSIONAL DATA: B 1 =  3.000 21.1 2.0000 
SILL HEIGHT= ,000 1832 1.000 23.; 2,0000 
XI= ,500 L2= 2.830 L3= 3.000 K= .00005000 
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Table 22. Sumrnary of basic dimensions of flumes designed and constructed. Flumes 1 through 16 were 
laboratory calibrated (see Tables 1 through 16). 

Flume B1 B3 Z1 23 X1 L1 L2 L3 L4 L5 S K yl Q 
Identification max max 

(ft > 
RECTANGULAR 
1. 3' throat 1.50 
2. 8' throat 1.50 

TRAPEZOIDAL 
13. USBR Type .833 
14. Bottom Sill 1.00 
15. Uni-sill-1 .989 
16. Uni-sill-2 .989 

TRAPEZOIDAL, 
F IELD INSTAL. 

17. Tucson-A 17.0 
18. Tucson-H 9.00 
19. Tucson-R 16.0 
20. K-3B 3.00 
21. Hawaii 3.00 
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F i g u r e  1. Genera l  l a y o u t  o f  f lumes .  Tab le  22 p rov ides  t h e  i n d i c a t e d  dimensions  f o r  e a c h  flume. 
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TITLE : PlIYSICAL AND ClIEMZCAL CIlARACTERISTTCS 

OF IIYDROPHOBIC SOILS 

CRIS WORK UNIT: SWC-018-gG-4 CODE NO,:  Ariz.-WCL 67-2 

PART A .  ADSORPTION ISOTHERMS 

A t h r e e  c o n s t a n t  e m p i r i c a l  e q u a t i o n  f o r  d e s c r i b i n g  Type-I1 

a d s o r p t i o n  i s o t h e r m s  was p r e s e n t e d  i n  t h e  1970 Annual Repor t :  

whr~rc~ 1J c'qnal s  t h r  amount of a d s o r b a t e  and p/po is  t h e  r e l a t i v e  

vapor  prclssurc*. In 1971 t h c  two c o n s t a n t  f or111 ol t h i s  t .quation 

( i . e .  c  = 1 )  was t e s t e d  on s e v e r a l  a d s o r p t i o n  i so the rms .  T y p i c a l  

r e s u l t s  a r e  shown i n  F i g u r e  1. The two c o n s t a n t  form d i v i d e s  t h e  

i so the rms  i n t o  two o r  more l i n e a r  segments w i t h  one o r  more s h o r t  

segments a t  vapor  p r e s s u r e s  below t h e  i n f l e c t i o n  p o i n t  and one 

long segment a t  vapor  p r e s s u r e s  beyond t h i s  p o i n t .  A t  low vapor  

p r e s s u r e s  t h c  two c o n s t a n t  e q u a t i o n  reduces  t o  t h e  F r e u n d l i c h  
b  

e q u a t i o n ,  W = a ( p / p o )  , and thence t o  ~ e n r y ' s  l i n e a r  r e l a t i o n  

between p r e s s u r e  and a d s o r p t i o n  ( i . e . ,  f o r  b  = 1 ) .  

The t h r e e  c o n s t a n t  form of e q u a t i o n  ( 1 )  was a l s o  t e s t e d  on 

several .  o t h e r  s i g m o i d a l  r e l a t i o n s  common t o  agronomic r e s e a r c h .  

Two examples a p p e a r  i n  F i g u r e s  2  and 3 .  

PART B. CLAY-WATER SYSTEMS 

P r e v i o u s l y  (Annual Repor t  1970) i t  was shown t h a t  a  number 

of N:I-  a n d  I , i - n ~ o n t i r r o r i l l o ~ ~ i t e  c l a y s  e x h i b i t  l i n e a r  s w e l l i n g  w i t h  

rcspt..cl l o  the  d - spac ing  vs .  t o t a l  w a t e r  con t e n t ,  a n d  t h a t  t h i s  

s w e l l i n g  conforms t o  t h e  e q u a t i o n :  

where d  i s  t h e  d - spac ing  of t h e  expanded m o n t m o r i l l o n i t e  i n  

Angstroms; 9.4A i s  t h e  t h i c k n e s s  of t h e  i n d i v i d u a l  c l a y  s h e e t s ;  
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s i s  t h e  i n t e r n a l  s u r f a c e  a r e a  of the  s w e l l i n g  p o r t i o n ;  W i s  
i t 

t h e  t o t a l  weight  of w a t e r  p r e s e n t ;  2 is  a  c o n s t a n t  p o r t i o n  of 

w a ~ c r  a s s o c i a t e d  w i t h  n o n - f r e e - s w e l l i n g  c l a y  s u r f a c e s ;  - b  a l s o  

r e l a t e s  t o  a  p o r t i o n  of w a t e r  a s s o c i a t e d  w i t h  n o n - f r e e - s w e l l i n g  

s u r f a c e s ,  b u t  which p o r t i o n  i n c r e a s e s  l i n e a r l y  a s  t h e  t o t a l  wa te r  

c o n t e n t  i n  t h e  sys tem i n c r e a s e s ;  and u is  a  u n i t s  c o n v e r s i o n  f a c -  

Lor. The fol lowil lg  i s  a sununary s t a t e m e n t  0 1  i n f o r m a t i o n  which 

may bc o b t a i n e d  u t i l i z i n g  t h i s  l i n e a r  s w e l l i n g  of 2 : l  type  c l a y s  

i n  w a t e r ,  i n  c o n j u n c t i o n  w i t h  t h e  t h e o r e t i c a l  e q u a t i o n  f o r  d e s c r i b -  

ing  t h e  phenomenon. 

1, S u r f a c e  Area ,  The i n t e r n a l  s u r f a c e  a r e a  ( S . )  of the  
1 

s w e l l i n g  c l a y  p o r t i o n  d i r e c t l y  appears  i n  b o t h  t h e  

i n t e r c e p t  and s l o p e  of e q u a t i o n  (2 ) .  

2. Q u a n t i t a t i v e  Clay E v a l u a t i o n .  The amount of montmoril-  

l o n i t e  p r e s e n t  i n  c l a y - t y p e  m i x t u r e s  may be determined 

u s i n g  e q u a t i o n  (2 )  by assuming a  v a l u e  f o r  the  s u r f a c e  

n r c a  of t h e  montnror i l lon i t e  p o r t i o n  p r e s e n t  (e.g.  
2  

800 m / g ) .  

3 ,  I o n  D i s t r i b u t i o n .  The d i s t r i b u t i o n  of the  s e v e r a l  

exchangeable  ions  i n  m u l t i - i o n i c  sys tems may be deduced 

from Lhc s l o p e s  and "jump-spacing" of d - spac ing  v s .  

w a t e r  c o n t e n t  p l o t s .  

4 .  Water D i s t r i b u t i o n ,  Equat ion ( 2 )  may be used t o  d i f f e r -  

e n t i a t e  t h e  t o t a l  w a t e r  p r e s e n t  i n  such  s w e l l i n g  sys tems 

among f r e e - s w e l l i n g  i n t e r l a t t i c e ,  non- f ree - swel l ing  

i n  t e r l a  t. t i c e ,  and ex t r a - p a c k e t  void  r e g i o n s .  

5. Charge D e n s i t y ,  The e x t e n t  of t h e  jump-spacing of s w e l l i n g  

N a - n ~ o n t m o r i l l o n i t e s  i s  a f f e c t e d  d i r e c t l y  by t h e  charge  

d e n s i t y  of t h e  c l a y  l a t t i c e s .  

6. Charge Loca t ion .  The p resence  o r  absence of a  jump-spacing 

f o r  Na-montmori l loni te  i n  a  w a t e r  sys tem is  c o n t r o l l e d  by 
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t h e  l o c a t i o n  of t h e  charge ,  whether  t e t r a h e d r a l  o r  o c t a -  

h e d r a l ,  r e s p e c t i v e l y .  

7 .  Sa l  t  A c t i v i t y .  Increasing s n l  t  a c t i v i t y  d e c r e a s e s  c l a y  

swc 1 l i n g ,  which lins I)c-en shown Lo a f : f c c t  the' 2 ttlriii of 

e q u a t i o n  ( 2 ) ;  t hus  s a l t  a f f e c t s  t h e  d i s t r i b u t i o n  of w a t e r  

i n  the  s y s  tern. 

8, S t r u c t u r e  F a c t o r s .  I n L e r a c t i o n  hetween c l a y  edge s i t e s  

and p l a n a r  s u r l a c e s  c o n t r o l s  t h e  d i s  t r i h u t  ion of wacclr 

between i n t e r l a m e l l a r  and void  r e g i o n s ,  and thus  should  

a f f e c t  the  (b) parameter  of e q u a t i o n  ( 2 ) "  

PERSONNEL: Dwayne H. F i n k  

6lJRRENT TERMINATION DATE: December 1971 
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ADSORPTION ISOTHERMS 

F i g u r e  1, Adsorp t ion  i so the rms  of w a t e r  on L i - k a o l i n i t e  

( d a t a  of Mar t in ,  R. T o  Clays  and Clay M i n e r a l s  

6:259. 1959),  and N2 on KC1 c r y s t a l s  ( d a t a  of 

Keenan, A ,  G.,  and Holmes, J. M. J. Phys, and 

C o l l o i d  Chem. 53:1309. 1949),  b o t h  p l o t t e d  

a c c o r d i n g  t o  t h e  two c o n s t a n t  form of e q u a t i o n  (1). 

Annual Report of the U.S. Water Conservation Laboratory



HYDRAUL IC  C O N D U C T I V I T Y  

1: i::~ircs 2 .  ~ l y ~ I r , ~ ~ i l  i t *  L ~ O I N I I K ~ I  i v  i [ y 0 1  '10-50t) 1 1  * , . ~ I I ~ I  
( t t ~ ~ l ) c ~ l ) l  ishc*tl d , i t  :I ol K .  J ; ~ c k s o n ) .  C: i rc  l i*s  
r t , p r t - s t * l ~ t  ti;iLa ; tl:~shccl 1 i n c  was c : t l cu  1;itc.d 
u s  i tip, C l ~ s  rc 1 :\ t j on : 
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I I I I I I I I I a/ ' 
MISCIBLE D I S P L A C E M E N T  

OH-O---' 
4.- 

,-0 
~0 

,d 

V ( m l  EFFLUENT) 
2+ 

F i g u r e  3 .  Breakthrough curves  f o r  ~ 1 -  and Mg i o n s  w i t h  d i sp lacement  of 0.1 I C a - a c e t a t e  by 
0.1 N MgC12 i n  C a - s a t u r a t e d  Oakley sand ( d a t a  of Bigger ,  J, W. and N i e l s e n ,  D. R. 
SSSAP 27:623. 1963) ,  Symbols r e p r e s e n t  d a t a ;  l i n e s  were c a l c u l a t e d  u s i n g  t h e  
r e l a t i o n :  

~ o g ( ~ )  = a  + b l o g [  ( C / C O ) - ~ - ~ I  

where V is che volume of e f f  l u e n r ;  Co i s  the  c o n c e n t r a t i o n  of ion  i n  t h e  i n f l u e n t .  
and C i s  the  c o n c e n t r a t i o n  measured i n  the  effluent. 
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TITLE : WASTE-WATER RENOVATION BY SPREADING TREATED SEWAGE 

FOR GROUND-WATER RECHARGE 

CRIS WORK UNIT: SWC-018-gG-4 CODE NO.: Ariz.-WCL-67-4 

INTRODUCTION : 

The y e a r  o f  1971 was t h e  f o u r t h  f u l l  y e a r  o f  o p e r a t i o n  o f  t h e  

F lush ing  Meadows P r o j e c t ,  which i s  an  e x p e r i m e n t a l  p r o j e c t  f o r  

r e n o v a t i n g  secondary sewage e f f l u e n t  by ground-water  r e c h a r g e  w i t h  

i n f i l t r a t i o n  b a s i n s .  The p r o j e c t  i s  l o c a t e d  i n  t h e  S a l t  R ive r  bed 

about 1% m i l e s  downstream (west )  from t h e  9 1 s t  Avenue Phoenix 

Sewage Treatment P l a n t .  The p r o j e c t  was c o n s t r u c t e d  i n  1967 and 

t h e  b a s i n s  have been inunda ted  accord ing  t o  v a r i o u s  f l o o d i n g  and 

dry-up s c h e d u l e s  s i n c e  Sep teqber  1967. 

The e x c e l l e n t  c o o p e r a t i o n  w i t h  t h e  S a l t  R i v e r  P r o j e c t ,  which 

r e c e i v e d  a  g r a n t  from t h e  Environmental  P r o t e c t i o n  Agency ( t h e n  

F e d e r a l  Water Q u a l i t y  A d m i n i s t r a t i o n )  f o r  p a r t i a l  s u p p o r t  o f  the  

p r o j e c t ,  was con t inued  i n  1971. The g r a n t  t e r m i n a t e d  i n  December 

1969, a t  which t ime t h e  f i n a n c i a l  s u p p o r t  f o r  t h e  l a b o r a t o r y  t e c h -  

n i c i a n  was assumed by t h e  S a l t  R ive r  P r o j e c t .  

The o p e r a t i o n  o f  t h e  b a s i n s  i n  1971 was aimed a t  removing 

n i t r o g e n  from t h e  s o i l  b e n e a t h  t h e  b a s i n s  t h a t  had a p p a r e n t l y  

accumulated d u r i n g  s e v e r a l  y e a r s  of  predominant ly  long i n u n d a t i o n  

p c r  i ocls . With sequences  of  r e l a t i v e l y  long i n u n d a t i o n  p e r i o d s  

(Por example, 2 t o  3 weeks i n u n d a t i o n  and 10  t o  20 days dry  up) ,  

c o n s i d e r a b l e  n i t r o g e n  was removed from t h e  w a s t e  w a t e r  a s  i t  

p e r c o l a t e d  th rough  t h e  s o i l .  However, t h e  removal e f f i c i . e n c y  

g r a d u a l l y  d e c r e a s e d  w i t h  t ime,  probably  because o f  ammonium 

b u i l d u p  i n  t h e  s o i l .  A sequence o f  r e l a t i v e l y  s h o r t  i n u n d a t i o n  

p e r i o d s  ( f o r  example, a  few days i n u n d a t i o n  fo l lowed  by about  

5 days  d ry  up) could  c r e a t e  c o n d i t i o n s  f a v o r a b l e  f o r  n i t r i f i c a -  

t i o n  of  t h i s  ammonium and t h u s  " r e j u v e n a t e "  t h e  s o i l  b e n e a t h  t h e  

b a s i n s  a s  t o  t h e i r  n i t rogen-removing c a p a b i l i t y .  For t h i s  r eason ,  

four  b a s i n s  were o p e r a t e d  i n  1971 w i t h  s h o r t ,  f r e q u e n t  i n u n d a t i o n  
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p e r i o d s ,  whereas two b a s i n s  were con t inued  t o  be f looded  w i t h  

r e l a t i v e l y  long i n u n d a t i o n  p e r i o d s .  

To f a c i l i t a t e  o r d e r l y  p r e s e n t a t i o n  o f  t h e  r e s u l t s ,  t h e  r e p o r t  

i s  d i v i d e d  i n t o  t h r e e  s e c t i o n s :  

I. I n f i l t r a t i o n  s t u d i e s .  

11. Water q u a l i t y  s t u d i e s .  

111. Future  p r o j e c t s .  

I. INFILTRATION STUDIES 

1. Recharge Basin  Management. 

A p l a n  of t h e  F l u s h i n g  Meadows P r o j e c t  showing i n f i l t r a t i o n  

b a s i n s ,  o b s e r v a t i o n  wells, and e x p e r i m e n t a l  ponds, i s  shown i n  

F igure  1. 

The b a s i n s  e n t e r e d  t h e  y e a r  1971 i n  e s s e n t i a l l y  b a r e - s o i l  

c o n d i t i o n  (excep t  b a s i n  2 which is covered w i t h  a  g r a v e l  l a y e r ) ,  

a f t e r  t h e  b a s i n s  were "shaved" w i t h  a  f ron t -end  l o a d e r  on 29 October 

1970. The secondary e f f l u e n t  went through i t s  u s u a l  w i n t e r  c y c l e  

w i t h  b l a c k  appearance and h igh  suspended s o l i d s  c o n c e n t r a t i o n s  i n  

t h e  50- t o  100-mg/ l i t e r  r ange .  

On February 1971, a l l  b a s i n s  excep t  b a s i n  2  were a g a i n  

c leaned  w i t h  a  f r o n t - e n d  l o a d e r ,  which l e f t  t h e  b a s i n s  i n  ba re -  

s o i l  c o n d i t i o n .  The s e d i m e n t a t i o n  b a s i n s  formed by t h e  g r a v e l  

dam a t  t h e  head o f  each  i n f i l t r a t i o n  b a s i n  (F igure  1 )  were deepened 

t o  o b t a i n  longer  d e t e n t i o n  t imes and more complete  s e t t l i n g  o f  

s o l i d s  i n  t h e  s e d i m e n t a t i o n  b a s i n s .  

Uniform i n u n d a t i o n  and dry-up schedu les  were used f o r  t h e  - 

b a s i n s  i n  January  and February.  I n  March, c y c l e s  o f  s h o r t ,  f r e q u e n t  

inunda t ions  (2 days wet--5 days d r y )  were s t a r t e d  f o r  b a s i n s  1, 2, 

5, and 6 and long i n u n d a t i o n  p e r i o d s  ( s e v e r a l  weeks wet,  10 t o  20 

days d r y )  were used f o r  b a s i n s  3 and 4.  These s c h e d u l e s  were main- 

t a i n e d  f o r  t h e  r e s t  of t h e  y e a r .  The d i f f e r e n t  s c h e d u l e s  were used 

t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  o f  lowering t h e  ammonium n i t r o g e n  
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c o n t e n t  of  t h e  renova ted  w a t e r  by s h o r t ,  f r e q u e n t  i n u n d a t i o n  

p ~ r i o c l s .  A fcw i n u n d a t i o n  periocls i n  e x c e s s  of  I month were h e l d  

lor bas in s  3 and 4 i o  s t u d y  t t t t  l ) c l~nv io r  o f  l c c a l  c o l i f o r m  

d e n s i t i e s  i n  t h e  r e n o v a t e d  w a t e r .  

On 20 October,  exper iments  were s t a r t e d  i n  t h e  9 1 s t  Avenue 

Treatment P l a n t  t o  e v a l u a t e  t h e  e f f e c t  o f  h i g h e r  l o a d i n g  o f  t h e  

t r e a t m e n t  f a c i l i t i e s  on t h e  q u a l i t y  o f  t h e  secondary  e f f l u e n t .  

Th i s  caused a  s h a r p  i n c r e a s e  i n  t h e  suspended s o l i d s  c o n t e n t  o f  

t h e  e f f l u e n t .  For t h i s  r eason ,  b a s i n s  1, 2, 5, and 6 were n o t  

Flooded from t h e  end o f  October t o  t h e  beg inn ing  o f  December. 

Throughout t h e  e n t i r e  f a l l  and w i n t e r ,  t h e  secondary  e f f l u e n t  had 

a  h igh  suspended s o l i d s  c o n t e n t  and was o f  a  b l a c k  appearance .  

The s h o r t ,  f r e q u e n t  i n u n d a t i o n s  promoted growth o f  g r a s s e s  

i n  b a s i n s  1, 5, and 6 .  Basin 1 was burned p e r i o d i c a l l y  t o  m a i n t a i n  

b a r e - s o i l  c o n d i t i o n s ,  b u t  a  dense  v e g e t a t i o n  was a l lowed  t o  deve lop  

i n  b a s i n s  5  and 6. The v e g e t a t i o n  c o n s i s t e d  o f  bermudagrass i n  

s t r i p s  of  abou t  3 E t  wide a long  t h e  b a s i n  banks and Mexican 

s p r a n g l e t o p  i n  t h e  r e s t  o f  t h e  b a s i n s .  A t  t h e  end o f  t h e  y e a r ,  

b a s i n s  1, 3 ,  and 4 were i n  b a r e  s o i l ,  b a s i n s  5  and 6 were covered 

by bermuda and s p r a n g l e t o p  s t r aw,  and b a s i n  2 s t i l l  had t h e  

g r a v e l  l a y e r .  

2, I n f i l t r a t i o n  Ra tes  

The i n f i l t r a t i o n  r a t e s  f o r  b a s i n s  1, 2, 5, and 6, which were 

inundated w i t h  s h o r t ,  f r e q u e n t  f l o o d i n g s ,  remained f a i r l y  c o n s t a n t  

throughout  t h e  e n t i r e  y e a r  (Figure  2 ) .  I n f  i l t r a t i o n  r a t e s  

d e c r e a s e d  e s s e n t i a l l y  l i n e a r l y  w i t h  t ime  d u r i n g  t h e  long f l o o d i n g  

p e r i o d s  f o r  b a s i n s  3 and 4 (July-December, F i g u r e  2 ) )  bu t  t h e  dry  

ups y i e l d e d  complete  r ecovery  of  t h e  i n f i l t r a t i o n  r a t e s .  Through- 

o u t  t h e  y e a r ,  i n u n d a t i o n  d e p t h s  of 13 i n c h e s  were employed. 

The accumulated i n f i l t r a t i o n  curves  (F igure  3 )  show t h a t  

sc>qucnces o f  long i n u n d a t i o n  and dry-up p e r i o d s  y i e l d e d  much 

t ~ i g h e r  annua l  i n f i l t r a t i o n  amounts t h a n  d i d  s h o r t ,  f r e q u e n t  inun-  

d a t i o n s ,  a s  p r e v i o u s l y  p r e d i c t e d  ( s e e  Annual Repor t  1970) .  Basins  

Annual Report of the U.S. Water Conservation Laboratory



3 and 4 y i e l d e d  an average i n f i l t r a t i o n  o f  350 f t  f o r  t h e  year ,  

whereas an average  of about  160 f t / y e a r  were o b t a i n e d  w i t h  t h e  

s h o r t ,  f r e q u e n t  f l o o d i n g  c y c l e s  of b a s i n s  1, 2, 5, and 6 .  

The e f S e c t  of t h e  s u r f a c e  c o n d i t i o n  o f  t h e  b a s i n s  on i n f i l -  

t r a t i o n  can be determined by d i v i d i n g  t h e  accumulated i n f i l t r a t i o n  

f o r  1971 by t h e  o r i g i n a l  o r  "bench-mark" i n f i l t r a t i o n  r a t e s .  These 

were t h e  i n f i l t r a t i o n  r a t e s  measured i n  September 1967 when t h e  

b a s i n s  were inunda ted  f o r  t h e  v e r y  f i r s t  t ime .  Thus, t h e  bench- 

mark i n f i l t r a t i o n  r a t e s  r e f l e c t  t h e  i n f i l t r a t i o n  " p o t e n t i a l "  of 

t h e  b a s i n s  a s  a f f e c t e d  by o r i g i n a l  s o i l  c o n d i t i o n s .  A f t e r  d i v i d i n g  

t h e  accumulated i n f i l t r a t i o n  f o r  1971 by t h e  bench-mark i n f i l t r a -  

t i o n  r a t e  t o  e l i m i n a t e  t h e  e f f e c t  o f  s o i l  v a r i a b i l i t y  between t h e  

b a s i n s ,  t h e  h i g h e s t  r a t i o  was a r b i t r a r i l y  s e t  a t  100 and t h e  o t h e r  

r a t i o s  a d j u s t e d  a c c o r d i n g l y  t o  o b t a i n  r e l a t i v e  indexes  of 

i n f i l t r a t i o n  a s  c a l c u l a t e d  below. 

Bas i n  Accumulated Bench-mark 

i n f i l t r a t i o n  i n f i l t r a t i o n  

i n  1971 r a t e  

1 (bare  s o i l )  130 3 .2  

2 ( g r a v e l )  148 4.0 

5 ( g r a s s )  200 3.9 

6 ( g r a s s )  155 3 .1  

Accumulated 

i n f i l t r a t i o n /  

bench-mark 

i n f i l t r a t i o n  

r a t e  

R e l a t i v e  

index o f  

i n f i l -  

t r a t  i o n  

7 9  

7 2 

100 

9  8 

The r e s u l t s  show t h a t  t h e  h i g h e s t  r e l a t i v e  indexes  o f  i n f i l t r a -  

t i o n  were o b t a i n e d  f o r  b a s i n s  5  and 6  i n  which g r a s s  developed i n  

s p r i n g  and summer. The b a r e  s o i l  b a s i n  was nex t  and t h e  lowest  

r e l a t i v e  index o f  i n f i l t r a t i o n  was y i e l d e d  by t h e  g rave l -covered  

b a s i n .  The same o r d e r  o f  i n f i l t r a t i o n  indexes  has  been observed 

i n  p rev ious  y e a r s .  
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E f f e c t  of  R a i n f a l l  on I n f i l t r a t i o n  Recovery 

The r a i n f a l l  i n  t h e  Phoenix a r e a  i s  abou t  7  i n c h e s  p e r  y e a r .  

Thus, when t h e  b a s i n s  a r e  d r y i n g  t o  r e s t o r e  i n f i l t r a t i o n  r a t e s ,  

t h e r e  i s  u s u a l l y  no i n t e r f e r e n c e  from r a i n f a l l .  Th i s  may n o t  be 

t r u e  i n  o t h e r  a r e a s  w i t h  h i g h e r  r a i n f a l l .  

To s t u d y  t h e  e f f e c t  o f  r a i n  on i n f i l t r a t i o n  recovery ,  c e r t a i n  

a r e a s  i n  b a s i n s  3 and 4 were  s p r i n k l e d  d u r i n g  t h e  long d r y  up i n  

September and t h e  beg inn ing  o f  October ( s e e  F i g u r e  2 ) )  u s i n g  

renova ted  sewage w a t e r  from WCW. "Showers" o f  about  0.75 i n c h  

i n  45 minutes  were  a p p l i e d  w i t h  s p r i n k l e r s .  Three ,  6, 8 and 1 0  

days a f t e r  t h e  s t a r t  o f  t h e  dry-up pe r iod ,  i n f i l t r a t i o n  r a t e s  i n  

t h e  d ry  and s p r i n k l e d  a r e a s  were measured w i t h  c y l i n d e r  i n f i l t r o -  

m e t e r s .  The c y l i n d e r s  were  about 8 i n c h e s  i n  d i a m e t e r  and they  

were d r i v e n  about  6 i n c h e s  i n t o  t h e  s o i l ,  Water d e p t h s  of  6 i n c h e s  

were mainta ined i n  t h e  c y l i n d e r s  and t h e  i n f i l t r a t i o n  r a t e s  were 

measured u n t i l  f i n a l  i n f i l t r a t i o n  r a t e s  were  e s t a b l i s h e d .  Each 

t ime s i x  i n f i l t r o m e t e r s  were used and t h e  average  f o r  t h e  s i x  was 

determined.  

The r e s u l t i n g  averages  (F igures  4  and 5) show t h a t  t h e  a r e a s  

t h a t  r e c e i v e d  no s p r i n k l i n g  d i s p l a y e d  t h e  t y p i c a l  S-shaped 

i n f i l t r a t i o n  recovery  curve  a s  p r e v i o u s l y  obse rved .  The i n f i l -  

t r a t i o n  r a t e s  i n c r e a s e d  r a p i d l y  from t h e  t h i r d  t o  t h e  s i x t h  day 

a f t e r  t h e  s t a r t  o f  a  dry-up pe r iod ,  a f t e r  which t h e y  i n c r e a s e d  

on ly  s l i g h t l y  . 
Thc a r e a s  t h a t  r c c e i v e d  four  s p r i n k l i n g s  showed a  d e c r e a s e  i n  

i nf i l t r a t i o n  a f t e r  t h e  f i r s t  i r r i g a t i o n .  This  d e c r e a s e  con t inued  

u n t i l  s p r i n k l i n g  was s topped .  The i n f i l t r a t i o n  r e c o v e r y  i n  b a s i n  

3 was then  about t h e  same a s  t h a t  o f  t h e  d ry  a r e a ,  whereas  t h e  

recovery  i n  b a s i n  4 took  about  7 days  l o n g e r .  

One 0 .75- inch s p r i n k l i n g  was g i v e n  t o  a  p o r t i o n  o f  t h e  dry  

a r e a s  14 days a f t e r  t h e  s t a r t  o f  t h e  d ry  up. Th i s  a l s o  r e s u l t e d  

i n  a  r e d u c t i o n  i n  t h e  i n f i l t r a t i o n  r a t e .  The recovery  r a t e  was 

j about  t h e  same a s  t h a t  i n  t h e  wet a r e a s .  A 0.4- inch r a i n  t h a t  

1 
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occur red  22 days a f t e r  t h e  s t a r t  of  t h e  d r y  up caused a  s m a l l  

d c c r e a s e  i n  t h e  i n f i l t r a t i o n  r a t e  i n  b a s i n  3,  b u t  had no e f f e c t  on 

t h e  i n f i l t r a t i o n  f o r  b a s i n  4 (F igures  4  and 5 ) .  

R a i n f a l l  d u r i n g  t h e  f i r s t  s t a g e s  o f  t h e  d r y  up may d e l a y  t h e  

i n f i l t r a t i o n  recovery  more t h a n  when i t  o c c u r s  a t  t h e  end of  t h e  

d ry  p e r i o d .  Dry ups d u r i n g  r a i n y  p e r i o d s  w i l l  p robably  not  g i v e  

much i n f i l t r a t i o n  recovery  and i t  may be b e t t e r  t o  c o n t i n u e  t h e  

i n u n d a t i o n  under  t h o s e  c o n d i t i o n s ,  I n  humid a r e a s ,  i n u n d a t i o n s  and 

d r y  ups shou ld  be  schedu led  w i t h  t h e  wea the r  f o r e c a s t  i n  mind. 

4 .  Pond Seepage S t u d i e s  

The seepage from t h e  u n l i n e d  E a s t  Pond (F igure  l ) ,  which 

r e c e i v e s  r e n o v a t e d  sewage w a t e r  from t h e  Eas t  Well, g r a d u a l l y  

i n c r e a s e d  from abou t  O.l /day t o  about 0.2 f t / d a y  d u r i n g  1971 

(F igure  6 ) .  The pond was t r e a t e d  w i t h  a  chemical  s e a l a n t  on 

14 October 1970, which reduced t h e  seepage from about 0.4 f t / d a y  

t o  0.1 f t / d a y  ( s e e  Annual Report  1970) .  

'r11(> pc~rmaiicilt cbl-flucnt pond was dry  f o r  mos t  of  1971 due t o  

a pump f a i l u r e .  No seepage d a t a  a r e  r e p o r t e d  f o r  t h i s  pond. 

II. WATER QUALITY STUDIES 

I .  Sampling,  Observa t ion  Wel l s ,  and A n a l y t i c a l  Techniques 

Sampling s c h e d u l e s  and t e c h n i q u e s  i n  1971 were e s s e n t i a l l y  t h e  

same a s  d e s c r i b e d  f o r  1970 and 1969 (see  Annual Repor t  1969) .  The 

o b s e r v a t i o n  w e l l s  ( s e e  F i g u r e  1 f o r  l o c a t i o n ) ,  which a r e  cased and 

open a t  t h e  bottom, a r e  20 f t  deep, excep t  t h e  E a s t  Cen te r  Well 

(ECW) which i s  30 f t  deep, and t h e  West Center  Well (WCW) which i s  

100 f t  deep.  The Eas t  Well (EW) i s  250 f t  deep, bu t  w a t e r  i s  

o b t a i n e d  from 1 0  f t  t o  3 0  f t  d e p t h  where t h e  c a s i n g  i s  p e r f o r a t e d .  

The s t a t i c  ground-water t a b l e  was a t  a  d e p t h  o f  about  9  f t  

th roughout  1971. 

A l l  n i t r o g e n  a n a l y s e s  were performed w i t h  t h e  Technicon Auto 

Analyzer .  Th i s  a p p a r a t u s  was a l s o  used i n  t h e  end o f  t h e  y e a r  t o  

drltclrntine p l lospl ln te-pl~ospl~orus  c o n c e n t r a t i o n s .  The Beckman 915 
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T o t a l  Organic Carbon a n a l y z e r  was made o p e r a t i o n a l .  Rou t ine  use  

o f  t h i s  i n s t r u m e n t  s t a r t e d  i n  A p r i l  1971. F e c a l  c o l i f o r m  d e n s i t i e s  

were determined w i t h  t h e  membrane f i l t e r  t e c h n i q u e .  

2. Chemical Oxygen Demand and T o t a l  Organic  Carbon 

The wa te r  samples  were ana lyzed  l o r  COD u n t i l  about  1 June,  and 

f o r  TOC s t a r t i n g  20 A p r i l .  The r e s u l t s  d u r i n g  t h e  p e r i o d  o f  o v e r l a p  

were used t o  c o n s t r u c t  F i g u r e  7, which shows t h e  r e l a t i o n  between 

TOC and C01) f o r  secondary e f f l u e n t ,  r enova ted  w a t e r  from t h e  w e l l s ,  

and renova ted  w a t e r  i n  t h e  e x p e r i m e n t a l  ponds (pumped from t h e  Eas t  

Wel l ) .  Regress ion  a n a l y s i s  y i e l d e d  t h e  e q u a t i o n  

TOC = 0.252 COD + 1.297 

and a  c o r r e l a t i o n  c o e f f i c i e n t  o f  0.8332. 

COD-values f o r  t h e  secondary e f f l u e n t  and t h e  r e n o v a t e d  w a t e r  

from w e l l s  ECW, 1-2, and 5-6 a r e  shown i n  F i g u r e  8 and t h e  TOC- 

v a l u e s  i n  F i g u r e  9 .  The TOC-content o f  t h e  e f f l u e n t  r eached  some 

h i g h  v a l u e s  a f t e r  20 October,  undoubtedly due t o  t h e  o v e r l o a d i n g  

exper iments  a t  t h e  9 1 s t  Avenue Treatment P l a n t .  The TOC c o n t e n t  

of  t h e  r e n o v a t e d  w a t e r  g e n e r a l l y  ranged from 0 t o  8  ppm. S i n c e  

t h e  BOD of  t h i s  w a t e r  was seldom above 1 ppm ( s e e  p r e v i o u s  annua l  
5 

reports), t l w  organic carbon must bc i n  a  form t h a t  r e s i s t s  b iode-  

g r a d a t i o n .  There may be some tendency o f  t h e  TOC-content t o  

i n c r e a s e  when newly i n f i l t r a t e d  w a t e r  r e a c h e s  t h e  o b s e r v a t i o n  w e l l  

( see ,  f o r  example, TOC r i s e s  i n  ECW fo l lowing  s t a r t  o f  i n u n d a t i o n  

p e r i o d s  on 24 June,  17 August, and 16 Oc tober ) .  

COD- and TOC-values f o r  t h e  renova ted  w a t e r  from t h e  o t h e r  

w e l l s  (1, 7,  EW, WCW, and 8 )  a r e  shown i n  Tab les  1 and 2.  The 

9 1 s t  Avenue Well i s  l o c a t e d  about 1% m i l e s  e a s t  o f  t h e  F lush ing  

Meadows P r o j e c t  and i t  y i e l d s  n a t i v e  ground w a t e r  from about  the  

100- t o  200- f t  d e p t h  l e v e l .  The TOC-content o f  t h e  r e n o v a t e d  

w a t e r  from t h e s e  w e l l s  g e n e r a l l y  ranged between 0  and 5  ppm. 

These v a l u e s  a r e  somewhat below t h e  TOC-content o f  t h e  renova ted  
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w;~tc.r l ronl the  wcl 1s i t l s i c l v  t l ~ c  l x ~ s i ~ ~  nrca ( i : igurc  9 ) .  

3 .  Nit rogen  

T o t a l  n i t r o g e n  ( c a l c u l a t e d  a s  ammonium N + 1 ppm o r g a n i c  N) o f  

t h e  secondary e f f l u e n t ,  which was t h e  i n f l u e n t  f o r  t h e  F lush ing  

Meadows P r o j e c t ,  g e n e r a l l y  ranged between 20 and 4 0  ppm w i t h  most 

o f  t h e  low v a l u e s  o c c u r r i n g  i n  t h e  summer months (F igure  1 0 ) .  

The s o u r c e  o f  w a t e r  pumped from ECW i s  e f f l u e n t  t h a t  has  

i n f i l t r a t e d  i n  b a s i n s  3 and 4 .  The s c h e d u l e s  of  long i n u n d a t i o n s  

and d ry  ups used  f o r  t h e s e  b a s i n s  d u r i n g  t h e  e n t i r e  y e a r  (Figure  2) 

y i e l d e d  t h e  c h a r a c t e r i s t i c  n i t r a t e - N  peaks i n  t h e  renova ted  w a t e r  

(F igure  1 0 ) .  These peaks a r e  due t o  t h e  a r r i v a l  o f  e f f l u e n t  w a t e r  

t h a t  was he ld  a s  c a p i l l a r y  w a t e r  i n  t h e  upper  l a y e r s  o f  t h e  s o i l  

d u r i n g  t h e  p reced ing  d ry  up. Because of  predominant ly  a e r o b i c  

c o n d i t i o n s  i n  t h o s e  s o i l  l a y e r s  d u r i n g  d r y  up, t h e  n i t r o g e n  i n  

t h i s  c a p i l l a r y  w a t e r  was conver ted  t o  n i t r a t e .  Then, when a  new 

i n u n d a t i o n  was s t a r t e d ,  t h e  n i t r i f i e d  e f f l u e n t  was pushed down by 

t h e  newly i n f i l t r a t i n g  w a t e r ,  c a u s i n g  a  n i t r a t e  peak i n  t h e  w a t e r  

from t h e  o b s e r v a t i o n  w e l l  when i t  reached  t h e  i n t a k e  o f  t h a t  w e l l .  

The ammonium-N l e v e l s  i n  t h e  w a t e r  from ECW were most ly  

between 15 and 20 ppm, which i s  c o n s i d e r a b l y  h i g h e r  t h a n  t h e  

ammonium-N c o n c e n t r a t i o n s  observed a  few y e a r s  ago when sequences  

of  long i n u n d a t i o n  p e r i o d s  were  f i r s t  s t a r t e d  ( see  p r e v i o u s  Annual 

R e p o r t s ) .  Thus, c o n t i n u e d  u s e  o f  long i n u n d a t i o n  p e r i o d s  f o r  

removing n i t r o g e n  a p p a r e n t l y  causes  an  ammonium b u i l d u p  i n  t h e  

renova ted  w a t e r .  Th i s  b u i l d u p  i s  probably  due t o  s a t u r a t i o n  o f  

t h e  ammonium a d s o r p t i o n  complex i n  t h e  s o i l ,  s o  t h a t  more ammonium 

remains  i n  t h e  w a t e r  a f t e r  oxygen f o r  n i t r i f i c a t i o n  i s  no l o n g e r  

a v a i l a b l e .  

The ammonium-N l e v e l s  i n  t h e  w a t e r  from w e l l s  1-2 and 5-6 

were a l s o  high a t  t h e  end o f  1970, due t o  t h e  long i n u n d a t i o n  

p e r i o d s  employed f o r  t h o s e  b a s i n s  i n  t h e  y e a r s  1969 and 1970. 

However, t h e  s c h e d u l e  f o r  b a s i n s  1, 2, 5  and 6  was changed t o  one 

of  s h o r t ,  f r e q u e n t  i n u n d a t i o n  p e r i o d s  i n  1971. Th i s  i n u n d a t i o n  
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schedu le  was e f f e c t i v e  i n  r e d u c i n g  t h e  ammonium-N c o n t e n t  o f  t h e  

renova ted  w a t e r ,  a s  ev idenced  by t h e  downward t r e n d  o f  t h e  

ammonium-N curve  f o r  t h e  renova ted  w a t e r  from w e l l  1-2 and w e l l  

5-6 shown i n  F i g u r e s  11 and 12.  This  d e c r e a s e  i n  ammonium n i t r o g e n  

was no t  o b t a i n e d  i n  t h e  w a t e r  from ECW because  long i n u n d a t i o n  

p e r i o d s  were main ta ined  i n  b a s i n s  3 and 4 i n  1971. 
1 A f t e r  t h e  sequence o f  s h o r t ,  f r e q u e n t  i n u n d a t i o n s  was s t a r t e d  

i n  b a s i n s  1, 2, 5  and 6, a n  i n c r e a s e  i n  n i t r a t e - N  was observed i n  
i 

t h e  renova ted  w a t e r  from w e l l s  1-2 and 5-6. Th i s  occur red  mainly 

i n  t h e  month o f  March (F igures  11 and 12)  and was due t o  t h e  more 

a e r o b i c  c o n d i t i o n s  i n  t h e  upper s o i l  l a y e r s  w i t h  t h e  s h o r t ,  

f r e q u e n t  i n u n d a t i o n s ,  and r e s u l t i n g  c o n v e r s i o n  o f  ammonium-N 

s t o r e d  i n  t h e  s o i l  d u r i n g  t h e  p rev ious  sequences  o f  long f l o o d i n g  

pcbriods t o  n i t r a t c - N .  

TIE r e l e a s e  of  n i t r a t e - N  i n  March and t h e  subsequent  n i t r a t e - N  

l e v e l s  were l e s s  f o r  w e l l  5-6 than  f o r  w e l l  1-2.  Th i s  may be due 

t t o  t h e  r e s i d u a l  e f f e c t s  o f  v e g e t a t i o n ,  which were  p r e s e n t  i n  b a s i n s  

5 and 6  i n  1970 and 1969, and t o  t h e  development o f  new v e g e t a t i o n  

i n  b a s i n s  5 and 6  d u r i n g  s p r i n g  and summer 1971. Basins  1 and 2 

have always been e s s e n t i a l l y  f r e e  from v e g e t a t i o n ,  e x c e p t  f o r  

n a t i v e  v e g e t a t i o n  t h a t  was a l lowed t o  deve lop  i n  b a s i n  1 d u r i n g  

1968. The decay ing  r o o t s  of  t h e  o l d  v e g e t a t i o n  and t h e  a c t i v e  r o o t  

sys tem of  t h e  new v e g e t a t i o n  may have a i d e d  i n  t h e  d e n i t r i f i c a t i o n  

p r o c e s s .  V e g e t a t i o n  may a l s o  have been t h e  r e a s o n  t h a t  t h e  ammonium- 

N c o n c e n t r a t i o n s  i n  t h e  wa te r  from w e l l  5-6 were lower t h a n  t h o s e  i n  

t h e  w a t e r  from w e l l  1-2 a t  t h e  end of  t h e  y e a r .  

Ni t ra te -N and ammonium-N c o n c e n t r a t i o n s  f o r  t h e  w a t e r  from 

w e l l s  1, 7, 8,  EW, WCW, and 9 1 s t  Avenue a r e  shown i n  Tab les  3 and 4, 

r e s p e c t i v e l y .  A l l  w e l l s  y i e l d e d  renova ted  sewage w a t e r ,  e x c e p t  t h e  

9 1 s t  Avenue Well which i s  a  r e g u l a r  i r r i g a t i o n  w e l l  and pumps n a t i v e  

ground w a t e r .  Well 8 and WCW s t a r t e d  t o  y i e l d  more s a l i n e  w a t e r  

d u r i n g  t h e  c o u r s e  of  t h e  y e a r  ( s e e  Disso lved  S a l t s ) ,  i n d i c a t i n g  
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t l ta t  a  mix tu re  of  r enova ted  sewage w a t e r  and n a t i v e  ground w a t e r  

was probably  o b t a i n e d  from t h e s e  two w e l l s .  

A s  t h e  renova ted  sewage w a t e r  moves below t h e  ground w a t e r  t o  

t h e  o u t l y i n g  o r  d e e p e r  w e l l s ,  t h e  n i t r a t e  peaks a r e  a t t e n u a t e d  by 

d i s p e r s i o n .  Well 7 y i e l d e d  h i g h e r  n i t r a t e - N  c o n c e n t r a t i o n s  t h a n  

Well 1. The n i t r a t e - N  c o n c e n t r a t i o n s  i n  EW w a t e r  were i n  t h e  3-12 
I I 

I ppm r a n g e .  The n i t r a t e - N  c o n c e n t r a t i o n s  i n  WCW showed a  few s m a l l  

"peaks." Ammonium-N c o n c e n t r a t i o n s  i n  t h e  r e n o v a t e d  w a t e r  from 

t h e  o u t l y i n g  w e l l s  were  g e n e r a l l y  i n  t h e  5-12 ppm r a n g e .  Well 8 

and WCW con t inued  t o  y i e l d  w a t e r  w i t h  low ammonium-N c o n c e n t r a t i o n s  

(Table 4 ) .  

Organic  n i t r o g e n  c o n c e n t r a t i o n s ,  determined i n  December 1971 

f o r  t h e  e f f l u e n t  and t h e  renova ted  w a t e r  from v a r i o u s  w e l l s ,  were 

a s  fo l lows  : 

E f f l u e n t  2.8 ppm 

Well 1 0.6 ppm 

Well 1-2 0.9 ppm 

ECW 0.7 ppm 

We11 5-6 1.3 ppm 

Well 7 0.4 ppm 

Well 8 0.5 ppm 

E W 0.8 ppm 

WCW 0.4 ppm 

The organic-N c o n t e n t  o f  t h e  e f f l u e n t  was on t h e  h i g h  s i d e  because  

of  t h e  h i g h  suspended s o l i d s  c o n t e n t  of  t h e  e f f l u e n t  i n  t h e  w i n t e r .  

The o r g a n i c  N c o n t e n t  o f  t h e  renova ted  w a t e r  i s  about  0 .7  ppm. The 

TOC c o n t e n t  o f  t h e  renova ted  w a t e r  was about  4 ppm, y i e l d i n g  a  

C/N-ra t io  o f  about  6 f o r  t h e  o r g a n i c  f r a c t i o n  i n  t h e  renova ted  

w a t e r .  

4 .  Phosphates 

Phosphate-P c o n c e n t r a t i o n s  of  t h e  e f f l u e n t  g e n e r a l l y  ranged 

from about  7 ppm t o  12 ppm, w i t h  most of  t h e  lower v a l u e s  o c c u r r i n g  

i n  t h e  summer (F igure  1 3 ) .  The average  P - c o n c e n t r a t i o n  of  t h e  
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e f f l u e n t  i n  1971 was 9.6 ppm. This i s  s l i g h t l y  l e s s  than  t h e  

average f o r  1970, which was 11.5 ppm. 

The phosphate-P c o n c e n t r a t i o n s  f o r  t h e  sha l low w e l l  w i t h i n  t h e  

recharge  b a s i n  a r e a  (1-2, ECW, and 5-6) were g e n e r a l l y  i n  t h e  2-7 

pprn range,  w i t h  n o t  much d i f f e r e n c e  between t h e  w e l l s  (Figure  14) .  

Thesc P-concentrations were about t h e  same a s  i n  1969 and 1970, 
f 

i n d i c a t i n g  t h a t  t h e  P-content  i n  t h e  renova ted  wate r  from t h e  w e l l s  

w i t h i n  t h e  b a s i n  a r e a  may have reached  a  c o n s t a n t  l e v e l .  

The average  phosphate-P c o n c e n t r a t i o n  o f  t h e  w a t e r  from w e l l  7  

was about 4  ppm, o f  t h e  w a t e r  from w e l l  1 about  2  ppm, and o f  t h e  

w a t e r  from w e l l  8 e s s e n t i a l l y  z e r o  (Figure  14) .  The v a l u e s  f o r  

w e l l s  1 and 7  a r e  s l i g h t l y  below those  o b t a i n e d  i n  1970, i n d i c a t i a g  

t h a t  a l s o  f o r  t h e  o u t l y i n g  w e l l s ,  t h e  P-concen t ra t ions  may have 

reached  a  s t a b l e  l e v e l .  The P-concen t ra t ions  f o r  w e l l  8 were s t i l l  

low, b u t  t h i s  may be  p a r t l y  due t o  t h e  f a c t  t h a t  t h e  w a t e r  y i e l d e d  

by t h i s  w e l l  i s  a  mix ture  of n a t i v e  ground w a t e r  and renova ted  

sewage w a t e r ,  

Phosphate-P c o n c e n t r a t i o n s  f o r  WCW, EW, and t h e  9 1 s t  Avenue 

Well a r e  shown i n  Tab le  5. The P - l e v e l s  i n  WCW a r e  s t i l l  ve ry  

low. Those i n  EW a r e  more l i k e  the  P-concen t ra t ions  i n  t h e  wa te r  

from w e l l s  1 and 7,  

5.  F l u o r i d e s  

The average f l u o r i d e  c o n c e n t r a t i o n  o f  t h e  e f f l u e n t  was 4 . 1  ppm 

(Table 6 ) .  The c o n c e n t r a t i o n  i n  t h e  renova ted  w a t e r  decreased  w i t h  

i n c r e a s e d  underground t r a v e l  of the  w a t e r .  The average  F-concentra-  

t i o n s  i n  t h e  w a t e r  from t h e  w e l l s  w i t h i n  t h e  b a s i n  a r e a  were between 

1.9 and 2.5 ppm, and t h o s e  i n  t h e  w a t e r  from w e l l s  1, 7,  and EW 

between 1.6 and 2.2 ppm. Well 8 and WCW y i e l d e d  lower F- 

c o n c e n t r a t  ions  (Table 6 ) .  

6 .  Boron 

Boron c o n c e n t r a t i o n s  g e n e r a l l y  f l u c t u a t e d  around 1 m g l l i t e r  i n  

the e f f l u e n t  and i n  t h e  renovated w a t e r  (Table 7 ) .  Thus, t h e  
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boron l e v e l s ,  which were  about  0 .5  mg i n  1968 and 1969, and 0.75 

m g / l i t e r  i n  1970, con t inued  t o  i n c r e a s e .  Boron i s  n o t  removed 

from t h e  e f f l u e n t  w a t e r  a s  i t  moves th rough  t h e  sands  and g r a v e l s  

o f  t h e  S a l t  River  bed. Boron c o n c e n t r a t i o n s  i n  e x c e s s  o f  0 .5  

m g / l i t e r  may be  o b j e c t i o n a b l e  i n  i r r i g a t i o n  w a t e r  i f  t h e  w a t e r  i s  

used t o  i r r i g a t e  such  b o r o n - s e n s i t i v e  c rops  a s  c i t r u s .  

7. D i sso lved  S a l t s  

The t o t a l  d i s s o l v e d  sa l ts  c o n t e n t  of  t h e  e f f l u e n t  i n  t h e  

r e n o v a t e d  w a t e r  was u s u a l l y  i n  t h e  1000 t o  1200 ppm range  (Table 

8 ) .  The s a l t  c o n t e n t  o f  w e l l  8  g r a d u a l l y  i n c r e a s e d  from about 

1200 t o  2200 ppm. Well 8 was pumped f o r  s e v e r a l  hours  e a c h  t ime  

a  sample f o r  c o l i f o r m  a n a l y s i s  was t a k e n  and t h i s  pumping may have 

drawn i n  n a t i v e  ground wa te r ,  p a r t i c u l a r l y  i f  t h e  renova ted  sewage 

wa te r  had n o t  advanced much beyond w e l l  8. The same may have 

happened t o  WCW, where t h e  s a l t  c o n t e n t  a l s o  i n c r e a s e d  (F igure  1 5 ) .  

The n i t r a t e - N  c o n t e n t  o f  t h e  w a t e r  from WCW f l u c t u a t e d  between 

0  and 5  ppm (F igure  1 5 ) .  P e r i o d i c  h igh  n i t r a t e - N  c o n c e n t r a t i o n s  

would unmis takenly  i n d i c a t e  t h a t  r enova ted  sewage w a t e r  was indeed 

pumped from WCW. 

8 ,  pH 

The pH o f  t h e  e f f l u e n t  ranged between 7.6 and 8.2 w i t h  an  

average  o f  7.9 (Table  9 ) .  The average  pH o f  t h e  r e n o v a t e d  w a t e r  

was around 7.0, e x c e p t  f o r  w e l l  1 where t h e  average  pH of  t h e  

w a t e r  was 7.6. The lower  pH of t h e  renova ted  w a t e r  i s  probably  

due t o  CO - p r o d u c t i o n  by t h e  s o i l  micro-organisms.  
2  

9.  F e c a l  Col i form Dens i ty  

The f e c a l  c o l i f o r m  d e n s i t y  i n  t h e  e f f l u e n t  was g e n e r a l l y  o f  
6 

t h e  o r d e r  o r  1 0  / l o 0  ml (F igure  16)  and between O and 100/100 m l  

f o r  t h e  r e n o v a t e d  w a t e r  from ECW (F igure  17) .  For t h e  r e n o v a t e d  

w a t e r  from w e l l  7  and EW, which are l o c a t e d  o u t s i d e  t h e  b a s i n  a r e a ,  

t h e  f e c a l  c o l i f o r m  d e n s i t i e s  were i n  t h e  range of  0  t o  10/100 m l  

most of  t h e  t ime (F igures  18 and 19, r e s p e c t i v e l y ) .  
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The f l u c t u a t i o n s  i n  t h e  f e c a l  c o l i f o r m  d e n s i t y  o f  t h e  renova ted  

w a t e r  from ECW, which i s  w a t e r  t h a t  i n f i l t r a t e d  i n  b a s i n s  3  and 4 ,  

can be d i r e c t l y  t r a c e d  t o  t h e  i n u n d a t i o n  p e r i o d s  i n  t h o s e  b a s i n s .  

The t ime r e q u i r e d  f o r  t h e  i n f i l t r a t e d  w a t e r  t o  t r a v e l  from b a s i n s  

3 and 4  t o  t h e  i n t a k e  o f  ECW can be c a l c u l a t e d  from t h e  i n f i l t r a t i o n  

r a t e s  ( see  Annual Report  1969) .  These c a l c u l a t i o n s  show t h a t  i t  

t a k e s  about 3 t o  5 days f o r  t h e  w a t e r  t h a t  i n f i l t r a t e d  a t  t h e  s t a r t  

o f  a  new i n u n d a t i o n  p e r i o d  t o  r e a c h  ECW. The c a l c u l a t e d  a r r i v a l  

t imes  of t h e  newly i n f i l t r a t e d  wate r  a r e  i n d i c a t e d  w i t h  a  downward 

arrow i n  F i g u r e  17 f o r  e a c h  i n u n d a t i o n  p e r i o d .  Each t ime, t h e  r i s e  

i n  f e c a l  c o l i f o r m  d e n s i t y  c o i n c i d e s  w i t h  t h e  arrow, i n d i c a t i n g  t h a t  

t h e  i n c r e a s e  i n  f e c a l  c o l i f o r m  d e n s i t y  was caused by t h e  a r r i v a l  

of newly i n f i l t r a t e d  w a t e r .  With con t inued  f l o o d i n g ,  however, t h e  

f e c a l  c o l i f o r m  d e n s i t y  decreased  i n  t h e  w a t e r  from ECW and reached 

e s s e n t i a l l y  z e r o  i n  2 o r  3  weeks. The f l u c t u a t i o n s  i n  f e c a l  c o l i -  

form d e n s i t y  f o r  t h e  renova ted  w a t e r  from w e l l  7 and EW (F igures  18 

and 19)  a r e  s i m i l a r  t o  t h o s e  f o r  t h e  w a t e r  from ECW. 

The i n c r e a s e  i n  f e c a l  c o l i f o r m  d e n s i t y  i n  t h e  renova ted  w a t e r  

a f t e r  t h e  s t a r t  o f  a  new i n u n d a t i o n  p e r i o d  is  probably  due t o  t h e  

absence o f  c logg ing  o f  t h e  s u r f a c e  s o i l  i n  t h e  b a s i n  and reduced 

b a c t e r i a l  a c t i v i t y  i n  t h e  s o i l  p r o f i l e  when i n u n d a t i o n  i s  s t a r t e d .  

With con t inued  inunda t ion ,  however, t h e  s o i l  s u r f a c e  i n  t h e  b a s i n s  

becomes more clogged, which i n c r e a s e s  t h e  f i l t e r i n g  a c t i o n .  Also, 

t h e  con t inued  supp ly  o f  n u t r i e n t s  e n t e r i n g  t h e  s o i l  w i t h  t h e  sewage 

wate r  s t i m u l a t e s  b a c t e r i a l  a c t i v i t y ,  and hence t h e  c o m p e t i t i o n  

among microbes i n  t h e  s o i l  benea th  t h e  b a s i n s .  Both f a c t o r s  would 

r e s u l t  i n  i n c r e a s e d  removal and m o r t a l i t y  o f  f e c a l  c o l i f o r m  b a c t e r i a  

i n  t h e  s o i l .  

The r a t e  of removal o f  f e c a l  c o l i f o r m  b a c t e r i a  i n  t h e  s o i l  was 

s t u d i e d  by o b t a i n i n g  w a t e r  samples from d i f f e r e n t  d e p t h s  i n  b a s i n  3 

f o r  t h e  two long i n u n d a t i o n  p e r i o d s  i n  t h e  l a s t  3  months o f  t h e  

y e a r .  C y l i n d r i c a l  ceramic  cups about  5 x 1 0  cm i n  s i z e  w i t h  pores  

o f  about 30 t o  4 0  micron and a  bubbl ing p r e s s u r e  o f  70- t o  90-cm 
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water ,  were i n s t a l l e d  a t  3-cm, 10-cm, 36-cm, and 60-cm depths  

(one cup f o r  each dep th ) .  Water samples were ob ta ined  by applying 

a  vacuum t o  t he se  cups. Some col i forms were f i l t e r e d  out  a s  t he  

water  moved through the  ceramic. For secondary e f f l u e n t ,  about 

$j t he  f e c a l  co l i form b a c t e r i a  were removed i n  t h i s  manner. For t he  

w:ltc%r sampled i n  thc  s o i l ,  the  co l i form removal by F i l t e r i n g  was 

probably l e s s  because of t he  lower suspended s o l i d s  content  of t he  

e f f l u e n t  water  a f t e r  i t  has moved some d i s t a n c e  through the  s o i l .  

The r e s u l t s  (Figure 16) show t h a t  almost a l l  f e c a l  co l i form 

b a c t e r i a  were removed i n  t h e  f i r s t  60 cm of t h e  s o i l ,  even though 

t h e  a c t u a l  va lues  may be i n  e r r o r  because f i l t e r i n g  through t h e  

ceramic cup removed some of t he  col i forms from t h e  water .  A t  

60 cm, t he  co l i fo rm d e n s i t y  s t a r t e d  t o  decrease  on about 26 October. 

Figure 17 shows t h a t  t h e  f e c a l  co l i form d e n s i t y  i n  t h e  water  from 

ECW decreased aga in  on about 1 November, o r  about 5 days l a t e r .  

This i s  j u s t  about t h e  time r equ i r ed  f o r  t he  water  t o  t r a v e l  from 

t h e  60-cm depth  l e v e l  i n  t h e  s o i l  beneath t h e  bas in s  t o  t h e  i n t ake  

of ECW. 

Fecal  co l i form d e n s i t i e s  i n  t h e  deep West Center Well and t h e  

remote w e l l  8 were zero, except  f o r  a  few p o s i t i v e  va lues  f o r  WCW 

i.n November (Table 10) .  External  i n f e c t i o n  of t he  water  i n  t he  

we l l s  by dus t  o r  i n s e c t s  i s  no t  impossible  and may exp la in  t h e  

p o s i t i v e  va lues .  Well 8 was no longer  sampled i n  t h e  second ha l f  

of the year  t o  reduce pumping the  w e l l  and r e s u l t i n g  encroachment 

of' na t i ve  ground water .  

10. P r o f i l e  S tud ie s  of Nitrogen and Organic Carbon 

Water samples from t h e  ceramic cups a t  depths  of 3  cm, 10 cm, 

36 cm, and 60 cm i n  bas ins  3  were analyzed fo r  n i t r a t e ,  n i t r i t e ,  

ammonium and TOC. The f i r s t  sample analyzed was taken  a t  t h e  

s t a r t  of t h e  dry-up per iod  on 3  November. No o t h e r  samples could 

be taken during the  dry up because of t he  low water  conten t  of t he  

s o i l .  The next samples were ob ta ined  during t h e  subsequent 

f looding per iod,  11 November - 21 December. 
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Nit rogen .  A t  t h e  beginning o f  t h e  d r y  p e r i o d ,  t h e r e  was no 

n i t r a t e - N  i n  t h e  s o i l  w a t e r  (Table 1 1 ) .  Also, ammonium-N decreased  

w i t h  dep th  from a  c o n c e n t r a t i o n  about e q u a l  t o  t h a t  o f  t h e  e f f l u e n t  

t o  e s s e n t i a l l y  z e r o  a t  60 cm (Table 1 2 ) .  Th i s  i s  probably  due t o  

a d s o r p t i o n  t o  t h e  c l a y  and o r g a n i c  exchange complex i n  t h e  s o i l  

and t o  f i x a t i o n  i n  o r g a n i c  m a t t e r .  N i t r i t e  i s  a b s e n t  a t  t h e  s t a r t  

o f  t h e  dry  p e r i o d  (Table  1 3 ) .  

The nex t  sample was t a k e n  on 18 November, 1 week a f t e r  t h e  

s t a r t  o f  a  new i n u n d a t i o n  p e r i o d .  A t  t h a t  t ime,  t h e r e  was con- 

s i d e r a b l e  n i t r a t e - N  i n  t h e  w a t e r  and some of  t h e  n i t r a t e s  from t h e  

t o p  10 cm had a l r e a d y  been leached o u t  (Table 1 1 ) .  The n i t r a t e - N  

c o n c e n t r a t i o n  a t  60 cm was s t i l l  f a i r l y  low, i n d i c a t i n g  t h a t  n i t r a t e  

fo rmat ion  i s  c o n c e n t r a t e d  i n  t h e  s u r f a c e  l a y e r s  o f  t h e  s o i l ,  which 

a r e  a e r o b i c  d u r i n g  t h e  dry-up p e r i o d .  Ammonium c o n c e n t r a t i o n s  were 

lower on 18 November t h a n  i n  t h e  beginning of t h e  d ry  up, probably  

due t o  n i t r i f i c a t i o n  and a d s o r p t i o n  o f  ammonium t o  c l a y  and o r g a n i c  

f r a c t i o n  (Table 1 2 ) .  Also, c o n s i d e r a b l e  n i t r i t e  occur red  on t h a t  

day, i n d i c a t i n g  d e n i t r i  f  i c a t i o n ,  

During t h e  remainder  o f  t h e  f l o o d i n g  p e r i o d ,  n i t r a t e - N  was 

leached down t o  g r e a t e r  d e p t h  and e v e n t u a l l y  d i s a p p e a r e d  e n t i r e l y  

from t h e  60-cm s o i l  l a y e r  (Table 11) .  Undoubtedly, oxygen 

d e p l e t i o n  p reven ted  t h e  format ion o f  n i t r a t e s .  The same was 

t r u e  f o r  n i t r i t e ,  which a l s o  d i sappeared  (Table 1 3 ) .  Ammonium-N 

con t inued  t o  d e c r e a s e  w i t h  d e p t h  d u r i n g  t h e  remainder  o f  t h e  

f lood ing  per iod ,  probably  due t o  a d s o r p t i o n  and f i x a t i o n .  There 

was a  g r a d u a l  i n c r e a s e  o f  ammonium-N w i t h  t ime f o r  a 1 1  dep ths ,  

probably  due t o  s a t u r a t i o n  o f  t h e  exchange complex w i t h  ammonium. 

The ammonium-N c o n c e n t r a t i o n  i n  t h e  w a t e r  a t  60 cm was lower t h a n  

t h a t  i n  t h e  w a t e r  from ECW (Figure  1 0 ) .  If  t h i s  was n o t  a  l o c a l  

e f f e c t ,  t h e r e  must have been an  i n c r e a s e  i n  t h e  ammonium-N c o n t e n t  

a s  t h e  wa te r  moved from 60-cm d e p t h  below t h e  b a s i n  t o  t h e  3 0 - f t  

d e p t h  o f  ECW. 
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The r e s u l t s  o f  t h e  p r o f i l e  s t u d i e s  a r e  i n  agreement w i t h  t h e  

n i t r o g e n  regimes proposed i n  p rev ious  r e p o r t s  t o  e x p l a i n  t h e  n i t r o g e n  

behavior  i n  t h e  renova ted  w a t e r  from ECW and o t h e r  o b s e r v a t i o n  w e l l s .  

These regimes i n c l u d e  a d s o r p t i o n  o f  ammonium by t h e  c a t  ion  exchange 

complex o f  t h e  s o i l  and f i x a t i o n  t o  o r g a n i c  m a t t e r  d u r i n g  prolonged 

f l o o d i n g ,  n i t r i f i c a t i o n  o f  adsorbed ammonium i n  t h e  upper s o i l  l a y e r s  

dur ing  dry up, d e n i t r i f i c a t i o n  i n  micro-anaerobic  environments  i n  t h e  

upper s o i l  l a y e r s  d u r i n g  dry up, l each ing  o f  n i t r a t e  t o  ground w a t e r  

when f l o o d i n g  i s  resumed, n i t r i f i c a t i o n  o f  ammonium i n  t h e  upper s o i l  

l a y e r s  dur ing  t h e  e a r l y  s t a g e s  o f  t h e  i n u n d a t i o n  p e r i o d  when oxygen 

i s  s t i l l  a v a i l a b l e  i n  t h e  s o i l ,  and d e n i t r i f i c a t i o n  where n i t r a t e  

and o r g a n i c  carbon a r e  p r e s e n t  under a n a e r o b i c  c o n d i t i o n s .  

T o t a l  Organic  Carbon. T o t a l  Organic Carbon i n  t h e  s o i l  wa te r  

g e n e r a l l y  d e c r e a s e  w i t h  d e p t h  (Table 1 4 ) .  The TOC-value a t  60 cm 

was mostly i n  t h e  2- t o  10-ppm range,  which i s  about  t h e  same a s  

t h a t  f o r  t h e  renova ted  w a t e r  from ECW. Thus, most o f  t h e  o r g a n i c  

carbon r e d u c t i o n  t a k e s  p l a c e  i n  t h e  upper s o i l  p r o f i l e .  Occasion- 

a l l y ,  however, TOG-values a r e  not  reduced i n  t h e  f i r s t  60 cm a s  

t h e  e f f l u e n t  w a t e r  moves through t h e  s o i l  ( s e e  13 November, 

1 December, and 14 December i n  Table 14, f o r  example).  This  may 

be due t o  changes i n  t h e  b a c t e r i a l  p o p u l a t i o n  i n  t h e  s o i l ,  f o r  

example, from a  predominantly a e r o b i c  p o p u l a t i o n  a t  t h e  beginning 

of an inunda t ion  p e r i o d  t o  an  a n a e r o b i c  p o p u l a t i o n  a s  i n u n d a t i o n  

c o n t i n u e s  and oxygen w i l l  be d e p l e t e d  i n  t h e  s o i l .  

11. Metals 

Metal c o n c e n t r a t i o n s  i n  t h e  e f f l u e n t  and renova ted  w a t e r  were 

determined by t h e  U. S. S o i l s  Laboratory  ( B e l t s v i l l e ,  Maryland) 

u s i n g  a tomic a d s o r p t i o n  s p e c t r o m e t r y .  Mercury was c o n s i s t e n t l y  

below 1 ppb, but  t h i s  was a t t r i b u t e d  t o  a d s o r p t i o n  o f  mercury t o  

t h e  p l a s t i c  b o t t l e s  i n  which t h e  samples were s h i p p e d .  

The r e s u l t s  (Table 15)  show t h a t  t h e  c o n c e n t r a t i o n s  of z i n c  

and copper were c o n s i d e r a b l y  lower i n  t h e  renova ted  w a t e r  t h a n  i n  
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the  e f f l u e n t  . Some l e a d  was a l s o  removed by t h e  s o i l  f i l t r a t i o n  

p rocess ,  b u t  cadmium l e v e l s  s t a y e d  about  t h e  same. 

The high c o n c e n t r a t i o n  o f  Zn i n  ECW- and WCW-water may have 

been caused by t h e  g a l v a n i z e d  p i p e  through which t h e  submerged 

pumps d i s c h a r g e d  t h e i r  w a t e r  ( t h e  o t h e r  w e l l s  a r e  sampled w i t h  a  

b a i l e r  o r  a  p o r t a b l e  s u b m e r s i b l e  pump on a  p l a s t i c  h o s e ) .  Well 8 

and WCW y i e l d e d  a l s o  some n a t i v e  ground-water ( s e e  T o t a l  S a l t s ) ,  

which may e x p l a i n  t h e  h igher  Cd and Pb c o n c e n t r a t i o n s  i n  t h e  w a t e r  

Prom t h e s e  w e l l s .  

The m e t a l  c o n c e n t r a t i o n s  i n  t h e  r e n o v a t e d  w a t e r  were below 

t h e  maximum l i m i t s  o f  s u r f a c e  w a t e r  c r i t e r i a  f o r  p u b l i c  w a t e r  

s u p p l i e s ,  w i t h  t h e  e x c e p t i o n  o f  l e a d ,  These l i m i t s  a r e  5000 ppb 

f o r  z i n c ,  1000 ppb f o r  copper ,  10  ppb f o r  cadmium, and 50 ppb f o r  

l e a d .  

111. FUTUnE PROJECTS 

The F lush ing  Meadows P r o j e c t  has demons t ra ted  t h a t  r e n o v a t e d  

sewage w a t e r  s u i t a b l e  f o r  u n r e s t r i c t e d  i r r i g a t i o n ,  primary c o n t a c t  

r e c r e a t i o n ,  and o t h e r  purposes  can be o b t a i n e d  a t  r e a s o n a b l e  c o s t  

by s o i l  f i l t r a t i o n  i n  t h e  S a l t  R ive r  bed.  Using a  sys tem o f  i n f i l -  

t r a t i o n  b a s i n s  a l o n g  bo th  s i d e s  o f  t h e  r i v e r  bed and w e l l s  i n  t h e  

c e n t e r  o f  t h e  r i v e r  bed t o  pump t h e  renova ted  w a t e r ,  t h e  t o t a l  

c o s t  of  t h e  r e n o v a t i o n  p r o c e s s  was e s t i m a t e d  a t  about  $ 5 / a c r e - f o o t  

a t  t h e  pump. Because o f  t h e  f a v o r a b l e  r e s u l t s ,  p l a n s  f o r  two 

Larger p r o j e c t s  a r e  under  development.  These p r o j e c t s  a r e  t h e  

23rd Avenue P r o j e c t  and t h e  Rio Sa lado  P r o j e c t .  

The 23rd Avenue P r o j e c t  would r e n o v a t e  secondary e f f l u e n t  

( a c t i v a t e d  s l u d g e  p r o c e s s )  from t h e  23rd Avenue Sewage Treatment 

P l a n t  i n  Phoenix a t  a  r a t e  o f  about 15 mgd o r  45 a c r e - f e e t / d a y .  

An e x i s t i n g  o x i d a t i o n  pond o f  about 4 0  a c r e s  on t h e  n o r t h  s i d e  

of  t h e  S a l t  R i v e r  bed would be subd iv ided  by t h r e e  d i k e s  i n t o  f o u r  

i n t e r m i t t e n t l y  inunda ted  b a s i n s  (F igure  20) .  Wells  f o r  pumping 

t h e  r e n o v a t e d  w a t e r  would be l o c a t e d  i n  t h e  c e n t e r  d i k e  (F igure  20) .  
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The renova ted  sewage w a t e r  would be d e l i v e r e d  t o  an  i r r i g a t i o n  

d i s t r i c t  Eor u n r e s t r i c t e d  use .  The s o i l  and hydrogeologic  condi-  

t i o n s  a t  t h e  p r o j e c t  s i t e  a r e  s i m i l a r  t o  t h o s e  a t  t h e  F lush ing  

Meadows P r o j e c t ,  excep t  t h a t  t h e  s t a t i c  ground-water i s  a t  g r e a t e r  

dep th  (about 50 f t  compared t o  about 1 0  f t  f o r  t h e  F l u s h i n g  Meadows 

P r o j e c t ) .  A p r o j e c t  p lan ,  i n c l u d i n g  o b j e c t i v e s ,  needs f o r  p r o j e c t ,  and 

a  p l a n  of o p e r a t i o n  was prepared f o r  t h e  Ci ty  o f  Phoenix, who 

then i n c o r p o r a t e d  t h e  m a t e r i a l  i n  an  a p p l i c a t i o n  f o r  a  r e s e a r c h  

development and demons t ra t ion  g r a n t  from t h e  Environmental  P ro tec -  

t i o n  Agency. The g r a n t  a p p l i c a t i o n  was mai led on 14 June 1971. 

The t o t a l  c o s t  oP t h e  p r o j e c t  f o r  t h e  g r a n t  p e r i o d  was $784,630, 

o f  which $411,520 would be covered by t h e  g r a n t .  

The Rio Sa lado  P r o j e c t  i s  a  long-range p l a n  t o  conver t  most 

o f  t h e  S a l t  R iver  bed from G r a n i t e  Reef t o  G i l l e s p i e  Dam (a 40-mile  

s t r e t c h )  i n t o  a  s e r i e s  o f  a q u a t i c  pa rks  w i t h  r e s o r t s ,  s c e n i c  

d r i v e s ,  e t c . ,  and housing and i n d u s t r i a l  developments.  The p l a n  

was proposed by t h e  School o f  A r c h i t e c t u r e  of Arizona S t a t e  

U n i v e r s i t y  i n  1967. The p r o j e c t  would depend on t h e  complet ion 

o f  f lood  c o n t r o l  works on t h e  S a l t  River  system. Renovated sewage 

w a t e r  would be a  l i k e l y  s o u r c e  of w a t e r  f o r  t h e  p r o j e c t .  The Rio 

Salado P r o j e c t  i s  now a d m i n i s t e r e d  by t h e  Rio Salado S t e e r i n g  

Committee under t h e  Va l ley  Forward A s s o c i a t i o n .  A p r e l i m i n a r y  

planning s t u d y  by t h e  f i r m  of  Daniel ,  Mann, Johnson, and Mendenhall 

o f  Los Angeles i s  a lmost  completed.  The s t u d y  was f inanced  by 

municipal  i t  i e s  and o t h e r  i n s t i  t u t i o n s  of t h e  S a l t  River  Va l ley .  

SUMMARY AND CONCLUSIONS : 

Continued use  o f  long i n u n d a t i o n  p e r i o d s  i n  1969 and 1970 t o  

minimize t h e  n i t r a t e - n i t r o g e n  l e v e l  i n  t h e  renova ted  w a t e r  caused 

a  g r a d u a l  i n c r e a s e  o f  t h e  ammonium-nitrogen l e v e l  i n  t h e  renova ted  

wate r  a t  t h e  F lush ing  Meadows P r o j e c t .  This  p r o j e c t  i s  an e x p e r i -  

mental  ground-water r e c h a r g e  f a c i l i t y  i n  t h e  S a l t  R iver  bed west  

o f  Phoenix, i n s t a l l e d  i n  1967 t o  s tudy  r e n o v a t i o n  o f  secondary 
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sewage e f f l u e n t  by s o i l  f i l t r a t i o n .  To de te rmine  i f  a  sequence of  

s h o r t ,  f r e q u e n t  i n u n d a t i o n s  could  r e v e r s e  t h e  i n c r e a s i n g  t r e n d  i n  

t h e  ammonium l e v e l  o f  t h e  r e n o v a t e d  w a t e r ,  t o u r  b a s i n s  were f looded  

accord ing  t o  a  2-days-wet-5-days-dry s c h e d u l e .  Inunda t ion  p e r i o d s  

o f  s e v e r a l  weeks r o t a t e d  w i t h  dry-ups of  10  t o  20 days were used 

f o r  t h e  remaining two b a s i n s  a s  a  c o n t r o l .  

The s h o r t ,  f r e q u e n t  i n u n d a t i o n s  were indeed e f f e c t i v e  i n  

lower ing t h e  ammonium c o n t e n t  o f  t h e  renova ted  w a t e r ,  a p p a r e n t l y  

because  of  t h e  r e s u l t i n g  predominant ly  a e r o b i c  c o n d i t i o n s  i n  t h e  

upper s o i l  l a y e r s .  Th i s  l e d  t o  convers ion  o f  adsorbed and f i x e d  

ammonium i n  t h e  s o i l  t o  n i t r a t e s ,  which were t h e n  l eached  o u t  by 

t h e  i n f i l t r a t e d  e f f l u e n t  w a t e r .  The r e s u l t i n g  n i t r a t e  l e v e l s  i n  

the  renova ted  w a t e r  were c o n s i d e r a b l y  h igher  below t h e  two non- 

v e g e t a t e d  b a s i n s  than  below t h e  two v e g e t a t e d  b a s i n s ,  i n d i c a t i n g  

t h a t  r e s i d u a l  o r  a c t i v e  r o o t  zones c o n t r i b u t e d  t o  d e n i t r i f i c a t i o n .  

The ammonium-nitrogen l e v e l s  i n  t h e  renova ted  w a t e r  below t h e  f o u r  

b a s i n s  r e c e i v i n g  s h o r t ,  f r e q u e n t  f l o o d i n g  d e c r e a s e d  g r a d u a l l y  o v e r  

t h e  y e a r  from about  15 ppm t o  about  5  ppm, whereas t h e  ammonium- 

n i t r o g e n  l e v e l  i n  t h e  renova ted  w a t e r  below t h e  two b a s i n s  f looded  

t o r  long p e r i o d s  remained h i g h  ( g e n e r a l l y  between 15  and 20 ppm, 

compared t o  a  t o t a l  n i t r o g e n  c o n t e n t  o f  20-40 ppm i n  t h e  e f f l u e n t .  

Thus, long f l o o d i n g  p e r i o d s  t o  minimize t h e  n i t r o g e n  i n  t h e  

renova ted  w a t e r  can no t  be used i n d e f i n i t e l y  because  of  a  g r a d u a l  

b u i l d u p  of  t h e  ammonium l e v e l s  i n  t h e  r e n o v a t e d  w a t e r .  Sequences 

o f  long i n u n d a t i o n s  shou ld  t h e r e f o r e  be p e r i o d i c a l l y  i n t e r r u p t e d  

w i t h  c y c l e s  o f  s h o r t ,  f r e q u e n t  i n u n d a t i o n s  t o  r educe  t h e  ammonium 

l e v e l  i n  t h e  renova ted  w a t e r .  V e g e t a t i o n  i n  t h e  r e c h a r g e  b a s i n s  

d u r i n g  t h e  p e r i o d  o f  s h o r t ,  f r e q u e n t  i n u n d a t i o n s  a p p a r e n t l y  i s  

e f f e c t i v e  i n  minimizing t h e  r e l e a s e  o f  n i t r a t e s  from t h e  s o i l .  

I n f i l t r a t i o n  r a t e s  i n  t h e  r e c h a r g e  b a s i n s  were about  t h e  same 

a s  i n  p rev ious  y e a r s .  The accumulated i n f i l t r a t i o n  i n  1971 f o r  

t lw  two b a s i n s  r e c e i v i n g  long i ~ ~ u n c l a t i o n s  werc. 310 f t  and 396 f t ,  

r e s p e c t i v e l y ,  whereas t h e  f o u r  b a s i n s  r e c e i v i n g  s h o r t  f r e q u e n t  
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i n u n d a t i o n s  had a n  annual  i n f i l t r a t i o n  of 130, 148, 155, and 200 

S t .  This agreed w i t h  p rev ious  conc lus ions  t h a t  maximum annua l  

i n f i l t r a t i o n  amounts a r e  o b t a i n e d  w i t h  f l o o d i n g  p e r i o d s  o f  about 

20 days,  a l t e r n a t e d  w i t h  d ry  ups o f  about 10 days i n  t h e  summer 

and 20 days i n  t h e  w i n t e r .  

Taking s o i l  d i l f e r e n c e s  between t11e four  b a s i n s  t h a t  r e c e i v e d  

s h o r t ,  f r equen t  i n u n d a t i o n s  i n t o  account ,  t h e  two v e g e t a t e d  b a s i n s  

had t h e  h i g h e s t  i n f i l t r a t i o n  r a t e s  w i t h  r e l a t i v e  i n f i l t r a t i o n  

indexes  of 98 and 100. Next came t h e  b a s i n  t h a t  was kep t  i n  b a r e  

s o i l  w i t h  an index o f  79. The g rave l -covered  b a s i n  had t h e  lowest  

i n f i l t r a t i o n  w i t h  an  index  o f  72. 

The a n a l y s e s  f o r  chemical  oxygen demand were r e p l a c e d  by 

a n a l y s e s  f o r  t o t a l  o r g a n i c  carbon i n  A p r i l  1971. Regress ion  

a n a l y s i s  showed t h a t  TOC = 0.252 COD 4- 1.297, w i t h  a  c o r r e l a t i o n  

c o e f f i c i e n t  of 0.8332. TOC f o r  t h e  e f f l u e n t  was g e n e r a l l y  i n  t h e  

1.0-30 pprn range .  This  was reduced t o  an  average  of about 4 pprn 

(range 0-8 ppm) f o r  t h e  renovated wate r  from t h e  w e l l s  between t h e  

b a s i n s ,  and t o  s l i g h t l y  lower v a l u e s  f o r  t h e  renova ted  w a t e r  from 

t h e  o u t l y i n g  w e l l s .  

The phosphate-phosphorus c o n c e n t r a t i o n  i n  t h e  e f f l u e n t  f o r  

1971 g e n e r a l l y  ranged from 7 t o  12 pprn w i t h  an average o f  9.6 ppm. 

This  was reduced t o  a  g e n e r a l  range of 2  t o  7  pprn f o r  t h e  renova ted  

wate r  from t h e  w e l l s  between t h e  b a s i n s ,  and t o  a  g e n e r a l  range o f  

0  and 4 pprn f o r  t h e  w e l l s  o u t s i d e  t h e  b a s i n s .  The 1971 phosphate 

l c v e l s  i n  t h e  renova ted  w a t e r  from t h e  v a r i o u s  w e l l s  were about 

t h e  same a s  i n  1970. 

The average f l u o r i d e  c o n c e n t r a t i o n  i n  t h e  e f f l u e n t  was 4.1 ppm. 

This  was reduced t o  1.9-2.5 pprn f o r  t h e  renova ted  w a t e r  from t h e  

w e l l s  i n s i d e  t h e  b a s i n  a r e a ,  and t o  1.6-2.2 pprn f o r  t h e  w e l l s  o u t -  

s i d e  t h e  b a s i n  a r e a .  

Boron l e v e l s  were around 1 ppm i n  b o t h  e f f l u e n t  and renova ted  

w a t e r .  This  compares t o  about 0.75 pprn i n  1970 and about  0.5 pprn 
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i n  1968 and 1969. Thus, t h e  i n c r e a s i n g  t r e n d  i n  boron c o n c e n t r a t i o n  

i n  e f f l u e n t  and r e n o v a t e d  w a t e r  con t inued  i n  1971. 

Average m e t a l  c o n c e n t r a t i o n s  i n  t h e  e f f l u e n t  were 193 ppb z i n c ,  

123 ppb copper ,  7.7 ppb cadmium, and 82 ppb l e a d .  Mercury was 

e s s e n t i a l l y  a b s e n t ,  bu t  t h i s  may have been due t o  a d s o r p t i o n  of  

mercury t o  t h e  p l a s t i c  b o t t l e s  i n  which t h e  samples  were s t o r e d .  

The average  z i n c  c o n c e n t r a t i o n  i n  t h e  r e n o v a t e d  w a t e r  from w e l l s  

w i t h o u t  g a l v a n i z e d  plumbing was 36 ppb. The copper  c o n c e n t r a t i o n  

i n  t h e  r e n o v a t e d  w a t e r  was a l s o  c o n s i d e r a b l y  lower t h a n  t h a t  i n  t h e  

e f f l u e n t ,  i ,  e., 17 ppb. Some o f  t h e  l e a d  was a l s o  removed by t h e  

s o i l  f i l t r a t i o n  p r o c e s s ,  b u t  t h e  cadmium l e v e l  s t a y e d  about t h e  

same. The m e t a l  c o n c e n t r a t i o n s  i n  t h e  renova ted  w a t e r  were w e l l  

below t h e  maximum l i m i t s  f o r  munic ipa l  w a t e r  supp ly ,  excep t  l e a d  

which was 16 ppb above t h e  l i m i t  o f  50 ppb. 

Disso lved  s a l t s  con t inued  t o  be i n  t h e  1000- t o  1200-ppm range  

f o r  t h e  e f f l u e n t  and t h e  renova ted  w a t e r .  The pH of  t h e  e f f l u e n t  

u s u a l l y  ranged between 7.6 and 8.2 w i t h  an  average  o f  7.9. The pH 

of  t h e  renova ted  w a t e r  was g e n e r a l l y  around 7.0, probably  due t o  

CO p r o d u c t i o n  by t h e  s o i l  m i c r o f l o r a .  2  
F e c a l  c o l i f o r m  d e n s i t y  i n  t h e  e f f l u e n t  was o f  t h e  o r d e r  of 

6 
1 0  pe r  100 m l .  Th i s  was g e n e r a l l y  reduced t o  a  r a n g e  of  0-100 p e r  

100 m l  f o r  t h e  r e n o v a t e d  w a t e r  from t h e  3 0 - f t  deep  w e l l  i n  t h e  

c e n t e r  of  t h e  b a s i n  a r e a ,  and t o  0-10 p e r  100 m l  f o r  t h e  2 0 - f t  

deep  w e l l  100 f t  away from t h e  b a s i n s ,  The 1 0 0 - f t  deep  w e l l  i n  t h e  

c e n t e r  of  t h e  b a s i n  a r e a  and t h e  20- f t  deep  w e l l  300 f t  away from 

t h e  b a s i n  remained e s s e n t i a l l y  n e g a t i v e  f o r  f e c a l  c o l i f o r m s .  

Almost a l l  o f  t h e  f e c a l  c o l i f o r m  removal took p l a c e  i n  t h e  f i r s t  

3  f t  o f  s o i l .  

F l u c t u a t i o n s  i n  t h e  f e c a l  c o l i f o r m  d e n s i t y  i n  t h e  renova ted  

w a t e r  from t h e  3 0 - f t  w e l l  i n  t h e  c e n t e r  o f  t h e  b a s i n  a r e a  cou ld  be 

d i r e c t l y  t r a c e d  t o  t h e  f l o o d i n g  c y c l e s .  When a  new f l o o d i n g  p e r i o d  

was s t a r t e d ,  f e c a l  c o l i f o r m  b a c t e r i a  were a p p a r e n t l y  a b l e  t o  pene- 

t r a t e  t h e  s o i l  and cause  d e n s i t i e s  o f  100 t o  500 pe r  100 m l  i n  t h e  
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renova ted  w a t e r .  With con t inued  f lood ing ,  however, f e c a l  c o l i f o r m  

d e n s i t y  a t  t h i s  d e p t h  went down t o  z e r o  i n  a  few weeks, probably 

because t h e  c logg ing  o f  t h e  s o i l  s u r f a c e  y i e l d e d  b e t t e r  f i l t e r i n g .  

Also,  t h e  con t inued  supp ly  of n u t r i e n t s  c a r r i e d  i n t o  t h e  s o i l  by 

t h e  e f f l u e n t  probably  caused an  i n c r e a s e  i n  t h e  m i c r o b i a l  popula- 

t i o n  i n  t h e  s o i l ,  and, hence, a  more c o m p e t i t i v e  environment.  

PERSONNEL: Herman Bouwer, R .  C. Rice,  E. D.  Escarcega,  and 

M. S. Riggs .  

CURRENT TERMINATION DATE: December 1973. 
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Table  1. COD i n  mg/l f o r  v a r i o u s  w e l l s  (1971).  

Date - 1 - 7  - EW - WCW - 
27 J a n  16 18 8 9 

17 Feb 10  5  6  8 

31  Mar 17 17 2  1 11 

28 Apr 16 16 15 8  

26 May 2  2  2  1 2  1 14 

9 1 s t  Ave Jr 

+< n a t i v e  ground wa te r  
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Table 2 .  Tota l  organic  carbon i n  m g / l  f o r  var ious  wel l s  (1971). 

Date - 1 - 7 - EW - WCW - 8 - 91st Ave. * 
2 7  Jan  4.8 3.3 3.8 1.9 2.7 - 
17 Feb 5.2 - 5 . 2  2.2 - - 
31 Mar - - - - - - 
28 Apr - - - - - - 
26 May 3.5 . 5.0 6.0 3.1 3.0 1 .O 

24 Jun 3.9 0.7 3 .O 0  0 - 
28 J u l  4.4 3.8 4.4 0.7 1.6 - 
17 Sep 8.3 6.2 7.2 4.7 4.2 - 
20 Oct 3.1 3.5 3.1 1.6 1.0 - 
17 Nov 1.9 0 1.6 0 0 - 
15 Dec 0.1 0.6 0 0 0 - 

* nat ive  ground water 
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Table 3. Nitrate-nitrogen concentrations in mg/l for various wells 

(1971). 

Date - 
27 Jan 

17 Feb 

31 Mar 

28 Apr 

26 May 

24 Jun 

28 Jul 

17 Sep 

20 Oct 

17 Nov 

15 Dec 

WCW - 91s t Ave . * 

native ground water 
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Table 4. Ammonium-nitrogen concentrations in mg/l for various 

wells (1971). 

I h  t e 

27 Jan 

17 Feb 

31 Mar 

28 Apr 

26 May 

24 Jun 

28 Jul 

17 Sep 

20 O c t  

17 Nov 

15 Dec 

WCW - 

0.3 

0.5 

0.6 

0.4 

0.3 

0.5 

0.5 

0.2 

0.1 

0.4 

0.2 

9; native ground water 
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Table 5 .  Phosphate-phosphorus c o n c e n t r a t i o n  i n  mg/l  f o r  v a r i o u s  

w e l l s  (1971). 

Date - WCW - E W - 9 1 s t  Ave, Jr 

27 J a n  

17 Feb 

3 1  Mar 

28 Apr 

26 May 

24 Jun 

28 J u l  

17 Sep 

20 Oct 

17 Nov 

15 Dec 

Jf n a t i v e  g round  w a t e r  
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Table  6 .  F l u o r i d e  c o n c e n t r a t i o n  i n  m g / l  f o r  e f f l u e n t  and w e l l s  (1971).  

Date - 
12-15 J a n  

15-19 J a n  

18-19 Mar 

23-26 Mar 

26-31 Mar 

30-31 Mar 

1- 2 Apr 

6- 8 Apr 

0 
14-16 Apr 

I 
h, 
cn 

16-23 Apr 

23-29 Apr 

11-14 May 

14-21 May 

21-27 May 

25-26 May 

1- 3 J u n  

8-10 J u n  

15-18 J u n  

24-25 J u n  

25-30 J u n  

1- 2 J u l  

E f f l .  Date - 1 - - 1-2 - ECW - 5-6 - 7 - 8 - EW - WCW 

27 J a n  1 .3  2.0 2.3 2.0 2.3 0.8 1.9 0.5 

3 1  Mar 1.8 1.5 2 .1  1 .8  1.9 1.3 2.1 1.1 

26 May 0.8 1.3 2.2 2.6 1 .5  0.7 1 . 8  0.2 

28 J u l  1 .9  2.3 2.6 3.2 3.0 1.0 2.6 0.5 

17  Sep 1.9 2.2 2.3 2.7 2.4 0.7 2.0 0 .4  

17 Nov 1.7 1.9 2.6 2.6 2.2 0.8 1 . 8  0.6 

Av . 1.6 1 .9  2.4 2.5 2.2 0.9 2.0 0.6 

* n a t i v e  ground w a t e r  

91s t Ave .* 
- 
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Table  6 (con t inued)  

Date - 
3- 9 J u l  

9-16 J u l  

16-23 J u l  

26-30 J u l  

27-28 J u l  

2- 5 Aug 

10-12 Aug 

17-20 Aug 

a 20-27 Aug 
I 
ru 
a 1- 3 Sep 

3- 9 Sep 

15-16 Sep 

16-17 Sep 

22-24 Sep 

15-22 Oct 

22-29 Oct 

1- 2 Nov 

17-18 Nov 

1- 3 Dec 

3-10 Dec 

E f f l .  

3.5 

3.9 

3.5 

3.9 

3.8 

3.9 

4 . 1  

3.8 

3.7 

4 . 1  

3.3 

4.9 

4.4 

4.3 

4.5 

4.6 

2.7 

4.9 

4.6 

3.8 

F l u o r i d e  c o n c e n t r a t i o n  i n  m g / l  f o r  e f f l u e n t  and w e l l s  (1971). 

Date - 
10-17 Dec 

17-21 Dec 

27-29 Dec 

Av . 

E f f l *  - 
4.4 

4 .0  

3 .9  

4 . 1  
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Table  7. Boron c o n c e n t r a t i o n  i n  mg/ l  f o r  e f f l u e n t  and w e l l s  (1971).  

Date Ef f l .  - 1 1 - 2 - ECW - 5-6 - 7 - 8 - EW - WCW - 
17  Feb - 0.78 0.80 0.78 0.72 0.72 - - - 
28 Apr 0.89 - - - - - 1.02 0.92 0.96 

24 Jun - 1.08 1.13 1.02 1.06 1.03 - - - 
17  Sep - - - - - - 1.02 0.87 0.97 

20 O c t  0.90 0.92 0.89 0.83 0.83 - - - - 
15 Dec 0.77 - - - - 0.79 1.32 0.79 1.00 
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Table  8 .  T o t a l  s a l t  c o n c e n t r a t i o n  i n  n g / l  f o r  e f f l u e n t  and w e l l s  (1971).  

Date - 

27 J a n  

17 Feb 

30-31 Mar 

27-28 Apr 

25-26 May 

24 J u n  

27-28 J u l  

16-17 Sep 

20 Oct 

17  Nov 

14-15 Dec 

E f f l .  

- 
- 

1216 

1216 

1261 

1210 

1216 

1024 

1152 

- 
1024 

ECW - 

1094 

9 73 

1184 

1165 

1229 

1280 

1120 

1030 

1056 

998 

960 

* n a t i v e  ground w a t e r  
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Table  9. pH o f  e f f l u e n t  and w a t e r  from w e l l s  (1971). 

D a t e  - 
27 J a n  

1 7  Feb 

30-31 M a r  

27-28 Aps 

25-26 m y  

24 J u n  

27-28 J u l  

16-17 Sep 

20 Oct 

17  Nov 

14-15 D e c  

ECW - 
7.2 

7.2 

7.0 

6.8 

7.2 

6.9 

7.1 

6.9 

7.1 

7.2 

7.1 

* n a t i v e  ground wa t e r  
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Table  10.  F e c a l  c o l i f o r m  f o r  West Cen te r  Well and Well 8 (1971).  

Date - 
6 J a n  

27 J a n  

10  Feb 

2 4  Feb 

10 Mar 

24 Mar 

7 Apr 

2 1  Apr 

5 May 

26 May 

9 J u n  

23 Jun 

30 Jun  

Date - 
21 J u l y  

4 Aug 

18 Aug 

1 Sep 

15  Sep 

29 Sep 

13 Oct 

28 Oct 

1 0  Nov 

17 Nov 

23 Nov 

1 Dec 

8 Dec 

15 Dec 

2 2  Dec 

WCW - 
0 

0 

0 

0 

0 

0 

0 

0 

6.5 

2.0 

0 

0 

0 

0 

0 
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Table 11. Nitrate-N concent ra t ions  i n  mg/l f o r  e f f l u e n t  and water  samples from ceramic cups 

a t  depths of 3  cm, 10 cm, 36 cm, and 60 cm i n  bas in  3 (1971). 

E f f luen t  0.3 0 
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Table  12.  Ammonium-N c o n c e n t r a t i o n s  i n  mg/l f o r  e f f l u e n t  and w a t e r  samples from ceramic cups 

a t  dep ths  o f  3 cm, 10 cm, 36 cm, and 60 cm i n  b a s i n  3 (1971). 

m cO el 0 4 
$4 el 

m e 43 C3\ \D rl 2 m rl C\I 

E f f l u e n t  30.6 38.8 30.3 36.6 28.5 36.5 37.9 37.6 38.2 36.7 
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T a b l e  13. N i t r i t e - N  c o n c e n t r a t i o n s  i n  mg/l f o r  e f f l u e n t  and w a t e r  samples from ce ramic  cups a t  

d e p t h s  o f  3 cm, 10 cm, 36 cm, and 60 cm i n  b a s i n  3 (1971) 

E f f l u e n t  0.4 0.5 0.2 0 0 0 0  0.1 0.1 0.1 
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Table  14.  T o t a l  o r g a n i c  ca rbon  i n  mg/l f o r  e f f l u e n t  and wate r  samples from ceramic cups 

a t  d e p t h s  o f  3 cm, 10 cm, 36 cm, and 60 cm i n  b a s i n  3 (1971).  

E f f l u e n t  24.1 42.2 20.3 13.5 9.9 13.1  12.0 17.6 14.3 11.7 

3 cm 14.8 29.8 28.8 18.3 10.0 11.7 8.3 8.5 7.8 11.9 6 . 1  6.6 
(r 

I 
W 

1 0  cm 10.8 11.6 17.4 14.6 24.2 8.7 6.5 6.4 6.0 9.0 2.8 1.8 
-4 

36 crn 10.8 14.1  7.4 19.6 30.0 9.6 4.9 4.4 6.3 8.6 3.7 3.6 

60 cm 9.4 2.4 2 .1  19.6 23.2 5.4 6.2 3 .0  2.8 20.0 2.9 3.4 
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Tabic  1 5 .  Metal  c o n c e n t r a t i o n s  i n  p a r t s  pe r  b i l l i o n  f o r  e f f l u e n t  

and r e n o v a t e d  w a t e r  from w e l l s  (1971).  

Z inc  - 
E f f l u e n t  
1-2 
E  CW 
7  
8 
WCW 

Copper 

E f f l u e n t  
1-2 
ECW 
7 
8 
WCW 

Cadmium 

E f f l u e n t  
1 - 2  
IXW 
7 
8 
WCW 

Lead - 
E f f l u e n t  
1-2 
ECW 
7 
8 
WCW 
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F i g u r e  1. Schematic of F l u s h i n g  Meadows P r o j e c t .  
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F i g u r e  2 .  I n f i l t r a t i o n  r a t e s  i n  r e c h a r g e  b a s i n s  and r a i n f a l l .  
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F i g u r e  3 .  Accumulated i n f i l t r a t i o n  i n  r e c h a r g e  b a s i n s .  Annual Report of the U.S. Water Conservation Laboratory
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F i g u r e  4 .  E f f e c t  o f  s p r i n k l e r  i r r i g a t i o n  d u r i n g  d r y  up on i n f i l t r a t i o n  r e c o v e r y  i n  b a s i n  3 .  Annual Report of the U.S. Water Conservation Laboratory



SPRINKLER I R R I G A T I O N  

0 D R Y  

0 I 
F i g u r e  5 .  E f f e c t  o f  s p r i n k l e r  i r r i g a t i o n  d u r i n g  d r y  up  on i n f i l t r a t i o n  r e c o v e r y  i n  b a s i n  4.  Annual Report of the U.S. Water Conservation Laboratory



F i g u r e  6 .  Seepage r a t e s  i n  u n l i n e d  e a s t  pond. 

Annual Report of the U.S. Water Conservation Laboratory



30 i WELLS 1,7, AND 8 

A WELLS 1 ,2 ,ECW,5 ,6 ,AND EAST I EXP PONDS WlTH EAST WELL WATER 

0 SECONDARY EFFLUENT 
A 

-1 

CHEMICAL OXYGE 

F i g u r e  7 .  R e l a t i o n  between TOC and COD for  v a r i o u s  w a t e r s .  
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F i g u r e  8 .  COD o f  e f f l u e n t  and renova ted  wa t e r .  
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E F F L U E N T  ---.--- 
a-- WELL 1-2 

F i g u r e  9.  TOG o f  e f f l u e n t  and r e n o v a t e d  w a t e r .  
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F i g u r e  1 0 ,  T o t a l  n i t r o g e n  i n  e f f l u e n t  and n i t r a t e - N  and ammonium-N i n  r e n o v a t e d  w a t e r  from ECW. 
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F i g u r e  11. T o t a l  n i t r o g e n  i n  e f f l u e n t  and n i t r a t e - N  and ammonium-N i n  r e n o v a t e d  w a t e r  from w e l l  1-2. 
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F i g u r e  1 2 .  T o t a l  n i t r o g e n  i n  e f f l u e n t  and n i t r a t e - N  and ammonium-N i n  renova ted  w a t e r  from w e l l  5-6. Annual Report of the U.S. Water Conservation Laboratory



F i g u r e  13.  Phosphate-P c o n c e n t r a t i o n s  i n  e f f l u e n t  and r e n o v a t e d  w a t e r  from ECW and w e l l s  1-2 and 5-6. 
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F i g u r e  14.  Phosphate-P c o n c e n t r a t i o n s  i n  e f f l u e n t  and renova ted  wa te r  from w e l l s  1, 7, and 8. Annual Report of the U.S. Water Conservation Laboratory



F i g u r e  15. T o t a l  s a l t s  and n i t r a t e - N  c o n c e n t r a t i o n s  i n  wa te r  from WCW. 
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C FILTRATED WATE 

F i g u r e  17.  F e c a l  c o l i f o r m  d e n s i t i e s  i n  r enova ted  w a t e r  from ECW. 
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Figure 18. Fecal coliform dens i t i e s  i n  renovated water from well 7. Annual Report of the U.S. Water Conservation Laboratory



F i g u r e  19. F e c a l  c o l i f o r m  d e n s i t i e s  i n  r e n o v a t e d  w a t e r  from e a s t  w e l l .  Annual Report of the U.S. Water Conservation Laboratory



F i g u r e  20.  Schematic of  23rd  Avenue P ro jec t .  
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TITLE : EVAPORATION OF WATER FROM SOIL 

CRIS WORK UNIT: SWC-018-gG-4 CODE N O . :  Ariz.-WCL-68-1 

INTRODUCTION : 

The o b j e c t i v e  and nced f o r  t h e  r c s e a r c h  documented i n  t h i s  o u t -  

l ine  a p p e a r s  i n  t h e  USWCL 1969 Annual Repor t .  A f i e l d  experiment 

wils conducted d u r i n g  1970 i n  which s o i l - w a t e r  c o n t e n t  and s o i l  

t empera tu res  were measured a s  a  f u n c t i o n  of  d e p t h  and t ime under 

h igh  e v a p o r a t i n g  c o n d i t i o n s .  A b r i e f  d e s c r i p t i o n  of t h i s  exper iment  

was p r e s e n t e d  i n  t h e  1970 AnnuaL Repor t .  I n  March 1971 a  s i m i l a r ,  

but  more d e t a i l e d  exper iment  was conducted.  Concur ren t ly ,  an  ex- 

per iment  was i n i t i a t e d  by D r .  K .  K.  Watson, v i s i t i n g  s c i e n t i s t  fro111 

A u s t r a l i a ,  t o  measure q u a n t i t a t i v e l y  t h e  h y d r a u l i c  c o n d u c t i v i t y  

p r o f i l e  a t  t h e  f i e l d  exper iment  s i t e .  T h i s  exper iment  u t i l i z e d  

nunierous p r e s s u r e  t r a n s d u c e r s  f o r  p r e s s u r e  p o t e n t i a l  measurements 

and the  gamma-ray t r a n s m i s s i o n  a p p a r a t u s ,  d e s c r i b e d  i n  the  1969 and 

1970 Annual Repor t s ,  t o  measurc wa te r  c o n t e n t  p r o f i l e s .  These d a t a  

I1.1vc n o t  y c i  b c ~ c ~ n  ,tn:tlyzcti. 'i'llcl l o l l o w i n g  r e p o r t  p r e s i \ n t s  a grnc5ral 

overview of t h e  two e v a p o r a t i o n  exper iments  and a  d e s c r i p t i o n  of 

some r e s u l t s .  A d d i t i o n a l  d a t a  a n a l y s i s  i s  c u r r e n t l y  underway. 

I n  a  n a t u r a l  environment,  t h e  s o i l  s u r f a c e  undergoes  tremendous 

d i u r n a l  changes i n  wa te r  c o n t e n t  and t empera tu re .  Atmospheric 

c o n d i t i o n s  such a s  r a d i a t i o n ,  windspeed, a i r  t empera tu re  and 

humidi ty ,  and o t h e r  f a c t o r s  i n f l u e n c e  the  p h y s i c a l  c o n d i t i o n s  of t h e  

s o i l  s u r f a c e  and d e t e r m i n e  t h e  c o u r s e  of e v a p o r a t i o n .  The r a t e  of 

water  movement t o  t h e  s u r f a c e  a t  a  p a r t i c u l a r  t ime  i s  determined by 

t h e  a b i l i t y  of  t h e  s o i l  t o  conduct  wa te r ,  t h e  e v a p o r a t i v e  demand a t  

t h e  s u r f a c e ,  t h e  t empera tu re  of  the  s o i l - w a t e r  sys tem,  and t h e  

Lernperature g r a d i e n t s  a c t i n g  upon t h e  water  a t  t h e  t ime.  These 

v a r i o u s  f a c t o r s  change wi th  t ime.  Some, n o t a b l y  t h e  t e m p e r a t u r e  and 

t empera tu re  g r a d i e n t ,  change markedly d u r i n g  t h e  c o u r s e  of  a  day.  

A t  n i g h t  t h c  t empera tu re  g r a d i e n t  c a u s e s  wa te r  t o  move towards t h e  

s u r f a c e ,  whi le  d u r i n g  t h e  day i t  a c t s  t o  oppose upward f low caused by 

w a t e r  c o n t e n t  g r a d i e n t s .  These complex i n t e r a c t i o n s  a r e  on ly  
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s u p e r f i c i a l l y  unders tood .  C l a s s i c a l  t h e o r i e s  of  s o i l - w a t e r  move- 

ment have, f o r  t h e  most p a r t ,  i gnored  t h e  e f f e c t s  of  t empera tu re  

and t empera tu re  g r a d i e n t s .  During t h e  p a s t  two decades  t h e  t h e o r i e s  

of  s imul taneous  movement o f  h e a t  and w a t e r  and t h e  thermodynamics o f  

i r r e v e r s i b l e  p r o c e s s e s  have been a p p l i e d  w i t h  some s u c c e s s  t o  the  

movement of s o i l - w a t e r  i n  non i so the rmal  sys tems.  For t h e  most p a r t ,  

t e s t s  o f  t h e s e  t h e o r i e s  have been r e s t r i c t e d  t o  t h e  l a b o r a t o r y .  

A c u r r e n t l y  h e l d  h y p o t h e s i s  concern ing  t h e  d r y i n g  of s o i l  i s  

t h a t ,  i f  a  mois t  s o i l  i s  exposed t o  i n i t i a l l y  h i g h  e v a p o r a t i v e  con- 

d i t i o n s ,  t h e  d r y  l a y e r  t h a t  r a p i d l y  forms w i l l  r educe  subsequent  

cLvaporn r i o n  nntl t h e  cumula t ive  e v a p o r a t i o n  may i n  t h e  long run be 

l e s s  than t h a t  f o r  a s o i l  i n i t i a l l y  exposed t o  low e v a p o r a t i v e  con- 

d i t i o n s .  T h i s  h y p o t h e s i s  has  been conf i rmed i n  t h e  l a b o r a t o r y ,  b u t  

h a s  n o t  been demonstra ted  t o  ho ld  under f i e l d  c o n d i t i o n s .  

I t  has  long been recogn ized  t h a t  any means of  r educ ing  evapo- 

r a t i v e  l o s s e s  of  wa te r  from s o i l  must somehow a l t e r  t h e  mechanisms 

of water  movement i n  t h e  s u r f a c e  zone. From s t u d i e s  concern ing  

t h e s e  mechanisms t h e  concep t  of t h r e e  s t a g e s  of d r y i n g  emerged. 

These s t a g e s  a r e :  (1) When t h e  s o i l  i s  s u f f i c i e n t l y  mois t ,  evapo- 

r a t i o n  i s  determined s o l e l y  by a tmospher ic  c o n d i t i o n s ;  ( 2 )  A t  

i n t e r m e d i a t e  wa te r  c o n t e n t s  t h e  a b i l i t y  of t h e  s o i l  t o  conduct  wa te r  

i s  t h e  l i m i t i n g  f a c t o r ,  w i t h  a tmospher ic  c o n d i t i o n s  no l o n g e r  a s  

i m p o r t a n t ;  ( 3 )  The t h i r d  s t a g e  i s  c h a r a c t e r i z e d  by ex t remely  slow 

wate r  movement and i s  dominated by a d s o r p t i v e  f o r c e s  a c t i n g  o v e r  

molecu la r  d i s t a n c e s  a t  t h e  s o l i d - l i q u i d  i n t e r f a c e s  i n  t h e  s o i l .  

I n  t h e  J:ibor:itory exper iments  n d i s t i n c t  h reak  i n  t h e  cvaporn- 

t ion-wate r  c o n t e n t  c u r v e s  d e l i n e a t e d  t h e  change from t h e  f i r s t  t o  

t h e  second s t a g e .  The change from t h e  second t o  t h e  t h i r d  s t a g e s  

w a s  g r a d u a l .  G e n e r a l l y ,  e v a p o r a t i o n  v e r s u s  t ime  p l o t s  f o r  f i e l d  

s o i l s  do nol show d i s t i n c t  bre:~lcs. Evaporat ion d a t a  from t h i s  

l a b o r a t o r y  f o r  one s o i l  f o r  s e v e r a l  seasons  o f  t h e  y e a r  i n d i c a t e  

t h a t  the  t h r e e  s t a g e s  of  d r y i n g  cou ld  n o t  b e  d e f i n i t e l y  d e l i n e a t e d .  
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F u r t h e r  c l a r i f i c a t i o n  of the  e v a p o r a t i o n  p r o c e s s  and t e s t s  o f  

t h e  v a r i o u s  t h e o r i e s  r e s t s  upon o b t a i n i n g  d a t a  from measurement of 

the  p e r t i n e n t  pa ramete r s  i n  t h e  f i e l d  under  n a t u r a l l y  v a r y i n g  

environmental  c o n d i t i o n s .  Th i s  r e p o r t  p r e s e n t s  a n  overview of  two 

f i e l d  cxper i rnents ,  c a r r i e d  o u t  d u r i n g  two d i f f e r e n t  s e a s o n s ,  i n  

which s o i l  wa te r  c o n t e n t  p r o f i l e s  were measured a t  h a l f - h o u r l y  and 

h o u r l y  i n t e r v a l s  f o r  p e r i o d s  o f  1-2 weeks a f t e r  i r r i g a t i o n .  Con- 

c u r r e n t l y ,  e v a p o r a t i o n  r a t e s ,  s o i l  t empera tu res  and p e r t i n e n t  

m e t e o r o l o g i c a l  pa ramete r s  were measured. The main emphasis t o  d a t e  

concerns  d i u r n a l  s o i l  wa te r  c o n t e n t  c l ~ a n g e s ,  s o i l  wa te r  c o n t e n t  

p r o f i l e s ,  s o i l  w a t e r  f l u x  a t  s e v e r a l  d e p t h s  and t imes ,  a s  r e l a t e d  t o  

rhe  e v a p o r a t i o n  p r o c e s s .  A n a l y s i s  c u r r e n t l y  underway i n v o l v e  

d i u r n a l  s a l t  movement and t h e  e f f e c t  of  m e t e o r o l o g i c a l  c o n d i t i o n s  

on s o i l  wa te r  movement. 

EXPERIMENTAL PROCEDURES: 

Two exper iments  were conducted.  The f i r s t  was from 10-17 J u l y  

l.970. Th i s  exper iment  was b r i e f l y  d e s c r i b e d  i n  t h e  1970 Annual 

Repor t .  Some i n f o r m a t i o n  i s  r e p e a t e d  h e r e  i n  o r d e r  t o  compare the  

r e s u l t s  from two d i f f e r e n t  seasons  o f  t h e  y e a r .  Ten cm of  wa te r  was 

a p p l i e d  t o  t h e  f i e l d  and l y s i m e t e r s  on t h e  a f t e r n o o n  o f  10 J u l y .  

The n le tcoro log ica l  c o n d i t i o n s  d u r i n g  t h e s e  seven days  were c h a r a c t e r -  

i z e d  by c l e a r  s k i e s  and l i g h t  winds.  There  was a n  e x c e p t i o n  from 

0330 t o  0600 on 16 J u l y  when winds were g u s t y .  Maximum and minimum 

n i  r  t empera tu res  ranged from 41) t o  44 C and 17 t o  30 C r e s p e c t i v e l y .  

'I'hcs scconci, :inti more cbx t c n s i v e  c.xperirnent, was conducted d u r i n g  

March and A p r i l ,  1971. On t h e  a f t e r n o o n  o f  2  March t h e  f i e l d  was 

i r r i g a t e d  wi th  10 cm o f  wa te r .  S o i l - w a t e r  c o n t e n t  measurements were 

rr~ntle from 5 t o  18 March, 25 March and 8 A p r i l .  G e n e r a l l y ,  s k i e s  ' 

were c l e a r  and winds were l i g h t .  Maximum and minimum a i r  tempera- 

t u r e s  ranged from 17 t o  24 C and -2 t o  5  C, r e s p e c t i v e l y .  High 

winds and most ly  c loudy s k i e s  p r e v a i l e d  on 5 and 13 March. 

F i e l d  S i t e  and Lys imete r s .  The e x p e r i m e n t a l  s i t e  was a  72 x 90-m 

f i e l d  a t  t h e  U.S. Water Conserva t ion  Labora to ry .  Three  weighing 
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l y s i m e t e r s  a r e  l o c a t e d  w i t h i n  t h e  f i e l d .  The s o i l ,  Ade lan to  loam, 

i s  r e a s o n a b l y  uniform t o  about  100 cm and h a s  been  c u l t i v a t e d  

numerous t imes  d u r i n g  p a s t  y e a r s .  P r i o r  t o  t h e  exper iments  t o  be  

d e s c r i b e d  h e r e  t h e  f i e l d  was d i s k e d ,  l e v e l e d ,  and d i v i d e d  i n t o  t h r e e  

p l o t s ,  each p l o t  s u r r o u n d i n g  a  l y s i m e t e r .  A t  t h e  s t a r t  of bo th  ex- 

pe r iments  t h e  l y s i m e t e r s  and t h e  b o r d e r s  were i r r i g a t e d  w i t h  10 cm 

o f  w a t e r .  A f t e r  i r r i g a t i o n  t h e  l y s i m e t e r  weight  l o s s , a n d  hence 

cvapornt ion,was  moni tored a t  h a l f - h o u r l y  i n t e r v a l s  throughout  t h e  

exper iment .  

Measurement of Soi l -Water  Conten t .  S o i l - w a t e r  c o n t e n t s  were 

measured g r a v i m e t r i c a l l y .  I n  J u l y ,  s o i l  c o r e s  were t aken  t o  10  cm 

and s e c t i o n e d  i n t o  1 cm inc rements .  F i v e  s i t e s  were sampled and t h e  

d e p t h  inc rements  composi ted .  A s e p a r a t e  sample was t a k e n  f o r  t h e  

0 - .5  inc rement .  Samples were t aken  a t  h o u r l y  i n t e r v a l s  from 0500 

11 J u l y  t o  2200 17 J u l y .  

During March 1971 samples were t aken  of t h e  0-.5 cm increment  

and i n  1 cm inc rements  t o  5 cm and 2  cm inc rements  from 5  t o  9  cni. 

Samples were t a k e n  a t  h a l f - h o u r l y  i n t e r v a l s  from 2300 4  March 1971 

t o  0130 19 March 1971, 2300 24 March t o  0130 26 March and 2300 

7  A p r i l  t o  0130 9 A p r i l .  S i x  s i t e s  were sampled each t ime and com- 

p o s i t e d  f o r  each d e p t h  inc rement .  I n  b o t h  exper iments  t h e  t ime 

between t h e  b e g i n n i n g  of  sampling u n t i l  t h e  samples  were weighed and 

p l i ~ c c d  i n  t h ~  o v e n  ( n ~  110 C) was l e s s  than 15 ininuLes.  

E r r o r s  i n h e r e n t  i n  t h e  g r a v i m e t r i c  measurement of s o i l  wa te r  

c o n t e n t  a r i s e  from s i t e  d i f f e r e n c e s ,  s e c t i o n i n g  o f  c o r e s ,  weighing 

and r e c o r d i n g  d a t a .  S i t e  d i f f e r e n c e s  and s e c t i o n i n g  e r r o r s  were 

minimized by compos i t ing  samples from s i x  s i t e s .  A l l  weighings  were 

made t o  0 .01 g  on a  d i r e c t  r e a d i n g  b a l a n c e .  To reduce  s c a t t e r  t h e  

water  c o n t e n t  d a t a  were smoothed by a  1-2-3-2-1 weighted runn ing  

average  p rocedure .  T h i s  method proved t o  b e  q u i t e  s a t i s f a c t o r y .  A 

sample o f  t h e  o r i g i n a l  and smoothed d a t a  a r e  p r e s e n t e d  i n  t h e  R e s u l t s  

s e c t i o n .  A l l  w a t e r  c o n t e n t s  were conver ted  t o  t h e  v o l u m e t r i c  b a s i s  

by m u l t i p l y i n g  by t h e  b u l k  d e n s i t y .  
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A u x i l i a r y  MeasuremenLs. In atldi Lion t o  e v a p o r a t i o n  and s o i l  

wa te r  c o n t e n t ,  s o i l  t empera tu re  p r o f i l e s  and v a r i o u s  meteoroLogica1 

pa ramete r s  were measured.  During J u l y  thermocouples were p laced a t  

the  s o i l  s u r f a c e ,  and a t  1, 2,  4 ,  8, 1 6 ,  32, 64 and 1 2 8  cm d e p t h s .  

In March t h e s e  d e p t h s  and t empera tu res  a t  d e p t h s  0 .5 ,  3,  5 cm were 

measured. 

The m e t e o r o l o g i c a l  pa ramete r s  measured were, s o l a r  and n e t  

r a d i a t i o n ,  r c f l e c t c d  s o l a r  r a d i a t i o n ,  windspeed a t  s e v e r a l  h e i g h t s  

above the  s u r f a c e ,  and vapor  p r e s s u r e  and a i r  t empera tu re  a t  two 

h e i g h t s  above t h e  s o i l .  A l l  m e t e o r o l o g i c a l  d a t a  and s o i l  tempera- 

t u r e s  were recorded  on punched paper  t a p e  by a  d a t a  a c q u i s i t i o n  

sys tem.  

P h y s i c a l  Data f o r  Ade lan to  Loam. A d i s c u s s i o n  of t h e  r e s u l t s  

of  t h e s e  exper iments  r e q u i r e  a  knowledge of  s e v e r a l  p h y s i c a l  

pa ramete r s  of  Adelan t o  loam, namely, t h e  wa te r  c h a r a c t e r i s t i c ,  t h e  

vapor p r e s s u r e  i so the rm,  t h e  h y d r a u l i c  c o n d u c t i v i t y  and t h e  s o i l -  

wa te r  d i f f u s i v i t y .  Data from bo th  l a b o r a t o r y  and f i e l d  measurements 

of t h e s e  pa ramete r s  have been c o l l e c t e d  f o r  Ade lan to  loam d u r i n g  t h e  

p a s t  decade.  

F i g u r e  1 r e p r e s e n t s  t h e  wa te r  c h a r a c t e r i s t i c  f o r  Adelanto  loam. 

These d a t a  were t aken  i n  t h e  same e x p e r i m e n t a l  f i e l d  a s  t h e  c u r r e n t  

exper iments  e x c e p t  a t  20 cm d e p t h .  Data f o r  p r e s s u r e s  l e s s  t h a n  

- 1  5 b : ~ r s  and rhe graph of  r e l a t i v e  humidi ty  v e r s u s  water  c o n t e n t  

( F i g u r e  2 )  were measured i n  t h e  l n h o r a t o r y .  From t h e  wa te r  c h a r a c -  

t e r i s t i c  o f  F i g u r e  1 t h e  h y d r a u l i c  c o n d u c t i v i t y  was c a l c u l a t e d  and 

i s  shown i n  F i g u r e  3 .  The matching f a c t o r  was o b t a i n e d  from s a t u r a -  

t (lit hyclr:lul i c ,  conduc t i v i t y  cln La o h  t :~inetl  i n  t h e  expcrimen t a l  f i e l d .  

I:rom the  hyclraul i c  conduc t i v i l y  and wa te r  c h a r a c t e r i s t i c  d a t a ,  s o i  1 - 
wate r  d i f f u s i v i t i e s  were c a l c u l a t e d ,  and a r e  r e p r e s e n t e d  by t h e  

s t r a i g h t  l i n e  i n  F i g u r e  4 .  The symbols i n  t h e  f i g u r e  r e p r e s e n t  

l a b o r a t o r y  measured vapor  d i f f u s i o n  c o e f f i c i e n t s .  The d o t t e d  l i n e  

i n d i c a t e s  t h e  sum of  t h e  l i q u i d  and vapor  d i f f u s i v i t i e s .  
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RESULTS AND DISCUSSION: 

D i u r n a l  Soi l -Water  Conten t  Changes. Figu p i c t s  t h e  s o i l -  

wa te r  c o n t e n t  i n  t h e  0-0.5 cm l a y e r  a t  h a l f - h o u r l y  i n t e r v a l s  d u r i n g  

March 1971. These d a t a  show t h e  wide range  of wa te r  c o n t e n t s  

cncountcrcd i n  t h i s  Layer d u r i n g  Lhe c o u r s e  of a  day.  A 50% 

rcl t luc.Lion i n  w;lter c o n t e n t  occur red  13ctwcc.n 0600 and 1400 on 7 

March. Fol lowing a  r ecovery  of  vo lumet r i c  wa te r  c o n t e n t  from .097 

t o  .19 d u r i n g  t h e  n i g h t ,  a  r a p i d  d r y i n g  of t h i s  l a y e r  a g a i n  

o c c u r r e d .  T h i s  p a t t e r n  was e x h i b i t e d  by t h e  0 - 3  l a y e r  f o r  a l l  days  

O F  measurement. I n  t h e  f i g u r e  t h e  up arrows i n d i c a t e  t h e  t ime of  

s u n r i s e  and t h e  down arrows i n d i c a t e  s u n s e t .  Watcr l o s s  began 

about  1-2 hours  b e f o r e  s u n r i s e  and r e w e t t i n g  began abou t  2-4 hours  

b e f o r e  s u n s e t .  

F i g u r e  5 s e r v e s  t o  show t h e  r e s u l t s  of  t h e  smoothing p rocedure .  

T h c  c i r c l e s  r e p r e s e n t  t h e  measured v o l u m e t r i c  wa te r  c o n t e n t  (ob ta ined  

I rorn n iu l t ip l  y  ing t h e  measured graviincLric d a t a  by the  hulk  d e n s i  t y ) ,  

whcreas t h e  s o l i d  l i n e  c o n n e c t s  t h e  p o i n t s  c a l c u l a t e d  by t h e  smooth- 

i n g  p rocedure .  Only smoothed d a t a  w i l l  be p r e s e n t e d  i n  subsequent  

f i g u r e s .  

The ampl i tude  of  t h e  d i u r n a l  wa te r  c o n t e n t  changes d e c r e a s e s  

wi th  dep th  a s  shown i n  F i g u r e  6 .  F i v e  days '  d a t a  a r e  p r e s e n t e d  t o  

show t h e  d i f f e r e n c e s  i n  d i u r n a l  p a t t e r n s  a s  t h e  s o i l  d r i e d .  For day 

3 a f t e r  i r r i g a t i o n ,  wa te r  c o n t e n t s  a r e  shown f o r  t h r e e  d e p t h s .  Data 

f o r  the  o t h e r  5  inc rements  l a y  i n  between t h e  ext remes shown. I n  t h e  

0 - . 5  cm increment  t h e  w a t e r  c o n t e n t  was .35 b e f o r e  s u n r i s e  and de-  

c r e a s e d  t o  .24 a t  s u n s e t .  Recovery began a t  s u n s e t  and i n c r e a s e d  t o  

. 2 9 5  the  fo l lowing  morning ( d a t a  f o r  day 4 a r e  n o t  shown). A t  t h e  

7-9 cm dep th  t h e  w a t e r  c o n t e n t  d e c r e a s e s  from ,305 t o  ,275 d u r i n g  

t h e  day,  b u t  showed o n l y  a  s m a l l  r ecovery  a t  n i g h t .  Dur ing t h i s  

pcriocl water  was helng evaporatc~cl lrom t h e  s u r f a c e  and was a l s o  

d r a i n i n g  t o  deeper  d e p t h s .  However, d a t a  i n  a  subsequen t  f i g u r e  

w i l l  show t h a t  t h e  n e t  24-hour f l u x  a t  9  cm f o r  day 3 was upward 

towards t h e  s u r f a c e .  . 
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By day 9 (11 March 1971) t h e  wa te r  c o n t e n t  i n  t h e  0 - .5  cm 

l a y e r  h a s  dec rcascd  c o n s i d e r a b l y ,  e x h i b i t i n g  n range of .093-. 038 

wi th  l h e  nlaximunl o c c u r r i n g  nea r  s u n r i s e  and t h e  minimum about  2  

hours  b e f o r e  s u n s e t .  The d i u r n a l  change i s  e v i d e n t ,  b u t  wi th  de-  

c r r a s i n g  a m p l i t u d e ,  f o r  e v e r y  measurement day,  i n c l u d i n g  t h e  37th 

and f i n a l  clay o f  Lhcl c~xpcri.mcnt. 

The l i n e s  f o r  0 .5  t o  1 cm wcare c a l c u l a t e d  trorn t h e  d a t a  fot- 

0 - .5  and 0-1  cm inc rements .  E r r o r s  i n  measurement a t  t h e  two d e p t h s ,  

n o t  removed i n  smoothing,  can be  magni f i ed  i n  t h e  c a l c u l a t i o n .  

N c v c r t h e l e s s ,  t h e  c ~ a l c u l a t e d  l i n e s  correspond ve ry  w e l l  wi th  t h e  

oCller d a t a .  The minimum water  c o n t e n t  f o r  the  0 .5 -1  cm l a y e r  laggoci 

behind t h a t  of t h e  0 -0 .5  cm l a y e r  f o r  f o u r  o f  t h e  clays shown i n  

F i g u r e  5 .  For day 9 t h e  minimum was nea r  s u n s e t ,  about  2  h o u r s  

l a t e r  than  t h e  minimum f o r  0-0 .5  cm. On subsequent  days t h e  minimum 

o c c u r s  e a r l i e r  and a t  day 37 o c c u r s  a t  n e a r l y  t h e  same t ime a s  f o r  

the  0-0.5 l a y e r .  No t ime l a g s  were e v i d e n t  on day 3 .  

The arnplituclc of  t h c  cl iurnal  f l u c t u a t i o n  d e c r e a s e d  wi th  d e p t h ,  

a n d  wi th  t ime.  On day 9 t h e  1-2 cm l a y e r  d r i e d  d u r i n g  t h e  a f t e r n o o n  

a n d  rewet a t  n i g h t ,  whereas a t  deeper  d e p t h s  f l u c t u a t i o n s  occur red  

; I [  v:lrious t j m t ~ s  d u r i n g  t h e  clay. Ilowevcr, t h e  clccbper l a y e r s  e x h i b i -  

t c d  :I n e t  clecreasc i n  wa te r  c o n t e n t  from midnight  t o  midn igh t .  The 

range i n  water  c o n t e n t s  a t  t h e  7-9 cm l a y e r  was 0.008 on day 9, 

compared t o  0.03 on day 3 .  

Mecikanisms of  Water Flow. F i g u r e  4 shows t h e  c a l c u l a t e d  l i q u i d  

t i  i I  f u s i v i t i e s  and t h e  measured and e s t i m a t e d  vapor d i f  f u s i v i t i c s  f o r  

Ade lan to  l.oam. Vapor d i f f u s i o n  e v i d e n t l y  i s  t h e  predominant wa te r  

L r a n s f e r  mechanism below 0.10 wa te r  c o n t e n t .  The range 0.10 and 

0 .15 wa te r  c o n t e n t  i s  a  t r a n s i t i o n  s t a g e  w i t h i n  which t h e  mechanism 

changes from vapor  t o  l i q u i d .  

The wa te r  c o n t e n t  f o r  t h e  0-0.5 cm l a y e r  changes from about  

0 .235 t o  0 .10  i n  about  8 h o u r s  on clay 5  (F igure  5 ) .  The cor respond-  

i n g  d i f f u s i v i t y  d e c r e a s e d  by a  f a c t o r  of abou t  30 ( F i g u r e  4 ) .  The 

h y d r a u l i c  c o n d u c t i v i t y  change was g r e a t e r  than  f o u r  o r d e r s  of  

Annual Report of the U.S. Water Conservation Laboratory



nlngnitude for this water content change (Figure 3). 

From Figure 4 and 5 it is evident that the water transfer 

mechanism went from predominantly liquid flow, through the inter- 

mediate zone to predominantly vapor and back to predominantly liquid 

flow in the course of a 24-hour period. By day 7 the mechanisms 

were intermediate to predominantly vapor. 

In Figure 6, for day 3, the water moved in the liquid phase at 

all depths. By day 9 vapor diffusion was the major mechanism in the 

0- .5  and .5-1 layers, while liquid flow predominates below 1 cm. 

On days 16 and 23 liquid flow predominated only below 3 and 5 cm 

respectively. By day 37 vapor diffusion predominated in the entire 

0-9 cm layer, 

The above statements are based on the classical concepts of 

isothermal soil-water diffusivity. A quantitative examination of 

flow mechanisms in this system, utilizing the theory of simultaneous 

transfer of heat and water is underway. It is anticipated that 

i n1  ormil t ion on l iquid, vapor, and tcmpera turc induced flow mcchan- 

isms, and the associated coefficients will be obtained. 

Soil-Water Flux. The diurnal changes in soil-water content are 

a consequence of the evaporative loss of water to the atmosphere. 
I Evaporation rates vary with the season of the year and hence water 

content and flux profiles within the surface zone should be differ- 

ent for the different seasons. In this and the following section 

evaporation rates, cumulative evaporation, water content and flux 

profiles are compared for two seasons. 

The evaporation rate (cm day") for the July 1970 and March 

1071 r.xperiments are presented in Figure 7. Also shown are the soil 

water flux data at the 9 cm depth. The flux at 9 cm was calculated 

from the Flux at the surface (obtained from the lysimeters) and the 

water content changes in the 0-9 cm layer. For both experiments the 

flux per 24 hours at 9 cm was upward towards the evaporating surface. 

For day 11 (13 March) the flux at 9 cm was almost equal to the 

evaporation rate at the surface. This indicates essentially no net 
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l o s s  o f  wa te r  from t h e  0-9 cm l a y e r  f o r  t h i s  day.  Day 11 was c h a r -  

a c t e r i z e d  by high g u s t y  winds d u ~ i n g  Lhe a f t e r n o o n  and evening.  

The average  windspeed f o r  t h e  24-hour p e r i o d  was more than  twice  

rhar  o f  t h e  s u r r o u n d i n g  d a y s .  For  t h e  J u l y  exper iment ,  t h e  f l u x  a t  

9  cm was a lmost  e q u a l  t o  t h e  e v a p o r a t i o n  r a t e  on day 6 .  Between 

0300 and 0600 h o u r s  h i g h ,  g u s t y  winds p r e v a i l e d .  I n  b o t h  c a s e s  t h e  

wa te r  c o n t e n t s  of  t h e  s u r f a c e  Lew cm's were i n  t h e  range  w i t h i n  

which vapor d i f f u s i o n  predominates .  Thus, t h e  s o i l  shou ld  have been 

w e l l  w i t h i n  t h e  second, i f  n o t  t h e  t h i r d  s t a g e  of  d r y i n g .  T h i s  

p o i n t  i s  be ing  c u r r e n t l y  i n v e s t i g a t e d  i n  more d e t a i l .  However, i t  

i s  e v i d e n t  t h a t  a tmospher ic  c o n d i t i o n s  can  markedly i n f l u e n c e  s o i l  

d r y i n g  even when t h e  s o i l  h a s  a  d r y  s u r f a c e  l a y e r .  

A s  t h e  0-9 l a y e r  d r i e d  f u r t h e r  t h e  f l u x  a t  9  cm approached t h e  

e v a p o r a t i o n  r a t e .  On day 23 they  were n e a r l y  e q u a l ,  w h i l e  on day 37 

t h e  f l u x  a t  9  cm was a c t u a l l y  h i g h e r  t h a n  a t  t h e  s u r f a c e .  Of c o u r s e ,  

t h i s  l a t t e r  c o n d i t i o n  would u s u a l l y  n o t  ho ld  f o r  a d d i t i o n a l  days ,  

s i n c e  t h e  s o i l  c o n t i n u e s  t o  d r y .  

F igure  8 shows t h e  cumula t ive  wa te r  l o s s  a t  t h e  s u r f a c e  and t h e  

cumula t ive  f l u x  a t  9  cm. More wa te r  was l o s t  from t h e  e n t i r e  s o i l  

p r o f i l e  d u r i n g  seven  days  i n  J u l y  t h a n  were l o s t  d u r i n g  s i x t e e n  days  

i n  March. Also more w a t e r  was l o s t  from t h e  0-9 cm l a y e r  d u r i n g  t h e  

seven J u l y  dnys than s i x t e e n  March days .  On day 1 of t h e  J u l y  ex- 

pe r iment  more wa te r  was l o s t  i n  t h e  0-9 cm l a y e r  than  was evapora ted ,  

i n d i c a t i n g  d r a i n a g e  below 9  cm f o r  t h e  t i m e  immediately f o l l o w i n g  

i r r i g a t i o n .  

A t  t h e  end of  7 days  i n  J u l y ,  69% of  t h e  t o t a l  w a t e r  evapora ted  

o r i g i n a t e d  i.n t h e  0-9 cm l a y e r .  A f t e r  16 days  i n  March 66% came 

from the  0-9 cm l a y e r .  

S o i l  Water Content  and F lux  P r o f i l e s .  I n  F i g u r e  7 i t  can be  

seen  t h a t  t h e  e v a p o r a t i o n  r a t e s  on day 4 f o r  t h e  J u l y  and March ex- 

pe r iments  were n e a r l y  t h e  same. S o i l - w a t e r  f l u x  p r o f i l e s  were 

c a l c u l n [ e d  f o r  t h e s e  two dnys and a r e  p r e s e n t e d  i n  F i g u r e  9. Pro- 

F i l e s  f o r  f o u r ,  s i x - h o u r  p e r i o d s  were c a l c u l a t e d  f o r  b o t h  days .  For 
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t h c s c  c a l c u l a t i o n s  flow downward was t aken  a s  p o s i t i v e .  The J u l y  

d a t a ,  r e p r e s e n t e d  by dashed l i n e s ,  i n d i c a t e  f low was upward except  

f o r  t h e  9 cm dep th  d u r i n g  t h e  e a r l y  morning hours  (open c i r c l e s ) .  

The Elux upward i n c r e a s e d  i n  magnitude wi th  t ime u n t i l  1.800. For 

t h e  pe r iod  1800-2400 t h e  f l u x  above 3 cm was l e s s  i n  magnitude than 

f o r  t h e  d a y l i g h t  p e r i o d s ,  b u t  was g r e a t e r  below 3 cm. 

For t h e  March d a t a  a  wide range of f l u x  v a l u e s  occur red .  The 

v a l u e s  Tor t h e  p e r i o d s  0000-0600 and 1800-2400 i n d i c a t e  water wn:, 

moving up a t  a l l  d e p t h s  and t h e  wa te r  c o n t e n t  was i n c r e a s i n g  a t  a l l  

d e p t h s .  For t h e  0600-1200 p e r i o d ,  h i g h  upward f l u x  occur red  above 

3 cm's,  whi le  below 3.5 cm t h e  f l u x  was downward, i n d i c a t i n g  flow 

below 9 cm. By t h e  1200-1800 per iod  a l l  f low was upward, w i t h  more 

being l o s t  i n  t h e  upper l a y e r s  than  was b e i n g  r e p l e n i s h e d  a t  n i g h t .  

The downward f l u x  d u r i n g  0600-1200 probably  was caused by t h e  r e l a -  

t i v e l y  l a r g e  t empera tu re  g r a d i e n t s  t h a t  occur red  d u r i n g  t h i s  t ime. 

I f  so, then thermal  induced l i q u i d  flow i s  of c o n s i d e r a b l y  g r e a t e r  

magnitude t h a n  h a s  been p r e d i c t e d  t o  d a t e .  

The wate r  c o n t e n t  p r o f i l e s  f o r  t h e s e  two days  a r e  shown i n  

F igure  10. It i s  obvious  t h a t ,  even though t h e  d a i l y  e v a p o r a t i o n  

I r a t e s  f o r  t h e  two days  were n e a r l y  equa l ,  t h e  water  c o n t e n t s  f o r  6 ' March were c o n s i d e r a b l y  g r e a t e r  than  f o r  1 4  J u l y .  F i v e  t ime p e r i o d s  

arc shown f o r  each day.  For J u l y  t h e  water  c o n t e n t  a t  a l l  d e p t h s  

s ~ c : l t l i l  y tlec.rc~;~sccl wi th  l imc u n t i l  1800. A smnll incrchase can be 

observed f o r  t h e  p e r i o d  1800-2400. I n  March t h e r e  was much more 

wate r  c o n t e n t  f l u c t u a t i o n  wi th  t ime. The wate r  c o n t e n t  decreased  

wi th  time u n t i l  1800. The p r o f i l e  f o r  2400 shows t h a t  a n  i n c r e a s e  

i n  water  c o n t e n t ,  back t o  abou t  t h e  1200 v a l u e s ,  o c c u r r e d .  

The d a t a  f o r  J u l y  shows t h a t  t h e  0-1 cm l a y e r  was s o  d r y  t h a t  

vapor d i f f u s i o n  would have been t h e  major t r a n s f e r  mechanism, where- 

a s  l i q u i d  flow would have p r e v a i l e d  i n  t h i s  l a y e r  on 6 March. The 

h y d r a u l i c  c o n d u c t i v i t y  i n  t h e  0-1 cm l a y e r  would have been a t  l e a s t  

4 o r d e r s  of magnitude g r e a t e r  f o r  6 March than  14 J u l y  (F igure  3 )  

and t h e  d i f f u s i v i t y  would have been a t  l e a s e  1 o r d e r  o f  magnitude 
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g r e a t e r  (F igure  4 ) .  Yet ,  t h e  e v a p o r a t i o n  r a t e  f o r  t h e s e  days was 

n e a r l y  e q u a l .  It i s  e v i d e n t  t h a t  a tmospher ic  c o n d i t i o n s  played a  

prominent r o l e  i n  t h e  e v a p o r a t i o n  p r o c e s s  a t  a11  t imes  d u r i n g  t h e  

t lrying of  At1cl;into loam. 

From F i g u r e  8 we f i n d  t h a t  day 4  f o r  J u l y  ( 1 4 t h )  and day 8 f o r  

March ( 1 0 t h )  had n e a r l y  t h e  same cumula t ive  e v a p o r a t i o n .  The f l u x  

p r o F i l e s  f o r  four  t ime p e r i o d s  f o r  t h e s e  two days  a r c  conpnrcd i n  

F i g u r e  11. The p r o f i l e s  f o r  10 March show l e s s  s p r e a d  than  t h e  6 

March d a t a  shown i n  F i g u r e  9, and they  were more s i m i l a r  t o  t h e  14 

J u l y  d a t a .  The p r o f i l e s  f o r  t h e  t ime p e r i o d s  0000-0600 and 1800- 

2400 were q u i t e  s i m i l a r  f o r  t h e  two days .  The p r o f i l e s  f o r  t h e  day- 

l i g h t  p e r i o d s  f o r  March Showed l e s s  f l u x  upward than  t h o s e  f o r  J u l y .  

T h i s  was r e f l e c t e d  i n  t h e  e v a p o r a t i o n  r a t e s  f o r  t h e  two days  

(0.313 cm f o r  14 J u l y  and 0.123 cm f o r  10  March). 

The s i m i l a r i t y  o f  t h e  w a t e r  c o n t e n t  p r o f i l e s  f o r  14  J u l y  and 

10 March can be  s e e n  i n  F i g u r e  12. To p r e s e r v e  c l a r i t y  o n l y  t h r e e  

tintc p e r i o d s  a r c  shown f o r  each day .  The p r o f i l c s  f o r  0000 h o u r s  

f o r  t h e  two days a r e  n e a r l y  i d e n t i c a l .  For 14 J u l y  t h e  p r o f i l e  

becomes d r i e r  w i t h  t ime  o f  day a s  r e f l e c t e d  i n  t h e  h i g h e r  evapora-  

t i o n  r a t e .  

Drying P a t t e r n s  and Cumulat ive  Loss .  A comparison of  d i u r n a l  

wa te r  c o n t e n t  changes f o r  t h r e e  d e p t h  inc rements  f o r  two days i s  

shown i n  F i g u r e  13.  Data i n  F i g u r e  8  i n d i c a t e s  t h a t  t h e  cumula t ive  

l o s s  from t h e  0-9 cm l a y e r  was n e a r l y  t h e  same on 14  J u l y  and 12 

March, t h e  4 t h  and 1 0 t h  days  a f t e r  i r r i g a t i o n ,  r e s p e c t i v e l y ,  The 

v a l u e s  of  wa te r  c o n t e n t  and t h e  d i u r n a l  changes were remarkably  

s i m i l a r  f o r  t h e  two days ,  e s p e c i a l l y  f o r  t h e  0-0.5 and 7-9 cm i n -  

c rements .  For t h e  1-2 cm increment  t h e  J u l y  d a t a  were about  0 .02 

h i g h e r  i n  wa te r  c o n t e n t  f o r  t h e  f i r s t  12 h o u r s .  However, t h e  evapo- 

r a t i o n  r a r e  f o r  14  J u l y  was about  4  t imes  t h a t  o f  12  March. 

The s i m i l a r i t y  of  the w a t e r  c o n t e n t s  and w a t e r  c o n t e n t  g r a d i -  

e n t s  f o r  t h e s e  days  i n d i c a t e  t h a t  t h e  wa te r  f l u x  due t o  " i so the rmal"  

d r i v i n g  f o r c e s  would be  of s i m i l a r  magnitude.  Although t h e  
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"i.sothc~rrna1" d i f  F u s i v i t i e s  a r e  t empera tu re  dependent ,  t h i s  f a c t o r  

a l o n e  cannot  accoun t  f o r  t h e  f o u r - f o l d  g r e a t e r  e v a p o r a t i o n  r a t e  on 

14 July  than  on 1 2  March. E v i d e n t l y  temperature induced d r i v i n g  

f o r c e s  were t h e  c a u s e  of  t h e  g r e a t e r  e v a p o r a t i o n  r a t e .  The d a t a  i n  

F i g u r e s  12 and 13  i n d i c a t e  t h a t  t h e  d r y i n g  p a t t e r n s  i n  t ime and 

dep th  a r c  more a  r e s u l t  of  t h e  t o t a l  l o s s  o f  wa te r  than on t h e  r a t e  

of  l o s s .  Th i s  c o n t r a d i c t s  t h e  h y p o t h e s i s  t h a t  an  i n i t i t ~ l l y  h igh 

e v a p o r a t i o n  r a t e  may i n  t h e  long run  reduce  cumula t ive  water  l o s s  t o  

t h e  a tmosphere .  

The Three  S t a g e s  o f  Drying,, Examination of  t h e  e v a p o r a t i o n  

r a t e s  i n  F i g u r c  7 shows t h a t  t h e  r a t c  f o r  J u l y  decreased c o n t i n u -  

o u s l y  from t h e  f i r s t  day a f t e r  i r r i g a t i o n .  During March t h e  r a t e  

i n c r e a s e d  f o r  t h r e e  days  a f t e r  i r r i g a t i o n  and then  dec reased  con- 

L inuous ly ,  hav ing  n e a r l y  t h e  same v a l u e s  a s  t h e  J u l y  d a t a .  The h i g h  

winds p r e v a l e n t  on day 3 i n  March were p robab ly  r e s p o n s i b l e  f o r  t h e  

h i g h  e v a p o r a t i o n  r a t e  on t h a t  day. Assuming t h a t  t h e  r a t e  would 

have been somewhat lower i f  t h e  wind had been moderate ,  i t  i s  tempt- 

i n g  t o  conclude t h a t  on day 3 for .March,  t h e  second s t a g e  of d r y i n g  

began. I n  March day 3  was t h e  f i r s t  wa te r  c o n t e n t  sampl ing day. 

P a r t  of t h e  d a t a  a r e  shown i n  F i g u r e  6.  It i s  d i f f i c u l t  t o  draw i n -  

f e r e n c e s  from F i g u r e  6 concern ing  d a i l y  e v a p o r a t i o n  r a t e s .  To 

r ircumvenL t h i s ,  the  average  d a i l y  water  c o n t e n t s  were c a l c u l a t e d  

f o r  b o t h  exper iments  and a r e  shown i n  F i g u r e  14.  Data f o r  day 1 i n  

J u l y  a r e  n o t  shown because  d a t a  were n o t  a v a i l a b l e  f o r  t h e  f u l l  24- 

hour pe r i od .  On day 2 f o r  J u l y  t h e  wa te r  c o n t e n t s  Tor t h e  v a r i o u s  

d e p t h s  were q u i t e  d i f f e r e n t ;  whereas,  day 3  f o r  March shows a  r a t h e r  

uniform wate r  c o n t e n t  w i t h  dep th .  By day 4 i n  March t h e  average  

wa te r  c o n t e n t s  e x h i b i t  some d r y i n g  o f  t h e  upper l a y e r s .  Data f o r  

days  1 and 2 f o r  March would b e  needed t o  a l l o w  a  f i r m  c o n c l u s i o n  on 

the  beg inn ing  of t h e  second s t a g e  of d r y i n g .  During t h o s e  days  t h e  

s o i l  was t o o  wet f o r  g r a v i m e t r i c  sampl ing.  

Much h a s  been w r i t t e n  concern ing  t h e  t h r e e  s t a g e s  of  d r y i n g ,  

y e t  a v a i l a b l e  c r i t e r i a  t o  de te rmine  t h e  t r a n s i t i o n  from one s t a g e  
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t o  a n o t h e r  a r e  o n l y  q u a l i t a t i v e .  It would be  advantageous  i f  the  

s t a g e s  could  be  r e l a t e d  t o  s o i l  p h y s i c a l  pa ramete r s  such a s  t h o s e  

shown i n  F i g u r e s  1 ,  2, 3 :ind 4 .  A t h e o r e t i c a l  c c ] ~ ~ a t  i o n  u t i l i z e s  

I he por :metc r s  Do and p, t h e  soi.1-water d i f f u s i v i t y  a t  t h e  " a i r  dry" 

wa te r  c o n t e n t  and t h e  s l o p e  of  t h e  l o g a r i t h m  of  t h e  d i f f u s i v i t y  

v e r s u s  wa te r  c o n t e n l  r e l a l i o n .  Frotn F i g u r e  4 o  v a l u e  o f  D was 
2 0 

taken LC) 1)e 0 . 1  cm / h r  f o r  tllc " a i r  dry" d i f f u s i v i t y  and p = 38. 

The i n i t i a l  cvaporat.i.on r a t e  f o r  J u l y  was about  1 cm/day, and f o r  

March about  0 .5  cm/day. The c a l c u l a t e d  t ime of t r a n s i t i o n  between 

the f i r s t  and second s t a g e s  was 4  and 1 0  days  r e s p e c t i v e l y .  I f  Do 

was reduced by a  f a c t o r  o f  10, t h e  t imes  would b e  2  days  f o r  J u l y  

and 5  days  f o r  March. These t imes  do n o t  appear  r e a l i s t i c  when t h e  

d a t a  i n  F i g u r e s  7 and 1 4  a r e  c o n s i d e r e d .  

The t h i r d  s t a g e  o f  d r y i n g  b e g i n s  when t h e  wa te r  c o n t e n t  of t h e  

s o i l  s u r f a c e  becomes " a i r  dry." Water movement a t  t h e s e  low wate r  

I c o n t e n t s  i s  i n f l u e n c e d  by a d s o r p t i v e  f o r c e s .  For Ade lan to  loam, t h e  

wa te r  c o n t e n t  c o r r e s p o n d i n g  t o  a monomolecular l a y e r  was about  0.03 

vo lumet r i c  wa te r  c o n t e n l .  From F i g u r e  2, t h i s  wa te r  c o n t e n t  c o r r e s -  

ponds t o  a r e l a t i v e  vapor  p r e s s u r e  of  about  0.33.  

Assuming t h a t  c a p i l l a r y  condensa t ion ,  and hence c a p i l l a r y  f low, 

beg ins  a t  a r e l a t i v e  p r e s s u r e  a t  abou t  .8, a d s o r p t i v e  f o r c e s  would 

i n f l u e n c e  wa te r  movement f o r  wa te r  c o n t e n t s  below 0.06.  For t h e  

l a c k  of b e t t e r  c r i t e r i a ,  i t  w i l l  b e  assumed t h a t  the  t h i r d  s t a g e  o f  

d r y i n g  b e g i n s  when t h e  s u r f a c e  d r i e s  t o  0.06 v o l u m e t r i c  wa te r  

c o n t e n t .  F i g u r e  14  shows t h a t  t h e  average  w a t e r  c o n t e n t  of  t h e  

0- .5  cm l a y e r  was below 0.06 from t h e  f o u r t h  day a f t e r  i r r i g a t i o n .  

F i g u r e  13  shows t h a t  t h e  wa te r  c o n t e n t  was below 0.06 from about  

0945 hours  f o r  t h e  remainder  o f  t h e  24-hour p e r i o d .  For  days  5,  6  

and 7 the  wa te r  c o n t e n t  was always below t h i s  v a l u e .  I f  t h e  c r i t e -  

r i a  i s  c o r r e c t ,  then  t h e  J u l y  d a t a  was i n  t h e  t h i r d  s t a g e  of d r y i n g  

lrom day 4  on. F i g u r e  7 shows t h a t  t h e  e v a p o r a t i o n  r a t e s  f o r  days 

4-7 i n  J u l y  were ve ry  c l o s e  o r  s l i g h t l y  h i g h e r  than  f o r  March. The 

daka i n  F i g u r e  5 i n d i c a t e  t h a t  wa te r  c o n t e n t s  i n  t h e  0-0.5 l a y e r  
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was always g r e a t e r  than 0.06, excep t  f o r  t h r e e  hours  a t  midday on 

d a y  7 .  The average  wa te r  c o n t e n t  f o r  t h e  0-0.5 l a y e r  d u r i n g  March 

i s  not  l e s s  than 0 .06 u n t i l  day 11 ( F i g u r c  1 4 ) .  By t h i s  t ime the  

cv;~pc)r:ttion r a t e  ( F i g u r e  7 )  i s  1c:ss than 0 . 1  cm p e r  day.  I t  i s  

obvious  t h a t  t h e  c r i t e r i a  used h e r e  t o  de te rmine  t h e  t r a n s i t i o n  

from t h e  second t o  t h e  t h i r d  s t a g e  of d r y i n g  i s  n o t  a p p r o p r i a t e  

when d a t a  from two seasons  of  t h e  y e a r  a r e  compared. 

SUMMARY AND CONCLUSIONS : 

I n  t h e  s u r f a c e  zone of  a  f i e l d  s o i l  t h e  s o i l  w a t e r  c o n t e n t  

e x h i b i t s  a  marked d i u r n a l  v a r i a t i o n .  During t h e  c o u r s e  of  a  day 

some wate r  moves t o  t h e  s u r f a c e  and escapes  i n t o  t h e  atmosphere,  and 

some may move downward i n t o  t h e  lower s o i l  p r o f i l e .  The n e t  wa te r  

movement r e s u l t s  from a  complex i n t e r a c t i o n  of  s o i l - w a t e r  p r e s s u r e ,  

vapor  p r e s s u r e ,  and t empera tu re  g r a d i e n t s .  I n  two exper iments ,  

s o i l - w a t e r  c o n t e n t s  t o  9  cm were measured i n  1 cm inc rements  a t  h a l f -  

hour i n t e r v a l s  f o r  16 days  d u r i n g  March 1971, and a t  h o u r l y  i n t e r v a l s  

f o r  7  days d u r i n g  J u l y  1970. Data from t h e s e  exper iments  showed t h e  

d r y i n g  o f  t h e  s u r f a c e  d u r i n g  t h e  day and t h e  subsequen t  r e w e t t i n g  a t  

n i g h t .  The c f E e c t  of d r y i n g  o f  t h e  surEace l a y e r s  on e v a p o r a t i o n  i s  

d i s c u s s e d .  The s o i l  wa te r  regime under  n a t u r a l l y  o c c u r r i n g  env i ron-  

menta l  c o n d i t i o n s  was s o  dynamic t h a t  t h e  t h r e e  s t a g e s  o f  d r y i n g  

could  no t  be d e l i n e n t c d .  The h y p o t h e s i s  t h a t  a  r a p i d  d r y i n g  of  t h e  

s u r f a c e  w i l l ,  i n  t h e  long run, r educe  t o t a l  e v a p o r a t i o n  l o s s  appears  

no t  t o  b e  v a l i d .  The e x t r a p o l a t i o n  o f  l a b o r a t o r y  d a t a  on t h e  evapo- 

r a t i o n  p r o c e s s  t o  t h e  d i u r n a l l y  changing environment may l ead  t o  

e r roneous  c o n c l u s i o n s .  

PERSONNEL: Ray D .  Jackson,  R. J .  Reginato ,  B .  A .  Kimball ,  

F. S. Nakayama, and K .  K .  Watson 

CURRENT TERMINATION DATE : December 197 3 
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SOIL-  WATER PRESSURE ( m b  1 

Figure 1. Water characteristic curve for Adelanto loam. 
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R E L A T I V E  VAPOR PRESSURE 

Figure 2. Volumetric water content versus relative 

vapor pressure. 

Annual Report of the U.S. Water Conservation Laboratory



Figure 3. Calculated hydraulic conductivities for Adelanto loam. 
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F i g u r e  4 .  C a l c u l a t e d  and measured s o i l - w a t e r  d i f f u s i v i t i e s  f o r  

Ade lan to  loam. 
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TIME OF DAY 

F i g u r e  5 .  Volumetr ic  wa te r  c o n t e n t  i n  t h e  0-0.5 cm increment  v e r s u s  t ime f o r  t h r e e  days  
d u r i n g  March 1971. The s o l i d  l i n e  r e p r e s e n t s  smoothed d a t a  and t h e  symbols 
r e p r e s e n t  t h e  measured v a l u e s .  
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Figure 7 .  Daily evaporation at the soil surface and soil-water 

flux at 9 cm. 
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DAYS A F T E R  l R R l G  

Figure 8. Cumulative evaporation and cumulative loss 

from the 0-9 cm profile. 
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S O I L  - W A T E R  F L U X  ( c m / 6  hrs  

- 6 MAR. 1971 
a 0000-0600 

0 0600- 1200 

Figure 9. So i l -water  f l u x  p r o f i l e s  f o r  four  time pe r iods  f o r  

two days,  The evapora t ion  r a t e  f o r  t he  24-hour - 

per iod  was n e a r l y  t h e  same f o r  t h e  two days. 
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6 MAR.  . 33C  1.71 

Figure  10.  Volumetric wa te r  c o n t e n t  p r o f i l e s  f o r  f i v e  t imes f o r  two days .  The 

e v a p o r a t i o n  r a t e  was n e a r l y  t h e  same f o r  t h e  two days .  
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SOIL-WATER F L U X  ( c m / 6  h r s  ) 

F i g u r e  11. S o i l - w a t e r  f l u x  p r o f i l e s  f o r  f o u r  t ime p e r i o d s  f o r  

two days .  The curnula t ive  e v a p o r a t i o n  was n e a r l y  t h e  

same f o r  t h e  two days .  
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V O L L M E T R I C  W A T E R  C O N T E N T  

DAILY CUMULATIVE 

(cm/day) (cm) 

I4 JULY .313 2 .40  

Figure 12. Volumetric water con ten t  p r o f i l e s  f o r  t h r e e  times f o r  two days dur ing  

which cumulative evapora t ion  w a s  n e a r l y  t he  same. 
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Figure 13. Volumetric water conten t  versus  time of day f o r  

t h r ee  depths .  Data a r e  f o r  14 J u l y  1970 

and 1 2  March 1971, four  and t e n  days a f t e r  

i r r i g a t i o n ,  r e s p e c t i v e l y .  The cumulat ive l o s s  

from the  0-9 cm p r o f i l e  was the  same f o r  t he  

two days.  
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I:igurc 14. Average  d a i l y  waLcr con ten t s  versus  d a y s  a f t e r  

i r r i g a t i o n  f o r  the J u l y  1970 and March 1971 

experiments.  
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TITLE : FABRI CATED-IN-PLACE , REINFORCED LININGS AND 
GROUND COVERS 

CRIS WORK UNIT: SWC-018-gG4 CODE NO. : Ariz.-WCL 68-2 

INTRODUCTION : 

New s u r f a c e  coa t ing  t reatments  f o r  a spha l t - f i be rg l a s s  l i n i n g s  

were eva lua ted  using the  p re s su re  p l a t e  assembly t o  determine the  

maximum head of water  the  t rea tments  a r e  capable of suppor t ing  

without  leakage. New f i e l d  i n s t a l l a t i o n s  cons i s t ed  of an ope ra t iona l  

catchment on the San Carlos Indian  Reservat ion and an ope ra t iona l  

catchment on Kukaiau Ranch nea r  Paaui lo ,  Hawaii. Lab ora tory  per- 

sonnel  a s s i s t e d  and i n s t r u c t e d  a t  the  i n s t a l l a t i o n  of an o p e r a t i o n a l  

catchment i n s t a l l e d  by the Southwest Watershed Research Center,  ARS, 

near  Tombstone, Arizona. S tud ie s  were s t a r t e d  i n  eva lua t ing  supported 

asphalt-£ i b e r g l a s s  membranes f o r  covers over water  s t o r a g e s  t o  reduce 

evaporat ion lo s ses .  

PWCEDURE : 

Weathering of Surface Treatments f o r  Asphal t -Fiberglass  , The 

a t h e r i n g  performance of new s u r f a c e  coa t ings  f o r  a spha l t - f i be rg l a s s  

membranes is be ing  eva lua ted  a t  t h e  Grani te  Reef t e s t i n g  s i t e  us ing  

smal l  s o i l  t r a y s  covered with a spha l t - f i be rg l a s s  and t r e a t e d  w i t h  

various s u r f a c e  coa t ings .  S o i l  t r a y s ,  1 meter square  and 6 cm deep, 

were f i l l e d  and compacted wi th  Grani te  Reef s o i l .  F iberg lass  matt ing 
2 

(1 oz p e r  f t  ) w a s  l a i d  on the  s o i l  s u r f a c e  and t r e a t e d  wi th  the base- 

coa t  a spha l t  emulsion. Af te r  the basecoat  had cured,  the  s u r f a c e  

t rea tments  were appl ied .  Observations of t h e i r  weathering charac te r -  

i s t i c s  a r e  being noted a t  p e r i o d i c  i n t e r v a l s .  

RESULTS AND DISCUSSION: 

PART I. OPERATIONAL FIELD CATCHMENTS 

Turnbull  Catchment : This i s  an o p e r a t i o n a l  wa te r  ha rves t ing  

catchment on the  San Carlos Indian  Reservation. The catchment a r e a  
2 of 10,000 f t  had previous ly  been covered wi th  one-half inch  th i ck  

a spha l t  planking. Cracks had developed i n  the cover ing  due t o  

shr inkage of the  planking s h e e t s  and wind eventua l ly  destroyed 
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approximately  50 p e r c e n t  of t h e  cover ing .  The remainder  of the  

plnnlcing was removed and i n  J u l y  1971 t h e  catchment was covered 
2  

wi th  a s p h a l t - f i b e r g l a s s .  The t r e a t m e n t  of 1 oz p e r  E t  f i b e r g l a s s  
2  

mat t ing  wi th  one--half g a l  p e r  yd of SSW a s p h a l t  emuls ion was 

i n s t a l l e d  by 5  men i n  5  hours .  A i r  t empera tu res  a t  t ime of  i n s t a l l a -  

t i o n  exceeded 100 F i n  t h e  shade.  I n  October 1971, a s p h a l t - c l a y  

emuls ion was brushed on t h e  catchment a t  a  r a t e  of one- th i rd  g a l  
2  

pc r y d  by 4 illen i n  3 hours .  

Water from the  catchment is s t o r e d  i n  a  25,000 g a l  open top  

s t e e l  t ank  f o r  use by c a t t l e  and w i l d l i f e .  The w a t e r  h a r v e s t i n g  

u n i t  w i l l  be  ins t rumented  i n  1972 t o  measure w a t e r  c o l l e c t e d ,  evapora- 

t i o n  l o s s e s ,  and w a t e r  use  t o  determine t h e  e f f e c t i v e n e s s  o f  t h i s  

type of catchment under o p e r a t i o n a l  c o n d i t i o n s .  

Coffee Pond Catchment: Th is  catchment l o c a t e d  a t  Kukaiau Ranch 

near  PaauiLo, Hawai i ,  had p r e v i o u s l y  been covered w i t h  c h l o r i n a t e d  

po lye thy lene  s h e e t i n g .  A d e s c r i p t i o n  of t h e  catchment s i t e  is  pre-  

s e n t e d  i n  p rev ious  annua l  r e p o r t s  t i t l e d  "Mate r ia l s  and Methods f o r  

Water H a r v e s t i n g  and Water S t o r a g e  i n  the  S t a t e  o f  I-lawaii." The 

catchment was covered i n  June 1971 w i t h  1 112 oz  p e r  f t Z  f i b e r g l a s s  

n ~ a t t i n g  and 0.6  g a l  per  yd2 RS-1 a s p h a l t  emuls ion.  The f i b e r g l a s s  

was c u t  i n t o  s t r i p s  50 f t  long  and l a i d  on t h e  catchment s u r f a c e .  

The a s p h a l t  emuls ion was hand sprayed from an  a s p h a l t  d i s t r i b u t o r  

~ r .  ' 1 ' 1 ~  ~ o t a l  t  iuic oS i n s t a l l a t i o n  was 2.25 hours  f o r  8 men, 

i n c l u d i n g  t h e  t r u c k  d r i v e r .  Asphal t  c l a y  emuls ion was b rushed  on 

2  months l a t e r  by p e r s o n n e l  from Kukaiau Ranch. 

Metate Catchment: A d e s c r i p t i o n  of t h i s  catchment i s  p r e s e n t e d  

i n  p rev ious  annual  r e p o r t s  t i t l e d  " S o i l  Treatment t o  Reduce I n f i l -  

t r a t i o n  and I n c r e a s e  P r e c i p i t a t i o n  Runoff." The a s p h a l t - f i b e r g l a s s  

was i n s t a l l e d  on t h e  catchment i n  June 1968 and t h e  a s p h a l t  c l a y  

emulsion a p p l i e d  i n  October  1969. The catchment was i n s p e c t e d  i n  

December 1971 and was cons idered  i n  f a i r  c o n d i t i o n .  The a s p h a l t -  

f i b e r g l a s s  cover ing  was b r i t t l e  and showed ev idence  of t h e  c lay  

eniulsion senl .coat  "chi.pping o f f "  t h e  s u r f a c e .  Th is  is  t h e  r e s u l t  
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~ x i t l ; l t i o n  o f  tlie basecoa t  a s p h a l t  cluring the  t i n e  l a g  of 16 months 

between t h e  o r i g i n a l  i n s t a l l a t i o n  and a p p l i c a t i o n  o f  t h e  s e a l c o a t .  

A poor  bond was o b t a i n e d  between t h e  s e a l c o a t  and t h e  o x i d i z e d  a s p h a l t -  

f i b e r g l a s s  s u r f a c e .  

The a s p h a l t - f i b e r g l a s s  p i t  l i n i n g  was cons idered  i n  f a i r  con- 

d i t i o n .  There w a s  approximately  one f o o t  of w a t e r  i n  the  r e s e r v o i r  

and s e v e r a l  p l a n t s  were growing through t h e  l i n i n g  n e a r  the  w a t e r  l i n e .  

'Ihere is no evidence of any maintenance b e i n g  performed on t h e  ca tch-  

ment o r  r e s e r v o i r  l i n i n g  s i n c e  1969. 

Miscel laneous  F i e l d  I n s t a l l a t i o n s  : The a s p h a l t - f i b e r g l a s s  c a t  ch- 

ment a t  the  Maui t e s t  s i t e  was i n  e x c e l l e n t  c o n d i t i o n  when i n s p e c t e d  

i n  June 1971. The a s p h a l t - f i b e r g l  a s s  d i t c h  l i n i n g  on Maui was damaged 

when i n s p e c t e d  i n  June 1971. The l i n i n g  was s t i l l  p r e s e n t  and i n  

good c o n d i t i o n  b u t  t h e  growth o f  n u t g r a s s  through t h e  membrane caused 

nlimerous s m a l l  h o l e s .  The l i n i n g  shou ld  s t i l l  be reasonab ly  e f f e c t i v e  

i n  reduc ing  seepage .  The d i t c h  is  f i l l e d  wi th  water d u r i n g  about  

11 months of t h e  y e a r .  A s  a  r e s u l t ,  most of t h e  growth through t h e  

l i n i n g  i s  n e a r  t h e  w a t e r  l i n e .  

The t h r e e  o p e r a t i o n a l  a s p h a l t - f i b e r g l a s s  catchments i n s t a l l e d  

i n  coopera t ion  wi th  t h e  Bureau o f  Land Management i n  s o u t h e a s t e r n  

Arizona a r e  r e p o r t e d  t o  be i n  e x c e l l e n t  c o n d i t i o n .  The ornamental  

f i s h  pond i n  Phoenix,  Arizona,  and t h e  s m a l l  c o l l e c t i o n  r e s e r v o i r  a t  

(;rani t e  Kee T a r c  cons idered  t o  be i n  exce l  Lent c o n d i t i o n .  Although 

a s p h a l t - f i b e r g l a s s  l i n i n g s  i n s t a l l e d  more t h a n  6  y e a r s  ago a r e  s t i l l  

i n  good c o n d i t i o n ,  t h e  a s p h a l t - c l a y  emuls ion s e a l c o a t  becomes b r i t t l e  

wi th  t ime.  This  can be a  problem when t h e  l i n i n g  i s  i n s t a l l e d  over  

loose s o i l  o r  sand rind i s  s u b j e c t e d  t o  animal t r a f f i c .  There i s  an 

obvious need f o r  a b e t t e r  s e a l c o a t  m a t e r i a l .  

Laboratory  p e r s o n n e l  a s s i s t e d  i n  t h e  i n s t a l l a t i o n  of a new 

o p e r a t i o n a l ,  a s p h a l t - f i b e r g l a s s  catchment b u i l t  n e a r  Tombstone, 

Arizona,  by t h e  Southwest Watershed Research Cente r ,  MS.  This ca tch-  

ment was b u i l t  i n  l i e u  of d r i l l i n g  a  w e l l  t o  p rov ide  w a t e r  f o r  l i v e -  

s t o c k .  
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i'AK'1' L l  . LAl~OItATOI?Y STIIDZL'S 

P r e s s u r e  P l a t e  S t u d i e s :  Recent s tuclies w i t h  t h e  p r e s s u r e  p l a t e s  

have been concerned w i t h  e v a l u a t i n g  v a r i o u s  s p r a y a b l e  rubber  and 

e l a s t o m e r i c  m a t e r i a l s  a s  s u r f a c e  c o a t i n g s  on a s p h a l t - f i b e r g l a s s .  

Two s p r a y a b l e  b u t y l  l a t e x  m a t e r i a l s  were a b l e  t o  w i t h s t a n d  p r e s s u r e s  

e q u i v a l e n t  t o  30 f e e t  of w a t e r  b e f o r e  f a i l u r e .  The samples were 

checkecl, a f t e r  f a i l u r e  had o c c u r r e d ,  wi th  a  h i g h  frequency s t a t i c  

c \ l c c t r i c  gent~r;iLor.  I t  w i t s  found t l lat  the  c o a t i n g s  had developed 

s e v e r a l  small. p i n h o l e s  at t h i n  s p o t s  i n  t h e  c o a t i n g .  The q u a n t i t y  

of w a t e r  which would be l o s t  through t h e s e  small h o l e s  is  n o t  

p r e s e n t l y  known. 

Weathering of Coat ings  : Weathering of v a r i o u s  s u r f a c e  c o a t i n g s  

on a s p h a l t - f i b e r g l a s s  is  b e i n g  e v a l u a t e d  on t h e  s m a l l  s o i l  t r a y s  at 

the  Gran i te  Reef t e s t i n g  s i t e .  Two butyl .  l a t e x  compounds developed 

minute c r a t e r s  o r  p i n l ~ o l e s .  I t  .is n o t  y e t  known i f  t h e  p i n h o l e s  w i l l  

cause an i n c r e a s e d  d e t e r i o r a t i o n  r a t e .  Other c o a t i n g s  have a l s o  

shown t h e s e  very s m a l l  i m p e r f e c t i o n s .  These may r e s u l t  from a p p l i c a -  

t i o n  by b r u s h i n g ,  and t e s t s  of b r u s h i n g  v e r s u s  r o l l e r  a p p l i c a t i o n s  

w i l l  be made. 

Punc ture  R e s i s t a n c e  : Punc ture  r e s i s t a n c e  t e s t s  were made on 

a s p h a l t - f i b e r g l a s s  and on 30 m i l  ny lon- re in forced  b u t y l  s h e e t i n g  l a i d  

over  loose  sand.  A s h a r p  edged f o o t ,  one-inch s q u a r e ,  was f o r c e d  

i n t o  t l ~ c  m n t c r l a l s  nL 3 r a t e  o f  one-rourth inch p e r  minute ,  I n c r e a s i n g  

p e n e t r a t i o n  t o  t h r e e - f o u r t h s  i n c h ,  a t  an average maximum l o a d  of 

300 l b s ,  cu t  t h e  b u t y l .  The a s p h a l t - f i b e r g l a s s  was deformed b u t  w a s  

nod c u t .  

PNU 1'11. EVAI'OIUTION COVERS 

A f u l l  s c a l e  t e s t  p a n e l  o f  a  suppor ted  a s p h a l t - f i b e r g l a s s  mem- 

b rane  f o r  use i n  reduc ing  e v a p o r a t i o n  from open w a t e r  s t o r a g e  

s t r u c t u r e s  was c o n s t r u c t e d  a t  t h e  G r a n i t e  Reef t e s t i n g  s i t e .  A 

s m a l l  r e s e r v o i r  was c o n s t r u c t e d  by e x c a v a t i n g  a  h o l e  4 f e e t  deep,  

1:l s i d e  s l o p e s ,  and 20 f e e t  s q u a r e  a t  the  top.  A d r a i n  l i n e  from 
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t h e  r e s e r v o i r  bot tom ex tends  t o  a  s t i l l i n g  w e l l  where t h e  w a t e r  l e v e l  

can be recorded .  The r e s e r v o i r  was l i n e d  i n  October  1971 w i t h  1 oz 

p e r  f t 2  f i b e r g l a s s  m a t t i n g  and SSKH a s p h a l t  emuls ion.  Two weeks 

l a t e r  a  s e a l c o a t  of a s p h a l t  c l ay  emulsion was a p p l i e d  by b r u s h i n g .  

T?le cover  c o n s i s t s  of a  1 inch  d i a m e t e r  p i p e  frame 21  x 23 f e e t ,  

Woven w i r e  f e n c i n g  w i t h  r e c t a n g u l a r  g r i d s  approximately  6 X 4 i n c h e s  

was t i e d  t o  t h e  frame and 1 oz p e r  f t 2  f i b e r g l a s s  m a t t i n g  l a i d  on 

t h e  w i r e .  The f i b e r g l a s s  was then s a t u r a t e d  w i t h  SSKN a s p h a l t  emuls ion 
2  

a t  a  r a t e  of one-ha1 f  g a l l o n  p e r  yd . Two weeks l a t e r  a s p h a l t - c l a y  
2 

emuls ion w a s  a p p l i e d  by b r u s h i n g  a t  a  r a t e  of one-four th  g a l  yd . 
This was allowed t o  c u r e  t h r e e  weeks,  t h e n  t h e  e n t i r e  cover  was 

p l a c e d  o v e r  t h e  r e s e r v o i r  and the  frame s t a k e d  i n t o  p l a c e .  S t u d i e s  

w i l l  be conducted i n  1972 t o  determine t h e  e f f e c t i v e n e s s  o f  t h e  cover  

For reduc ing  e v a p o r a t i o n .  

SUMMARY AND CONCLUS IONS : 

Two new o p e r a t i o n a l  w a t e r  hnrves  t i n g  catchments were  c o n s t r u c t e d  

i n  1971. One u n i t  on t h e  San Car los  I n d i a n  R e s e r v a t i o n  w i l l  be  

ins t rumented  t o  determine the  e f f e c t i v e n e s s  o f  t h e s e  u n i t s  under  

o p e r a t i o n a l  cond i - t ions .  The second u n i t  i s  l o c a t e d  n e a r  P a a u i l o  , 
I lawai i ,  and w i l l  be used t o  e v a l u a t e  t h e  performance of a s p h a l t -  

f i b e r g l a s s  catchments i n  high r a i n f a l l  c l i m a t e s .  Observa t ions  o f  

p rev ious  f i e l d  i n s t a l l a t i o n  h a s  shown t h e  need f o r  p e r i o d i c  mainte- 

nance and a b e t t e r  s e a l c o a t  t h a n  a s p h a l t - c l a y  r o o f i n g  emuls ion.  A l l  

f i e  l d  u n i t s  a r e  i n  good c o n d i t i o n  b u t  do r e q u i r e  maintenance t o  

con t inue  s a t i s f a c t o r y  performance.  

Laboratory  s t u d i e s  were conducted t o  e v a l u a t e  sp rayab  l e  new com- 

pounds f o r  use as s u r f a c e  c o a t i n g s  t o  improve w e a t h e r i n g  c h a r a c t e r i s t i c s  

and t o  o b t a i n  s e a l c o a t s  capab le  of s u p p o r t i n g  p r e s s u r e s  e q u i v a l e n t  t o  

30 o r  more f e e t  o f  w a t e r .  Some of t h e  compounds appear  promising.  

Puncture  r e s i s t a n c e  o f  a s p h a l t - f i b e r g l a s s  l i n i n g s  was shown t o  be 

s u p e r i o r  t o  30 m i l ,  ny lon  r e i n f o r c e d  b u t y l  r u b b e r  s h e e t i n g .  

A f i e l d  model of a  suppor ted  a s p h a l t - f i b e r g l a s s  membrane o v e r  

open top  w a t e r  s t o r a g e s  was c o n s t r u c t e d .  The model w i l l  b e  used t o  
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e v a l u a t e  t h e  f e a s i b i l i t y  and economics of: covers  of t h i s  type f o r  

reducing evapo ra t i on .  

PERSONNEL: L. E. Myers and G.  W .  F r a s i e r  

CURRENT TERMINATION DATE: December 1973 
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TITLE : COLUMN STUDIES OF CHEMICAL, PHYSICAL, AND 

BIOLOGICAL PROCESSES OF WASTEWATER RENOVATION 

BY PERCOLATION THROUGH THE SOIL 

CRIS WORK UNIT: SWC-018-g~-4 CODE NO.:  Ariz.-WCL 68-3 

PART I .  CHrSMICAL AND BIOLOGICAL PROCESSES DURING RENOVATION 

INTRODUCTION: 

Exper iments  on t h e  r e n o v a t i o n  of secondary  sewage e f f l u e n t  

w i t h  s o i l  columns were c o n t i n u e d  d u r i n g  1971, It was hoped t h a t  

t h e s e  exper iments  would p rov ide  i n f o r m a t i o n  on t h e  f e a s i b i l i t y  of 

adding o r g a n i c  ca rbon  s o u r c e s  t o  sewage w a t e r  t o  promote n i t r o g e n  

removal and on t h e  c a p a c i t y  of t h e  s o i l  sys tem t o  r e n o v a t e  was te -  

w a t e r  which i s  lower i n  q u a l i t y  than  t h e  e f f l u e n t  produced by t h e  

Phoenix t r e a t m e n t  p l a n t ,  The o r g a n i c  carbon c o n t e n t  of t h e  second-  

a r y  e f f l u e n t  was i n c r e a s e d  by adding methanol o r  d e x t r o s e  w i t h  t h e  

fo l lowing  o b j e c t i v e s :  

(1)  To d e t e r m i n e  i f  n i t r o g e n  removal cou ld  be  s t i m u l a t e d  

by a d d i t i o n s  of o r g a n i c  carbon b e f o r e  i n f i l t r a t i o n ;  

( 2 )  To s t u d y  t h e  removal of o r g a n i c  ca rbon  by t h e  s o i l  

sys tem a t  v a r i o u s  carbon l e v e l s ;  and 
i 

( 3 )  To d e t e r m i n e  t h e  e f f e c t  of i n c r e a s e d  o r g a n i c  carbon 
I 

on c l o g g i n g .  

PROCEDURE : 

Secondary sewage e f f l u e n t  was f lowed through 8  p o l y v i n y l  

c h l o r i d e  columns packed w i t h  s o i l  taken from t h e  F l u s h i n g  Meadows 

groundwater  r e c h a r g e  b a s i n s .  The f low sys tem was t h e  same a s  

r e p o r t e d  i n  p r e v i o u s  a n n u a l  r e p o r t s  ( F i g u r e  1 ) .  Four  l e v e l s  of 

o r g a n i c  carbon were main ta ined  by f l o o d i n g  2 columns w i t h  second- 

a r y  sewage e f f l u e n t  and t h r e e  s e t s  of 2 columns w i t h  d i f f e r e n t  

l e v e l s  of o r g a n i c  ca rbon  added i n  t h e  chemical  form, The o r g a n i c  

ca rbon  was mixed w i t h  sewage w a t e r  i n  5 - g a l  jugs  and t h e  columns 

were f looded  by u s i n g  a  M a r i o t t e  s i p h o n ,  The jugs  were r e p l a c e d  

d a i l y  w i t h  a  f r e s h  s u p p l y  of s p i k e d  sewage w a t e r .  The o r g a n i c  
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carbon was measured t o  approximate  l e v e l s  because  t h e  volumes of 

w a t e r  handled,  t h e  v a r i a b l e  i n f i l t r a t i o n  r a t e s  d u r i n g  t h e  f l o o d i n g  

c y c l e s ,  and t h e  d e t e r i o r a t i o n  of t h e  carbon s o u r c e  i n  t h e  jug 

made h i g h l y  a c c u r a t e  mete r ing  i m p r a c t i c a l .  

The sewage w a t e r  was sampled from t h e  jug a t  the  beginning 

of 24-hr p e r i o d s ,  and from t h e  column a t  t h e  end of t h e  24 h r s ,  

t o  de te rmine  t h e  a v e r a g e  o r g a n i c  carbon c o n c e n t r a t i o n s  e n t e r i n g  

t h e  columns, Methanol was f i r s t  used a s  a  carbon s o u r c e  u n t i l  

i t  was determined t h a t  t h e  o r g a n i c  carbon a n a l y z e r  d i d  n o t  r e c o v e r  

a l l  of t h e  carbon from methanol ,  Dex t rose  was then used t o  s u p p l y  

ca rbon ,  

Sample p o r t s  were c o n s t r u c t e d  by s e a l i n g  ceramic  i n t o  copper  

t u b i n g  and i n s e r t i n g  t h e  t u b e s  a t  i n t e r v a l s  a l o n g  t h e  columns. 

Serum caps  were p l a c e d  i n  t h e  tubes ,  and samples f o r  carbon and 

n i t r o g e n  a n a l y s e s  and f e c a l  c o l i f o r m  c o u n t s  were withdrawn w i t h  

a hypodermic s y r i n g e .  The p o r t s  were l o c a t e d  a t  s o i l  d e p t h s  of 

2 ,  5, 10, 20, 40, 80,  160, and 240 cm. Samples could  a l s o  b e  

t a k e n  from t h e  head of w a t e r  above t h e  column and from t h e  w a t e r  

f lowing th rough  t h e  column o u t l e t .  The columns were a l s o  i n s t r u -  

nicntcd w i t h  o x i d a t i o n - r e d u c t i o n  e l e c t r o d e s  a t  2 ,  10,  20, and 4 0  

cm dep ths ,  and w i t h  t e n s i o m e t e r s  i n  t h e  head and a t  2, 20, and 

4 0  cm. 

The columns were o p e r a t e d  on c y c l e s  of 9-days f l o o d i n g  

fo l lowed  by 5-day d r y  p e r i o d s .  The column i n f i l t r a t i o n  r a t e s  

were determined by weighing t h e  ou t f low d a i l y ,  and gaseous  o u t -  

p u t  from columns was measured and ana lyzed  a s  d e s c r i b e d  i n  

p r e v i o u s  r e p o r t s .  The cumula t ive  o u t f l o w  from t h e  columns was 

sampled p e r i o d i c a l l y  and ana lyzed  f o r  t h e  v a r i o u s  n i t r o g e n  compo- 

n e n t s  and o r g a n i c  ca rbon ,  

RESULTS AND DISCUSSION: 

Ni t rogen  Removal. The p e r c e n t  n i t r o g e n  removal from sewage 

w a t e r  was i n c r e a s e d  by a b o u t  12% by t h e  a d d i t i o n  of approx imate ly  
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150 mg/l methanol .  The a d d i t i o n  of lower c o n c e n t r a t i o n s  of 

methanol d i d  n o t  i n c r e a s e  n i t r o g e n  removal and r e s u l t e d  i n  lower 

N removal d u r i n g  one c y c l e .  The amount of n i t r a t e  l eached  o u t  

f o l l o w i n g  t h e  d r y  p e r i o d  must be  reduced i n  o r d e r  t o  s u b s t a n t i a l l y  

i n c r e a s e  n i t r o g e n  removal. The n i t r a t e  peak was reduced by each  

increment  of methanol added t o  t h e  sewage w a t e r  ( F i g u r e  2) ,  b u t  

due t o  a  c o r r e s p o n d i n g  i n c r e a s e  i n  n i t r i t e  c o n c e n t r a t i o n s  t h e  

t o t a l  n i t r o g e n  c o n t e n t  of t h e s e  saniples d i d  n o t  change ( F i g u r e  3 ) "  

The i n c r e a s e  i n  n i t r i t e  c o n c e n t r a t i o n  cou ld  have been due t o  

e i t h e r  incomple te  n i t r i f i c a t i o n  o r  incomple te  d e n i t r i f i c a t i o n .  

The a d d i t i o n  of h i g h  c o n c e n t r a t i o n s  of methanol  d i d  s t i m u l a t e  an 

i n c r e a s e  i n  t h e  volume of g a s  e x p e l l e d  from t h e  column, b u t  t h e  

g a s  c o l l e c t e d  a f t e r  t h e  f i r s t  day of f l o o d i n g  c o n s i s t e d  of about  

50% methane and o n l y  40% n i t r o g e n ,  There fo re ,  methanol appeared 

t o  s t i m u l a t e  d e n i t r i f i c a t i o n  o n l y  s l i g h t l y .  Data on n i t r o g e n  

removal were c o l l e c t e d  f o r  o n l y  3 f l o o d i n g  c y c l e s ,  however, and 

t h i s  might n o t  have been s u f f i c i e n t  t ime f o r  t h e  m i c r o b i a l  popula-  

t i o n  t o  a d a p t  t o  methanol. It i s  a l s o  p o s s i b l e  t h a t  t h e  d e t e n t i o n  

t ime i n  the  columns might  have been t o o  s h o r t  f o r  complete  d e n i t r i -  

f i c a t i o n  w i t h  methanol.  The carbon s o u r c e  was changed t o  d e x t r o s e  

a f t e r  3 c y c l e s  because  t h e  t o t a l  carbon a n a l y z e r  would n o t  r e c o v e r  

a l l  of t h e  methanol from samples .  

The a d d i t i o n  of d e x t r o s e  t o  t h e  sewage w a t e r  r e s u l t e d  i n  

p r o g r e s s i v e l y  h i g h e r  n i t r o g e n  removal w i t h  each  increment  of 

added carbon ( F i g u r e  4 ) .  F lood ing  w i t h  sewage w a t e r  c o n t a i n i n g  

150-ppm o r g a n i c  ca rbon  r e s u l t e d  i n  a lmos t  complete  n i t r o g e n  

removal (91%).  D e n i t r i f i c a t i o n  appeared t o  be  r e s p o n s i b l e  f o r  

a t  l e a s t  p a r t  of t h e  i n c r e a s e  i n  n i t r o g e n  removal.  The g a s  

c o l l e c t e d  from t h e  columns f looded  w i t h  sewage c o n t a i n i n g  150-ppm 

carbon accounted f o r  a n  average  of 245 grams p e r  c y c l e  more n i t r o -  

gen than  was p r e s e n t  i n  the  g a s  c o l l e c t e d  from t h e  columns f looded  

w i t h  sewage w a t e r  o n l y  (Table  1 ) .  However, t h e  columns f looded  
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w i t h  the  s p i k e d  sewage w a t e r  removed abou t  450 grams p e r  c y c l e  

more n i t r o g e n  than  t h e  columns f looded  w i t h  sewage w a t e r  on ly .  

Traces  of N 0  were d e t e c t e d  i n  the  a i r  space  above t h e  s o i l  c o l -  
2  

umns d u r i n g  t h e  d r y  p e r i o d ,  i n d i c a t i n g  t h a t  d e n i t r i f i c a t i o n  

occur red  d u r i n g  t h a t  t ime,  a l s o .  Some n i t r o g e n  g a s  produced 

d u r i n g  t h e  d r y  p e r i o d  cou ld  be l o s t  from t h e  column by d i f f u s i o n .  

It is l i k e l y ,  however, t h a t  i n c r e a s i n g  t h e  ca rbon  c o n t e n t  of the  

sewage w a t e r  would r e s u l t  i n  an  i n c r e a s e  i n  t h e  amount of n i t r o g e n  

i n c o r p o r a t e d  i n t o  m i c r o b i a l  t i s s u e .  L a t e r  a n a l y s i s  of s o i l  Sam- 

p l e s  a n d / o r  l e a c h i n g  of t h e  columns cou ld  c l a r i f y  t h i s  p o i n t .  

The d i f f e r e n c e  i n  t h e  r e a c t i o n  of t h e  columns t o  t h e  d i f f e r -  

e n t  carbon s o u r c e s  is  d i f f i c u l t  t o  e x p l a i n .  S i n c e  d e x t r o s e  i s  

more r e a d i l y  a v a i l a b l e  t o  microorganisms than methanol,  i t  may 

s t i m u l a t e  t h e  n i t r o g e n  removal p r o c e s s e s  more r e a d i l y .  
+ 

The NH c o n c e n t r a t i o n s  of samples taken a t  v a r i o u s  d e p t h s  4 
I- 

i n  t h e  columns a r e  shown i n  F i g u r e  5 .  The NN c o n c e n t r a t i o n  4 
a c t u a l l y  i n c r e a s e d  between t h e  0- and 20-cm d e p t h s  and then  

r a p i d l y  d e c l i n e d  between t h e  20- and 40-cm d e p t h s .  A s i m i l a r  

i n c r e a s e  i n  t h e  o r g a n i c  carbon c o n c e n t r a t i o n  occur red  between 

0-20 cm. These i n c r e a s e s  i n  NH+ and C a r e  a p p a r e n t l y  due t o  the  4 
decomposi t ion of o r g a n i c  m a t e r i a l s  which have accumulated i n  t h e  

+ 
column n e a r  t h e  s u r f a c e .  The NH c o n c e n t r a t i o n s  of samples t aken  

4  
a f t e r  8 days  of f l o o d i n g  i n d i c a t e d  t h a t  t h e  s o i l  was becoming 

s a t u r a t e d  w i t h  NH 
+ 
4"  

Carbon Removal, The a d d i t i o n  of o r g a n i c  ca rbon  a s  methanol 

d i d  n o t  r e s u l t  i n  much i n c r e a s e  i n  t h e  o r g a n i c  carbon c o n t e n t  of 

t h e  w a t e r  c o l l e c t e d  from t h e  columns, excep t  f o r  t h e  h i g h e s t  r a t e  

of carbon added ( F i g u r e  6 ) .  The o r g a n i c  C c o n t e n t  of t h e  sewage 

w a t e r  s p i k e d  w i t h  methanol cou ld  n o t  be a c c u r a t e l y  measured 

because  a n a l y s e s  of methanol  s t a n d a r d s  i n d i c a t e d  t h a t  15-25% of 

t h e  carbon i n j e c t e d  i n t o  t h e  carbon a n a l y z e r  a s  methanol passed 

through w i t h o u t  be ing  d e t e c t e d .  The same was t r u e  of  e t h a n o l .  
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I t  i s  l i k e l y  t h a t  a  f r a c t i o n  of ve ry  v o l a t i l e  compounds may pass  

through t l le ca rbon  a n a l y z e r  f u r n a c e  w i t h o u t  b e i n g  combus t e d .  These 

d a t a  i n d i c a t e  t h a t  t h e  a d d i t i o n  of up t o  approximately  75-ppm C as 

methanol r e s u l t e d  i n  on ly  a  s l i g h t  carbon i n c r e a s e  i n  t h e  water 

c o l l e c t e d  from t h e  column, w h i l e  t h e  a d d i t i o n  of approximately  

150-ppm C s u b s t a n t i a l l y  i n c r e a s e d  t h e  C c o n t e n t  of t h e  recla imed 

w a t e r .  

The s o i l  columns a p p a r e n t l y  d i d  n o t  remove a s  much o r g a n i c  

carbon from t h e  sewage water s p i k e d  w i t h  d e x t r o s e  a s  they removed 

from t h e  sewage w a t e r  s p i k e d  w i t h  methanol.  Most of t h e  o r g a n i c  

C was removed from t h e  w a t e r  when t h e  average  c o n c e n t r a t i o n  e n t e r -  

i n g  t h e  columns w a s  40 ppm, b u t  a c o n s i d e r a b l e  amount of o r g a n i c  

C passed through t h e  columns when t h e  average  c o n c e n t r a t i o n  e n t e r -  

i n g  was 80 ppm ( F i g u r e  7 ) .  About h a l f  of t h e  o r g a n i c  C passed 

through t h e  columns when t h e  average  o r g a n i c  C c o n c e n t r a t i o n  e n t e r -  

i n g  t h e  columns was 150 ppm. The columns f looded  w i t h  w a t e r  

c o n t a i n i n g  150-ppm o r g a n i c  carbon d i d  n o t  remove much more t o t a l  

carbon t h a n  t h e  columns f looded  w i t h  water c o n t a i n i n g  80-ppm 

o r g a n i c  carbon.  

The o r g a n i c  C c o n t e n t  of t h e  samples from t h e  columns f looded  

w i t h  on ly  sewage w a t e r  a c t u a l l y  i n c r e a s e d  a s  t h e  w a t e r  moved t o  

t h e  40-cm d e p t h ,  and t h e n  g r a d u a l l y  d e c l i n e d .  The samples from 

columns f looded  w i t h  sewage w a t e r  s p i k e d  w i t h  d e x t r o s e  showed a  

s h a r p  d e c l i n e  i n  o r g a n i c  carbon c o n t e n t  a s  t h e  w a t e r  moved t o  t h e  

40-cm d e p t h ,  and t h e n  g r a d u a l l y  d e c l i n e d .  The s h a r p  drop i n  t h e  

o r g a n i c  ca rbon  c o n t e n t  between t h e  240-cm dep th  and t h e  column 

o u t l e t  a t  250 cm may b e  due t o  some oxygen l e a k i n g  i n t o  t h e  columns 

a t  t h e  lower end. It c o u l d  a l s o  b e  due t o  t h e  d i f f e r e n c e  i n  t h e  

way t h e  sample  w a s  t a k e n  s i n c e  t h e  240-cm samples were  t aken  from 

a  ceramic  sampl ing t u b e ,  w h i l e  t h e  250-cm samples were withdrawn 

from water f lowing  f r e e l y  through t h e  o u t l e t  t u b e .  Some c o l l o i d a l  
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o r g a n i c  p a r t i c l e s  a s s o c i a t e d  w i t h  t h e  s o i l  cou ld  b e  i n c l u d e d  w i t h  

t h e  sample t a k e n  from t h e  s o i l  w i t h  t h e  ceramic sample r .  

The E f f e c t  of Disso lved  Organic  Carbon on S o i l  C l o g g a .  The 

a d d i t i o n  o f  o r g a n i c  carbon a s  e i t h e r  methanol o r  d e x t r o s e  d i d  no t  

a f f e c t  t h e  i n f i l t r a t i o n  rates d u r i n g  t h e  f i r s t  f l o o d i n g  p e r i o d ,  b u t  

t h e  i n f i l t r a t i o n  r a t e s  dropped s h a r p l y  d u r i n g  t h e  second f l o o d i n g  

p e r i o d  i n  b o t h  cases (Tab le  2 ) .  Some t i m e  was a p p a r e n t l y  needed 

f o r  t h e  ca rbon  a d d i t i o n  t o  s t i m u l a t e  a bu i ldup  i n  t h e  m i c r o b i a l  

p o p u l a t i o n  o f  t h e  s o i l  columns. Tensiometer d a t a  i n d i c a t e d  t h a t  

t h e  d e c r e a s e  i n  i n f i l t r a t i o n  r a t e s  w a s  n o t  due t o  c logg ing  at t h e  

s u r f a c e  of t h e  s o i l ,  as w a s  r e p o r t e d  p r e v i o u s l y  when columns were  

f looded  f o r  l o n g  p e r i o d s  of t i m e .  The suspended s o l i d  c o n t e n t  of 

t h e  sewage water i n c r e a s e d  s u b s t a n t i a l l y  dur ing  t h e  f o u r t h  f l o o d i n g  

p e r i o d  due t o  t e c h n i c a l  problems a t  t h e  a c t i v a t e d  s l u d g e  p l a n t  i n  

Phoenix.  The i n f i l t r a t i o n  r a t e s  of t h e  check columns which r e c e i v e d  

on ly  sewage water d e c l i n e d  s h a r p l y  d u r i n g  t h i s  c y c l e ,  and t h e  

t ens iomete r  d a t a  i n d i c a t e d  t h a t  t h e  d e c l i n e  w a s  due t o  c logg ing  

a t  t h e  s o i l  s u r f a c e .  The i n f i l t r a t i o n  rates of t h e  check columns 

were abou t  t h e  same a s  t h e  ca rbon- t rea ted  columns a f t e r  s e v e r a l  

f l o o d i n g  c y c l e s  w i t h  w a t e r  h i g h  i n  suspended s o l i d s .  Th i s  i n d i c a t e s  

t h a t  t h e  e f f e c t s  of t h e  suspended s o l i d s  and t h e  o r g a n i c  carbon 

were n o t  a d d i t i v e .  S u r f a c e  c logg ing  was n o t  i n d i c a t e d  by t h e  

t e n s i o m e t e r s  i n  t h e  c a r b o n - t r e a t e d  columns even a f t e r  f l o o d i n g  

w i t h  w a t e r  h i g h  i n  suspended s o l i d s .  There  appeared t o  b e  no 

d i f f e r e n c e s  i n  t h e  i n f i l t r a t i o n  r a t e  r e d u c t i o n  among t h e  d i f f e r e n t  

l e v e l s  of carbon t r e a t m e n t .  

Gas p r o d u c t i o n  i n  t h e  columns t r e a t e d  w i t h  carbon cou ld  have 

been r e s p o n s i b l e  f o r  some c logg ing ,  a l t h o u g h  gas  was n o t  e m i t t e d  

from t h e  columns a f t e r  t h e  f i r s t  day of t h e  f l o o d i n g  c y c l e  excep t  

i n  t h e  c a s e  of t h e  h i g h e s t  methanol t r e a t m e n t .  

F e c a l  Col i form Removal. The a d d i t i o n  of d e x t r o s e  t o  t h e  

sewage w a t e r  r e s u l t e d  i n  a tremendous growth o f  f e c a l  c o l i f o r m  
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b a c t e r i a  w i t h i n  24 lxs. The a v e r a g e  number of f e c a l  c o l i f o r m s  i n  
5 

t h e  sewage w a t e r  was 4 .2  x 10  1100 m l ,  and t h i s  i n c r e a s e d  t o  an  a v e r -  
7 

age of 3.3 x LO /.LOO m i  w i t h i n  24 h r s  a f t e r  t h e  ca rbon  a d d i t i o n .  

The number of b a c t e r i a  t a k e n  a t  d i f f e r e n t  l e v e l s  i n  t h e  p r o f i l e  

was q u i t e  e r r a t i c  ( F i g u r e  8 ) .  However, i t  was d i s c o v e r e d  t h a t  a  

ceramic  sampler  s c r e e n e d  o u t  h a l f  of t h e  f e c a l  c o l i f o r m s  when 

sewage was drawn th rough  i t .  Some of t h e  s a m p l e r s  may have been 

c logged more than  o t h e r s ,  r e s u l t i n g  i n  e r r a t i c  c o u n t s .  The samples 

t a k e n  from t h e  head of w a t e r  above t h e  columns and t h e  o u t l e t  tube  

a t  t h e  lower  end of t h e  columns were n o t  p u l l e d  th rough  ce ramic .  

When l i n e s  were  drawn th rough  t h e s e  two p o i n t s  f o r  t h e  sewage 

w a t e r  and t h e  sewage w a t e r  p l u s  d e x t r o s e ,  i t  appeared t h a t  t h e  

r a t e  of r e d u c t i o n  of  c o l i f o r m s  w i t h  column d e p t h  was t h e  same f o r  

t h e  two t r e a t m e n t s  ( F i g u r e  8 ) .  More c o l i f o r m s  passed  th rough  t h e  

columns f looded  w i t h  sewage p l u s  d e x t r o s e  because  more e n t e r e d  

t h e  columns a t  t h e  t o p .  The ceramic  sample r s  were  obv ious ly  n o t  

s u i t a b l e  f o r  t a k i n g  samples  f o r  b a c t e r i a l  c o u n t s ,  even though t h e  

pore  s i z e  was 25-30 v.  

The Comparison of COD and Organic  Carbon Ana lyses .  The chem- 

i c a l  oxygen denland (COD) was p l o t t e d  v s .  o r g a n i c  carbon f o r  samples  

from groundwater ( r e c l a i m e d )  secondary sewage e f f l u e n t  and rec la imed  

sewage w a t e r  ponds ( F i g u r e  9)  . 'Pile s c a t t e r  of p o i n t s  was siniilar 

t o  t h a t  r e p o r t e d  by o t h e r  workers ,  and t h e  c o r r e l a t i o n  c o e f f i c i e n t  

was 0.83. The a v e r a g e  mean v a l u e  f o r  C o ~ / o r g a n i c  ca rbon  was 3.46 

-t- 1 .22 .  -- 
PART T L .  REDOX POTENTIAL MEASURE~NTS 

INTRODUCTION : 

1'1 a r e c e n t  a r t i c l e  B a i l e y  and Beauchamp (1.) i n v e s t i g a t e d  

t h e  d i f f e r e n c e s  i n  r edox  p o t e n t i a l  measurements due t o  l e a v i n g  t h e  

e l e c t r o d e s  i n  p l a c e  v e r s u s  t a k i n g  them o u t  of t h e  s o i l  a f t e r  eve ry  

r e a d i n g .  They used b r i g h t  p la t inum e l e c t r o d e s  i n  s a t u r a t e d  s o i l ,  

even tllough they acknowledged t h a t  Q u i s p e l  (2 )  had found b e t t e r  
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r e s u l t s  f o r  w e l l - a e r a t e d  s o i l s  w i t h  platinum-blacked p la t inum e l e c -  

t r o d e s .  They found t h a t  "permanently" p laced  e l e c t r o d e s  po i sed  a t  

-200 mv i n  a s a t u r a t e d  s o i l  sys tem t o  which NO- had been added, 3 
b u t  t h a t  " t e m p o r a r i l y t '  p laced  e l e c t r o d e s  p o i s e d  a t  f 2 0 0  mv when 

t h e  NO- was added t o  t h e  sys tem.  3 
I n  p r e v i o u s  work w i t h  s o i l  columns i n t e r m i t t e n t l y  f looded 

w i t h  sewage e f f l u e n t ,  i t  had been our  p r a c t i c e  t o  u s e  "permanentlyt '  

p l a c e d ,  b lacked  p l a t i n u m  e l e c t r o d e s  ( s e e  1969 and 1970 Annual 

Reports  f o r  d e t a i l s ) .  While changes i n  t h e  r e a d i n g s  d i d  occur  

d u r i n g  a f l o o d i n g  c y c l e ,  t h e  d a t a  d i d  n o t  i n d i c a t e  whether  o r  n o t  

t h e  e l e c t r o d e s  may have been mal func t ion ing .  

The p r e s e n t  s t u d y  was des igned  t o  s e e  i f  t h e  permanently 

p l a c e d  e l e c t r o d e s  would f u n c t i o n  p r o p e r l y  o v e r  a l o n g  p e r i o d  of 

t ime and s e v e r a l  f l o o d i n g  and d r a i n i n g  c y c l e s .  The s t u d y  a l s o  

t e s t e d  t h e  e f f e c t  of added carbon i n  t h e  sewage e f f l u e n t  water 

on t h e  pH and redox p o t e n t i a l  of t h e  s o i l - w a t e r  sys tem.  

PROCEDURE : 

The schemat ic  diagram of t h e  sys tem was g iven  i n  t h e  earlier 

s e c t i o n  a s  F i g u r e  1. Samples were t aken  from t h e  sampl ing p o r t s  

d u r i n g  one of t h e  i n f i l t r a t i o n  c y c l e s  t o  de te rmine  t h e  pH p r o f i l e  

of t h e  s o i l - w a t e r  sys tem.  S i n c e  t h e  pH of t h e  sewage e f f l u e n t  

changes v e r y  l i t t l e ,  one sampling was thought  t o  b e  s u f f i c i e n t .  

Blacked p la t inum e l e c t r o d e s  were  i n s e r t e d  i n t o  each of t h e  

e i g h t  columns a t  2-, lo-,  20-, and 40-cm dep th  below t h e  s o i l  

s u r f a c e .  Column 8 had a double  s e t  of t h e s e  e l e c t r o d e s  2 cm a p a r t  

h o r i z o n t a l l y .  From p a s t  e x p e r i e n c e  i t  appeared t h a t  t h i s  zone 

would undergo t h e  w i d e s t  redox p o t e n t i a l  changes ,  and i f  t h e  probes  

were going t o  b e  po i sed  a t  some n e g a t i v e  v a l u e ,  i t  s h o u l d  show up 

h e r e .  It  would b e  v e r y  i n c o n v e n i e n t  and g i v e  d o u b t f u l  r e s u l t s  t o  

change t h e  redox probes  a f t e r  every  r e a d i n g  l i k e  B a i l e y  and 

Ueauchamp. The a i r  i n t r o d u c e d  i n t o  t h e  s o i l  when t h e  probes  were 

i n s e r t e d  and withdrawn would c e r t a i n l y  a f f e c t  t h e  redox r e a d i n g .  
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I f  t h e  p robes  were  i n s e r t e d  through a membrane o r  rubber  serum 

cap,  i t  would probably  t a k e  o f f  a l o t  of t h e  p la t inum b l a c k  and 

a g a i n  t h e  r e a d i n g s  would be  s u s p e c t .  

The e l e c t r o d e s  were checked i n  a pH 7 b u f f e r  s o l u t i o n  b e f o r e  

i n s e r t i o n  i n t o  t h e  column and a g a i n  a f t e r  b e i n g  t a k e n  o u t  of t h e  

column. The p robes  were allowed t o  s t a n d  i n  t h i s  b u f f e r  f o r  2 o r  

3 days t o  e q u i l i b r a t e  w i t h  t h e  b u f f e r e d  s o l u t i o n ,  b o t h  b e f o r e  and 

a f t e r  t h e  exper iments .  The redox r e a d i n g s  were  t aken  w i t h  a ca lo -  

mel e l e c t r o d e  t o  complete t h e  c i r c u i t ,  b u t  were c o r r e c t e d  t o  a 

hydrogen e l e c t r o d e  b a s i s  by adding 240 t o  each r e a d i n g .  

Columns 1 and 2 had no added carbon. Columns 3 and 4 had 

carbon added t o  a t t a i n  an  average  c o n c e n t r a t i o n  of 40 ppm. Columns 

5 and 6 had ca rbon  added t o  a t t a i n  an  average  c o n c e n t r a t i o n  of 80 

ppm. Columns 7 and 8 had carbon added t o  a t t a i n  a n  average  concen- 

t r a t i o n  of 150 ppm. A l l  carbon was added a s  d e x t r o s e .  

RESULTS AND DISCUSSION: 

The pH p r o f i l e s  a r e  shown i n  F i g u r e  1 0 .  The e f f l u e n t - o n l y  

columns ( 1  and 2) d i d  n o t  show much of a pli change down t h e  columns, 

excep t  a t  20 cm. The high-carbon t r e a t m e n t  ( 7  and 8) ,  however, had 

a d i s t i n c t  pll p r o f i l e .  Thus, c o r r e c t i n g  t h e  redox r e a d i n g s  f o r  pli 

a s  has  been done p r e v i o u s l y  might b e  meaningless  where carbon has  

been added t o  t h e  sys tem.  

Before  t h e  redox probes were i n s t a l l e d  i n  t h e  columns, t h e  

redox v a l u e  i n  a pfi 7 b u f f e r  was 592 + 34 mv. A f t e r  t h e  probes  - 
were removed, a f t e r  6 months' usage,  t h e  redox r e a d i n g s  on a l l  

probes  were 477 - + 276 mv. Out of t h e  36 p r o b e s ,  9 seemed t o  b e  

g i v i n g  f a u l t y  r e a d i n g s ,  a s  judged by low r e a d i n g s  b o t h  i n  t h e  c o l -  

umn and i n  t h e  b u f f e r  s o l u t i o n .  I n  a d d i t i o n ,  two o t h e r  probes  

appeared t o  have been damaged when removing them from t h e  columns. 

The remaining 25 probes  ( o r  70%) had a s t a n d a r d  r e a d i n g  of 543 2 
123  mv i n  t h e  pH 7 b u f f e r .  While t h i s  is  n o t  a s  good as might b e  

hoped f o r ,  i t  i n d i c a t e s  t h e  probes  were n o t  permanently po i sed  a t  
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some low reading.  The wide v a r i a t i o n  i n  t he  f i n a l  t e s t  readings i s  

probably not too  bad f o r  probes i n  such a system f o r  6 months. 

Figure I1 shows the redox p o t e n t i a l s  as a func t ion  of time 

f o r  the two c o n t r o l  o r  s t r a i g h t - e f f l u e n t  inundated columns ( 1  and 

2). Each curve i s  the  average of t he  two columns, A s  can be seen ,  

the  redox values cycled w i t h  every i n f i l t r a t i o n  ( I  on t h e  time s c a l e )  

and drainage (D on the  time s c a l e )  per iod  w i t h  the  same amplitude, 

It a l s o  is  apparent  t h a t  the probes were not  permanently poised by 

t h i s  system, While t h e r e  i s  s c a t t e r  wi th  p o s i t i o n ,  i t  appears t h a t  

about the end of the  i n f i l t r a t i o n  per iod  (14 days) some d e n i t r i f i c a -  

t i o n  could have taken p l ace  ( i . e . ,  Eh = 200 mv) i f  n i t r a t e  had been 

present  . 
Figure 12 shows the redox p o t e n t i a l  as  a func t ion  of time f o r  

columns 7 and 8 wi th  water conta in ing  150-ppm organic  C, Each curve 

i s  the average of 3 values .  Here the changes i n  the  redox values 

a r e  much wider  than i n  columns 1 and 2. The values i n d i c a t e ,  however, 

t h a t  the probes were not  poised a t  t he  low negat ive  1.evels reached 

during the  i n f i l t r a t i o n  cyc le .  The recovery of the redox value 

seemed t o  be a func t ion  of depth;  i . e . ,  the  lower probes (40 cm) were 

s lowest  t o  r e g i s t e r  an i n c r e a s e  i n  p o t e n t i a l  a f t e r  the  s t a r t  of t h e  

drainage per iod .  The o the r  carbon-treated columns ac ted  much t h e  

same as columns 7 and 8 ,  except the redox va lue  was no t  q u i t e  as 

l o w  a t  the  end of the i n f i l t r a t i o n  per iod .  

I n  order  t o  check the  redox reading as a func t ion  of depth,  two 

s e t s  of probes were i n s t a l l e d  i n  column 8. Figure 1 3  shows the read- 

i ngs  of the two probes a t  2 cm, as w e l l  as t h e i r  average over t he  same 

time per iod .  While t h e r e  i s  s c a t t e r  between t h e  two probes,  they d id  

seem, f o r  the  most p a r t ,  t o  be i n  phase wi th  one another .  Figures  14 ,  

15 ,  and 16  show the readings and average values f o r  probes a t  10,  20, 

and 40 cm. While t h e r e  i s  some s c a t t e r  a t  each depth,  i t  appears t o  

decrease wi th  depth. Thus, the s c a t t e r  between probes may be r e a l  i n  

t h a t  the  microenvironment around the probes may be d i f f e r e n t  c lose  t o  
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the s o i l  s u r f a c e  where cracks and uneven s o i l  s u r f a c e s  play an 

important p a r t ,  b u t  deeper i n  t he  s o i l  p r o f i l e  t he  redox p o t e n t i a l  

i n  a plane is  f a i r l y  uniform. 

SUMMARY AND CONCLUST ONS ; 

S o i l  colunms f i l l e d  wi th  ma te r i a l  from the  Flushing Meadows 

recharge bas ins  were flooded wi th  sewage water  and sewage water  

spiked with organic  carbon as  methanol o r  dextrose t o  provide 

organic  carbon l e v e l s  of 15 ,  40, 80, and 150 ppm. Carbon l e v e l s  i n  

water  spiked w i t h  methanol were approximate because the  t o t a l  

o rganic  carbon ana lyzer  d id  n o t  recover a l l  of the  methanol. A l l  

carbon concent ra t ions  e n t e r i n g  the  columns a r e  repor ted  as average 

concent ra t ions  because of d e t e r i o r a t i o n  i n  t he  con ta ine r s  before  

e n t e r i n g  the  columns, 

The add i t i on  of methanol increased  n i t rogen  removal only 

s l i g h t l y .  The h i g h - n i t r a t e  peak occurr ing  a f t e r  t he  dry period was 

e l imina ted ,  bu t  i t  was replaced by a h i g h - n i t r a t e  peak. The n i t r i t e  

peak was due t o  i n h i b i t i o n  of e i t h e r  n i t r i f i c a t i o n  o r  d e n i t r i f i c a t i o n .  

The add i t i on  of dextrose t o  the sewage r e s u l t e d  i n  an inc rease  

i n  n i t rogen  removal with each increment of added carbon, and more 

than 90% of the* n i t rogen  was removed from the sewage water  contain-  

i n g  150-ppm organic  carbon. An inc rease  i n  the volume of gas c o l l e c t e d  

From the columns ind ica t ed  t h a t  d e n i t r i f i c a t i o n  was s t imu la t ed ,  bu t  

some n i t rogen  could a l s o  have been incorpora ted  i n t o  microbia l  c e l l s .  

A high concent ra t ion  of organic  carbon remained i n  the  water  

co l l ec t ed  from the columns when the  organic  carbon content  of the 

sewage water  was increased  t o  150 ppm wi th  e i t h e r  carbon source .  

Increas ing  the  carbon concent ra t ion  of the  sewage wa te r  t o  80 ppm by 

adding dextrose a l s o  increased  the carbon concent ra t ion  of the water  

co l l ec t ed  from the columns. Most of t he  organic  carbon w a s  removed 

from sewage water  conta in ing  40- o r  80-ppm o rgan ic  carbon as  methanol 

and from water  conta in ing  40-ppm organic carbon a s  dextrose.  
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The maximum concent  r a t i o n  of d i s s o l v e d  o r g a n i c  carbon t h a t  

could  be removed from t h e  sewage water by predominant ly  a n a e r o b i c  

r e a c t i o n s  i n  t h i s  h i g h - r a t e  f low sys tem (1-2 f t  i n f i l t r a t i o n / d a y )  

appeared t o  b e  between 40 and 80 ppm. 

I n f i l t r a t i o n  r a t e s  were  reduced by about  30% on t h e  average 

by the  a d d i t i o n  of d i s s o l v e d  o r g a n i c  carbon t o  t h e  sewage w a t e r .  

Organic  sed iments  appeared t o  cause more c logg ing  t h a n  was devel-  

oped by the  a d d i t i o n  of d i s s o l v e d  o r g a n i c  carbon.  The c logg ing  

due t o  o r g a n i c  sed iments  developed a t  t h e  s u r f a c e ,  w h i l e  t h e  c log-  

g ing  caused by d i s s o l v e d  o r g a n i c  carbon developed i n t e r n a l l y .  

The a d d i t i o n  o f  d e x t r o s e  t o  t h e  sewage w a t e r  s t i m u l a t e d  t h e  

growth of f e c a l  c o l i f o r m  b a c t e r i a  i n  t h e  jugs  of sewage. The r a t e  

of r e d u c t i o n  o f  f e c a l  co l i fo rms  w i t h  column dep th  seemed t o  be  

about  e q u a l  f o r  t h e  coluinns f looded  w i t h  sewage on ly  and t h e  col-  

unms f looded  w i t h  sewage c o n t a i n i n g  150-ppm o r g a n i c  carbon.  More 

f e c a l  co l i fo rms  were  p r e s e n t  i n  t h e  w a t e r  c o l l e c t e d  from columns 

f looded  w i t h  t h e  sewage w a t e r  s p i k e d  w i t h  d e x t r o s e  because  more 

f e c a l  c o l i f o r m s  were  p r e s e n t  i n  t h e  w a t e r  a p p l i e d  t o  those  columns. 

The b lacked  p l a t i n u m  e l e c t r o d e s  appear  t o  be  s a t i s f a c t o r y  i n  

measuring t h e  redox p o t e n t i a l  i n  a s o i l  column t r e a t e d  w i t h  sewage 

e f f l u e n t ,  w i t h  o r  w i t h o u t  added carbon.  These probes  appear  t o  

f u n c t i o n  p r o p e r l y  f o r  t h e  most p a r t ,  even when they  were lef t :  i n  

p l a c e  f o r  6 months. Th i s  was i n f e r r e d  from t h e  f a c t  t h a t  t h e  probes  

cyc led  w i t h  t h e  same ampli tude f o r  s e v e r a l  i n f i l t r a t i o n  and d r a i n a g e  

c y c l e s  and d i d  n o t  become permanently p o i s e d  a t  some low v a l u e .  

The redox p o t e n t i a l  c l o s e  t o  t h e  s o i l  s u r f a c e  undergoes t h e  widist 

changes and most r a p i d  changes w i t h  i n f  i l t r a t i o n  and d r a i n a g e  p e r i o d s .  

The deeper  p a r t s  o f  the p r o f i l e  appear  t o  l a g  beh ind  t h e  s u r f a c e  i n  

r a t e  of change i f  n o t  i n  magnitude.  The redox p o t e n t i a l  i n  a p l a n e  

o f  s o i l  appears  t o  become more c o n s t a n t  w i t h  dep th  t h a n  a t  t h e  s o i l  

s u r f a c e  where m i c r o r e l i e f  p l a y s  an i m p o r t a n t  p a r t .  Adding carbon 
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t o  the  sewage e f f l u e n t  used t o  inunda te  t h e  colunms lowered the  

redox p o t e n t i a l  a t t a i n e d  d u r i n g  t h e  i n f i l t r a t i o n  p e r i o d .  
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I 
Table  1. Volumes of gas  c o l l e c t e d  from s o i l  columns f looded  w i t h  

secondary  sewage e f f l u e n t  supplemented w i t h  d e x t r o s e  

d u r i n g  c y c l e s  of 9-days f l o o d i n g  and 5-days d r y i n g .  

Cycle Sewage Only Sewage 4- Dext rose  D i f f e r e n c e  

2 1965 

3 1833 

4 1834 

5  1528 - 
Average 1818 
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Table  2.  I n f i l t r a t i o n  r a t e s  ( f t / d a y )  of s o i l  columns i n t e r m i t -  

t e n t l y  f l o o d e d  w i t h  secondary  sewage e f f l u e n t  s p i k e d  

w i t h  d i f f e r e n t  l e v e l s  of o r g a n i c  carbon.  

Organic  carbon l e v e l  ( a v e r a g e )  

Cycle  PPm 

no, 15 5  0  80 150 
(sewage on1 y) 

Base p e r i o d  (no C added) 

1 .6  1 . 6  

1.6 1 , 6  

Me than01 addedq~ 

1 . 7  1 .6  

1.3 1 , O  

1 . 5  1 . 2 

Dext rose  added 

1 . 7  1 .6  

1.1 0 , 9  

1 .2  0.9 

0 0 9  0 .8  

0.8 0.7 

1.1 0 ,6  

1.1 0.6  

*Carbon v a l u e s  a r e  approximate  bccause  a n a l y z e r  was n o t  a c c u r a t e  

f o r  methanol a n a l y s i s .  

+<*The suspended s o l i d  c o n t e n t  i n c r e a s e d  s u b s t a n t i a l l y  d u r i n g  

c y c l e s  4-7 due t o  problems i n  t h e  c i t y  sewage p l a n t .  
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Figure 1 ,  S o i l  column f o r  wastewater renovat ion s tud ie s .  
Ceramic samplers were loca ted  a t  s o i l  depths 
of 2 ,  5, 10, 20,  40, 80, 160, and 240 cm, 
Tensionleters were loca ted  i n  the head and a t  2 ,  
20 ,  and 40 cm. Oxidation-reduction e l ec t rodes  
were loca ted  a t  2,  10, 20,  and 4 0  cm. 

9 - 16 
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g u r e  2 .  The e f f e c t  of o r g a n i c  carbon a s  methanol on the  n i t r a t e  
c o n t e n t  of w a t e r  c o l l e c t e d  from s o i l  columns f looded on 
c y c l e s  of 9 days  floodi.ng and 5 days d r y .  (C c o n c e n t r a -  
t ions e n t e r i n g  t h e  col imns were l e s s  than t h e  c o n c e n t r a t  
added  t u  t h e  scwagc because of d e t e r i o r a t i o n  i n  t h e  con- 
t n i n c r .  ) 9-17 

ions  
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1:iguuc 3 .  The n i t r a t e  and n i t r i t e  c o n c e n t r a t i o n s  i n  wa te r  frorn 
s o i l  columns Llooded w i t h  sewage w a t e r  c o n t a i n i n g  
d i f  [ e r c n t  l c v e l s  of o r g a n i c  carbon.  (C c o n c e n t r a t i o n s  
e n t e r i n g  t h e  colun~ns  were l e s s  t h a n  t h e  c o n c e n t r a t  ions  
added t o  t h e  sewage w a t e r  due t o  d e t e r i o r a t i o n  i n  t h e  
c o n t a i n e r s  .) 
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e f f e c t  of t h e  o r g a n i c  carbon c o n t e n t  of secondary  sewage e f f l u e n t  on p e r c e n t  n i t r o g e n  
emoval from the sewage by s o i l  columns f l o o d e d  on c y c l e s  of 9 day  f l o o d i n g  and 5 day 

i t h  d e x t r o s e  t o  r o v i d e  l e v e l s  of o r g a n i c  C, 
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+ F i g u r e  5 .  NH c o n c e n t r a t i o n s  of samples from v a r i o u s  d e p t h s  a long  
4 

s o i l  columns f looded  w i t h  secondary sewage e f f l u e n t .  
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The o r g a n i c  carbon c o n c e n t r a t i o n  of samples  from d i f f e r e n t  
d e p t h s  a l o n g  s o i l  columns f looded  w i t h  sewage wa te r  
supplernented w i t h  v a r i o u s  l e v e l s  of o r g a n i c  carbon a s  
methanol.  ( C  c o n c e n t r a t i o n s  e n t e r i n g  t h e  columns were 
l e s s  than  t h e  c o n c e n t r a t i o n s  added t o  t h e  sewage w a t e r  
due t o  d e t e r i o r a t i o n  i n  the  c o n t a i n e r s . )  
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40 6 0 80 120 
ORGANIC CARBON (PP 

F i g u r e  7 .  Organic carbon c o n c e n t r a t i o n s  of samples from v a r i o u s  
d e p t h s  a l o n g  s o i l  columns f looded  w i t h  secondary sewage 
e f f l u e n t  supplemented w i t h  d i f f e r e n t  l e v e l s  of o r g a n i c  
carbon a s  d e x t r o s e .  (Average o r g a n i c  C c o n c e n t r a t i o n s  
e n t e r i n g  t h e  columns were 15, 40, 80, and 150 ppm.) 
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F i g u r e  8. F e c a l  c o l i f o r m  coun t s  of samples  from v a r i o u s  d e p t h s  a l o n g  s o i l  columns 
f looded  w i t h  s e c m d a r y  sewage e f f l u e n t  supplemented with o r g a n i c  carbon 
a s  d e x t r o s e .  
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D WELLS i , ? ,  A 

LLS 1 , 2 , E C W ,  5 , 6 , A N D  E 
DS WITH EAST WE 

F i g u r e  9. R e l a t i o n  between TOC and COD f o r  v a r i o u s  w a t e r s .  Annual Report of the U.S. Water Conservation Laboratory



Yigure 10.  P r o f i l e s  of pH f o r  s o i l  columns f looded  with secondary 
sewage e f f l u e n t ,  Columns 1-2 had sewage w a t e r  o n l y  
(15-ppm o r g a n i c  ca rbon) ;  column 3 had 50-ppm o r g a n i c  
carbon;  column 5, 100-ppm o r g a n i c  carbon;  and columns 
7-8, 150-ppm o r g a n i c  carbon. 
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F i g u r e  11, Redox p o t s n t i a l  as a  f u n c t i o n  o f  t ime and d e p t h  f o r  s o i l  co lumns  f l o o d e d  w i t h  
s e c o n d a r y  sewage  e f f l u e n t ,  1 and D o n  t h e  t i m e  s c a l e  a r e  t h e  s t a r t i n g  r imes 
f o r  i n f i l t r a t i o n  and d r a i n a g e ,  r e s p e c t i v e l y .  
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, I 

F i g u r e  12.  Redox p o t e n t i a l  a s  a and d e p t h  f o r  s o i l  columns f l o o d e d  
h s e c o n d a r y  sewage e f f l u e n t  c o n t a i n i n g  150-ppm added c a r b o n .  
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F i g u r e  1 3 .  Redox p o t e n t i a l  as  a f u n c t i o n  o f  t i m e  f o r  two p r o b e s  a t  2-cm d e p t h  i n  a s o i l  column 
f l o o d e d  w i t h  s e c o n d a r y  s e w a g e  e f f l u e n t  c o n t a i n i n g  155-ppm added c a r b o n ,  
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m e  14. Redox p o t e n t i a l  a s  a f u n c t i o n  of time fo r  two p r o b e s  a t  1 0 - c n  d e p t h  i n  a s o i l  column 
f l o o d e d  w i t h  s e c o n d a r y  sewage e f f l u e n t  c o n t a i n i n g  150-ppm a d d e d  c a r b o n ,  
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I 

F i g u r e  1 5 .  edox  p o t e n t i a l  a s  a f u n c t i o n  o f  t i m e  f o r  two  p r o b e s  a t  20-cm d e p t h  i n  a s o i l  colunm 
f l o o d e d  w i t h  s e c o n d a r y  sewage e f  f l u e n r  c o n t a i n i n g  150-ppm added  c a r b o n ,  
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- IOC 

F i g u r e  1 6 .  Redox p o t e n t i a l  a s  a f u n c t i o n  o f  t i m e  f o r  two p r o b e s  a t  40-cm d e p t h  i n  a s o i l  c o l u m n  
f l o o d e d  w i t h  s e c o n d a r y  s e w a g e  e f f l u e n t  c o n t a i n i n g  150-ppm a d d e d  c a r b o n .  
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TITLE : ASSESSING THE ENERGY ENVIRONMENT OF PLANTS 

CRIS WORK UNIT: SWC-018-gG-4 CODE NO.:  Ariz.-WCL-68-5 

INTRODUCTION : 

Outs ide  of a  s h o r t  p e r i o d  s p e n t  i n  summarizing t h e  r e s u l t s  o f  

t h e  p r e v i o u s  two y e a r s '  s o l a r  r a d i a t i o n - a i r  p o l l u t i o n  s t u d i e s ,  work 

t h i s  y e a r  d e a l t  r a t h e r  e x c l u s i v e l y  w i t h  t h e  h e m i s p h e r i c a l  radiom- 

e t e r  developed i n  1970. It was t e s t e d  a g a i n s t  t h e  Funk techn ique  

of t r a n s f o r m a t i o n ,  v a s t l y  s i m p l i f i e d ,  and used i n  two f i e l d  s t u d i e s .  

PROCEDURES A M )  RESULTS : 

A comparison of f o u r  F r i t s c h e n  n e t  r a d i o m e t e r s  and two Funk 

n e t  r a d i o m e t e r s  conver ted  t o  h e m i s p h e r i c a l  o p e r a t i o n  by t h e  pro-  

cedures  of I d s o  and Funk, r e s p e c t i v e l y ,  was made i n  a  l a r g e ,  open, 

b a r e  f i e l d  over  a  p e r i o d  of 17 c o n s e c u t i v e  days .  Data  were c o l l e c -  

ted every  h a l f - h o u r  d u r i n g  t h i s  p e r i o d .  Under b o t h  c l e a r  and 

cloudy c o n d i t i o n s ,  t h e  mean 24-hour energy t o t a l s  r e c e i v e d  by each 

ins t rument  type  d i f f e r e d  by o n l y  2.3%. The I d s o  t echn ique  g e n e r a l l y  

gave t h e  h i g h e r  r e s u l t s  throughout  t h e  e n t i r e  24-hour pe r iod ,  and 

agreed a lmost  e x a c t l y  w i t h  t h e  combinat ion of measured s o l a r  and 

c a l c u l a t e d  c l e a r  sky a tmospher ic  thermal  r a d i a t i o n  u t i l i z i n g  t h e  

Idso-Jackson formula .  I f  t h e  Swinbank formula had been used,  how- 

ever ,  t h e  t h e o r e t i c a l  r e s u l t s  would have been abou t  2% lower and 

thus  c l o s e r  t o  t h e  Funk r e s u l t s .  S i n c e  t h e r e  i s  no b a s i s  f o r  

choosing between t h e s e  two formulas  i n  t h e  a i r  t empera tu re  range o f  

t h i s  s tudy ,  b o t h  ins t rument  t r a n s f o r m a t i o n  t echn iques  were con- 

c luded t o  be e q u a l l y  v a l i d .  

The I d s o  t r a n s f o r m a t i o n  t echn ique  was subsequen t ly  s i m p l i f i e d  

a s  fo l lows :  i n s t e a d  of c o n s t r u c t i n g  a  second s e t  o f  p o l y e t h y l e n e  

domes and sandwiching t h r e e  f i n e  thermocouples between t h e  bottom 

p a i r  and s p r a y i n g  t h e  o u t t e r  s u r f a c e  w i t h  b l a c k  and t h e n  w h i t e  

p a i n t ,  t h e  p a i n t  was a p p l i e d  d i r e c t l y  t o  t h e  lower dome wi thou t  i t s  

dismant lement  and a  thermocouple subsequen t ly  t aped  t o  t h e  p a i n t e d  

s u r f a c e .  During an  extended f i e l d  comparison o f  t h e  two procedures  

f o r  a  pe r iod  o f  19 days,  t h e r e  was e s s e n t i a l l y  no d i f f e r e n c e  
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between t h e  24-hour t o t a l s  of t h e  two techn iques .  Even i n s t a n t a -  

neous midnight  and s o l a r  noon v a l u e s  d i f f e r e d  by l e s s  than 1%. 

Following t h e s e  t e s t s ,  t h e  Iciso t echn ique  was used t o  measure 

incoming a tmospher ic  thermal  r a d i a t i o n  i n  two f i e l d  s t u d i e s .  I n  

t h e  f i r s t ,  f o u r  r e p l i c a t e d  measurements of a tmospher ic  thermal  

r a d i a t i o n  were o b t a i n e d  every  ha l f -hour  of seven c l e a r  days d u r i n g  

February.  A l l  i n d i c a t e d  t h e  e x i s t e n c e  of s y s t e m a t i c  d e v i a t i o n s  

from t h e  p r e d i c t i o n s  o f  e m p i r i c a l  formulae ,  By invoking an ex- 

p l a n a t i o n  f o r  t h e  e x i s t e n c e  of such d e v i a t i o n s  r e c e n t l y  g iven  by 

P a l t r i d g e ,  however, t h e  t imes  of occur rence  o f  t h e s e  d e v i a t i o n s  

' c o u l d  be p r e d i c t e d  q u i t e  a c c u r a t e l y .  

The second s t u d y  concerned t h e  comparat ive  s o l a r  and long-wave 

energy f l u x e s  d u r i n g  a  d u s t  s to rm under  c l o u d l e s s  s k i e s  a s  opposed 

t o  non-dust  s to rm c o n d i t i o n s .  The r e s u l t s  i n d i c a t e d  t h a t  i n c r e a s e d  

a tmospher ic  the rmal  r a d i a t i o n  under t h e  d u s t  s to rm c o n d i t i o n s  more 

than compensated f o r  t h e  reduced r e c e p t i o n  of s o l a r  r a d i a t i o n .  Con- 

s e q u e n t l y ,  i t  was concluded t h a t  i n c r e a s i n g  t h e  d u s t  c o n t e n t  o f  t h e  

e a r t h ' s  atmosphere may n o t  n e c e s s a r i l y  tend t o  c o o l  t h e  e a r t h ,  a s  

most a tmospher ic  s c i e n t i s t s  have supposed, b u t  may p o s s i b l y  cause  

i t  t o  warm up somewhat. 

SUMMARY AND CONCLUSIONS: 

A f i e l d  comparison o f  t h e  Funk and I d s o  t echn iques  f o r  t r a n s -  

forming n e t  r a d i o m e t e r s  i n t o  h e m i s p h e r i c a l  r a d i o m e t e r s  i n d i c a t e d  

t h a t  bo th  p rocedures  were e q u a l l y  v a l i d .  A t e s t  of a  s i m p l i f i e d  

v e r s i o n  of t h e  I d s o  t echn ique  a l s o  proved v a l i d .  The b a s i c  

t echn ique  was used t o  d e t e c t  some s y s t e m a t i c  d e v i a t i o n s  i n  atmos- 

p h e r i c  thermal  r a d i a t i o n  from p r e d i c t i o n s  of e m p i r i c a l  formulae 

and t o  c h a r a c t e r i z e  r a d i a t i v e  regimes of b o t h  t h e  c l e a r  and d u s t y  

atmosphere.  

PERSONNEL: S. B. I d s o  

OUTLINE TERMINATED: Sep t .  1971 
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RESULTS AMD DISCXJSSION: 

Arithmetic ca lcu la t ions  t o  cha rac te r i ze  flow i n  a pipe with a 

l a r g e  number of o u t l e t s  a r e  time-consuming, so a computer model 

providing f o r  d i f f e r e n t  o r i f i c e  s i z e s  along the  pipe was developed, 

'This model ca lcula ted  e f f e c t s  of f r i c t i o n ,  ve loci ty ,  and e levat ion  

from the  Bernoull i  energy equation, while app l i ca to r  flow i n t e r -  

ference was ignored, The computer ca lcu la t ions  a r e  q u i t e  prec ise ,  

Such prec is ion  may not  be necessary, however, because devia t ions  

from design assumptions w i l l  i nev i t ab ly  occur i n  the  ac tua l  system, 

Simplified ca lcu la t ions  and graphical  methods o f f e r  reasonable 

soLutions f o r  t r i c k l e  system design, 

The graphical  procedure was used t o  show t h e  v a l i d i t y  of 

changing o r i f i c e  s i zes .  The theore t i ca l  performance of a  system 

using f i v e  o r i f i c e  s i z e s  i n  a  250-ft l a t e r a l  was compared with a 

system t h a t  was i d e n t i c a l  except t h a t  a  s i n g l e  intermediate-size 

o r i f i c e  was used, I n i t i a l  l i n e  pressure was 2 p s i ,  o r i f i c e s  were 

spaced 2 f t  apa r t ,  and o r i f i c e  design discharge was 1,5 gph. Mraxi 

devia t ions  from design discharge were +231,0% t o  ~ 7 ~ 4 %  f o r  t h e  s i n g l e  
+ 

s i z e  system vs , 3,3% f o r  the  mul t ip le-s ize  system, 

A comparable mul t ip le-s ize  system was constructed and f i e l d  

t e s t ed ,  The hand-made o r i f i c e s  were not  i d e n t i c a l  and mean devia t ion  

of discharge from o r i f i c e s  of the  same diameter ranged from 1,7% t o  

3,3% when operated a t  the  same pressure,  Also, a  proper range of 

o r i f i c e  s i z e s  were not  ava i l ab le ,  Despite t h i s  handicap, lnaxiruum 

devia t ions  from design discharge were +5,2% t o  -6e6%, HC1 w a s  

i n i t i a l l y  used t o  insure  t h a t  o r i f i c e s  were c lean  before checking 

discharge rates. Later ,  t he  250-ft l a t e r a l  was placed on a s ingle-  

row cot ton  bed and performed s a t i s f a c t o r i l y  f o r  a  s i n g l e  g r o d n g  

season. Some o r i f i c e  plugging due t o  s a l t  p r e c i p i t a t i o n  was espec ia l ly  

noticed i n  t h e  f i e l d  where app l i ca to r s  were exposed t o  sunl ight ,  
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S Y AND CONCLUSIONS: 

Application uniformity from low-pressure t r i c k l e  i r r i g a t i o n  

systems can be g r e a t l y  improved by varying o u t l e t  s i z e s  t o  compensate 

fo r  fr ict ion-induced pressure changes i n  t h e  l a t e r a l  pipe, Low- 

pressure systems using s i n g l e  appl ica tor  s i z e s  s u f f e r  from non- 

uniform app l i ca to r  discharge because fr ict ion-induced pressure 

changes a r e  a l a r g e  percentage of  t o t a l  pressure,  High-pressure 

t r i c k l e  systems a l l e v i a t e  t h i s  problem by using high head l o s s  

app l i ca to r s ,  Low-pressure systems, using simple o r i f i c e s ,  can have 

severa l  advantages over high-pressure systems i n  reduced manufact- 

ur ing  and operat ing cos t s ,  l a r g e r  o r i f i c e s  t o  reduce clogging, and 

simpler flow contro l  devices, Comparable appl ica t ion  uniformity can 

be  obtained by varying o r i f i c e  s i z e s  i n  the  low-pressure systems, 

Procedures f o r  designing low-pressure, mul t ip le  o r i f i c e  s i z e  t r i c k l e  

systems by computer o r  by a s impl i f ied  computation and graphic method 

were developed, Theoret ical  computations and the  performance of an 

ac tua l  system showed a marked advantage f o r  a mul t ip le  o r i f i c e  s i z e  

system over a s ing le - s i ze  system, 

PART 11. TRICKLE IRRIGATION MANAGEMENT FOR COTTON PROlbUCTION 
I 

ZmOmCTTON : 

Alleged advantages of t r i c k l e  i r r i g a t i o n  over o ther  i r r i g a t i o n  

methods include higher crop y i e l d s  and use  of l e s s  water. These 

advantages, however, have not  been proven, To acquire  p r a c t i c a l  

knowledge i n  t r i c k l e  i r r i g a t i o n  management, an experiment on cot ton  

was i n i t i a t e d  i n  1971, Cotton was not  chosen because i t  would be 

economical t o  r a i s e  cot ton  with t r i c k l e ,  but  because i t  i s  an 

excel lent  " indica tor"  crop of moisture stress, The ob jec t ive  of t h e  

f i e l d  experiment was t o  develop c r i t e r i a  f o r  managing t r i c k l e  i rr i-  

gat ion  f o r  increased water-use e f f i c i ency  and improved crop production, 

PROCEDURE : 

The experiment was located  on 16 rows on the  west s i d e  of Fie ld  

C-1 a t  the  Universi ty of Arizona Cotton Research Center, Phoenix, 
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i o r  h i s t o r y  o f  t h e  f i e l d  included ba r l ey  f o r  one year an  

co t ton  f o r  t h r e e  yea r s  p r i o r  t o  bar ley ,  Af t e r  c o t t o n  s t a l k s  from 

the 1969 season were plowed under and f e r t i l i z e r  appl ied  (150 l b / a c r e  

-53-01, Ar iva t  b a r l e y  was p lan ted ,  Barley was then  harves ted  on 

ne 1970; urea  app l i ed  t o  t h e  f i e l d  (250 l b / a c r e ) ;  Ar iva t  bar ley  

once aga in  p lan ted  on 30 September 1970; urea  app l i ed  t o  t he  f i e  

3-70 I b l a c r e ) ;  and the  second ba r l ey  c rop  was plowed under a s  green 

n  22 January 1971, Residual e f f e c t s  were now e l imina ted  from 

d ,  and i t  was readied  f o r  co t ton  product ion,  On 5  Apr i l ,  

s  furrowed o u t  i n t o  40-inch furrows, and Deltapine-l  

ted on 16  rows p lus  2  bu f fe r  rows, Gravi ty i r r i g a t i o n s  were 

given on 6 and 10 A p r i l  f o r  germination; 36 ind iv idua l  p l o t s  (20 f t  

Long and 4  rows wide) were l a i d  out ;  and t h e  p l o t s  were thinned on 

10 May t o  a  popula t ion  of  20,000 p l a n t s  per  a c r e ,  

e  t r i c k l e  i r r i g a t i o n  system used f o r  t h e  experiment was 

s  "Twin-Wall" i r r i g a t i o n  hose, with an  8-inch spacing of  ou t -  

s i d e  bo le s  and a  32-inch spacing of i n s i d e  ho le s ,  A manifold s y s t  

gned t o  supply and measure water a p p l i c a t i o n s  t o  t he  ind iv-  

Lots,  Time of  a p p l i c a t i o n  was con t ro l l ed  by e l e c t r i c  time 

nd so lenoid  va lves ,  and water a p p l i c a t i o n  was measured with 

e vane, household-type water meter ,  

n a g a e n t  c r i t e r i a  f o r  t r i c k l e  i r r i g a t i o n  was inves t iga t ed  by 

t h r e e  i r r i g a t i o n  q u a n t i t i e s ,  based on r a t i o s  of t he  p l a n t ' s  

i v e  use  e s t ima te ,  a t  t h r e e  i r r i g a t i o n  f requencies ,  The 

u a n t i t i e s  were 1.0,  0 ,8,  and 0,S r a t i o s  o f  t h e  consumptive use  

f o r  co t ton  on a  s tandard  furrow i r r i g a t i o n  p r a c t i c e ,  

u se  f o r  c o t t o n  i s  es t imated t o  be  4 l ,2  inches ,  a s  determined 

from e i g h t  yea r s  of grav imet r ic  s o i l  moisture measurements a t  t h e  

ton  Research Center.  Seasonal use  of 41,2 was taken t o  re 

the L O O  consumptive use es t imate ,  The t h r e e  q u a n t i t i e s  were 

a t  f requencies  of  every 3, 6  and 12  days; thus ,  p rescr ibed  q u a n t i t i e s  

were appl ied  a t  set d a t e s  according t o  est imated consumptive uses ,  
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These n ine  t rea tment  combinations were subsequently randomized i n  a  

s p l i t - p l o t  design and r e p l i c a t e d  four  t imes, 

RES13ZTS AND DISCUSSION : 

A good s tand  was obtained,  with temperatures s l i g h t l y  below 

i n  Apr i l  and e a r l y  May, and above normal during the  l a s t  h a l f  

of May, T r i c k l e  i r r i g a t i o n s  were s t a r t e d  on 17 May f o r  a l l  t r e a t -  

ments, P rec i se  q u a n t i t i e s  of  water were app l i ed  a t  each quan t i t y  

r a t i o  and frequency u n t i l  1 October. For i r r i g a t i o n  frequencies  of 

3, 6 and 12 days, t h e  t o t a l  number of t r i c k l e  i r r i g a t i o n s  were 

44, 22,  and T I ,  r e s p e c t i v e l y ,  Ra in fa l l  on a11 p l o t s  from 1 Apr i l  t o  

1 November amounted t o  2,6 inches ,  From mois ture  sampling on 19 May, 

before  s t a r t i n g  t r i c k l e  i r r i g a t i o n s ,  t h e  water s to red  f o r  l a t e r  

consumptive use  was est imated t o  be 6,5 inches.  Table 1 shows the  

a b l e  mois ture  f o r  consumptive use  t o  i nc lude  r a i n f a l l ,  and 

g r a v i t y  and t r i c k l e  i r r i g a t i o n s ,  r e s u l t i n g  i n  ad jus t ed  1,06,  0,90, 

and 0,72 r a t i o s  of t he  c o n s u m ~ t i v e  use  e s t ima te  (41,2 inches ) ,  

I n s e c t  popula t ions  were low i n  the  e a r l y  season, with minimum 

lygus and l e a f  p e r f o r a t o r  damage, and t h e  pink bollworm damage l a t e  

i n  t he  season was a l s o  smal l ,  because of an  e x c e l l e n t  i n s e c t i c i d e  

con t ro l  program, The f i e l d  was d e f o l i a t e d  twice, on 1 8  and 26 October,  

These d e f o l i a t i o n s  were assumed t o  be l a t e  enough so t h a t  o v e r a l l  

y i e l d  was no t  g r e a t l y  a f f e c t e d ,  However, an e a r l y  f r o s t  on 26 October 

undoubtedly reduced la te -season  b o l l  s i z e  and o v e r a l l  y i e l d ,  

Hand-picked y i e l d  and bol l -count  measurements were made on 30 f t  

of t he  two i n s i d e  rows f o r  t h e  4-row p l o t s  on 1 September, 8 October, 

and 20 November. Table 2 shows the  accumulated co t ton  production f o r  

the season a t  t he  ad jus t ed  q u a n t i t i e s  f o r  each i r r i g a t i o n  frequency 

i n  terms of mean seed weight,  weight per  b o l l ,  l i n t  percentages and 

l i n t  weight, from four  r e p l i c a t i o n s ,  Analysi  o f  va r i ance  f o r  b o l l  

s i z e  showed t h a t  d i f f e r e n c e s  f o r  t h e  season were non- s ign i f i can t  a t  

t h e  10% l e v e l ,  a l though t r ends  were ev ident ,  Bol l  s i z e s  tended t o  

become smaller  wi th  longer  i r r i g a t i o n  f requencies  a t  t h e  ad jus ted  
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and 0,90 consumptive u s e ,  and b o l l  s i z e  tended t .o be smaller  f o r  

f requencies  a t  t h e  ad jus t ed  0,72 consumptive use,  a s  compared t o  

1,06 and 0,90 r a t i o s ,  Mean l i n t  percentages f o r  t h e  e n t i r e  season 

showed no s i g n i f i c a n t  d i f f e r ence .  L in t  weight i n  ba l e s  per a c r e  was 

excep t iona l ly  good t h i s  year ,  f o r  a l l  t r i c k l e  i r r i g a t i o n  p l o t s ,  

Analysis  of va r i ance  on y i e l d  d a t a  showed no s i g n i f i c a n t  d i f f e r e n c e  

among t h e  t h r e e  f requencies  f o r  each of t h e  t h r e e  i r r i g a t i o n  quant i -  

t i e s ,  bu t  t h e r e  was a  s i g n i f i c a n t  18% y i e l d  reduct ion  f o r  t h e  ad jus t ed  

0,72 consumptive u s e  a s  compared t o  0,90 and 1-06  r a t i o s ,  

Table 2 a l s o  shows ca l cu la t ed  water-use e f f i c i e n c i e s  i n  Lin t  

production per  acre- inch of water (based on ad jus t ed  a v a i l a b  

moisture f i g u r e s  f o r  consumptive use)  f o r  t he  n i n e  t reatment  combin- 

a t i o n s ,  The ad jus t ed  0,72 consumptive u s e  obtained a s l i g h t  

mean water-use e f f i c i e n c y ,  a l though t h e r e  was an 18% reduct ion  i n  

y i e l d ,  Nevertheless ,  wi th  an a d d i t i o n a l  7  inches of a v a i l a b l e  

moisture and a  small  mean reduct ion  i n  watermuse e f f i c i e n c y  of 1,7%, 

t h e  ad jus ted  0,90 consumptive use  provided a  s i g n i f i c a n t  i n c r e a s e  i n  

y i e l d  of 0 ,5 b a l e s  per  ac re ,  

RY AND CONCLUSIONS : 

T r i c k l e  i r r i g a t i o n  management f o r  increased  water-use e f f i c i e n c y  

and improved crop product ion was inves t iga t ed ,  us ing  co t ton  as t h e  

" ind ica to r "  crop, I r r i g a t i o n s  cons i s t ed  of  t h r e e  q u a n t i t i e s ,  based 

on r a t i o s  of t h e  p l a n t ' s  consumptive use  e s t ima te ,  appl ied  a t  t h r e e  

frequencies ,  The t h r e e  ad jus t ed  q u a n t i t i e s ,  t o  inc lude  r a i n f a l l ,  

g r a v i t y  i r r i g a t i o n s  f o r  g e m i n a t i o n ,  and t r i c k l e  i r r i g a t t o n s ,  were 

r a t i o s  1,06, 0,90, and 0,72 times t h e  seasonal  consumptive use  

e s t ima te  of 4 1 2  inches ,  The t h r e e  f requencies  were every 3,  6 and 

1 2  days, Cotton y i e l d  response showed no d i f f e r e n c e  between 

i r r i g a t i o n  f requencies  and an  18% reduct ion  i n  y i e l d  f o r  t h e  0,72 

consumptive use  a s  compared t o  t h e  0,9 and 1,06 q u a n t i t i e s ,  The 

mean cot ton  y i e l d  f o r  1,06 and 0.90 q u a n t i t i e s  was 3 b a l e s l a c r e ,  

A s l i g h t l y  g r e a t e r  water-use e f f i c i e n c y  r e s u l t e d  from t h e  0,72 
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consumptive use,  a long with a s i g n i f i c a n t  r educ t ion  i n  y i e l d ,  whereas 

t h e  0,90 consumptive u s e  provided n e a r l y  a s  h igh  a water-use 

e f f i c i e n c y ,  This  s tudy would suggest  t h a t  p l a n t  needs f o r  maximum 

production wi th  t r i c k l e  i r r i g a t i o n  on co t ton  a r e  nea r ly  t h e  same 

as present  consumptive use  es t imates  f o r  furrow i r r i g a t i o n ,  

PEWSOIYNEL: Dale A, Bucks, Leonard J ,  Er i e ,  Lloyd E. Myers, and 

0 ,  F. French, 

CUlXREW TERMINTION DATE: October 1973, 
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Gravity Trickle a 
Quantity Frequency Rainfall Irrigation Irrigation Availabl e Adjusted 

of o f on April 6 & 10  May 17 thru Oct I Moisture for Quantity of 
Irrigations Irrigation All Plots Water Stored Water Applied Consumptive7Use Irrigations 

(days) (inches) (inches) (inches) (inches) 

1 ,O 3 2,6 6,5 34,5 
Consumptive 6 2,6 6,5 34,7 

use 1 2  2,6 6.5 35 .O 

P 
P 

I 
00 

0 ,8  3 2 , s  6,5 27,4 
Consumptive 6 2,6 6,5 27,4 

use 1 2 Z06 6,5 29 .O 

Oa6 3 2e6 6*5  20e5 
Consumptive 6 2,6 6,5 20,4 

use 12  2,6 6,5 21,8 

43.6 1 .06 
43,8 Consumptive 
44-1 US e 

36,5 0 ,90 
36,5 Consumptive 
3 8 , l  use 

29,6 0,72 
29 -5 Consumptive 
30,9 use 

a Mean of 3 frequencies; 1 , O  consumptive use = 4 
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Ad j us ted Frequency 
Quantity of of 
Irrigations Irrigations 

l days 

.06 3 
Consumptive 6 

use 12 

w 
w 

n 0 .go 3 
* Consumptive 6 

use 1 2 

0,72 3 
Coslsermptive 6 

use 12 

a 
Seed 

4237 
4432 
4467 

4285 
4299 
42 67 

3643 
3361 
3561 

a 
d Water-use 

Lint Efficiency 

of water) 

a 
Mean, four replications. 

ications, ns between 

ications, ns be 

ications, ns be 

frequency or quantity, 

frequency or 
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TITLE : 

CRIS WORK UNIT : 

INTRODUCTION : 

RELATIVE CHANGES I N  TRANSPIRATION AND PHOTO- 

SYNTHESIS INDUCED BY SOIL WATER DEPLETION I N  A 

CONSTANT ENVIRONMENT. 

SWC-018-gG-4 CODE N O . :  Ariz.-WCL-71-1 

Nuch r e s e a r c h  has  been done on t r a n s p i r a t i o n ,  b o t h  i n  t h e  

l a b o r a t o r y  and t h e  f i e l d .  Likewise,  t h e r e  h a s  been an  abundance o f  

p h o t o s y n t h e s i s  r e s e a r c h ,  a l though  most o f  i t  emphasizing l a b o r a t o r y  

s t u d i e s .  However, r e l a t i v e l y  few i n v e s t i g a t i o n s  have d e a l t  wi th  

bo th  p r o c e s s e s  s i m u l t a n e o u s l y  a s  they  a r e  a f f e c t e d  by s o i l  wa te r  

d e p l e t i o n .  Yct, such s t u d i e s  a r e  n e c e s s a r y  because  they ho ld  

promise of improving a  p l a n t ' s  water-use  e f f i c i e n c y  (WUE) and t h u s  

d e c r e a s i n g  t h e  tremendous amount of wa te r  t h a t  c rops  u s e  i n  

compet i t ion  w i t h  i n c r e a s i n g l y  impor tan t  u rban  demands. A c r o p  wi th  

a  h igh  WUE i s  d e f i n e d  a s  one wi th  a  t r a n s p i r a t i o n  r a t i o  (TR), 

which, i n  t u r n ,  i s  d e f i n e d  a s  t he  number of u n i t s  of wa te r  t r a n s -  

p i r e d  per  u n i t  g a i n  i n  d r y  weight  o r  p e r  u n i t  of p h o t o s y n t h e s i s .  

The o b j e c t i v e  of t h e  p r e s e n t  r e s e a r c h  i s  t o  f i n d  e c o l o g i c a l l y  

important  s p e c i e s  d i f f e r e n c e s  i n  t h e  TR by survey ing  widely  

d i f f e r e n t  p l a n t  s p e c i e s ,  a s  c h a r a c t e r i z e d  by t h e i r  s h o r t - t e r m  

responses  t o  drought  imposed i n  a  c o n t r o l l e d  environment.  Th i s  

r e p o r t  d e a l s  w i t h  t h e  f a c i l i t i e s  and i n s t r u m e n t a t i o n  t h a t  have been 

assembled f o r  s t u d y i n g  WUE i n  t h e  C o n t r o l l e d  Environment Room. 

PROCEDURE: 

When t h e  equipment h a s  been f u l l y  t e s t e d ,  w e l l  known a g r i -  

c u l t u r a l  c r o p s  such a s  c o t t o n  and sorghum w i l l  be  s t u d i e d  a t  f i r s t .  

L a t e r  i t  i s  planned t o  extend t h e  r e s e a r c h  t o  s u c c u l e n t s  and perhaps  

some o t h e r  d e s e r t  s p e c i e s .  The t echn ique  w i l l  c o n s i s t  of greenhouse 

c u l t u r e  of t h e  p l a n t  u n t i l  s e v e r a l  mature  l e a v e s  a r e  p r e s e n t ,  

followed by s h o r t - t e r m  measurements of b o t h  t r a n s p i r a t i o n  and 

p h o t o s y n t h e s i s  i n  t h e  C o n t r o l l e d  Environment Room. 

The measurements w i l l  be  made i n  e i t h e r  a  s m a l l  chamber 

des igned f o r  a n  i n t a c t  l e a f  o r  a  l a r g e  chamber accommodating a  whole 
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i n t a c t  p l a n t .  

Cont inuecl t r a n s p i r a t i o n  w i l l  he p ~ r n i i t  tecl t o  t leplc t  c t h e  s o i l  

wa te r  c o n t e n t  from t h e  i n i t i a l  f u l l y  i r r i g a t e d  v a l u e  t o  a  l e s s e r  

amount low enough t o  induce  a t  l e a s t  p a r t i a l  s t o m a t a l  c l o s u r e  due t o  

l e a f  d e h y d r a t i o n .  

During t h e  t e s t  t h e  f o l l o w i n g  env i ronmenta l  f a c t o r s  w i l l  be  

kep t  c o n s t a n t :  a i r  t empera tu re ,  vapor p r e s s u r e ,  l i g h t  ( a f t e r  a  

" s u n r i s e , "  windspeed, and CO c o n t e n t  of  t h e  a i r .  
2  

Theory. C a l c u l a t i o n  of  t h e  TR r e q u i r e s  d a t a  f o r  t h e  fo l lowing  

e q u a t i o n :  

- 2 - 1 
where T = t r a n s p i r a t i o n ,  i n  g  cm s e c  , P = p h o t o s y n t h e s i s ,  i n  

- 2  - 1 
g cm s e c  , AC = t h e  d i f f e r e n c e  i n  c o n c e n t r a t i o n  o f  w a t e r  vapor  

- 3 
between t h e  l e a f  and ambient a i r  i n  g  cm ' R~ 

= t h e  l e a f  boundary 
- 1 

l a y e r  r e s i s t a n c e ,  i n  s e c  cm , RL = t h e  l e a f  r e s i s t a n c e ,  a l s o  i n  
- 1 

s e c  cm ; A'C = t h e  d i f f e r e n c e  between t h e  c o n c e n t r a t i o n  o f  CO i n  
- 3 2 

t h e  ambient a i r  and t h e  l e a f  c h l o r o p l a s t s ,  i n  g  cm , and R i  and 

a r e  t h e  r e s p e c t i v e  r e s i s t a n c e s  due t o  t h e  boundary l a y e r  and t h e  
- 1 

s tomates  t o  t h e  e n t r a n c e  o f  GO i n  t h e  l e a f ,  b o t h  i n  s e c  cm . 2  
F i n a l l y ,  5, t h e  s o - c a l l e d  "mesophyll  r e s i s t a n c e , "  can  b e  o b t a i n e d  

- 1 
a s  t h e  o n l y  unknown i n  e q u a t i o n  ( I ) ,  and expressed  i n  s e c  cm . - 

Of a l l  t h e  f o r e g o i n g  terms i n  e q u a t i o n  (1)  p robab ly  t h e  most 

impor tan t  a r e  5 and R k .  T h i s  i s  because  they  a r e  invo lved  i n  t h e  

two mechanisms t h a t  have been proposed t o  e x p l a i n  t h e  d rough t -  

induced lower ing o f  p h o t o s y n t h e s i s :  (1)  s t o m a t a l  c l o s u r e ,  which 

i n c r e a s e s  l e a f  r e s i s t a n c e  t o  CO 
2' 
(y) and t h e r e b y  r e d u c e s  t h e  

supply  of  C 0 2 ,  a  raw m a t e r i a l  f o r  p h o t o s y n t h e s i s ,  and (2)  an  

i n c r e a s e  i n  due t o  d e s i c c a t i o n  of  t h e  c h l o r o p h y l l .  The a b i l i t y  
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t o  d i s t i n g u i s h  between t h e s e  two mechanisms would be  a  key t o  

lowering TR. It would be  d e s i r a b l e  f o r  a  p l a n t  t o  m a i n t a i n  a  low 

v a l u e  of a s  I$ was i n c r e a s e d  by d rought .  

The numerator on t h e  r i g h t  s i d e  of e q u a t i o n  (1) can be  

p a r t i t i o n e d  a s  f o l l o w s :  

-3 
where C = t h e  wa te r  vapor c o n c e n t r a t i o n ,  i n  g  cm , i n  t h e  sub- 

L 
s tomata1  c a v i t i e s  o f  t h e  l e a f ,  e s t i m a t e d  by assuming t h e r e  i s  

s a t u r a t i o n  vapor  p r e s s u r e  a t  a  g iven  l e a f  t empera tu re .  Leaf 

temperature  i s  measured wi th  mic ro- the rmojunc t ions  i n s e r t e d  i n  t h e  

l e a f  midr ib .  Co = t h e  wa te r  vapor c o n c e n t r a t i o n  o f  t h e  a i r  
- 3 

sur rounding  t h e  l e a f ,  a l s o  i n  g  cm . 
R can be  determined by measuring t h e  e v a p o r a t i o n  r a t e  from a  

A 
s imula ted  p l a n t  w i t h  l e a v e s  made of g reen  b l o t t e r  paper ,  and 

knowledge of t h e  wet b l o t t e r  t empera tu re  and ambient vapor p r e s s u r e .  

RL can be measured d i r e c t l y  wi th  a r e s i s t a n c e  meter  i f  a  l a r g e  

p l a n t  chamber i s  used,  o r  c a l c u l a t e d  accord ing  t o  a  rearrangement  

of t h e  numerator on t h e  r i g h t  s i d e  o f  e q u a t i o n  (1)  a s  f o l l o w s :  

where T, i n  t u r n ,  i s  d e f i n e d  a s :  

- 3 
where C i s  t h e  w a t e r  vapor c o n c e n t r a t i o n ,  i n  g  cm , and t h e  

s u b s c r i p t s  I and 0  r e f e r  t o  i n l e t  and o u t l e t  a i r  s t r eams ,  r espec-  
3 - i 

t i v e l y ;  F = t h e  f low r a t e ,  i n  cm s e c  , p r e c i s e l y  r e g u l a t e d  and 

t h e n  measured w i t h  a  f low meter  o r  manometer, and A = t h e  l e a f  a r e a ,  
2 

i n  cm . (CI - C ) may be  c a l c u l a t e d  from a  measurement of t h e  
0 

d i f f e r e n t i a l  vapor p r e s s u r e ,  Ae, o b t a i n e d  from measurements wi th  a  

Annual Report of the U.S. Water Conservation Laboratory



differential micro-psychrometer in the air stream through the 

chamber, as follows: 

- 1 
where y = the psychrometric constant, 0.667 mb (OC) , TWA = the 

wet bulb temperature after the air stream has passed over the leaf, 

T~~ 
= the wet bulb temperature of the entering air, and e and e 

WA WB 
are the corresponding saturation vapor pressures at the wet bulb 

temperatures. When R is already known, Equations (2), (3), (4) A 
and (5) take care of the right side of Equation (1). 

In regard to the denominator of Equation (I), P is obtained 

from another equation: 

(C; - Cb)F 
P = A (6) 

where Ci = the CO concentration at the inlet of the chamber, in 
- 3 2 

g cm , given by the reading of the absolute TRGA in the Controlled 
Environment Room, Cb = the CO concentration at the outlet, also 

-3 2 
in g cm , which is obtained by subtracting the reading of the 
differential IRGA (connected across inlet and outlet tubes) from 

the absolute C02 level. The values for F and A are as defined 

earlier. 

A' of Equation (1) can be partitioned as follows: 
C 

where C' defined above, provides the ambient C02 level for the 
0' 

leaf, provided there is vigorous mixing of the air; C' C is the C02 

level at the chloroplasts, the ultimate destination of the C02 

molecule. C' can be estimated by measuring the C02 compensation 
C 

point. 
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R '  can be obtained by mul t ip ly ing  the  va lue  of R by 1.35, t o  
A A 

account f o r  t h e  d i f f e r e n c e  i n  t he  c o e f f i c i e n t s  of d i f f u s i o n  between 

CO and water vapor.  S imi l a r ly ,  i s  obtained by mul t ip ly ing  the  
2 

value of RL by 1.56. 

F i n a l l y ,  i s  solved f o r  a s  t h e  only unknown i n  Equation (I),  

a f t e r  f i nd ing  R and applying Equations ( 2 )  through ( 7 ) .  A 
CONTROLLED FACTORS: 

A i r  Temperature. P rec i s ion  c o n t r o l  and record ing  of a i r  

temperature can be achieved by the  r e c o r d e r - c o n t r o l l e r  f o r  t he  

Control led Environment Room, t o  - 4- 0.2 C .  Within t h e  experimental  

chambers loca ted  i n  t h i s  room a d d i t i o n a l  temperature  measurements 

can be  taken with thermocouples. Cool water c i r c u l a t i o n  through 

water j a cke t s  on upper and lower l e a f  su r f aces  prevent  t he  l e a f  

chamber from overhea t ing  i n  i n t e n s e  r a d i a t i o n .  

For t he  l a r g e  chamber a  d i f f e r e n t i a l f i l t e r w i l l  be placed 

between the  overhead b a t t e r y  of l i g h t s  and t h e  t r anspa ren t  polyvinyl  

c h l o r i d e  chamber. It has been found t h a t  a  2-cm l a y e r  of water 

between two 6.3-mm th icknesses  of l u c i t e  removes 45% of the  hea t  

load, bu t  only 5% of  the  v i s i b l e  l i g h t .  The hea t  load i n s i d e  the  

chamber w i l l  be d i s s i p a t e d  by vigorous a i r  flow over c h i l l e d  water 

c o i l s .  The vigorous a i r  flow w i l l  s e rve  a l s o  t o  main ta in  a  low 

R va lue  i n  the  chamber. 
A 

Light .  Up t o  120, 400-watt mercury vapor lamps can be turned 

on a t  one time i n  t h e  experimental  room. A s a t i s f a c t o r y  i l luminance  

can be developed with 88 lamps, which provide 100 k i l o l u x  (1.0 ly  
- 1 

min ) 1.5 m away from the lamps, i . e .  a t  t h e  u sua l  working l e v e l .  

A card programmer can be used t o  r a i s e  t h e  l i g h t  l e v e l  g radua l ly  

over a  v a r i a b l e  length  of time t o  s imula te  a  s u n r i s e .  With t h i s  

high a  l i g h t  l e v e l ,  a  f u l l y  hydrated p l a n t  can be  expected t o  have 
- 1 

RL readings a s  low as those  i n  t he  f i e l d ,  1 .0  s ec  cm . 
A i r  Flow. A compressor supp l i e s  a i r  t o  t he  smal l  l e a f  chamber 

a t  a  p r e s su re  of 2-3 PSIG. Flow i s  r egu la t ed  by needle  va lves  and 

measured by a  p r e c i s i o n  flow meter .  However, even when the  maximum 
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- 1 
a i r  volume of  1.42 il min i s  f lowing,  t h e  c r o s s - s e c t i o n a l  a r e a  o f  

2 
t h e  l e a f  chamber i s  s o  s m a l l  (31 cm ) t h a t  t h e  e q u i v a l e n t  a i r  speed 

i s  tnuch too low Lo proclucc ;I l o w  I< T h e r c f o r r ,  n smn 11 p r o p e l l e r  
A ' 

b l a d e  i s  spun, wi th  n  3 - v o l t  motor and b e l t ,  n e a r  each l e a f  s u r f a c e  

t o  induce t u r b u l e n t  a i r  f low and thus  t o  produce a  low R Th is  
- 1 A ' 

v a l u e  was found e x p e r i m e n t a l l y  t o  be  0.08 s e c  cm . This  i s  s u i t -  

a b l y  low t o  pe rmi t  changes i n  RL due t o  s o i l  w a t e r  d e p l e t i o n  t o  be  

r e f l e c t e d  i n  d i f f e r e n t  t r a n s p i r a t i o n  r a t e s .  

The l a r g e  chamber a c h i e v e s  t h e  same o b j e c t i v e  by having 

v igorous  mixing and r e t u r n  f low of a i r  through a  h e a t  exchanger .  

Carbon Diox ide .  No d i r e c t  c o n t r o l  of CO i s  a v a i l a b l e  f o r  2 
e i t h e r  t h e  s m a l l  o r  t h e  l a r g e  chamber. However, t h e  C o n t r o l l e d  

Environment Room can b e  main ta ined  t o  w i t h i n  2 10 ppm of t h e  normal 

a tmospher ic  l e v e l  o f  350 ppm CO by r e q u i r i n g  u s e  of g a s  masks by 
2  

a l l  pe r sonne l  e n t e r i n g  t h e  room. The a i r  i n l e t s  of b o t h  chambers 

admit  room a i r  a t  an  i n i t i a l  CO c o n c e n t r a t i o n  i n d i c a t e d  by t h e  2 
a b s o l u t e  read ing  o f  t h e  i n f r a r e d  gas  a n a l y z e r  (IRGA) r e s e r v e d  j u s t  

f o r  t h a t  purpose,  wi th  a  s c a l e  p e r m i t t i n g  a b s o l u t e  r e a d i n g s  from 

0 t o  500 ppm C 0 2  by volume. A d i f f e r e n t i a l  IRGA i s  used t o  measure 

t h e  change between i n l e t  and o u t l e t  a i r  s t r eams  (and t o  de te rmine  

by s u b t r a c t i o n  t h e  amount i n  t h e  o u t l e t  s t r e a m ) .  The d i f f e r e n t i a l  

IRGA h a s  a range of 0-50 ppm CO by volume, r e a d a b l e  t o  0 .5  ppm. 2 
Vapor P r e s s u r e  ( e ) .  A i r  from t h e  compressor i s  f o r c e d  over  a  

s a t u r a t e d  s a l t  s o l u t i o n  h e l d  a t  a  s p e c i f i e d  t empera tu re  t o  c o n t r o l  

c a t  a p r e s c r i b e d  l e v e l .  Th i s  v a l u e  i s  t h e  r e f e r e n c e ,  o r  a i r  i n l e t  

vapor p r e s s u r e .  For t h e  l a r g e  chamber t h e  room a i r  s e r v e s  t h e  same 

purpose,  b e i n g  p r e c i s e l y  c o n t r o l l e d  by a  vapor p r e s s u r e  c o n t r o l l e r  

t o  w i t h i n  2 0.3 mb of t h e  s e t  p o i n t ,  by i n j e c t i o n  o f  steam. 

'I'he mcasurcmcnt ol: c. :is the  a i r  p a s s e s  over  t h e  l e a f  o r  whole 

p l a n t  i s  done w i t h  a  micro-psychrometer developed s p e c i f i c a l l y  f o r  

t h i s  purpose  and u s a b l e  w i t h  e i t h e r  t h e  l a r g e  o r  s m a l l  chamber. 

The psychrometer can measure t h e  c o r r e c t  wet b u l b  d e p r e s s i o n  a t  

q u i t e  low wind v e l o c i t i e s .  For example, a t  30 C, whereas a  
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s t a n d a r d  psychrometer (Assmann type)  r e q u i r e s  an a i r  v e l o c i t y  o v e r  
- 1 

t h e  wet b u l b  o f  a t  l e a s t  2  m s e c  t o  g i v e  t h e  c o r r e c t  r ead ing ,  t h e  
- 1 

micro-psychrometer needs on ly  0.12 m s e c  t o  do s o  a t  a r e l a t i v e  
- 1 

humidi ty  (RH) of  33% ( e  = 14 .0  mb), and no more t h a n  0 .30 m s e c  

a t  t h e  ve ry  low RH of  7% (e  = 3 .0  mb). Such a  r e d u c t i o n  i n  t h e  

v e n t i l a t i o n  requ i rement  i s  due t o  t h e  minute  dimensions  o f  t h e  wet 

bulb ,  which h a s  a  copper c o n s t a n t a n  the rmojunc t ion  a s  t h e  tempera- 

t u r e  s e n s o r .  The w i r e  d iamete r  i s  0.05 mm. S i n c e  t h e  two w i r e s  a r e  

but t -welded,  t h e  o v e r a l l  d iamete r  of t h e  j u n c t i o n  s t i l l  i s  on ly  

s l i g h t l y  more than  0.05 mm. When t h e  j u n c t i o n  i s  p laced  between two 

s t r a n d s  o f  f i n e  c o t t o n  t h r e a d  (0 .15 mm d i a m e t e r )  t h a t  has  been 

un twis ted  and t h e n  r e t w i s t e d ,  t h e  f i n a l  d iamete r  of t h e  m i n i a t u r e  

wet b u l b  i s  on ly  0 .20  mm. 

The reduced requirement  f o r  v e n t i l a t i o n  speed f o r  t h e  micro- 

psychrometer p e r m i t t e d  a  lower a i r  f low over  t h e  enc losed  l e a f  and 

the reby  i n c r e a s e d  t h e  Ae a c r o s s  t h e  l e a f  due t o  t r a n s p i r a t i o n .  

Th is  i n c r e a s e  i n  e  made p o s s i b l e  a  measurement t h a t  may have been 

imposs ib le ,  o r  a t  b e s t  u n r e l i a b l e  a t  h i g h e r  f low r a t e s .  Also, t h e  

lower f low r a t e s  p e r m i t t e d  t h e  u s e  o f  a  f low meter  w i t h  e x c e l l e n t  
3 - 1 

p r e c i s i o n  (2 2% of t h e  read ing) ,  b u t  l i m i t e d  volume (1416 cm min 

maximum r a t e ) .  

VARIABLE FACTORS: 

S o i l  w a t e r  P o t e n t i a l .  ( )  When t h e  s t a n d a r d  s o i l  mix tu re  

i s  a t  "pot  c a p a c i t y , "  t h e  s o i l  wa te r  c o n t e n t  by volume (8  ) i s  0.390. v 
The cor responding  s o i l  m a t r i c  p o t e n t i a l  ('@ ) i s  -0.02 b a r .  When 

M 
h a l f - s t r e n g t h  Hoagland n u t r i e n t  s o l u t i o n  h a s  been used t o  s a t u r a t e  

t h e  s o i l  i n i t i a l l y ,  t h e  s o i l  osmot ic  p o t e n t i a l  (?JrZ) a t  p o t  c a p a c i t y  

(achieved by a  s t a n d a r d  per iod  of vacuum f i l t r a t i o n )  then  i s  -0.56 

b a r ,  r e s u l t i n g  i n  a ?Jr v a l u e  of -0.58 b a r .  By con t inued  t r a n s p i r a -  
T  

t i o n  under a  p r e c i s e l y  c o n t r o l l e d  e v a p o r a t i v e  demand i n  t h e  

C o n t r o l l e d  Environment Room, ?JrT w i l l  d e c r e a s e  g r a d u a l l y .  Even tua l ly ,  

t h e  d e c l i n e  i n  ?If w i l l  i nduce  p l a n t  d e h y d r a t i o n  a s  wa te r  a b s o r p t i o n  
T 

becomes l e s s  than t r a n s p i r a t i o n .  Leaf d e h y d r a t i o n  w i l l  r e s u l t  i n  
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d e c r e a s e s  i n  t r a n s p i r a t i o n  and p h o t o s y n t h e s i s .  

It i s  planned t o  measure @R with  i n - p l a c e  s o i l  s a l i n i t y  s e n s o r s  

and ihM wi th  fas t - response  t e n s i o m e t e r s  employing p r e s s u r e  t r a n s -  

d u c e r s .  Summing up t h e  r e a d i n g s  from t h e s e  two types  o f  s e n s o r s  

w i l l  y i e l d  t h e  e q u i v a l e n t  @ v a l u e .  
T  

P l a n t  Water P o t e n t i a l .  As @* d e c r e a s e s ,  e v e n t u a l l y  p l a n t  wa te r  

c o n t e n t  a l s o  w i l l  d i m i n i s h .  A b e t a  r a y  gauge w i l l  be  used t o  

moni tor  changes i n  l e a f  t h i c k n e s s  d u e  t o  changes i n  l e a f  wa te r  

c o n t e n t .  L a t e r ,  a  c a l i b r a t i o n  w i l l  be  made between l e a f  wa te r  

c o n t e n t  and l e a f  w a t e r  p o t e n t i a l  by means o f  a  thermocouple psychron- 

e t e r  making use  of l e a f  d i s c s .  Such a c a l i b r a t i o n  should permi t  t h e  

c h a r a c t e r i z a t i o n  of p l a n t  d e h y d r a t i o n  i n  terms of l e a f  wa te r  

p o t e n t i a l .  I n  t u r n ,  d e c r e a s e s  i n  l e a f  water  p o t e n t i a l  can b e  r e -  

l a t e d  t o  t h e  lowered r a t e s  o f  t r a n s p i r a t i o n  and p h o t o s y n t h e s i s  a s  

s tomata1  c l o s u r e  a f f e c t s  RL and q. A l t e r n a t i v e l y ,  i t  may t u r n  o u t  

t h a t  i n  some s p e c i e s  p h o t o s y n t h e s i s  can b e  lowered d i r e c t l y  by de- 

c r e a s e d  t i s s u e  h y d r a t i o n ,  i f  i n c r e a s e s  wi thou t  a  s i g n i f i c a n t  

i n c r e a s e  i n  . % 
RESULTS AND DISCUSSION: 

t 

1 T e s t i n g  of a  s m a l l  l e a f  chamber has  e s t a b l i s h e d  t h a t  t h e  f a n s  

g i v e  an  a d e q u a t e l y  low R v a l u e .  Other  d e v e l o & e n t a l  r e s e a r c h  h a s  
A 

come u p  wi th  n s a t i s f a c t o r y  c o n t r o l  o f  vapor p r e s s u r e  a t  two l e v e l s ,  

14 nil) ; ind Lhe very  low l e v e l  of 3 mb, b o t h  controlled with  a  pre-  

c i s i o n  of 2 0.5 mb. These two l e v e l s  w i l l  pe rmi t  s tep-changes  i n  
I 

t h e  t r a n s p i r a t i o n  r a t e  t o  be  induced merely  by moving a  p l a s t i c  t u b e  

from one c y l i n d e r  t o  a n o t h e r .  

Adequate t empera tu re  c o n t r o l  i n  t h e  l e a f  chamber h a s  been 
- 1 

accomplished,  even a t  t h e  h i g h  i r r a d i a n c e  of 1 l y  min ( i l l u m i n a n c e  

100 k i l o l u x ) ,  by supplement ing t h e  water-cooled j a c k e t s  su r rounding  

t h e  chamber w i t h  a  s t ream of c o o l  a i r  d i r e c t e d  on t h e  o u t s i d e  w a l l s .  

One major d i f f i c u l t y  w i t h  t h e  s m a l l  chamber h a s  been  t h e  

i n a b i l i t y  t o  o b t a i n  c o n s i s t e n t l y  an  a i r - t i g h t  s e a l  o f  t h e  l e a f  wi th -  

o u t  i n j u r y .  For t h i s  r e a s o n  no u s a b l e  d a t a  have been c o l l e c t e d .  A 
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l a r g e  f r a c t i o n  of Lime has becn spcnL i n  developing and r e f i n i n g  

the  micro-psychrometer t o  i t s  p re sen t  s t a t u s  a s  a working, r e l i a b l e  

appara tus .  

It i s  planned t o  s h i f t  a t t e n t i o n  t o  t he  l a r g e  chamber which 

accommodates whole p l a n t s ,  and t o  r e p o r t  t h e  r e s u l t i n g  d a t a  next  

yea r .  

SUMMARY AND CONCLUSIONS : 

Equipment has been assembled and appara tus  has  been b u i l t  t o  

c a r r y  ou t  r e sea rch  on the  e f f e c t  of s o i l  water d e p l e t i o n  on the  

r e l a t i v e  r educ t ion  i n  t r a n s p i r a t i o n  and photosynthes i s .  P rec i se  

c o n t r o l  has been achieved f o r  a i r  temperature,  l i g h t ,  a i r  flow, C02, 

and vapor p re s su re .  A micro-psychrometer has  been b u i l t  e s p e c i a l l y  

f o r  measuring d i f f e r e n t i a l  vapor p re s su re  a t  very low a i r  flows 

ac ros s  t he  chamber enc los ing  an i n t a c t  l e a f .  A d i f f e r e n t i a l  i n f r a -  

red ana lyzer  measures t h e  change i n  CO ac ros s  t h e  chamber. 2 
However, t e s t i n g  has  shown t h a t  t he  d i f f i c u l t y  i n  c o n s i s t e n t l y  

ob t a in ing  an a i r t i g h t  s e a l  of t h e  l e a f  i n  t h e  chamber i s  s o  g r e a t  

a s  t o  have prevented c o l l e c t i o n  of r e l i a b l e  da t a  f o r  t h e  research  

p r o j e c t .  For t h i s  reason  emphasis w i l l  be s h i f t e d  toward use  of 

t h e  l a r g e  chamber accommodating a whole p l a n t .  

PERSONNEL: W. L. Eh r l e r ,  B. A .  Kimball, and S. T. Mi t che l l  

CURRENT TERMINATION DATE: 1975 
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TITLE : THE EFFECT OF IRRIGATION REGIMES ANJI EARLY CUT-OFF 

OF IRRIGATION WATER ON TKE YIELD OF HIGH POPULATION 

COTTON 

CRIS WORK UNIT: SWC-018-gG4 CODE NO.: Ariz,-WCL 71-2 

INTRODUCTION: 

High pink bollworm populat ions,  e s p e c i a l l y  l a t e  i n  t h e  season, 

government acreage  l i m i t a t i o n s  and payment r egu la t ions ,  and need f o r  

reduct ion  i n  product ion c o s t s  have i n c i t e d  i n t e r e s t  i n  producing 

short-season,  high-populat ion co t ton ,  Astonishingly,  dur ing  the  

l a s t  two yea r s ,  c o t t o n  p i cke r s  have been designed and a r e  a v a i l a b l e  

t o  ha rves t  high-populat ion co t ton  a t  a  h igher  e f f i c i e n c y  than the  

s tandard  p i cke r s ,  

It i s  argued t h a t  by inc reas ing  p l a n t  populat ions and discon- 

t i nu ing  i r r i g a t i o n s  e a r l y ,  t h e  savings i n  water,  l abo r ,  and i n s e c t  

con t ro l  w i l l  o f f s e t  p o s s i b l e  reduct ions  i n  y i e l d ,  

Early h a r v e s t  would make p o s s i b l e  e a r l i e r  plow-under, which 

w i l l  h e l p  con t ro l  f u t u r e  pink bollworm i n f e s t a t i o n s ,  There i s  a l s o  

t h e  p o s s i b i l i t y  t h a t  an ex t r a -ea r ly  plow-under w i l l  be  i n i t i a t e d  

i n t o  law, which would mean t h a t  only short-season production i s  

poss ib l e ,  whether o r  n o t  i t  i s  economically f e a s i b l e ,  A t  p resent ,  

Arizona laws a r e  s t i l l  such t h a t  a  f u l l  growing season can be 

u t i l i z e d ,  I n  c e r t a i n  a r e a s  of Ca l i fo rn i a ,  plow-under d a t e s  have 

been s e t  by l a w  t h a t  make a  f u l l  growing season impossible .  

There a r e  many unanswered ques t ions  a s  t o  methods f o r  managing 

t h i s  type of product ion,  e s p e c i a l l y  with r e s p e c t  t o  water, S tudies  

on high-population c o t t o n  a r e  very l i m i t e d ,  and t h e  ma jo r i t y  of 

t hese  a r e  of an ex tens ion  type,  The themes of most c o t t o n  meetings 

i n  t h e  l a s t  s i x  months have been o r i en t ed  toward high-population 

co t ton ,  Many success  s t o r i e s  have been r epor t ed ,  bu t  c e r t a i n  t e s t s  

r epud ia t e  t hese  s t o r i e s ,  It i s  ques t ionable  t h a t  t h e  f e a s i b i l i t y  of  

short-season,  high-populat ion c o t t o n  would be  t h e  same f o r  t h e  South- 

west a s  f o r  t h e  High P l a i n s  of  Texas, o r  o the r  a r e a s  having cooler  
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and s h o r t e r  growing seasons,  

It i s  recognized by a11 p l a n t  breeders  and growers t h a t  we 

probably do no t  have t h e  i d e a l  v a r i e t y  of c o t t o n  f o r  high-populat ion 

product ion -- bu t  n e i t h e r  i s  t h e r e  an i d e a l  v a r i e t y  f o r  s tandard 

product ion,  P l an t  breeders  w i l l  cont inue  t o  improve v a r i e t i e s  and 

growers w i l l  u s e  t h e  v a r i e t y  t h a t  i s  b e s t  adapted t o  t h e i r  a r e a s ,  

S tudies  t o  d a t e  seem t o  i n d i c a t e  t h a t  f e r t i l i z e r  needs f o r  

high-populat ion c o t t o n  a r e  s i m i l a r  t o  s tandard 40-inch row cot ton  

product ion,  However, wi th  high populat ions and e a r l y  i r r i g a t i o n  

cu t -of f ,  many i n v e s t i g a t o r s  f e e l  t h a t  i t  i s  important t o  keep 

p l a n t s  s h o r t  and n o t  ove r ly  v e g e t a t i v e  by jud ic ious  u s e  of f e r t i l i z e r .  

In  order  t o  eva lua t e  t h e  economic p o t e n t i a l  o f  t h i s  new trend 

toward h igh  populat ions,  we must understand t h e  e f f e c t  of var ious  

i r r i g a t i o n  regimes on c o t t o n  production, inc luding  cut-off  of  

i r r i g a t i o n  water ,  Resu l t s  from t h i s  s tudy w i l l  be  a p p l i c a b l e  t o  

a r i d ,  high-production a r e a s  having h igh  temperatures  and long 

growing seasons,  

OBJECTIVES : 

1. To eva lua t e  t h e  e f f e c t s  of var ious  i r r i g a t i o n  regimes on 

recomnended v a r i e t i e s  of high-population co t ton ,  

2, To determine t h e  e f f e c t  of an e a r l y  cut-off  of  i r r i g a t i o n  

water on t h e  y i e l d  of high-populat ion co t ton ,  

PROCEDURE : 

Tl~e  experiment i s  loca t ed  on F ie ld  C-1 a t  t h e  Univers i ty  of 

Arizona Cotton Research Center ,  Phoenix, Arizona. The f i e l d  had 

been i n  co t ton  i n  1969, and i n  December of 1969, Ar iva t  ba r l ey  was 

p lan ted ,  The ba r l ey  was harves ted  i n  June 1970, and t h e  f i e l d  l a y  

fa l low u n t i l  September when 250 l b s l a c r e  of  urea  was appl ied  and 

plowed under,  The f i e l d  was f i t t e d  and aga in  p lan ted  t o  Ar iva t  

ba r l ey  on 30 September 1970, 

On 1 2  January 1971, 170 l b s / a c r e  of u r e a  was app l i ed  and 

plowed down, along wi th  t h e  ba r l ey ,  The f i e l d  was furrowed ou t  
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i n t o  40-inch furrows and a pre-plant  i r r i g a t i o n  given, 

A weed-control mix ture  of  T re f l an  and Karmex wcas incorpora ted  

i n t o  t h e  furrows with a " L i l l i s t o n "  as soon as t h e  f i e l d  was dry 

enough t o  accommodate machinery, 

Two-thirds of t h e  furrows were shaped i n t o  beds with a 

"Sidewinder" and bed-shaper f o r  t h e  40,000 and 80,000 p l an t  popu- 

l a t i o n s ,  a s  per  p l o t  design,  Each bed contained two rows t o  

accomodate  t h e  h igh  p l a n t  populat ions,  The remaining one- th i rd  of 

t h e  furrows contained s i n g l e  rows of  normal p l an t ing ,  o r  20,000 * 
p l a n t s / a c r e ,  

Three v a r i e t i e s  of co t ton ,  Del tap ine  16, S t o n e v i l l e  213, and 

Pima S-4, were p lan ted  on 3 and 5 Apr i l ,  i n  a random s p l i t - p l o t  

design (See Fig,  I ) ,  I r r i g a t i o n s  f o r  germination were given on 

6 and 10 A p r i l ,  

Rows were thinned t o  t h e i r  r e s p e c t i v e  p l a n t  populat ions around 

10 May, A t  t h e  same time, tagging a r e a s  were marked o f f  and the  

proper number of p l a n t s  were counted and maintained wi th in  these  

r e s p e c t i v e  a reas .  Each tagging a r e a  cons is ted  of two rows o r  beds, 

each 6 f t  long,  

Timing of i r r i g a t i o n s  was based on s o i l  mois ture  samples along 

with v i s u a l  p l a n t  symptoms on t h e  medium and wet t rea tments ,  The 

dry t reatment  was i r r i g a t e d  according t o  ca lendar  schedule.  

Within each p l o t ,  two 20-f t  l eng ths  of  row o r  bed were marked 

o f f  f o r  y i e l d  measurements. GeneralXy t h i s  w a s  t h e  i nne r  two rows, 

o r  beds, of 4-row, o r  4-bed, p l o t s ,  I n  a few bed p l o t s ,  s t ands  were 

no t  i d e a l  on t h e  inne r  two beds and b u f f e r  rows were s u b s t i t u t e d  t o  

ob ta in  t h e  des igna ted  y i e l d  a r e a ,  

A border d i k e  was cons t ruc ted  ac ros s  t h e  middle of t h e  f i e l d  

perpendicular  t o  t h e  flow of  i r r i g a t i o n  water ,  around t h e  f i r s t  of 

August, This  was t o  f a c i l i t a t e  an  ear ly-season c u t o f f  of i r r i g a t i o n  

water t o  t h e  lower h a l f  o f  t h e  f i e l d ,  
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RESULTS AND DISCUSSION: 

p l o t s ,  a good s tand  was obta ined ,  However, growth 

was slow, a s  temperatures  remained below normal from t h e  middle of 

Apr i l  t o  t h e  middle of June. 

Tagging commenced on 20 June and continued through 18  September, 

Severa l  days of tagging information were l o s t  dur ing  t h e  season, due 

to  i n s e c t i c i d e  r e g u l a t i o n s  ba r r ing  e n t r y  t o  t h e  f i e l d ,  However, most 

of  t h e  days l o s t  were during t h e  normal cut-out  per iod when a minimum 

number of  blossoms were involved, 

On the  medium and wet t rea tments ,  i r r i g a t i o n s  were given dur ing  

the  major blossoming period a t  somewhat d r i e r  condi t ions  than 

o r i g i n a l l y  s e t  up, For the  wet t reatment ,  the average s o i l  mois ture  

dep le t ion  i n  t h e  top  3 f t  of s o i l  before  i r r i g a t i o n  was 69%, For the  

medium t rea tment ,  dep le t ion  was 83%, 

Several  hard-so i l  spo t s  were noted i n  t he  f i e l d ,  and l i g h t e r  than 

des i r ed  a p p l i c a t i o n s  of water were given,  These hard spo t s  caused 

uneven d i s t r i b u t i o n  of  water ,  The upper wet t rea tment  w a s  given 

8 i r r i g a t i o n s ,  and t h e  lower wet, 6;  t h e  upper medium, 6, and t h e  

lower medium, 4; t h e  upper dry ,  4, and t h e  lower dry ,  3,  The l a s t  

i r r i g a t i o n  on t h e  lower wet t reatment  was given on 28 J u l y ;  t he  

l a s t  t o  t h e  lower medium on 20 Ju ly ;  and t h e  l a s t  t o  t h e  lower dry 

on 21 J u l y ,  Lower p l o t s  were beginning t o  d e s i c c a t e  by mid-August, 

A build-up of pink bollworms was noted i n  t h e  l a s t  week i n  June.  

I n s e c t i c i d e  a p p l i c a t i o n s  began immediately, and e x c e l l e n t  con t ro l  was 

a t t a i n e d  throughout t h e  season, Two d e f o l i a t i o n s  were given on 

1 8  and 26 October.  An e a r l y  f r o s t  occurred on 29 October and, 

toge ther  with t h e  d e f o l i a t i o n s ,  a f f e c t e d  t h e  la te -season  b o l l  s i z e ,  

t h e  co lo r ,  and probably a l l  q u a l i t y  measurements, 

Table 1 shows t h e  seed weight of Del tap ine  16  f o r  t h e  t h r e e  

i r r i g a t i o n  t rea tments  and t h r e e  populat ions,  Di f fe rences  between 

both i r r i g a t i o n  and popula t ion  t rea tments  a r e  l a r g e  enough t o  be 

s t a t i s t i c a l f y  s i g n i f i c a n t .  The s i g n i f i c a n c e  i s  between t h e  20,000 
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populat ion,  dry  t rea tment ,  and the  o the r  t rea tments ,  The 40,000 and 

80,000 populat ions a r e  25.1% higher  i n  weight than t h e  20,000 popu- 

l a t i o n ,  when t h e  two we t t e r  t rea tments  a r e  considered. Yields  f o r  

t h e  dry t reatment  a r e  14.9% l e s s  than f o r  t he  w e t t e r  t reatments .  

Yield d i f f e r e n c e s  f o r  t h e  Stonevi l le-213 a r e  no t  l a r g e  enough t o  

show s i g n i f i c a n c e  i n  t h e  mois ture  l e v e l s ,  b u t  d e f i n i t e  t r ends  e x i s t  

a s  y i e l d s  a r e  reduced by decreased mois ture ,  The d i f f e r ences  i n  

y i e l d  between popula t ions  a r e  s i g n i f i c a n t  a t  the  1% l e v e l ,  between 

t h e  20,000 popula t ion  and t h e  o t h e r s .  The product ion of seed co t ton  

f o r  both t h e  40,000 and 80,000 populat ions was 18% higher  than f o r  

the  20,000 populat ion.  

I n  Table 3, 82% of t h e  t o t a l  Del tap ine  y i e l d  was developed from 

blossoms opening be fo re  15 August. For t h e  Stonevi l le-213,  87% was 

developed before  t h i s  da te .  

On the  Del tap ine  v a r i e t y ,  a l l  blossoms f o r  a l l  t rea tments  were 

tagged throughout t h e  f lowering period,  beginning 20 June  and 

extending through 1 8  September. Table 4 shows a s i g n i f i c a n t  i nc rease  

i n  blossoms a s  popula t ions  a r e  increased ,  up t o  80,000 p l a n t s  per 

ac re .  When a l l  i r r i g a t i o n  t reatments  a r e  averaged, t he  t o t a l  number 

of blossoms were increased  34% and 43% respec t ive ly  f o r  t h e  40,000 

and 80,000 over t h e  20,000 populat ions,  This i nc rease  i n  blossoms 

occurred p r i n c i p a l l y  be fo re  17 Ju ly .  There i s  no advantage f o r  one 

populat ion over t h e  o t h e r  a f t e r  t h i s  da t e .  When t h e  dry t reatment  

i s  compared t o  t h e  two we t t e r  t rea tments ,  r ega rd l e s s  of p l a n t  popu- 

l a t i o n ,  a 6% decrease  i n  blossoms i s  noted, 

The number of  b o l l s  was increased  by doubling t h e  populat ion 

from 20,000 t o  40,000 f o r  both Del tap ine  and S t o n e v i l l e ,  bu t  no 

s i g n i f i c a n t  i nc rease  was measured between t h e  40,000 and 80,000 

populat ions.  (Table 5) .  For a l l  i r r i g a t i o n  t rea tments ,  t he  average 

of t h e  h igher  popula t ions  (40,000 and 80,000) showed an inc rease  i n  

b o l l s  of over 25% f o r  t h e  Deltapine.  The d a t a  f o r  S t o n e v i l l e  showed 

an average 20% b o l l  i nc rease .  Of t h e  t o t a l  b o l l s ,  77% of t he  Delta-  
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pine  and 85% of t he  S t o n e v i l l e  were from blossoms which opened before  

1 5  August. 

Table 6 shows t h a t  b o l l  s i z e  decreased f o r  popula t ions  over 

40,000. The b o l l  s i z e  f o r  t h e  80,000 populat ion was decreased 

enough t o  o f f s e t  t h e  inc rease  i n  blossoms t h a t  t h e  80,000 populat ion 

had over t he  40,000 populat ion,  The b o l l s  f o r  t h e  l a s t  week of t h e  

f lowering season were very small, p a r t i a l l y  because of t h e  e a r l y  

1 '  f r o s t .  T h u s , t o t a l y i e l d a n d b o l l s i z e w e r e a f f e c t e d ,  

Lower-half y i e l d s  were so  v a r i a b l e  t h a t  a  t r u e  a n a l y s i s  i s  

quest ionable.  V a r i a b i l i t y  i s  p a r t l y  due t o  r e s i d u a l  moisture 

a s soc i a t ed  wi th  hard  s o i l ,  o r  high s p o t s ,  and probably would be 

t y p i c a l  of a  farm opera t ion .  I f  a  l e g i t i m a t e  t rend  does e x i s t ,  i t  

would be r e f l e c t e d  a s  a  y i e l d  reduct ion  between upper and lower 

ha lves  because of mois ture  d i f f e r ences .  Also, a  t rend  wi th in  the  

lower h a l f  showed reduced product ion with decreased number of  

i r r i g a t i o n s ,  S ince  t h e  g r e a t e s t  i n c r e a s e  i n  blossoms because of 

increased  p l a n t  popula t ions  occurred be fo re  17 J u l y ,  it would be 

l o g i c a l  t o  assume t h a t  a g r e a t e r  number of  b o l l s  would mature with 

high populat ions,  i f  an e a r l y  i r r i g a t i o n  cut-off  program were 
1 p r ac t i ced .  This  i s  what happened, a s  t h e  number of b o l l s  and y i e l d  

of seed co t ton  increased  a s  p l a n t  populat ions increased.  

F igures  2, 3, and 4 show t h e  p a t t e r n  of  events  f o r  blossom and 

b o l l  product ion f o r  t h e  wet t reatment ,  Other mois ture  t rea tments  

followed t h e  same t r end ,  There was no i n d i c a t i o n  t h a t  any one 

populat ion gained any e a r l i e r  product ion advantage, (June product ion) .  

I t  should be noted t h a t  any unusual ly good o r  bad e f f i c i e n c y  per iods  

followed t h e  same t r end ;  i , e , ,  t h e  peak blossom and b o l l  producing 

period was mid-July. Poor e f f i c i e n c y  of b o l l s  from blossoms a l s o  

occurred on s i m i l a r  d a t e s ;  f o r  example, t h e  l a s t  two weeks of  J u l y ,  

and another  per iod  j u s t  be fo re  t h e  beginning of t h e  inc rease  which 

reached peak product ion,  The e f f i c i e n c y  o f  b o l l s  from blossoms f o r  

t h e  20,000 populat ion was h igher  dur ing  t h e  period j u s t  be fo re  t he  
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peak, but  cons iderably  l e s s  blossoms were involved and thus the  

number of  b o l l s  were e s s e n t i a l l y  t h e  same. 

SUMMARY AND CONCLUSIONS : 

Three i r r i g a t i o n  regimes and an e a r l y  i r r i g a t i o n  cu t -of f ,  

us ing  t h r e e  p l a n t  populat ions and t h r e e  v a r i e t i e s ,  were inves t iga t ed ,  

When water was appl ied  f o r  a  f u l l  growing season where popu- 

l a t i o n s  were increased  from t h e  s tandard 20,000 t o  40,000 p l an t s  per  

ac re ,  production of seed co t ton  was increased  more than 25%. This 

i n c r e a s e  i n  y i e l d  w a s  due t o  more f lowers  and b o l l s .  However, y i e l d  

was no t  g r e a t e r  f o r  t h e  80,000 populat ion over t h e  40,000. Although 

flowering was g r e a t e r  f o r  80,000 p l a n t s  per  ac re ,  a  decrease  i n  b o l l  

s i z e  n u l l i f i e d  any product ion advantage over t h e  40,000 populat ion.  

Increases  i n  blossoms due t o  h igher  populat ions occurred during t h e  

f i r s t  month of f lowering,  which was before  17 J u l y  i n  1971. There 

was no has ten ing  of t h e  p a t t e r n  of events  f o r  blossom and b o l l  

production due t o  va r i ed  populat ions,  nor any major changes i n  the  

t rend  of events  a s soc i a t ed  wi th  peaks o r  e f f i c i e n c y  o f  b o l l s  from 

blossoms. Of the  seed co t ton  product ion,  82% of  t h e  Deltapine and 

87% of t he  S tonevi l le -213  were produced from f lowers  opening before  

15  August. Of t h e  t o t a l  number of b o l l s ,  77% of  t h e  Del tap ine  and 

85% of t he  S t o n e v i l l e  were from blossoms which opened be fo re  1 5  August, 

When i r r i g a t i o n s  were c u t  o f f  i n  l a t e  J u l y ,  t he  number of f lowers  

and b o l l s  and t h e  quan t i t y  of y i e l d  of seed co t ton  increased  a s  p l a n t  

populat ions were increased ,  
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CURRENT TERMINATION DATE: December 1973, 
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Figure 1. Field plan for cotton study. 
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a Blossoms 

B o l l s  

June  J u l y  August September 
F i g u r e  2 .  Blossom and b o l l  count ,  Del tapine-16,  wet t r e a t m e n t  (20,000), 

U n i v e r s i t y  of Ar izona  Cot ton  Research Cente r ,  Phoenix, 1971. 
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1 i Blossoms 

B o l l s  

3 b 
June  August September 

F i g u r e  3 .  Blossom and b o l l  coun t ,  D e l  t ap ine -16 ,  w e t  t r e a t m e n t  (40,  OOO), 
U n i v e r s i t y  of  Arizona Cot ton  Resea rch  Cen te r ,  Phoenix, 1971. 
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B o l l s  

- - 
F i g u r e  4. Blossom and b o l l  count ,  Del tapine-16,  wet t r e a t m e n t  (80,000), 

U n i v e r s i t y  of Arizona Cot ton Research Center ,  Phoenix, 1971. 
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Table 1. Seed cotton weight in grams, per plot of Deltapine-16 for 
three irrigation treatments and three populations. 

Irrigation Population Replications Mean 

1 2 3 4 

Wet 20,000 1828,O 1481.6 1627,8 1785,8 1680,8 

40,000 2082.4 2087,3 1994,8 2180,6 2086.3 

80,000 1785.6 2133,4 1692,2 1974.0 1896.3 

Med . 20,000 1860,2 1536.5 1323,4 1362,4 1520,6 

40,000 2013,5 1974.2 2405,l 1724,5 2029,3 

80,000 2449,8 2410.3 1795,6 1842.7 2124,6 

Irrigation -- sig. 5% LSD 230,7 

Population -- sig, 1% LSD 419.7 
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Table 2. Seed cotton weight in grams, per plot of Stoneville-213 for 
three irrigation treatments and three popu5ations. 

Irrigation Population Replications Mean 

1 2 3 4 
-- - 

Wet 20,000 1620.4 1806,2 1678.6 1628.6 1683.5 

40,000 2085.8 2028.9 1747.6 2131.2 1998.4 

80,000 1932.3 2068.7 2018.6 1866.7 1971,6 

Med , 20,000 1837,l 1574.0 2669-8 1370.3 1612,8 

40,000 2043.3 1792.7 1833.8 1910.5 1895.1 

80,000 1914,4 1882,l 2337 -1 l697,3 1957.5 

Irrigation -- no sig, 

Population -- sig, 1% LSD 294,5 
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Table 3 ,  Weight o f  seed co t ton ,  and t h a t  po r t ion  of  t o t a l  weight 
which was from blossoms t h a t  opened be fo re  1 5  August. 

D e l  t ap ine  S t o n e v i l l e  
I r r i g a t i o n  Populat ion To ta l  Opened by To ta l  Opened by 

1 5  Augus t 15  A u ~ u s t  
gms % m s  % 

Wet 20,000 6723-2 80 6733.8 86 

Med , 20,000 6082,5 8 3 6451,2 89 

40,000 8117.3 82 7580,3 89 

Annual Report of the U.S. Water Conservation Laboratory



Table 4, Number of blossoms, and percent  of t o t a l  opened by 
s p e c i f i c  da tes ,  f o r  Deltapine-16 va r i e ty .  

I r r i g a t i o n  Population Total  No. Blossoms Opened Blossoms Opened 
Blossoms by 17 J u l y  by 15  Aug 

Season No. % % 

Wet 20,000 2597 1108 43 7 8 

Med . 20,000 2583 1110 43 

40,000 3583 1746 49 

80,000 3851 189 2 49 
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Table 5. Number of  b o l l s ,  and percent  of t o t a l  from blossoms t h a t  
opened on s p e c i f i c  da t e s .  

Del t a p i n e  S t o n e v i l l e  
I r r i g a t i o n  Populat ion Tota l  Open by Open by Tota l  Open by 

1 7  July  1 5  Aug 15 Aug 

% % % 

Wet 20,000 1655 5 5 7 2 1726 85 

40,000 20 34 5 8 7 7 2029 81 

80,000 2034 61 73 2038 8 2 

Med , 20,000 1489 53  7 8 1642 86 

40,000 2037 56 7 6 1919 8 8 

80 ,000 2218 56 73 20 39 83 
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Table 6,  Average b o l l  weights,  i n  grams, f o r  t h e  season, and f o r  blossoms opened be fo re  and 
a f t e r  1 5  August, 

D e l  t ap ine  S t o n e v i l l e  
I r r i g a t i o n  Populat ion Seasonal Before A f t e r  Seasonal Before A f t e r  

1 5 A u g  1 5 A u g  1 5  Aug 15 Aug 

Wet 20,000 4.05 4,47 2.96 3,90 3,97 3,62 

40,000 4,10 4.37 3,24 3,94 3,99 3,73 

80,000 3,73 4.06 2.83 3.87 3.91 3,65 
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T I1'LE : IIEAT A N D  LIGHT TRANSFER I N  PONDS 

CRIS WORK UNIT: SWC-018-gG-4 CODE NO.: Ariz,-WCL-71-3 

INTRODUCTION: 

As p a r t  of a  comprehensive coopera t ive  e f f o r t  t o  c h a r a c t e r i z e  

t he  b i o l o g i c a l ,  chemical, and phys i ca l  f a c t o r s  r e l a t i n g  t o  the  

growth of phytoplankton, zooplankton, and f i s h  i n  an aqua t i c  eco- 

system of ponded t e r t i a r y  t r e a t e d  sewage water,  a  program of 

i n t e n s i v e  measurement of s e v e r a l  phys ica l  f a c t o r s  was begun and 

made o p e r a t i o n a l  by mid-May 1971. Parameters measured were a i r  

temperatures a t  +10 and $60 cm, water temperatures  a t  t h e  su r f ace ,  

-15, -60, and -110 cm, incoming s o l a r  r a d i a t i o n ,  r e f l e c t e d  s o l a r  

r a d i a t i o n ,  s o l a r  r a d i a t i o n  t r ansmi t t ed  t o  -20 cm depth, incoming 

atmospheric thermal r a d i a t i o n ,  and evapora t ion .  Data on these  

f a c t o r s  have been c o l l e c t e d  cont inuously every ha l f -hour  s i n c e  t h e  

experiment 's  i n i t i a t i o n ,  except  during per iods  of instrument  o r  

recorder  f a i l u r e .  

RESULTS AND DISCUSSION: 

So f a r ,  d a t a  f o r  four  and one-half months have been reduced 

and summarized. They i n d i c a t e  t h a t  t o t a l  water body hea t ing  from 

above i s  almost s o l e l y  due t o  t h e  i n t e r n a l  abso rp t ion  of s o l a r  

r a d i a t i o n ,  with a11 of  t h e  energy exchanges a t  t h e  su r f ace  being 

between the  s u r f a c e  and the  a i r  above, r a t h e r  than the  water 

beneath.  This  observa t ion  led t o  t he  development of an evapora- 

t i o n  equa t ion  t h a t  could be t e s t e d  over o t h e r  bodies  of water i n  

an at tempt  t o  d e l i n e a t e  i t s  realm of v a l i d i t y  a s  a  func t ion  of 

water su r f ace  exposure.  With g r e a t e r  s u r f a c e  a r e a s  and exposure 

t o  wind, t he  equa t ion  would be pos tu l a t ed  t o  be l e s s  accura te ,  bu t  

t o  what degree remains t o  be determined experimental ly .  

Fo re l i an  and Birgean h e a t  budget c a l c u l a t i o n s  were both 

u t i l i z e d  i n  s e v e r a l  s i t u a t i o n s ,  wi th  t he  Birgean technique genera l -  

l y  g iv ing  the  more reasonable  r e s u l t s .  Both techniques p l u s  a  

complete energy balance approach led  t o  t h e  d i scovery  t h a t  sediment 

hea t  exchanges played a  commanding r o l e  i n  t he  o v e r - a l l  t r a n s f e r  
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of energy within the water. Not only did they control the 

efficiency of night-time energy removal by surface generated con- 

vection currents, but they appeared to be responsible for a 

possible bottom-generated convection regime. This latter 

phenomenon, however, should not be construed to be firmly 

established at this stage, but only conjectured. Its reality 

remains to be determined by more intensive experimentation with 

either tracer rechniques or more thermocouples more closely spaced 

near the pond bottom, 

Finally, another interesting phenomenon indicated by the data 

was that the concentration of phytoplankton may have a significant 

effect upon the depth of penetration of the surface-generated 

convection currents. When phytoplankton concentrations were high 

and down-welling solar radiation was extinguished rapidly in the 

upper water layers, the convection currents only penetrated about 

two-thirds of the way to the pond bottom, whereas under lower con- 

centrations they reached the bottom regularly. This phenomenon 

Coo, howc>vcr, must remain somewhal tenuous as regards a cause and 

c,L i c t . ~  rclaL ion u n ~ i l  awrc dnLn ;Ire ;ivailable for more seasons. 

SUMMARY AND CONCLUSIONS: 
I 

An intensive study of light and heat transfer in a small man- 

made pond was initiated in mid-May 1971. As a result, a new evapo- 

ration equation was developed for small sheltered bodies of water, 

and some intriguing patterns of convection were postulated. One 

involved the possibility of a bottom-generated convection regime 

extending upwards into the water from below, and another involved 

the possible control of depth of 'penetration of surface-generated 

convection currents by the presence of phytoplankton. Lastly, heat 

exchange at the sediments was shown to be the dominant factor in 

determining the efficiency of energy removal from the water by con- 

vective transport to the surface. 

PERSONNEL: S. B. Idso 

CURRENT TERMINATION DATE: May 1973 
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TITLE : MJ.3ASUREME;NT &ID PREDICTION OF THE SOLIJBlLITY 

BEHAVIOR OF T11L CALCL UM MINERAL CONSTITUENTS 

OF SOILS. 

CRPS WORK UNIT : SWC-018 .gG--4 CODE N O . :  Ariz.-WCL 71-4 

LNTRODUCT LON : 
24- 

The ca lc ium ion ,  Ca , a i d s  i n  promot ing good s o i l  s t r u c t u r e .  

Condi t ions  i n  t h e  a r i d  Southwest  a r e  such  t h a t  t h e  e f f e c t i v e n e s s  

of t h e  ca2' i n  t h e  s o i l  sys tem is  d r a s t i c a l l y  reduced by i ts  p r e c i p i -  

t a t i n g  o r  i t s  complexing through chenxical i n t e r a c t i o n s  w i t h  o t h e r  

d i s s o l v e d  c o n s t i t u e n t s .  The b a s i c  p r o c e s s e s  t h a t  o c c u r ,  however, 

a r e  n o t  c l e a r l y  unders tood ,  and consequen t ly  t h e  b e h a v i o r  of t h e  

v a r i o u s  ca lc ium compounds i n  d i f f e r e n t  k inds  of  s o l u t i o n  sys tems  

must b e  fo l lowed .  

The s o l u b i l i t y  p r o d u c t  p r i n c i p l e  i s  used  e x t e n s i v e l y  i n  t h i s  

t y p e  of i n v e s t i g a t i o n .  By s u i t a b l e  t h e o r e t i c a l  and e x p e r i m e n t a l  

devi~lopment  n o t  cons iderecl p r e v i o u s l y ,  a  s i m p l c  and s t r a i g l i t f  o m a r d  

detc l rminat ion of t h e  s o l u b i l i t y  p roduc t  01 CaCO can be  made. 
3 

TIIEORY : 

Tlte f i r s t  and second d i s s o c i a t i o n  c o n s t a n t s  of  c a r b o n i c  a c i d  

al td i l ~ c  i o n  i c l l c L  i v  i t y  so lu l )  i 1 i Ly 1)roduct of CaCO a r e  def Fned, 
3 

r e s p e c t i v e l y ,  a s  

2+ 
K = (Ca )(co:-) 
s P 
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where t h e  p a r e n t h e s i s  ( ) i s  t h e  a c t i v i t y ,  lc is Henry ' s  l a w  

c o n s t a n t  For C02 s o l u b i l i t y ,  and P i s  t h e  p a r t i a l  p r e s s u r e  of 
2 2- 

G O 2 .  S o l v i n g  e q u a t i o n s  (1 )  and (2 )  Ln terms of (CO ) and s u b s t i -  3  
t u t i n g  i t  i n t o  e q u a t i o n  (3 )  y i e l d s  

24- 
(Ca )K I< kP 

1 2 CO, 

S i n c e  e x i s t i n g  a n a l y t i c a l  t echn iques  a l l o w  t h e  measurement 
24- 

of (Ca ) ,  (H'), and P , and t h e  v a l u e s  f o r  t h e  rest of t h e  com- 
C02 

ponents  i n  e q u a t i o n  (4)  a r e  a v a i l a b l e  from t h e  l i t e r a t u r e ,  K i s  
s P 

d i r e c t l y  c a l c u l a b l e .  

PROCEDURE : 

Various  c o n c e n t r a t i o n s  of C02 gas  (0.54 t o  99.98%) were bub- 

b l e d  through s a t u r a t e d  CaCO s o l u t i o n s  (Nakayama, 3) . The gases  3  
were premois tened i n  bubbl ing  towers  p r i o r  t o  passage  through t h e  

sa~nples .  The pli was dcterniined w i t h  a  g l a s s  e l e c t r o d e  p r e v i o u s l y  

c a l i b r a t e d  i.n NUS s t a n d a r d  b u f f e r s .  Calcium a c t i v i t i e s  were meas- 

ured w i t h  t h e  membrane e l e c t r o d e  which was s t a n d a r d i z e d  i n  CaCl 2 
s o l u t i o n s .  I:xpc~rirncnts were c~onducted a t  25 4- 0 .5  C .  

I IILSU1,'I'S AND DLSCUSSION: 

The v a r i o u s  c o n s t a n t s  were o b t a i n e d  from t h e  l i t e r a t u r e ,  

where l i  = 0.0344 (l iarned and Davis ,  1 )  , K1 = 4 .41  x and K = 
2  

4 . 6 5  x 10--11 (Nnkuyama, 4 ) .  

The i( 's computed froni e q u a t i o n  (4)  and l i s t e d  i n  Tab le  1 
s P 

shou ld  g i v e  t h e  most d i r e c t  e s t i m a t e  of t h e  a c t i v i t y  p r o d u c t s  o f  Ca 

and CO a s  def  i n e d  i n  e q u a t i o n  (3)  , and t h e i r  r e l i a b i l i t y  is dependent 
3 

p r i m a r i l y  upon t h e  accuracy of t h e  a c t i v i t y  measurements o f  t h e  H- 

and Ca-e lec t rodes .  We a r e  q u i t e  c o n f i d e n t  of t h e  hydrogen g l a s s  

e l e c t r o d e ,  and somewhat less s o  w i t h  t h e  Ca-elect rode s i n c e  t h e  

Ca-elect rode used w a s  one of t h e  ve ry  e a r l i e s t  a v a i l a b l e .  The K 
s P 

v a l u e  appears  t o  b e  pH-re la ted ,  and t h i s  shou ld  b e  f u r t h e r  checked 

o u t .  Langmuir (2 )  from a d e t a i l e d  l i t e r a t u r e  su rvey  and a n a l y s i s  

Annual Report of the U.S. Water Conservation Laboratory



of  CaCO s o l u b i l i t y  d a t a  r e p o r t e d  by o t h e r  i n v e s t i g a t o r s  concluded 
3  -9 

t h a t  n v a l u e  of 4.00 x 10 i s  tltc b e s t  c s t i jnn te  of I< , a s  compared 
- 9 s P 

t o  a  mean of 3 .25 x  10 ob ta ined  i n  t h i s  d i s c u s s i o n .  

SUMMARY : 

The t h e o r e t i c a l  and e x p e r i m e n t a l  t r ea tment  p r e s e n t e d  h e r e  

appears  t o  be  t h e  most d i r e c t  method developed f o r  g e t t i n g  t h e  

thermodynamically d e f i n e d  K . It avo ids  t h e  need t o  know t h e  
s P 

d i s s o c i a t i o n  c o n s t a n t s  of any o t h e r  C a - a s s o c i a t e d  s p e c i e s  i f  p res -  

e n t ,  and does n o t  r e q u i r e  t h e  t o t a l  Ca and c a r b o n a t e  a n a l y s e s  

u s u a l l y  o b t a i n e d  from t i t r a t i o n  measurements. Fur thermore,  t h e  

K f o r  o t h e r  s p a r i n g l y  s o l u b l e  m e t a l l i c  c a r b o n a t e  s a l t s  ( v i z .  
s p 

MgCO IlaC03, Sr"C3 , ZnU) . . .) could be determined s i m i l a r l y ,  
3  ' 3  

provided t h a t  t h e  a c t i v i t y  o f  t h e  m e t a l l i c  c o n s t i t u e n t s  can be  

determined.  
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Table  1. I o n - a c t i v i t y  s o l u b i l i t y  p roduc t  c o n s t a n t  o f  CaCO 3 
a t  25 C o b t a i n e d  from 8- and C a - a c t i v i t y  measurements. 

24- 
(Ca ) x 1 0  

3 
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TITLE : WATER VAPOR MOVEMENT THROUGH MULCHES UNDER 

FIELD CONDITIONS 

CRIS WORK UNIT: SWC-018-gG-4 CODE NO.: Ariz.-WCL-71-5 

INTRODUCTION : 

This project was initiated to evaluate the relative contri- 

butions of molecular diffusion and mass flow to water vapor move- 

ment through mulches under field conditions. Generally, water 

vapor has been regarded as moving only by molecular diffusion 

through porous materials. In recent years, however, evidence has 

appeared which suggests that air turbulence may cause an increase 

in the rate of movement, particularly in coarse textured materials. 

By using a variety of waterproofed (to prevent movement of liquid 

water) porous materials as mulches over moist soil, the influence 

of air turbulence on water vapor movement has been investigated. 

METHODS AND MATERIALS : 

The method of investigation has been to apply mulches to three 

weighing lysimeters and then obtain the rates of water loss through 

the mulches. Concurrent measurements of air temperature, air vapor 

pressure, wind velocity and soil temperacure at the soil-mulch inter- 

face permit the amount of water vapor loss attributable to mass flow 

processes to be calculated. 

Table 1 lists the mulches which were used and some of their 

physical properties. The glass beads were purchased from a manu- 

facturing company. The soil aggregates were sieved from Adelanto 

loam. The glass bead aggregates were made by first heating layers 

of 0.047-0.084 mm diameter glass beads in a pan slowly in a muffle 

furnace up to 605 C to form porous "cakes" as the beads fused to- 

gether. After slowly cooling, the cakes were broken into smaller 

chunks with a meat tenderizer, and then they were further reduced 

in size by grinding in a Wylie mill. The 0.84-1.65 mm diameter 

aggregates were sieved out using a mechanical shaker. The air 

permeabilities were determined by measuring the air pressure drop 

(with a sensitive capacitance-type differential pressure transducer) 
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s o i l  

been 

from 

1960 

ted,  

and the flow r a t e  (with a  s t o p  watch t o  time a  soap f i l m  passing 

through a  g l a s s  c y l i n d e r )  a s  a i r  was passed through a  column of each 

mulch. A l l  of t he  mulches were t r e a t e d  with a  wa te r - r epe l l en t  

ma te r i a l ,  t r i c h l o r o s i l a n e ,  so t h a t  they would no t  conduct l i q u i d  

water from the  moist s o i l  beneath them t o  t h e i r  upper su r f ace .  

Table 2 l i s t s  the  experiments which were conducted, the  da t e s  

f o r  each, the  depths of mulch, and the  p a r t i c u l a r  mulch ma te r i a l s  

used on each lys imeter .  The s k i e s  were gene ra l ly  c l e a r  during a l l  

the  experiments, and t h e r e  were no i n t e r r u p t i o n s  due t o  r a i n .  The 

i n  t he  f i e l d  around the  lys imeters  was ba re  and dry,  having not  

i r r i g a t e d  f o r  t h r e e  months p r i o r  t o  t he  experiments.  

The r a t e s  of water vapor l o s s  through the  mulches were obtained 

measurements obtained with the  lys imeters  descr ibed  i n  the  

Annual Report.  A i r  temperatures were measured with an a s p i r a -  

r ad i a t ion - sh i e lded  thermocouple, a i r  vapor p re s su re s  with a  

r ad i a t ion - sh i e lded  dew probe, and wind v e l o c i t i e s  with a  cup 

anemometer. A l l  of t he  above-ground measurements were taken a t  t he  

50 cm he ight  a  few meters  from the  lys imeters .  S o i l  temperatures 

a t  t he  soil-mulch i n t e r f a c e s  were measured with t h r e e  thermocouples 

i n  each lys imeter .  The vo l t ages  o r  counts  from the  instruments  

were scanned and punched on paper t ape  a t  half-hour  i n t e r v a l s  with a  

da t a  a c q u i s i t i o n  system. Lysimeter d a t a  f o r  ha l f -hour  i n t e r v a l s  

tends t o  be noisy,  so  a l l  of the  lys imeter  da ta  and a l s o  the  da t a  

from the o the r  instruments  were smoothed us ing  a  1, 4, 6, 4, 1 

running weighted average.  A programmable c a l c u l a t o r  equipped with a  

paper tape reader  i s  being used t o  perform the  no t  y e t  completed 

a n a l y s i s  of the  d a t a .  

The da t a  a r e  being analyzed a s  fol lows.  An e f f e c t i v e  d i f f u s i o n  

c o e f f i c i e n t ,  
De' 

f o r  water vapor under f i e l d  cond i t i ons  i s  being 

ca l cu la t ed  f o r  each of t he  mulches using the  fol lowing equat ion 
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2 
where D = e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  (cm / s e c )  

e  
E = water vapor f l u x  o r  evaporat ion r a t e  (mm/hr) 

e  = s a t u r a t i o n  vapor pressure  a t  the  mulch-soil  i n t e r f a c e  (mb) 
S 

e  = vapor p re s su re  a t  upper su r f ace  of mulch (mb) 
0 

Ax = depth of mulch (cm) 

The evaporat ion r a t e  i s  ca l cu la t ed  from the  lys imeter  measure- 

ments. The water vapor concent ra t ion  a t  t he  mulch-soi l  i n t e r f a c e  

i s  obtained from the  s o i l  temperature measurements assuming t h a t  t he  

vapor pressure  was a t  s a t u r a t i o n  a t  t he  i n t e r f a c e .  This  i s  a s a f e  

assumption because the  s o i l  i n  t he  lys imeters  was f r e s h l y  i r r i g a t e d  

before  t he  mulches were spread evenly over t he  su r f aces  of the  

lys imeters  a t  the  beginning of  each experiment, and because the  s o i l  

was s t i l l  moist t o  t he  touch a t  t he  end of each experiment,  The 

vapor pressure  a t  t h e  upper su r f ace  of t he  mulch i s  ca l cu la t ed  from 

the  a i r  vapor pressure  a t  50 cm us ing  the  fol lowing equat ion 

where e  = a i r  vapor p re s su re  (mb) 
a  

and h  = t r a n s f e r  c o e f f i c i e n t  from the  upper s u r f a c e  of t he  mulch 

t o  a  he igh t  of 50 cm (cm/sec). 

Tht t r a n s f e r  c o e f f i c i e n t ,  h, i s  assumed t o  have a  maximum of i n f i n i t y  

o r  i s  ca l cu la t ed  from the  log wind p r o f i l e  equat ion.  

where 

v  = wind v e l o c i t y  a t  50 cm (cm/sec) 

z = he igh t  (50 cm) 

z = roughness he igh t  (em) 
0 

For comparison purposes the  molecular d i f f u s i o n  c o e f f i c i e n t ,  

D ,  must a l s o  be known and i t  i s  ca l cu la t ed  from the  fol lowing 
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equation derived from the  work of previous inves t iga to r s .  

RESULTS AND DISCUSSION: 

The ana lys i s  of the  da ta  i s  f a r  from complete; however, the 

da ta  from 26 May 1971 f o r  the 5 mm depth of 2 mm diameter beads has 

been analyzed, and the r e s u l t s  f o r  the  dayl ight  hours a r e  shown i n  

Figure 1. 

The e f f e c t i v e  d i f fus ion  c o e f f i c i e n t s  f o r  the  nighttime hours 

a r e  not  shown because they a r e  unre l i ab le .  They a r e  unre l i ab le  

because both the  numerator and the  denominator of Equation 1 could 

not  be accura te ly  determined. The nighttime evaporation r a t e s  i n  

the  numerator wdre very low and a t  the  l i m i t  of the  r e so lu t ion  of 

the  lysimeters .  The vapor pressure a t  the  soil-mulch i n t e r f a c e  was 

a l s o  low and approximately equal t o  e  and e so  the  accuracy of 
a  0' 

the  nighttime D ' s  was fu r the r  impaired by having t o  take the  
e 

d i f f e rence  between two numbers of equal magnitude. Thus, only those 

da ta  where e was considerably bigger than e a r e  presented i n  
s a 

Figure 1. 

The lowest curve of De/D marked "h = m" i n  Figure 1 i s  the  

r a t i o  of the  e f f e c t i v e  d i f fus ion  c o e f f i c i e n t  t o  the molecular 

d i f fus ion  c o e f f i c i e n t  ca lcula ted  by assuming h = m i n  Equation 2.  

This assumption implies i n f i n i t e  mixing i n  the  a i r  above the  mulch 

so t h a t  the  vapor pressure  a t  the mulch surface  equaled the  a i r  

vapor pressure measured a t  a  he ight  of 50 cm. The vapor pressure 

d i f fe rence  across the  mulch could have been no l a rge r ,  so the  D ' s  
e  

ca lcula ted  by t h i s  procedure represent  minimums; the  t r u e  D ID r a t i o  
e  

cannot l i e  below the  curve f o r  h = co i n  Figure 1. Thus, i t  appears 

t h a t  mass flow processes have caused the  water vapor loss  through 

t h i s  2 mm d i a ,  g l a s s  bead mulch t o  be genera l ly  a t  l e a s t  5 t o  15% 
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higher  than the  l o s s  a t t r i b u t a b l e  s o l e l y  t o  molecular d i f f u s i o n .  

The o the r  two curves of D /D i n  Figure 1 were ca l cu la t ed  us ing  
e  

z = 0.1  cm o r  z = 0.01  cm i n  Equation 3 .  Many wind p r o f i l e s  
0 0 

obtained under n e u t r a l  condi t ions  over t h e  same ba re  s o i l  f i e l d  i n  

March of 1971 showed t h a t  the  roughness he igh t  gene ra l ly  was between 

0.1 and 0.01 cm. Since thermally induced mixing dur ing  the  sunny 

day l igh t  hours should have caused the  vapor p re s su res  a t  t he  mulch 

su r f ace  t o  be c l o s e r  t o  the  vapor pressures  a t  50 cm than an 

a d i a b a t i c  wind p r o f i l e  would p r e d i c t ,  t h e  upper curve f o r  z = 0.01  
0 

cm rep resen t s  a  reasonable maximum curve, and the  curve f o r  z = 0.1  
0 

cm i s  probably c l o s e  t o  t he  t r u e  curve. Thus, mass flow processes  

have caused the  water vapor l o s s  through t h i s  mulch t o  be gene ra l ly  

no more than 30-70% higher  than the  l o s s  a t t r i b u t a b l e  t o  molecular 

d i f fus ion .  It appears  from the  middle D / D  curve t h a t  mass flow 
e 

processes  may t y p i c a l l y  cause the  l o s s  t o  be gene ra l ly  about 15-35% 

higher .  

In spec t ion  of F igure  1 revea l s  no c o r r e l a t i o n  between the  peaks 

i n  the  wind v e l o c i t y  curve and the  peaks i n  t h e  De/D curves.  This  

i s  somewhat s u r p r i s i n g  s i n c e  mass flow processes  appear t o  have made 

a  s i g n i f i c a n t  c o n t r i b u t i o n  t o  water loss ,  and one would expect the  
I 

magnitude of t he  c o n t r i b u t i o n  t o  i nc rease  with inc reas ing  wind 

ve loc i ty .  However, t h e  wind v e l o c i t i e s  p l o t t e d  i n  Figure 1 a r e  

q u i t e  s teady so perhaps t h e r e  simply wasn't  enough range i n  wind 

v e l o c i t y  on t h i s  p a r t i c u l a r  day. The a n a l y s i s  of t he  d a t a  obtained 

f o r  o the r  days, o t h e r  mulch m a t e r i a l s ,  and o t h e r  depths of mulch 

may r evea l  d i f f e r e n t  magnitudes of mass flow processes  t o  water 

vapor l o s s ,  and may r e v e a l  whether any c o r r e l a t i o n s  with wind 

v e l o c i t y  e x i s t .  

SUMMARY : 

This s tudy  was i n i t i a t e d  t o  eva lua t e  the  r e l a t i v e  con t r ibu t ions  

of mass flow and molecular d i f f u s i o n  t o  water vapor movement through 

mulches and o the r  porous m a t e r i a l s  under f i e l d  condi t ions .  A 

v a r i e t y  of mulch m a t e r i a l s  were waterproofed t o  a s su re  t h a t  a l l  
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water moved in the vapor phase. These mulches were spread in 5, 

10, and 20 nnn layers over lysimeters and concurrent measurements 

were made of evaporation rates, temperatures at the moist soil-mulch 

interfaces, air vapor pressures, air temperatures, and wind 

velocities. By assuming that the air was saturated at the moist 

soil-mulch interfaces, effective diffusion coefficients for field 

conditions were calculated. 

The analysis of the data is far from complete. However, the 

data for the daylight hours of one day with a 5 mm depth of a 2 mm 

dia glass bead mulch indicate that mass flow processes increased 

the water vapor loss more than generally 5-15%, and less than gener- 

ally 3O-70% of the loss attributable to molecular diffusion. No 

obvious correlations of the mass flow contribution with wind 

velocity were present on this particular day. 

PERSONNEL: B. A, Kimball 

CURRENT TERMINATION DATE : 197 3 
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Table 1. P r o p e r t i e s  of t h e  mulch m a t e r i a l s .  

Approx. P a r t i c l e  A i r  

mean diameter  perme- 

diameter  range a b i l i t y  

Mulch Ma te r i a l  (mm> (mm) po ros i t y  (p2) 

1 g l a s s  beads 2 

2 g l a s s  beads 1 

3 g l a s s  beads 0.5 

4 g l a s s  bead 1 

aggrega tes  

5 g l a s s  beads* 0.06 

6 s o i l  aggrega tes  1 

7 s o i l  aggrega tes  0.5 

8 Adelanto loam 

*These beads were used t o  make t h e  g l a s s  bead aggrega tes .  

They were n o t  used a s  a mulch. 
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Table 2. L i s t  of m a t e r i a l s  used f o r  each experiment. 

Experi-  Mulch Mulch m a t e r i a l  

ment Date depth 

no. 197 1 (mm) Lysimeter 1 Lysimeter 2  Lysimeter 3  

l a  25 May-28 May 5 2 mm g l a s s  beads 0.5 mm g l a s s  beads 1 mm g l a s s  beads 

Ib  28 May- 4 Jun 10 I t  1 1  t t  

I c  4 Jun-16 Jun 2 0 I t  I t  I t  

+' 
m 
I I I a  18 Jun-22 Jun 5 1 mm g l a s s  beads 1 mm g l a s s  bead 1 mm s o i l  aggrega tes  

0 3  

aggrega tes  

I Ib  22 Jun-29 Jun 10 1 1  I t  I t  

IIc 29 Jun- 9 J u l  2  0 I I  t  t  t l  

I I I a  9 Ju l -13  J u l  5  Adelanto loam 0.5 mm s o i l  1 mm s o i l  aggregates  

I I I b  12 Jul-19 J u l  10 t l  

I I I c  19 J u l -  2  Aug 2 0 TI 

aggrega tes  
I t  
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I crn 

Figure 1. A p l o t  of r a t i o  of the  e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  t o  the  
molecular d i f f u s i o n  c o e f f i c i e n t  a g a i n s t  time of day f o r  t h r e e  
methods of c a l c u l a t i o n .  Evaporation r a t e ,  wind v e l o c i t y ,  s o i l  
i n t e r f a c e  temperature,  and s o i l  i n t e r f a c e  t o  a i r  vapor p re s su re  
d i f f e r e n c e  a r e  a l s o  shown. 
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TITLE : USE OF FLOATING MATERIALS TO REDUCE EVAPORATION FROM 
WATER SURFACES 

CRIS WORK UNIT: SWC-018-gG4 CODE No. : Ariz.-WCL 71-6 

INTRODUCTION : 

Two f l o a t i n g  ma te r i a l s  t h a t  appeared promising i n  previous 

t e s t s  were eva lua ted  a t  the Grani te  Reef t e s t  s i t e  t o  determine 

long range d u r a b i l i t y  and e f f i c i e n c y  . These ma te r i a l s  , which were 

observed from June 1970 t o  December 1971, cons is ted  of wax blocks 

and t r e a t e d  p e r l i t e  o re .  

Evaluated a t  the Laboratory s i t e  between May and December 1971 

on i n s u l a t e d  evapora t ion  tanks were commercial samples of foamed 

b u t y l  rubber i n  a s h e e t ,  and smal l  p l a s t i c  p ieces .  A sample of 

t r e a t e d  p e r l i t e  o r e  was a l s o  t e s t e d  during t h i s  per iod .  

I n  o rde r  t o  properly eva lua t e  the  r e s u l t s  of evapora t ion  reduc- 

t i o n  experiments ,  t h e  r e l a t i o n s h i p  between evapora t ion  r a t e s  of 

evapora t ion  pans,  tanks and ponds before  t reatment  must be e s t a b l i s h e d .  

It takes cons iderable  time t o  e s t a b l i s h  t h i s  type of r e l a t i o n s h i p  

s i n c e  the  energy ba lance  of the  evaporat ing bodies  changes through- 

out  the y e a r ,  and from yea r  t o  y e a r ,  because of d i f f e r e n c e s  i n  

the  weather.  Data from 1969, 1970 and 1971 were used t o  determine 

evaporat ion r e l a t i o n s h i p s  be tween two Young pans, s i x  s tock  tanks ,  

and a l i n e d  pond a t  the  Grani te  Reef test s i t e .  

PROCEDURE : 

The evapora t ion  reduct ion  experiment a t  Grani te  Reef was con- 

ducted from June 1970 t o  December 1971 on th ree  s t o c k  tanks.  The 

t r e a t e d  p e r l i t e  was placed on one tank ,  the  wax blocks on another ,  

and the  t h i r d  was used as a s tandard .  The p e r l i t e  was t r e a t e d  wi th  

a mixture of 2 percent  DuPont PVA 72-60 and 4 percent  Dow 772 s i l i -  

cone r e p e l l e n t .  S u f f i c i e n t  p e r l i t e  was then placed on the  tank t o  

j u s t  cover the e n t i r e  water  s u r f a c e  one l a y e r  t h i ck .  The wax b locks  

averaged about 12 cm i n  diameter  and covered about 60 t o  70 percent  

of the s u r f a c e  a rea ,  Point  gage readings of the wa te r  depth were 
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recorded p e r i o d i c a l l y  throughout the s tudy per iod  t o  determine 

evaporat ion r a t e s .  

The experiment a t  the  Laboratory s i t e  was conducted on four  

i n s u l a t e d  evapora t ion  tanks.  A shee t  of commercially a v a i l a b l e ,  

cream colored ,  foamed b u t y l  rubber suppl ied  by Segmented Swimming 

Pools Ltd. w a s  placed on one tank.  On another  was a one l a y e r  

cover of a commercial p l a s t i c  ma te r i a l  c a l l e d  mini-vaps. This  

ma te r i a l  i s  i n  the  shape of a plus  s i g n ,  each of the  fou r  l e g s  

be ing  about 2 cm long ,  1 cm wide, and 1 / 2  cm t h i c k .  The t h i r d  cover 

was a l a y e r  of p e r l i t e  o r e  t r e a t e d  with a 3 percent  s o l u t i o n  of 

Dow 772 s i l i c o n e  r e p e l l e n t .  The fou r th  tank was used as a s tandard  

and evaporat ion was determined from po in t  gage readings .  

Evaporation from t h e  two s tandard  Young pans was determined 

from po in t  gage readings.  The same procedure was used on the s i x  

s t o c k  tanks which a r e  2.7 meters i n  diameter and 0.9 meters deep, 

A water  s t a g e  recorder  was used t o  give a continuous record of 

water  l e v e l  i n  the  pond, from which evaporat ion could be determined. 

Once evaporat ion was known, i t  was p o s s i b l e  t o  determine pan coef- 

f i c i e n t s  bemeen t h e  pans and the pond, and a l s o  between the  pans 

and each tank.  Regression ana lys i s  a l s o  provided c o r r e l a t i o n  coef- 

f i c i e n t s  i n  each case.  

RESULTS AND DISCUSSION: 

The evaporat ion reduct ion  e f f i c i e n c y  of the t r e a t e d  p e r l i t e  a t  

Grani te  Reef averaged 10 percent  over t he  study per iod  a s  shown i n  

Table 1. The e f f i c i e n c y  was genera l ly  h igher  than LO percent  except  

f o r  the  l a s t  f i v e  months when the t reatment  apparent ly  d e t e r i o r a t e d  

and coverage was l e s s  than  LOO percent .  Wind storms du r ing  June and 

September 1970 a l s o  caused a reduct ion  i n  e f f i c i e n c y  when a l a r g e  

po r t ion  of the  p e r l i t e  was blown o f f  the  water  s u r f a c e ,  r equ i r ing  a 

re t rea tment  i n  each case.  The reduct ion  i n  e f f i c i e n c y  during the  

win te r  months was a l s o  observed on t h e  wax covered tank  and was due 

t o  a change i n  the  energy balance of the  tanks. It appears  from 
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t h i s  and previous p e r l i t e  s t u d i e s  t h a t  the water  r e p e l l e n t  t rea tments  

used have d e t e r i o r a t e d  a f t e r  exposure of from 6 t o  8 months, thus 

r equ i r ing  complete re t rea tment  t o  maintain an acceptab le  e f f i c i e n c y  . 
The e f f i c i e n c y  of the  60 t o  70 percent  cover of wax blocks has 

remained e s s e n t i a l l l y  t h e  same over the  19 month s tudy  per iod .  The 

e f f i c i e n c y  is  somewhat h ighe r  during the h o t  season  and lower 

during the cold season  wi th  an o v e r a l l  average of 37 percent .  

Evaporation reduct ion  e f f i c i e n c y  of t he  Segmented Swimming Pools 

foamed cover on the  i n s u l a t e d  tank averaged 67 percent  wi th  about 

80 percent  of the  s u r f a c e  covered, This i s  a reduct ion  i n  e f f i c i e n c y  

of 7 percent  from l a s t  year  and may be due t o  weathering of the b u t y l  

o r  t o  a change i n  the  s d r f a c e  co lor  a s  t he  cover c o l l e c t s  dus t  during 

exposure, thus  r e f l e c t i n g  l e s s  of t h e  incoming r a d i a t i o n .  

The commercial mini-vaps reduced evaporat ion by 27 percent  over 

the  s tudy per iod  wi th  e s s e n t i a l l y  a complete cover. There was an 

inc rease  i n  e f f i c i e n c y  with time a s  shown i n  Table 2 ,  however, t h i s  

may be due t o  seasonal  cool ing,  which a d d i t i o n a l  d a t a  w i l l  bea r  o u t .  

Also shown i n  Table 2 a r e  r e s u l t s  of t he  wa te r  r e p e l l e n t  p e r l i t e  

o re  t rea tment .  The o r i g i n a l  p e r l i t e  reduced evapora t ion  24 percent  

a t  the beginning,  bu t  dropped o f f  t o  6 percent  i n  t he  t h i r d  period.  

A new l a y e r  of p e r l i t e  was then  added and e f f i c i e n c y  inc reased  t o  

38 percent  dur ing  the  last per iod .  Some of t he  o r i g i n a l  p e r l i t e  w a s  

blown from the  tank dur ing  a thunderstorm the  l a t t e r  p a r t  of the  

second period and caused the r ap id  decrease i n  e f f i c i e n c y  . There 

was no evidence of t he  t r e a t e d  p e r l i t e  s ink ing ,  which has been a 

problem i n  the  p a s t .  The o v e r a l l  e f f i c i e n c y  w a s  20 pe rcen t  which 

compared with previous s t u d i e s  where a f u l l  cover was maintained 

most of the time. 

Evaporation records  f o r  the  s i x  s t o c k  tanks a t  Grani te  Reef 

without  covers i nd ica t ed  cons iderable  v a r i a t i o n  i n  evapora t ion .  The 

four  end tanks evaporated e s s e n t i a l l y  the same (f - 2 p e r c e n t ) ,  bu t  

t he  two i n n e r  tanks evaporated 5 t o  8 percent  l e s s  because of the  
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moisture grad ien t  change, o r  more l i k e l y ,  the shading of the  tank 

wa l l s  by the  o u t e r  tanks.  The evapora t ion  f a c t o r s  f o r  the i n l t i a l  

c a l i b r a t i o n  per iods  a r e  shown i n  t h e  upper p o r t i o n  of Table 2 wi th  

tank /,I2 being  used as  a s tandard .  Subsequent f a c t o r s  a r e  a l s o  shown 

i n  the lower p a r t  of Table 3 f o r  tanks 3 and 4 when covers were n o t  

p re sen t .  Although the  f a c t o r s  va r i ed  somewhat during the  y e a r ,  

the  average va lue  remained about the same. These f a c t o r s  can be 

used t o  ad jus t  evapora t ion  readings t o  account f o r  t h e  n a t u r a l  

v a r i a t i o n  and t h e r e f o r e  b e t t e r  eva lua t e  the  e f f e c t i v e n e s s  of  covers ,  

although except f o r  t he  two i n n e r  t anks ,  the  f a c t o r s  a r e  smal l  

enough t o  ignore .  

The pan c o e f f i c i e n t s  f o r  Young pans a r e  genera l ly  thought t o  

approach un i ty .  However, the c o e f f i c i e n t s  between the Grani te  Reef 

pond and the two Young pans were found t o  average 0.73 and 0.77 f o r  

the south and n o r t h  pans , r e spec t ive ly .  These c o e f f i c i e n t s  were 

ca l cu la t ed  on a monthly b a s i s  and compared t o  both  water  depth i n  

the  pond and time of yea r .  The depth of water  i n  t he  pond had no 

apparent  e f f e c t  on the c o e f f i c i e n t ,  bu t  t h e r e  was a s l i g h t  tendency 

f o r  the c o e f f i c i e n t  t o  be h ighe r  than  average i n  the summer and 

lower i n  the  win te r .  

The c o r r e l a t i o n  c o e f f i c i e n t s  be tween the evaporat ion from the 

pond and t h a t  from the pans was 0.98 f o r  both pans. These cor re la -  

t i o n  c o e f f i c i e n t s  a r e  s u r p r i s i n g l y  high cons ider ing  t h e  e r r o r s  

involved i n  determining evaporat ion from the pond water  s t a g e  c h a r t ,  

s i n c e  water  i s  pumped i n  and out of t h e  pond f o r  o t h e r  uses.  

Pan c o e f f i c i e n t s  f o r  both Young pans and the  s i x  s t o c k  tanks 

a r e  shown i n  the upper po r t ion  of Table 4. These c o e f f i c i e n t s  show 

t h a t  tank evaporat ion is from 6 t o  21 percent  h ighe r  than  pan evapora- 

t i o n ,  which i s  wi th in  the  normal range of exposed w a l l  t anks .  The 

c o e f f i c i e n t s  a l s o  i n d i c a t e  t h a t  the i n n e r  tanks evapora te  5 t o  10 

percent  l e s s  than  the o u t e r  tanks a s  prev ious ly  i n d i c a t e d  i n  Table 3 .  

The lower p o r t i o n  of Table 4 shows the c o r r e l a t i o n  c o e f f i c i e n t s  

between pan and tank evaporat ion.  In  a11 cases  the c o r r e l a t i o n  i s  

17-4 
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very good, i n d i c a t i n g  t h a t  eva lua t ion  of the e f f e c t i v e n e s s  of f l o a t i n g  

covers would be q u i t e  adequate.  

In  a d d i t i o n  t o  t he  pan c o e f f i c i e n t s  developed dur ing  t h e  i n i t i a l  

c a l i b r a t i o n  per iod  as  shown i n  Table 4 ,  t he  c o e f f i c i e n t  f o r  tank #2 

i s  presented i n  Table 5  by months f o r  po r t ions  of 1969, 1970, and a l l  

of 1971. Although more d a t a  w i l l  be needed t o  e s t a b l i s h  good average 

monthly c o e f f i c i e n t s ,  t h e  a v a i l a b l e  d a t a  does show d i f f e rences  from 

yea r  t o  year  and a l s o  t r ends .  For exarnp l e  , t h e r e  is  a  tendency f o r  

the c o e f f i c i e n t s  t o  be h igher  than  average i n  the  s p r i n g ,  and lower 

i n  the  l a t e  f a l l .  

The r a t i o  of evapora t ion  between the n o r t h  and south  Young pans 

var ied  from 0.87 t o  1.04 over  the  24 months t h a t  d a t a  have been 

c o l l e c t e d ,  with an o v e r a l l  average of 0.95. The c o r r e l a t i o n  coef- 

f i c i e n t  between the two pans was 0.99, showing good c o r r e l a t i o n .  

The d i f f e r e n c e s  i n  evaporat ion must be due t o  exposure o r  a  combina- 

t i o n  of p r e v a i l i n g  winds and l o c a t i o n  of t h e  pan wi th  r e spec t  t o  t h e  

pond, thus s e t t i n g  up a  d i f f e r e n t  moisture grad ien t  between t h e  two 

pans. 

SUMMARY AND CONCLUSIONS: 

The evapora t ion  reduct ion  e f f i c i e n c y  of t r e a t e d  p e r l i t e  o r e  i n  

two experiments decreased from i n i t i a l  values of about 25 t o  30 per- 

cen t  t o  e s s e n t i a l l y  zero a f t e r  exposure of 6  t o  8  months, i n d i c a t i n g  

a  breakdown of t he  s i l i c o n e  t rea tments .  The e f f i c i e n c y  of wax b locks  

remained about the same over a  19 month s tudy  per iod  and averaged 

37 percent  with 60 t o  70 percent  of t h e  s u r f a c e  covered. The 

e f f i c i e n c y  of a  complete cover of a  commercial p l a s t i c  ma te r i a l  

c a l l e d  "mini-vaps" increased  dur ing  a  s i x  month s tudy  from 1 8  t o  3 1  

percent  wi th  an average of 27 pe rcen t .  A foamed b u t y l  cover t h a t  

reduced evaporat ion 74 percent  w i th  80 percent  coverage a  yea r  ago 

reduced evaporat ion 67 percent  t h i s  year .  The decrease  i n  e f f i c i e n c y  

was probably due t o  weathering of t he  m a t e r i a l  or  t o  a  build-up of 

dus t  on the s u r f a c e ,  thus  reducing the amount of incoming r a d i a t i o n  

r e f l e c t e d .  

17 -5 
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Pan c o e f f i c i e n t s  were e s t a b l i s h e d  between two Young pans, s i x  

s tock  tanks 2.7 meters i n  diameter and 0.9 meter deep, and a  l i n e d  

pond wi th  a  s u r f a c e  of 12  X 27 meters and 2 meters deep. The pan 

t o  pond c o e f f i c i e n t s  were 0 .73  and 0.77 f o r  t he  south and nor th  

pans, r e spec t ive ly .  Coe f f i c i en t s  f o r  the  s tock  tanks v a r i e d  from 

1.06 t o  1 .21  with the  two i n n e r  tanks having the  lowest  c o e f f i c i e n t s  

due t o  shading from the o u t e r  tanks.  Monthly tank c o e f f i c i e n t s  were 

found t o  be h ighe r  than average i n  t he  s p r i n g  and lower i n  the  l a t e  

f a l l .  

Regression a n a l y s i s  between the  pans and pond, t h e  pans and 

t anks ,  and between the  two pans produced c o r r e l a t i o n  c o e f f i c i e n t s  of 

0.98 o r  g r e a t e r  i n  a l l  cases.  Because of t he  good c o r r e l a t i o n s ,  

evaporat ion reduct ion  experiments on the  tanks and pond should pro- 

v ide  accura te  information concerning the  e f f i c i e n c y  of cover m a t e r i a l s ,  

PERSONNEL: Kei th R. Cooley 

CURRENT TERMINATION DATE: 3 1  December 1972 
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Table 1. Evaporation reduction efficiency of perlite and wax blocks 

(evaporation in cm) 

MONTH 
Evaporation Evaporation Efficiency Evaporation Efficiency 

Open Perlite Perlite Wax Wax 
-- ---- 

Jun 70 36,93 37.36 - 1 25.14 32 

Aug 

S ~ P  

Oc t 

Nov 

De c 

Jan 

Feb 

Mar 

A P ~  

May 

Jun 

Ju 1 

Aug 

S ~ P  

Oc t 

Nov 

De c 
- - - - 

Avg . 467.18 420 .04 10 294.84 37 
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Table 2, Evaporation reduction e f f i c i ency  of mini-vaps foamed bu ty l  

and p e r l i t e  (evaporation i n  cm) .  

Evap. Evap. Eff i c e  Evap. Ef f i c .  Evap. Eff i c  . 
PER ZOD Mini- Mini- 

Open Vaps Vaps Butyl Butyl P e r l i t e  P e r l i t e  

2 5 M a y - 2 9 J u n  25.15 20.61 18 8 .07 68 19.10 24 

29 Jun - 3 Aug 26,18 20.51 22 9.11 6 5 21,41 18 

1 7 S e p - 2 7 O c t  14.98 10.55 30 5 .05 6 6 14,15 6 

27 O c t  - 6 Dec 8,59 5.89 31 2,60 70 5.36 3 8 

Average 74.90 54.56 27 24.83 6 7 60.02 20 
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Table 3. Grani te  Reef s tock  tank c o e f f i c i e n t s  (Tank # 2  used a s  a 

s t anda rd ) .  

Tank Tank Tank Tank Tank Tank 
?C. 1 # 2 7') 3 1 4 V 5  1 6  

1969 - A l l  Tanks Open 

8 May - 8 Aug .99 1.00 .94 - - - 
8 May - 8 Sep - - - .93 .98 1.01 

1971 - Tanks 2,  3 ,  & 4 Open 

Jan  

Feb 

Mar 

Jun 

Nov 

Avg . 1 ,OO .94 .9 1 
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Table 4. Grani te  Reef pan t o  tank c o e f f i c i e n t s  and c o r r e l a t i o n  

c o e f f i c i e n t s  . 
Tank Tank Tank Tank Tank Tank 

7'1 1 7'1 2 31 3 3/ 4 7'1 5 7'1 6 

Pan t o  Tank Coef f i c i en t s  

South Pan 1.14 1.15 1.07 1,06 1.12 1,16 

North Pan 1.18 1-19 1.13 1.11 1.17 1.21 

Pan t o  Tank Cor re l a t ion  Coef f i c i en t s  

South Pan .993 .994 .994 .987 . 993 .994 

North Pan .996 .993 .997 .983 .985 ,989 
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Table 5 ,  Monthly pan c o e f f i c i e n t s  f o r  Grani te  Reef s tock  tank #2 

19 69 1970 197 1 

Month North South North South North South 

Jan 

Feb 

Mar 

A P ~  

May 

Jun 

Ju  1 

Au g 

S ~ P  

kt 

Nov 

De c 

Avg , 1.18 1,15 1.09 1.06 1,19 1,12 
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'I'ITLE : WATER ADSORPTION PROPERTIES OF SOIL SURFACES 

COATED WITH ORGANIC COMPOUNDS. 

CRIS WORK UNIT : SWC-018-gG-4 CODE NO. Ariz.-WCL 71-7 

INTK ODUCTION : 

S o i l s  may be made w a t e r - r e p e l l e n t  by c o a t i n g  t h e  p a r t i c u l a t e s  

w i t h  monomolecular f i l m s  o f  low s u r f a c e - e n e r g y  o r g a n i c  a d d i t i v e s .  

Such w a t e r - r e p e l l e n t  s o i l s  have been shown t o  e x h i b i t  a  c o n t a c t  

a n g l e  w i t h  w a t e r  o f  g r e a t e r  than  go0, and t o  e f f e c t i v e l y  r e s i s t  

t h e  movement o f  l i q u i d  w a t e r  th rough  t h e  s o i l  pore  s t r u c t u r e ,  s o  

long a s  t h e  p r e s s u r e  head o f  t h e  w a t e r  does n o t  exceed t h e  b reak-  

through p r e s s u r e  o f  t h e  s o i l .  

P re l iminary  e x p e r i m e n t a t i o n  a l s o  showed t h a t  t h e  water-vapor  

a d s o r p t i v e  p r o p e r t i e s  o f  s o i l s  cou ld  be  a l t e r e d  by c o a t i n g  t h e  s o i l s  

w i t h  o r g a n i c  f i l m s .  R e l a t e d  work i n  o t h e r  f i e l d s  sugges ted  t h a t  

such  a d s o r p t i o n  s t u d i e s  cou ld  be used t o  c h a r a c t e r i z e  c e r t a i n  

phys ica l -chemica l  phenomena and i n t e r r e l a t i o n s h i p s  a t  t h e  soi.1- 

o rgan ic -wa te r  i n t e r  f a c e s .  The p r e s e n t  s t u d y  was i n i t i a t e d  t o  

e v a l u a t e  t h e s e  phenomena and i n t e r r e l a t i o n s h i p s  i n  s o i l s .  

PROCEDURE : 

The a d s o r p t i o n  i s o t h e r m  a p p a r a t u s  used i n  t h e  f i r s t  phase o f  

t h i s  work was d e s c r i b e d  i n  t h e  1969 Annual Repor t .  It c o n s i s t s  o f  

a  Cahn e l e c t r o b a l a n c e  f o r  measuring a d s o r p t i o n ,  and a  chromato- 

g r a p h i c  g a s  f low sys tem us ing  N a s  t h e  c a r r i e r  f o r  c o n t r o l  o f  t h e  
2 

r e l a t i v e  vapor  p r e s s u r e .  Only one s o i l  has  been t e s t e d  e x t e n s i v e l y  

t o  d a t e  - t h i s ,  a  r e d ,  a c i d  Lloyd s o i l  from t h e  s o u t h e a s t  Uni ted  

S t a t c s .  

The s o i l  (< 50p) was d r i e d  i n  t h e  a d s o r p t i o n  a p p a r a t u s  a t  20 C 

by c o n t i n u o u s l y  p a s s i n g  N g a s  p a s t  t h e  sample.  A  w a t e r  vapor  
2 

a d s o r p t i o n  i s o t h e r m  was r u n  on t h e  sample,  and t h e  sample t h e n  

r e d r  i e d  . 
M e t h y l t r i c h l o r o s i l a n e  vapor  t h e n  was i n t r o d u c e d  i n t o  t h e  flow 

sys tem t o  r e a c t  w i t h  t h e  s o i l ,  a f t e r  which t h e  e x c e s s  c h l o r o s i l a n e  

was removed w i t h  s t r a i g h t  c a r r i e r  gas .  Water vapor  a d s o r p t i o n  
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i so therms  a t  t h r e e  t empera tu res  (6, 20 and 30  C) t h e n  were r u n  on 

t hc t r e a t e d  s o i l  sample. 

RESULTS AND DISCUSSION: 

It was found t h a t  t h e  a d s o r p t i o n  i s o t h e r m  f o r  w a t e r  on t h e  

u n t r e a t e d  s o i l  f i t  t h e  Type-I1 c l a s s i f i c a t i o n  (F igure  1 ) .  This  i s  

normal f o r  a  h y d r o p h i l i c  s o i l  which does n o t  c o n t a i n  e x c e s s i v e  

amounts o f  2 : l  type ,  expanding c l a y  m i n e r a l s .  

The s o i l  i r r e v e r s i b l y  bound 6.3% by weight  of t h e  c h l o r o s i l a n e  

t o  i t s  s u r f a c e s .  The amount o f  c h l o r o s i l a n e  i s  presupposed t o  be 

chemical ly  adsorbed by t h e  s o i l ,  s i n c e  i t  cou ld  n o t  be d i s p l a c e d  

by t h e  normal e v a p o r a t i v e  p rocess .  This  chemisorbed c h l o r o s i l a n e  

a l s o  i s  assumed t o  have r e a c t e d  w i t h  t h e  exposed hydroxyl  s i t e s  on 

t h e  s o i l  t o  form s t a b l e  c o o r d i n a t e  bonds. 

The t r e a t e d  s o i l  adsorbed l e s s  w a t e r  t h a n  t h e  u n t r e a t e d  over  

t h e  vapor p r e s s u r e  ranges  t e s t e d  (F igure  I ) ,  s u g g e s t i n g  t h a t  t h e  

chemisorbed s i l i c o n e  w i t h  i t s  exposed methyl groups  has  lowered 

t h e  s u r f a c e  energy o f  t h e  s o i l .  However, s i n c e  t h e  i so therms  f o r  

t h e  t r e a t e d  s o i l  r e t a i n  t h e i r  Type-I1 s igmoida l  shape,  i t  must be 

concluded t h a t  t h e  s o i l  s u r f a c e  has r e t a i n e d  some o f  i t s  h y d r o p h i l i c  

s i t e s ,  i . e . ,  t h e  methyl  groups  a r e  n o t  c l o s e  packed s o  a s  t o  

complete ly  exc lude  w a t e r  from t h e  s o i l  s u r f a c e .  

The c -va lue  from t h e  BET e q u a t i o n  p rov ides  some measure o f  t h e  

bond energy between t h e  w a t e r  a d s o r b a t e  and t h e  s o i l  s u r f a c e  - t h e  

h i g h e r  t h e  c -va lue ,  t h e  t i g h t e r  t h e  bond. The c -va lues  f o r  w a t e r  

o n  t h i s  s o i l  were:  u n t r e a t e d ,  2 0  C (c = 1 0 . 5 ) ;  t r e a t e d ,  6  C 

( C  = 5.3) ;  20 C (c  = 6.9) ;  30 C (c = 6 .8) .  Thus t h e  m e t h y l t r i -  

c h l o r o s i l a n e  t r e a t m e n t  has  lowered t h e  s o i l  s u r f a c e  energy,  b u t  

a p p a r e n t l y  has  n o t  r e n d e r e d  i t  complete ly  hydrophobic,  s i n c e  t h e  

c -va lue  f o r  a  complete ly  hydrophobic s u r f a c e  shou ld  be o n l y  2 o r  

l e s s .  Contact  a n g l e  d a t a  on t h i s  t r e a t e d  s o i l  i s  needed t o  d e t e r -  

mine i f  t h e  roughness  c o n t r i b u t i o n  f a c t o r s  have i n c r e a s e d  t h e  
0 

apparen t  c o n t a c t  a n g l e  beyond 90 t o  r e n d e r  t h e  s o i l  hydrophobic 

t o  l i q u i d  w a t e r .  
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It was obse rved  t h a t  t h e  t r e a t e d  s o i l  adsorbed l e s s  w a t e r  vapor  

a t  6 C than  a t  t h e  two h i g h e r  t e m p e r a t u r e s .  Th i s  i s  c o n t r a r y  t o  

normal e x p e c t a t i o n  where p h y s i s o r p t i o n  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  

t h e  k i n e t i c  energy o f  t h e  sys tem.  There a r e  sys tems ,  however, which 

do e x h i b i t  t h i s  r e v e r s a l ,  The s u r f a c e  a r e a  o f  s u c h  a  sys tem i s  p r e -  

dominant ly  hydrophobic,  b u t  has  some i s o l a t e d ,  s c a t t e r e d  h y d r o p h i l i c  

s i t e s  which t e n d  t o  s e r v e  a s  n u c l e a t i n g  c e n t e r s  f o r  t h e  w a t e r  vapor  

t o  condense o n ;  and t h e  h i g h e r  t h c  t empera tu re ,  t h e  more a c t i v e  

t h e s e  s i t e s  become. S i l v e r  i o d i d e  and c e r t a i n  hydrophobed s i l i c a s  

a r e  examples.  

SUMMARY AND CONCLUSIONS : 

Changes i n  t h e  s u r f a c e  chemis t ry  o f  a  s o i l ,  brought  about  by 

c o a t i n g  i t  w i t h  a  t h i n ,  molecu la r  f i l m  o f  t h e  o r g a n i c  m e t h y l t r i -  

c h l o r o s i l a n e ,  were observed u s i n g  t h e  a d s o r p t i o n  o f  w a t e r  v a p o r .  

Adsorpt ion i s o t h e r m s  were  r u n  on t h e  u n t r e a t e d  s o i l  (20 C o n l y ) ,  

and a t  t h r e e  d i f f e r e n t  t e m p e r a t u r e s  (6, 20, 30 C) on t h e  sample 

a f t e r  c o a t i n g  i t  w i t h  t h e  c h l o r o s i l a n e .  It was found t h a t  t h e  s o i l  

(an a c i d ,  s e s q u i o x i d e  r i c h  Lloyd s o i l  from t h e  s o u t h e a s t e r n  United 

S t a t e s )  r e a c t e d  c h e m i c a l l y  w i t h  t h e  c h l o r o s i l a n e  t o  permanently 

bond 6.3% by we igh t  o f  t h e  o r g a n i c .  The c o a t e d  s o i l  adsorbed 

a p p r e c i a b l y  l e s s  w a t e r  vapor  than  t h e  u n t r e a t e d  o v e r  t h e  vapor  

p r e s s u r e  range  t e s t e d  (up t o  80%).  N e v e r t h e l e s s ,  r e s i d u a l  hydro- 

p h i l i c  s i t e s  a p p a r e n t l y  remained a f t e r  t h e  o r g a n i c  t r e a t m e n t  - 
t h i s  adjudged from t h e  g e n e r a l  shape o f  t h e  i s o t h e r m s  and from t h e  

BET c -va lues  which r e t a i n e d  v a l u e s  g r e a t e r  t h a n  2, i. e . ,  t h e  

maximum v a l u e  f o r  a  comple te ly  w a t e r - r e p e l l e n t  s u r f a c e .  It was 

a l s o  observed t h a t  t h e  t r e a t e d  s o i l  adsorbed more w a t e r  a t  t h e  

h i g h e r  t e m p e r a t u r e s  t h a n  f o r  t h e  6  C i so the rm.  Th i s  was c o n t r a r y  

t o  normal e x p e c t a t i o n ,  but  i n  accord  w i t h  c e r t a i n  hydrophobic 

m a t e r i a l s  which have i s o l a t e d ,  s c a t t e r e d  h y d r o p h i l i c  s i t e s .  

PERSONNEL: D. H. F ink.  

CURRENT TERMINATION DATE: December 1973. 
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L L O Y D  SOIL ,  H 0 
2- 

0 : UNTREATED S O I L  ; 2 0 ° C  

0 TREATED S O I L  ; G e C  

* TREATED S O I L  ; 2 0 Q C  

0 TREATED S O I L  ; 30°C 

f i r  1 . A d s o r p t i o n  i s o t  h i ~ r ~ n s  o I  w a t e r  o n  1, loyd s o i l  beforc  

:>otl n Stcr t r i ha t  ~ m ' n t  wi t h  m e t h y  1 t r i c l > l o r o s i  l a w ,  
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TITLE : THE EFFECT OF A I R  ENTRAPMENT ON WATER MOVEMENT 

I N  SOILS 

CRIS WORK UNIT: SWC-018-gG-4 CODE NO.  : Ariz.  4 C L  71-8 

INTRODUCTION : 

With border  i r r i g a t i o n  p r o j e c t s ,  wastewater renovat ion by 

b a s i n  spreading  and groundwater recharge ,  l a r g e  a r e a s  of s o i l  a r e  

i n t e r m i t t e n t l y  inundated wi th  water .  Espec i a l l y  i n  t h e  l a t t e r  two 

p r o j e c t s  any r e s t r i c t i o n  i n  flow due t o  a i r  entrapment could have 

s e r i o u s  economic imp l i ca t i ons ,  e s p e c i a l l y  i f  f low is stopped a s  

Adrian and F r a n z i n i  (1)  repor ted .  

The e f f e c t  of entrapped a i r  on so i l -water  flow has long been 

recognized ( S l a t e r  and Byers,  7 ) .  Peck (4 ,  5) and co-workers (Youngs 

and Peck, 11) s t u d i e d  t h e  amounts of a i r  flow and p re s su re  bu i ldup  i n  

columns of uniform m a t e r i a l .  Wilson and Luth in  (10) used,  i n  a d d i t i o n ,  

l ayered  systems i n  t h e i r  s t u d i e s .  None of t h e s e  au tho r s ,  however, 

used a  water  t a b l e  a s  t h e  lower boundary cond i t i on  a s  would occur i n  

a  wastewater renovat ion  system o r  groundwater recharge  system. 

Adrian and F r a n z i n i  (1)  used e i t h e r  an open o r  a  c losed  bottom i n  

t h e i r  s t u d i e s .  They found f o r  some m a t e r i a l s ,  even though t h e  

bottom end was c lo sed ,  water  s t i l l  i n f i l t r a t e d .  Bianchi  and 

Haske l l  (2)  s t u d i e d  t h e  e f f e c t s  of a i r  i n  s o i l  below a 2-acre 

square  p l o t ,  bu t  d i d  no t  measure t h e  a i r  p r e s s u r e  d i r e c t l y .  R .  M. 

Dixon (pe r sona l  communication) has  developed a  method of measuring 

the  a i r  p r e s s u r e  bui ldup i n  a g r i c u l t u r a l  f i e l d s  f looded f o r  i r r i g a -  

t i o n ,  b u t  has  no t  been s tudying  t h e  e f f e c t  of depth of ponding, 

water  t a b l e  depress ion ,  e t c .  

Much of t h e  problem has  been due t o  a  l a c k  of r e l i a b l e  

measurements of the  s o i l  parameters  a f f e c t i n g  a i r  movement. The 

development of t h e o r e t i c a l  s t u d i e s  is somewhat l im i t ed .  Youngs and 

Peck (11) po in t  out t he  movement of a i r  through the  wet ted  zone 

introduced h y s t e r e s i s  i n t o  t h e  $low s tudy ,  but  they used some s impl i -  

f y ing  assumptions t o  avoid cons ider ing  i t  f u r t h e r .  Phuc and 
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Morel-Seytoux (6)  r epo r t ed  on some numerical  s t u d i e s  t h a t  they 

had made f o r  two-phase flow, b u t  they d id  n o t  have any experimental  

v e r i f i c a t i o n .  Whisler and Watson (9) have developed a numerical 

a n a l y s i s  program t h a t  t akes  i n t o  account h y s t e r e s i s ,  and have v e r i -  

f i e d  (Whisler and Watson, 8) t h a t  i t  b a s i c a l l y  p r e d i c t s  exper imenta l  

condi t ions  q u i t e  w e l l  where a i r  i s  n o t  r e s t r i c t e d .  

Experimental l abo ra to ry  and numerical  a n a l y s i s  work t o  d a t e  

has involved e s s e n t i a l l y  one-dimensional models. The a c t u a l  f i e l d  

problem i s  three-dimensional,  b u t  can be  reasonably approximated 

wi th  two-dimensional models. So lu t ion  of problems a s soc i a t ed  w i th  

r e s t r i c t e d  s o i l - a i r  movement beneath flooded s o i l  a r e a s  r e q u i r e s :  

(1)  a b e t t e r  understanding of t h e  phys ica l  processes  involved,  and 

(2) t h e  development of models t h a t  reasonably approximate t h e  

a c t u a l  two-dimensional case .  

PROCEDURE : 

Three s o i l  columns have been cons t ruc ted  from 4-inch I . D .  

PVC i r r i g a t i o n  p ipe  t o  s tudy t h e  amount of a i r  p r e s s u r e  bu i ldup  

and i t s  e f f e c t  on i n f i l t r a t i o n  r a t e ,  amounts and dra inage  (F igure  

1 ) .  S ince  most of t h e  a i r  p r e s su re  changes occur q u i t e  r a p i d l y ,  

t h e  a i r  p r e s su re  changes have been monitored by p re s su re  t r ans -  

ducers  connected d i r e c t l y  t o  t h e  a i r  access  p o r t s .  The output  of 

these  t r ansduce r s  is  recorded on an e l e c t r o n i c  d a t a  a c q u i s i t i o n  

system. R e s t r i c t e d  a i r  ven t ing  from t h e  s i d e s  and bottom of t h e s e  

columns can b e  u t i l i z e d  t o  approximate l a t e r a l  escape of a i r  which 

might occur  under f i e l d  cond i t i ons .  The columns were packed wi th  

a i r -dry  m a t e r i a l ,  s t a r t i n g  w i t h  coa r se  g r a v e l  a t  t h e  bottom; 62 cm 

of coarse  sand and g rave l ,  and then 7 2  cm of loamy sand from t h e  

Flushing Neadows a rea .  An a i r  ven t  and t ransducer  were placed i n  

both t h e  upper and lower l a y e r s  of each column. For t h e  s t u d i e s  

repor ted  h e r e ,  a water t a b l e  was maintained a t  t h e  bottom of t h e  

column 1 0  cm above t h e  coa r se  g rave l ,  and during i n f i l t r a t i o n  a 

cons tan t  head of water  of 1 . 5  cm was maintained on t h e  s o i l  s u r f a c e  
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from a  measur ing supp ly  sys tem.  For t h o s e  s t u d i e s  where t h e  l a t e r a l  

r e s t r i c t i o n  of a i r  movement was removed, v e n t s  were  d r i l l e d  i n t o  

t h e  s i d e s  of t h e  columns every  10 cm. 

RESULTS AND DISCUSSION: 

The accumulated i n f i l t r a t i o n  i s  shown i n  F i g u r e s  2-4 f o r  each 

of t h e  t h r e e  columns as a  f u n c t i o n  of t i m e .  Each curve  on t h e  

graphs  is  t h e  average  of two o r  f o u r  i n f i l t r a t i o n s ,  depending upon 

whether  t h e  v e n t s  were  c l o s e d  o r  open. A s  can b e  s e e n ,  t h e  open 

a i r  v e n t s  d i d  make a d i f f e r e n c e .  The t h r e e  columns behaved d i f f e r -  

e n t l y ,  p robab ly  due t o  nonuniform pack ing .  

The i n f i l t r a t i o n  r a t e s  can b e  determined by t h r e e  ways. They 

could  b e  measured by t h e  supp ly  sys tem,  b u t  t h i s  was e r r a t i c  due 

t o  bubbl ing  i n  t h e  b u r e t t e s  used t o  h o l d  t h e  w a t e r .  They could  

be  e s t i m a t e d  from t h e  s l o p e s  of t h e  s t r a i g h t  l i n e  p o r t i o n  of t h e  

curves  i n  F i g u r e s  2-4. They cou ld  a l s o  b e  e s t i m a t e d  from t h e  ou t -  

f low rates a f t e r  a  s t e a d y  s t a t e  had been reached.  The r e s u l t s  o f  

t h e  l a t t e r  two methods a r e  shown i n  Tab le  I. This  a l s o  shows t h e  

pe rcen tage  d e c r e a s e  i n  i n f i l t r a t i o n  rates due t o  c l o s i n g  t h e  v e n t s .  

The two methods o f  c a l c u l a t i n g  t h e  i n f i l t r a t i o n  r a t e  gave similar 

r e s u l t s .  A nonvented system cou ld  d e c r e a s e  t h e  i n f i l t r a t i o n  r a t e  

a s  much a s  12%. Thus, i f  t h e  c o s t  o f  r e n o v a t i n g  was tewate r  a s  i s  

done by t h e  F l u s h i n g  Meadows p r o j e c t  (Bouwer and Lance,  3) i s  $5 /ac re -  

f t ,  and i f  t h e  r e d u c t i o n  i n  i n f i l t r a t i o n  r a t e  is  c a r r i e d  over  i n t o  a  

s i m i l a r  p e r c e n t a g e  i n  i n f i l t r a t i o n  amount, t h e  r e s t r i c t e d  f low i s  

c o s t i n g  abou t  $O.GO/acre-ft of w a t e r .  I f ,  on t h e  o t h e r  hand, by ven t -  

i n g  t h e  s o i l - w a t e r  sys tem t h e  flow i s  n o t  r e s t r i c t e d ,  an  economic 

b e n e f i t  is ach ieved  i f  t h e  c o s t  of v e n t i n g  is  less t h a n  t h e  v a l u e  

o f  t h e  i n c r e a s e d  amount of rec la imed  w a t e r .  

The amount of a i r  p r e s s u r e  b u i l d u p  d u r i n g  a n  i n f i l t r a t i o n  is 

shown f o r  column 2  i n  F i g u r e  5  f o r  b o t h  c l o s e d  and ven ted  systems 

i n  b o t h  t h e  upper  and lower l a y e r s .  The d o t s  r e p r e s e n t  t h e  a c t u a l  

d a t a  f o r  an i n d i v i d u a l  r u n ,  w h i l e  t h e  s o l i d  o r  dashed curves  a r e  
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averages  f o r  2 o r  4 r u n s .  Venting d i d  n o t  c a u s e  much change i n  

t h e  amount of a i r  p r e s s u r e  i n  t h e  top  l a y e r ,  b u t  d i d  change t h e  

r a t e .  T h i s  may have been due t o  " f i n g e r i n g "  around t h e  opening 

i n t o  t h e  t r a n s d u c e r  p o r t .  Of c o u r s e  t h i s  may happen i n  t h e  f i e l d ,  

a l s o .  The a i r  p r e s s u r e  b u i l d u p  i n  t h e  bottom l a y e r  was preven ted  

by v e n t i n g .  

The amounts of accumulated d r a i n a g e  a s  a  f u n c t i o n  of t ime 

f o r  column 2 a r e  shown i n  F i g u r e  6 .  Each curve  is  a n  average  of 

two runs .  For a  c l o s e d  i n f i l t r a t i o n  t h e r e  was less w a t e r  i n  sthe 

column and,  t h e r e f o r e ,  less t o  d r a i n .  For an  open i n f i l t r a t i o n  

and c l o s e d  d r a i n a g e ,  t h e  d r a i n a g e  r a t e  was s lower  t h a n  f o r  a  

complete ly  open o r  ven ted  system.  Thus,  v e n t i n g  a f f e c t s  bo th  t h e  

i n f i l t r a t i o n  and d r a i n a g e  o f  a s o i l  p r o f i l e .  

The a i r  p r e s s u r e  change i n  s o i l  column 2 d u r i n g  d r a i n a g e  is  

shown i n  F i g u r e  7. The top  of t h e  column had a n  unusual  b u t  

c h a r a c t e r i s t i c  behav ior .  When t h e  a i r  p r e s s u r e  dropped t o  z e r o ,  

i t  "oversho t i1  and t h e n  r e t u r n e d  back t o  z e r o .  T h i s  may b e  due 

t o  p o r e s  i n  t h e  s o i l  be ing  open and t h e n  c l o s i n g  due t o  Ha ines '  

d r a i n a g e  of s u r r o u n d i n g  p o r e s ,  and t h e n  opening a g a i n .  When t h e  

s i r  v e n t s  were always open, t h e  bottom t r a n s d u c e r  showed no p res -  

s u r e  change.  When t h e  a i r  v e n t s  were  always c l o s e d ,  t h e  bottom 

a i r  p r e s s u r e  g r a d u a l l y  d e c l i n e d  t o  ze ro  p r e s s u r e  w i t h  d r a i n a g e .  

When, however, t h e  a i r  v e n t s  were  s e a l e d  d u r i n g  d r a i n a g e  b u t  had 

been open d u r i n g  i n f i l t r a t i o n ,  t h e  a i r  p r e s s u r e  i n  t h e  bottom 

became n e g a t i v e  and remained t h a t  way u n t i l  t h e  n e x t  i n f i l t r a t i o n .  

Probably  what happened w a s  t h a t  t h e  bottom l a y e r  d r a i n e d  f a s t e r  

t h a n  t h e  top  l a y e r ,  c r e a t i n g  some t e n s i o n  i n  t h e  a i r  phase;  t h e n  

when t h e  t o p  l a y e r  s topped  d r a i n i n g ,  t h e  i n t e r f a c e  remained a lmos t  

s a t u r a t e d ,  a l l o w i n g  very  l i t t l e  a i r  p r e s s u r e  r e l i e f  t o  t h e  bottom 

l a y e r .  
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SUMMARY AND CONCLUSIONS: 

Tile r e s u l t s  o f  t h e s e  exper iments  show t h a t  entrapped a i r  may 

b u i l d  up a i r  p r e s s u r e s  i n  t h e  s o i l  of 50-60 cm and may r e t a r d  t h e  

i n f i l t r a t i o n  r a t e  as much a s  12% i n  l a y e r e d  s o i l  sys tems.  Vent ing 

of t h e  s o i l  sys tem overcomes much o f  t h e  problems of  en t rapped  a i r  

and may b e  o f  an  economic b e n e f i t  i n  groundwater r e c h a r g e  and 

r e n o v a t i o n  sys tems .  
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Table 1. I n f i l t r a t i o n  r a t e s  (cm/min x 10 ) ca l cu la t ed  from t h e  s lopes  

of t he  accumulated i n f i l t r a t i o n  curves o r  t h e  volume outf low 

method. The va lues  a r e  shown f o r  bo th  open and c losed  a i r  v e n t s .  

S l o p e  O u t f l o w  

Column Open Closed Decrease Open Closed Decrease 

* 
The more negat ive  ( l a r g e r  i n  magnitude) the  number, the higher  the  flow 

r a t e .  
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1.5 
cm 

13 
crn 

=+-- INFLOW 

= TRANSDUCER 

F i g u r e  1. A s c h e m a t i c  d i ag ram o f  t h e  f low sys tem.  
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F i g u r e  2 .  Accumulated i n f i l t r a t i o n  v e r s u s  t ime f o r  column 1. The 
c u r v e s  a r e  t h e  averages  f o r  two r u n s  f o r  c l o s e d  a i r  v e n t s  
and f o u r  r u n s  f o r  open a i r  v e n t s .  19-9 
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Figure 3. Accumulated infiltration versus time for column 2. 
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CLOSED A I R  V E  

- -  L--- 

Figure 5. Air pressure buildup with time for infiltration into column 2. 
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F i g u r e  6. Accumulated d r a i n a g e  v e r s u s  t ime f o r  column 2, 
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'I'LTLE : ONE-DIMI3NSLONM FLOW ZN S C A L E D  I IETEROGENEOUS 

P O R O U S  M D I A  

C R I S  WORK U N I T :  SWC-018-gG--4 CODE NO. : A r i z .  - W C L  71-9 

I N T R O D U C T I O N  : 

Models have been developed f o r  p r e d i c t i n g  t h e  movement of 

w a t e r  i n t o  and through homogeneous s o i l  p r o f i l e s .  Poor  c o r r e l a t i o n  

between p r e d i c t e d  and a c t u a l  f i e l d  r e s u l t s  h a s  o f t e n  been encoun- 

tcrcti I)e.cause tht! f i e l d  s o i l s  were n o t  in f a c t  homogeneous o r  

composed of homogeneous l a y e r s .  A p r e d i c t i v e  model f o r  l ie tero-  

geneous s o i l s  i s  needed. Such a  model would b e  u s e f u l  t o  b o t h  

r e s e a r c h  and o p e r a t i o n a l  p e r s o n n e l .  Two a r e a s  of a p p l i c a t i o n  a r e ,  

f o r  example, t h e  d e s i g n  of more e f f i c i e n t  i r r i g a t i o n  systems and 

t h e  management of wa te r sheds  t o  r e t a i n  p r e c i p i t a t i o n  i n  t h e  s o i l .  

S o i l  p r o f i l e s  a r e  u s u a l l y  he te rogeneous ,  and t h a t  f a c t  must b e  

recognized i n  deve lop ing  r e a l i s t i c  and u s e f u l  models f o r  p r e d i c t i n g  

w a t e r  movement i n  such  p r o f i l e s .  

Y KOCEDURE : 

A convenient  and s y s t e m a t i c  method of s t u d y i n g  heterogeneous  

porous media is t o  make use  of t h e  concept  of s c a l e  h e t e r o g e n e i t y  

i n  c o n j u n c t i o n  w i t h  some p r e s c r i b e d  s p a t i a l  v a r i a t i o n  of a  charac -  

t e r i s t i c  pa ramete r .  By u s i n g  s e v e r a l  d i f f e r e n t  s o u r c e s  of h y d r o l o g i c  

d a t a  of  s i ~ r ~ l l a r  porous media,  i t  can be shown t h a t  

where 1; is tlke s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y  and h i s  
s a t  A E V  

t lw a ix -en t ry  v a l u e  of a p a r t i c u l a r  medium. I n  t h i s  s t u d y  t h e  

l ~ e t e r o g e n e i t y  down t h e  p r o f i l e  i s  d e f i n e d  i n  terms of a l i n e a r  

v a r i a t i o n  of t h e  s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y  from K a t  z - Q 
t 

t o  l i  at z = -L, where z i s  t h e  dep th  below t h e  s o i l  s u r f a c e  and 
b 

p o s i t i v e  i n  t h e  upward d i r e c e i o n .  

A f i n i t e  d i f f e r e n t i a l  form of t h e  s o i l  w a t e r  f l a w  e q u a t i o n  

is s o l v e d  u s i n g  a s  i n i t i a l  and boundary c o n d i t i o n s ,  e i t l w r  d r a i n a g e  

Annual Report of the U.S. Water Conservation Laboratory



o f  a s o i l  column t o  a  wa te r  t a b l e , o r  i n f i l t r a t i o n  i n t o  a  s o i l  c o l -  

umn of a n  i n i t i a l l y  c o n s t a n t ,  b u t  low, w a t e r  c o n t e n t .  The s o i l  

pa ramete rs  a r e  d e s c r i b e d  a s  e m p i r i c a l ,  f u n c t i o n a l  r e l a t i o n s h i p s  

between t h e  p r e s s u r e  head,  water c o n t e n t ,  and h y d r a u l i c  conduct iv-  

i t y .  Th i s  was done t o  s a v e  computer s p a c e  and i s  s a t i s f a c t o r y  f o r  

t h e  p r e s e n t  s t u d y .  Average v a l u e s  from a v a i l a b l e  d a t a  were used 

f o r  t h e  c o n s t a n t s  i n  t h e  e m p i r i c a l  e q u a t i o n s ,  b u t  h y s t e r e s i s  was 

t a k e n  i n t o  account .  A column l e n g t h  of 200 cm w a s  assumed. 

Drainage.  The d r a i n a g e  c a s e  r e p o r t e d  h e r e  i s :  

Case f K = 1 . 0  cm/min 
t 

1% = 0  .l cm/min 

0 
s a t  = 0.35 c c l c c  

where K = 
t 

LC = K (-L) 
b s a t  

I n f i l t r a t i o n .  The i n f i l t r a t i o n  c a s e s  r e p o r t e d  h e r e  a r e :  

Case I K = 0 . 5  cmlmin 
t 

1% = 0.05 cm/min 

Case I1 K = 0.05 cm/min 
t 

Kb = 0 . 5  cmlmin 

where 1< = I< (0) 
t rs 

1% = Kr, ( -L)  

The ponding dep,th,  h was 3 cm of w a t e r .  
t '  

Case 1 Tor d r a i n a g e  and cake 1 f o r  i n f i l t r a t i o n  a r e  f o r  t h e  

same s o i l  m a t e r i a l ,  w i t h  h y s t e r e s i s  t aken  i n t o  account .  
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ItESULTS AND DISCUSSLON: 

Dra inage .  The p r e s s u r e  head p r o f i l e  f o r  c a s e  I of d r a i n a g e  

i.s shown i n  F i g u r e  1. I n  t h i s  p r o f i l e  a  zone of p o s i t i v e  p r e s s u r e  

is  main ta ined  i n  t h e  column f o r  a  c o n s i d e r a b l e  l e n g t h  of t ime 

d u r i n g  d r a i n a g e .  Another c h a r a c t e r i s t i c  f e a t u r e  of t h e  p r o f i l e  

is t h e  development d u r i n g  d r a i n a g e  of a  more n e g a t i v e  p r e s s u r e  

head i n  t h e  v i c i n i t y  o f  t h e  d r a i n a g e  f r o n t  t h a n  a t  t h e  s u r f a c e .  A 

s i m i l a r  e f f e c t  has  been n o t i c e d  i n  t h e  d r a i n a g e  of l a y e r e d  pro- 

f i l e s  a t  t h e  i n t e r f a c e  r e g i o n .  

The numerical  s o l u t i o n  was n o t  cont inued s u f f i c i e n t l y  long  

f o r  e q u i l i b r i u m  t o  b e  reached throughout  t h e  e n t i r e  p r o f i l e .  T h i s  

p rocedure  was adopted because  complete  e q u i l i b r i u m  would on ly  o c c u r  * 

a t  very  l o n g  t ime due t o  t h e  low h y d r a u l i c  c o n d u c t i v i t y  a p p l i c a b l e  

a t  t h a t  t ime i n  t h e  upper r e g i o n  of t h e  column. The lower p a r t  

of t h e  p r o f i l e  had,  however, r eached  e q u i l i b r i u m  a t  4,999 min. 

P t took l o n g e r  f o r  o t h e r  c a s e s  examined. 

The e q u i l i b r i u m  w a t e r  c o n t e n t  p r o f i l e  as w e l l  as t h e  t r a n -  

s i e n t  p r o f i l e s  i s  g iven  i n  F i g u r e  2 .  A s  might b e  e x p e c t e d ,  t h e s e  

p r o f i l e s  do n o t  show any unusual  c h a r a c t e r i s t i c s ,  a l though  t h e  

manner in  w h  i c h  t h e  p r o f i l e s  a r e  developed r e f l e c t  t h e  d i s t r i b u t i o n  

of t h e  a i r - e n t r y  v a l u e .  

I n f i l t r a t i o n .  The c a l c u l a t e d  i n f i l t r a t i o n ,  p r e s s u r e  head 

p r o f i l e s  f o r  c a s e  I a r e  g iven  i n  F i g u r e  3 .  Sometime between 40 

and 50 m.in t h e  c h a r a c t e r i s t i c  b u l g e  b e g i n s  t o  form i n  t h e  p r e s s u r e  

head p r o f i l e  i n  t h e  middle of t h e  column. The r e a s o n  t h a t  t h i s  

shape  o c c u r s  is  t h a t  t h e  s o i l  above any p l a n e  i n  t h i s  column i s  

c o a r s e r  t h a n  t h a t  below, thus  t h e  p o t e n t i a l  f l u x  of w a t e r  i n t o  t h a t  

p l a n e  Is always g r e a t e r  t h a n  w i l l  move on downward through t h a t  

p l a n e .  F i g u r e  4 shows t h e  w a t e r  c o n t e n t  p r o f i l e s  cor responding  

t o  t h e  p r e s s u r e  heads  i n  Figupk 3 .  Here a g a i n ,  s i n c e  t h e  m a t e r i a l  

above any p l a n e  a c r o s s  t h e  column is  always c o a r s e r  t h a n  t h a t  

below, t h e  p o r e s  q u i c k l y  f i l l  ( i f  a i r  is f r e e  t o  escape  as i s  
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normal ly  assumed) ,  and one g e t s  a  s t e p - l i k e  Eunct ion f o r  t h e  w a t e r  

c o n t e n t  p r o f i l e s .  

The p r e s s u r e  head p r o f i l e s  f o r  c a s e  11 are shown i n  F i g u r e  

5 .  l lcre s e v e r a l  d i f f e r e n c e s  a r c  no ted  between tliis c a s e  and c a s e  

2 .  The i n i t i a l  p r e s s u r e  head ( t  = 0)  i s  more n e g a t i v e  toward t h e  

t o p  of t h e  column and n o t  t h e  bot tom.  A f t e r  abou t  SO min t h e  

p r e s s u r e  llead around -55 cm relnains t h e  same, and i t s  v a l u e  is  

c l o s e  t o  t h e  w a t e r  e n t r y  v a l u e .  The on ly  p o s i t i v e  p r e s s u r e  head 

v a l u e s  a r e  r i g h t  a t  t h e  s o i l  s u r f a c e .  The w a t e r  c o n t e n t  p r o f i l e s  

co r respond ing  t o  t h e s e  p r e s s u r e  head p r o f i l e s  a r e  shown i n  F i g u r e  

6 ,  l le re  i t  is  observed t h a t  up t o  a b o u t  80 min t h e  s h a p e s  of  t h e  

w a t e r  c o n t e n t  cu rves  a r e  t h e  same a s  i n  F i g u r e  4 ,  b u t  l a g  beh ind  

i n  p o s i t i o n .  A f t e r  80 min t h e  p r o f i l e s  a r e  d i f f e r e n t  i n  shape .  

Uelow -68 cm t h e  w a t e r  c o n t e n t  d i d  n o t  r each  O = 0.3.  What 
r S 

seems t o  b e  happening is  t h a t  above any p l a n e  a c r o s s  t h e  p r o f i l e  

t h e  mate r i a l .  i s  f i n e r  and r e s t r i c t s  t h e  f low such  t h a t  t h e  s o i l  

can o n l y  s u p p l y  w a t e r  East enough t o  r e s a t u r a t e  t h e  zone above 

-68 cm. 

The analogous  d r a i n a g e  c a s e  f o r  c a s e  I1 of i n f i l t r a t i o n  i s  

b a s i c a l l y  a n  u n s t a b l e  one s i n c e  t h e  i n i t i a l  p r e s s u r e  head v a l u e s  

over  much o f  t h e  column a r e  more n e g a t i v e  t h a n  t h e  a i r - e n t r y  v a l u e s  

a t  t h o s e  p o i n t s .  P h y s i c a l l y ,  t h e  K t  < 5, c a s e  on ly  has  r e a s o n a b l e  

meaning i n  d r a i n a g e  i f  a i r  e n t r y  were  p e r m i t t e d  s o l e l y  through t h e  

s u r f a c e  l a y e r .  For such  a boundary c o n d i t i o n  t h e  most r e s t r i c t i v e  

pores  t o  a i r  e n t r y  would b e  a t  t h e  s u r f a c e ,  and t h e  a c c e s s  of  a i r  

t o  t h e  d r a i n i n g  sys tem cou ld  no t  b e  n e g l e c t e d  a s  i s  done i n  t h i s  

a n a l y s i s .  

Assume t h a t  one had t e n s i o m e t e r s  i n  a  s o i l  p r o f i l e  a t  -20, 

-60, -120, and -200 cm and was c a l c u l a t i n g  t h e  p r e s s u r e  head changes 

w i t h  t i m e  d u r i n g  a d r a i n a g e  o r  i n f i l t r a t i o n  exper iment .  I f  one 

assumed t h a t  t h e  s o i l  p r o f i l e  was uniform b u t  i n  r e a l i t y  i t  was 

1 i kc> c;isc 1 , t l l c .  1 1  igh pos i t i v c  r e a d i n g s  i n  t h c  lower p a r t  of  t l ie  
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p r o f i l e  would be  most p u z z l i n g .  One might assume e r r o n e o u s l y  

t h a t  t h e r e  were l e a k s  around t h e  t e n s i o m e t e r s  which a l lowed t h e  

p o s i t i v e  p r e s s u r e  t o  b u i l d  up. Sucli a n  assumption would a l s o  

account  f o r  t h e  fas ter- than-normal  advance of t h e  w e t t i n g  f r o n t  

f o r  i n f i l t r a t i o n .  

On t h e  o t h e r  hand,  assume t h e  s o i l  was i n  r e a l i t y  l i k e  c a s e  

I1 d u r i n g  an i n f i l t r a t i o n .  One might assume e r roneous ly  t h a t  t h e  

-60 cm t e n s i o m e t e r  was n o t  f u n c t i o n i n g  p r o p e r l y  when, i n  f a c t ,  

i t  was working.  I n  a l l  c a s e s  one would s u s p e c t  t h e  i n i t i a l  pro- 

f i l e  r e a d i n g s ,  b u t  might e r r o n e o u s l y  assume t h a t  t h e  t e n s i o m e t e r s  

were n o t  i n  e q u i l i b r i u m  w i t h  t h e  s o i l .  

I f  a t  t h e  same t ime t h e  exper imente r  were measuring t h e  water 

c o n t e n t  i n  a p r o f i l e  l i k e  c a s e  J I  a t  t h e  same dep ths  a s  t h e  t e n s i -  

o m e t e r ~ ,  h e  would wonder abou t  t h e  r e a d i n g s  a t  -120 cm. He would 

wonder why a f t e r  120-150 min t h e s e  r e a d i n g s  were less t h a n  at  t h e  

h i g h e r  e l e v a t i o n s  as might b e  expected.  

SUMMARY AND CONCLUSIONS : 

L t  appears  t h a t  a heterogeneous  s o i l  o r  porous  media may 

behave q u i t e  d i f f e r e n t l y  than  a homogeneous one i n  terms of p r e s -  

s u r e  head and w a t e r  c o n t e n t  p r o f i l e s .  I t  shou ld  b e  n o t e d  t h a t  t h e  

cho ice  of  a v a r i a t i o n  of s a t u r a t e d  o r  r e s a t u r a t e d  h y d r a u l i c  

c o n d u c t i v i t y  down t h e  p r o f i l e  as t h e  means o f  d e f i n i n g  a h e t e r o -  

geneous medium was made w i t h  p o s s i b l e  f i e l d  a p p l i c a t i o n s  i n  mind. 

By u s i n g  one of t h e  a v a i l a b l e  exper imenta l  methods f o r  de te rmin ing  

K i n  t h e  f i e l d  a t  d i f f e r e n t  d e p t h s ,  i t  i s  p o s s i b l e  t o  check 
: ;a t  

thc homogeneity of t h e  p r o f i l e .  I f  h e t e r o g e n e i t y  i s  found and i f  

t h e  s c a l e  h e t e r o g e n e i t y  assumption is  cons idered  r e a s o n a b l e  f o r  

t h e  m a t e r i a l  i n  q u e s t i o n ,  i t  would be  p o s s i b l e  t o  p r e d i c t  a t  l e a s t  

approximately  t h e  d r a i n a g e  and i n f i l t r a t i o n  b e h a v i o r  u s i n g  a numeri- 

c a l  s o l u t i o n .  

PERSONNEL: Frank D .  Whis le r  

CURRENT TERMINATION DATE: 1972 
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P R E S S U R E  H E A D  ( c m  of w a t e r )  
-80 -70 -60 -50 -40 -30 -20 -10 0 +I0 +20 +30 

F i g u r e  1, P r e s s u r e  head p r o f i l e s  d u r i n g  d r a i n a g e  c a s e  I 
(Kt = 1.0 cm/min, K = 0,1  cm/min). The t i m e s  

b on t h e  p r o f i l e s  a r e  g i v e n  i n  minutes .  
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WATER CONTENT (crn3/cm3 ) 

0 5  .I0 .I5 -20  .25 .30 .35 

F i g u r e  2 .  Water c o n t e n t  p r o f i l e s  f o r  d r a i n a g e  c a s e  I. 
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CASE .I 

Kt = 0.5 cm / m i o  

K b  = 0.05 c m l m i n  

Figu re  3 .  P r e s s u r e  head p r o f i l e s  f o r  i n f i l t r a t i o n  c a s e  I. 
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F i g u r e  4 .  Water c o n t e n t  p r o f i l e a  f o r  i n f i l t r a t i o n  c a s e  I. 
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C A S E  T1: 

= 0.05 cm / min 

b = 0.5 cm/min 

Lgure 5 .  P r e s s u r e  head p r o f i l e s  
f o r  i n f i l t r a t i o n  c a s e  11, 
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F i g u r e  6. Water c o n t e n t  p r o f i l e s  f o r  i n f i l t r a t i o n  case 11. 
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TITLE : ASSESSMENT OF BIOSTIT!rl'KLATION AND EUTROPHICATION OF 

RECLAIMED WASTE WATER, 

CRIS WORK UNIT: SWC 018-gG-4 CODE NO. :  Ariz.-WCL-71-10 

INTRODUCTION : 

Fie ld  s t u d i e s  on ponds (approximately 40 f t  long x  30 f t  wide x 

5 f t  deep) a t  Flushing Meadows were i n i t i a t e d  t o  determine t h e  

b i o l o g i c a l  p roduc t iv i t y ,  u t i l i z a t i o n  and r e c y c l i n g  of i no rgan ic  and 

organic  n u t r i e n t s ,  and modi f ica t ions  brought about by a q u a t i c  l i f e  

i n  reclaimed sewage wa te r ,  The f i r s t  o b j e c t i v e  was t o  determine t h e  

b i o l o g i c a l ,  chemical, and phys ica l  f a c t o r s  t h a t  c o n t r i b u t e  t o  t h e  

growth of phyto- and zooplankton and f i s h  i n  ponded renovated sewage 

water .  Secondly, t h e  a q u a t i c  ecosystem t h a t  e s t a b l i s h e s  i n  ponded 

renovated sewage water  w i l l  be cha rac t e r i zed .  Las t l y ,  management 

p r a c t i c e s  fo r  reducing problems c r ea t ed  by b i o l o g i c a l  a c t i v i t y  i n  

ponded renovated sewage water  i n  an a r i d  environment w i l l  be devel-  

oped. The r e s u l t s  ob ta ined  w i l l  a i d  i n  t h e  development and e s t ab -  

l ishment of  t he  "Rio Salado Pro jec t"  i n  t h e  S a l t  River bed. This 

p r o j e c t  w i l l  be designed t o  use renovated sewage water  from Phoenix 

and the  surrounding communities f o r  r e c r e a t i o n a l  ponds and lakes ,  

impoundments f o r  endangered a q u a t i c  w i l d l i f e ,  f o r  product ion of  food 

and s p o r t s  f i s h  and f o r  u n r e s t r i c t e d  i r r i g a t i o n  and i n d u s t r i a l  use.  

PROCEDURES : 

An i n t e r d i s c i p l i n a r y  approach was taken s o  a  comprehensive 

phys ica l -chemica l -b io logica l  s tudy  of ponded reclaimed sewage water  

could be made. Numerous f a c t o r s  were eva lua ted  s imultaneously s o  

t h a t  cause-and-effect  r e l a t i o n s h i p s  r e l a t i v e  t o  t h e  growth of micro- 

and macro-organisms i n  an a q u a t i c  ecosystem could be e s t a b l i s h e d .  

I. General Information:  

The ponds, West Lined Pond (WLP) and East  Lined Pond (ELP), 

were f i l l e d  i n  e a r l y  May 1971 and w i l l  be s tud i ed  f o r  a  per iod of 

one year  u n t i l  May 1972. Since t he  ponds have an a s p h a l t - f i b e r g l a s s  

l i n i n g ,  seepage i s  minimal and water  l o s s  from t h e  ponds i s  essen-  

t i a l l y  from su r f ace  evapora t ion ,  The ponds were rep len ished  w i t h  
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I-ecloimed w a t e r  from t h e  "Ease w e l l "  every few clays t o  compensate 

for  e v a p u r a t l v e  and ininor seepage  l o s s e s ,  and thus  a r e  kep t  a t  

r easonab ly  c o n s t a n t  l e v e l s .  The E a s t  w e l l  i s  l o c a t e d  abou t  50 f t  

e a s t  of t h e  end o f  b a s i n s  3 and 4  a t  F lush ing  Meadows and was 

p e r f o r a t e d  from 1 5  t o  30 f t  t o  i n c r e a s e  i ts  water s u p p l y i n g  c a p a c i t y .  

When make-up w a t e r  w a s  r e q u i r e d ,  t h e  chemical  and b i o l o g i c a l  q u a l i t y  

of t h e  w a t e r  was determined.  

T I .  A n a l y s i s  o f  B i o l o g i c a l  F a c t o r s :  

1. P l a n k t o n  p o p u l a t i o n s  - The phy top lank ton  p o p u l a t i o n  

was analyzed q u a l i t a t i v e l y  and q u a n t i t a t i v e l y  w i t h  Sedgewick-Rafter 

coun t ing  chambers. Zooplankton p o p u l a t i o n s  were  ana lyzed  i n  a 

s i m i l a r  manner. The w a t e r  samples were c o n c e n t r a t e d  10-fold by 

c e n t r i f u g a t i o n .  

2.  B a c t e r i a l  p o p u l a t i o n s  - The s t a n d a r d  d i l u t i o n  p l a t e  

t echn ique  was used t o  a n a l y z e  w a t e r  samples f o r  t o t a l  b a c t e r i a  

u s i n g  p l a t e  count  a g a r .  M i l l i p o r e  f i l t e r  t e c h n i q u e s  were used f o r  

f e c a l  c o l i f o r m  a n a l y s i s :  

3.  C h l o r o p h y l l  pigment a n a l y s i s  - Water samples were 

f i l t r a t e d  w i t h  f i b e r g l a s s  f i l t e r s  (Whatman GF/C 4.25 cm f i l t e r s )  

and 5  c c  of 95% a c e t o n e  were  used f o r  e x t r a c t i o n  of t h e  f i l t e r e d  

a l g a e .  Chlorophyl l  - a w a s  ana lyzed  w i t h  o p t i c a l  d e n s i t y  (OD) 

measurements a t  6630 a u s i n g  a  Bausch 6 Lomb S p e c t r o n i c  "20." 

4.  Caro teno id  pigment a n a l y s i s  - These animal  and p l a n t  

pigments were ana lyzed  i n  a  s i m i l a r  manner a s  c h l o r o p h y l l ,  on ly  

t h e  OD was measured a t  5100 8 and 4800 a ,  r e s p e c t i v e l y .  

5.  Disso lved  oxygen (DO) and primary p r o d u c t i v i t y  - A 

Beclcman oxygen a n a l y z e r  was used t o  measure t h e  d i s s o l v e d  oxygen, 

w h i l e  g r o s s  pr imary p r o d u c t i v i t y  was determined by t h e  c o n v e n t i o n a l  

l i g h t  and d a r k  b o t t l e  method. I n c u b a t i o n  p e r i o d s  were  g e n e r a l l y  

f o r  one t o  two h o u r s  between 1000 and 1400 hours .  

111. - A n a l y s i s  of Chemical F a c t o r s :  

1. Ni t rogen  - Organic  and i n o r g a n i c  forms of n i t r o g e n  
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were ana lyzed  w i t h  a Technicon a u t o m a t i c  a n a l y z e r .  

2 .  Phosphorus - Standard  c o l o r i m e t r i c  p rocedures  f o r  

o r  tho-phosphate a n a l y s i s  were fol lowed.  I n  t h e  f u t u r e ,  however, 

t h e  au tomat ic  a n a l y z e r  w i l l  b e  used.  

3 .  Carbon - Organic  and i n o r g a n i c  carbon were  analyzed 

w i t h  a Beckman carbon a n a l y z e r .  

4 .  Disso lved  carbon d i o x i d e  - CO, was c a l c u l a t e d  from a 
2 

s t a n d a r d  e q u a t i o n  d e r i v e d  from t h e  a s s o c i a t i o n  of ph and t o t a l  

a l k a l i n i t y  . 
5. A l k a l i n i t y  - P h e n o l p h t h a l e i n  a l k a l i n i t y  w a s  determined 

by a c i d  t i t r a t i o n  when t h e  pl4 w a s  above 8 .2 .  T o t a l  a l k a l i n i t y  

was determined by a c i d  t i t r a t i o n  (U.02 N H SO ) t o  t h e  end p o i n t  
2 4 

of bromo-cresol-green and methyl-red mixed i n d i c a t o r .  

6.  T o t a l  d i s s o l v e d  salts  (TDS)- A c o n d u c t i v i t y  meter 

was used t o  measure t h e  e l e c t r i c a l  conductance of t h e  w a t e r ,  which 

i s  r e l a t e d  d i r e c t l y  t o  t h e  TDS. 

1V. A n a l y s i s  of P h y s i c a l  F a c t o r s :  

1, L i g h t  - S o l a r  and the rmal  r a d i a t i o n  were measured w i t h  

a n e t  r ad iomete r  arid a n  Eppley pyranometer.  A m u l t i c h a n n e l  r e c o r d e r  

located betwccrl t h e  ponds recorded t l r c  r e a d i n g s  con t inuous ly  a t  

one-half  hour i n t e r v a l s  . 
2.  Temperature - A i r  and wate r  t empera tu re  p r o f i l e s  were 

measured w i t h  thermocouples.  A i r  t empera tu res  were t aken  a t  10 cm 

a n d  60 cm above t h e  w a t e r  s u r f a c e .  Water t empera tu res  were measured 

a t  tile s u r f a c e ,  -15 cm, -60 cm, and -110 cm. A m u l t i c h a n n e l  r e c o r d e r  

was a l s o  used t o  r e c o r d  t h e s e  r e a d i n g s  c o n t i n u o u s l y  a t  one-half hour  

i n t e r v a l s .  

3 .  Water v i s i b i l i t y  - A S e c c h i  d i s c  was used t o  measure 

t h e  dep th  of w a t e r  v i s i b i l i t y .  

4.  Water t u r b i d i t y  - A trhC1-l t u rb idomete r  was used t o  

measure t u r b i d i t y  i n  Jackson  t u r b i d i t y  u n i t s .  
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V .  Treatments:  

1. Phys i ca l  t reatment  - Black p l a s t i c  t a r p s  (50 x 40 f t ,  

20 mil)  were used t o  cover bo th  ponds from 2000 11r on 20 J u l y  

t o  2000 h r  on 23 J u l y .  The purpose was t o  exclude l i g h t  and 

d e p l e t e  t h e  DO i n  t h e  water  u n t i l  anaerobic  cond i t i ons  were es tab-  

l i s  hed . 
2. B io log ica l  t rea tment  - I n  mid-October c a t f i s h  (12) 

were added t o  t h e  WLP only.  The growth of t h e s e  f i s h  w i l l  b e  

monitored f o r  approximately 6 months. F i s h  s i z e ,  l eng th  and 

weight ,  w i l l  be  determined p e r i o d i c a l l y  by t r app ing  t h e  f i s h .  

V I  . Methods of Sampling Water: 

S ince  many v a r i a b l e s  were monitored s imultaneously,  i t  

was important t o  e s t a b l i s h  r e l i a b l e  methods f o r  r o u t i n e  water  

sampling from t h e s e  sma l l  ponds. A p l e x i g l a s s  tube  was cons t ruc ted  

and used t o  o b t a i n  most of t h e  water  samples.  The tube  was 

gent ly  lowered v e r t i c a l l y  i n t o  t h e  pond u n t i l  i t  touched bottom. 

The top  was s toppe red ,  t h e  column of  water  r a i s e d ,  and t h e  bottom 

s toppered  j u s t  under t h e  water  su r f ace .  A f t e r  t h e  tube  sampler 

was removed from the  pond, t h e  column of water  was he ld  v e r t i c a l l y  

and samples were c o l l e c t e d  by removing t h e  top  s toppe r  and succes- 

s i v e l y  c o l l e c t i n g  30 cm s e c t i o n s  of water  from each s i d e  p o r t .  

Water samples were u sua l ly  taken a t  about 1000 h r  of each s tudy  

day. Sampling a t  t h e  same time each day minimized t h e  e f f e c t  of 

d i u r n a l  changes. 

Two types of p l e x i g l a s s  sampling tubes were used. They 

w i l l  be  termed: (1) t h e  p r o f i l e  tube  sampler ,  and (2)  t h e  primarjr 

p r o d u c t i v i t y  o r  p l ank ton  tube  sampler .  The p r o f i l e  t ube  sampler 

was 3.0 cm i n  diameter  (I .D.) and contained s i d e  p o r t s  (0.6 cm 

I .D.)  a t  30 cm i n t e r v a l s .  The i n d i v i d u a l  water  p r o f i l e  samples 

were c o l l e c t e d  from t h e  s i d e  p o r t s  i n  two 125-ml p l a s t i c  b o t t l e s .  

Approximately 250 m l  of water  were c o l l e c t e d  from each i n t e r v a l  

and used f o r  a n a l y s i s  of b i o l o g i c a l  and chemical f a c t o r s  prev ious ly  
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d e s c r i b e d .  The p r o f i l e  t u b e  sampler  was a l s o  used t o  o b t a i n  a  

composite w a t e r  sample  from each pond, which c o n s i s t e d  of a  complete 

column of w a t e r  mixed and subsampled f o r  l a t e r  a n a l y s i s .  

The primary p r o d u c t i v i t y  o r  p lank ton  t u b e  sample r  was 7.0 cm 

I . D .  and c o n t a i n e d  s i d e  p o r t s  ( 0 . 6  cm I.D.)  a t  50 cm i n t e r v a l s .  

The volume i n  each  50-cm s e c t i o n  was approximately  2  l i t e r s .  P r i -  

mary p r o d u c t i v i t y  was determined i n  t h e  water from 0- t o  50-cm 

dep ths  and t h e  50- t o  LOO-cm d e p t h s .  A manifold  c o n t a i n i n g  3 p o r t s  

(0.6 cm I.D.) was a t t a c h e d  t o  t h e  s i d e  p o r t .  The i n i t i a l ,  l i g h t  

and d a r k  BOD b o t t l e s  used f o r  pr imary p r o d u c t i v i t y  measurements 

were f i l l e d  s i m u l t a n e o u s l y  w i t h  t h e  manifold  and a l lowed t o  over- 

f low e x p e l l i n g  a i r  bubbles  c o n t a i n i n g  oxygen. T h i s  t u b e  and t h e  

p r o f i l e  t u b e  sampler  were  a l s o  used t o  o b t a i n  w a t e r  samples  f o r  

zooplankton a n a l y s i s .  The w a t e r  samples o b t a i n e d  were  poured i n t o  

a  p lank ton  n e t .  The n e t  was washed w i t h  d i s t i l l e d  w a t e r ,  and a  

small v i a l  a t t a c h e d  t o  t h e  n e t  c o l l e c t e d  t h e  p l a n k t o n ,  

RESULTS AND DISCUSSION: 

Pond S t u d i e s :  The i n i t i a l  phase o f  t h e  pond s t u d i e s  on e u t r o -  

p h i c a t i o n  and b i o l o g i c a l  p r o d u c t i v i t y  i n  rec la imed  sewage w a t e r  

began i n  e a r l y  May of  1971  and w i l l  be  con t inued  through May of 

1972, s o  t h a t  a  y e a r l y  c y c l e  of d a t a  is  o b t a i n e d  f o r  a l l  t h e  f a c t o r s  

moni tored.  T h e r e f o r e ,  s i n c e  t h e  work is s t i l l  i n  p r o g r e s s ,  a 

d e t a i l e d  r e p o r t  and a n a l y s i s  of d a t a  w i l l  be p repared  a t  a  later 

d a t e .  flowever, d u r i n g  t h e  summer months some e c o l o g i c a l  r e l a t i o n -  

s h i p s  between phyto- and zooplankton were observed t h a t  w i l l  b e  

summarized i n  t h e  n e x t  s e c t i o n .  

E v a l u a t i o n  of Water Sampling Methods: C o l l e c t i n g  water samples 

f o r  a n a l y s i s  can be  accomplished i n  many ways. But s i n c e  no a n a l y t i -  

c a l  r e s u l t s  can b e  any b e t t e r  t h a n  t h e  sample  i t  r e p r e s e n t s ,  i t  i s  

impor tan t  t o  u s e  an  a c c u r a t e  and s t a n d a r d i z e d  w a t e r  sampl ing method. 

I n  p r e l i m i n a r y  work i t  was found t h a t  t h e  s t a n d a r d  t y p e s  of w a t e r  

samples ,  t h e  Kremmerer-type ( v e r t i c a l )  and t h e  Van Dorn-type 
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( h o r i z o n t a l ) ,  were n o t  s a t i s f a c t o r y  f o r  use  i n  s m a l l  ponds. hach 

pond has  on ly  one s i t e  equipped w i t h  a  small p l a t f o r m  f o r  sampl ing.  

When r e p e a t e d  samples were  needed, i t  was impor tan t  t h a t  t h e  sampler  

d i d  no t  d i s t u r b  t h e  pond s t r a t i f i c a t i o n  when t h e  f i r s t  sample was 

t aken .  The s t a n d a r d  w a t e r  sample rs  a r e  l a r g e  and r e q u i r e  t h e  u s e  

of a  messenger we igh t  t h a t  t r i p s  t h e  sampler  when p o s i t i o n e d .  The 

messenger h i t t i n g  and t r a v e l i n g  i n  t h e  w a t e r  a s  w e l l  as t h e  t r i p -  

p ing  d i s t u r b s  t h e  pond s t r a t i f i c a t i o n  which makes i t  e s s e n t i a l l y  

imposs ib le  t o  o b t a i n  a second v a l i d  sample from t h a t  s i t e .  There- 

f o r e ,  a  new tube- type sampler  w a s  des igned  and c o n s t r u c t e d  of 

p l e x i g l a s s  t u b i n g .  A n a l y t i c a l  d a t a  of w a t e r  samples c o l l e c t e d  

w i t h  t h e  t h r e e  t y p e s  of sample rs  were compared, s o  t h a t  t h e  accuracy 

of t h e  new tube- type sampler  could  b e  e v a l u a t e d .  

The u s e  of t h e  tube- type sampler  was f i r s t  e v a l u a t e d  d i r e c t l y  

by measuring t h e  DO i n  t h e  ponds and t h e n  measuring t h e  DO of 

r e p r e s e n t a t i v e  w a t e r  samples o b t a i n e d  w i t h  t h e  p r o f i l e  tube  sample r .  

Tlle r e s u l t s  were e s s e n t i a l l y  i d e n t i c a l  r e g a r d l e s s  of whether  t h e  

DO p r o f i l e s  were measured d i r e c t l y  w i t h  t h e  oxygen probe i n  t h e  

ponds o r  i n d i r e c t l y  i n  w a t e r  samples c o l l e c t e d  w i t h  t h e  p r o f i l e  

tube sampler  (Tab le  I ) .  

Cons iderab le  e f f o r t  was wade t o  compare t h e  r e s u l t s  from w a t e r  

samples t aken  w i t h  t h e  Kremmerer- and Van Dorn-type sample rs  w i t h  

t h e  tube- type sample r .  The Kremmerer sampler  o b t a i n s  a  v e r t i c a l  

column of w a t e r  about  46 cm i n  l e n g t h ,  9 cm i n  d i a m e t e r ,  and 2 . 1  

l i t e r s .  The Van Dorn sampler  o b t a i n s  a  h o r i z o n t a l  s e c t i o n  of 

w a t e r  from any d e s i r e d  dep th  t h a t  is approximately  t h e  same s i z e  

as t h e  sample c o l l e c t e d  w i t h  t h e  Kremmerer sample r .  Water samples 

from each pond taken  w i t h  t h e  p r o f i l e  t u b e  sampler  were compared 

w i t h  p r o f i l e  samples o b t a i n e d  w i t h  t h e  Van Dorn. S i m i l a r  a n a l y s e s  

were made t o  compare t h e  pr imary p r o d u c t i v i t y  t u b e  sampler  w i t h  t h e  

hremmerer sampler .  
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P r o f i l e  a n a l y s e s  of t h e  two ponds Eor d i s s o l v e d  oxygen, carbon 

d i o x i d e ,  pH, a l k a l i n i t y ,  t u r b i d i t y ,  and b a c t e r i a l  numbers comparing 

t h e  tube- and Van Dorn-type sample rs  were  e s s e n t i a l l y  i d e n t i c a l  

(Tab le  2 ) .  Water samples were o b t a i n e d  on t h r e e  occas ions  from 

bo th  ponds w i t h  t h e  t u b e  and Kremmerer sample r .  The a n a l y t i c a l  

r e s u l t s  comparing DO and primary p r o d u c t i v i t y  showed t h a t  t h e  

i n i t i a l  DO c o n c e n t r a t i o n  d i d  n o t  va ry  more t h a n  0.8 ppm, and t h e  

primary p r o d u c t i v i t y ,  which was low because  of t h e  w i n t e r  tempera- 

t u r e s ,  was ve ry  similar (Tab le  3). Chemical a n a l y s e s  of t h e s e  

u n E i l t e r e d  and f i b e r g l a s s  f i l t e r e d  w a t e r  samples were a l s o  ve ry  

similar (Tab le  4 ) .  From t h e s e  r e s u l t s  i t  was concluded t h a t  t h e  

new tube- type sample r  was more t h a n  s a t i s f a c t o r y ,  s i n c e  t h e  d a t a  

were as a c c u r a t e  as t h o s e  o b t a i n e d  w i t h  o t h e r  types  of w a t e r  

sample rs .  Also ,  w i t h  t h e  tube- type sampler  t h e  pond s t r a t i f i c a t i o n  

was on ly  s l i g h t l y  d i s t u r b e d ,  samples were  o b t a i n e d  r a p i d l y ,  and 

s e v e r a l  samples cou ld  b e  t a k e n  e a s i l y  from approximately  t h e  same 

s i t e  i n  t h e  pond. 

I t  was a l s o  of i n t e r e s t  t o  de te rmine  t h e  degree  of mixing 

t h a t  occur red  d u r i n g  t h e  c o l l e c t i o n  of water from t h e  s i d e  p o r t s  

of t h e  tube-type sample r .  Laboratory  exper iments  were des igned 

u s i n g  d y e - s a l t  s o l u t i o n s  t o  measure t h e  d i s t r i b u t i o n  and mixing 

of w a t e r  f lowing  from t h e  s i d e  p o r t .  The bottom s e c t i o n  of water 

con ta ined  t h e  dye-sa l t  s o l u t i o n ,  Th is  s o l u t i o n  w a s  poured i n t o  

t h e  column u n t i l  i t  was a t  t h e  l e v e l  of t h e  s i d e  p o r t .  Then a  

small i c e  c y l i n d e r  of t h e  same d iamete r  as t h e  t u b e  sample r  was 

p o s i t i o n e d  a t  t h e  s u r f a c e  of t h e  d y e - s a l t  s o l u t i o n .  D i s t i l l e d  

w a t e r  was t h e n  poured i n t o  t h e  t u b e  sampler  t o  t h e  d e s i r e d  h e i g h t .  

The i c e  was a l lowed t o  m e l t  and t h e  water column e q u i l i b r a t e d  f o r  

abou t  1 hour .  A s h a r p  i n t e r f a c e  between t h e  d i s t i l l e d  w a t e r  and 

t h e  d y e - s a l t  s o l u t i o n  was e s t a b l i s h e d .  The s i d e  p o r t  was opened 

and t h e  d i s t i l l e d  water c o l l e c t e d .  
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1)uring t h e  c o l l e c t i o n  of t h e  sample ,  t h e  f low p a t t e r n  and t h e  

d i s t u r b a n c e  of t h e  dye-sa l t  i n t e r f a c e  were observed .  The f i r s t  

r e s u l t  observed was t h a t  t h e  s h a r p  i n t e r f a c e  between t h e  two s o l u -  

t i o n s  was main ta ined .  A f t e r  t h e  d i s t i l l e d  w a t e r  was c o l l e c t e d ,  

t h e  i n t e r f a c e  w a s  p o s i t i o n e d  below t h e  s i d e  p o r t .  T h e r e f o r e ,  t h e  

measurement o f  t h e  c l e a r  d i s t i l l e d  w a t e r  l a y e r  remaining was 

assumed t o  b e  e q u a l  t o  t h e  amount o f  d y e - s a l t  s o l u t i o n  t h a t  w a s  

c o l l e c t e d  and mixed w i t h  t h e  sample .  

The h e i g h t  of t h e  remaining l a y e r  o f  d i s t i l l e d  w a t e r  was 

termed t h e  "mixing zone.  " The "%-mixingt' between a d j a c e n t  samples 

was determined by d i v i d i n g  t h e  h e i g h t  o f  t h e  mixing zone by t h e  

h e i g h t  of t h e  s e c t i o n  o f  w a t e r  c o l l e c t e d .  I n  t h i s  manner t h e  

i n f l u e n c e  of column d i a m e t e r ,  p o r t  s i z e  and f low rate, and w a t e r  

head l e v e l  on t h e  %-mixing w a s  determined.  A s  column d iamete r  

i n c r e a s e d ,  t h e  mixing zone and %-mixing i n c r e a s e d  s l i g h t l y  ( T a b l e  

5 ) .  P o r t  s i z e  and flow r a t e  had t h e  g r e a t e s t  i n f l u e n c e  on t h e  

%-mixing. The s l o w e r  t h e  r a t e  o f  f low,  t h e  less t h e  %-mixing, 

and no d e t e c t a b l e  mixing o c c u r r e d  w i t h  a  p o r t  s i z e  of 0 . 1  mm I . D .  

(Tab le  6 ) .  Water head l e v e l s  from 30 t o  90 cm d i d  n o t  a l t e r  t h e  

mixing zone markedly,  b u t  t h e  %--mixing decreased  a s  t h e  water 

head l e v e l  i n c r e a s e d ,  s imply because  more w a t e r  i s  c o l l e c t e d  as 

t h e  w a t e r  head l e v e l  i n c r e a s e d  (Tab le  7 ) .  

I t  was f u r t h e r  determined by v i s u a l  e v a l u a t i o n  o f  t h e  dye 

i n t e n s i t y  i n  t h e  c o l l e c t e d  w a t e r  sample t h a t  mixing o c c u r s  d u r i n g  

t h e  i n i t i a l  p e r i o d  of f low.  Once t h e  flow p a t t e r n  is  e s t a b l i s h e d ,  

then  l aminar  f low o c c u r s  w i t h  ve ry  l i t t l e  mixing.  T h i s  probably  

r e s u l t s  from t h e  d e c r e a s e  i n  r a t e  o f  f low a s  t h e  water head 

d e c r e a s e s .  Thus,  t h e r e  is  very  l i t t l e  d y e - s a l t  s o l u t i o n  i n  t h e  

l a s t  p o r t i o n  of t h e  sample c o l l e c t e d .  

From t h e s e  r e s u l t s  i t  w a s  concluded t h a t  a p o r t - s i z e  t o  tube- 

d iamete r  r a t i o  o f  1 :10 is  recommended f o r  tube- type s a m p l e r s .  T h i s  

s i z e  t u b e  w i l l  minimize t h e  h e i g h t  of t h e  mixing zone and t h e  
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X-ntixing. Also ,  t h i s  s i z e  tube  w i l l  d e l i v e r  t h e  w a t e r  sample 

s u l f  lc  i e n t l y  f i l s  t f o r  e a s e  of hand l ing  and r a p i d i t y  o f  a n a l y s i s .  

SUMMARY AND CONCLUSIONS : 

The assessment  of b i o s t i m u l a t i o n  and e u t r o p h i c a t i o n  i n  recla imed 

was te  w a t e r  w a s  begun on two s m a l l  f i b e r g l a s s - a s p h a l t - l i n e d  ponds 

( 4 0  f t  l o n g  x 30 f t  wide x 5 f t  deep) a t  t h e  F l u s h i n g  Meadows 

p r o j e c t  west  of Phoenix ,  Arizona.  The f i r s t  phase  of t h e  work, 

which i s  s t i l l  i n  p r o g r e s s ,  was t o  moni tor  s e v e r a l  b i o l o g i c a l ,  

chemical ,  and p h y s i c a l  f a c t o r s  t h a t  c o n t r i b u t e d  t o  t h e  growth of 

phytoplankton,  zooplankton,  and f i s h  i n  rec la imed  sewage w a t e r .  

S i n c e  t h e  F l u s h i n g  Meadows P r o j e c t  h a s  a f i e l d  l a b o r a t o r y  and 

e l e c t r i c  power, many of t h e  f a c t o r s  monitored were measured a t  

t h e  s i t e .  Mul t i channe l  r e c o r d e r s  were s e t  up t o  measure a t  h a l f -  

hour i n t e r v a l s  f o r  24 hours  t empera tu re  p r o f i l e s  i n  t h e  ponds, 

s o l a r  and the rmal  r a d i a t i o n ,  and s u r f a c e  e v a p o r a t i o n .  Water v i s i -  

b i l i t y  was a l s o  measured w i t 1 1  a S e c c h i  d i s c ,  and t h e  n e c e s s a r y  

f i l l - u p  wate r  from t h e  E a s t  w e l l  was added t o  t h e  ponds t o  m a i n t a i n  

a c o n s t a n t  water l e v e l .  Water samples were  immediately analyzed 

i n  t h e  f i e l d  l a b o r a t o r y  f o r  d i s s o l v e d  oxygen, pH, pheno lph tha le in ,  

and t o t a l  a l k a l i n i t y  and t u r b i d i t y .  (Carbon d i o x i d e  was l a t e r  

c a l c u l a t e d  from t h e  r e l a t i o n s h i p s  of pH and a l k a l i n i t y . )  Primary 

p r o d u c t i v i t y  w a s  determined a t  two l e v e l s ,  30-cm and 60-cm dep ths .  

S i m i l a r  w a t e r  samples were f i l t e r e d  and l a t e r  ana lyzed  f o r  chloro-  

p h y l l  c o n t e n t  p h o t o m e t r i c a l l y .  

Other  w a t e r  samples from e a c h  pond were  s t o r e d  i n  t h e  r e f r i g -  

e r a t o r  p r i o r  t o  chemical  a n a l y s i s  f o r  t o t a l  d i s s o l v e d  sa l t s ,  carbon,  

nl t r o g e n ,  pliosphorus , and o t h e r  minor n u t r i e n t  e lements ,  Water 

samples were a l s o  c o n c e n t r a t e d  ( 1 0 - f o l d ) ,  p r e s e r v e d  ( f o r m a l i n ) ,  

and s t o r e d  ( 4  C ) ,  u n t i l  they cou ld  b e  ana lyzed  f o r  phyto- and 

zooplankton p o p u l a t i o n s .  

The t o t a l  b a c t e r i a  p o p u l a t i o n  was analyzed immediately a f t e r  
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r e t u r n i n g  t o  t h e  r e s e a r c h  l a b o r a t o r y .  Also,  f e c a l  c o l i f o r m  b a c t e r i a  

were assayed  weekly w i t h  t h e  m i l l i p o r e  f i l t e r  method. 

I n  J u l y  b o t h  ponds were covered w i t h  a  b l a c k  p l a s t i c  t a r p  f o r  

3 days f o r  t h e  purpose  of exc lud ing  l i g h t  and producing a n a e r o b i c  

c o n d i t i o n s  i n  t h e  ponds. Also ,  i n  October  s m a l l  channe l  c a t f i s h  

were i n t r o d u c e d  i n t o  on ly  one pond. The r a t e  of f i s h  p r o d u c t i o n  

w i l l  be determined by t r a p p i n g  and making l e n g t h  and weight  measure- 

ments.  

T h e r e f o r e ,  a  phys ica l -chemica l -b io log ica l  s t u d y  of ponded 

recla imed sewage w a t e r  from t h e  F lush ing  Meadows P r o j e c t  is  be ing  

conducted,  P e r t i n e n t  f a c t o r s  a r e  be ing  s i m u l t a n e o u s l y  e v a l u a t e d  

eo e s t a b l i s h  cause-and-effect  r e l a t i o n s h i p s  i n  t h e  growth of micro- 

and macro-organisms i n  a n  a q u a t i c  ecosystem. 

A d e t a i l e d  i n t e r p r e t a t i o n  and a n a l y s i s  o f  t h e  r e s u l t s  ob ta ined  

will be made i n  a l a t e r  r e p o r t ,  s i n c e  t h e  ponds a r e  s t i l l  be ing  

monitored f o r  a  one-year p e r i o d  end ing  i n  May 1972. However, 

c e r t a i n  o b s e r v a t i o n s  and g e n e r a l  r e s u l t s  could  b e  no ted  a t  t h i s  

t ime.  During t h e  t ime p r i o r  t o  cover ing  t h e  ponds w i t h  b l a c k  

p l a s t i c ,  c y c l e s  of zoo- and phytoplankton a c t i v i t y  occur red .  Dense 

r o t i f e r  p o p u l a t i o n s  grazed h e a v i l y  on u n i c e l l u l a r  p l a n k t o n i c  g reen  

a l g a e .  During t h e s e  g r a z i n g  p e r i o d s  c h l o r o p h y l l  c o n t e n t ,  primary 

p r o d u c t i v i t y ,  d i s s o l v e d  oxygen c o n c e n t r a t i o n s  were  d e c r e a s e d ,  and 

l i g h t  p e n e t r a t i o n  was i n c r e a s e d ,  u n t i l  t h e  S e c c h i  d i s c  was v i s i b l e  

a t  t h e  bottom of t h e  ponds.  A f t e r  t h e  ponds were  covered and 

s u b j e c t e d  t o  a n a e r o b i c  c o n d i t i o n s ,  t h e s e  c y c l e s  d i d  n o t  occur  a g a i n ,  

and w i t h i n  a  few weeks a  prominent a l g a l  bloom of a  b lue-green 

f i l amentous - type  a l g a e ,  O s c i l l a t o r i a ,  was p r e s e n t ,  and t h i s  a l g a l  

bloom h a s  con t inued  t o  p e r s i s t .  Also,  t h e  zooplankton p o p u l a t i o n s  

were a l t e r e d  and r o t i f e r  p o p u l a t i o n s  have decreased  g r e a t l y .  The 

s u c c e s s i o n  of phyto- and zooplankton development i n  t h e s e  ponds is  

b e i n g  s t u d i e d  i n  d e t a i l ,  
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A new tube-type water  sampler was designed f o r  u se  i n  sma l l  

shal low bodies  of water .  A p l e x i g l a s s  tube  was cons t ruc ted  w i th  

s i d e  p o r t s  a t  30-cm i n t e r v a l s .  The tube was gen t ly  lowered v e r t i -  

c a l l y  i n t o  t h e  pond u n t i l  i t  touched bottom. The top was s toppered ,  

the  column of  water  r a i s e d ,  and t h e  bottom s toppered  j u s t  under t h e  

water  s u r f a c e .  While ho ld ing  t h e  tube  v e r t i c a l l y ,  t h e  p r o f i l e  

samples were taken by removing t h e  top s toppe r  and succes s ive ly  

c o l l e c t i n g  from each s i d e  p o r t  30 cm of water .  Chemical and bio-  

l o g i c a l  ana lyses  of water  samples taken wi th  t h e  tube-type sampler 

were compared wi th  two o t h e r  types of  water  samplers .  The r e s u l t s  

showed t h a t  t h e  tube-type sampler was a s  a c c u r a t e  a s  t h e  o the r  

samplers  and, because of i t s  s i m p l i c i t y ,  was more s a t i s f a c t o r y  f o r  

use i n  t h e  ponds. Also,  t h e  degree of mixing t h a t  occurred i n  t he  

tube samplers whi le  t h e  water sample was be ing  c o l l e c t e d  from t h e  

s i d e  p o r t  was determined. The r e s u l t s  i n d i c a t e d  t h a t  a  tube- 

diameter  and port-diameter  r a t i o  of 1 0 : l  would minimize t h e  mixing 

and i n c r e a s e  the accuracy of t h e  tube-type sampler .  

PERSONNEL: R .  G .  G i l b e r t ,  J .  C .  Lance, J .  B .  M i l l e r ,  S ,  B .  Idso ;  

and Gerald Cole and Joyce F o s t e r ,  Arizona S t a t e  

Un ive r s i t y ,  Zoology Department. 

CURRENT TERMINATION DATE: December 1975 
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Table 1. Disso lved  oxygen p r o f i l e s  o f  two ponds comparing two methods 
o f  measuring DO, e i t h e r  d i r e c t l y  i n  t h e  pond o r  i n  samples 
t a k e n  w i t h  t h e  tube- type  w a t e r  samples .  

Method o f  Measuring DO 

Pond Depth Pond Ana lys i s  - 2 / Sample Ana lys i s  - 
cm PPm PPm 

3 0 6.2 6.2 

60 6 .1  6.0 

West Lined Pond 9 0 6.0 6.0 

120 6 .3  6.8 

150 6.2 6.4 

30  11.2 

60 11.0 

E a s t  Lined Pond 90 11.2 

120 11.6 

150 11.6 

1/ Oxygen probe was p l a c e d  d i r e c t l y  i n t o  pond a t  d e s i r e d  d e p t h  - 
f o r  DO measurement. 

2/  Oxygen probe was p laced  i n  125-ml p l a s t i c  b o t t l e  c o n t a i n i n g  - 
w a t e r  samples c o l l e c t e d  w i t h  t h e  p r o f i l e  tube  sample r ,  
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T a b l e  2. P r o f i l e  a n a l y s i s  of two ponds f o r  DO, C02, pH, a l k a l i n i t y ,  t u r b i d i t y ,  

comparing t h e  t u b e - t y p e  (T) and Van Dorn ( V )  w a t e r  sampler .  

Depth 
cm 

DO - ppm GO2- ppm 

T V T .  V 

0-30 10.8 11.6  .09 .07 

- 
N 30-60 10,O 10.8 - 
F 
I 
w 60-90 9.6 10.4  .10 .11 
W 

90-120 9.2 10.0 - - 
120-150 9.4 9.6 .12 .12 

Average 9,8 10.5 . l o  .10 

Average 10.5 10 ,7  

PH A l k a l i n i t y  

W e s t  L i n e d  P o n d  

9.50 9.55 220 212 

9.50 9.50 - - 
9,45 9.45 208 216 

9.45 9.50 - - 
9.40 9 ,40 212 216 

9.46 9.48 213 215 

E a s t  L i n e d  P o n d  

9.50 9.55 296 300 

9.45 9 ,55 - - 
9.45 9.55 304 304 

9 ,50 9.55 - - 
9,55 9.50 292 296 

9.49 9.54 297 300 

T u r b i d i t y  

and b a c t e r i a  
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Table 3. Primary productivity and dissolved oxygen in two 
ponds comparing the tube-type and Kremmerer-type 
water samplers, 

Date Dissolved oxygen Primary productivity 
( P P ~ >  ( P P ~  0 2 / W  

Tube Kremerer Tube Kremmerer 

West Lined Pond 

11 NOV 71 11,2 12,O 0040 0.40 

16 NOV 71 12.4 12.0 1.20 1.03 

20 DEC 71 14.4 15.2 0,91 0.91 

East Lined Pond 

11 NOV 7 1  12.0 12-0 0.00 0.40 

16 NOV 71 12.4 12.8 1.48 1.11 

20 DEC 71 16.8 16.4 0.76 0.76 
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Table 4 .  Chemical d a t a  of u n f i l t e r e d  (U)  and f i b e r g l a s s  f i l t e r e d  (F) water  samples from 
ponds comparing the  tube-type and Kremmerer-type water  samplers.  

Water Carbon Nitrogen 
sampler Treatment T o t a l  Organic Inorganic  Ammonium N i t r i t e  N i t r a t e  P TDS 

PPm PPm P Pm PPm PPm PPm PPm PPm 

W e s t  L i n e d  P o n d  

Tube U 102.7 49.7 53.0 1.2 0.0 0 .1  1.2 1696 

F 75.1 23.8 51.3 0.8 0,O 0.1 0.3 - 
E a s t  L i n e d  P o n d  

Tube U 134.6 79.7 54.9 0.4 0.0 0.0 0.9 1696 

F 76.7 26.5 50,2 0.3 0.0 0.0 0 .5  - 
Krernme r e r  U 137,2 75.9 61.3 1 .0  0.0 0 .1  0.7 1696 

F 79.0 25.3 53,7 0.7 0.0 0 . 1  0.4 - 

Annual Report of the U.S. Water Conservation Laboratory



Table  5.  I n f l u e n c e  o f  column d i a m e t e r  on %-mixing o f  w a t e r  samples 
taken From s i d e  p o r t  (0.6 I.D.) o f  tube- type  w a t e r  
s a m p l e r s .  Water head Level was 90 crn (3460  ml).  

Column Diameter 

cm 

Mixing Zone 

cm 
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Table 6 .  Inf luence of p o r t  s i z e  on flow r a t e  and time and %-mixing 
of  water  samples taken from tube-type water  sampler 4.5 cm 
I D ,  Water-head l e v e l  was 30 cm (478 ml).  

Port  S ize  Flow Rate Flow Time Mixing Zone %-Mixing 

cm ml/min min cm 
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Table 7 .  In f luence  of water-head l e v e l  on %-mixing of water  

samples taken from s i d e  po r t  (0.6-cm ID) of tube-type 

water  sampler. 

Water-head 

l e v e l  

c m  

Mixing zone %-mixing 

4.5-cm I D  tube sampler 

4.8 5.3 

4.2 14,O 

3.0-cm I D  tube sampler 

5.5 6 , 1  

5.0 15 .O 
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T I TLI': : CIlIiMLCAL TREATMENT OF IRRIGATION WATER FOR THE 

PREVENTION OF CLOGGING AND THE REMOVAL 0'1: m,olq 

OBSTRUCTIONS IN TRICKLE IRRIGATION SYSTEMS 

CR1S WORK UNIT : SWC-018-gG-4 CODE NO.: Ariz.-WCL 71-11 

INTRODUCTION : 

A major problem encoun te red  w i t h  some types  of t r i c k l e  irri- 

gati.on s y s  ten1 under i n t e r m i t  t e n t  a p p l  i c a t i  on is t h e  e v e n t u a l  

c l o g g i n g  of t h e  o r i f i c e s .  The w a t e r  q u a l i t y  is a  main c a u s e  of 

t h i s  d i f f i c u l t y .  Suspended p a r t i c l e s  o r i g i n a l l y  p r e s e n t  i n  t h e  w a t e r  

can be  p h y s i c a l l y  f i l t e r e d  t o  p r e v e n t  c l o g g i n g ,  b u t  t h e  p r e c i p i t a t e s  

formed clrcmical l y  a n d / o r  b i o l  o g i c a l l y  i n  t h e  w a t e r  a f t e r  p a s s i n g  

the  f i l t e r  canno t .  These  p r e c i p i t a t e s  t end  t o  forrn around t h e  na r -  

row o u t l e t s  and reduce  o r  s t o p  w a t e r  f low,  and cannot  b e  removed 

by o r d i n a r y  means. 

'The o b j e c t i v e  of t h e  s t u d y  is t o  develop chemica l  t r e a t m e n t  

tec l in iques  both  from t h e  s t a n d p o i n t  of unplugging c logged o r i f i c e s  

and of p r e v e n t i n g  t h e  c l o g g i n g  of o r i f i c e s .  The i n v e s t i g a t i o n  w i l l  

a l s o  cover  t h e  chemical. r e a c t  ions invo lved  i n  t h e  p lugg ing  p r o c e s s  

and ,  c o n s e q u e n t l y ,  c l a s s i f y i n g  i r r i g a t i o n  waters i n  terms of t h e  

l 'roblems they c a u s e  and methods of a v o i d i n g  them i n  t r i c k l e  i r r i g a -  

t  ion  s y s t e m s .  

f'1IOCEI)UIZE : 

I r r i g a t i o n  w a t e r s  used i n  t h e  t r i c k l e  sys tem were  sampled and 

ana lyzed  f o r  t h e  v a r i o u s  c o n s t i t u e n t s .  

'Tr ickle  o r i  C i c c s  t h a t  plugged were  removed and i n v e s t i g a t e d  

i n  t h c  l a b o r a t o r y  t o  f i n d  t h e  c a u s e  o f  t h e  c logg ing .  P r e l i m i n a r y  

a t  tempt was made i n  t h e  f i e l d  t o  remove t h e  c l o g g i n g  by i n j e c t i n g  

CO gas  i n t o  t h e  i r r i g a t i o n  w a t e r .  Th i s  invo lved  t h e  b u b b l i n g  of  
2 

prlre CO gas  i n t o  a 50-gal lon r e s e r v o i r  t ank  of i r r i g a t i o n  w a t e r  2 
and n u l x i c y u e ~ ~ t  Ly p a s s i n g  tlie t r e a t c d  w a t e r  i n t o  a s e c t i o n  of ttle 

t r i c k l e  sys tem.  

The e f f e c t s  of  d i f f e r e n t  a c i d s  on t h e  d i s s o l u t i o n  of ca lc ium 

s a l t s  were  de te rmined  f o r  p o s s i b l e  s e l e c t i o n  of t h e  one most 
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s u i  ~ c d  f o r  d i s s o  Lvi ng t11c pore  o b s t r u c t i o n s  . Tlle a c i d s  i n c l u d e d  

1103, H C 1 ,  llC104, I12S04, and k!Ac. 

I n v e s t i g a t i o n s  were  a l s o  s t a r t e d  u s i n g  chemica l s  t o  p r e v e n t  

t h e  p r e c i p i t a t i o n  of Ca-sa l t s  o r  t o  modify t h e  p r e c i p i t a t e  a n d / o r  

i t s  a t t achment  t o  tlle t r i c k l e  o r i f i c e  s o  t h a t  i t  cou ld  be  r e a d i l y  

removed by w a t e r  f low a l o n e .  I n  t h e  f i r s t  s e r i e s  t h e  chemicals  

s e l e c t e d  were  l i m i t e d  t o  sodium hexametaphosphate ,  sodium e t h y l e n e -  

d iamine t e t r a  a c e t i c  a c i d  (EDTA), and p o l y v i n y l  a l c o h o l  (PVA) .  

IIESULTS AND DISCUSS I O N  : 

The a n a l y s i s  o f  i r r i g a t i o n  w a t e r  is l i s t e d  i n  T a b l e  1. The 

p1I of t h e  w a t e r  i s  u n u s u a l l y  h i g h .  T h i s  and a l s o  t h e  h i g h  s o l u b l e  

s i l  i c a  i n d i c a t e  p o s s i b l e  d i s s o l u t . i o n  of t h e  c o n c r e t e  conveyance 

sys tem by t h e  w a t e r .  The p o s i t i v e  s a t u r a t i o n  i n d i c e s  (Bower e t  

a ] . ,  1 )  f o r  bo th  w a t e r s  would p r e d i c t  a  h i g h  tendency f o r  carbon- 

a t e s  t o  p r e c i p i t a t e  o u t  from s o l u t i o n  o n t o  t h e  t r i c k l e r  i r r i g a t i o n  

p i p e .  

Microscopic  examina t ion  of t h e  p lugged o r i f i c e s  showed t h a t  

0.0762 mm (0 .003  i n c h )  p a r t i c l e s  were  cemented by c r y s t a l l i n e  m a t e r i a l  

i n  t h e  0.762 mm (0 .030 inch)  p o r e s .  

Lven though t h e  p o r e  was t e n  t imes  g r e a t e r  t h a n  t h e  i n d i v i d u a l  

p a r t i c l e s ,  c l o g g i n g  o c c u r r e d .  A combinat ion of b i o l o g i c a l  and 

chemical  a c t i v i t i e s  which caused t h e  b u i l d u p  and cementa t ion  of t h e  

suspcnded i w t e r i a l s  is p o s s i b l e .  An immediate s o l u t i o n  t o  t h i s  

problem is t o  remove t h e s e  p a r t i c l e s  by f i l t e r i n g  t h e  o r i g i n a l  

w a t e r ,  i f  they a r e  indeed  p r e s e n t  a s  a  suspended m a t e r i a l ,  b e f o r e  

e n t e r i n g  t h e  t r i c k l e  s y s  tem. 

The e x a c t  compos i t ion  of t h e  c r y s t a l l i n e  m a t e r i a l  i s  n o t  known 

a t  p r e s e n t ,  b u t  based on t h e  w a t e r  a n a l y s i s  i t  a p p e a r s  t o  b e  a  

combinat ion of C a  and Mg c a r b o n a t e ,  s u l f a t e ,  and s i l i c a t e .  

When t h e  i r r i g a t i o n  w a t e r  was evapora ted  on t h e  p o r e  i n  t h e  

l a b o r a t o r y ,  c r y s t a l  growth occur red  which e v e n t u a l l y  covered t h e  

opening.  
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Tlie i n j e c t i o n  of pure  CO i n  t h e  i r r i g a t i o n  w a t e r  d i d  n o t  a i d  2 
i n  removing t h e  o r  i r i c e  o b s t r u c t  ions  , even though t h e  s o l u t i o n  pI1 

was lowered t o  approximate ly  5 .7 .  The l o w e s t  pH ach ieved  under  

l a b o r a t o r y  c o n d i t i o n s  was 5.5.  The t r e a t m e n t  w a s  made on sys tems 

t h a t  had some comple te ly  and very  s t r o n g l y  o b s t r u c t e d  o r i f  i c e s .  

One of t i le  problems encoun te red  i n  t h i s  type  of t r e a t m e n t  was t h e  

need t o  f l u s h  o u t  t h e  r e s i d u a l  u n t r e a t e d  w a t e r  from t h e  t r i c k l e  

sys tem.  I n  a d d i t i o n ,  t r e a t e d  w a t e r  was l o s t  from t h e  sys tem through 

t h e  unplugged o r i f i c e s .  The r a t e  o f  r e a c t i o n  between t h e  p r e c i p i t a t e d  

m a t e r i a l  and t h e  chemica l  a l s o  a p p e a r s  t o  b e  a n  i m p o r t a n t  f a c t o r .  

The e f f e c t  of  o t h e r  a c i d s  on t h e  i r r i g a t i o n  w a t e r  was a l s o  

de te rmined .  The w a t e r  used a t  t h e  C o t t o n  Research C e n t e r  f i e l d  

was t i t r a t e d  w i t h  lINO I I C 1 ,  1-12S04, and HAc. A s  ev idenced  by 3 ' 
F i g u r e  1, a l l  t h e s e  a c i d s  a f f e c t e d  t h e  w a t e r  e q u a l l y  w e l l  down t o  

a pH of  approx imate ly  5 . 7 .  Beyond t h i s  t h e  a c e t i c  a c i d  could  n o t  

r educe  t h e  pll of  t h e  w a t e r  below 4 up t o  20 me/ l .  I f  i t  is a  

m a t t e r  of  removing CaCO any of  t h e s e  a c i d s  would work e q u a l l y  
3 ' 

w e l l ,  and t h e  a d d i t i o n a l  q u e s t i o n s  t h a t  need t o  b e  cons ide red  

a r e  t h e  c o s t ,  e a s e  o f  a p p l i c a t i o n ,  and r e s i d u a l  e f f e c t s  on t h e  

p l a n t  and s o i l .  

The d i s s o l u t i o n  I n  m i n e r a l  a c i d s  of ca lc ium s u l f a t e ,  t h e  o t h e r  

p o s s i b l e  p r e c i p i t a t e  and cementing a g e n t ,  is p r e s e n t e d  i n  F i g u r e  2.  

The s o l u b i l i t y  of gypsum i n  t h e  v a r i o u s  a c i d s  is  q u i t e  d i f f e r e n t .  

Dis..;oLution was l i m i t e d  i n  I1 SO due t o  common-ion e f f e c t  and i n  llAc 
2' 4 

due t o  l i m i t e d  d i s s o c i a t i o n  of t h e  1lAc molecule .  A11 a t t e m p t  was 

made t o  p r e d i c t  t h e  s o l u b i l i t y  of gypsum i n  1 i C l O  H C l ,  and HNO ; The 
4 ' 3 

t h e o r e t i c a l  c u r v e  f o r  llCl0 based  on r e s u l t s  o b t a i n e d  f o r  CaSO .2H20 4 4 
s o l u b i l i t y  i n  t h e  Na-salts (Nakayama, 2)  shown i n  t h e  g raph  w a s  

h i g h e r  than  t h e  e x p e r i m e n t a l  v a l u e s .  A t h e o r e t i c a l  t r e a t m e n t  of 

t h e  a c i d  sys tems is  b e i n g  deve loped ,  b u t ,  f o r  t h e  p r e s e n t ,  empi r i -  

c a l  e q u a t i o n s  r e l a t i n g  gypsum s o l u b i l i t y  up t o  1 molar i n  t h e  t h r e e  

a c i d s  a r e  as f o l l o w s :  
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wllere S is t h e  s o l u b i l i t y  i n  m / l ,  and c  i s  t h e  a c i d  c o n c e n t r a t i o n ,  

m /  1 . 
A 1') p~)m concc"ntra t ion o r  I.l;l-l~exametapliospllatc was a b l e  Lo 

p r e v e n t  tire p r e c i p i t a t i o n  of CaSO from a s o l u t i o n  of 5 .0  x 4 
m / l  CaC12 and Na SO m i x t u r e .  A t  lower c o n c e n t r a t i o n s  of 1 t o  10  

2 4 
ppm, p r e c  i p i  t a t i o n  occur red  a f  t c r  approx imate ly  3 weeks of s t n n d i n g .  

p r e v e n t  t h e  p r e c i p i t a t i o n  of CaSO However, l e s s  s o l i d s  were  4 ' 
formed i n  t h e  EDTA-treated t h a n  u n t r e a t e d  samples ,  and w i t h  t h e  

PVA t r e a t m e n t ,  t h e  p r e c i p i t a t e s  were  f l u f f e d  up i n s t e a d  of be ing  

compacted a s  w i t h  t h e  check sample .  F u r t h e r  s t u d y  is  be ing  con- 

ducted t o  a n a l y z e  b o t h  t h e  s o l u t i o n  and s o l i d  phases  of t h e  

c l ~ c m i c a l l y  t r e a t e d  m a t e r i a l s .  

SUMMARY : 

The p lugg ing  of t r i c k l e  o r i f i c e s  was found t o  c o n s i s t  of 

p a r t i c l e s  cemented t o g e t h e r  a t  and around t h e  opening.  The u s e  

o f  f i n p r  S i J  t e r  sysLcrils cou L c i  i n  p a r t  n l l c v i a t c  ~ i i  is problem. 

When tltc cementing a g e n t  consi . s ts  p r i m a r i l y  of CaCO a c i d s  such 
3  ' 

3s 11C1, HNO and H SO can d i s s o l v e  t h e  p r e c i p i t a t e .  I f ,  on t h e  
3 ' 2  4 

o t h e r  liand, s c a l e  f o r m a t i o n  i s  caused by CaSO llCl o r  HN03 must 4 ' 
h e  u s e d ,  and ,  even t h e n ,  i f  l a r g e  q u a n t i t i e s  of p r e c i p i t a t e s  a r e  

p r e s e n t ,  t h e  amount and r a t e  o f  d i s s o l u t i o n  may be too  s m a l l  t o  

a l l e v i a t e  t h e  problem. The b e s t  s o l u t i o n  a p p e a r s  t o  b e  one of 

p r e v e n t i o n ,  e i t h e r  w i t h  t h e  a c i d s  o r  w i t h  Ca complexing chemica l s  

such  a s  sodium liexametaphospha$k. 
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T a b l e  I. A n a l y s i s  of w a t e r  used i n  t r i c k l e  i r r i g a t i o n .  

Cot ton  Researcll C e n t e r  

pll = 8 . 3 1  C 1  = 8 . 5 0 m e / l  

'ro t a l  
= 900 ppm 

s a l t  
SiO = 1 5 . 6  ppm 

2  

S a t u r a t i o n  lndex = f0.9 

Mesa A g r i c u l t u r a l  Experiment S t a t i o n  

pH = 8 . 3 1  C 1  = 7.82 me/ l  

Ca = 3 .23  me11 SO4 = 1 .00  me11 

ME: = 2.22 me11 HCO = 3 .12  me/ l  
3  

N a  = 6.04 me11 C03 = 0 .34  me11 

= 800 ppm 
s a l t  

S i 0 2  = 25 ppm 

S a t u r a t i o n  Index = $1.0 
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Figu re  I. T i t r a t i o n  of i r r i g a t i o n  wate r  wi2h va r ious  acids. 
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Fibure 2. Dissolution of gypsum in diftererit acids. 
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TITLE : LOWER COST WATER HARVESTING SYSTEMS 

CRIS WORK UNIT: SWC-018-gG-4 CODE NO. : Ariz.-WCL 71-12 

INTRODUCTION : 

This  p r o j e c t  i s  a c o n t i n u a t i o n  and e x t e n s i o n  of t h e  p r e v i o u s  

r e s e a r d l  conducted under the  o u t 1  ine t i t l e d  "Soi.1 Treatment t o  

Reduce I n f i l t r a t i o n  and I n c r e a s e  P r e c i p i t a t i o n  Runoff . ' I  P rev ious  

i n v e s t i g a t i o n s  have reduced t h e  c o s t  o f  catchment m a t e r i a l s  by more 

t h a n  one-ha l f ,  b u t  a d d i t i o n a l  c o s t  r e d u c t i o n  i s  r e q u i r e d  b e f o r e  

b road-sca le  w a t e r  h a r v e s t i n g  i s  f e a s i b l e .  A t t e n t i o n  must a l s o  be  

pa id  t o  lower c o s t  f a c i l i t i e s  f o r  s t o r i n g  h a r v e s t e d  p r e c i p i t a t i o n .  

The problem must now be approached by c o n s i d e r i n g  t h e  t o t a l  w a t e r  

h a r v e s t i n g  sys tem r a t h e r  t h a n  c o n c e n t r a t i n g  on any s i n g l e  component. 

Where p a s t  emphasis has  been on l i v e s t o c k  w a t e r  s u p p l i e s ,  f u t u r e  

work w i l l  i n c l u d e  problems r e l a t e d  t o  o b t a i n i n g  w a t e r  f o r  farm- 

s t e a d ,  r u r a l ,  domes t ic ,  and supp lementa l  i r r i g a t i o n  u s e s .  

Measurements of r a i n f a l l  and runof f  were con t inued  on t h e  

l a r g e  wate r sheds  a t  t h e  Monument Tank t e s t i n g  s i t e ,  on t h e  p l o t s  a t  

t h e  G r a n i t e  Reef test s i t e ,  and a t  t h e  Seneca catchment .  Laboratory  

s t u d i e s  were concerned w i t h  t h e  con t inued  e v a l u a t i o n  o f  low-cost 

s o i l  s t a b i l i z e r ,  w a t e r  r e p e l l e n t  t r e a t m e n t s .  Smal l  t e s t  p l o t s  a t  

G r a n i t e  Reef of d i f f e r e n t  t r e a t m e n t s  were con t inued  t o  e v a l u a t e  

wea ther ing  c h a r a c t e r i s t i c s .  

Major p r o g r e s s  h a s  been made i n  a n a l y z i n g  r a i n f a l l  and runoff  

d a t a  c o l l e c t e d  s i n c e  1961. Most o f  t h e  e f f o r t  h a s  been devoted t o  

c o n v e r t i n g  ra ingage  and w a t e r  s t a g e  r e c o r d e r  c h a r t s  t o  d i g i t a l  

t a b u l a t i o n s .  The work h a s  been g r e a t l y  f a c i l i t a t e d  by combined use 

o f  a  c h a r t  r e a d e r  w i t h  p a p e r  t a p e  o u t p u t  and a  Wang c a l c u l a t o r  w i t h  

a  t a p e  r e a d e r  and a  p l o t t e r .  The c h a r t  r e a d e r  was o b t a i n e d  i n  1970 

and the  Wang was purchased i n  June 1971. Adequate f a c i l i t i e s  f o r  

d a t a  p r o c e s s i n g  were n o t  previorts  ly  a v a i l a b l e .  Ana lys i s  of some 

d a t a  is  complicated by d a i l y  v o l u m e t r i c  measurement of runof f  which 

a l l o w s  a  s i n g l e  runof f  measurement t o  c o n t a i n  runof f  from more t h a n  
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one s torm.  From 27 J u l y  1961 t o  1 January  1971 a t  G r a n i t e  Reef 

t h e r e  were 244 runof f  measurements from 457 i n d i v i d u a l  s to rms  . 
Analys i s  o f  r a i n f a l l - r u n o f f  r e l a t i o n s h i p s  r e q u i r e s  e l i m i n a t i o n  o f  

runoff  measurements i n v o l v i n g  more t h a n  one s to rm.  S i m i l a r l y ,  

o c c a s i o n a l  m a l f u n c t i o n i n g  of remotely l o c a t e d  r e c o r d i n g  ra ingages  

and water s t a g e  r e c o r d e r s  on measuring flumes c r e a t e s  d i f f i c u l t y  

i n  matching r a i n f a l l  and runof f  e v e n t s .  Problems have been en- 

countered w i t h  the  c h a r t  r e a d e r  and t h e  Wang s o  t h a t  c o n s i d e r a b l e  

cross-checking and r e c a l c u l a t i o n  h a s  been r e q u i r e d .  P r o g r e s s  h a s  

a l s o  been delayed s e v e r a l  months by emergency work f o r  t h e  Hawaii 

program. N e v e r t h e l e s s ,  d a t a  p r o c e s s i n g  i s  now e s s e n t i a l l y  up t o  

d a t e  and a n a l y s i s  and i n t e r p r e t a t i o n  h a s  begun. 

PART I. RAINFALL CHARACTERISTICS, GRANITE REEF 

P r e l i m i n a r y  d a t a  a n a l y s i s  has  shown t h a t  s t o r m  s i z e s  and 

r a i n f a l l  i n t e n s i t y  are much lower t h a n  o r i g i n a l l y  assumed. D i s -  

t r i b u t i o n  of r a i n f a l l  q u a n t i t y  by s to rm s i z e  f o r  i n d i v i d u a l  y e a r s  

1961 through 1970 i s  shown i n  Table  1. During most y e a r s ,  50% o r  

more of t h e  r a i n f a l l  h a s  o c c u r r e d  i n  s t o r m s  o f  less t h a n  10 mm, 

The v a r i a t i o n  i n  s t o r m  s i z e  d i s t r i b u t i o n  can b e  h i g h l y  v a r i a b l e  

among y e a r s .  I n  1962, 79% of t h e  t o t a l  r a i n  f e l l  i n  s to rms  o'f l e s s  

than  10 mm w h i l e  i n  1967, on ly  26% of t h e  s to rms  were  l e s s  t h a n  

1 0  mm. 

Average r a i n f a l l  i n t e n s i t y  a t  G r a n i t e  Reef was found t o  be  

very l a w  as shown i n  Table  2.  Average i n t e n s i t y  of 94% of t h e  

s t o r m s  dur ing  1961  through 1970 was less t h a n  5  mm p e r  hour .  

Almost 80% of  t h e  t o t a l  q u a n t i t y  of r a i n f a l l  f e l l  i n  s to rms  o f  l e s s  

than 5 nun p e r  hour  average i n t e n s i t y .  Data  i n  Tab les  1 and 2 

i n d i c a t e  t h a t  most of t h e  r a i n f a l l  a t  G r a n i t e  Reef o c c u r s  i n  s m a l l  

showers of low i n t e n s i t y .  Under t h e s e  c o n d i t i o n s  t h e  performance 

of our b a r e s o i l  catchments h a s  been remarkably good. 
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r PART 11. GRANITE IIEEF TESTING SITE 
I 

R a i n f a l l  d u r i n g  1971 t o t a l e d  on ly  144 mm. Twenty-two 

runoff  e v e n t s  were measured and n i n e t e e n  of t h e s e  r e s u l t e d  from 

r a i n f a l l  of l e s s  than  10 mi. As n r e s u l t ,  runof f  from a l l  p l o t s  

a t  G r a n i t e  Reef was low. 

Paved o r  Covered P l o t s .  The t r e a t m e n t s  a p p l i e d  t o  t h e  p l o t s  

a r e  l i s t e d  i n  Tab le  3  and t h e  runof f  r e s u l t s  i n  Tab le  4. 

Runoff from t h e  t h r e e  p l o t s  covered w i t h  t h i n  f i lms  , L-1 (30- 

m i l  c h l o r i n a t e d  p o l y e t h y l e n e )  , L-4 (15-mil b u t y l )  , and L-7 (1-mil 

aluminum f o i l )  averaged  87.2%, 63.6%, and 78.9%, r e s p e c t i v e l y  f o r  

t h e  y e a r .  The p h y s i c a l  appearance of t h e  aluminum f o i l  and 

c h l o r i n a t e d  p o l y e t h y l e n e  h a s  n o t  changed i n  t h e  p a s t  y e a r ,  and 

they a r e  s t i l l  i n  e x c e l l e n t  c o n d i t i o n .  The 15-mil b u t y l  h a s  

s e v e r e l y  d e t e r i o r a t e d  t h e  p a s t  y e a r  and has  e s s e n t i a l l y  f a i l e d .  

Numerous h o l e s  have developed i n  t h e  s h e e t i n g  and t h e  t e a r  r e s i s t -  

ance of t h e  m a t e r i a l  i s  very  low. 

The two-phase a s p h a l t  t r e a t m e n t s  on p l o t s  2-5 and L-6 averaged 
I 

79.3% and 93.8%, r e s p e c t i v e l y ,  f o r  the  p a s t  y e a r .  The reduced 

runoff  from L-5 i s  a r e s u l t  of c racks  which have developed i n  t h e  

pavement . 
The v iny l -coa ted  a s p h a l t - f i b e r g l a s s  p l o t  A-1 averaged 87.7% 

r u n o f f .  T h i s  a g a i n  w a s  lower  t h a n  p rev ious  y e a r s .  P l o t s  A-2 

( s t a n d a r d  g r a v e l  r o o f i n g )  and A-5 ( c o n c r e t e )  averaged 67.2 and 

56.0%, r e s p e c t i v e l y .  The r o o f i n g  p l o t  shows no s i g n  o f  d e t e r i o r a -  

t i o n .  There a r e  two l a r g e  t r a n s v e r s e  c racks  on t h e  c o n c r e t e  which 

a l low l o s s e s  of w a t e r  from t h e  upper h a l f  o f  t h e  p l o t .  

Bare S o i l  P l o t s .  The b a r e  s o i l  p l o t s  a r e  a11 t r e a t m e n t s  

where t h e  s o i l  i s  n o t  complete ly  covered o r  paved. The t r e a t m e n t s  

a r e  l i s t e d  i n  Table  5 ,  and t h e  runof f  r e s u l t s  p r e s e n t e d  i n  Table  6.  

R a i n f a l l  runof f  occur red  on ly  f o u r  t imes  from t h e  u n c l e a r e d  

wate r shed  W - 1  and on ly  t h r e e  t i m e s  from u n c l e a r e d  wate r shed  W-2 

and c l e a r e d  wate r shed  W-3. T o t a l  runof f  averages  were  9 . 2 %  

4 . 6 % ,  and 1.4.9% f o r  W - 1 ,  W-2, and W-3, r e s p e c t i v e l y .  
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Runoff from t h e  smoothed,  u n t r e a t e d  p l o t s  L-2, A-3, and 

A-4a was a l s o  i n f r e q u e n t  f o r  t h e  y e a r .  P l o t s  L-2 and A-3 averaged 

14.3% and 17.8% runof f  f o r  t h e  y e a r .  P l o t  A-4a averaged 22.8% 

runoff  f o r  t h e  p e r i o d  1 January  through 24 October  1971. 

'I'he t l ~ r e e  u n t r e a t e d  r i d g e  and furrow p l o t s  R-1 , 162,  and 11-3 

averaged 24.2%, 21.0%, and 19 .9% r a i n f a l l  runof f  f o r  the  y e a r .  

P l o t s  R-1  and R-3 have 20% s i d e s l o p e  and R-2 h a s  10% s i d e s l o p e .  

There were no s i g n i f i c a n t  d i f f e r e n c e s  i n  runof f  w i t h  r e s p e c t  t o  

p l o t  s l o p e .  

PART 111. STABILIZED HYDROPHOBIC SOILS 

Runoff from b a r e  s o i l  ca tchments  t r e a t e d  w i t h  hydrophobic  

chemicals  was reasonab ly  good i n  s p i t e  o f  the  low r a i n f a l l  d u r i n g  
2  

1971. P l o t  R-4, a  200 m r i d g e  and furrow catchment t r e a t e d  i n  

November 1970 w i t h  a  s o i l  s t a b i l i z e r  and a  w a t e r  r e p e l l e n t ,  
2  

produced 70% r u n o f f .  P l o t  L-3, a  200 m r e c t a n g u l a r  catchment 

t r e a t e d  i n  November 1969 w i t h  w a t e r  r e p e l l e n t  a l o n e ,  produced 

50% r u n o f f .  P l o t  L-2, similar t o  L-3 excep t  t h a t  i t  i s  u n t r e a t e d ,  
2  

produced on ly  14% r u n o f f .  P l o t  A-4, a  200 m r e c t a n g u l a r  p l o t ,  

t r e a t e d  w i t h  s o i l  s t a b i l i z e r  and w a t e r  r e p e l l e n t  i n  November 19 71,  

produced 73% runof f  of t h e  15.7-mm r a i n f a l l  f o r  t h e  remainder  of 

the  y e a r .  Comparable runof f  f o r  t h e  o t h e r  p l o t s  d u r i n g  t h i s  

p e r i o d  was: L-2, 0%;  L-3, 9 % ;  R-4, 36%. 

The e f f e c t i v e n e s s  o f  hydrophobic s o i l  ca tchments  d e c l i n e s  

w i t h  t i m e ,  a s  t h e  above i n f o r m a t i o n  i n d i c a t e s .  Th i s  r e s u l t s  i n  

p a r t  from d e t e r i o r a t i o n  oE t h e  hydrophobic  chemical .  We had been 

t o l d  t h a t  sodium methyl s i l i c o n a t e  (SMS) d i d  n o t  degrade i n  

s u n l i g h t ,  b u t  f i e l d  o b s e r v a t i o n s  i n d i c a t e d  o t h e r w i s e .  I n  February 

1971 t r i p l i c a t e d  s o i l  samples  t r e a t e d  w i t h  SMS and f o u r  d i f f e r e n t  

s o i l  s t a b i l i z e r s ,  p l u s  t h r e e  d i s k s  of smooth c o n c r e t e  t r e a t e d  w i t h  

SMS a l o n e ,  were exposed t o  s u n l i g h t  on t h e  l a b o r a t o r y  r o o f .  

Air-water-sol id  c o n t a c t  a n g l e s  were measured p r i o r  t o  exposure  and 

once a  month d u r i n g  exposure .  I n i t i a l  c o n t a c t  a n g l e s  ranged from 

120' t o  140°, i n d i c a t i n g  e x c e l l e n t  w a t e r  r e p l e l l e n c y  on a l l  samples .  
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A f t e r  f o u r  months exposure ,  c o n t a c t  a n g l e s  on a l l  samples had 
0 

decreased t o  l e s s  t h a n  90  , i n d i c a t i n g  t h a t  none of them were 

w a t e r  r e p e l l e n t .  Th i s  means t h a t  t h e  s u r f a c e  o f  b a r e  s o i l  ca tch-  

ments t r e a t e d  w i t h  SMS w i l l  become w e t t a b l e  about  t h r e e  months 

a f t e r  t r e a t m e n t .  
2  

Erosion r e s i s t a n c e  of 1 m n a t u r a l  s o i l  p l o t s  t r e a t e d  wi th  

SMS and v a r i o u s  s o i l  s t a b i l i z e r s ,  a s  r e p o r t e d  i n  1970,  was con- 

t i n u e d  i n  1971. Ten t r e a t m e n t s  were  a p p l i e d  i n  J u l y  1970. One 

f a i l e d  i n  3  months, one i n  6  months, two i n  1 y e a r ,  and s i x  a r e  

s t i l l  i n  e x c e l l e n t  c o n d i t i o n .  S i x  a d d i t i o n a l  m a t e r i a l s  were  a p p l i e d  

i n  1970 and 1971 and f o u r  of t h e s e  a r e  s t i l l  i n  e x c e l l e n t  c o n d i t i o n .  

An " e x c e l l e n t "  r a t i n g  means no e r o s i o n  a f t e r  1 , 0 0 0  d r o p s ,  5  mm 

d i a . ,  f a l l i n g  from a  h e i g h t  of 2  mete r s .  The u n t r e a t e d  s o i l  

b e g i n s  t o  e r o d e  immediately a f t e r  t h e  f i r s t  few drops .  Although 

the  s u r f a c e  of t h e  t r e a t e d  p l o t s  i s  w e t t a b l e ,  s o i l  immediate ly  

under the  s u r f a c e  remains hydrophobic  and t h e r e  i s  l i t t l e  o r  no 

i n f i l t r a t i o n .  

PART I V .  MONUMENT TANK TESTING SITE 

Analys i s  of t h e  r a i n f a l l  d a t a  recorded by t h e  mechanical  

wea ther  s t a t i o n s  by i n d i v i d u a l  s t o r m  e v e n t  h a s  been s t a r t e d .  

P r e l i m i n a r y  i n d i c a t i o n s  a r e  t h a t  t h e  m a j o r i t y  of t h e  s torms occur  

as s m a l l  showers of less t h a n  1 0  mm. P r e c i p i t a t i o n  i n t e n s i t i e s  

average l e s s  t h a n  5 mm p e r  hour .  Larger  s i z e  s to rms  w i t h  h i g h e r  

i n t e n s i t i e s  do occur  b u t  a t  much less frequency t h a n  o r i g i n a l l y  

assumed. 

T o t a l  r a i n f a l l  f o r  t h e  p a s t  y e a r  (16 Dec 1970 through 4 J a n  

1972) as measured w i t h  t h e  13-raingage network was a s  fo l lows  : 

Area 1 - 365.5 mm, Area 2  - 346.2 mm, Area 3 - 387.8 mm, and 

Area 4 - 376.2 mm. Approximately 100 mm o f  t h i s  r a i n f a l l  o c c u r r e d  

i n  a  s e r i e s  of 5  s to rms  t h e  l a t e r  p a r t  of September 1971. These 

s to rms  had r e l a t i v e l y  h i g h  i n t e n s i t i e s  p 2 0 0  mm/huur) and caused 

major e r o s i o n  on t h e  s l o p e s  of t h e  test wate r sheds .  The eroded 
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m a t e r i a l  was d e p o s i t e d  i n  t h e  c h a n n e l s ,  c o l l e c t i o n  d i t c h e s ,  and 

measuring flumes c a u s i n g  a  l o s s  of runof f  d a t a  f o r  t h i s  p e r i o d .  

This has  i n i t i a t e d  a  re-eval .uat ion and des ign  of t h e  c r i t i c a l - d e p t h  

flumes t o  a l l o w  measurements of f lows c a r r y i n g  l a r g e  q u a n t i t i e s  of 

suspended sediment  and bed l o a d  m a t e r i a l .  

P r i o r  t o  p lugg ing  of t h e  f lumes ,  runof f  from t h e  wate r sheds  

was l e s s  than  1% of t h e  t o t a l  p r e c i p i t a t i o n .  Complete a n a l y s i s  

o f  r a i n f a l l  vs  runoff  h a s  n o t  been completed.  

PART V. OPERATIONAL FIELD CATCHMENTS 

Runoff from t h e  Seneca catchment con t inued  t o  be ve ry  low f o r  

rhe  f i r s t  h a l f  o f  1971. I n  April. 1971 n b u t a n e  b u r n e r  was used 

t o  b u r n  a l l .  g r a s s  from t h e  p l o t .  I n  e a r l y  August 1971 t h e  p l o t  

was sc raped  smooth,  removing a l l  v e g e t a t i o n ,  and t r e a t e d  w i t h  

p o l y b o r c h l o r a t e  s o i l  s t e r i l a n t .  Runoff s i n c e  c l e a r i n g  h a s  been 

h i g h e r ,  b u t  may i n  p a r t  be a  r e s u l t  of t h e  t y p e  o f  s to rms  s i n c e  

t h a t  t ime .  Th is  w i l l  be  e v a l u a t e d  when a n a l y s i s  o f  runof f  vs  

i n d i v i d u a l  r a i n f a l l  e v e n t s  i s  completed.  

SUMMARY AND CONCLUSIONS : 

This  p r o j e c t  i s  a c o n t i n u a t i o n  and e x t e n s i o n  o f  t h e  p rev ious  

r e s e a r c h  conducted under  o u t l i n e  t i t l e d  " S o i l  Treatment  t o  Reduce 

I n f i l t r a t i o n  and I n c r e a s e  P r e c i p i t a t i o n  Runoff." P a s t  r e s e a r c h  

has  reduced t h e  c o s t  o f  w a t e r  h a r v e s t i n g  s t r u c t u r e s .  F u t u r e  work 

w i l l  be concerned w i t h  e v a l u a t i n g  t h e  t o t a l  w a t e r  h a r v e s t i n g  

system. Major p r o g r e s s  h a s  been made i n  a n a l y z i n g  r a i n f a l l  and 

runof f  d a t a  c o l l e c t e d  s i n c e  1961. 

P r e l i m i n a r y  d a t a  a n a l y s i s  has  shown t h a t  s t o r m  s i z e s  and 

r a i n f a l l .  i n t e n s i t i e s  at G r a n i t e  Reef and Monument Tank a r e  much 

lower than  o r i g i n a l l y  assumed. A t  G r a n i t e  Reef f o r  t h e  p e r i o d  

o f  1961 through 1970,  average i n t e n s i t y  o f  94% of t h e  s torms 

was l e s s  t h a n  5 mm p e r  h o u r ,  Almost 80% of t h e  t o t a l  q u a n t i t y  of 

p r e c i p i t a t i o n  f e l l  i n  s to rms  averag ing  l e s s  t h a n  5 mm p e r  hour  

i n t e . n s i t y .  Approximately 50% of t h e  r a i n f a l l  q u a n t i t y  h a s  o c c u r r e d  

i n  s torms o f  l e s s  t h a n  1 0  mm. 
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R a i n f a l l  f o r  22 runof f  e v e n t s  a t  G r a n i t e  Reef d u r i n g  1971 

t o t a l e d  144 mm. Nineteen of t h e s e  s to rms  produced less t h a n  10 mm 

of p r e c i p i t a t i o n .  As a r e s u l t ,  t o t a l  runof f  from t h e  p l o t s  was 
2 

low. Runoff of r a i n f a l l  from 200 m covered p l o t s  was: c h l o r i n a t e d  

po lye thy lene  - 87%, b u t y l  - 64%, and aluminum f o i l  - 79%. The 

15-mil b u t y l  h a s  s e v e r e l y  d e t e r i o r a t e d  t h e  p a s t  y e a r  and has  

e s s e n t i a l l y  f a i l e d .  Runoff from t h e  two a s p h a l t  pavement p l o t s  

and t h e  a s p h a l t - f i b e r g l a s s  p l o t  ranged from 80 t o  90%. The con- 

c r e t e  and r o o f i n g  p l o t s  averaged 56 and 67%, r e s p e c t i v e l y .  Less 

than  f i v e  runoff  e v e n t s  occur red  from t h e  w a t e r s h e d s ,  smoothed 

u n t r e a t e d  p l o t s ,  and u n t r e a t e d  r i d g e  and furrow p l o t s .  

Runoff from b a r e  s o i l  t r e a t m e n t s  t r e a t e d  w i t h  hydrophobic  
2 

chemicals was reasonab ly  good. A 200 m r i d g e  and furrow p l o t  

t r e a t e d  i n  November 1970 w i t h  s o i l  s t a b i l i z e r  and w a t e r  r e p e l l e n t  

averaged 70% r u n o f f .  A p l o t  t r e a t e d  w i t h  w a t e r  r e p e l l e n t  a lone  

i n  1969 produced 50% r u n o f f .  The e f f e c t i v e n e s s  of hydrophobic 

s o i l  catchments d e c l i n e s  wi th  t ime ,  p a r t l y  because  o f  a  d e t e r i o r a -  

t i o n  o f  t h e  hydrophobic chemical .  Laboratory  t e s t s  i n d i c a t e  t h e  

s u r f a c e  s o i l  l o s e s  w a t e r  r e p e l l a n c y  w i t h i n  4  months. Although 

the  s u r f  ace  becomes w e t t a b l e ,  t h e  s o i l  below remains  hydrophobic .  

R a i n f a l l  a t  t h e  Monument Tank t e s t i n g  s i t e  was approximately  

350 mm f o r  1971. The m a j o r i t y  of t h e  s to rms  produce l e s s  t h a n  

1% r u n o f f .  A s e r i e s  oE 5  high-volume, h i g h - i n t e n s i t y  s torms i n  

September 1971 caused major e r o s i o n  on the  wa te r sheds .  The eroded 

m a t e r i a l  w a s  d e p o s i t e d  i n  t h e  measuring flumes r e s u l t i n g  i n  a  l o s s  

of a c t u a l  runof f  which occur red .  Th is  has  i n i t i a t e d  a  re-  

e v a l u a t i o n  and d e s i g n  of t h e  f lumes t o  permit  measurement of f lows 

c a r r y i n g  a  h igh  volume of sediment .  

liunof f from Seneca was a l s o  low. The p l o t  h a s  been c l e a r e d  

and smoothed t o  determine t h e  f e a s i b i l i t y  of t h i s  method f o r  in -  

c r e a s i n g  r u n o f f .  

PERSONNEL: L, E. Myers, G .  W .  F r a s i e r  

CURRENT TERMINATION DATE: 1974 
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Table  1. P e r c e n t  t o t a l  annua l  r a i n f a l l  o c c u r r i n g  i n  s to rms  o f  v a r i o u s  s i z e s  a t  G r a n i t e  Reef r e s t  

s i t e .  

Storm Year 

s i z e  1961 1' 1962 196 3 1964 1965 1966 196 7 1968 1969 19 70 

T o t a l  
r a i n  6 8  1 3 3  182 201 320 219 2 74 196 2 15 163  
mm 

1/ Beginning 28 J u l y  1961 - 
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Table  2.  D i s t r i b u t i o n  by average i n t e n s i t y  of r a i n f a l l  a t  G r a n i t e  
1 / Reel test s i t e  d u r i n g  y e a r s  1961 through 1970.- 

Average I n t e n s t i y  Event D i s t r i b u t i o n  Quant i ty  D i s t r i b u t i o n  

mm/hr No. Storms % T o t a l  Quan t i ty  % T o t a l  

T o t a l  45 7  100 1972.6 100 

1/ 1961 d a t a  began 28 J u l y  - 
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Table 3. Treatments  on paved o r  covered p l o t s  a t  G r a n i t e  Reef. 

P l o t  Treatment Date Treatment 

L- 1 8 Aug 1967 

22 Aug 1967 

20 May 1968 

L-4 30 Nov 1961  

L-5 1 8  Sep 1962 

16 Mar 1966 

22 Apr 1970 

L-6 19 Apr 1963 

8 May 1963 

9 J u l  1963 

22 Apr 1970 

3 Aug 1967 

22 Aug 1967 

-2 
Basecoat .  MC-250 a t  1 .5  kg a s p h a l t  m 

Topcoat.  RSK a s p h a l t  emuls ion a t  0 . 7  kg 

a s p h a l t  m-2 

Top S h e e t i n g .  30-mil c h l o r i n a t e d  b l a c k  

p o l y e  thy l e n e  

B u t y l  Rubber Shee t ing .  15-mil 
-2 

Basecoat .  S-1 a t  1 .04 k g  a s p h a l t  m 

Topcoat.  RSK a s p h a l t  emuls ion a t  0.6 kg 

a s p h a l t  mWL 

S e a l c o a t .  Modified SSKH a s p h a l t  emulsion a t  

0.6 kg a s p h a l t  m2 
-2 Basecoa t .  RC-special a t  1.5 kg a s p h a l t  m 

Topcoat South H a l f .  S-2 a s p h a l t  emuls ion 

a t  0.65 kg a s p h a l t  m-' w i t h  3% 

b u t y l  l a t e x  

Topcoat North H a l f .  S-1 a t  0 . 5  k g  a s p h a l t  
-2 

m w i t h  3% b u t y l  l a t e x  

S e a l c o a t .  Modified SSKH a s p h a l t  emuls ion 

at 0 .6  kg a s p h a l t  m-' 

Basecoat .  MC-250 a t  1 .5  kg a s p h a l t  m2 
Top S h e e t i n g .  1 - m i l  aluminum f o i l  bonded 

w i t h  RSK a s p h a l t  emuls ion a t  

0 . 7  k g  a s p h a l t  m-2 

3 hug 1967 
-2 

A- 1 Basecoat .  MC-250 at 1 .5  kg a s p h a l t  m 

22 hug 1967 Top Shee t ing .  3/4-02 chopped f i b e r g l a s s  

m a t t i n g  bonded w i t h  RSK a s p h a l t  
-2 

emuls ion a t  1 . 4  k g  a s p h a l t  m 

J a n  1968 Top Spray.  Vinyl aluminum c o a t i n g  a t  0 . 1  g a l  

dV2 
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Table  3. Treatments  on paved o r  covered p l o t s  a t  G r a n i t e  Reef 

(con t  h u e d )  . 

P l o t  Treatment Date Treatment 

A-2 3 Aug 1967 Basecoat .  MC-250 a t  1 . 5  kg a s p h a l t  m-2 

12 Sep 1967 Top Shee t ing .  S tandard  r a g  f e l t - r o c k  

r o o f i n g  t r e a t m e n t  

A-5 Sep 1968 Concrete Slab . 
- 
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Tab le  4 .  R a i n f a l l  and r u n o f f  for: paved o r  c o v e r e d  p l o t s  a t  G r a n i t e  

Ree f .  

Date Total .  L- 1 L-4 L- 7 
R a i n f a l l  Runof E Runoff Runoff 

1 9 7 1  

2 Jan 

1 7  Feb 

15  Apr 

3 Aug 

6 Aug 

1 0  Aug 

1 2  Aug 

14  Aug 

25 Aug 

8 Sep 

29 Sep 

29-30 Sep 

30 Sep 

30  Sep 

16-17 Oct  

18 Oct  

24 Oct 

1 5  Nov 

2 1  Nov 

7 Dec 

1 3  Dec 

28 Dec 

T o t a l  144.0  125 .5  87.2 91.6 63 .6  1 1 3 . 6  78.9 
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Table 4. Ra in fa l l  and runoff f o r  paved o r  covered p l o t s  a t  Grani te  

Reef (c0ntinue.d) . 

Date To ta l  L-5 L-6 A-1 
Ra in fa l l  Runoff Runo f f Runoff 

2 Jan 

1 7  Feb 

15 Apr 

3 Aug 

6 Aug 

10 Aug 

12 Aug 

14 Aug 

25 Aug 

8 Sep 

29 Sep 

29-30 Sep 

30 Sep 

30 Sep 

16-17 Oct 

18 Oct 

24 Oct: 

1.5 Nov 

21 Nov 

7 Dec 

13 Dec 

28 Dec 

Tota l  144.0 114.3 79.3 135.1 93.8 126.3 87.7 

Annual Report of the U.S. Water Conservation Laboratory



Table  4 .  R a i n f a l l  and runoff  f o r  paved o r  covered p l o t s  a t  G r a n i t e  

Reef ( c o n t i n u e d ) .  

Date Tot a 1  A-2 A-5 
R a i n f a l l  Runoff Runo f f 

19 71 

2 Jan  

17 Feb 

15 Apr 

3 Aug 

6 hug 

10 Aug 

1 2  Aug 

3.4 Aug 

25 Aug 

8 Sep 

29 Sep 

29-30 Sep 

30 Sep 

30 Sep 

16-17 Oct 

1 8  Oct 

24 Oct 

1 5  Nov 

21  Nov 

7 k c  

1 3  Dec 

28 I>ec 

T o t a l  144.0 96.8 67.2 80.7 56.0  
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Table  5 .  Treatments  of b a r e  s o i l  p l o t s  a t  G r a n i t e  Reef. 

P l o t  Treatment  Date Treatment 

30 Nov 1961  

4 Aug 1965 

6 Nov 1969 

1 Mar 1965 

1 Mar 1965 

1 Mar 1965 

1 3  May 1966 

3 Nov 1970 

1 Aug 1967 

1 Aug 1967 

10 Nov 1971 

Z Dec 1963 

1 Dec 1963 

1 Dec 1963 

Smoothed s o i l ,  14.14 m X 14.14 m p l o t  

Smoothed s o i l ,  14.14 m X 14.14 M p l o t  

t r e a t e d  w i t h  R-9 at  0.057 kg m-2 

R e t r e a t e d  w i t h  R-9 a t  0.04 kg m-2 

Ridge and furrow,  20% s i d e s l o p e  

Ridge and furrow , 10% s i d e s  lope 

Ridge and fu r row,  20% s i d e s l o p e  

Ridge and fu r row,  10% s i d e s  l o p e ,  t r e a t e d  
-2 

w i t h  44.9 g m sodium c a r b o n a t e  

T r e a t e d  w i t h  3% s i l i c o n e  w a t e r  r e p e l l e n t  

and 2% s o i l  s t a b i l i z e r  - 1 .2  l i t e r s  of 

s o l u t i o n  m 
2 

Smoothed s o i l ,  6 m X 30 m p l o t  

Smoothed s o i l ,  6 m X 30 m p l o t  

Smoothed s o i l  t r e a t e d  w i t h  3% s i l i c o n e  

w a t e r  r e p e l l e n t  and 2% s o i l  s t a b i l i z e r  - 
1 . 2  l i t e r s  of s o l u t i o n  m-2 

Uncleared wate r shed  

Uncleared watershed 

Clea red  wate r shed  
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T a b l e  6 .  R a i n f a l l  and r u n o f f  f o r  b a r e  s o i l  p l o t s  a t  G r a n i t e  Reef .  

Date  T o t a l  W - 1  W-2 W- 3  
R a i n f a l l  Runoff Runoff Runoff 

19  7 1  

2 Jan 

1 7  Feb 

1 5  Apr 

3 Aug 

6 Aug 

1 0  Aug 

1 2  Aug 

14 Aug 

25 Aug 

8 Sep 

29 Sep 

29-30 Sep 

30 Sep 

30 Sep 

1.6-17 Oct 

1 8  Oct 

24 Oct 

1 5  Nov 

2 1  Nov 

7 Dec 

1 3  Dec 

28 Dec 

T o t a l  144.0  13 .9  9 . 7  6.6 4 .6  21.4 14 .9  
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Table  6 .  R a i n f a l l  and runoff  f o r  b a r e  s o i l  p l o t s  a t  G r a n i t e  Reef 

( c o n t i n u e d ) .  

Date Tot a1 L-2 A-4a A-4b 
R a i n f a l l  Runoff Runoff Runoff 

1971 

2 Jan  

17  Feb 

15 Apr 

3 Aug 

6 Aug 

1 0  Aug 

12 hug 

14 Aug 

25 Aug 

8 Sep 

29 Sep 

29-30 Sep 

30 Sep 

30 Sep 

16-17 Oct 

1 8  Oct 

24 0c.t 

1 5  Nov 

21  Nov 

7 Dec 

1 3  Dec 

28 Ilec 
- --- - 

T o t a l  144.0  20.6 1 4 . 3  29.2 22.8 1 1 . 5  73.2 
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Tab le  6 .  R a i n f a l l  and r u n o f f  f o r  b a r e  s o i l  p l o t s  a t  G r a n i t e  Reef 

( c o n t i n u e d ) .  

Date To t  a1 A- 3 L-3 R- 1 
R a i n f a l l  Runoff Runoff Runoff 

1 9  7 1  

2 J a n  

1 7  Feb 

1 5  Apr 

3 Aug 

6 Aug 

10  Aug 

12  Aug 

14  Aug 

25 Aug 

8 Sep 

29 Sep 

29-30 Sep 

30 Sep 

30  Sep 

16-17 Oct 

18 Dct 

24 O c t  

1 5  Nov 

21 Nov 

7 Dec 

1 3 I)e c. 

28  Dec 
- - 

T o t a l  1 4 4 . 0  25.6 1 7 . 8  72.0 5 0 . 0  34.9 24.2 
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Table  6.  R a i n f a l l  and runof f  f o r  b a r e  s o i l  p l o t s  a t  G r a n i t e  Reef 

( c o n t i n u e d ) .  

Date T o t a l  R-2 R- 3 R- 4 
R a i n f a l l  Runoff Runo f  f  Runoff 

19 71 

2 J a n  

17  Feb 

1.5 Apr 

3 Aug 

6 Aug 

10 Aug 

12 Aug 

14 Aug 

25 Aug 

8 Sep 

29 Sep 

29-30 Scp 

30 Sep 

30 Sep 

16-17 Oct 

18 Oct 

24 O c t  

15 Nov 

2 1  Nov 

7 Dec 

1 3  Dec 

28 Dee 

T o t a l  144.0 30.3 21.0 28.7 19.9 100.8 70.0 
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TITLE : SOIL CLOGGING DURING INTERMITTENT INFILTRATION WITH 
SECONDARY SEWAGE EFFLUENT 

C R I S  WORK UNIT : SWC-018-gG-4 CODE NO. : Ariz.-WCL 71-15 

INTRODUCTION : 

Laboratory s t u d i e s  were continued t o  i n v e s t i g a t e  t he  s o i l  c logging 

process when using secondary sewage e f f l u e n t .  (See Annual Report 1969- 

1970, Sec t ion  WCL 67-4.) 

PROCEDURE : 

S o i l  columns 6 1  cm i n  length  and 10 cm i n  diameter  were f i l l e d  

with s o i l .  Tensiometers were i n s t a l l e d  a t  1, 4 ,  1 0 ,  and 30 cm below 

the soil .  su r f ace .  Tho s o i l s  , a loamy sand and a coarse  sand ,  were 

used. Sewage e f f l u e n t  wi th  d i f f e r e n t  suspended s o l i d s  concentrat  i o n s  

was appl ied  t o  the s o i l  columns. Algal growth on the s o i l  s u r f a c e  

was prevented i n  most i n s t ances  by excluding l i g h t  from the  columns. 

I n f i l t r a t i o n  was continued u n t i l  a clogged s u r f a c e  l a y e r  w a s  formed. 

The e f f e c t  of a l g a l  growth on i n f i l t r a t i o n  was s t u d i e d  on two occasions 

when a lgae  was permi t ted  t o  grow on the s o i l  s u r f a c e  on 3 columns con- 

t a i n i n g  loamy sand .  No a l g a l  growth was permi t ted  on 3 o t h e r  columns. 

IESULTS AND DISCUSSION : 

The r e l a t i o n s h i p  be tween l iydraul ic  impedance of the clogged su r -  

f ace  l a y e r  and the  t o t a l  s o l i d s  load  i s  shown i n  Figure 1 f o r  loamy 

sand.  The curve f o r  u n i t  hydrau l i c  g rad ien t  is average of a s e r i e s  

of 6 d i f f e r e n t  runs r ep re sen t ing  suspended s o l i d s  concen t r a t ion  from 

1 . 8  t o  108 mg pe r  l i t e r .  Each run is  an average of 6 columns. The 

dashed l i n e s  r ep re sen t  t he  s c a t t e r  of t he  po in t s .  It t akes  about 

the same t o t a l  s o l i d s  load  f o r  an equal  impedance change i r r e s p e c t i v e  

of the  suspended s o l i d s  concent ra t ion  of the e f f l u e n t .  The clogging 

r a t e  i s  dependent on the  t o t a l  s o l i d s  deposi ted on the s o i l  s u r f a c e .  

Reductions i n  i n f i l t r a t i o n  r a t e  then w i l l  be  f a s t e r  a s  the  suspended 

s o l i d s  concent ra t ion  is  increased .  

The t o t a l  s o l i d s  load - impedance r e l a t i o n s h i p  f o r  t he  coarse 

sand is  shown i n  Figure 2 f o r  grad ien ts  of 0 .1 ,  0 .2 - 0.6,  and 1. 
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Each curve is t h e  average of 10 t o  18 columns. Clogging occurred 

a t  a  f a s t e r  r a t e  a s  t h e  g rad ien t  became sma l l e r .  The oppos i te  

occurred wi th  t h e  loamy sand (F igure  1 )  . One explana t ion  f o r  t he  

d i f f e r e n t  behavior  of  t h e  two s o i l  ma te r i a l s  is  t h a t  i n  t he  coa r se  

sand t h e  s o l i d s  a r e  a b l e  t o  move i n t o  t h e  l a r g e r  pores .  A t  h igher  

g rad ien t s  t h e  s o l i d s  move f u r t h e r  i n t o  t h e  pores because of t h e  

h igher  seepage f o r c e s .  This  d i s t r i b u t e s  t h e  s o l i d s  over a  l a r g e r  

volume of s o i l  and consequently r e s u l t s  i n  a  lower impedance than 

i f  t h e  s o l i d s  were depos i ted  only a t  t h e  s o i l  su r f ace .  The depth 

of s o l i d s  pene t r a t ion  would b e  l e s s  than 1 cm because t h e  pressure  

head a t  t h a t  depth was always nega t ive  a f t e r  c logging s t a r t e d .  The 

i n f i l t r a t i o n  r a t e s  a t  0 . 1  g rad ien t  was s u f f i c i e n t l y  h igh ,  r e s u l t i n g  

i n  a  compact clogged l a y e r  r a t h e r  than  a  l oose  l a y e r  t h a t  was observed 

wi th  0.2 g rad ien t  i n  t h e  loamy sand. I n  t h e  loamy sand,  t h e  pore 

s i z e  was such t h a t  l i t t l e  suspended s o l i d s  moved p a s t  t h e  su r f ace .  

The h igher  seepage fo rce  a t  u n i t  g rad ien t  r e s u l t e d  i n  a  more compact 

clogged l a y e r .  A t  lower g rad ien t s  t h e  s o l i d s  were l e s s  compact, 

forming a  more permeable l a y e r .  

The e f f e c t  of a l g a l  growth on i n f i l t r a t i o n  is  shown i n  Figure 3 .  

The u n i t  g rad ien t  columns were run i n  J u l y  and t h e  0.6 g rad ien t  columns 

were run  i n  October.  The suspended s o l i d s  concent ra t ions  were 1 5  and 

66 mg per  l i t e r  f o r  t h e  0.6 g rad ien t  and u n i t  g r a d i e n t  columns, 

r e s p e c t i v e l y .  The i n £  i l t r a t i o n  r a t e s  i n  t h e  covered and uncovered 

columns were i n i t i a l l y  t h e  same and decreased evenly f o r  t h e  f i r s t  

few days. Algal  growth w a s  observed 2 days a f t e r  t h e  s t a r t  of i n f i l -  

t r a t i o n  i n  t h e  Ju ly  t e s t  and 7 days a f t e r  i n f i l t r a t i o n  s t a r t e d  i n  t h e  

October t e s t .  The i n f i l t r a t i o n  r a t e  increased  t o  a  l e v e l  equal  t o  o r  

g r e a t e r  than t h e  o r i g i n a l  i n f i l t r a t i o n  r a t e  a  few days a f t e r  t h e  

de t ec t ion  of t h e  a l g a l  growth. I n  t h e  covered columns, i n f i l t r a t i o n  

r a t e  decreased t o  about 0 .01 cm per  min. and leve led  o f f .  A s  a lgae  

grew on the  s o i l  s u r f a c e ,  gas  bubbles were produced i n  t he  a lgae  mat 

causing t h e  mat t o  break  loose  from the  s o i l  s u r f a c e .  I n  some columns 
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t h e  mat f l o a t e d  t o  t h e  water s u r f a c e  whi le  i n  o the r  columns the  m a t  

only separa ted  from the  s u r f a c e .  I n  e i t h e r  case ,  t he  s o i l  s u r f a c e  

was f r e e  of any clogging ma te r i a l s  r e s u l t i n g  i n  increased  i n f i l t r a t i o n  

r a t e s .  

SUMMARY AND CONCLUSIONS: 

S o i l  c logging process  during i n f i l t r a t i o n  us ing  sewage e f f l u e n t  

was s tud ied  i n  s o i l  columns. The r a t e  of s o i l  c logging f o r  an i n i t i a l  

hydraul ic  g rad ien t  of 1 was dependent on t h e  t o t a l  s o l i d s  load ,  regard- 

l e s s  of t h e  suspended s o l i d s  concent ra t ion  of t he  e f f l u e n t .  For a 

given t o t a l  s o l i d s  l oad  i n  a coarse  sand m a t e r i a l ,  t h e  impedance 

increased  wi th  decreasing gradien t .  The oppos i te  occurs when us ing  

a loamy sand s o i l .  Algal  growth on t h e  loamy sand was found t o  

i n c r e a s e  t h e  i n f i l t r a t i o n  r a t e  over columns where no a lgae  was allowed 
' 

t o  grow. The a lgae  mat grows on t h e  s o i l  s u r f a c e  and sepa ra t e s  as 

gas bubbles form i n  the  m a t .  Consequently, a c lean  s o i l  s u r f a c e  i s  

exposed . 
PERSONNEL: Robert C .  Rice 

CURRENT TERMINATION DATE: 31  December 1972 

Annual Report of the U.S. Water Conservation Laboratory



Figure 1. Hydraulic impedance i n  r e l a t i o n  t o  t o t a l - s o l i d s  load 
and hydraulic  gradient  (on the curves) f o r  loamy sand. 
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Figure 2, Hydraulic impedance i n  r e l a t i o n  t o  t o t a l - s o l i d s  load and 
hydraul ic  g rad ien t  (on the  curves)  f o r  coa r se  sand. 

24-5 
Annual Report of the U.S. Water Conservation Laboratory



Figure 3, Infiltration rate with time for covered 'and uncovered columns. 
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APPENDIX I 

SUMNATION OF IMPORTANT FINDINGS 

SWC-018-gG-4 INCREASING AND CONSERVING AGRICULTURAL AND RURAJ, 

WATER SUPPLIES 

Flow meter ing flumes can be  cons t ruc ted  i n  f i ned  channels 

wi th  a  c o n t r a c t i o n  on only one s i d e  of t h e  channel.  They perform 

as  w e l l  a s  t he  more convent ional  flumes where symmetry i s  main- 

ta ined  wi th  i d e n t i c a l  con t r ac t i ons  on e i t h e r  channel w a l l .  The 

design d e t a i l s  and hydrau l i c  c h a r a c t e r i s t i c s  of t h i s  s i n g l e  s ide -  

w a l l  s i l l  a r e  accu ra t e ly  p red i c t ed  by computer techniques f o r  a  

given flow s i t u a t i o n  us ing  energy cons ide ra t i ons  and boundary 

l a y e r  developnient i n  t h e  flume. This  i s  an ex t ens ion  of t h e  

previous work wherein flows through symmetr ical ly  cons t ruc ted  

flumes wi th  t r a p e z o i d a l ,  t r i a n g u l a r  and r ec t angu la r  t h r o a t  shapes 

were p red i c t ed  t o  an accuracy of - f 2%. The s ide-wal l  s i l l  always 

p a r a l l e l s  t he  gene ra l  flow d i r e c t i o n  bu t  may o r  may no t  tilt t o  

match the  s ide-wal l  s l o p e  of t h e  channel .  Capab i l i t y  t o  design 

slng1.e-sided flumes f o r  l i n e d  channels saves  about  50% i n  m a t e r i a l s ,  

and can s u b s t a n t i a l l y  reduce i n s t a l l a t i o n  time. (WCL 67-1) 

F luc tua t ion  i n  t h e  f e c a l  co l i form dens i ty  i n  t h e  ground 

water  below recharge  bas in s  i n t e r m i t t e n t l y  inundated wi th  secondary 

sewage e f f l u e n t  could b e  t r a c e d  d i r e c t l y  t o  t h e  f l ood ing  cyc l e s .  

When a  new f looding  pe r iod  was s t a r t e d ,  f e c a l  co l i form b a c t e r i a  

were a b l e  t o  p e n e t r a t e  t h e  s o i l  and cause d e n s i t i e s  of 100 t o  500 

per  100 m i l l i l i t e r s  i n  t he  ground water  a t  30-ft  dep ths .  With 

cont inued f looding ,  however, f e c a l  co l i form d e n s i t i e s  a t  t h i s  

depth went down t o  ze ro  i n  a  few weeks, probably because clogging 

of t he  s o i l  s u r f a c e  i n  t h e  bas in s  y i e lded  b e t t e r  f i l t r a t i o n  and 

the  continued supply of n u t r i e n t s  and r e s u l t i n g  i n c r e a s e  i n  micro- 

organisms caused a  more compet i t ive  environment i n  t h e  s o i l .  
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Almost a l l  t he  f e c a l  col i form organisms were removed i n  t he  f i r s t  

2 f e e t  of t h e  s o i l  (WCL 67-4) 

Removal of 902 of t he  n i t rogen  content  of secondary sewage 

e f f l u e n t  was achieved when s o i l  columns were i n t e r m i t t e n t l y  flooded 

with sewage water  which had been supplemented wi th  dext rose  t o  

maintain an  average organic  carbon concent ra t ion  of 150 ppm. The 

a d d i t i o n  of 3 l e v e l s  of dext rose  r e s u l t e d  i n  an inc rease  i n  t he  

percentage n i t rogen  removal wi th  each increment of a d d i t i o n a l  

organic  carbon. The volume of gas co l l ec t ed  from the  columns 

increased ,  i n d i c a t i n g  t h a t  d e n i t r i f i c a t i o n  was s t imula ted  by the 

a d d i t i o n  of organic  carbon. These r e s u l t s  i n d i c a t e  t h a t  t h e  de- 

n i t r i f i c a t i o n  r a t e  i n  s o i l s  i n t e r m i t t e n t l y  flooded wi th  sewage 

water  i s  l i m i t e d  by t h e  amount of a v a i l a b l e  organic  carbon. The 

a d d i t i o n  of organic  carbon may prove u s e f u l  i n  t h e  management of 

a  land f i l t r a t i o n  system f o r  wastewater renovat ion.  (WCL 68-3) 

The organic  carbon content  of water  c o l l e c t e d  from s o i l  

columns i n t e r m i t t e n t l y  flooded wi th  secondary sewage e f f l u e n t  was 

only s l i g h t l y  increased  when the  organic  carbon concent ra t ion  of 

the  sewage water e n t e r i n g  t h e  columns was ad jus ted  t o  40 ppm by 

the  a d d i t i o n  of dext rose .  Flooding wi th  sewage water  conta in ing  

80 o r  150-ppm o rgan ic  carbon r e s u l t e d  i n  a  s u b s t a n t i a l  i nc rease  

i n  t h e  organic  carbon content  of water  c o l l e c t e d  from t h e  columns. 

The i n f i l t r a t i o n  r a t e  was reduced by about 30% by the  a d d i t i o n  of 

organic  carbon due t o  i n t e r n a l  c logging,  whi le  f looding  wi th  

sewage water high i n  suspended s o l i d s  r e s u l t e d  i n  a  50% reductio-n 

i n  i n f i l t r a t i o n  r a t e s  due t o  a  s u r f a c e  clogging. A h igh- ra te  s o i l  

f i l t r a t i o n  system (1-2 f t / d a y )  can remove 40-80 ppm disso lved  

organic  carbon by predominantly anaerobic r e a c t i o n ,  and organic  

sediments appear t o  be  more of a  problem i n  s o i l  c logging than 

d isso lved  o rgan ic s .  This  shows t h a t  a  good q u a l i t y  secondary 

e f f l u e n t  is  needed t o  maintain an e f f i c i e n t  h igh- ra te  s o i l  f i l t r a -  

t i o n  system f o r  wastewater reclamation.  (WCL 68-3) 
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Platinum-blacked platinum redox e l e c t r o d e s  can be  l e f t  i n  

s o i l  columns f o r  a s  long  a s  6  months and s t i l l  c y c l e  w i th  i n f i l -  

t r a t i o n  and dra inage  w i t h  t h e  same ampli tudes.  This  is  t r u e  even 

where t h e  s o i l  columns a r e  flooded wi th  secondary sewage e f f l u e n t  

which con ta in s  a s  much a s  150-ppm organic  carbon. The added 

carbon inc reases  t h e  ampli tude of t h e  redox c y c l e  and t h e  r a t e  of 

change of t h e  redox p o t e n t i a l .  (WCL 68-3) 

Appl ica t ion  uni formi ty  from low-pressure t r i c k l e  i r r i g a t i o n  

systems can be  g r e a t l y  improved by varying o u t l e t  s i z e s  t o  com- 

pensa te  f o r  f r ic t ion- induced  p re s su re  changes i n  t h e  l a t e r a l  p ipe .  

Low-pressure systems us ing  s i n g l e  a p p l i c a t o r  s i z e s  s u f f e r  from 

non-uniform a p p l i c a t o r  d i scharge  because p re s su re  changes a r e  a  

l a r g e  percentage of t o t a l  p r e s su re .  High-pressure t r i c k l e  

systems a l l e v i a t e  t h i s  problem by using h igh  head l o s s  a p p l i c a t o r s .  

Low-pressure sys  terns, us ing  s imple o r i f i c e s ,  can have s e v e r a l  

advantages over high-pressure systems i n  reduced manufacturing 

and ope ra t i ng  c o s t s ,  l a r g e r  o r i f i c e s  t o  reduce c logging ,  and 

s impler  flow-control dev ices .  A g r aph ica l  procedure was introduced 

t o  show the  e a s e  a t  which a  mu l t i p l e - s i ze  system can be  designed 

and t o  v e r i f y  t h e  v a l i d i t y  of changing o r i f i c e  s i z e s .  Theo re t i ca l  

maximum d e v i a t i o n s  from des ign  d ischarge  were + 21% t o  -7.4% f o r  

t he  s i n g l e - s i z e  system, and - + 3.3% f o r  t h e  mu l t i p l e - s i ze  system 

i n  a  250-ft l a t e r a l ,  2-ft  o r i f i c e  spac ing .  A comparable mul t ip le -  

s i z e  system us ing  hand-made o r i f i c e s  was f i e l d  t e s t e d ,  and maxi- 

mum dev ia t i ons  from des ign  d ischarge  of + 5.2% t o  -6.6% r e s u l t e d .  

Improved a p p l i c a t i o n  uni formi ty  can be  obtained by vary ing  o r i f i c e  

s i z e s .  (WCL 70-3) 

The s o i l  mois ture  used f o r  h igh  co t ton  product ion  w i t h  t r i c k l e  

i r r i g a t i o n  on r e p l i c a t e d  p l o t s  w a s  found t o  be  n e a r l y  t h e  same a s  

p re sen t  consumptive-use e s t ima te s  f o r  furrow i r r i g a t i o n .  L r -  

r i g a t i o n s  c o n s i s t e d  of t h r e e  q u a n t i t i e s ,  based on r a t i o s  of t h e  

p l a n t ' s  consumptive-use e s t ima te ,  app l i ed  a t  t h r e e  f requenc ies ,  
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u s i n g  c o t t o n  as t h e  " i n d i c a t o r "  c rop .  The t h r e e  a d j u s t e d  q u a n t i -  

t ies,  t o  i n c l u d e  r a i n f a l l ,  g r a v i t y  i r r i g a t i o n s  fox  germina t ion ,  

and t r i c k l e  i r r i g a t i o n s ,  were  r a t i o s  1 .06,  0 .90,  and 0.72 t imes  

t h e  s e a s o n a l  consumptive-use e s t i m a t e  of 41.2 i n c h e s .  The t h r e e  

f r e q u e n c i e s  were every  3 ,  6 ,  and 1 2  days .  Cot ton y i e l d  response  

showed no d i f f e r e n c e  between i r r i g a t i o n  f r e q u e n c i e s ,  and an  18% 

r e d u c t i o n  i n  y i e l d  f o r  t h e  0.72 consumptive u s e ,  as compared t o  

t h e  0.90 and 1 .06 q u a n t i t i e s .  The mean c o t t o n  y i e l d  f o r  1 .06 and 

0 .90  q u a n t i t i e s  was 3 b a l e s / a c r e .  Th i s  s t u d y  s u g g e s t s  t h a t  p l a n t  

needs f o r  maximum p r o d u c t i o n  when u s i n g  t r i c k l e  i r r i g a t i o n  a r e  no 

d i f f e r e n t  t h a n  when o t h e r  i r r i g a t i o n  methods a r e  used.  (WCL 70-3) 

T r a n s p i r a t i o n  r e s e a r c h  has  l e d  t o  improved equipment f o r  

measuring t h e  r e l a t i v e  humidi ty  (RH) of a i r  a t  low wind speeds .  

A t  30 C a  micro-psychrometer shows an  a c c u r a t e  wet b u l b  d e p r e s s i o n  
- 1 

a t  a  wind speed  of on ly  0.12 m s e c  when RH is 33% and r e q u i r e s  
-1 

no more than 0.30 m s e c  a t  t h e  low RH of 7%, i n  c o n t r a s t  t o  
- 1 t h e  minimum v e n t i l a t i o n  r a t e  of 2  m s e c  needed f o r  s t a n d a r d  

psychrometers .  The r e d u c t i o n s  i n  a i r  flow requ i rement  a r e  due 

t o  t h e  minute s i z e  of t h e  w e t  b u l b  and t h e  consequent  minimizing 

of s e v e r a l  e r r o r s  common t o  a l l  wet b u l b s ,  which a r e  compensated 

by v e n t i l a t i o n .  S i z e  r e d u c t i o n  comes abou t  by u s e  of a  thermo- 

j u n c t i o n  a s  t h e  t empera tu re  s e n s o r ,  made o f  0.05 mm copper  con- 

s t a n t a n  w i r e  wrapped i n  0.15 mm c o t t o n  t h r e a d ,  r e s u l t i n g  i n  a n  

o v e r a l l  d iamete r  of on ly  0.20 mm. An a d d i t i o n a l  f e a t u r e  of t h e  

psychrometer i s  t h a t  f o r c e  f e e d i n g  o f  w a t e r  t o  t h e  wick permi t s  

adequa te  w e t t i n g  even under t h e  demanding c o n d i t i o n s  of v e r y  low 

Ni. (WCL 71-1) 

Where i r r i g a t i o n s  were  a p p l i e d  f o r  a  f u l l  growing s e a s o n  and 

p o p u l a t i o n s  were  i n c r e a s e d  from t h e  s t a n d a r d  20,000 t o  40,000 

p l a n t s  p e r  a c r e ,  p r o d u c t i o n  of s e e d  c o t t o n  was improved more t h a n  

25%; however, no y i e l d  i n c r e a s e  w a s  r ecorded  f o r  an  80,000 pop- 

u l a t i o n  over  40,000. F o r  i r r i g a t i o n  regimes,  t h e  d i f f e r e n c e  i n  
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y i e l d  from t h e  dry  t r e a t m e n t  o v e r  t h e  two w e t t e r  t r e a t m e n t s  was 

l a r g e  enough t o  b 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 .  A y i e l d  r e d u c t i o n  

of 14.9% f o r  Del tapine-16 and 9% f o r  S t o n e v i l l e - 2 1 3  was measured 

f o r  t h e  d ry  regime.  For t h e s e  v a r i e t i e s ,  15% of t h e  s e e d  c o t t o n  

was produced from f l o w e r s  opening a f t e r  1 5  August .  Any i n c r e a s e s  

i n  f l o w e r s  a s s o c i a t e d  w i t h  h igh-popula t ion  b e n e f i t s  occur red  

b e f o r e  1 7  J u l y  i n  1971. There  was no h a s t e n i n g  of t h e  p a t t e r n  

of e v e n t s  f o r  b lossom and b o l l  p r o d u c t i o n  f o r  t h e  v a r i e d  popula- 

t i o n s ,  n o r  any major changes i n  t h e  t r e n d  of e v e n t s  a s s o c i a t e d  

w i t h  peaks ,  o r  e f f i c i e n c y  of b o l l s  from blossom. When i r r i g a t i o n s  

were  c u t  o f f  i n  l a t e  J u l y ,  t h e  numbers of f l o w e r s  and b o l l s ,  and 

t h e  y i e l d  o f  s e e d  c o t t o n ,  i n c r e a s e d  as p l a n t  p o p u l a t i o n s  were 

i n c r e a s e d .  T h i s  i n f o r m a t i o n  is needed t o  e n l i g h t e n  c o t t o n  growers ,  

S t a t e  r e g u l a t o r y  o r g a n i z a t i o n s ,  economists ,  and o t h e r s  invo lved  

w i t h  p r o d u c t i o n  of h igh-popula t ion  c o t t o n ,  e a r l y  cu t -o f f  i r r i g a -  

t i o n  w a t e r ,  a c r e a g e  l i m i t a t i o n s ,  e a r l y  plow-under d a t e s ,  and 

g e n e r a l  c o n t r o l  of p i n k  bollworms. These f i n d i n g s  w i l l  assist i n  

more l o g i c a l  and economical  decision-making f o r  c o t t o n  p roduc t ion .  

(WCL 71-2) 

A t h e o r e t i c a l  method was developed and w a s  t e s t e d  e x p e r i -  

menta l ly  f o r  de te rmin ing  t h e  thermodynamic s o l u b i l i t y  p r o d u c t  o f  

ca lc ium c a r b o n a t e .  The method i n v o l v e s  t h e  d i r e c t  measurement 

of t h e  a c t i v i t y  o f  i o n s  i n  e q u i l i b r i u m  w i t h  t h e  s o l i d  u s i n g  

r e c e n t l y  developed s e l e c t i v e  i o n  e l e c t r o d e s .  It is s i m p l e ,  and 

w i t h  p roper  m o d i f i c a t i o n  can b e  used f o r  s t u d y i n g  s o l u b i l i t y  of 

o t h e r  s l i g h t l y  s o l u b l e  c a r b o n a t e  sys tems of  magnesium, barium and 

s t r o n t i u m .  The s o l u b i l i t y  p roduc t  (3.25 x low9)  w a s  comparable 

w i t h  t h o s e  r e p o r t e d  u s i n g  o t h e r  t echn iques ,  b u t  was d e r i v e d  w i t h  

l e s s  exper imenta l  c o m p l i c a t i o n s .  (WCL 71-4) 

Ponded i n f i l t r a t i o n  i n t o  t h r e e ,  l a y e r e d  s o i l  columns shows 

t h a t  en t rapped  a i r  may b u i l d  up a i r  p r e s s u r e s  i n  t h e  s o i l  of  50- 

60 cm and may r e t a r d  t h e  i n f i l t r a t i o n  r a t e s  a s  much as 12%. 
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Venting of t h e  s o i l - a i r  system overcomes much of t h e  problem of 

entrapped a i r .  I f  t h e  t o t a l  amount of i n f i l t r a t i o n  i s  decreased 

by the  same percentage  a s  t he  i n f i l t r a t i o n  r a t e ,  then vent ing  w i l l  

provide an economic b e n e f i t  i f  i t s  c o s t  is less than t h e  addi- 

t i o n a l  water  produced i n  a  groundwater recharge and renovat ion  

system. (WCL 71-8) 

Numerical a n a l y s i s  s t u d i e s  have shown t h a t  heterogeneous 

s o i l  o r  porous media behave q u i t e  d i f f e r e n t l y  than a homogeneous 

one i n  terms of p r e s s u r e  head and water  conten t  p r o f i l e s  during 

i n f i l t r a t i o n  o r  drainage.  A l i n e a r  v a r i a t i o n  of s a t u r a t e d  o r  

r e s a t u r a t e d  hyd rau l i c  conduct iv i ty  down t h e  p r o f i l e  was chosen a s  

t h e  means of de f in ing  t h e  s c a l e  heterogeneous porous media, and 

t h i s  was chosen w i t h  p o s s i b l e  f i e l d  a p p l i c a t i o n s  i n  mind. By 

us ing  one of t he  a v a i l a b l e  experimental  methods f o r  determining 

K s a t  
i n  t h e  f i e l d  a t  d i f f e r e n t  dep ths ,  i t  is p o s s i b l e  t o  check 

the  homogeneity of t h e  p r o f i l e .  IS he te rogene i ty  i s  found and 

i f  t h e  s c a l e  he te rogene i ty  assumption is  cons idered  reasonable  

f o r  the  m a t e r i a l  i n  ques t i on ,  i t  would be  p o s s i b l e  t o  p r e d i c t  a t  

l e a s t  approximately t h e  dra inage  and i n f i l t r a t i o n  behavior  us ing  

a  numerical s o l u t i o n ,  Also, t h i s  concept of s c a l e  he t e rogene i ty  

and method of s tudying  i t  can be  appl ied  t o  t h e  many so i l -water  

flow models c u r r e n t l y  under i n v e s t i g a t i o n .  (WCL 71-9) 

P a r t i c l e s  l e s s  than one-tenth t h e  s i z e  of t he  t r i c k l e  

o r i f i c e  were found t o  p lug  the  o r i f i c e  openings.  The exac t  n a t u r e  

of t h i s  i s  not  known, b u t  use of b e t t e r  f i l t e r i n g  systems can 

he lp  t o  a l l e v i a t e  some of t h e  plugging problem. Cementation by 

p r e c i p i t a t i n g  minera l s  appears  t o  cause t h e  bui ldup of t h e  ob- 

s t r u c t i o n .  I f  t h e  cementing agent  c o n s i s t s  of CaCO then a c i d s  
3 ' 

such as  H C 1 ,  HNO and H SO can be  used t o  d i s s o l v e  t h e  pre- 3 ' 2 4 
c i p i t a t e .  I f  i t  is CaSO the  H C 1  and HNO a c i d s  a r e  p r e f e r a b l e .  4 ' 3 
The b e s t  s o l u t i o n  is  the  prevent ion  of o r i f i c e  plugging e i t h e r  by 

t h e  removal of suspended m a t e r i a l ,  u se  of a c i d s  and Ca-complexing 

chemicals,  o r  combinations of t h e s e  t rea tments .  (WCL 71-11) 
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APPENDIX 11 

LIST OF IVBLICATIONS PUBLISI-IED AND 

MANUSCRIPTS PREPARED I N  1971 

SWC-018-gG4 Inc reas ing  and conserving a g r i c u l t u r a l  
and r u r a l  water supp l i e s .  

Publ ished:  Bouwer, Herman. Diges t :  Planning and 
i n t e r p r e t i n g  s o i l  permeabi l i ty  measure- 
ments. Trans., Amer, Soc. C i v i l  Engin. 
135:1014-1016. 1970, 

Bouwer, Herman, Diges t :  S a l t  balance,  
i r r i g a t i o n  e f f i c i e n c y ,  and dra inage  
des ign ,  Trans, ,  Amer, Soc. C i v i l  Engin, 
135 :995-996, 1970. 

Bouwer, Herman. Waste water  p u r i f i c a t i o n .  
Chap, & McGraw-Hill Yearbook of Sc ience  
and Technology, 1971. Pp, 434-436, 

Bouwer, Herman. Diges t :  Groundwater 
recharge  des ign  f o r  renovat ing  waste- 
water ,  Trans, ,  Amer, Soc, C i v i l  Engin. 
136 :468-469. 1971. 

MS No. 
P 

Bouwer, Herman, Lance, J . C . ,  and Rice, R.C. 
Land d i sposa l  o f  sewage e f f l u e n t s .  
Proc, ,  Symp. on Nitrogen i n  S o i l  and Water, 
Univ. of  Guelph, Guelph, Ontar io ,  Canada, 
March 30-31, 1971, Pp, 110-134. 35 3 

Bouwer, Herman, Lance, J . C . ,  and Rice,  R.C.  
Renovating sewage e f f l u e n t  by gtoundwater 
recharge,  & Hydrology and Water Resources 
of  Arizona and t h e  Southwest, Vol. I. 
Pp. 225-244. (Univ. of  Arizona P re s s ,  1971).  35 7 

Bouwer, Herman, and Rice,  R. C ,  Diges t :  
S a l t  p e n e t r a t i o n  technique f o r  seepage measure- 
ments. Trans. ,  Amer .  Soc. C i v i l  Engin, 135: 
912-913, 1970. 31 5 
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Cooley, Keith R. ,  and Idso ,  S.B. 
Atmospheric thermal r a d i a t i o n :  An i s o l a t e d  
anomaly. Bul, A m e r ,  Meteorol ,  Soc, 52(6) :  
464-465, June 1971. 

Cooley, Kei th  R , ,  and Idso ,  S. B ,  
A comparison of  energy balance methods f o r  
e s t ima t ing  atmospheric thermal r a d i a t i o n .  
Water Resources Res. 7(1):39-45. Feb 1971. 

E r i c ,  Leonard J. D iges t :  Management; 
A key t o  i r r i g a t i o n  e f f i c i e n c y .  Trans. ,  
Amer. Soc. C i v i l  Engin. 135:555-556. 1970, 

Fink,  D. f l . ,  Nakayama, F, S. ,  and 
McNeal, B. L .  Demixing of exchangeable 
c a t i o n s  i n  f ree-swel l ing  b e n t o n i t e  c l ay .  
S o i l  S c i .  Soc, Amer. Proc. 35(4):552-555. 
July-Aug 1971. 

F r a s i e r ,  Gary W, Optimum design of  water 
h a r v e s t i n g  s t r u c t u r e s  by computer, 
USDA-ARS 41-175, March 1971. 

Ldso, Sherwood B. A s imple technique f o r  
t h e  c a l i b r a t i o n  of long-wave r a d i a t i o n  
probes,  Agric.  Meteorol,  8(3):235-243. 
May 1971, 

Idso ,  Sherwood B, Rela t ions  between n e t  
and s o l a r  r a d i a t i o n ,  Jou r .  Meteorol.  Soc. 
Japan 49(1):1-12. 1971. 

Ldso, Sherwood B.  Transformation of a n e t  
radiometer  i n t o  a hemispherical  radiometer .  
Agric .  Meteorol. 9(2):109-121. 1971/1972. 

MS No. 

326 

Id so ,  Sherwood U,  The u t i l i t y  of d i f f u s e  
s k y l i g h t  measurements i n  c h a r a c t e r i z i n g  low 
l e v e l s  of p a r t i c u l a t e  a i r  p o l l u t i o n .  
Atmos. Environ, 5(8):599-604. Aug 1971. 338 

Idso,  Sherwood B .  Kvaporation suppress ion  
by s o l a r  r a d i a t i o n  r e f l e c t i o n ,  J o u r ,  of 
Geophys. Res. 76(12):2900, Apr 20, 1971. 340 
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Tdso ,  :;lrerwood I : . ,  and Illad, Bl t t inc  L .  
'111e eSSect o f  a i r  t empera tu re  upon n e t  and 
s o l a r  r a d i a t i o n .  J o u r .  Appl. Meteorol .  
10(3):604-605. June  1971. 

I d s o ,  Sherwood B., Fuchs, M. ,  and 
Tanner,  C. B. Comments on "Er rors  i n  
I n f r a r e d  Thermometry and Radiometry", 
J o u r ,  Appl,  Meteoro l ,  10(5) :1041.  1971. 

Jensen ,  Marvin,  and E r i e ,  1,eonard J .  
I r r i g a t i o n  and water management. 
Chap. 8 & "Advances i n  Sugar Beet 
P roduc t ion :  P r i n c i p l e s  and P r a c t i c e s , "  
Ortho Div,, Chevron Chem. Co. Pp. 189-221. 

Kimball ,  Bruce A . ,  and Jackson ,  R .  D. 
Seasona l  e f f e c t s  on s o i l  d r y i n g  a f t e r  
i r r i g a t i o n .  In  Hydrology and Water.  
Resources of z i z o n a  and t h e  Southwest , 
Vo1, I .  Pp, 85-98. (Univ. o f  Arizona 
P r e s s ,  1971) -  

Kimbal l ,  Bruce A , ,  and Lemon, E ,  R. 
A i r  t u r b u l e n c e  e f f e c t s  upon s o i l  g a s  
exchange, S o i l  S c i ,  Soc. h e r .  Proc,  
X ( l )  :16-20, Jan-Feb 1971. 

Myers, Lloyd E. Water c o n s e r v a t i o n  f o r  
food and f i b e r  p r o d u c t i o n  i n  a r i d  l a n d s ,  
Chap. & "Food, F i b e r  and t h e  Ar id  Lands", 
E d i t e d  by Wm. G.  McGinnies, B. 3 .  Goldman, 
and P a t r i c i a  P a y l o r e .  Pp, 301-309. 
(Univ, o f  Arizona P r e s s ,  1971).  

Myers, Lloyd E. D i g e s t :  O p p o r t u n i t i e s  f o r  
wa te r  s a l v a g e .  Trans . ,  Amer. Soc. C i v i l  
Engin. 136 :19-21. 1971. 

Myers, Lloyd E. Environmental  f a c t  and 
fancy,  I n t e r n a t l .  Comm. I r r i g .  and 
Drain .  Newsle t t e r  No. 1 5 ,  Pp. 5-6. 
Dec 1970, 

MS No. 
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Myers, Lloyd E., and F r a s i e r ,  Gary W. 
Diges t :  Crea t ing  hydrophobic s o i l  f o r  
water  ha rves t i ng .  Trans, ,  Amer. Soc. 
C i v i l  Engin. 135:956, 1970. 

MS No. 
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Myers, Lloyd E,, and F r a s i e r ,  Gary W. 
Diges t :  Evaporat ion r educ t ion  wi th  
f l o a t i n g  g ranu la r  m t e r i a l s ,  Trans. ,  
Amer. Soc. C i v i l  Engin, 136:1272-1273. 
L971. 369 

Myers, Lloyd E., F r a s i e r ,  Gary We, and 
Griggs,  John R. Diges t :  Sprayed a s p h a l t  
pavements f o r  water ha rves t i ng .  Trans. ,  
A m e r ,  Soc, C i v i l  Engin. 135:187-188, 1970, 2 89 

Nakayama, F. S. Magnesium complex and 

ion -pa i r  i n  t h e  MgCO -CO s o l u t i o n  system. 3 2 
Jou r .  Chem. and Engin, Data 16:178-181, 

Nakayama, F, S. Thermodynamic func t ions  

f o r  t he  d i s s o c i a t i o n  of N~HCO'  N ~ C O "  
3' 3 ' 

lIgC03, and HCO- Jour .  Inorg.  and Nucl . 
3"  

Chem. 33(5) :l287-1291, May 1971, 

Nakayama, F, S. Problems a s soc i a t ed  wi th  
t h e  de te rmina t ion  and a p p l i c a t i o n  of  t h e  
s o l u b i l i t y  product  cons t an t ,  S o i l  S c i ,  
Soc, h e r ,  Proc, 35(3):442-445, May-June 
1971. 34 1 

Nakayama, F. S, Calcium complexing and the  
enhanced s o l u b i l i t y  of  gypsum i n  concen- 
t r a t e d  sodium sal t  s o l u t i o n s .  S o i l  S c i ,  
Soc. h e r ,  Proc, 35(6):881-883, Nov-Dec 
1971. 351 

Nie lsen ,  D, Re, Jackson, R,  D , ,  Cary, J ,  W , ,  
and Evans, D ,  D,, E d i t o r s ,  SOIL WATER, 
267 pp, Univ, of  C a l i f .  (Davis) P re s s ,  1970. 339 
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measurement o f  s o i l - w a t e r  c o n t e n t  by Gamna- 
r a y  t r a n s m i s s i o n  compensated f o r  t empera tu re  
f l u c t u a t i o n s ,  S o i l  S c i ,  Soc, Amer, Proc.  
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c a t i o n )  , 377  
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Cooley, Keith R., Myers, Lloyd E., and - 
Prasier, Gary W, Lower cost water 
harvesting methods. Proc,, Symp. on 
Interdisciplinary Aspects of Watershed 
Management, Univ. of Montana, Bozeman, 
Mont,, Aug 1970, (In press). 355 

DeBoer, D. W.,  Bucks, Dale A*, 
Lembke, W, D,, and Wiersma, J.  L. 
Envelope performance in a coarse-silt 
base material. Proc,, Natl, Drainage 
Symposium, Chicago, Ill., Dec 1971. 
(Submitted for publication), 

Ehrler, William L.  lJeriodic nocturnal 
stomata1 opening in a steady environment. 
Physiol, Plant, (In press), 

Ehrler, William L ,  Additions to trans- 
pira Lion data contained in "Biology 
Data 1300k1', to be published by Fed. oL 
American Societies for Experimental 
Biology. (Submitted for publication). 

Ehrler, William L ,  The water-use ef f ici- 
ency of Agave Americana L., and Zea Mays L., 
as affected by low soil-water potential. 
Agron, Jour. (Submitted for approval). 

Fink, Dwayne H., and Nakayama, F. S. 
Equation for describing the free-swelling 
of montmorillonite in water, Soil Sci. 
(Submitted for publication) , 

Frasier, Cary W,, and  Myers, 1,Loycl li. 
Bonding films to soil surfaces for watcr 
harvesting. Trans,, her. Soc, Agric. 
Engin, (Submitted for publication), 

Idso, Sherwood B. Solar radiation measure- 
ments augment air pollution studies. Jour, 
Air Pollution Control Assoc, (Submitted for 
publication), 35 8 
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MS No. - 
Idso, Sherwood Be Systematic deviations 
of clear sky atmospheric thermal radiation 
from predictions of empirical formulae. 
Quart. Jour. Roy. Meteorol, Soc, (In press). 360 

Idso, Sherwood B, A comparison of the Funk 
and Idso techniques for measuring hemis- 
pherical all-wave radiation. Rev. Sci. 
Instr. (In press). 

Idso, Sherwood B, Solar and thermal radi- 
ation fluxes under cloudless skies during 
a dust storm. Weather. (Submitted for 
publication), 

Idso, Sherwood B. Calibration of soil heat 
flux plates by a radiation technique, 
Agric, Mcteorol . (In press). 

Pdso, Sherwood U. Simplifications in the 
transformation of net radiometers into 
hemispherical radiometers, Agric, Meteorol. 
('in press). 3 80 

Jackson, R. D. Diurnal soil-wa ter content 
changes during drying. Field Moisture Regime 
Symp., Amer, Soc. Agron., New York, N.Y, 
Aug 1971, (Special pub,, ASA) (Submitted 
Ior publication), 

2ackson, K. D,  On the calculation of 
hydraulic conductivity, Soil Sci, Soc. 
Amer , Proc . (NOTE) (Submitted for publication). 37 6 

Lance, J. C .  The natural way to clean 
wastewater. Amer. Horticulture Mag, (In 
press) . 371 

Lance, J. C , ,  and Whislcr, I?, D. Nitrogen 
balance in soil columns intermittently 
flooded with sewage water. Jour. Environ. 
Quality, (In press), 362 
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Myers, Lloyd b., and bucks, Dale A. 
Trickle irrigation wi tEi varying outlet 
sLzcs. Jour. Irrig. and Drain. Div,, 
Amer. Soc. Civil Engin, I'roc, (Submitted 
for publication), 37 8 

Nakayama, F. S. The association of 
calcium wit11 carbonates. Geochim, and 

Nakayama, F. S. A simple method for 
estimating the solubility product of 
calcium carbonate. Soil Sci. (NOTE) 
(In press). 

Replogle, John A. Tailoring critical- 
depth measuring flumes. Symp. on Flow: 
Its measurement and control in science 
and industry. (Proc.) Pittsburgh, Pa. 
May 1971. (Submitted Lor publication) , 

Watson, I<ei.tli K, Plow in porous media. 
4th Australasian Conf, on Hydraulics and 

Mechanics Proc,, Melbourne, Aust, 
Dec 1971, (Submitted for publication). 

Watson, Keith K., and Whisler, F. D. 
Numerical analysis of drainage of a 
heterogeneous porous medium. Soil Sci. 
Soc. Amer, Proc. (Submitted for publication). 37 3 
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ARPENDIX 111 

SUMMARY TABLE OF STATUS OF RESEARCH OUTLINES 

SWC-018-gG-4 

Ariz . -WCL 5 8-2 

Ariz .-WCL 61-4 

Ariz .-WCL 65-2 

Ariz.-WCL 65-3 

Ariz .-WCL 66-2 

Ariz.-WCL 67-1 

Ariz.-WCL 67-2 

Ariz.-WCL 67-4 

Adz.-WCL 68-1 

Ariz . -WCL 68-2 

Ariz .-WCL 68-3 

Ariz  . -WCL 6 8-5 

T i t l e  

Inc reas ing  and conserving agr-icul- 
t u r a l  and r u r a l  water  s u p p l i e s  

Consumptive use of water  by crops 
grown i n  Arizona 

Measurement and c a l c u l a t i o n  of 
unsa tu ra t ed  conduc t iv i t y  and s o i l -  
water  d i f  f u s i v i t y  

Ma te r i a l s  and methods f o r  wa te r  
h a r v e s t i n g  and water  s t o r a g e  i n  
t he  S t a t e  of Hawaii 

I n t e g r a t i n g  v e l o c i t y  p r o f i l e  meters 

I r r i g a t i o n  o u t l e t  s t r u c t u r e s  t o  
d i s t r i b u t e  wa te r  onto e r o s i v e  s o i l k  

Flow measurement i n  open channe 1s 
wi th  c r i t i c a l  depth flumes 

Phys i ca l  and chemical c h a r a c t e r i s t i c s  
of hydrophobic s o i l s  

Waste-water renovat ion by spreading  
t r e a t e d  sewage f o r  groundwater 
recharge 

Evaporation of water  from s o i l  

Fabricated-in-place , r e in fo rced  
l i n i n g s  and ground covers 

Column s t u d i e s  of chemical,  phys i ca l ,  
and b i o l o g i c a l  p rocesses  of  waste- 
water renovat ion  by p e r c o l a t i o n  
through t h e  s o i l  

Assessing t h e  energy environment of 
p l a n t s  

Code - 

C 

D 

B 

C 

B 

B 

B 

B 

B 

B 

B 

D 

Annual Report of the U.S. Water Conservation Laboratory



Ariz .-WCL 70-1 

Ariz .-WCL 70-2 

Ariz ,-WCL 71-2 

Ariz.-WCL 71-3 

Ariz .-WCL 71-4 

Ariz .-WCL 71-5 

Ariz .-WCL 71-6 

Ariz.-WCL 71-7 

Ariz .-WCL 71-8 

Ariz .-WCL 71-9 

Ariz.-WCL 71-10 

T i t l e  

Computer s imu la t ion  of greenhouses 

Cha rac t e r i za t ion  of t he  s o i l  micro- 
f l o r a  and b i o l o g i c a l  processes  
occurr ing  i n  the s o i l  used f o r  
waste water  renovat ion 

Design and performance of t r i c k l e  
i r r i g a t i o n  systems 

Rela t ive  changes i n  t r a n s p i r a t i o n  
and photosynthesis  induced by s o i l  
wa te r  dep le t ion  i n  a cons tan t  
environment 

The e f f e c t  of i r r i g a t i o n  regimes and 
e a r l y  cut-off of i r r i g a t i o n  water  on 
the  y i e l d  of high popula t ion  c o t t o n  

Heat and l i g h t  t r a n s f e r  i n  ponds 

Measurement and p r e d i c t i o n  of t h e  
s o l u b i l i t y  behavior  of the  calcium 
mineral  c o n s t i t u e n t s  of s o i l s  

Water vapor movement through mulches 
under f i e l d  condi t ions  

Use of f l o a t i n g  ma te r i a l s  t o  reduce 
evapora t ion  from water  s u r f  aces  

Water adsorp t ion  p r o p e r t i e s  of s o i l  
s u r f a c e s  coated wi th  organic  
comp ounds 

The e f f e c t  of a i r  entrapment on 
water movement i n  s o i l s  

One-dimensional flow i n  sca led  
heterogeneous porous media 

Assessment of b ios t iumula t ion  and 
eu t roph ica t ion  of reclaimed waste  
water  

Code - 
B 

B 
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T i t l e  Code 

Ariz.-WCL 71-11 Chemical treatment of i r r i g a t i o n  B 
water f o r  the prevention of clogging 
and the  removal of flow obs t ruc t ions  
i n  t r i c k l e  i r r i g a t i o n  systems 

Ariz.-WCL 71-12 Lower cost  water harves t ing  systems B 

Ariz.-WCL 71-13 Modifying furrow i r r i g a t i o n  p r a c t i c e s  A 
f o r  cabbage production 

Ariz.-WCL 71-14 Evaluating t r i c k l e  i r r i g a t i o n  f o r  A 
cabbage production 

Ariz.-WCL 71-15 S o i l  clogging during i n t e r m i t t e n t  B 
i n f i l t r a t i o n  with secondary 
sewage e f f l u e n t  
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T i t l e  

PL 480 P r o j e c t s  

AlO-SWC-20 Biology and consumptive water  use 
of range p l a n t s  under d e s e r t  con- 
d i t i o n s  

A10-SWC-75 Inf  i l t r a t i o n  and r a i n f a l l  runoff as 
a f f e c t e d  by n a t u r a l  and a r t i f i c i a l  
s u r f a c e  c r u s t s  

E30-SWC-4 Inf luence  of i r r i g a t i o n  on changes 
of phys ica l  p r o p e r t i e s  of s o i l  

E30-SWC-41 Depth, t ime and quan t i t y  of water  
f o r  i r r i g a t i o n  of co t ton  and corn 
(with depth and shal low roo t  system) 

Code 

D 
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