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CHANGES I N  PERSONNEL 
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E. D,  Esca rcega ,  Hydrau l i c  Eng ineer ing  Aid (Re tu rn  from 

m i l i t a r y  f u r l o u g h )  
P. Kuechelmann, L a b o r a t o r y  Techn ic ian  
J. C .  Lance, Resea rch  S o i l  S c i e n t i s t  
M. E .  Olson,  C le rk -S tenographer  
L. Shedd, YOC 

During 1968 t h e r e  were  n i n e  d e p a r t u r e s .  They a r e  a s  Collows: 

A .  Bucks, A g r i c u l t u r a  1 Engineer  ( M i l i t a r y  f u r l o u g h )  
B. Eal im,  YOC 
S. F r y ,  Clerk-S t enographer  
L. Krebs ,  L a b o r a t o r y  T e c h n i c i a n  
S. M i l l e r ,  A d m i n i s t r a t i v e  A s s i s t a n t  
D .  P u l l i n s ,  P h y s i c a l  S c i e n c e  Aid 
C .  S a y l o r ,  L a b o r a t o r y  Techn ic ian  
Shedd, YOC 
8. Tanner ,  S e c r e t a r y  
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D r .  W. L. E h r l e r ,  Resea rch  P l a n t  P h y s i o l o g i s t  
M r .  L. J. E r i e ,  Resea rch  A g r i c u l t u r a l  Engineer  
D r .  D.  H. Fink ,  Resea rch  S o i l  S c i e n t i s t  
M r .  G .  W .  F r n s i e r ,  Resea rch  N y d r a t ~ l i c  Eng ineer  
D r .  S .  B. I d s o ,  Resea rch  S o i l  S c i e n t i s t  
D r .  R. D. J ackson ,  Resea rch  P h y s i c i s t  
D r .  J. C .  Lance, Resea rch  S o i l  S c i e n t i s t  
M r .  L. E. Myers, Research H y d r a u l i c  E n g i r ~ e e r  a n d  D i  r c c t u r  
D r .  F. S. Nakayama, Resea rch  Chemis l: 
M r .  R .  J. Reg ina to ,  Resea rch  Soi l S c i e n t i s t  
D r .  J. A .  R e p l o g l e ,  Resea rch  Hydrau l i c  Eng ineer  
M r .  R .  C. R i c e ,  A g r i c u l t u r a l  Eng ineer  
D r .  F. D .  Whis le r ,  Resea rch  S o i l  S c i e n t i s t  

Annual Report of the U.S. Water Conservation Laboratory



Technic ians :  

G. Ekechukwu, Labora to ry  Technic ian  
E. D. Escarcega,  Hydrau l ic  Engineer ing  Aid 
D, A .  F o r s t i e ,  P h y s i c a l  S c i e n c e  Aid 
0. F. French,  A g r i c u l t u r a l  Research Technic ian  
J. L. Gale,  P h y s i c a l  Sc ience  Technic ian  
L. P, G i r d l e y ,  Engineer ing  Draftsman 
J. R.  Gr iggs ,  P h y s i c a l  Sc ience  Technic ian  
J. L.  Krebs,  Labora to ry  Technic ian  
P, Kuechelmann, Labora to ry  Technic ian  
J. M, R, Mart inez ,  Engineer ing  Aid 
J .  B. Miller, P h y s i c a l  Sc ience  T e c h n i c i a n  
S.  T .  M i t c h e l l ,  P h y s i c a l  S c i e n c e  Technic ian  
K ,  G .  Mul l ins ,  P h y s i c a l  Sc ience  Technic ian  
J. M. P r i t c h a r d ,  P h y s i c a l  S c i e n c e  Technic ian  
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TITU DYNAMIC SIMIJARITY I N  ELBOW FLOW METERS. 

CRIS WORK UNIT: SWC W10 gG-7 CODE NO.: Ariz,-WCL 60-2 

INTRODUCTION : 

See Annual Report Eor 1967. 

A welded, s t e e l  elbow was c a l i b r a t e d  f o r  use wi th  a po r t ab l e  

i r r i g a t i o n  pump. It was 4 inches i n  diameter ,  a s i z e  n o t  p r ev ious ly  

t e s t e d  i n  t he se  s t u d i e s  . 
The paper r e p l y i n g  t o  d i s c u s s e r s  of t h e  o r i g i n a l  paper "Evalua- 

t i o n  of Pipe Elbows a s  Flow Meters (Sept , ,  1966) was publ ished i n  

t h e  Jou rna l  of t h e  I r r i g a t i o n  and Drainage Div is ion ,  ASCE, Vol. 94, 

No, IR3, Sept .  1968. 

Eva lua t ion  of a low-cost, tu rb ine- type ,  household water meter 

a s  a shunt-meter, i n t e g r a t i n g ,  dev ice  f o r  t o t a l i z i n g  f low through 

l a r g e  elbow meters  was cont inued.  The t e s t s  were made on the LO-inch 

diameter  elbow, numbered 32 i n  previous r e p o r t s .  The turb ine- type  

meter was a h a l f - i n c h  Tempe "magnetic-drive" water meter  number 

4.08199. 

PROCEDURE : 

The turb ine- type  water  meter was connected i n  a shunt  conf igura-  

t i o n  ac ros s  t he  elbow s o  t h a t  water  from t h e  t a p  on the  o u t s i d e  of 

t h e  elbow bend flowed through t h e  water  meter and i n t o  t h e  i n s i d e  t ap  

on t h e  elbow bend. A manometer connected ac ros s  t he  elbow near  each 

t a p  could be read  t o  determine d ischarge  through t h e  main l i n e  and 

elbow when a v a l v e  i n  t h e  water  meter ,  o r  shunt  l i n e ,  was c losed .  When 

the  va lve  was open, t h e  manometer i nd i ca t ed  t h e  p re s su re  drop ac ros s  

t h e  water  meter  and t h e  water  meter  accumulated t o t a l  f low through t h e  

shunt .  This f low was r e l a t e d  t o  t h e  t o t a l  f low i n  t h e  main l i n e  

through t h e  fo l lowing  developed r e l a t i o n s h i p s :  

I n  terms of t h e  d i f f e r e n t i a l  head, H, between t h e  o u t s i d e  

and i n s i d e  of a p ipe  elbow, t h e  d i scharge ,  Q, can be  expressed by a 

r e l a t i o n  of t he  form 
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where M i s  a  cons tan t ,  depending on the  diameter and r ad ius  o f  bend 

of t he  elbow, and E i s  an exponent, u s u a l l y  0.5 f o r  3-inch diameter 

elbows, bu t  i nc reas ing  t o  about 0.52 f o r  12-inch diameter elbows. 

In t he  shunt  loop formed by connect ing an ord inary  water meter 

between p re s su re  t aps  placed on t h e  ou t s ide  and i n s i d e  of the elbow 

bend, t he  flow, q, i s  r e l a t e d  t o  H by the  pipe f r i c t i o n  equat ion 

where f  i s  t he  shunt  p ipe  f r i c t i o n  f a c t o r ,  L i s  the shunt pipe 

length,  D i s  t h e  shunt pipe diameter ,  v i s  the v e l o c i t y  i n  the shunt 

pipe,  and g the  a c c e l e r a t i o n  due to  g r a v i t y .  

Since q = a.v, where a  i s  t he  shunt p ipe  c r o s s - s e c t i o n a l  a r ea ,  

Equation (2) can be r e w r i t t e n  a s  

Combining Equations (1)  and (3) 

where C i s  a  new cons tan t  combining M with the o the r  dimensions a d  

cons t an t s .  

It may be noted t h a t  i f  E i s  0,5,  t he  r e l a t i o n s h i p  i s  l i n e a r  

between Q and q, and the  accumulated t o t a l  flow recorded on the 

household type shunt  meter  i s  d i r e c t l y  r e l a t e d  t o  the t o t a l  f l o w  

through the  main l i n e  independent of N. In r e a l i t y ,  because of  
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bea r ing  f r i c t i o n  i n  t h e  shunt meter,  zero reading  on the  shunt meter 

would be expected t o  occur before  flow a c t u a l l y  reached zero  i n  the  

main l i n e .  I f  t h i s  i s  c o r r e c t ,  the  a c t u a l  form of the equat ion  re ' t a t -  

i ng  the  flow i n  t h e  main l i n e  t o  the  l low i n  the  shunL meter i s  

where K r ep re sen t s  t he  i n t e r c e p t  on the zero  a x i s  of a  p l o t  of Q 

versus  q. 

The welded s t e e l  elbow meter mentioned e a r l i e r  was 4 inches i n  

diameter and had a  r ad ius  of curva ture  f o r  the  flow c e n t e r l i n e  of 

6  inches.  The t h e o r e t i c a l  c a l i b r a t i o n  curve was comput.cd with the  

previous ly  der ived  equat ion  ( see  Annual Report, 1966).  Because 

t h e  approach p ip ing  was only about & f e e t  long, which i s  l e s s  than 

the  recommended 20 p ipe  diameters ,  and because t h i s  type elbow had 

no t  been previously t e s t e d ,  t he  pump system w a s  l abo ra to ry  ca l i -bra ted  

wi th  the  meter i n  p l ace  on the  pump system. 

RESULTS AND DISCUSSION: 

The "wethead" meter ( see  Annual Report 1966, 1967) was no t  

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

f o r  s e v e r a l  months. The dryhead turb ine- type  meter t h a t  t ransmi ts  

i t s  t u rb ine  r o t a t i o n  t o  t he  me te r -d i a l  mechanism through magnetic 

l inkage has been t e s t e d ,  A t  f i r s t  t h e  r e s u l t s  were e r r a t i c  and 

the  c a l i b r a t i o n  could no t  be repea ted .  C a l i b r a t i o n  r e s u l t s  shown 

i n  Figure 1 were obta ined ,  The d i f f i c u l t y  was u1timateI.y t raced  

t o  incomplete purging of a i r  from the  shunt meter housing. 111c a i r  

was f i n a l l y  removed by high pressure  f l u s h i n g  through the  meter .  

A i r  could be de t ec t ed  i n  t h e  meter by p re s su r i z ing  the  shunt meter 

l i n e  when the  va lves  i n s t a l l e d  between the  meter and the  pressure  

t aps  were c losed .  When one of t he  va lves  was opened r ap id ly ,  the  

flow i n d i c a t o r  would s p i n  i f  t he re  was major a i r  expansion fo rc ing  
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flow pas t  t he  r o t o r .  Purging was continued u n t i l  the r o t a t i o n  of the 

tu rb ine  s h a f t  ( o r  flow i n d i c a t o r )  was l e s s  than about a q u a r t e r  t u r n .  

With the  a i r  removed, the c a l i b r a t i o n  was s t a b l e  and nea r ly  

l i n e a r ,  curving only s l i g h t l y  more than would be p red ic t ed  by P i t t i n g  

an equat ion  of t h e  form of Equation (6)  t o  the  d a t a .  This  was done 

by l e t t i n g  y = q i n  Equation (6) and then f i t t i n g  a  l e a s t  squares  

equat ion  t o  t he  transformed d a t a ,  The p l o t t e d  l i n e  can hard ly  be 

d i s t i ngu i shed  from the  s t r a i g h t  l i n e  t h a t  would r e s u l t  i f  E = 0.5, 

except  on a  p l o t  t o  a  l a r g e r  s c a l e  than t h a t  of Figure 1. 

The l i n e a r  c a l i b r a t i o n  assuming E = 0.5 i s  i nd ica t ed  i n  F igure  

1. The d a t a  p o i n t s  a t  low flow r a t e s  tend t o  curve s l i g h t l y  t o  the 

l e f t ,  probably due t o  the  tendency f o r  t he  t u r b i n e  meter t o  under- 

i n d i c a t e  s l i g h t l y  a t  i t s  lower ope ra t ing  l i m i t .  The meter has not 

been ind iv idua l ly  c a l i b r a t e d  a s  ye t ,  but  t he  genera l  c l a s s  of meter 

behaves i n  t h i s  way, 

Since a i r  t rapped i n  the  meter can be a  problem, it i s  d e s i r a b l e  

t h a t  some method be devised t o  e a s i l y  o r  au tomat ica l ly  remove the  

a i r  and keep i t  out  of t he  meter.  A i r  b leeds on the  s i d e  of t he  

meter may be one s o l u t i o n .  Another would be t o  u se  a  meter  s t y l e  

t h a t  f i t s  i n t o  a  v e r t i c a l  l i n e  which reduces the chance of t rapping  

a i r .  

Another source of c a l i b r a t i o n  s h i f t  can be e l imina ted  by remov- 

ing  the  s t r a i n e r  i n  che meter. Re la t ive ly  c l ean  water should be 

used wi th  these  meters  anyway, and sand type p a r t i c l e s  r e a d i l y  pass 

the  meter r o t o r  wi th  l i t t l e  d i f f i c u l t y .  I f  a  f i l t e r  i s  needed, i t  

should be i n  t he  main l i n e ,  o r  i f  i n  t he  shunt l i n e ,  a t  l e a s t  should 

be l a r g e  enough t o  have n e g l i g i b l e  change i n  head loss  with pLuggit~g. 

Computation of d i scharpe .  Equation (6) i s  l i n e a r  i f  E  = 0.5. 

This l i n e a r  equat ion i s  t h e  b a s i s  f o r  i n f e r r i n g  t o t a l  flow through 

the  main l i n e  from observa t ion  of t o t a l  flow through The household 

meter i n  the  shunt  l i n e .  The t o t a l  flow, Q could be expressed by 
T  

summing the  i n d i v i d u a l  flow r a t e s ,  each mul t ip l i ed  by the r e spec t ive  
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time, t h a t  t h e  p a r t i c u l a r  flow r a t e  p reva i l ed .  Expressed i n  terms 

of t he  symbols i n  Equation (6),with s u b s c r i p t s  t o  devote flow r a t e  

and time per iods  1, 2, n, e tc . ,  t h i s  becomes 

Q t o t a l  = Q~ T~ + Q *  T~ + + Q ~  T~ ( 7 )  
o r  

% o t a l  = (K  + Cql) T1 f ( K  f Cq2) T2 + ( K  + Cqn)Tn (8) 
o r  

- 
Q t o t a l  - C q t o t a l  + K T t o t a l  (9)  

where q  - 
t o t a l  - Zqn Tn 

T t o t a l  
= Z T  * 

n 

Equation (9) shows t h a t  K must be zero  i f  Q i s  t o  be i n f e r r e d  
t o t a l  

wi th  only knowledge of q  
t o t a l '  

If R is no t  zero  then a  q u a n t i t y  

t h a t  i s  dependent on the  t o t a l  time of meter ope ra t ion  must be 

added. 

Two obvious approaches a r e  a v a i l a b l e  t o  handle the  problem, 

The f i r s t  i s  t o  monitor the  meter whenever i t  ope ra t e s  s o  thaL 

T t o t a l  
i s  known. This i s  no t  convenient i f  the  meter i s  t o  i n d i c a t e  

t o t a l  de l ive red  flows t o  a  f i e l d  o r  water u se r  f o r  a  season, s i n c e  

each a p p l i c a t i o n  time would have t o  be recorded.  

The second method would c o n s i s t  of assuming t h a t  d e l i v e r i e s  

would be near  t he  maximum flow r a t e  c o n s i s t e n t  with the  pipe 

diameter and seldom i f  ever  lower than, say,  213 oE t h i s  maximum 

r a t e .  The c a l i b r a t i o n  curve i s  then f i t  through t h i s  upper range 

of d a t a  po in t s  and forced through zero,  thus e l imina t ing  K. 

Typical  e r r o r s  introduced by the  second method can be evaluated 

f o r  the  10-inch elbow used i n  t h i s  s tudy  (Figure 2). For t h i s  elbow, 

K = 102.3 and C = 2406, wi th  both Q and q  expressed i n  ga l lons  and T 

i n  minutes.  Thus 
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For t he  c a s e  where t he  c a l i b r a t i o n  curve is  fo rced  through zero ,  

the  equa t ion  f o r  t h e  10-inch elbow is 

Q t o t a l  = 2576 qtotal 

Consider a  t y p i c a l  a p p l i c a t i o n  i n  a  24-hour per iod  a t  an average 

r a t e  of 1500 gpm o r  a  t o t a l  a p p l i c a t i o n  of 2,160,000 ga l lons  (6.63 

a c r e - f e e t ) .  For ease  of computation, assume t h a t  the  water  was 

app l i ed  f o r  8 hours  (440-min.) a t  ZOO0 gpm, 8 hours  a t  1000 gpm, and 

8 hours a t  1500 gpm, averag ing  1500 gpm, 

From Equation (10) 
q t o t a l  can be  c a l c u l a t e d  t o  be 836.5 ga l lons  

u s ing  e i t h e r  t h e  t o t a l  f o r  each 8-hour per iod o r  t he  average f o r  24 

hours .  

Using t h e  approximation of Equation ( l l ) ,  and i n s e r t i n g  t h i s  

same va lue  f o r  q  
t o t a l '  Q t o t a l  = 2,155,000 ga l lons ,  o r  a  sys temat ic  

e r r o r  of l e s s  than 0,24%, Even i f  the  e n t i r e  amount had been 

app l i ed  a t  t h e  lower f low r a t e  of ZOO0 gpm r e q u i r i n g  36 hours (2160 

min.), t he  shunt meter would have recorded 805.9 ga l lons  (Equation 

( lo) ) ,  which app l i ed  t o  Equation (11) would y i e l d  2,076,000 ga l lons ,  

o r  a  sys temat ic  e r r o r  of -3.9%. Likewise, a t  t h e  h i g h e s t  flow r a t e ,  

which would r e q u i r e  18 hours (1080 min.), t h e  shunt  meter  would 

record  851.8 ga l lons ,  which app l i ed  t o  Equation (11) would y i e l d  

2,194,000 ga l lons ,  o r  a  sy s t ema t i c  e r r o r  of +1.6%. I t  thus appears  

t h a t  u se  of t h e  s i m p l i f i e d  form of Equation (11) i s  j u s t i f i e d .  

The c a l i b r a t i o n  f o r  t he  welded-steel ,  4-inch elbow meter pro- 

duces a  d i s c h a r g e - d i f f e r e n t i a l  head r e l a t i o n  t h a t  was about  5 percent. 

lower than c a l c u l a t e d  from the  t h e o r e t i c a l  equa t ions .  This  can be 

expected s i n c e  t h e  p ip ing  arrangement was inadequate ,  
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The c a l i b r a t i o n  equat ion was 

a s  compared t o  the t h e o r e t i c a l  equat ion which i s  

where Q is  i n  cub ic  f e e t  per  second and H i s  i n  inches of water .  

S W R Y  AND CONCLUSIONS: 

S tudies  toward inco rpora t ing  low-cost i n t e g r a t i n g  devices  with 

elbow meters  t o  convert: them from r a t e  devices  t o  t o t a l  quan t i t y  

meters a r e  cont inuing.  Turbine-type household water  meters have 

been used a s  a shunt  meter ac ros s  the  pressure  taps  of t he  elbow 

meters .  The expected l i n e a r  r e l a t i o n s h i p  between the  main l i n e  

flow and the  shunt  f low was obtained with both "wethead" type 

meters  and "dryhead", magnetic-linked meters ,  The wethead meters  

f a i l e d  t o  r e s t a r t  a f t e r  l y ing  i d l e  s e v e r a l  weeks, probably due t o  

depos i t s  on the  readout  gears .  The magnetic-].inked type has no 

r o t a t i n g  l i q u i d  s e a l s  and no water  i n  con tac t  with the gears .  Re- 

s t a r t i n g  a f t e r  s e v e r a l  months was no problem. 

Since the  r e l a t i o n s h i p  between the shunt  meter and the  main 

flow i s  a f f e c t e d  by shun t - l i ne  f r i c t i o n  lo s ses ,  the r e l a t i o n s h i p  

should be f i e l d  checked s e v e r a l  times per  season. This i s  r e a d i l y  

done with a manometer reading  between the  elbow p res su re  taps  when 

the  shunt  meter l i n e  i s  c losed .  For t he  flow r a t e  c a l c u l a t e d  from 

t h e  manometer reading,  t he  shunt meter i s  allowed t o  ope ra t e  f o r  a 

timed i n t e r v a l  and the  shunt flow r a t e  determined. This i s  repeated 

f o r  t h r e e  o r  more f low r a t e s  and the  curve p l o t t e d ,  main flow vs 

shunt meter flow. 

The c a l i b r a t i o n  p l o t  w i l l  u s u a l l y  not  i n t e r s e c t  t he  o r i g i n ,  

Leaving a time dependent term i n  the t o t a l  d i scharge  equat ion .  The 
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problem of keeping time records  on the length of time the meter has 

opera ted  can be avoided by f o r c i n g  the  c a l i b r a t i o n  through the  

o r i g i n  and through c a l i b r a t i o n  p o i n t s  i n  t h e  upper two-thirds  of 

t he  flow range f o r  the  meter.  Systematic e r r o r s  r e s u l t i n g  from 

t h i s  procedure would depend on the  ind iv idua l  i n s t a l l a t i o n ,  bu t  f o r  

a p a r t i c u l a r  10-inch diameter  elbow and shunt meter system s tud ied ,  

t y p i c a l  sys temat ic  e r r o r s  were l e s s  than 3.9%. It thus appears 

t h a t  t h i s  s i m p l i f i c a t i o n  is j u s t i f i e d  where time records a r e  not  

e a s i l y  kept .  

PERSONNEL: J. A .  Replogle.  

CURRENT TERMINATION DATE: December 1970. 
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F i g u r e  1. C a l i b r a t i o n  c u r v e s  f o r  1- inch elbow mete r  wiirh shun t  me te r  

a t  t a c h n e n t  . Annual Report of the U.S. Water Conservation Laboratory



F i g u r e  2 .  Calibration curve, forced zero intercep~. 
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TITLE : SOIL TREATMENT TO REDIJCE 1NFZI,TRATION A N D  INCREASE 

PRECIPITATION RUNOFF 

CRIS WORK UNIT: SWC W 7  gG-4 CODE NO.:  Ariz,-WCI* 60-7 

INTRODUCTION : 

With t h e  e x c e p t i o n  of t h e  Seneca catchment ,  a l l  p r e v l o r ~ s l y  

r c p o r t e d  o p e r a t i o n a l  water  h a r v e s  t i t lg  i n s t a l l a i i o t l s  wt.re tc~rriccl ovibr  

t o  t h e  r e s p e c t i v e  c o o p e r a t o r s .  T h i s  was accomplishctl  i n  Junc  1360 

w i t h  t h e  l i n a l  t r e a t m e n t  of t h e  Metate  and Blue Mountain ca tchnrc~nts ,  

These ca tchments  w i l l  be inspecLed a t  p e r i o d i c  i n t c r v c ~ L s  t o  c ~ b s c r v c ,  

t h e  w e a t h e r i n g  performance of  t h e  t r e a t m e n t s ,  b u ~  f t i r t i ~ c r  mriiit cn -  

a n c e  w i l l  be done by t h e  c o o p e r a t o r s .  A new catch~l icnt  ile'ir S < i l  r or i! ,  

Ar izona ,  was t r e a t e d  i n  c o o p e r a t i o n  wi th  the  Bureau of- Land M<li~<ige- 

ment. Measurement of  rainCal.1 and runof f  was c o n t i n u e d  a t  & h e  

Monument Tank t e s t  s i t e  i n  t h e  p r e t r e a t m e n t  phase  of tihe s t u d y  L O  

e v a l u a t e  water  h a r v e s t i n g  t echn iques  on l a r g e r  a r e a s .  

Observa t ions  and measurements were c o n t i n u e d  a t  t h e  G r a r ~ i  t e  

Reef t e s t i n g  s i t e  i n  t h e  e v a l u a t i o n  of d i f f e r e n t  s u r l a c c  i r c a l ~ , , e n ~ s  

f o r  i n c r e a s i n g  p r e c i p i t a t i o n  runof f ,  Labora to ry  s ~ u d i e s  were con-  

ce rned  w i t h  con t inued  e v a l u a t i o n  of  t h e  e f f e c t i v e n e s s  of low-cost  

s o i l  s t a b i l i z e r s  and w a t e r - r e p e l l e n t  t r e a t m e n t s .  

PART I. OPERATIONAL FIELD CATCXWNTS 

With t h e  e x c e p t i o n  of  t h e  Seneca and G u t h r i e  Peak c a t c h r n e r ~ t s ,  

a l l  o p e r a t i o n a l  f i e l d  ca tchments  were t u r n e d  o v e r  t o  t h e  respective 

c o o p e r a t i n g  agency.  These catchrnents w i l l  c o n t i n u e  i o  be observc.ci 

under f u l l y  o p e r a t i o n a l  use .  The F l a g s t a f f  c i n d e r s  ccltchment a n d  

t h e  two dua l -purpose  b u t y l  ca tchments  were n o t  v i s i t e d  t h e  past. 

y e a r  nor  was a n y  r e p o r t  r e c e i v e d  on t h e i r  performance.  

Nelson Road Catchment. Th i s  ca tchment ,  w i t h  a  two-pl~ase  a s p l l a l t  

pavement a p p l i e d  d u r i n g  t h e  surmner of L W t ,  was c o n s i d e r e d  i n  good 

c o n d i t i o n  when i n s p e c t e d  i n  May 1968. There  were some s o f t  s p o ~ s  

i n   he pavernellt caused by wa te r  p e l l e t r a t i n g  through c:raclts ill rhe 
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a s p h a l t .  T h e r e  were  a few small h o l e s  where weeds hat1 beet rernovctl. 

R e p a i r  c o u l d  e a s i l y  b e  made i n  a n  hour  w i t h  10 g c ~ l l o n s  of z ~ s p l ~ , l l (  

e m u l s i o n .  The a s p h a l t  - f i b e r g l a s s  l i n i n g  i n  the r e s e r v o i r  was i n  

e x c e l l e n t  c o n d i t i o n .  A s p h a l t  - c l a y  elnu l s i o n  011 t h e  f i b e r g l a s s  appcareci  

Lo be w e a t h e r i n g  e x c e p t i o n a l l y  w e l  L .  

B l u e  Moun ta in  Catchment .  T h i s  ca t chn ten t ,  w i t h  a two-phdsc, 

a s p h a l t  pavement a p p l i e d  i n  Augus t  1967, was g i v e n  a f i n d  l p t - o t c c t i v c  

s p r a y  c o a t i n g  oE a luminizec l  a s p h a l t  on 27 May 1968,  The c o a t i n g  w'is 

a p p l i e d ,  u s i n g  a  3 - g a l l o n  g a r d e n  s p r a y e r ,  a t  a r a t e  o f  0,017 l i L c ' r -  
- 2 - 2 

o f  s o l u t i o n  tn (0 .075  g a l  yd ) The alumintint c o a t i n g  appiwrctd L O  

g i v e  corriplete c o v e r a g e  and  shotilcl p r o t e c t  t h e  pavcrrrertt Lor s e v e l ~ r  l 

y e a r s  i f  weed g rowth  i s  k e p t  unde r  c o n t r o l .  Removal oC wecds 

b e f o r e  a p p l y i n g  t h e  a l u m i n i z e d  a s p h a l t  l e f t  a b o u t  t e n  % - i n c h  d i a m e l e r  

h o l c s  i n  t h e  pavement ,  The c a t c l ~ n l e u t  was c o n s i d e r e d  i n  good co11- 

d i t i o n .  

M e t a t e  Catchment .  The M e t a t c  ca t chmen t  was r e - t r e a t e d  18 

J u n e  1968.  A l i g h t  r a c k  c o a t  o f  SS2H a s p h a l t  c m u l s i o n  was spr i tycd  
- 2 

on t h e  o l d  p o l y e t h y l e n e  c o v e r ,  Thcn 5-11. wide,  3 / 4 - o z  I t  i i h ~ r -  

g l a s s  was u n r o l l e d  on Che t a c k  c o a t .  F o u r - i n c h  l a p s  were  m;ldt~ 

be tween t h e  s t r i p s .  A s p h a l t  e m u l s i o n  was s p r a y e d  on t h e  s u r f < ~ c c  

a t  a  r a t e  which  would c o ~ n p l e t e l y  f i l l .  t h e  v o i d s  i n  t i le  I ' i b e r g l a s s  

p l u s  p e n e t r a t e  t h r o u g h  i t  t o  t h e  ca t chmen t  s u r f a c e .  A t o t a l  o f  

0 .75  g a l  yd -2  was a p p l i e d .  Tlie p r c u i o u s l y  i n s l a l l c d  ;~spli.l l i -  

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

San V i c e n t e  Catchment .  T h i s  ca t chmen t  a n d  r e s e r v o i r ,  c o v e r c d  

a n d  l i n e d  w i t h  20-mi l  chlorinated p o l y e t h y l e n e  s h e c t i n g  i n  J u n e  

l 9 6 5 ?  was n o t  i n s p e c t e d  d u r i n g  t h e  y e a r .  R e p o r t s  Ironr t h e  Papago 

I n d i a n  R e s e r v a t i o n  a r e  t h a t  t h e  u n i t  i s  i n  good c o n d i t i o n ,  and  t h e y  

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

Mesca l  Catchment .  T h i s  cat-chment ,  c o v c r e d  w i t t i  c t i l o r i n a t c c i  

p o l y e t h y l e n e  s h e e t i n g  i.n September  1965,  was c o n s i d e r e d  i n good 
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c o n d i t i o n  when i n s p e c t e d  i n  October  1968. T11c c a ~ c h n t c n ~  l~acl noL 

been m a i n t a i n e d  d u r i n g  t h e  p r e v i o t ~ s  12 months. Two l a r g e  weeds 

had grown througtt t h e  cover  clnd coyoLes had dug two l toles .~botrt 

1 2  i n c h e s  i n  d i a m e t e r  th rough  t h e  s h e e t i n g ,  Therc  were indictat loris  

t h a t  t h e  s l i e e t i n g  was s t a r t i n g  Lo d e t e r i o r a t e  where s t r c t c l i e d  over  

s m a l l  pebb les  o r  s t i c k s .  I n  s p i t e  of  t h e s e  f l a w s ,  t h i s  catchrrtent 

i s  s t i l l  s u p p l y i n g  a d e q u a t e  wa te r  f o r  a n  a r e a  which p rev ious1  y w s  

undergrazed  because  of  i n s u f f i c i e n t  wa te r  s u p p l i e s .  

Seneca Catchment. O r i g i n a  l p l a n s  had ca l l e d  I o r  ~ r e c r  L I I I ~ I I L  

o l  ~ 1 1 i s  catchment i n  Septernber 1967 a f t e r  t h e  g r a s s  l ~ d  t lc~pleLi~d 

s o i l  m o i s t u r e  rrom t h e  sitnmter r a i n  ~ n d  p r i o r  t o  tile w i n t e r  p r c c i p i -  

t a t i o n .  It had been hoped t h a t  c r e a t i n g  a  w a t e r - r e p e l l e n t  s o i l  

s u r f a c e  o v e r  a  r e l a t i v e l y  d r y  s u b s o i l  would g r e a t l y  r e t a r d  grvwC11 

of g r a s s  on t h e  ca tchment ,  Darnage t o  t h e  r e s e r v o i r  l i n i n g  by d 

b a t h i n g  b e a r ,  and t h e  subsequent  l o s s  of wa te r  i n  t h c  r e s e r v o i r ,  

p reven ted  t r e a t m e n t  u n t i l  t h e  S p r i n g  of  1968. A s  a  r c s t ~ l t ,  Ltie s~11,- 

s o i l  a t  tlie t ime of' t r e d t t n e r ~ t  con tn inc~d  s ~ i C f i c i c n t  w c i t  c L r  Lor 1~1x t r r -  

i o u s  g r a s s  growth a f t e r  Lreo ttucnL. 

Dry g r a s s  was burned o f f  Llle catchment on Lb Februdry 1968, 

On 17 A p r i l  1968 t h e  p l o t  was sprayed wi th  a  3% s o l u t i o n  o l  R - L O  
- 2 

i n  wa te r  a t  a  r a t e  o f  2.4 l i t e r s  m . A n a l y s i s  ol" r a i n f a l l  clricl 

r u n o f l  d a t a  shows t h a t  measured p r e t r e a t m e n t  r u n o f l  dveragtxcl 2 . 1 %  

o f  Ltle 500 mm p r e c i p i t a t i o n  dt l r ing t h e  p e r i o d  12 J u l y  1967 t o  

3 A p r i l  1968. P o s t t r e a t m e n t  measured runoL f ave raged  ' 3 .  j"/,of tile 

148 mm p r e c i p i t a t i o n  d u r i n g  the  p e r i o d  5  J u l y  t o  26 Uecenlber 1968, 

Th i s  i s  no t  a  s a t i s f a c t o r y  i n c r e a s e  i n  r u n o f f .  

F a i l u r e  of t h e  treatment was p robab ly  tlte rest11 t of. sever,il  

f a c t o r s .  Growing vege taLion  undoubtedly  d i s r u p t e d  tile soi l sLlr- 

f a c e ,  The n o z z l e s  used Lo s p r a y  t h e  p l o t  produced a f i n e  m i s t .  

and a s t r o n g  wind blowing d u r i n g  t h e  s p r a y  a p p l i c a t i o n  blew p r r ~  

of t h e  so luLion  away. A p p l i c a t i o n  c t L  L11c R-20 s o l u L i o i ~  rn'ty Ii,rvcs 

been inadequa te .  P o s s i b l e  r e a s o n s  l o r  LreaLment f a i l u r e  w i l l  b t ~  
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i l r v e s t i g a t e d  and  w i l l  be e l i m i n a t e d  b e f o r e  t h e  c a ~ c l u ~ i e n t  i s  t r e a c c d  

a g a i n  i n  1969.  

G u t h r i e  Peak  Catchment .  T h i s  i s  a  new ca t chmen t  i n s ~ a l l e d  14 

May 1968 i n  c o o p e r a t i o n  w i t h  t h e  Bureau o f  Land Management o n  

t o p  o f  a  moun ta in  n e a r  S a f f o r d ,  A r i z o n a .  T h e r e  was a LODO i n L  cn ic l r -  

ment o f  b u t y l  s h e e t i n g  a n d  a  l a r g e  m e t a l  t a n k  a L r e a d y  on t h e  s i t e  

which  i s  l o c a t e d  s o  t h a t  w a t e r  i n  e x c e s s  of  l o c a l  needs  c a n  e a s i l y  

be p i p e d  t o  o t h e r  l o c a t i o n s ,  It was d e c i d e d  t h a t  a n  e x p a n s i o n  of 

t h e  ca t chmen t  area would be  d e s i r a b l e .  Because  t h e  r o a d  t o  t h e  

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

s t r i c t  t h e  amount o f  p l o t  p r e p a r a t i o n ,  l o w - c o s t ,  s p r a y a b l e .  w a ~ c r  

r e p e l l e n t  p l u s  s t a b i l i z e r  t r e a t m e n t  o f f e r e d  many a d v a n t a g e s .  A 
2 - 2 

t o t a l  a r e a  of  580  m was s p r a y e d  w i t h  a b o u t  2 l i t e r s  m of  a 1nixt11re 

c o n t a i n i n g  10% DCA-70 and  3% R-20 by w e i g h t .  The m i x t u r e  was 

s p r a y e d  w i t h  a  s m a l l  c e n t r i f u g a l  pump and  a  4 - n o z z l e  s p r a y  b a r  w i l t )  

f u l l - c o n e  n o z z l e s .  A m o d e r a t e  g rowth  o f  g r a s s  a n d  s m a l l  brusl l  

c o v e r e d  p a r t  o f  t h e  s p r a y e d  a r e a  and  was n o t  removed p r i o r  L O  

s p r a y i n g ,  The ca t chmen t  w i l l  be i n s p e c t  cd a t  p e r i o d i c  i ~ i t c r v ~ i  1s ((1 

o b s e r v e  t h e  pe r fo rmance  o l  t h e  Lrea trnent.  

PART 11. MONUMENT TANK TESTING SITE 

A d e s c r i p t i o n  o f  t h e  t e s t  s i t e  i s  p r e s e n t e d  i n  t h e  1967 A n l ~ u a l  

R e p o r t .  A 2 - f t  c o n t o u r  t o p o g r a p h i c  map o f  t h e  a r e a  was madc. by 

a e r i a l  s u r v e y  i n  t h e  summer o f  1968.  P r e t r e a t m e n t  r a inCa  11 a n d  1-1111- 

o f f  measurements  were  c o n t i n u e d  d u r i n g  t h e  y e a r .  

PROCEDURE : 

On 1 8  March 1968 t h e  Lwo runoCC c o l l e c t i o n  d i t c t ~ e s  on a r e a s  2 
- 2 

a n d  3 were  s p r a y e d  wihh 1 kg  a s p h a l t  m MC-250 c u t b a c k  a s p h a l t .  

On 22 A p r i l  1968 t h e  two d i t c h e s  were  s p r a y e d  wit t i  1 . 3  kg  
- 2 

1 RS-2 a s p h a l t  e m u l s i o n .  

On 7  O c t o b e r  1968 t h r e e  a d d i t i o n a l  r a i n g a g e s  were i n s t ' l l  led 

o n  a r e a  4 .  T h i s  g i v e s  a  t o t a l  of I &  gages  l o r  t11c 30-l1csct~irc~ st ~ i t i y  
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a r e a .  A l l  r a i n g a g e s  a r c  read once n n ~ o ~ t t l l .  L ~ g h t w c ~ i g l ~ l  1 1 - c ~ ~ ~ s -  

former  o i l  i s  p laced  i n  t h e  r a i n g a g e s  t o  p reven t  evaporcll i v c  l o s s e s  

between r e a d i n g s .  During t h e  s\iiluaer iwnLl~s  i L  was vbscrvcd L I I ~  t 

t l i e re  was a  c o n s i d e r a b l e  l o s s  of wa te r  by e v a p o r a t i o n  lroril tikc 

s t i l  l i n g  we1 l s  on t h e  flun~cxs. Whc.n runol l occur red  i L w'is 1 i ~ ~ c f ~ s 4 ~ i l  y  

f o r  t h e  s t i l l i n g  w e l l s  t o  r e f i l l  beLorc t h e  f l o a t  w a s  c o r r e c t l y  

r e c o r d i n g  t h e  s t a g e .  T h i s  problem h a s  been s o l v e d  b y  ~ r s i ~ i g  t r a n s -  

former o i l  i n  t h e  s t i l l i n g  well t o  s t o p  t h e  e v a p o r a t i o n ,  

RESULTS : 

The w a t e r s t a g e  r e c o r d e r  c h a r t s  have not been ana lyzed  aL i l l i s  

t ime s o  tile q u a n t i t y  of  runof f  from t h e  f o u r  a r e a s  i s  n o t  Icnown. 

There  l ~ a s  been s ~ t f f i c i e n t  runoff Lroiii t h e  a r c a s  t o  ~ l ~ r l i i ~ t i i i ~ i  S O I I I C  

wat-er i n  t h e  e a r t h  reservoir below t h e  wa te r sheds  tlle e n t i r e  yedr 

w i t h  t h e  e x c e p t i o n  of approx imate ly  30 days i n  June d n d  J u l y .  Wc 

a r e  t o l d  t h i s  had never  p r e v i o u s l y  o c c u r r e d ,  The l a r g e r  cluanti t y  

of  wa te r  r e a c h i n g  t h e  r e s e r v o i r  i s  probably  t h e  r e s u l t  o l  ~ w o  

f a c ~ o r s ,  One - t h e  m t u r a l  channe l  w i t h i n  tlie fencccl s ~ u d y  a r m  

was c l e a n e d  a n d  s t r a i  glttened wi~ ich  rcducecl t h c  r e t e n t  i o n  t imc j 

all a r e a  o l  h i g h  i n t a k e  r a t e .  Two - t.he a s p l ~ a l t - l i n e d  ditc1lc.s on 

a r e a s  2 and 3 i n t e r c e p t  t h e  water  b e f o r e  i t  r e a c h e s  ttlc channe l .  

These two a r e a s  d r a i n  over  4 h e c t a r e s  wi th  no chdnnc?l losse:, o c -  

c u r r i n g .  

The a s p h a l t - l i n e d  d i t c h e s  a r e  h o l d i n g  u p  e x c e p t i o n a l l y  w e l l ,  

There  a r e  a  few p l a n t s  growitig ori t h e  upper edge of  t h e  c J i  t c11 or1 

a r c a  2 .  These w i l l  be removed and t h e  d i t c h  pa tched  t11e 

p a r t  of  1969. 

The r a i n g a g e  network showed t h a t  t l i e re  was no major v ' i r iat  i o n  

i n  r a i n f a l l  over  t h e  a r e a .  ThC v a r i a t i o n  -is a p p r o x i i i ~ a t e l y  10';d o11 

a  inoritlily b a s i s .  Comparison 01 t h e  r a i n g a g e  ccltch by rnont11.s i n -  
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y e a r  t h e  p e r c e n t a g e  o f  t h e  t o t a l  c o l l e c t e d  h y  t h e  foul- o p c - ' n i i ~ g s  

was: Nor th  - 20, E a s t  - 24,  S o u t h  - 14, Wesl - 4 2 .  

F o r  a  r e m o t e  s i t e ,  damage c a u s e d  by vanclaLs has  been e s -  

s e n t i a l l y  a b s e n t ,  One e x c e p t i o n  was a s t o r a g e  r a i n g a g e  wtrich was 

t a k e n  from t h e  s t a n d  and  s e v e r e l y  b e n t  by r o c k s  b e i n g  thrown a t  

i t .  

PART 111. GRANITE REEF TESTING SITE 

I n  J u l y  1968 t h e  5 3 0 0 - l i t e r  s t e e l  c o L l e c t i o n  t a n k s  a t  tile 

lower  edge  o f  t h e  L - p l o t s ,  K - p l o t s ,  a n d  A - p l o t s  were  r e p l a c e d  

w i t h  7 5 0 0 - l i t e r  c o v e r e d  c o n c r e t e  s t o r a g e  t a n k s ,  T h e s e  new t a n k s  

e l i m i n a t e  a  number o f  o p e r a t i o n a l  problems and  s i m p l i f y  tile an -  

a l y s i s  of  t h e  d a t a .  It was found t h a t  t h e  bo t to r i~s  oL tlre t a n k s  

had c r a c k e d  a f t e r  i n s  t a l l a t i o n ,  p e r m i t t i n g  w a t e r  Lo Leak o u t .  T I ~ c  

bo t toms  o f  t h e  t a n k s  were  s e a l e d  w i t h  a n  a s p h a l t i c  c r a c k  sca le r  

i n  November 1968.  Runoff  measurements  d u r i n g  t h e  p e r i o d  of' J u l y  

t o  November were  i n a c c u r a t e  b e c a u s e  o f  t h e  l e a k y  t a n k s  a n d  have  

been o m i t t e d  from t h i s  r e p o r t  . C o n c u r r e n t  w i t h  t l t e  t a n k  i r ~ s  ta  l -  

l a t i o n ,  new w a t e r  m e t e r s  were  i n s t a l l e d  on  a l l  t h e  p l o t s .  T h c s c  

new m e t e r s  h a v e  l e s s  i n t e r n a l  f r i c t i o n  a n d  a r e  l e s s  s u s c e p t i b l e  

t o  s t o p p a g e  by Xine s a n d  t h a n  Lhc o l d e r  n u t a t i n g  d i s k  ~ l l e t e r s .  

A 1 0  x 30 f o o t  m e t a l  s t o r a g e  b u i l d i n g  was i n s t a l l e d  a t  rlie 

s i t e .  R a i n f a l l  r u n o f f  from t h e  rooK o f  t h e  b u i l d i n g  i s  b e i n g  

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

ments  . 
The w a t e r  s t o r a g e  pond f o r  Llhe L - p l o t s  was r e s h d p e d  Lo 13 v, 

4 0  x 2 m e t e r s  d e e p  a n d  l i n e d  w i t h  30-mi l  ny lon  r e i n f o r c e d  b u t y l .  

The r e s e r v o i r  w i l l  b e  used  i n  f u t u r e  e v a p o r a t i o n  s t u d i e s  c~r ic l  can  

a l s o  b e  a w a t e r  s u p p l y  f o r  t h e  underj;round p i p e  sys t em t l u t  ~lraltes 

water a v a i l a b l e  L O  a l l  s t u d y  p l o t s .  A s e c o r ~ d  w a t e r  s t o r a g e  t a n k  

was i n s t a l 1 , e d  i n  t h e  s p r i n g  o f  1968.  Tl i i s  t a n k  c o n s i s t s  of  l h c  

s i d e s  o n l y  o f  a  s t a n d a r d  metal g r a i n  b i n  3 m e t e r s  hi!$ b y  5.5 

m e t e r s  i n  d i a m e t e r .  The t a n k  i s  b u r i e d  1 . 5  m e t e r s  i n  t h e  ground 
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w i t 1 1   lie s i d e s  s u p p o r  Led 011 s o i  1  ceinen. . A 1  i 11er I o r  1 I I C  ~ ~ i i ~ k  w ~ i : ,  

c o n s t  r i i c t c d  Srorri 20-mi l  b l u e  v i n y l .  Seams i n  t lle l i n i n g  travc. 

C a i l e d  a n d  t h e  t m n u f a c t u r e r  has  been u n a b l e  t o  r e p a i r  L l ~ e i i l  s<iLis- 

f a c t o r i l y .  T h i s  l i n e r  w i l l  be  removed a n d  a  more d u r a b l e  l i n e r  

i n s t a l l e d .  The t a n k  w i l l  b e  c o n n e c t e d  t o  t h e  unde rg round  w a t e r  

s u p p l y  a s  a n  a l t e r n s t e  s o u r c e  01 w a t e r .  

A t o t a l  o f  219.9 mm o f  r a i n f a l l  was rneasirred i n  19 s e p a r ~ i t e  

s t o r m s .  F o l l o w i n g  a r e  t h e  r e s u l t s  of  t h e  r u n o f f  nreasureolents i o r  

t h e  d i r f e r e n t  s to r in s  a s  compared t o  t h e  s t a n d a r d  20 ,  32-CIII  storages 

ra i n g a  ge . 
Ilsso P l o t s .  The r u t l o l l  l rom tile lour-[)loL { P S L  ~ 1 1 1 i l  L O I I -  

s t r u c t e d  i n  c o o p e r a t i o n  w i t h  E s s o  R e s e a r c h  CorporaL ion  o l  L i n d e n .  

N e w  J e r s e y ,  i n  December 1964 w i t h  a  one -phase  t r e a t l n e n t  of  V c t ~ e z u e l a i ~  

a s p h a l t ,  h a s  d e c r e a s e d  a s  e x p e c t e d ,  b u t  t h e  r u n o i f  i s  s t i l l  a s i g t l i i i -  

c a n t  p o r t i o n  o f  t h e  r a i u f a l l .  F o r  t h e  y e a r ,  P l o t  E-L , t r e a t e d  wit tl 
- 2  

1 .95  kg  a s p h a l t  m , a v e r a g e d  69% r u n o f f ;  P l o t  E-2 ,  t r e a t e d  w i t h  
- 2  

1 . 8 5  Itg a s p h a l t  m , a v e r a g e d  57% r u n o S f ;  and  PloL E-4 ,  t r e a t e d  w i t h  

2.2 kg a s p h a l t  ~ n - ~ ,  a v e r a g e d  69% r u n o i f .  T h i s  i s  o n l y  i Lo 5% 

lower  t h a n  was measu red  t h c  p r e v i o u s  y e a r .  

Paved P l o t s .  T r e a t m e n t s  a p p l i e d  t o  t h e  paved p l o t s  a r e  l i s t c c l  

i n  T a b l e  1 a n d  t h e  r u n o f f  r e s u l t s  p r e s e n t e d  i n  T a b l e  2 .  

I n  May 1968 a s h e e t i n g  o i  30-mi l  c h l o r i t ~ a l e c l  polyeLliy l c ~ n c ~  w ~ ~ s  

i n s t a l  l e d  on  P l o t  L-1. The s t ~ e c t i n g  was l a i d  i n  s t r i p s  4 I L wide 

and  t h e  l a p s  s o l v e n t  we lded .  The u n d e r l y i n g  a s p h a l t  ba secoa t  w ' l s  

i n  e x c e l l e n t  c o n d i t i o n  a t  t h e  time of  i n s t a l l , i t i o n ,  IleL+t irlg o l  t i le  

p o l y e t h y l e n e  by t h e  s u n  s o f t e n e d  t h e  a s p h a l t ,  a n d  t h e  s h e e t i n g  i s  

now p a r t i a l l y  bonded t o  t h e  s o i l .  To d a t e  t h e r e  h a s  been no eviclencc. 

o f  a s p h a l t  m i g r a t i o n  t h r o u g h  t h e  s h e e t i n g .  S i n c e  i n s t a l l a t i o n .  ~ l l e  

t r e a t m e n t  h a s  a v e r a g e d  101% r u n o f f .  

Runoff  Srom P l o t  L-4, 15- in i l  b u t y l  s h e e t i n g  a v e r a g e d  94% Tor 

t h e  y e a r .  The  d e c r e a s e  i n  e f I i c i e n c y  o L  t h e  p l o t  i s  a p p r c n t l y  
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c a u s e d  by i n c r e a s e d  w r i n k l i n g  and  t h e  clevelopu~ent  ol' sonlt: srnal L 

h o l e s .  

RunorE from t h e  two-phase  a s p h a l t  Crea t rnent ,  P l o t s  L-5 a n d  

L-6 was 99.7% a n d  102,9%, r e s p e c t i v e l y ,  f o r  t h e  y e a r .  The i n -  

c r e a s e d  e f f i c i e n c y  o f  L-6 compared t o  1967 i s  a r e s u l t  o f  r e p a i r i n g  

t h e  lower  e d g e  o f  t h e  p l o t  t o  r e d u c e  r e t e n t i o n .  The  e f f e c t  o f  

p l o t  a s p e c t  d i d  n o t  a p p e a r  t o  be  a f a c t o r  i n  1968.  The v e c t o r  

p l u v i o m e t e r  d a t a  shows t h e  r a i n l a 1 1  was e s s e n t i a l l y  ur i i for~t i  w i t h  

r e s p e c t  t o  d i r e c t i o n .  The p e r c e n t  o f  t h e  t o t a l  c o l l e c t e d  by cacti  

o r i f i c e  f o r  t h e  s t o r m s  u s e d  i n  t h e  runof  f  a n a l y s i s  was: NorLh - 

23.8,  E a s t  - 28.4,  S o u t h  - 20.1, and  West - 2 7 . 7 ,  I n  J a u u n r y  19668 

a  p o l y e t h y l e n e  n e t t i n g  w i t h  5 mm c o r d  s p a c i ~ l g  w a s  i n s t a l l e d  a r o u n d  

P l o t  L-5 i n  a n  a t t e m p t  t o  i n c r e a s e  t h e  c o l l e c t i o n  e f f i c i c n c y  o l  t h e  

p l o t .  P r e l i m i n a r y  a n a l y s i s  of  t h e  d a t a  i n d i c a t e s  L ~ L ~ L  t t ic  ncL tii l l ;  

d i d  n o t  a f f e c t  t h e  q u a n t i t y  collected. 

The runoLE from P l o t  2-7 ,  1 - m i l  bonded aluniiuurr1 E o i l ,  a v e r a g e d  

94% r u n o f f  f o r  t h e  y e a r .  Water  r e t e n t i o n  by s u r f a c e  w r j n k l e s  a p p e a r s  

Lo b e  a s i g n i f i c a n t  l a c L o r  w i t h  t h i s  t r e a t m e n t .  

P l o t  A - 1 ,  c o v e r e d  w i t h  a s p h a l t - f i b e r g l a s s ,  was g i v e n  a  v i n y l  - 
aluminum t o p  s p r a y  i n  J a n u a r y  1968 t o  r e d u c e  w a t e r  d i s c o l o r a t i o n .  

The c o a t i n g  h a s  pe r fo rmed  v e r y  w e l l ,  and  t h e  r u n o f  E waLcr i s  co1o1-- 

l e s s .  Runoff  from t h e  p l o t  f o r  t h e  y e a r  a v e r a g e d  100%. 

The s t a n d a r d  r o o f i n g  c o v e r i n g  on  P l o t  A - l  i s  perIorr11ing 

s a t i s f a c t o r i l y .  Dur ing  t h e  y e a r ,  i t  was n e c e s s a r y  t o  add  apl)roxi  - 

rua t e ly  100 l b  o f  r o c k  t o  tile s u r f a c e  t o  c o v e r  s p o t s  where  t h e  r d g  

f e l t  b a s e  was showing t h r o u g h .  Runoff  measured  froni t h e  p l o ~  

a v e r a g e d  96%. Runoff  d u r i n g  t h e  sununer months was noL ~nensurccl 

becarisc o f  c o n s t r u c t i o n  a t  t h e  s i t t b .  12unoff f o r  t t ic  s \ t rwcr  t n o r l ~ i ~ s  

wou Ld be l e s s  t h a n  t h a t  measured  Lor t h e  w i n t e r  ~rwnt t i s  b e c a c ~ s c  ol 

e v a p o r a t i v e  l o s s e s  f rom t i le  w a t e r  r e t a i n e d  i n  t h e  g r a v e  1. 

Ba re  S o i l  P l o t s ,  The b a r e  s o i l  p l o t s  inc luc le  a11  t r -c>~r tments  

whe re  s o i l  i s  n o t  c o m p l e t e l y  c o v e r e d  o r  paved .  A d e s c r i p t i v r l  o l  
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t l iese  t r e a t m e n t s  a t  t h e  G r a n i t e  Reef s i t e  i s  p r e s e n t e d  i n  TabLc 3 

w i t h  r u n o f f  d a t a  l i s t e d  i n  Tab le  4 .  

Ridge-and-furrow P l o t  R-2, wi th  10% s i d e  s l o p e ,  ave ra i ; e~ l  '6% 

r u n o f f  i n  1968. P l o t  R - 1 ,  w i t h  20% s i d e  s l o p e  averaged 23% rt1rlo1 i . 
For  t h e  y e a r s  1965 through 1968 P l o t s  R and R ave raged  35% and 

1 2  
34% r u n o f f ,  r e s p e c t i v e l y ,  S t  must be concluded t h a t  t i l e re  was 

no s i g n i L i c a n t  d i f f e r e n c e  i n  r u n o f f  between 10% and 20% s l o p e s  on 

t h e s e  p l o t s .  

Ridge-and-furrow P l o t  R-4 ,  t r e a t e d  wi th  socliuirr ca rbon t i t e  i l l  M,ly 

1966, ave raged  34% r u n o f f  Eor 1968. T h i s  i s  7% more runof f  of Lotal  

r a i n f a l l  than  was o b t a i n e d  from a  s i m i l a r  P l o t  R - 2  tthat had nor 

been t r e a t e d  w i t h  s a l t .  Using runof f  from 11-2 a s  a  b a s e ,  runo l l  

from R-4 was 148% i n  1966, 138% i n  1967, and 125% i n  1968. A l l  Iiougl~ 

e f f e c t i v e n e s s  i s  d e c l i n i n g ,  tile s a  I t  t  reatmentr i s  s t  i 11 c~ i i r s i  118 

some i n c r e a s e  i n  r u n o f f .  

Waterslled W - 3 ,  hand-c lea red  of brusll ilr 1963, gave !7% K I I I ~ O I  / 

i n  1908, compared t o  a n  a v e r a g e  of 19% runof i from Watersheds W - 1  

and W - 2  wtlich a r e  s t i l l  covered w i t h  s c ~ l t i e r e t l  b r t ~ s l ~ .  For Ll~c yccrrs 

1964 through 1968, W-3 has averaged  30% r u n o i l  w11iLe W-1 i111d W-2 

ave raged  21%. W - 1  and W-2 have nc) channe l  l o s s e s ,  R u n o f f  From 

I n a t u r a l  a r e a s ,  i n c l u d i n g  channe l  l o s s e s ,  i s  e s t i n a i e d  aL 5%, o r  

66 mm s i n c e  1963. W - 3  has  produccd 389 mm. Cost of brush c l ~ \ ~ i r i i l ~ ;  

was $40 p e r  a c r e .  Th i s  means t l ia t  water  c o l l e c t e d  t o  d d t c  Lroia 

W-3 has  c o s t  9.5 c e n t s  p e r  1 ,000 g a l l o n s .  It shou ld  be noted L I I L L L  

W-3 produces  a lmos t  no runoPt rrom December t o  J u l y .  Th i s  n ~ c ~ ' i i i s  

t h a t  i n c r e a s e d  s t o r a g e  requ i rements  could  oi  LseL t h e  dppa~-e11L l y  

low c o s t  of t h e  wa te r  c o l l e c t e d .  

P l o t  L-3, t r e a t e d  w i t h  a  wa te r  r e p e l l e n t  i n  A u g u s ~  l 9 b 5 ,  

y i e l d e d  64% runof f  i n  1968,  which i s  e s s e n t i a l l y  i d e n t i c a l  t o  

p e r c e n t  r u n o f f  i n  1967. C o n t r a r y  t o  a s t a t e m e n t  i n  t h e  1967 ar~nti ' il  

r e p o r t ,  t h e r e  i s  no ev idence  t h a t  t h e  t r e a t m e n t  i s  d e l e r i o r a  t i 11);. 

R a i n t a l l  amounts and i n t e n s i L i e s  vary  Lrom y e a r  L O  y e d r .  A L ~ I ~ L I ~ ~ I  
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r u n o f l  p e r c e n t a g e s  do n o t  c o n s i d e r  t h i s  v a r i a t i o n  and c a n  bc? mis- 

l e a d i n g .  The e f f e c t i v e n e s s  o f  t h e  waLer r e p e l l e n t  o n  L -3  i s  b e t l c r  

d e t e r m i n e d  by compar i son  w i t 1 1  P l o t  L-2, whjcli i s  nrlnrl  y iclcnt i c,i l 

e x c e p t  t h a t  i t  h a s  n o t  been  t r e a t c d  w i t h  w a t e r  r e p e l l e n l  . Usini: 

r u n o f r  Crom 2 - 2  as a  b a s e ,  r u n o f f  from L-3 was 232% i n  1965,  223% 

i n  1966,  218% i n  1967,  and  227% i n  1968.  These  f i g u r e s  d o   no^ 

i n d i c a t e  a n y  s i g n i f i c a n t  d e t e r i o r a t i o n  i n  t h e  w a t e r  rep ell en^. 

C o n t r a r y  t o  t h e  b r u s h - c l e a r e d  w a t e r s h e d  W-3, t h e  w a t e r  repellent 

p l o t  L-3 d o e s  p r o d u c e  s i g n i f i c a n t  q u a n t i t i e s  o f  r u n o f f  d u r i n g   he 

J a n u a r y  t o  J u l y  p e r i o d .  T o t a l  o n - s i t e  c o s t  o f  p r e p a r i n g  ~ l n d  t r e a l i n g  
2 

2 - 3  would be  a b o u t  5 cenLs p e r  yd . Assuming 5% r u n o f f  iro~rr r i a t ~ r r ' ~  1 

a r e a s ,  2 - 3  h a s  prod~icec l  o v e r  600  mol more w a t e r  s i l l c e  A u g u s ~  1965 

tlian would a n  u n t r e a t e d  a r c a .  Ttlc. c o s t  o f  t h e  w a t e r  c o l l e c t  cd L o  

d a t e  would be 31  c e n t s  p e r  1 , 0 0 0  g a l l o n s .  R a i n f a l l  f o r  t h e s e  f o u r  

y e a r s  a v e r a g e d  10 .0  i n c h e s .  A t  l e a s t  t w i c e  a s  much r u n d f  would 

be o b t a i n e d  i n  a  20 - inch  p r e c i p i t a t i o n  zone.  T h e s e  f i g u r e s  i l t t l i ca  tc, 

t h a t  t h e  w a t e r  r e p e l l e n t  t r e a t m e n t  c a n  p r o d u c e  w a t e r  i n  a  LO-inch 

p r e c i p i t a t i o n  a r e a  f o r  l e s s  t h a n  20 c e n t s  p e r  1 , 0 0 0  g a l l o n s .  

PART I V .  SOIL STABILIZATION 

Only  a  s m a l l  amount o f  e x p l o r a t o r y  work was clone u t i l i z i ~ l g  

p r o c e d u r e s  d e s c r i b e d  on pages  7 -1  a n d  7-2 i n  t h e  1967 A n n u ~ k l  R e p o r t  

a n d  on page  7 - 1  i n  t h e  1964 Annual  R e p o r t .  S o i l  frorrr a  Mont~nrent 

Tank s i t e  was u sed  i n  a d d i t i o n  t o  G r a n i t e  Reef s o i l .  A b r i e f  cor:i- 

p r i s o n  oL t h e  s o i l s  i s  as  f o l l o w s :  

S o i l  Chemica l  a n a l y s i s  P h y s i c a l .  a n a l y s i s  
meq/100 g  

Na CaMg CEC % c l a y  % s i l t  % sand  

G r a n i t e  Reef 0.02 2 8  10 7  3 7  5 8 

Monulnent Tank 1 0  14 15 L 6 L 9  5  5 
-- 
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Both  s o i l s  a r e  c l a s s i f i e d  a s  s a n d y  loams b u t  t h e y  r e a c t  qu i t -e  d iC-  

f e r e n t l y  t o  t r e a t m e n t .  

G r a n i t e  Reef  a n d  Monument Tank 1 s o i l s  were  bo th  made w'i t e r  

r e p e l l e n t  w i t h  3% s o l u t i o n s  o i  sodium methyl  s i  l a n o l a  t c  (SMS) 'I l o r ~ t > .  

SMS w ~ ~ s  tlleii mixed w i t h  enlrrl:; i o ~ l s  c o n l a i  n i n g  107, sol  icls O L  p o l  y v  i 11yl 

a c e t a t e  e m u l s i o n  (PAE) a n d  v i n y l  a c r y l i c  t c r p o l y n e r  (VA'T) dr~cl w i L i 1  

2% s o l u t i o n s  o f  p o l y v i n y l  a l c o h o l  (PVA) a n d  a p p l i e d  t o  b o t h  s o i  l s .  

G r a n i t e  Reef  s o i l  was made w a t e r  r e p e l l e n t  when t h e s e  m i x t u r e s  con-  

t a i n e d  3% SMS. Monument Tank 1 s o i l  was n o t  made w a t e r  r e p e l l e n t  

u n t i l  t h e  SMS c o n c e n t r a t i o n  was i n c r e a s e d  t o  12.5% f o r  PAE and  PVA 

and t o  25% f o r  VAT. The r e a s o n  l o r  t h i s  i s  no t  y c ' ~  Icnowi i .  

G r a n i t e  Reef  s o i l  d i d  n o t  c r a c k  when t r e a t e d  w i l l 1  w L e r  r c p c l -  

l e n t  SMS a n d  s t a b i l i z e r s  PAE, VAT, a n d  PVA, s e p a r a t e l y  o r  i n  combin- 

a t i o n .  G r a n i t e  Reef  s o i l  was n o t  t r e a t e d  w i t h  r i~ ixLurcs  c o n t < i i  n i  n:; 

more t h a n  5% SMS. Monument Tank 1 s o i l  d i d  no t  c r a c k  when t r e a t e d  

w i t h  s t a b i l i z e r s  w i t h o u t  SMS, o r  when t r e a t e d  w i t h  SMS so luL io r l s  

up t o  3% c o n c e n t r a t i o n .  SMS s o l u t i o n s  e x c e e d i n g  37, c a u s e d  Morlumcn L 

Tank 1 s o i l  t o  c r a c k .  Adding  t h c  p l a s t i c  s o i  1 s t c l b i l  i zcsrs  d i d  rlol 

a l l e v i a t e  t h e  c r a c k i n g .  S o i l  c r a c k i n g  i s  c a u s e d  by d i s p e r s i o i ~  o f  

t h e  s o i l  r e s u l t i n g  from t h e  p r o d u c t i o n  o f  sodium h y d r o x i d e  wllen SMS 

r e a c t s  w i t h  c a l c i u m  i n  t h e  s o i l .  

SUMMARY AND CONCLUSIONS : 

A l l  p r e v i o u s l y  r e p o r t e d  o p e r a t i o n a l  w a t e r  h a r v e s t i n g  i n s  t a l -  

l a t i o n s  e x c e p t  Seneca  were  t u r n e d  o v e r  t o  t h e  r e s p e c t i v e  c o o p e r a l o r s .  

These  c a t c h m e n t s  w i l l  b e  o b s e r v e d  a t  p e r i o d i c  i n t e r v a l s ,  b u t  l u rL l i e r  

m a i n t e n a n c e  w i l l  b e  done  by t h e  c o o p e r a t o r s .  The  two-pliase asp11aXt 

pavement on  t h e  Ne l son  Road ca t chmen t  i s  i n  good c o n d i t i o ~ i  alter 

4 y e a r s  w i t h  a  rninimuni o f  maintenance. The B l u e  Mou~tCdi n c.d t c l ~ ~ ~ r e n t  

was g i v e n  a f i n a l  p r o t e c t i v e  s p r a y  c o a t i n g  o l a l t r n i i r l j  z e d  d s p h  l~ 

which s h o u l d  p r o t e c t  t h e  pdvemenl f o r  s e v e r a l  y e a r s  i f  wcxc.d growth  

i s k e p t  unde r  c o n t r o l .  The M e t a t e  catci iment  wcts  cnv t~ rc~ t l  w i t  l r  
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a s p h a l t - f i b e r g l a s s .  The 20-mil c h l o r i n a t e d  p o l y e t h y l e n e  on t l ~ c  

Mescal  and San V i c e n t e  ca tchments  i s  i n  good c o n d i t i o n ,  a l t h o u g l ~  

t h e r e  were i n d i c a t i o n s  t h a t  i t  i s  s t a r t i n g  t o  d e t e r i o r n  t c  where 

s t r e t c h e d  over  s m a l l  p e b b l e s  o r  s t i c k s .  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  t h e  Meta te  and Nelson Road r e s e r v o i r s ,  a f t e r  6 y e a r s  

o f  s e v e r e  exposure ,  i n c l u d i n g  t r a m p l i n g  by d e e r  and c a t t l e ,  were 

i n  e x c e l l e n t  c o n d i t i o n .  

Seneca catchment  was t r e a t e d  i n  t h e  s p r i n g  oE 1968 wi th  R - 2 0  

wa te r  r e p e l l e n t ,  The g r a s s  had p r e v i o u s l y  been burned o E l ,  but  

t h e r e  was c o n s i d e r a b l e  m o i s t u r e  i n  t h e  s u b s u r f a c e  s o i l  and heavy 

regrowth of  g r a s s  o c c u r r e d  a f t e r  t r e a t m e n t .  A n a l y s i s  of  t h e  r a i n -  

f a l l  and runof f  d a t a  shows t h a t  measured p r e t r e a t m e n t  runofL 

averaged  2.1% of  500 I ~ I  p r e c i p i t a t i o n  f o r  a  9-month p e r i o d .  P n s t -  

t r e a t m e n t  measured runof f  ave raged  3.3% of 148 nlm p r e c i p i l a t  i o n  l o r  

a  7-month p e r i o d .  T h i s  i s  riot a  s a t i s f a c t o r y  i n c r e a s e  i n  runof-1. 

F a i l u r e  of t h e  t r e a t m e n t  was caused by t h e  growing v e g e t a t i o n  a n d / o r  

i n a d e q u a t e  a p p l i c a t i o n  of t h e  wa te r  r e p e l l e n t .  Reasons f o r  t h e  

t r e a t m e n t  f a i l u r e  w i l l  be investigated b e f o r e  t h e  catch men^ i s  

t r e a t e d  a g a i n  i n  1969. 

I 
G u t h r i e  Peak catchment  was i n s t a l l e d  14 May 1968 i n  cooperat  i o n  

w i t h  t h e  Bureau of  Land Management. T h i s  catchment was sprayed w i l l )  

a  low-cost ,  wa te r  r e p e l l e n t  p l u s  s o i l  s t a b i l i z e r .  It w i l l  bc 

i n s p e c t e d  a t  p e r i o d i c  i n t e r v a l s  t o  obse rve  t h e  performance o l  t11e 

t r e a t m e n t .  

P r e t r e a t m e n t  r a i n f a l l  and runof f  measurements were contir~uccl  

a t  t h e  Monument Tank s i t e  d u r i n g  t h e  y e a r .  Wate r s t age  r e c o r d e r  - 

c h a r t s  have n o t  y e t  been a n a l y z e d .  Monthly r a i n f a l l  a s  measured 

by t h e  r a i n g a g e  network has  appros in la te ly  a  LO% v a r i a  t i  o n  among 

l o c a t i o n s  which a p p e a r s  L O  be random throughout  t h e  y e a r .  

Labora to ry  s t u d i e s  w i t h  s p r a y a b l e  p l a s t i c  s o i l  s t a b i l i z e r s  i n  

combinat ion w i t h  SMS w a t e r  r e p e l l e n t  were c o n t i n u e d  on G r a n i t c  Reef 
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a n d  Mormment Tank s o i l s .  Both  s o i l s  a r e  c l a s s i  f ierl a s  sarrcly l r l ' i i ~ i s ,  

b u t  t h e y  r e a c t  q u i t e  d i f f e r e n t l y  t o  t r e a t m e n t .  T r e a t m e n t  r a L c s  

which were  e f f e c t i v e  on  t h e  G r a n i t e  Reef s o i l  were  i n s r r C t i c i c n t  ior 

t h e  Monument Tank s o i l .  T h e r e  a p p e a r e d  t o  bc some ~naslcing o f  SMS 

by t h e  s o i l  s t a b i l i z e r  o n  Monument Tank s o i l  t h a t  d i d  11ot o c c u r  o n  

G r a n i t e  Reef  s o i l .  I n c r e a s i n g  t h e  amount o f  SMS a p p l i e d  caused  t h e  

s o i l  t o  c r a c k  b e c a u s e  sodium h y d r o x i d e  i s  produced  whet) che  SMS 

r e a c t s  w i t h  c a l c i u m  i n  t h e  s o i l .  

A t  t h e  G r a n i t e  Reef  t e s t i n g  s i t e  new w a t e r  m e t e r s  were i l l -  

s t a l l e d  on a l l  m e t e r e d  p l o t s ,  a n d  t h e  open  s t e e l  c o l l e c t i o n  t a n k s  

were  r e p l a c e d  w i t h  7 5 0 0 - l i t e r  c o v e r e d  c o n c r e t e  s t o r a g e  t a n k s .  The 

e v a p o r a t i o n  s t u d y  pond was r e s h a p e d  t o  44 x 130 f t  a n d  l i n e d  w i t h  

b u t y l  s h e e t i n g ,  A 1 0 - f t  d e e p  by 1 8 - f t  d i a m e t e r  w a t e r  s t o r a g e  tdiik 

w a s  b u i l t  From t h e  s i d e s  o n l y  o f  a s t a n d a r d  m e t a l  g r a i n  b i n  w i t h  

a p l a s t i c  l i n e r .  A 1 0  x 30 f t  s t e e l  s t o r a g e  b u i l c l i n g  was e r e c t e d  

a n d  r a i n f a l l  r u n o f f  from t h e  r o o f  i s  b e i n g  m e t e r e d .  

Runoff  from t h e  t h r e e  p l a ~ s  t r e a t e d  w i t h  a onc-plicisc t  r w  t -  

went  o f  Venezue lan  a s p h a l t  in 1964 was 57 t o  69%, o n l y  s l i g l r t  ly  

l ower  t h a n  was measu red  t h e  p r e v i o u s  y e a r .  The two p l o t s  w i t 1 1   he 

i two-phase a s p h a l t  t r e a t m e n t  c o n t i n u e  t o  p r o d u c e  e s s c n t i ~ t l l y  100% 
I r u n o f f  5  y e a r s  a f t e r  i n s t a l l a t i o n .  

A new 20-mi l  m o d i f i e d  c h l o r i m t e d  p o l y e t h y l e n e  shc tb t ing  wds 

i n s t a l l e d  on a n  a s p h a l t i c  b a s e c o a t .  To d a t e  t h e r e  h a s  been  no 

e v i d e n c e  o f  a s p h a l t  m i g r a t i o n  t h r o u g h  t h e  s h e e t i n g ,  a n d   he c < i t c h -  

ment h a s  a v e r a g e d  101% r u n o f f .  The  15 -mi l  b u t y l  s h e e t i n g  catchnrent  

a v e r a g e d  94% f o r  t h e  y e a r .  W r i n k l e s  i n  t h e  b u t y l  are  c ~ ~ u s i n g  s o w  

r e t e n t i o n .  The 1 - m i l  bonded a luni inun~ f o i l  p l o t  a v c r a g e d  947,. 

Water  r e t e n t i o n  by w r i n k l e s  i s  a l s o  a f a c t o r  o n  t h i s  p l o t .  R t ~ i ~ o f l  

Sroui t h e  a s p h a l t - f i b e r g l a s s  p l a t  d v e r a g c d  100% fo r  L I I P  y e a r ,  <tizd 

d i s c o l o r a t i o n  o f  r u n o f f  w a t e r  h a s  been e l i m i n a t e d  by a p p l i c a t i o n  

o f  a  v iny l - a luminum t o p  s p r a y .  Measured runoCC from t h c  s t a n t l ~ i r t l  

r o o f i n g  ca t chmen t  a v e r a g e d  96%. Runoff  f o r  t h e  sulunrcr months was 

Annual Report of the U.S. Water Conservation Laboratory



n o t  measured because  of c o n s t r u c t i o n  z i t  t h e  s i t e ,  Runoff f o r  t h e  

summer months would be  l e s s  than  t h a t  measured f o r  t h c  w i n t e r  

months because  o f  e v a p o r a t i o n  l o s s e s  from t h e  w a t e r  r e t a i n e d  i n  

t h e  g r a v e l .  

Runoff measurements froni t h e  r idge-and- fu r row p l o t s  i n d i c a  t e  

t h e r e  i s  no s i g n i f i c a n t  d i f f e r e n c e  between 10 and 20% s l o p e s ,  R u n -  

o f f  from a  r idge-and- fu r row p l o t  t r e a t e d  wiLh sodium carbonciLe i l l  

May 1966 was 125% of  r u n o f f  from a  s i r n i l a r  u n t r e a t e d  p l o t .  Although 

e f f e c t i v e n e s s  i s  d e c l i n i n g ,  t he  s a l t  t r e a t m e n t  i s  s t i l l  c a u s i n g  

some i n c r e a s e  i n  r u n o f f .  Runoff measurements f o r  c l e a r e d  and u n -  

c l e a r e d  wa te r sheds  show b r u s h  c l e a r i n g  a l o n e  has  produccci w ~ t  e r  a t  

a  c o s t  of  9.5 c e n t s  p e r  1000 g a l l o n s .  Because of e s s e n t i a l l y  no 

runor f  between December and J u l y ,  t h e  low c o s t  of wa te r  cou ld  be 

o f f s e t  by i n c r e a s e d  s t o r a g e  requ i rcments .  

Con t ra ry  t o  p r e v i o u s  s t a t e m e n t s ,  t h e  wa te r  r e p e l l e n t  t r e ~ i t -  
2  

rnent on t h e  180 m b a r e  soi.1 p l o t  L-3 has  no t  degraded.  Usillg run-. 

o f f  Lr0132 a  s i m i l a r  u n t r e a t e d  p l o t  a s  a b a s e ,  runof f  Troii~ L-3 

was 232% i n  1965, 223% i n  1966, 218% i n  L967, and 227% i r ~  1968. 
- 2 

O n - s i t e  c o s t s  Lor t h e  treatrr lent  on 2-3 a r c  5 c e n t s  yd , A s i m ~ l ~ t r  

p l o t  i n  a  20-inch p r e c i p i t a t i o n  zone could  produce wdter Tor l e s s  

t h a n  20 c e n t s  pe r  1,000 g a l l o n s .  

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

CURRENT TERMINATION DATZ : nec ember 197 0 
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t e s t i n g  s i t e .  

L- 1 8 Aug 1967 

22 Aug 1961 

1.'-4 3 0  Nov 1961 

1,- 5 18 Sep t  1962 

16 Mar 1906 

I., - 6 19 Apr 1963 

8 May 1.963 

9 J u l  1963 

17 Peb 1.966 

2-7 3 Aug 1967 

22 Aug 1967 

A -  1 3 Aug 1967 

22 Aug 1967 

J a n  1968 

- 1 
Basecoat .  MC-250 a t  1 ,  5 ki: dspi ,n l t  ~ r i  

Topcoat.  RSK a s p h a l l  m u l s i o ~ i  a1 0,7 kg 
- 2 

a s p l u l L  nl 

l'l'11 Sl~c>tkt i11g. 30-111il c I I I O I  I I I ~ I L C L ( I  I ) I < I L . I ,  

polyeLhyleue 

B t ~ t y l  Rubber S h e e t i n g .  15 ~ i ~ i l  - 
- )  

Basc:coa<. S-1 a t  1.04 kg ~ i s p \ ~ ~ ~ l t  11, 

TopcoaL. RSK a s p l r u l ~  c ~ ~ t ~ l u i o n  a t  O .b  kg 
- 2 

,lspIL'llt 111 

- )  

B'lsecoat, RC-specia 1 a t  1, 5 Icg d s p l ~  L t  I I I  '- 

Topcoat South Nulf.  SS-2 s p e c i a  1 asplid 1 t 
-2 

cntulsion a t  0 ,65  kg a s p l ~ ~ i l t  m 

with 3% b u t y l  l c i ~ c x  

Topcodt Nor th  I-ldlC. S-1 a t  0 - 5  kg L L ~ I ) I I ~ L ~ ~  
- 2 

rn w i th  3% b u t y l  1 , ~ ~ e x  

T o p  Spray.  Alunriuu~rr coa Ling TS-A- 1 L 

- 2 
0. 16 kg  ma L e r  iLi 1 111 

-) 
Baseco,it. MC-250 a t  1.5 l ig dspliaLL III  -- 
Top S h e e ~  i n % ,  1 m i  1 a l u ~ n i n u n ~  f o i  1 bonilccl 

wi th  RSK a s p h a l t  c r i r u l s i o ~ ~  a t  0.7 kg 
- 2 

a s  pha l t 111 

- 2 
B a s e c o ~ ~ t  . MC-250 cl L 1.5 kg c ~ ~ j > l > i i  1 L 11i 

Top Shee t ing .  3/4 o z  chopped t i b e r g l a s s  

m a t t i n g  bortdeci w i  t l ~  RSK u s l ~ t ~ , ~  1 L 

- L 
emulsion a t  1 ,4  kg a s p h a l l  in 

Top Spray.  Vinyl  a l u r ~ ~ i ~ l t ~ ~ i l  cod t i n g  at. 0. 1 

g a l  ycf 
- 2 
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T a b l e  1. Waterproof L rea t i uen t s  0 1 1  l a rge  p l o t s  L G r a n i r c :  l ieckl  

t e s t i n g  s i t e  - Coni inuc i l ,  

---- ---.- . - - 

P l o t  T r e a t m e n t  D a t e  Trea trr ler l  t 

3 Aug 1967 
- 2 

B a s e c o a l ,  MC-250 a t  l .i A,: asplralt  i n  
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T a b l e  3. Smooth s o i l  t r e a t m e n t s  o n  Large p l o t s  d r  C r < i n i t  e Rcel 

t e s t i n g  s i t e ,  

L- 3 4 Aug 1965 Smoothed s o i l ,  l4,14 t r ~  Y 14.14 i i r  p l o t  

t r e a t e d  w i t h  R-9 3~ 0,057 kg m 
3 

A -  3 L Aug 1967 Smoothed :iol 1 ,  6 ni x '30 111 plvl 

10 Dec 1964 E - 3  Smoothecl soil, 7 , 6  I I I  r 1 5 , 2  ru p l o ~  

W- 1 1 Dec 1.963 Uncleared watel-shctl 

W-2 1 Dec 1963 Unclearecl water-shed 

W- 3 1 Dec 1963 Clea red  wa t e r s l ~ e d  

R -  l. 1 Mar 1965 Ridge a n d  furrow - 20% s l ~ l c . .  s i o p c  

R - 2  1 M a r  1965 Ridge and  furrow - 10"/,idde s l o p t r  

R - 3  I Mar 1965 Ridge a11d t t i r r o w  - LO% s i d e  5 lopr '  

R-4  13 M a y  1966 Ridge i~11d l u r r u w  -" I@;/, sicli. s l o p e  I rc,ctc>tl 
- 2 

w i t - t i  4 4 , 9  g 111 s ~ d i  ULII c a  r b o n a  I c> 
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Keef t e s t i n g  s i t e .  

26 -27  Jan  

28 J a n  

9-1 0 Fell 

12 Fcb 

3 3  Fcb 

14 ITcb 

8-3 0 Mar 

3-5 Jtll 

26 J u l  

2 Aug 

5 Aug 

6 Aug 

I1 Aug 

3-4 oct  

13-14 NOV 

15 Nov 

20 Uec 

26 Ikc 

26 I)c!c 
- ----- -- 

ci 
To taL 
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Table  4 .  Runoff r e s u l t s  from r a i n f a l l  on uarc s o i l  p l o t s  a L  ( ; ran i  ti: 

Ree l  t e s t i n g  s i t e  - Cont inued.  

Date  ToLaZ E- 3 W-L 121- 2 id- i 

26-27 J a n  5 .1  0 0 0 0 0 0 i) 0 

2 8  J a n  0.7  0 0 0 0 0 0 0 (1 

9-10 Fab 9 . 6  0 0 0 U 0 i 1 0 0 

12 Feb 

13 Feb 

I 4  Feb 

8-10 biar 

3-5 \ Ju l  

2 0  Ju1 

2  Aug 

5  Aug 

6  Aug 

11 Aug 

3-4 o c t  

13-14 Nov 

1 5  Nov 

20  Dec 

26 Ikc  

26 Ilec 

To ta l  
d 

I c o n c r e r e  s t o r a g e  t a n k s .  
b 

Ne ic r  e r r o r ,  runof f  e s t i m a t e d  a t  50X rrroin s iwi l ; i r  :,Lorins i Y h 7 .  
C 

S t o r a g e  Lining damage, rrunoCF t>stiinatcci f rom 1, loL W - 7 .  

Tota l  r a i n r o l l  f o r  p l o i s  w i t 1 1  oini t Led k t :  s 150.  7. 
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T,rble I t .  Iiunofi r e s u l t s  f rom r a i r i l d l l  or1 b a r e  s o i l  p1o Ls aL (:L ,mi L C  

Reef t e s t i n g  s i t e  - C o n t i n u e d .  

Date  Tota l .  11-1 lC- 2  11- j I < - - 4  

2 6 - 2 7  J a n  

28 J a n  

9-10 Fc?b 

1 2  Feb 

13 P'cb 

1 4  Feb 

8-10 Mar 

3-5 J u l  

26 J u 1  

2  Aug 

5 hug 

6 hug 

11 Ang 

3-4 Oct 

13-14 Nov 2 7 . 2  8 . 1  2 9 . 9  9.8  3 6 . 0  8 .4  30 .9  13.0 ~ U . U "  
I 

1 5  Nov 8 . 2  0 . 6  7 . 5  0 . 8  9.8 0 . 5  6,J 1.0 1 2 . 2  

2 0  Dec 5.3 0  0 0 . 5  9 .4  O . 1  2 .  '1 0 .  7 . 5  

2 6  Uec 1 8 . 1  2 . 5  L4.0 2 . 8  1.5.5 1 .8  9 . 9  2 . 8  1 5 . 5  

26 l k c  9 . 9  5 . 0  50 .5  5 . 5  5 5 . 7  4 .9  4 9 . 5  5 . 7  5 7 . 0  
- - -- - --- -- ---- A --- - -- - -- - - - 

' ro ta1  219 .9  3 4 . 5  2 2 . 9  41 . ld  2 7 . 3  3 5  2 . 7  51.3" 34.0 
d 

il Runoff a n d  r a i ~ i P a 1 l  f rom p e r i o d  3 J u l . y  Lllrough 4  O c t o b e r  orui t Lcd, 

Measurenlents  i n a c c u r a t e  b e c a u s e  o f  c o n s t r u c t i o n  and l e a k s  i n  

c o n c r e t e  s t o r a g e  t a n k s .  
b 

MeLer e r r o r ,  rurrof f c s t i r n a t e d  n L  SO% from s i i o i l d r  s t o r m s  1 9 6 7 .  
c  S t o r a g e  1 i n i n g  damage, runoFf e s t i m a t e d  f rom p l o t  W-2. 

T o t a l  r a i n f a l l  f o r  p l o t s  w i t h  o n ~ i i t t e d  d a t a  was 1 5 0 . 7 .  
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TITLE : MEASUREMENT AND CALCULATION OF UNSATUWTED CONDUCTIVITY 

AND SOIL WATER DIFFUSIVTTY 

CRIS WORK UNIT: SWC W7 gG-5 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 given i n  

t h e  1961 Annual Report  o f  t h e  U. S .  Water Conservat ion Labora to ry .  

Annual Reports  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  wa te r  d i f f 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 c levia t ions  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 r e p o r t  

c o n t a i n s  d a t a  on t h e  f low of  s e v e r a l  p o l a r  and nonpola r  Liquids  through 

two ceramic p l a t e s .  The purpose  was t o  e l u c i d a t e  t h e  e f f e c t  of 

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 flow 

through very  f i n e  p o r e s .  T h i s  r e p o r t  c o n t a i n s  more e x t e n s i v e  d a t a  on 

e l e c t r o k i n e t i c  f low r e t a r d a t i o n  f o r  t h e  same ceramic p l a t e s  and f o r  a 

porous g l a s s  having pores  o f  20 Angstrom nominal r a d i i .  

Water permeates  through f i n e l y  porous m a t e r i a l s  a t  a  lower r a t e  

than i s  p r e d i c t e d  by P o i s e u i l l e ' s  law, T h i s  f low r e t a r d a t i o n  has been 

a t t r i b u t e d  t o  t h e  e f f e c t  of an  e l e c t r i c  double  l a y e r  t h a t  e x i s t s  a t  a 

s o l i d - s o l u t i o n  i n t e r f a c e .  I f  t h e r e  i s  r e l a t i v e  movement between the> 

two phases  caused by p r e s s u r e  a p p l i e d  t o  t h e  f l u i d ,  a  s t reaming  

p o t e n t i a l  i s  g e n e r a t e d  t h a t  c r e a t e s  back e l e c t r o o s m o t i c  movement t o  

occur .  The n e t  f l u i d  t r a n s f e r  i s  t h e r e f o r e  l e s s  than  t h a t  which wouLd 

occur  i n  t h e  absence of t h e  double  l a y e r .  T h i s  e f f e c t  h a s  been known 

f o r  w e l l  o v e r  a  c e n t u r y  and h a s  been e x t e n s i v e l y  s t u d i e d  (2, 3, 4 ) .  

E l e c t r o k i n e t i c  t h e o r y  h a s  been developed l a r g e l y  f o r  s i n g l e  

c a p i l l a r i e s  whose r a d i i  were s o  Large t h a t  t h e  e r f e c t  of Lhc doublc  

l a y e r  was n o t  f e l t  a t  t h e  c e n t e r  of t h e  capi.Llary (2, 3 ) .  Reccnt Ly 

Burgreen and Nakache ( I )  s o l v e d  t h e  e l e c t r o k i n e t i c  e q u a t i o n  f o r  f low 

through a  s l i t  o f  any w i d t h ,  Rice  and Whitehead (6)  so lved  t h e  

e l e c t r o k i n e t i c  e q u a t i o n  f o r  f low through c y l i n d r i c a  1 c a p i l l a r i e s ,  v n  l i d  

on ly  f o r  low v a l u e s  of s u r f a c e  i o n i c  p o t e n t i a l .  S t r e e t  ( 7 )  showc~tl t h < r l  
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the  pore s i z e  d i s t r i b u t i o n  of a  porous m a t e r i a l  could be  taken i n t o  

account i n  e l e c t r o k i n e t i c  c a l c u l a t i o n s .  
I E l e c t r o k i n e t i c  flow theory i s  based upon t h e  observa t ion  tha t  a 

p o t e n t i a l  ( r e l a t i v e  t o  t h e  f l u i d  f a r  from the  s o l i d  su r f ace )  e x i s t s  
0 

a t  t he  i n t e r f a c e  of a  nonconducting su r f ace  and a  d i l u t e  so lu t ion ,  

whose magnitude depends upon t h e  cha rac t e r  of t h e  su r f ace  and t h e  

so lu t ion .  The presence of + d i s t u r b s  t he  equi l ibr ium i o n i c  d i s t r i -  
0 

bu t ion  r e s u l t i n g  i n  a  nonzero n e t  e l e c t r i c  charge a t  va r ious  po in t s  i n  

t h e  so lu t ion .  This  r e s u l t i n g  i o n i c  d i s t r i b u t i o n  i s  c a l l e d  t h e  

Boltzmann d i s t r i b u t i o n .  The n e t  charge per  u n i t  volume p i s  given b y  

p = -2nez sinh(a$/ljro) , (1) 

Where n  i s  Avogadro's number, e  i s  t h e  e l e c t r o n i c  charge, z i s  the 

valence and a i s  a  composite of cons t an t s .  The charge d e n s i t y  and 

p o t e n t i a l  a r e  r e l a t e d  by 

where x i s  d i s t a n c e  and D t he  d i e l e c t r i c  cons tan t .  Equation (2) i s  
I 
I combined with the  hydrodynamic equat ions t o  ob ta in  the  r e l a t i o n s  which 

desc r ibe  e lec t roosmot ic  flow r e t a r d a t i o n .  Davies and R i d e a l ' s  ( 2 )  

equat ion (3.23) leads  t o  

- 
where u  i s  the  average r e s u l t a n t  v e l o c i t y  i n  a  pore,  p  the h y d r o s t a t i c  r 
pressure ,  R t he  pore r ad ius ,  I') t h e  v i s c o s i t y ,  L t h e  length  of the  pore ,  

h t h e  e l e c t r i c a l  conduc t iv i ty .  
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Equation (3) i s  r e s t r i c t e d  t o  ca se s  where t h e  r a d i u s  o f  t h e  

c a p i l l a r y  i s  l a r g e  compared t o  t h e  double l a y e r  th ickness .  Rice and 

Whitehead (6) removed t h i s  r e s t r i c t i o n  and obtained 

Where @ and w a r e  composites of cons t an t s  and I and Il a r e  Ressel 
0 

func t ions  of t h e  second k ind  and zero  and f i r s t  o rde r  r e s p e c t i v e l y .  

This  equa t ion  i s  s u b j e c t  t o  the  r e s t r i c t i o n  t h a t  $r < 25 mv, because 
0 

i t  was assumed t h a t  s i n h  ( C @ / I ~ ~ )  = i n  equa t ion  ( I ) .  Rurgreen 

and Nakache (1) had prev ious ly  solved the  equa t ion  e x a c t l y  f o r  flow 

through a  r ec t angu la r  s l i t  of width 2h. The i r  r e s u l t  i s  

where G i s  an i n t e g r a l  t h a t  must be  solved numerical ly .  Equation 

(5)  i s  no t  r e s t r i c t e d  by t h e  r e l a t i v e  magnitudes of t he  double l aye r  

and the  s l i t .  It is ,  however, a  continuum model and may no t  be 

v a l i d  i n  c a p i l l a r i e s  l e s s  than, say, 50 Angstroms. 

Equations ( 3 ) ,  ( 4 ) ,  and (5) assume t h a t  the  d i e l e c t r i c  cons t an t  

D and t h e  v i s c o s i t y  q a r e  cons t an t .  Furthermore, they a r e  der ived 

f o r  a  s i n g l e  c a p i l l a r y .  I n  porous m a t e r i a l s  a  range of pore s i z e s  

e x i s t .  The e lec t roosmot ic  e f f e c t  w i l l  be d i f f e r e n t  f o r  each pore 

s i z e .  Following t h e  sugges t ion  of S t r e e t  (7)  we can w r i t e  equat ions 

(3) ,  ( 4 ) ,  and (5) i n  terms of a reduced r a d i u s  and sum the  

e lec t roosmot ic  e f f e c t  over  t he  var ious  pore s i z e s .  Forming the r n L i o  
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of t h e  reduced f low v e l o c i t y  u- t o  t h e  v e l o c i t y  i f  no e lcct roosmot- ic  
L 

2 2 
e f f e c t s  a r e  p r e s e n t  we f i n d  /u = R  / R  , where R i s  t h e  apparen t  r r r 
reduced r a d i u s  o f  t h e  pore .  The r e s u l t i n g  e q u a t i o n s ,  f o r  Davies and 

R i d e a l  (DR), R ice  and Whitehead (RW) and Burgreen and Nakache (BN) 

a r e  f o r  DR, 

f o r  RW, 

f o r  BN, 

where i n  e q u a t i o n  (8) t h e  e l e c t r o k i n e t i c  r a d i u s  R i s  taken a s  2h. 
2 

The v a l u e  o f  R f o r  each of t h e  e q u a t i o n s  i s  now s u b s t i t u t e d  r 
i n t o  M i l l i n g t o n  and Q u i r k ' s  (5) p e r m e a b i l i t y  c a l c u l a t i o n  e q u a t i o n :  
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t o  o b t a i n  

Where kr i s  t h e  reduced permeabi l i ty ,  6' i s  t he  po ros i t y ,  m t h e  

number of pore i n t e r v a l s  taken and, f o r  t h e  DR equa t ion  

f o r  RW equat ion,  

and f o r  BN equation, and 

Values of k  f o r  va r ious  s o l u t i o n  concen t r a t i ons  a r e  obtained - r 
by eva lua t ion  of equa t ions  (9) and (10) on a  computer. 

MATERIALS AND METHODS: 
- 5 

Two ceramic p l a t e s  of nominal pore r ad ius  of 1 .5  x LO and 
- 7 5 x cm, and a  porous g l a s s  of nominal pore r a d i u s  of 2 Y 10 c m  

were used i n  t he  experiments.  The cerarnic p l a t e s  were epoxied i n t o  
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a c r y l i c  p l a s t i c  c e l l s  and the  g l a s s  p l a t e  i n t o  a  b r a s s  c e l l .  The 

c e l l s  were connected t o  a  cons tan t  head water source.  Flow was 

measured g r a v i m e t r i c a l l y  f o r  t h e  ceramic p l a t e s  and by an o i l  bubble 

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

va lues  of t h e  permeabi l i ty  were ob ta ined .  

RESULTS AND DISCUSSION: 

Figure 1 shows the  r e s u l t s  of permeabi l i ty  measurements: A i s  

f o r  t h e  porous g l a s s  (pore r a d i u s  about 2 x 1om7crn) whose permeabi \ i c y  
-16 2 - 6 

i s  on the  o rde r  of 6 x 10 cm ; B i s  f o r  t he  ceramic of 5 u 10  cni 
-14 2 

nominal pore s i z e  whose permeabi l i ty  i s  about 7 . 8  x 10 crn ; C is  
- 5  

Eor t he  ceramic having 1.5 x 10 cm pores whose permeabi l i ty  i s  about 
2 

2 . 2  x cm . For t h e  ceramic p l a t e s ,  B and C,  t h e  permeabi l i ty  

i nc reases  with concent ra t ion ,  reaching a  maximum a t  about 0.5 N K C 1  

concen t r a t i on .  The g l a s s  permeabi l i ty  reaches a  maximuni near  0.1 N 

and drops o f f  a s  t he  concen t r a t i on  i s  increased .  At p re sen t  only 

f i v e  da t a  po in t s  a r e  a v a i l a b l e  f o r  t h e  g l a s s ,  t h e r e f o r e  t h i s  

reduc t ion  i n  permeabi l i ty  with i nc reas ing  concen t r a t i on  may be due t o  

experimental  e r r o r .  The experi.ment i s  s t i l l  i n  p rog re s s .  Because of 

t he  few experimental  po in t s ,  d a t a  from the  g l a s s  p l a t e  w i l l  n o t  be 

used i n  t he  subsequent c a l c u l a t i o n s .  

I n  o rde r  t o  c a l c u l a t e  permeabi l i ty  f o r  t he  t h r e e  p l a t e s  i t  was 

necessary t o  o b t a i n  pore s i z e  d i s t r i b u t i o n  d a t a .  Figure 2 d e p i c t s  

t he  pore s i z e  d i s t r i b u t i o n  of t he  t h r e e  p l a t e s ;  A i s  t he  g l a s s  plaLc, 

B and C a r e  t h e  ceramic p l a t e s .  Data f o r  curves  B and C were obtained 

a t  t h i s  l abo ra to ry  with a  15,000 p s i  mercury i n t r u s i o n  porosime t e r .  

Data f o r  curve A was furn ished  by a  commercial company us ing  a 6 0 , F O  

p s i  mercury i n t r u s i o n  porosimeter .  The pore s i z e  d i s t r i b u t i o n s  were 

d iv ided  i n t o  t e n  i n t e r v a l s  and t h e  pe rmeab i l i t i e s  c a l c u l a t e d  using 

equa t ions  (9)  and (10) .  The r a t i o  of the reduced permeabi l i ty  1~ t o  
r 

t h e  permeabi l i ty ,  k, (when no e lec t roosmot ic  flow r educ t ion  Cook p lace)  

was formed. The experimental  va lue  of k was taken a s  the  va luc  oC 

0.5 N KC1 concent ra t ion .  
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Figure 3 shows experimental values of k /k and ca l cu la t ed  valilcs 
r 

using t h e  t h r e e  d i f f e r e n t  equat ions f o r  c a l c u l a t i o n s  k . AIL r 
t h e o r e t i c a l  equat ions overest imated the  permeabi l i ty  r a t i o  a t  h jghc r  

concent ra t ions  and underestimated the  r a t i o  a t  lower concent ra t ions .  

This may be due t o  t h e  va lue  of $r used i n  t he  c a l c u l a t i o n s .  Figure 4 
0 

shows the  va lues  of 9 used, a s  taken from Davies and Rideal 
0 

(2,  page 118) .  Equations were f i t  t o  t h e  da ta  i n  Figure 4 f o r  use i n  

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

The t h e o r e t i c a l  equat ions a l l  assume a  cons tan t  v i s c o s i t y  and a 

cons tan t  d i e l e c t r i c  cons t an t .  Poss ib ly  these  f a c t o r s  vary with 

d i s t a n c e  from t h e  pore wal l .  It may be poss ib l e  t o  take  these  f a c t o r s  

a s  v a r i a b l e s  i n  the  equat ions .  I f  so, t h i s  should Lead t o  information 

on the  s t r u c t u r i n g  of water near  pore wa l l s .  This po in t  w i l l  be  

pursued during 1969. 

Figure 3 shows t h a t  t h e  t h r e e  equat ions,  DR, RW and BN y i e l d  

s i m i l a r  r e s u l t s  f o r  t he  pe rmeab i l i t i e s  of t h e  two ceramics.  For t he  

ceramic with the  l a r g e r  pores (C) a t  low concent ra t ions  t h e  DR 

equat ion dev ia t e s  cons iderably  from the more cxac t  RW and WN equal i o n s .  

A t  h igher  concent ra t ions  t h e  t h r e e  equat ions y i e l d  i d c n t i c a  1  resu i t s .  

I n i t i a l  c a l c u l a t i o n s  concerning t h e  e f f e c t  of v i s c o s i t y  and d i e l e c t r i c  

changes w i l l  be made us ing  the  DR equat ion because of i t s  s i m p l i c i t y .  
- 3 

Use of t he  DR equat ion f o r  concent ra t ions  g r e a t e r  than 10 should 

lead t o  l i t t l e  e r r o r .  This  may no t  b e  t h e  case  f o r  the g l a s s  p l a t e .  

SUMMARY AND CONCLUSIONS: 

Pe rmeab i l i t i e s  a t  va r ious  K C 1  concent ra t ions  were measured for  n 

g l a s s  p l a t e  and two ceramic p l a t e s ,  The nominal pore r a d i i  were 

2 x cm f o r  t he  g l a s s  and 5  x and 1.5 x f o r  the  ceramics.  

For the  ceramics t h e  permeabi l i ty  increased about 10% i n  going from 

N K C 1  s o l u t i o n  t o  0.5 N K C I .  The few da ta  f o r  che g l a s s  p l a t e  

i nd ica t ed  a  reduct ion  i n  permeabi l i ty  with an inc rease  i n  concentra-  

t i o n  from 0 . 1  t o  0.5 N .  
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Theore t i ca l  c a l c u l a t i o n s  us ing  t h r e e  differ en^ equations d i d  

not  accu ra t e ly  match t h e  expcri.mcntal d a t a .  Thc clevint ion i s  poss ib ly  

due t o  increased  v i s c o s i t y  near  t h e  pore wa l l s  and a  change i n  t h c  

d i e l e c t r i c  cons t an t .  Fur ther  c a l c u l a t i o n s  should c l a r i f y  t h i s  po i a t  

and lead  t o  conc lus ions  concerning t h e  v i s c o s i t y  and s t r u c t u r e  of 

water  near  pore wa l l s .  
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I I ~3 i . Perrneabil  i t - i e s  o E  A t h e  g l a s s  p l a t e ,  R and  C 

t h e  c e r a m i c  p l a t e s .  
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~ l . i u r a  2.  Pore  s i z e  d i s t r i l , * ; t i o n s  t o r  A ,  t : ~  g l a s s  p l a t e ,  

R and C f o r  tlie ceramic  p l a t e s .  
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LIT -9 
F i g ~ l r e  3. Permeability r a t i o  f o r  ceramics B and C .  Tfkc so1i.d L i  nc. 

was ca l cu la t ed  using Burgreen and Nalcaclre' s ( 1  ) c.qd~n t I or., 

the dash-dot l i u e  from Ricta and W h i t  ehcnd ' s (6) e q u a t i o n ,  

and the dashed l i n e  from Davies and R i d e n l  ( 2 ) .  
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F i g u r e  4 .  S u r f a c e  i o n i c  p o t e n t i a l  a t  s e v e r a l  KC1 concrntratio~~s, 

d a t a  from Davies  and R i d e a l  ( 2 ) .  
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TITLE : CONSUMPTIVE USE OF WATER BY CROPS I N  A R I Z O N A  

CRTS WORK UNIT: SWC W9 g6-6 CODE NO.: Ariz.-WCL 58-2 

INTRODUCTION: 

For need of s tudy ,  s e e  Annual Reports fo r  1957, 1958, and 1966. 

This y e a r ' s  r e p o r t  i s  a  cont inua t ion  of the  s tudy reported under 

P a r t  I of t he  1967 Annual Report on Ar i z ,  WCL-23, 

OBJECTIVES: 

1. To c o r r e l a t e  c e r t a i n  meteorological  measurements with water 

management on co t ton ,  

2, To check two i r r i g a t i o n  schedules  on th ree  present-day 

co t ton  v a r i e t i e s .  

3. To o b t a i n  d a t a  on accumulative product ion of blossoms, 

b o l l s ,  and y i e l d  on t h r e e  v a r i e t i e s  of co t ton ,  a s  a f f e c t e d  by two 

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  d a t e ,  

PROCEDURE : 

The experiment i s  loca ted  on F ie ld  C - l  a t  t he  Univers i ty  of 

Arizona Cotton Research Center ,  Phoenix, Arizona. The Eield was 

p lan ted  t o  co t ton  i n  1966 and 1967, and t o  a l f a l f a  dur ing  the  

previous two yea r s ,  

Cotton s t a l k s  from the  1967 crop were plowed under,  f e r t i l i z e r  

was appl ied ,  and Ar iva t  b a r l e y  was planted.  This  was used a s  a  green 

manure crop t o  i r o n  o u t  r e s i d u a l  e f f e c t s ,  a s  an a i d  i n  pink bollworm 

c o n t r o l ,  and t o  improve i n t a k e  r a t e s .  

Urea was appl ied  t o  the  f i e l d  on 2 8  February 1968, a t  t he  r a t e  

of 300 pounds per  a c r e ,  and t h e  ba r l ey  was plowed under. The f i e l d  

was furrowed ou t  i n t o  40-inch furrows and the  pre-p lan t  i r r i g a t i o : ~  

was given on 11 March. 

On 27 March, a  b u f f e r  a r e a  of twelve rows o f  Deltapine-3.6 were 

p l an ted ,  beginning on the w e s t  s i d e  of t h e  f i e l d .  Af t e r  the hufcer  

zone was p l a n t e d ,  DpL-16, Ilopicala and Pima 5-4 were planted 'in 

&-row p l o t s  i n  a  random block des ign ,  r e p l i c a t e d  5 t imes. Within 

each r e p l i c a t i o n ,  rhe re  were two mois t u r e  t rea tments  ; 65'% (medirm~) 
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and 50% (wet)  m o i s t u r e  used from ehe t o p  3 I t ,  I n  a d d i t i o n ,  two more 

b locks  o f  t h r e e  v a r i e t i e s  were p l a n t e d  f o r  a l e a f  trerriperature s i - idy.  

Timfng o f  i r r i g a t i o n s  was based mainly on r e s u l t s  o f  gravimetr-ic 

s o i l  m o i s t u r e  d e t e r m i n a t i o n s  and a i d e d  by visual .  p1aot  l e a f  symptoms, 

Two 3 0 - f t  l e n g t h s  o f  row, beg inn ing  80 f t  Irom the  n o r r h  end o f  

t h e  f i e l d  i n  each 4-row p l o t  on r e p l i c a t i o n s  2 ,  3 and 4 ,  were used i o r  

t a g g i n g  o f  blossoms. Pour 1 2 - f t  Lengths o f  row, eaclr compris ing L G  

pS.ants, were s e l e c t e d  and d e s i g n a t e d  a s  quadran t s  1, 2 ,  3, and l t ,  

Blossoms i n  quadran t  2  were tagged d a i l y  t l troughout 1-lie f lower ing  

p e r i o d ,  

On 1 5  August 3.968, a border  d i k e  was b u i l t  th~-ough the midcllc o f  

t h e  t a g g i n g  a r e a ,  a c r o s s  t h e  en t i i r e  s tudy  a r e a ,  Th is  was t o  f a c i l i  t a l e  

an e a r l y  season  c u t o f f  o f  i r r i g a t i o n  water  t o  t11e lower pout ion o l  r t i t .  

P i  e l d  , A t  abott t t h e  same time, t agg ing  w a s  I9ej:irn I n cpaclran I s 1 s i ~ > t l  I ,  

and con t inued  i n  quadran t  2 ,  

Machine-picked y i e l d  measurements were m d e  on 80 PI. of I11c two 

i n s i d e  rows of t h e  4-row p l o t s ,  on both  s i d e s  of che  border d i k e  

whicli d i v i d e d  t h e  f i e l d  i n  h a l f ,  c r e a t i n g  t h e  a r e a s  r e r e r r e d  t o  as 

'upper  b n d  "lower , A d d i t i o n a l  y i e l d  and b o l l  count. measurement s 

were made on q u a d r a n t s  3 and 4 t a g g i n g  a r e a s  by hand p i c k i n g ,  

Atmographs , n e t  radiomekers  , anemometers and a  hpgro ther~nogl-ap11 

wcre i n s t a l l e d  i n  t h e  E a s t  p o r t i o n  o f  t h e  f i e l d  on 23 J u n e  1908, 

S o i l  xnoisture d e p l e t i o n  measurements were made i n  two r e p l i c a (  ~ ( J D S  

of each m o i s t u r e  t r e a t m e n t  f o r  t h r e e  v a r i e t i e s .  

RESULTS AND DISCUSSION:  

A good s t a n d  was a t t a i n e d ,  t tmperatl1res were normal through A l x  il 

and May and e x c e l l e n t  v e g e t a t i v e  growth o c c u r r e d ,  Iilossoriling lbtlgan 

around t h e  1 5 t h  o f  J u n e .  

A l l  i r r i g a t i o n s  met pre-determined l e v e l s  excep t  tlle J t r l > r  i r r i -  

g a t i o n  on t h e  medium t r e a t m e n t ,  A t  t h i s  t ime,  s o i l  mois l u r e  cond i t i o n s  

were somewhat d r y e r  t h a n  t h e  d e s i r e d  657, l e v e l .  
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I n s e c t  p o p u l a t i o n s  were low i n  t.he e a r l y  season  w i t 1 1  no  n o t i c e -  

a b l e  damage, However, a r o u d  t h e  f i r s t  of  August ,  l e a f  p e r l o r a t o r s  

became v e r y  p r e v a l e n t ,  The i n s e c t i c i d e  program d i d  n o t  c o n t r o l  

p o p u l a t i o n s  and because  of e x k n s i v e  damage co the  v e g e t a t i v e  g r o w t l i ,  

a l l  c o t t o n  was d e f o l i a t e d  on 1 4  Septed3er  1968,  Danlage by rile l e a f  

p e r f o r a t o r s  c u r  t a i l e d  blossoming i n  Azigus l~ and Sepilember , tl,cis 

a f f e c t i n g  t o t a l  y i e l d  and e s p e c i a l l y  l a t e - s e a s o n  s e  t-, En addi i.i o n ,  

t h e  e a r l y  d e f o l i a t i o n  made vo id  t h e  r e s u l t s  o f  comparison between i.hc 

e a r l y  i r r i g a t l . o n  c u t o f f  and normal i r r i g a t i o n  p r a c t i c e ,  

SUMNARY Ah2 CONCLUSIONS : 

A l l  f i n a l  y i e l d s  were affec:ted by thc l e a 1  p e r I o r a t o r ,  and i i 

could be expec ted  t h a t  t h e  medium i r r i g a t i o n  regime was da~nagcd morc 

t h a n  t h e  wet t r e a t m e n t ,  Rormally,  t h e  medium t rea tment  has  a heavv 

l a t e - s e a s o n  s e t  which d i d  n o t  occur  t h i s  y e a r ,  n o t  o n l y  becartsc of the  

l e a f  p e r f o r a t o r ,  b u t  because  o f  t h e  d e c i s i o n  t o  mechan ica l ly  d c r o l i a l e  

e a r l y .  It i s  f e l t  t h a t  t h e  p l a n t s  were n o t  s e r i o u s l y  afleeired by t h e  

p e r l o r a t o r s  u n t i l  a f t e r  August 1 8 ,  

I n  Tab les  2 and 4 ,  y i e l d  d a t a  show t h a t  o n l y  m i x l o r  y i e l d  d i f  l e r -  

ences  e x i s  t e d  between comparable i r r i g a t i o n  t r e a t m e n t s ,  thougll inc.clium 

t r e a t m e n t s  were g iven  two l e s s  i r r i g a t i o n s  (Table  I ) ,  Tllc number of 

b o l l s  developed from blossoms opeiled by A-trg~tst 1 8  (Table  3) s i ~ o w  

t l m t  only  DpL-16 had more b o l l s  on tlie wet treatment, On tllc b a s i s  

of p r e v i o u s  y e a r s '  d a t a ,  t h e  medium t r e a t m e n t  b o l l s  could be expecLed 

t o  i n c r e a s e  more than  t h e  w e t ,  i f  a l a t e  seasor1 s e t  had been possil) lc- .  

Ln l%g~r-re 4 ,  t h e  DpL-16 shows t h e  beginning o f  a  talc? seL, I I ~ I L  

d e f o l i a t i o n  p reven ted  m a t u r i t y .  Comparisons between the:  upper dnd  

lower F i e l d  y i e l d s  ( l a t e  i r r i g a t i o n  v a l u e  phase o f  tile s tudy)  a r e  

c lues t ionable  because  of d e f o l i a t i o n ;  however, procluction wris decrcnsccl 

by not: i r r i g a t i n g  i n  e a r l y  Septeznber, Under more normal. producirlg 

c o n d i t i o n s ,  a g r e a t e r  d i f f e r e n c e  could  b e  expected, 
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Tile c a n s m p t i v e  lise f igcircs a r e  Lower (ha17 I h c y  wotl ld I l avo  l ) ~ e ~ i  

if a Cull. c r o p  o f  l e a v e s  11ad been  main ta ined ,  Tile d i  Cterenscr . i n  

consumptive use  between v a r i e t i e s  was n e g l i g i b l e  (Table 2 ,  and 

F i g u r e s  I., 2  and 3). 

Tile e f f i c i e n c y  o f  b o l l s  from blossoms was approximat el y t i ~ c ,  

same f o r  t h e  wet and medium t r e a t m e n t s  (Table  3 ) "  The w c i g 1 1 ~  p e r  

b o l l  on t h e  wet t r e a t m e n t s  showed a  s l i g h t  t r end  Coward b e i n g  llcavirr 

than  f o r  t h e  d r y e r  t r e a t m e n t  on DpL-16 and Pirna 5 - 4  ( T a b l e  4 ) .  

Quadran t  2  was tagged d u r i n g  t h e  e n t i r e  blossoming season, C u t  

quadran t  3 b o l l s  were counted b u t  n o t  tagged.  Data shows that: Llle 

t o t a l  number of mature  b o l l s  was reduced i n  quadran t  2 ,  b u ~  iiie 

weight  p e r  b o l l  was i n c r e a s e d  (Table  4 9 ,  Comparisons between 

quadran t s  3 and 4 showed t h a t  t h e  number ox b o l l s  and weigllt p e r  

13011 were reduced by n o t  g i v i n g  t h e  e a r l y  September i r r i g a t i o n  LO 

u a d r a n t  4, F i g u r e s  4 t h r o ~ i g h  9 show t h e  blossom and bo1b ccrrini s 

pel- day,  w i t h  h i g h  e f f i c i e n c y  e a r l y  i n  t h e  blossoming p e r i o d  and 

low e f f i c i e n c y  f o r  a 2-week p e r i o d  irrmediately a f t e r  Silly IT, 

regarc l l ess  o f  t h e  s o i l  mnois t ~ ~ r e  s t  a t i t s ,  A I L  treaCments and v a r i c c  it,:-; 

show a  d e s i r a b l e  c u t - o u t  d a t e  (bel-ore Atigus t 20), i n d i c a l  i r l g  lrllal 

l a t e - s e a s o n  s e t s  cou ld  have been expected wi th  d e s i r a b l e  growing 

condi  Lions,  

Leonard J ,  E r i e  and O r r i n  P, Frencli .  -- 

CURRENT TEIIMINA'ITON DATE : December 1970. 
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Table 1, Irrigation Schedule for Cotton, 1968. 

IRRIGATION DATES 

a 8/26 irrigation applied only to upper half of field. 
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a  
T a b l e  2 .  Yie ld  and Consumptive Use of  Water by Cot ton ,  1968, 

- ------ *---- 

b 
Cons ~irriptive 

b 
V a r i e t i e s  I r r i g a t i o n s  seedb L i n t  Ein  6 U s  c: - - - .- -- ----- 

no.  l b / p l c ) t  % l b l p l n t  bales/A i n .  
- --- -- 

Wet 
( lower)  

Medium 
( u s p e r )  

Medium 
( lower)  

Wet 
( lower) 

Ned ium 
( lower)  

Pima S--4 -- 
Wet 

( w p e r )  

Wet 
( lower)  

Med i L I I ~  

( lower )  

a 
A l l  y i e l d s  and consumptive use  a l f e c  t e d  by earky i n s e c c  damage and 
mechanical  d e f o l  i a t i o n ,  

b 
Mean, f i v e  r e p l i c a t i o n s .  
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TABLE 3 ,  Number o f  Blossoms and B o l l s  i n  Quadrant Two, 1968, 
( 3  r e p l f c a t i o n s ,  I 6  p l a n t s / l 2  l i n e a l  f t  per  p l o t )  

TOTAL GROWING SEASON 

MEDZm < 5  i r r i g a t i o n s )  

Hopicala  DpL-16 Fima S-4 Hopicala  DpL-16 Pima S-4 

Blossoms 247 5 2646 3125 2601 2476 2971 

B o l l s  796 I091 1587 842 1008 1585 

TO AUGUST 18th a 

- 

Blossoms 2274 2534 2880 2361 2375 2734 

B o l l s  7 2 5  1073 1545 : / L  995 1545 
- - z  
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Table 4 .  Bolls  and Yield by Quadrants ,  1968 Season, 

VARIETY IEX ( 7  i r r i g a t i o n s )  PtEDIIITf (5  i r r i g a t i o n s )  

Bol l s  Weight L i n t  Wt/boli  Bol l s  Keight L i n t  Q t / b o l l  
no. $9' gin no, P ba le s  /A bales/A gm 

Ropicala 

a q4 received 1 less irrigation ic eaci-1 regime. 
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Figure 4 ,  Blosson; and boll coune - cotton (DpL-16 -- mediun treatment), 1968, 
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count - cotton (Ho a -- w e t  treatment), 68, Annual Report of the U.S. Water Conservation Laboratory



Figure 9, Blossom and boll count - cotton (Pima S-4 -- wet treatment). 1963, Annual Report of the U.S. Water Conservation Laboratory



TITLE : PLANT RESPONSE TO CHANGES I N  EVAPORATIVE DEMAND 

AND SOIL WATER POTENTIAL, AS SHOWN BY MEASUREMENTS 

OF LEAF RESISTANCE, TRANSPIRATION, LEAF TEMPERA- 

TURE AND LEAF WATER CONTENT. 

CRIS WORK UNIT: SWC W9 gG-6 CODE NO. : A r i z .  - M U ,  62-10 

PART I ,  A FIELD STUDY OF' COTTON GROWTH AS AFFECTED BY LRKLGATLON 

FREQUENCY, 

INTRODUCTION: 

A t  t h i s  Labora to ry  p r e v i o u s  f i e l d  exper iments  have shown t h a t  

s to rna ta l  c l o s u r e  e v e n t u a l l y  o c c u r s  i n  r esponse  t o  s o i l  wa te r  c1cl)l.c- 

t i o n .  However, a  s u f f i c i e n t  p l a n t  r e a c t i o n  Lo b r i n g  about  n 50% 

r e d u c t i o n  i n  t r a n s p i r a t i o n  does  n o t  occur  u n t i l  f a r  i n t o  a  clryinc: 

c y c l e  - about  t h i r t y  days  f o r  a l f a l f a  and sorghum, Lor example. 

Although s to rna ta l  c l o s u r e  can b e  deLected a t  t h i s  t ime  by measurtL- 

ments of  l e a f  r e s i s t a n c e  (\) o r  a  r i s e  i n  l e a l  t e m p e r a t u r e  ( T . ) ;  
L 

i t  i s  l i k e l y  t h a t  growth r e d u c t i o n  a l r e a d y  has  o c c u r r e d .  T h e r e f o r e ,  

a n  i r r i g a t i o n  guided by c r i t e r i a  of  changes i n  \ o r  TA may be too 

l a t e  t o  m a i n t a i n  a  r a p i d  growth r a t e ,  I n  view o f  t h i s  de layed  

plant. i n d i c a t o r  r e sponse ,  a t t e n t i o n  was focussed  on d i r e c t  measure- 

ments of  p l a n t  growth, t o  d e t e r m i n e  i f  t h e r e  were d i 1 f e r e n c e s  i n  

t h e  growth r a t e  of  c o t t o n  p l a n t s  s u b j e c t e d  t o  t h r e e  i r r i g a t i o n  

f r e q u e n c i e s .  The h y p o t h e s i s  was t h a t  v a r i o u s  a s p e c t s  of p l a n t  

growth might  b e  more s e n s i t i v e  i n d i c a t o r s  of t h e  need f o r  i r r i g a -  

t i o n  t h a n  changes i n  \ o r  TA. 

PROCEDURE: 

Growth was measured i n  t h r e e  ways: (1) by per iodica1l .y  

d e t e r m i n i n g  t h e  l e a f  a r e a  index  ( M I ) ,  d e f i n e d  a s  t h e  l e a f  a r e a  

cor respond ing  t o  a  g i v e n  a r e a  of  ground, and p r i m a r i l y  a  f u n c t i o n  oi: 

t h e  growth i n  f r e s h  weight  of  t h e  l e a v e s ,  ( 2 )  by documenting Lhe ~ r i -  

c r e a s e  i n  t o t a l  d r y  we igh t  o f  t h e  p l a n t  p e r  u n i t  ground a r e a ,  which  

i s  an i n d i r e c t  measure of  n e t  p h o t o s y n t h e s i s ,  and ( 3 )  by measuring 

t h e  r a t e  oL h e i g h t  i n c r e a s e  of  t h e  c rop ,  a  Lunct ion of  c e l l  t u r g o r  

Annual Report of the U.S. Water Conservation Laboratory



p r e s s u r e  t h a t  i s  q u i t e  s e n s i t i v e  t o  s o i l  wa te r  d e p l e t i o n .  

The s t u d y  was c a r r i e d  o u t  i n  c o n j u n c t i o n  w i t h  t h c  f i c l d  e x p c r i -  

ment of  L. J .  E r i e ,  r e p o r t e d  a s  WCL 58-2 of  t h i s  r e p o r t .  A 9 - a c r c  

f i e l d  (C-1 of t h e  U n i v e r s i t y  of  Arizona Cot ton  Research C e n t e r ) ,  

c o n s i s t i n g  o f  184 n o r t h - s o u t h  rows w i t h  40- inch s p a c i n g ,  was divi.dcd 

i n t o  b l o c k s  f o r  i r r i g a t i o n  a t  d i f f e r e n t  f  r e q u e n c i c s  . The medium 

t r e a t m e n t ,  t h e  one recommended f o r  maximum l i n t  p roduc t ion ,  was 

i r r i g a t e d  when t h e  a v a i l a b l e  s o i l  w a t e r  i n  t h e  upper  t h r e e  feeC of  

t h e  s o i l  was 65"/,epleted, a s  measured by g r a v i m e t z i c  s o i l  sampl ing.  

The wet t r e a t m e n t  was i r r i g a t e d  when o n l y  30% of  t h e  a v a i l a b l e  wa te r  

was d e p l e t e d .  There  were f i v e  4-row r e p l i c a t i o n s  o f  b o t h  t h e s e  

t r e a t m e n t s  f o r  each  of  t h r e e  c u l t i v a r s  of  c o t t o n :  D e l t a p i n c - l h  a n d  

Hopicala ,  b o t h  a  t y p e  of  s h o r t - s t a p l e  c o t t o n  (Gossypium h i r s u t u m ) ,  

and Pima S-4, a  long  s t a p l e  c o t t o n  (G, ba rbadcnse ) .  L a t c r  i n  t h e  

s e a s o n  a n o t b e r  b l o c k  (12 rows) was d e s i g n a t e d  t h e  a t r e a t m e n l ,  i n  

which t h e  i r r i g a t i o n  normal ly  schedu led  was de layed  u n t i l  T r o s e  
L 

s e v e r a l  d e g r e e s  above a i r  t e m p e r a t u r e  and t h e  p l a n t s  showed a  

v i s i b l e  w i l t .  Data on t h e  t ime of  i r r i g a t i o n ,  t h e  d e g r e e  of  s o i l  

wa te r  d e p l e t i o n  i n  r e s p o n s e  t o  d i f f e r e n t  i r r i g a t i o n  frequencies, 

amount of  f l o w e r i n g  and b o l l  s e t ,  a s  w e l l  a s  l i n t  y i e l d ,  can be  

found i n  L.  3. E r i e ' s  r e p o r t ,  r e f e r r e d  t o  above.  

The LA1 was measured by c u t t i n g  o f f  a t  ground l e v e l  t h e  f o u r  

p l a n t s  that: o c c u r r e d  i n  1 m of  row l e n g t h  ( i n  a  s t a n d  o f  abou t  

17,000 p l a n t s  p e r  a c r e ) .  S i n c e  t h e  rows were v i r t u a l l y  1 m apar t - ,  
2 

t h e  r e s u l t s  were v a l i d  f o r  1 m of ground a r e a .  A f t e r  b e i n g  c u t  

o f f ,  t h e  p l a n t s  immediateLy were placed i n  l a r g e  p o l y e t h y l e n e  b a g s ,  

t aken  t o  t h e  l a b o r a t o r y  i n  Less Chan f i v e  minutes ,  and q u i c k l y  

s t r i p p e d  of a l l  l e a f  b l a d e s ;  c a r e  was t aken  t o  minimize t r a n s p i r n -  

t i o n  d u r i n g  l e a f  removal.  A f t c r  t h e  l e a f  f r e s h  we igh t  was ob ta inc t l ,  

t h r e e  0.02 subsamples of  t h e  t o t a l  were removed f o r  l e a f  a r e a  

d e t e r m i n a t i o n  by photocopying t h e  f i v e  t o  10 l e a v e s  oT a  subsample  

and p l a n i m e t e r i n g  t h e  l e a f  images. The p r i n c i p l e  u n d e r l y i n g  L h i s  
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subsampling procedure  i s  t h a t  Leaf a r e a  i s  l i n e a r l y  r e l a t c d  t o  f r c s h  

weight ,  a r e l a t i o n  t h a t  was v c r i f i c d  d i r e c t l y  Prom f i e l d  r l a t , i  Tor 

De l tap ine-16  on 23 J u l y .  It was assumed t h a t  t h e  l i n e a r  r e l a t i o n  

he ld  f o r  t h e  whole sampling per iod ,  and a l s o  was v a l i d  f o r  Hopicala  

and Pima S-4. 

The L A X  was determined on f o u r  d a t e s  encompassing t h e  a c t i v e  

growing p e r i o d  o n l y  f o r  De l tap ine-16  (medium t r e a t m e n t ) ;  t h e  most 

comprehensive i n f o r m a t i o n  was o b t a i n e d  on t h e  l a s t  d a t e ,  06 Augus t ,  

a t  which t ime d a t a  were o b t a i n e d  f o r  a l l  t h r e e  c u l t i v a r s  and t h e  

t h r e e  t r e a t m e n t s .  A t  t h i s  t ime  t h e  canopy was complete  and t h e r e  

was no s i g n i f i c a n t  l e a f  l o s s  due t o  senescense  o r  i n s e c t  damage. 

A f t e r  t h e  M I  measurements were f i n i s h e d ,  a l l  De l tap ine-16  p l a n t  

m a t e r i a l  h a r v e s t e d  from t h e  s q u a r e  meter  of ground was d r i e d  i n  a  

fo rced  d r a f t  oven a t  70 C a t  each of t h e  f o u r  t imes  mentioned p re -  

v i o u s l y  and on two a d d i t i o n a l  d a t e s ,  t h e  l a s t  of which was on 

20 August. Only l o u r  h a r v e s t  d a t e s  were used f o r  Hopicala  and Pima 

s-4. 

Height measurements of t h e  c rop  were talcen f i v e  t inies d u r i n g  

t h e  season,  beg inn ing  on 16 J u l y  and ending on 03 SepCember. The 

r e a d i n g s  were o b t a i n e d  by a  v i s u a l  s i g h t i n g  a long  t h e  t o p  of the  

canopy from t h e  o b s e r v e r ' s  p o s i t i o n  n e a r  t h e  n o r t h e r n  edge of t h e  

f i e l d  t o  t h e  measur ing s t a k e  1 0  in away, Located i n  a  f i x e d  p o s i t i o n  

and g radua ted  i n  10-cm increments .  There  was a  measur ing s t a k e  f o r  

each of t h e  t h r e e  t r e a t m e n t s  and f o r  each c u l t i v a r ,  making a  t o t a l  

of n i n e  r e f e r e n c e  s i t e s .  S i g h t i n g  a long  t h e  t o p  of t h c  canopy from 

t h r e e  d i f f e r e n t  p o s i t i o n s  gave a  r e a s o n a b l e  measurement of t h e  

average  h e i g h t  o f  t h e  c r o p  a s  a whole, a  v a l u e  t h a t  i s  b e l i e v e d  Lo 

b e  e q u i v a l e n t  t o  numerous h e i g h t  measurements o f  randomly s e l e c t e d  

p l a n t s .  

Accompanying t h e  h e i g h t  measurements was an e s t i m a t e  of t h e  

average  d i s t a n c e  between rows, t o  a s s e s s  t h e  r a t e  of l a t e r a l  sprc<~cl  

of t h e  p l a n t s  wi th  t ime - an i n d i r e c t  e v a l u a t i o n  of a x i l l a r y  growlh 
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r a t e .  

RESULTS : 

Table  1 shows t h e  L A 1  a t  a  t ime when t h e  c r o p  had ach ievrd  f u l l  

cover ,  b u t  b e f o r e  any s igni . f icant .  l e a f  senescence  had o c c u r r e d .  T h c  

d a t a  a r e  t h e  mean of two r e p l i c a t i o n s  f o r  each c u l t i v a r ,  each r e p l i -  

c a t i o n  i n  t u r n  c o n s i s t i n g  of d u p l i c a t e  o r  t r i p l i c a t e  suhsampLes. 

The subsamples agreed  t o  w i t h i n  15%, b u t  t h e  r e p l i c a t e s  on ly  t o  

w i t h i n  50%. I n  view of  such v a r i a t i o n  between r e p l i c a t e s ,  no s i g n i i -  

i c a n c e  can be  a t t a c h e d  t o  s m a l l  d i f f e r e n c e s  shown i n   he t n b l c .  

There fore ,  t h e  approx imate ly  2 0 b r e a t e r  LAX f o r  t h e  "mec2ium" than 

f o r  t h e  "wet" o r  "dry" t r e a t m e n t s  may n o t  b e  s i g n i f i c a n t .  However, 

t h e  c o n s i d e r a b l y  s m a l l e r  L A 1  o f  Pima S-4 than  of t h e  two s h o r l  

s t a p l e  c u l t i v a r s  seems t o  be  a  r e a l  d i f f e r e n c e ,  and a l s o  i s  c o n s i s t -  

e n t  w i t h  t h e  h e i g h t  d a t a  f o r  t h i s  same d a t e ,  06 August .  L t  appears  

t h a t  d i f f e r e n t  i r r i g a t i o n  s c h e d u l i n g  does  n o t  s i g n i f i c a n t l y  changc 

t h e  f i n a l  L A 1  from a  c h a r a c t e r i s t i c  v a l u e  f o r  e i t h e r  long o r  s h o r t  

s t a p l e  c o t t o n .  For t h e  p l a n t  p o p u l a t i o n  c i t e d ,  t h i s  c h a r a c t e r i s t i c  

v a l u e  t e n d s  t o  be  abou t  3  f o r  s h o r t  s t a p l e  ( D c l ~ a p i n e - 1 6  and 

Nopicala)  and o n l y  s l i g h t l y  abovc 2 f o r  Pima S-4.  

The d r y  weight  d a t a  i n  Table  2  r e p r e s e n t  t h e  t o t a l  above-ground 

produc t ion  of p l a n t  m a t e r i a l  i n  grams per  s q u a r e  meter of ground 

a r e a ,  g iven  a s  t h e  mean of two r e p l i c a t i o n s .  M u l t i p l y i n g  t h i s  

f i g u r e  by 10 g i v e s  t h e  p r o d u c t i o n  i n  k g / h e c t a r c .  The t o t a l  d r y  

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

o f  t h e  c r o p .  The d r y  weight  y i e l d  does  n o t  n e c e s s a r i l y  c o r r e l a t e  

w i t h  t h e  l i n t  y i e l d ,  however, The s i x  h a r v e s t s  f o r  De l tap ine-16  

"medium" show t h e  t y p i c a l  sigmoid growth curve,  which peaked on 

13 August .  The "wet" t r e a t m e n t  produced s i m i l a r  y i e l d s  t o  t h e  

"medium." Of i n t e r e s t  i s  .the s p u r t  i n  growth shown by t h e  "dry" 

t r ea tment  l a t e  i n  t h e  season,  undoubtedly  caused by the  i r r i g a t i o n  

t h a t  a l l e v i a t e d  t h e  c o n s i d e r a b l e  d rought  s i r c s s .  Tl~cs yi  c l d  o~ 
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Pima 5-4 a l s o  showed t h i s  e l f e c t  of s t r e s s ,  where t h e  "dry" t r e a t -  

ment caused t h e  l e a s t  e a r l y  growth, b u t  ended up wi th  t h e  g r e a t e s t  

d r y  weight by 20 August. For Hopicala  t h e r e  was no c l e a r  e f f e c t  o f  

t r ea tment  on d r y  weight  p roduc t ion  throughout t h e  p e r i o d .  

I n  Table  3 i t  can b e  seen t h a t  f o r  De l tap ine-16  "dry" t r ea tment  

t h e  h e i g h t  growth c o n s i s t e n t l y  was l e s s  t h a n  t h a t  i n  t h e  "wet" and 

"medium" t r e a t m e n t s ;  t h e s e  l a t c e r  two t r e a t m e n t s  p robab ly  werc n o t  

s i g n i f i c a n t l y  d i f f e r e n t  from each o t h e r .  Th i s  p a t  t e r n  he1 d u n t i l  

03 September, aC which t ime t h e  h e i g h t  was e s s e n t i a l l y  t h e  same f o r  

a l l  t h r e e  t r e a t m e n t s .  

I n  Hopicala ,  i n  c o n t r a s t ,  t h e  h e i g h t s  werc g r e a t e r  a s  t h c  

t r e a t m e n t  had more m o i s t u r e ,  f o r  every  h a r v e s t  excep t  t h e  l a s t .  A t  

t h e  l a s t  h a r v e s t ,  on 03 September, t h e  "medium" t r e a t m e n t  was rile 

s h o r t e s t .  

I n  Pima S-4 t h e r e  was a t r e n d  f o r  t h e  "dry" t r e a t m e n t  t o  causc  

t h e  l e a s t  h e i g h t  growth, b u t  a g a i n  a t  t h e  l a s t  h a r v e s t  t h e  "dry" 

t r e a t m e n t  h e i g h t  ended up e s s e n t i a l l y  e q u a l  t o  t h a t  of t h e  o t h e r  

t r e a t m e n t s .  

Summary and Conc lus ions .  Although a l a c k  of s o i l  wa te r  b rought  

about  c o n s i d e r a b l e  h e i g h t  r e d u c t i o n s  i n  t h e  "dry" t reatmei l t  a s  

compared t o  t h e  "wet" and "medium" t r e a t m e n t s ,  i n  b o t h  De l tap ine-16  

and Hopicala ,  a de layed  s p u r t  of growth by p l a n t s  i n  t h e  "dry" 

t r e a t m e n t  c a n c e l e d  t h e  e a r l y  d i f f e r e n c e .  Although n o t  s o  pronounced, 

t h e  same b e h a v i o r  was evidenced i n  r e g a r d  t o  d r y  weight  accumula- 

t i o n .  It i s  concluded t h a t  a s o i l - i n d u c e d  i n t e r n a l  wa te r  d e f i c i t  i n  

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

weight and p l a n t  h e i g h t ,  s i n c e  compensatory growth makes up f o r    he 

i n i t i a l  growth d e p r e s s i o n ,  once t h e  drought  i s  b roken  by an i r r i g a -  

t i o n .  Th is  k i n d  of response  has  been documented i n  t h e  literature 

on a s h o r t  term b a s i s ,  and i s  a t t r i b u t e d  t o  an  accumulat ion of 

r e s e r v e s  d u r i n g  wate r  s t r e s s  t h a t  can b r i n g  abou t  faster-than-norr11:il 

growth when t h e  s t r e s s  i s  rcmoved. It is  obvious ,  howcvcr, t h : ~ ~  t h c  
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l e n g t h  of t h e  growth p e r i o d  a f t e r  the s t r e s s  i s  removed would have a 

b e a r i n g  on t h e  f i n a l  y i e l d .  I n  c e r t a i n  i n s t a n c e s  a s t r e s s  i s  bourld 

t o  be d e t r i m e n t a l  t o  f i n a l  p roduc t ion ,  s i n c e  a d e l a y  i n  mnt.uriLy can  

p ro long  the season  u n t i l  low tempera tu re  e f f e c t s  o r  a k i l l i n g  Frost  

i n t e r v e n e  . 
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PART II. THE WATER USE EFFICIENCY OF AGAVE AND OPUNTIA PUNTS 

I N  THE DESERT. 

INTRODUCTION: 

P a r t  T I 1  o f  t h i s  r e p o r t  c i t e s  t h e  e x p e r i n e n t a l l y  de  terminccl 

h i g h  wate r  u s e  e E f i c i e n c y  of t h e  agave (Century p i a n t ,  Agave 

americana) ,  a s  evidenced by a  t r a n s p i r a t i o n  r a t i o  (TR) on ly  h a l f  a s  

h i g h  a s  t h a t  o f  c o r n  grown a t  t h e  same t ime i n  t h e  greenhouse.  The 

h i g h  e f f i c i e n c y  o f  agave i s  a t t r i b u t e d  t o  i t s  b e h a v i o r  a s  a  

s u c c u l e n t ,  a c h i e f  f e a t u r e  of which i s  dayt ime s tomata1 c l o s u r e  

accompanied by n o c t u r n a l  opening and d a r k  f i x a t i o n  of carbon d i o x i d e .  

Opuntia (0- FLcus- lndica ,  t h e  s p i n e l e s s  p r i c k l y  pear )  a l s o  i s  n 

s u c c u l e n t ,  Both s p e c i e s  a r e  n a t i v e  t o  an a r i d  r e g i o n  of Mexico. 

S i n c e  t h e  s u c c u l e n t  n a t u r e  of b o t h  t h e s e  s p e c i e s  presumably permi t s  

them t o  l i m i t  dayt ime wate r  l o s s  e f f e c t i v e l y ,  and s i n c e  they  a r e  

w e l l  adapted t o  a r i d  c o n d i t i o n s ,  agave and o p u n t i a  a r e  l i l ce ly  

c a n d i d a t e s  f o r  a f i e l d  t e s t  des igned  t o  f i n d  t h e  h i g h e s t  p o s s i b l e  

wa te r  u s e  e f f i c i e n c y  i n  an  ex t remely  a r i d  environment.  

Accordingly ,  i t  was dec ided  t o  compare t h e  d rought  tolerance 

and measure the  w a t e r  u s e  e f f i c i e n c y  o f  b o t h  agave and o p u n t i a  a t  

t h e  G r a n i t e  Reef e x p e r i m e n t a l  s i t e ,  t h i r t y  m i l e s  nor thwes t  o f  t h i s  

Laboratory ,  an a r e a  probably  more a r i d  t h a n  t h a t  of t h e  n a t i v e  

h a b i t a t  o f  t h e  two s p e c i e s .  The o b j e c t i v e  was t o  m e a s ~ ~ r e  the  wnLer 

u s e  e f f i c i e n c y  under  two l e v e l s  o f  s o i l  wa te r  c o n t e n t :  ( a )  a  low 

l e v e l ,  a s  governed by t h e  n a t u r a l  r a i n f a l l  and perhaps  a  minimal 

amount of supplementary  i r r i g a t i o n ,  and (b) a  h i g h e r  l e v e l  p r o v i d d  

by a  somewhat g r e a t e r  amount of i r r i g a t i o n ,  s u f f i c i e n t  t o  promote a 

r a p i d  growth r a t e .  

PROCEDURE : 

P l o t s .  A t  a  l e v e l  s i t e  halfway between r a i n  gauges N o . ' s  l 8  

and 19 a t  G r a n i t e  Reef, a  12.2-m s q u a r e  o f  ground was enc losed  by a 

redwood b o r d e r .  A t  t h e  c o r n e r s  o f  t h e  main p Lot f o u r  s u b p l u t s  a l so  

were bordered by redwood berms 10 c m  above t h e  ground s u r f a c e ,  r.nc.h 
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square subplo t  having an a r e a  of 1/500-hectare .  Pathways allowed 

adequate p l o t  s e p a r a t i o n  and thus f a c i l i r a t e d  d i f f e r e n t  l e v e l s  of 

s o i l  water conten t  t o  be  maintained i n  s e p a r a t e  p l o t s  without  mutual 

i n t e r f e r e n c e .  I n  t h e  c e n t e r  of each p l o t  an access  tube  was i n -  

s t a l l e d  t o  a  depth of 160 cm f o r  measurements of s o i l  water with a  

neut ron  meter .  A Young pan f o r  measuring f r e e  water evaporat ion was 

bur ied  i n  t h e  s o i l  i n  t h e  prescr ibed  manner a t  t h e  c e n t e r  of t he  

main p l o t .  

P l an t s .  Each agave p l o t  has  four  rows of p l an t s ,  rhe rows 

being spaced 1 m a p a r t ,  The p l an t ing  d a t e s  were 9 and 10 October 

1968, P l o t s  S and SV were p lan ted  t o  agave o f f shoo t s ,  with s i x  

p l a n t s  per  row, spaced e q u i d i s t a n t l y .  A l l  t h e  ofCshoots came o r i g -  

i n a l l y  from t h e  same pa ren t  p l a n t .  Those which had been maintained 

i n  t he  greenhouse nursery  had v i a b l e  r o o t s  and were placed i n  thc  

t h i r d  and f o u r t h  row. However, those taken from the  paren t  p l an t  

and s t o r e d  i n  t h e  greenhouse without  s o i l  had no funct i .onal  roo t s ,  

and were segregated by being placed i n  t he  f i r s t  and second rows of 

t he  two subp lo t s .  The agave t r a n s p l a n t s  were l e s s  than s i x  months 

o ld ,  and had from s i x  t o  12 leaves ,  none longer  than LtO cm. The 

f r e s h  weight of t h e  o f f shoo t s  ranged from 208 t o  4,110 g, averagi.ng 

1,100 g.  The p l a n t s  were grouped i n t o  matched p a i r s  n o t  d i fLe r ing  

i n  weight by more than 20%. Then each member of t h e  p a i r  was put i n  

t h e  corresponding l o c a t i o n  i n  p l o t s  1 and I V .  

The opunt ia  stem segments came from one paren t  p l a n t .  Of t h e  

t o t a l  of 12 p l a n t s  per  p l o t ,  10 were r o o t l e s s  c u t t i n g s .  The o t h e r  

two had been roo ted  e a r l i e r  i n  t h e  yea r .  The p l a n t s  were placed i n  

four  rows 1 m a p a r t ,  and a t  a  spacing of 1 m between p l a n t s .  The 

rooted c u t t i n g s  were t he  only ones having more than one stem 

segment, and were placed i n  row 4 i n  p l o t s  I1 and 111. I n  every 

i n s t ance ,  a  p l a n t  a t  a  given l o c a t i o n  had a  matched p l a n t  a t  t h e  

analogous l o c a t i o n  i n  t h e  r e p l i c a t e  p l o t .  
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Since  p a r t  o f  t h e  d e s i r e d  i n f o r m a t i o n  f o r  t h e  t r a n s p i r a t i o n  

r a t i o  i s  t h e  g a i n  i n  d r y  m a t t e r ,  i t  was n e c e s s a r y  t o  e s t i m a t e  t h e  

i n i t i a l  d r y  weight  pe rcen tage  o f  t h e  t r a n s p l a n t s .  T h i s  was done by 

o b t a i n i n g  f r e s h  and d r y  weight d a t a  from t h r e e  agave and two opunt in  

p l a n t s  from t h e  same group a s  used f o r  t r a n s p l a n t i n g .  

I r r i g a t i o n  Schedul ing ,  S i n c e  one o b j e c t i v e  was t o  manipuLnte 

t h e  wa te r  u s e  e f f i c i e n c y  by e s t a b l i s h i n g  two d i f f e r e n t  l e v e l s  of 

s o i l  wa te r  c o n t e n t ,  two i r r i g a t i o n  s c h e d u l e s  w i l l  b e  fo l lowed .  When 

t h e  p l a n t s  become e s t a b l i s h e d ,  probably  by t h e  s p r i n g  o f  1969, one 

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

q u e n t l y  t h a n  t h e  o t h e r .  The c r i t e r i a  f o r  i r r i g a t i o n  s c h e d u l i n g  w i l l  

be p l a n t  appearance,  a  d i f f e r e n c e  i n  growth r a t e ,  i f  discernible, 

and changes i n  s o i l  wa te r  t e n s i o n  (SWT) a s  i n f e r r e d  from changes i n  

s o i l  water  c o n t e n t .  I n  a d d i t i o n ,  t e n s i o m e t e r s  have been  i n s t a l l e d  

10 cm below t h e  s o i l  s u r f a c e  i n  p l o t s  I and T I .  

The o b j e c t i v e  i s  t o  m a i n t a i n  a  r e l a t i v e l y  low SWT i n  t h e  a c t i v e  

r o o t  zone f o r  t h e  "wet" t r e a t m e n t  and a  c o n s i d e r a b l y  h i g h e r  SWT f o r  

t h e  "dry" t r e a t m e n t .  The range  o f  d i f t e r e n c e  i n  SWT between the  t w o  

t r e a t m e n t s  wi l l .  have t o  b e  determined by exper ience ,  b u t  wild depend 

s t r o n g l y  on t h e  o b j e c t i v e  o f  keep ing  supplementary  i r r i g a t i o n s  t o  a  

b a r e  minimum i n  t h e  d r y  t r e a t m e n t ,  c o n s i s t e n t  w i t h  a t  l e a s t  a slow 

growth r a t e .  I n  t h i s  r e g a r d ,  a  g o a l  t o  s t r i v e  f o r  i n  t h e  d r y  t r e a t -  

ment might b e  a  t o t a l  a p p l i c a t i o n  of wa te r ,  i n c l u d i n g  r a i n f a l l  of 

n o t  more than 600 rmn p e r  y e a r ,  provided t h a t  such a  low amount could  

m a i n t a i n  a t  l e a s t  a  s low growth r a t e ,  r a t h e r  than  merely  s u s t a i n  

l i f e .  I f  a t t a i n a b l e ,  such an  amount of e v a p o t r a n s p i r a t i o n  by a  

p e r e n n i a l  would be  a s  Low a s  t h e  v a l u e s  o b t a i n e d  f o r  s m a l l  g r a i n s  

growing under  t h e  low e v a p o r a t i v e  demand of  e a r l y  s p r i n g  and f o r  

o n l y  a  E r a c t i o n  of t h e  y e a r .  There  i s  reason  t o  b e l i e v e  t h a t  low 

t o t a l .  wa te r  u s e  by a  s u c c u l e n t  n e v e r t h e l e s s  could  b e  accompanied by 

a  r a t h e r  l a r g e  d r y  m a t t e r  accumulat ion.  
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It i s  planned t o  t ake  neutron meter readings once a  week a t  

20-cm increments, s t a r t i n g  a t  20 cm and ending a t  160 cm below the  

s o i l  su r f ace .  I r r i g a t i o n s  w i l l  be  the  minimum number necessary t o  

r ep l en i sh  the  a c t i v e  roo t  zone, so  a s  t o  avoid completely,  o r  a t  

l e a s t  t o  minimize, deep pe rco la t ion .  Equipment w i l l  b e  obtained t o  

permit accu ra t e  meter ing of water,  such t h a t  a s  small  a  quan t i t y  
2  

a s  10 mm can be appl ied  r a p i d l y  and evenly t o  t he  20 m a r e a  of 

each p l o t .  

RESULTS : 

The d a t a  w i l l  c o n s i s t  of accu ra t e  measurements of a l l  the i r r i -  

ga t ion  water appl ied  a f t e r  t r ansp lan t ing ,  a  record of t he  r a i n f a l l ,  

a s  t h e  average of t h e  two r a i n  gauges 20 m t o  t he  no r th  and south 01 

the  main p l o t ,  and the  t o t a l  ga in  i n  dry  weight over a  long period,  

a s  given by an i n i t i a l  and a  f i n a l  weighing of t he  p l a n t  ma te r i a l  

from each p l o t .  The length  of t h e  period w i l l  depend on the  r a t e  of 

p l an t  growth. More than one ha rves t  may be poss ib l e  by th inning  out  

p l a n t s  t h a t  become too  crowded. 
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PART 111. THE TRANSPIRATION RATIO OF AGAVE AND CORN PLANTS AS 

AFFECTED BY LOW SOIL WATER POTENTIAL. 

INTRODUCTION : 

The t r a n s p i r a t i o n  r a t i o  (TR), def ined  a s  t h e  number of u n i t s  of 

water t r a n s p i r e d  pe r  u n i t  ga in  i n  dry  weight, ranges u p  t o  1,000 o r  

more f o r  some p l a n t s .  The lower t h e  TR, t h e  more e f E i c i e n t  the  

water u se .  A s  water becomes more expensive, t h e  TR w i l l  assume 

g r e a t e r  importance. I n  a  previous greenhouse experiment t he  TR f o r  

corn was low, 140, b u t  f o r  agave ( t h e  Century P l an t )  on ly  70 over  a  

10-week per iod .  This  means t h a t  t h e  agave, a  succulen t ,  was twice 

a s  e f f i c i e n t  i n  i t s  water use  a s  corn.  The lower TR of agave was 

a s soc i a t ed  wi th  daytime s tomata1 c l o s u r e  and noc tu rna l  opening, n 

p a t t e r n  of behavior  d i a m e t r i c a l l y  oppos i t e  t o  t h a t  f o r  corn.  Such 

daytime c l o s u r e  e f f e c t i v e l y  reduces t r a n s p i r a t i o n ,  bu t  a l s o  stops 

t h e  access  of carbon d ioxide  (CO ) f o r  photosynthes i s .  However, a  2 
ga in  i n  C02 dur ing  noc tu rna l  opening would h e l p  compensate f o r  t h e  

daytime c lo su re .  Presumably t h e  agave behaves l i k e  o t h e r  succu len t s  

known t o  r e l y  p r imar i l y  on dark f i x a t i o n  of  C02, a  c a p a b i l i t y  common 

i n  t h e  Crassulaceae,  a  family con ta in ing  many succulen t  s p e c i e s .  

I n  t he  previous experiment a l l  t h e  p l a n t s  were i r r i g a t e d  a t  a  

low s o i l  water t ens ion  (SWT), 50 cb. However, i n  t h e i r  n a t u r a l  

h a b i t a t  agaves f r equen t ly  must undergo a  cons ide rab l e  r i s e  i n  SWT 

during extended droughts ,  and y e t  they t h r i v e .  Also, some r ecen t  

work i n  A u s t r a l i a  has  shown a  lower TR i n  agave subjec ted  t o  a lea[  

water d e f i c i t  than i n  p l a n t s  with f r e e l y  a v a i l a b l e  water .  Such a n  

adap ta t i on  t o  drought makes i t  l i k e l y  t h a t  t h e  a l r eady  low TR could 

b e  lowered even f u r t h e r  by growing t h e  p l a n t s  i n  a  s u b s t r a t e  

d e f i c i e n t  i n  a v a i l a b l e  water .  Therefore ,  an experiment d e a l i n g  with 

t he  e f f e c t  of low s o i l  water  p o t e n t i a l  on t h e  TR of agave and corn 

might he lp  e l u c i d a t e  t h e  r e l a t i v e  importance of p a r t i a l  s tomata1 

c l o s u r e  on photosynthes i s  and t r a n s p i r a t i o n ,  i n  a d d i t i o n  t o  demon- 

s t r a t i n g  a method t o  ob ra in  an extrerriely low TR. Corn r ep re sen t s  
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t h e  normal, non-succulent p l a n t ,  whose response t o  s o i l  drought 

might be j u s t  t h e  oppos i t e  from t h a t  of agave, i n  t h a t  thc  TR 

might be h igher  under drought.  

In  view of t h e  foregoing cons ide ra t ions ,  an experiment was 

1 designed t o  c o n t r a s t  t he  behavior  of corn (Zea mays, cv. Mexican 

June)  and agave (Agave americana) t o  a  low s o i l  water p o t e n t i a l .  

PROCEDURE: 

On 27 February 1968 s i x  uniform agave o f f shoo t s  from a  plant: 

growing out-of-doors a t  t he  Laboratory were t r ansp lan ted  t o  a  

s tandard s o i l  mixture i n  I -ga l lon  crocks.  Three pots  had i r rome te r s  

i n s t a l l e d  a t  t h e  6-inch depth.  The s o i l  was watered with n u t r i e n t  
i 

s o l u t i o n  i n  a  prescr ibed  manner (descr ibed i n  the  Annual Report, 

1967) t h a t  involved s o i l  s a t u r a t i o n  followed by vacuum f i l t r a t i o n  t o  

remove the  excess s o l u t i o n .  This  process  l e f t  t h e  soi l .  a t  a  

volumetr ic  water conten t  of 0.39, the pot capac i ty ,  a t  which the 

s o i l  water tens ion  (SWT) was q u i t e  low, 2 cb. R e i r r i g a t i o n  occurred 

when SWT reached 20 cb, a  po in t  a t  which 64% of t h e  a v a i l a b l e  water 

had been deple ted .  Previous experiments i n  a  con t ro l l ed  environment 

had shown no decrease from the  p o t e n t i a l  r a t e  of t r a n s p i r a t i o n  i n  

bean and lemon u n t i l  t he  SWT exceeded 20 cb, even under a  high 

r a d i a n t  load and evapora t ive  demand q u i t e  s i m i l a r  t o  greenhouse 

cond i t i ons .  Three o the r  agave p l a n t s  were p a r t i t i o n e d  i n t o  roo t s ,  

l eaves ,  and stems, and oven d r i e d ,  t o  s e rve  a s  a  guide £or  est ima- 

t i n g  the  i n i t i a l  d ry  weight of the  s i x  p l a n t s .  The o b j e c t i v e  was 

t o  measure the  inc rease  i n  dry  weight over a  long period i n  

comparison t o  t he  t o t a l  t r a n s p i r a t i o n ,  t o  o b t a i n  d a t a  f o r  the  t r a n -  

s p i r a t i o n  r a t i o .  

Af te r  t h e  agave p l a n t s  were well  e s t ab l i shed ,  Mexican June corn 

was germinated. On 19 December the  corn seed l ings  were t r ansp lan ted ,  

one t o  each of s i x  pots ,  i n  s o i l  i r r i g a t e d  i n  t he  same way a s  f o r  

t h e  agaves. The t h r e e  po t s  des t ined  t o  be  i n  t h e  "wet" t reatment  

had i r rometers  i n s t a l l e d  a t  t h e  6-inch depth.  A 1 1  po ts  had a  
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polyethylene cover over  t he  s o i l  su r f ace  t o  minimize s o i l  water 

evapora t ion .  During t h e  long es tab l i shment  per iod t h e  agaves each 

added s i x  new leaves  and increased  t h e i r  d a i l y  t r a n s p i r a t i o n  from 

5 t o  45 g. 

The corn p l a n t s  now a r e  t r a n s p i r i n g  75 g per day. Within a few 

days t h e  "dry" t rea tment  w i l l  be s t a r t e d  f o r  bo th  s p e c i e s .  For bo th  

corn and agave t h e  "wet1 '  t r ea tment  w i l l  con t inue  t o  be  i r r i g a t e d  

when t h e  SWT reaches  20 cb. Corn p l a n t s  subjec ted  t o  t h e  "dry1' 

t rea tment  w i l l  b e  i r r i g a t e d  when t h e  SWT reaches 100 cb, t h i s  va lue  

t o  be  determined by weight l o s s  and knowledge of t h e  s o i l  water 

c h a r a c t e r i s t i c  curve.  Est imates  of t h e  s o i l  water p o t e n t i a l  w i l l  b e  

made by knowledge of bo th  t h e  SWT and t h e  osmotic p o t e n t i a l ,  t he  

l a t t e r  obtained from p e r i o d i c  measurements of the  s a t u r a t i o n  e x t r a c t ,  

followed by app rop r i a t e  adjustment  f o r  s o i l  water d e p l e t i o n .  

For agave t h e  SWT w i l l  be  permi t ted  t o  a t t a i n  15 ba r s ,  s i n c e  an 

i r r i g a t i o n  would cause t h e  SWT t o  f a l l  t o  a low va lue  and remain 

t h e r e  f o r  a s  long a s  t h r e e  weeks, which time i s  a s i g n i f i c a n t  f r a c -  

t i o n  of t h e  contemplated 10-week du ra t i on  of t h e  "dry" t rea tment .  

RESULTS : 

The d a t a  w i l l  b e  summarized i n  t he  next  annual r e p o r t .  I n  

determining t h e  t r a n s p i r a t i o n  r a t i o  a s  a f f e c t e d  by s o i l  water 

p o t e n t i a l ,  t he  experiment w i l l  h e l p  t o  answer t h e  ques t i on  of 

whether p a r t i a l  stornatal  c l o s u r e  due t o  a l e a f  water  d e f i c i t  a f f e c t s  

photosynthes i s  more than t r a n s p i r a t i o n ,  and t h e r e f o r e  t akes  on both  

t h e o r e t i c a l  and p r a c t i c a l  importance. 

PERSONNEL: W. L. E h r l e r  

TERMINATION DATE: December 1970 

Annual Report of the U.S. Water Conservation Laboratory



Table  1. Maximum l e a f  a r e a  index  f o r  c o t t o n  i n  the f i e l d  

(on 06 August 1968) i n  r e s p o n s e  t o  i r r i g a t i o n  Erequency. 

Treatment  

Crop Wet Med , Dry Me a n 
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Table 2. The d ry  weight accumulation i n  co t ton ,  i n  response t o  

i r r i g a t i o n  frequency. 

Dry Weight Yield i n  Grams Per Square Meter of Ground Area 

T rea t -  
men t 16 J u l y  23 J u l y  30 J u l y  06 Aug 13 Aug 20 Aug 

Wet 

Med . 
Dry 

Wet 

Med . 
Dry 

Hopicala  

- 7 36 

- 738  

- 7 14 

Wet - - - 521 690 7 7 4  

Med . - - - 684 7 04 662 

Dry - - - 43 2 646 960 

Annual Report of the U.S. Water Conservation Laboratory



Table 3. T h e  r a t e  of height increase in cotton i n  the f i e l d  i n  

response to irrigation frequency. 

Height in cm 

Trea t -  
men t 16 J u l y  23 J u l y  30 July 06 Aug 03 Sept 

Wet 110 120 117 110 95 

Med . LO7 118 112 100 100 

Dry 8 5 90 9 5 80 100 

Me L 

Med . 
Dry 

Wet 87 100 105 110 120 

Med . 9 0 112 107 105 105 

Dry 80 8 7 8 2 80 1 L O  
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TITLE : CLAY DISPERSANTS FOR THE REDUCTION OF SEEPAGE LOSSES 

FROM RESERVOIRS. 

CRIS WORK UNIT: SWC W7 g62 CODE NO. :  Ariz.-WCL 64 -3  

INTRODUCTION : 

Water l o s s  o b s e r v a t i o n s  and s o i l  and w a t e r  a n a l y s e s  were made 

d u r i n g  1968 on t h r e e  ponds t r e a t e d  w i t h  sodium c a r b o n a t e  t o  r educe  

s e e p a g e ,  Two o t h e r  t a n k s  were  t r e a t e d  t o  r educe  s e e p a g e ,  

Dick Mason. Th i s  pond had a  p r e t r e a t m e n t  seepage r a t c  of 

120 mm/day. I n  August 1962 t h e  pond was t r e a t e d  w i t h  t e t r a s o d i u m  

pyrophosphate  a t  t h e  r a t e  o f  7000 l b / a c r e .  The t r e a t m e n t  La i i ed  

a f t e r  abou t  20 months and t h e  pond was r e t r e a t e d  i n  J u l y  1965 w i t h  

sodium c a r b o n a t e  a t  t h e  r a t e  o f  5500 l b / a c r e .  Both t r ea tmel i t s  were 

aimed a t  e s t a b l i s h i n g  a n  exchangeable  sodium p e r c e n t a g e  (ESP) of 15 

i n  t h e  t o p  10  cm o f  s o i l .  

House Mountain Pond No. 1. The p r e t r e a t m e n t  seepage r a t e  oil t l ~ i s  

pond i s  unlcnown, b u t  was e s t i m a t e d  t o  be between 50 and 100 mm/day. 

I n  J u l y  1963, t h e  pond was t r e a t e d  w i t h  sodium c a r b o n a t e  a t  the  r a t e  

o f  8000 l b / a c r e  (a  d e s i g n  ESP o f  15 i n  t h e  t o p  1 0  cm o f  s o i l ) .  A l o w  

seepage r a t e  a f t e r  t r e a t m e n t  (3 t o  4  mm/day) p e r s i s t e d  Cur n r a r l y  

3 y e a r s ,  but  t h e n  s t a r t e d  t o  i n c r e a s e  (7 mm/day). I n  November 1966 

200 1bs  of sodium c a r b o n a t e  and 300 l b s  of  sodium c h l o r i d e  wcrc 

b r o a d c a s t  i n  t h e  pond w a t e r  f o r  a  "boos te r  s h o t "  t o  t r y  and r c A s t o r e  

a  low seepage r a t e .  

Swan Lake. I n  May 1967 t h i s  pond was t r e a t e d  w i t h  sodium 

c a r b o n a t e  a t  t h e  r a t e  o i  2400 l b s / a c r e  (a  d e s i g n  ESP ol 1 5 ) .  T h e  

p r e t r e a t m e n t  seepage  r a t e  v a r i e d  from 475 nun/day a t  a  wa te r  d e p t h  01' 

700 mm t o  180 mm/day a t  t h e  400-mm w a t e r  dep th .  Seepage was reduced 

t o  52 mm/day which was s t i l l  t o o  h igh .  In November 1967, a d d i t i o n a l  

sodium c a r b o n a t e  was b r o a d c a s t  on t h e  s o i l  i n  a  band around t h e  bank 

of  t h e  pond between t h e  520- and 730-cm l e v e l  above t h e  pond bottom. 

Water l o s s  measurements were made d u r i n g  June  and J u l y  1968. 
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Tombstone. Two s t o c k  t a n k s  i n  Tombs tone,  Arizona were t r c > a t e d  

i n  May 1968 w i t h  sodium c a r b o n a t e  t o  r educe  seepage .  

PROCEDURE : 

See 1967 Annual Repor t  f o r  w a t e r  l o s s  measurement t cchn iqucs  

on Dick Mason, House Mountain, a n 3  Swan Lake.  The two t a n k s  i l l  

Tombstone, No, 7 and No, 23, which  have a r e a s  of  1 .25 and 0.70 a c r e s ,  

were  t r e a t e d  w i t h  3,200 and 2,000 I b s  of  sodium c a r b o n a t e ,  r e s p e c t i v e l y .  

The s a l t  was un i fo rmly  a p p l i e d  w i t h  a commercial 6 - f t  f e r t i l i z e r  s p r e a d e r  

and mixed i n t o  t h e  s o i l  w i t h  a n  o f f s e t  d i s k ,  Both implements were 

p u l l e d  behind a j e e p .  

RESULTS AND DISCUSSION: 

Dick Mason Pond. A t  an  average  d e p t h  of  725 mm t h e  seepage r a r e  

was measured a t  3 m d d n y  d u r i n g  t h e  l a t t e r  p a r t  o f  June  1968. Th i s  

same low r a t e  p e r s i s t e d  i n  October  w i t h  t h e  w a t e r  d e p t h  a t  250 mm. 

S o i l  w a t e r  e x t r a c t s  t a k e n  i n  October  a r e  shown i n  Table  1. Even though 

sodium has  been l e a c h e d  from t h e  p r o f i l e ,  t h e  seepage l o s s  i s  s t i l l  low, 

These r e s u l t s  v e r i f y  t h o s e  r e p o r t e d  i n  1967: low seepage r a t e s  can 

p e r s i s t  even a c  low SAR v a l u e s  ( 2  t o  5 ) .  The sodium c a r b o n a t e  ti-catmcnt 

on Dick Mason has now l a s t e d  3% y e a r s ,  whereas  t h e  t e t r a s o d i u m  p y r o -  

phosphate  t r e a t m e n t  l a s t e d  f o r  about  1% y e a r s .  

House Mountain No. 1. Seepage l o s s e s  durir lg t h e  l a t t e r  part: ~ 1 t  

June  1968 averaged 5 nnn/day a t  an average  w a t e r  d e p t h  of  635 mm. 

Because of  ex t remely  low r a i n f a l l  (117 nun) from A p r i l  th rough  October  

1968, t h e  pond went d r y .  A n a l y s i s  o f  s o i l  samples  t a k e n  i n  October 

showed an ESP o f  2.5 a t  a l l  d e p t h s  down t o  60 cm. T h i s  means t h a t  t h e  

average  amount o f  exchangeab le  sodium has  d e c r e a s e d  4 t o  10% s i n c e  

J u l y  1967 b u t  is s t i l l  2% g r e a t e r  than  t h e  o r i g i n a l  p r e t r e a t m e n t  v a l u e s .  

Observa t ions  d u r i n g  1969 shou ld  show i f  a n o t h e r  b o o s t e r  s h o t  w i l l  be 

n e c e s s a r y .  

Swan Lake.  R e t r e a t m e n t  of  t h e  pond banks i n  November 1967 was 

s u c c e s s f u l .  The t o t a l  w a t e r  l o s s  (seepage + e v a p o r a t i o n )  was 14 nim/day 

a s  measused d u r i n g  J u n e  and J u l y  1968 a t  an average  wa te r  d e p t h  of 
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650 nun, This i s  a 94% reduct ion  i n  the pretreatment  seepage r a t e .  

Tombstone. There i s  i n s u f f i c i e n t  d a t a  t o  analyze the e f f e c t i v e -  

ness of the s a l t  t reatment ,  but  prel iminary observa t ions  ind ica te  

t h a t  there  i s  a good chance f o r  success .  

SUMMARY: 

The use of sodium carbonate  a s  a d i spe r s ing  agent t o  reduce 

seepage on f i v e  ponds was eva lua ted .  Although sodium i s  slowly being 

leached from the  s o i l ,  Dick Mason pond s t i l l  has a seepage r a t e  of 

only 3 m/day  3% years  a f t e r  t reatment  w i th  sodium carbonate .  The 

o r i g i n a l  t reatment  of  t h i s  pond w i t h  te trasodium pyrophosphate 

maintained a low seepage r a t e  f o r  only 1% yea r s .  

House Mountain No, 1 has a seepage r a t e  of 5 mm/day even though 

the exchangeable sodium i n  the upper 60 cm of s o i l  decreased 4 t o  L O  

percent  dur ing  the  p a s t  year  t o  2.5 pe rcen t ,  The 500 l b s  of sodium 

carbonate  and sodium ch lo r ide  added t o  the  pond water  i n  November 

1966 has been e f f e c t i v e  i n  maintaining low seepage r a t e s  fo r  2 y r s .  

Swan Lake water  l o s s  has been reduced t o  14 mm/day a t  an average 

water  depth of 650 mrn. This i s  a 94% reduct ion  i n  thc pretreatment  

r a t e  of 292 mm/day a t  t he  same depth.  

Two s tock  tanks i n  Tombstone, Arizona were t r e a t e d  wi th  sodium 

I ca rbonate .  The s a l t  was dispensed through a f e r t i l i z e r  spreader  and 

mixed i n t o  the s o i l  w i th  a d i sk ,  both implements pul led  behind a jccp.  

There i s  i n s u f f i c i e n t  d a t a  t o  analyze the e f f e c t i v e n e s s  of the 

t reatment .  

PERSONNEL: Robert J .  Reginato and Lloyd E.  Myers, 

CURRENT TERMINATION DATE: December 1970. 
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Table  1. Sodium a d s o r p t i o n  r a t i o  (SAR) of s o i l  water e x t r a c t s  f r o m  
Dick Mason pond, 

DEPTH 
(em) 

Pond wit t e r  

DATE SAMPLED 

*; not  enough e x t r a c t  f o r  a n a l y s i s  
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TITLE : WATERBORNE SEALANTS TO REDUCE SEEPAGE LOSSES FROM 

UNL INED CHANNELS AND RESERVOIRS 

CRIS WORK UNIT: SWC W7 gG-2 CODE NO. : Ariz  . -WCL 64-4 

INTRODUCTION : 

Water l o s s  measurements were made on two ponds near  Salome, 

Arizona,  t h a t  had been t r e a t e d  w i t h  d i f f e r e n t  wa te rborne  s e a l a n t s .  

See 1966 and 1967 Annual Repor t s  f o r  t r e a t m e n t  d e t a i l s .  

PROCEDURE AND RESULTS : 
- I  

Pond No. 1 had a  p r e t r e a t m e n t  w a t e r  l o s s  r a t e  o f  3.00 f t  day 

a t  i t s  o p e r a t i n g  l e v e l  (4.7 E t  deep) .  It was t r e a t e d  w i t h  s e a l a n t  

l0A ( a  r a p i d  s e t t i n g  type  a s p h a l t  emuls ion)  i n  October 1966 a t  t h e  
- 2 

r a t e  of 0.8 g a l  yd Water l o s s  measurements were made i n  May 1968 

w i t h  an F-1 w a t e r  s t a g e  r e c o r d e r .  The t e s t  was s t a r t e d  when t h e  

wa te r  l e v e l  was 0.15 f t  below t h e  s p i l l w a y ,  and t h e  w a t e r  l e v e l  

d e c l i n e  was measured f o r  7  days .  The w a t e r  l o s s ,  seepage p l u s  evapo- 
- 1 

r a t i o n ,  was 0.04 f t  day , i n d i c a t i n g  a  99% r e d u c t i o n  i n  t h e  o r i g i n a l  

l o s s  r a t e .  

Located a d j a c e n t  t o  No. 1, pond No. 2  had an i n i t i a l  w a t e r  l o s s  
- 1 

o f  2.53 f t  day a t  i t s  o p e r a t i n g  l e v e l  (5.5 f t  d e e p ) .  It was 

t r e a t e d  i n  May 1967 w i t h  s e a l a n t  13 MR (a  slow s e t t i n g  type  a s p h a l t  
- 2 

emuls ion)  a t  t h e  r a t e  o f  1 g a l  yd . Tile measurements t aken  i n  May 

1968 s t a r t e d  w i t h  t h e  w a t e r  level .  a t  s p i l l w a y  h e i g h t  and proceeded 
- 1 

f o r  7 days .  T o t a l  l o s s  was 0.04 f t  day f o r  a  97% r e d u c t i o n  i n  t h e  

p r e t r e a t m e n t  l o s s  r a t e .  

Seepage r e d u c t i o n  i n  potlds I and 2  i s  e x c e l l e n t  19 and 12 months 

a f t e r  t r e a t m e n t ,  r e s p e c t i v e l y .  The s e a l a n t  used on pond 2  i s  be ing  

manufactured commercia l ly .  Our f i n d i n g s  from t h e s e  and p rev ious  

t e s t s  were used by t h e  U. S. S o i l  Conserva t ion  S e r v i c e  t o  p r e p a r e  a 

n a t i o n a l  engineering s t a n d a r d  and s p e c i f i c a t i o n s  gu ide  for  socpnge 

reduction w it11 wate rborne  a s p h a l t  s e a l a n t s .  
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SUMMARY: 

Seepage r e d u c t i o n  by wate rborne  a s p h a l t  s e a l a n t s  was e v a l u a t e d  

i n  two ponds n e a r  Salome, Arizona.  Nineteen months a f t e r  t r e a t m e n t  
- 2  - 1 

w i t h  0.8 g a l  yd , t h e  o r i g i n a l  l o s s  r a t e  o f  3.00 f t  day i n  pond 1 
- 1 

was reduced t o  0.04 f t  day Twelve months a f t e r  t r e a t m e n t  wi.th 
- 2 - 1 

1.0 g a l  yd , t h e  o r i g i n a l  l o s s  r a t e  o f  2.53 f t  day i n  pond 2  was 
- 1 

a l s o  reduced t o  0.04 f t  day . This  p o s t t r e a t m e n t  l o s s ,  which 

i n c l u d e s  e v a p o r a t i o n ,  r e p r e s e n t s  seepage r e d u c t i o n  i n  ponds 1 and 

2 o f  99% and 97%, r e s p e c t i v e l y .  

A s  a  d i r e c t  r e s u l t  o f  t h i s  r e s e a r c h  p r o j e c t ,  which inc luded  

p r e v i o u s l y  r e p o r t e d  l a b o r a t o r y  and f i e l d  work, a  wa te rborne  a s p h a l t  

s e a l a n t  i s  be ing  manufactured commercially and t h e  U. S. S o i l  Conser- 

v a t i o n  S e r v i c e  has p repared  a  n a t i o n a l  e n g i n e e r i n g  s t a n d a r d s  and 

s p e c i f i c a t i o n s  gu ide  f o r  reduc ing  seepage w i t h  wa te rborne  a s p h a l t  

s e a l a n t s .  

PERSONNEL: Rober t  J. Regina to  and Lloyd E.  Myers. 

CURRENT TERMINATION DATE: December 1970. 
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TITLE: DISPERSION AND FLOCCULATION OF SOIL AND CLAY 

MATERULS AS RELATED TO THE Na AND Ca STATUS 

OF THE AMBIENT SOLUTION, 

CRLS WORK UL';rlT: SWC W7 gG5 0 , :  Ariz,-WCL 64-6  

PART I, GNESIUFl LON-PAIRS AND C 

LNTRODUCT I O N  : 

The measurement of t h e  complexes and i o n - p a i r s  f o r  t h e  

a l k a l i n e - e a r t h  s p e c i e s  was extended t o  g i n  a  manner s i m i l a r  

t o  those  developed f o r  Ca r e p o r t e d  i n  t h e  1967 Annual Report ,  

which a l s o  i n c l u d e d  t h e  t h e o r e t i c a l  d e v e l o p ~ n e n t ,  

PROCEDUI:a : 

I n  t h e  c a s e  of MgCO s o l u t i o n  concenCrat ions  g i v i n g  i o n i c  
3 ' 

s t r e n g t h s  rang ing  from 0 - 0 4  t o  0 ,15  were u s e d ,  pH and Mg a c t i v i t y  

were measured a f t e r  e q u i l i b r a t i n g  w i t h  v a s i o w  p a r t i a l  p r e s s u r e s  

of C02. For  C l 2 ?  a 99.98% CO composi t ion was used w i t h  only 
2  

N a c t i v i t y  measurements made on t h e  e q u i l i b r i u m  s o l u t i o n ,  

C a l c u l a t i o n  p rocedures  f o l l o w  t h a t  f o r  t h e  CaC0,-CO, 
3 2 

sys tem p r e s e n t e d  i n  1967, 

IW3JLTS ANI) DISCUSSION: 
-- 2 

I A t y p i c a l  s e t  of r e s u l t s  f o r  a  5,59 x 10 - 14 MgCO s o l u t i o n  3 
e q u i l i b r a t e d  w i t h  v a r i o u s  CO p a r t i a l  p r e s s u r e s  is  l i s t e d  i n  

f 2  
2 

T a b l e  1. The pH and Pfg a c t i v i t i e s  a r e  measured q u a n t i t i e s ,  
- 2 

whereas [HCO;] and [Co3 ] were c a l c u l a t e d  from pH, KIA' and 
f 

K 2 ~ "  and [M~WCO 1 and [ M ~ C O ~ ]  were e s t i m a t e d  from the  e x p e r i m e n t a l l y  3 3  
determined d i s s o c i a t i o n  c o n s t a n t s ,  The 

( [MgT 11 [ ~ g ' ~  I - 1) / [HCO- 17 4-2 v e r s u s  7 
3  Mg 

r e l a t i o n s  o b t a i n e d  by computer c a l c u l a t i o n  and which were used 

t o  c a l c u l a t e  K and K a r e  p l o t t e d  i n  F i g u r e  l f o r  t h e  same 
l 2 

s e t  of experimental d a t a .  The l i n e a r  c o r r e l a t i o r ~  c o e f f i c i e n t  
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was 0-99,  which a g r e e s  w e l l  w i t h  t h e  va lue  of I p r e d i c t e d  by 

theory .  

The K r e s u l t s  o b t a i n e d  f o r  o t h e r  c o n c e n t r a t i o n s  of Mgeo 
3 

a r e  p r e s e n t e d  i n  F i g u r e  2.  I f  t h e  t h e o r y  developed and t h e  

c k e l  c o r r e c t i o n s  were comple te ly  a d e q u a t e  t o  d e s c r i b e  

C03-CO system, t h e  pK v a l u e s  shou ld  be independent  of 
2 

t h e  i o n i c  s t r e n g t h ,  he  r e s u l t s ,  however, show a  dependency 

of t h e  K ' s  t o  i o n i c  s t r e n g t h  a s  d e s c r i b e d  by t h e  r e l a t i o n  

Kl = 1 - 3 1  - 3 * 2  l / ~ ~ )  = 8 * 6 4  - 
The s t a n d a r d  f r e e  e n e r g i e s  of fo rmat ion  f o r  

- 2 5 1 , l  and -239-3 k c a l  p e r  mole, r e s p e c t i v e l y ,  

. v a l u e s  o b t a i n e d  from t h e  C12-CO sys tem a r e  L 2 
p r e s e n t e d  i n  Tab le  2 ,  a t  p = 0 i s  1 , 2 7  and compares f a v o r a b l y  

w i t h  t h e  pK = l , 3 1  o b t a i n e d  independen t ly  through t h e  
1 

system, us ing  b o t h  N and Mg i o n  a c t i v i t y  measurements,  

PART 11. BARIUM A D STRONTPUZq C 

ROCEDIRE : 

The AaGl and SrGl s o l u t i o n s  were t r e a t e d  i n  n similar 2  2  
manner as t h e  p reced ing  MgCl -60 system,  2  2 

The measurement and computat ion f o r  t h e  d i s s o c i a t i o n  cons t a n  t 
C 9 

of BaWCO and SrNCO a r e  p r e s e n t e d  i n  Tab les  3  and 4, r e s p e c t i v e l y ,  
3 

-I- -I- 
The presence  of SrHCO and BaHCO is a p p a r e n t ,  The d i s s o c i a t i o n  

3  3 - 2 
c o n s t a n t s  and f r e e  energy  of f o r m a t i o n  f o r  R~HCO: a r e  3 , 0  x 1 0  

3 
-I- - 2 and -276,39 kcal /mole ,  r e s p e c t i v e l y ,  and f o r  S r X O  a r e  5 ,26  x 10 
3 

and -275-25 k c a l j m o l e ,  

The lower K 
+ 

i- compared t o  c h a t  f o r  M~HCO' CaIlC03, and 
+ BaHC03 

-1-2 
3  ' 

SrWCO i n d i c a t e s  t h a t  t h e  Ba -KO- i n t e r a c t i o n  i s  s t r o n g e r  than 
3-1-2 +2 +2 3 

t h e  M g  , C a  , o r  S r  Unl ike  t h e  hydroxide complexes of 

+ = 2,63 x 1 0  
-3  - l 

OH %a01f f 4 x K~~~~~ 
+ = 1 , 4 9  x 10 , and 

-I 
K ~ a ~ ~ ~  

+ = 2,27 x 1 0  , t h e  NCO cornplcxes do n o t  f o l l o w  a  d e f i n i t e  
3 
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e l e c t r o n e g a t i v i t y  p a t t e r n .  The d i s s o c i a t i o n  c o n s t a n t  of t h e  
4- + 3- 

HgHC03 complex i s  s m a l l e r  than  t l te  i"lgOB , whereas  t h a t  f o r  Llte Srl-160 
C + 3 

and BaHCO complexes a r e  l a r g e r  than  t h e i r  r e s p e c t i v e  P1OT-l complexes, 
3 

PART 111" I.IYDROLYSTS OF Na2C03 

ZNTRODUCTIOH: 

The u s e  of sodium c a r b o n a t e  f o r  pond s e a l i n g  r e q u i r e d  a s i m p l e  

e method f o r  p r e d i c t i n g  t h e  pH when Na CO h y d r a l y z e s  i n  
2 3 

w a t e r .  A t  t h e  r a t e  of  Na2C03 a d d i t i o n ,  t h e  e q u a t i o n s  developed i n  

Ii~andbooks were found t o  b e  i n a d e q u a t e  because  of .the s i m p l i f y i n g  

assumpt ions  used t o  t r e a t  t h e  mathemat ica l  problem, S e v e r a l  methods 

were  t e s t e d  t o  c o r r e c t  t h i s  shor tcoming ,  

THE OKU : 

The a n a l y s i s  of Na 6 0  h y d r o l y s i s  r e q u i r e s  a  combinat ion oL 
2  3  

t h e  f o l l o w i n g  r e l a t i o n s h i p s  f o r  C moles of m a t e r i a l ,  depending on 

t h e  method of  s o l u t i o n  used: 

A,  Mass b a l a n c e  
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I n  a l l  c a s e s  t o  fo l low,  i t  has  been assumed t h a t  ( a )  t o t a l  

c a r b o n a t e  i s  c o n s t a n t ,  (b) K v a l u e s  remain c o n s t a n t ,  ( c )  conccn- 

t r a t i o n s  and a c t i v i t i e s  a r e  t h e  same, and (d) complex such  a s  
- 

NaCO i s  a b s e n t .  3 
PROCEDURE : 

Method 1 ,  I n  t h i s  method, which i s  t h e  s i m p l e s t  arid most  

f r e q u e n t l y  used example i n  e lementa ry  textbooks,  i t  i s  assumc.d 

t h a t  t h e  r e a c t i o n  d e s c r i b e d  by e q u a t i o n  (5a)  is  dominant and 

(5b) is n e g l i g i b l e ,  and a l s o  t h a t  [HCO- ] = [OH-] ,  
3 
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The e q u i l i b r i u m  d e s c r i b i n g  (5a)  i s  

S u b s t i t u t i n g  t h e  r e l a t i o n s h i p  f o r  [OH-]  from (4.c) i n t o  (6), and 
- 2 

assuming n e g l i g i b l e  h y d r o l y s i s ,  i - e ,  implying t h a t  [GO.. = C,  3 
a  new r e l a c i o n s h i p  i s  o b t a i n e d  such t h a t  

f o r  which t h e  pH can be r e a d i l y  e s  t iina t ed  a s  

1 I L + - pKw + 2 log  C pH = pKZA 2 

Method 2 .  If h y d r o l y s i s  occurs  t o  any s i g n i f i c a n t  e x t e n t ,  --- 
t h e  o r i g i n a l  c o n c e n t r a t i o n  of c a r b o n a t e  cannot  b e  used as i t  

- 2 s t a n d s ,  The c o n c e n t r a t i o n  of G O  w i l l  be l e s s  t h a n  C  and i n  
- 2 3 

t h i s  c a s e  [GO [C - NCO;] o r  s i n c e  we a r e  assuming [KO-] = 
- 2 3 3 

[OII'], [GO3 ] = C - [OH-] .  S u b s t i t u t i n g  t h i s  improved C - [OH- ]  

i n s t e a d  of [ c f 3 1  and a l s o  [OH- / r e l a t i o n  from (4c)  i n t o  (6), 
3- 

t h e  new e s t i m a t e  f o r  [II i s  o b t a i n e d  as 

T h i s  r e l a t i o n  a p p e a r s  more fo rmidab le  than (7), b u t  n e v e r t h e l e s s  

s o l v a b l e  i n  a s t r a i g h t f o r w a r d  manner. 
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Method 3 ,  The graphical tr?chniq-tie f o r  r e s o l v i n g  c c l u i l i b r i ~ i ~ ~ t  d a t a  -- + 
prov ides  a n o t h e r  method f o r  e s t i m a t i n g  I H  1 ,  C o m p l e t e  d e t a i l s  arc. 

p r e s e n t e d  by B u t l e r  ( 2 )  a With l h is t echn ique ,  ail e s s c n l i a l  

consideration i s  t h a t  we assume t h a t  [HCO-]  = [ O H - ] .  It t h u s  
3 

f o l l o w s  from t h e  p r o t o n  b a l a n c e  e q u a t i o n  ( 3 ) ,  t h a t  H' and H2CQ3 
- 

c o n c e n t r a t i o n s  must be  n e g l i g i b l e  i n  r e l a t i  on t o  [ I ~ C O .  ] and 
3 

[ O H - ]  .. Consequent ly ,  "rze pH of t h e  Na CO s o l u t i o n  is  e s t i m a t e d  
2 3 

a t  t h e  i n t e r s e c t i o n  of t h e  [OH-]  and [WGO- ] c u r v e s  i n  t h e  g r a p h i c a l  3 
a n a l y s i s ,  

Method 4 .  The t h r e e  p reced ing  methods a r e  r e l i a b l e  f o r  --.-... 
c a l c u l a t i n g  t h e  pH of t h e  more c o n c e n t r a t e d  N a  CO s o l u t i o n ,  

2 3 
However, w i t h  l e s s  c o n c e n t r a t e d  s o l u t i o n s ,  t h e  h y d r o l y s i s  w i l l  

i n c r e a s e ,  t h e  pH w i l l  d e c r e a s e ,  and t h e  l-rydrolysis  r e a c t i o n  

r c p r e s e n t c d  by equae ion  (5b )  camlot  t h e n  be i g n o r e d ,  Fur the rmore ,  

t h e  c s t i m a t c  of t h e  component c o i ~ c e n t r a t i o n s  (11~0' ~ 0 ; ' ~  H2C03) 
3 ' 

i s  l e s s  r e l i a b l e  because  of tlze s i m p l i f y i n g  assurrrptions made i n  
4- 

o r d e r  t o  c a l c u l a t e  [H 1 ,  
To overcome t h e s e  s l ~ o r t c o m i n g s ,  and Lo check on t h e  accuracy  

of t h e  p r e c e d i n g  methods, t h e  d i g i t a l  computer t echn ique  Eor 

chemical  e q u i l i b r i u m  c a l c u l a t i o n s  proposed by Bard and King ( 1 )  

was adap ted  f o r  N a  GO h y d r o l y s i s  w i t h  t h e  n e c e s s a r y  t r a n s p o s i t i o n  2 3  
from t h e i r  FORTKAN language t o  one compat ib le  t o  t h e  General  

E l e c t r i c  235 d i g i t a l  computer ,  

I n  b r i e f ,  e q u a t i o n s  ( l a )  and (2)  a r e  r e w r i t t e n  a s  
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-1- 
The method i n v o l v e s  i n i t i a l  g u e s s e s  oE [I-I ] and t h e  l e a s t  

c o n c e n t r a t e d  s p e c i e s  t o  g e t   he computat ional  p r o c e s s  s t a r t e d ,  

I n  t h i s  case ,  a t  t h e  h i g h  PH's a  g u e s s  of t h e  H,CO, c o n c e n t r a t i o n  
- 2 6 3 

i n s t e a d  of [HCO;]  and [ C 0 3  1 is  a p p r o p r i a t e ,  whereas a t  t h e  low 
- 2 

pH1 s a  g u e s s  of t h e  CO i n  p l a c e  of [ H C O ~ ]  and [H CO 1 is made. 
3 3 2  3 

By u s i n g  t h e  mass and charge  b a l a n c e  e q u a t i o n s  t o g e t h e r  w i t h  

t h e  d i s s o c i a t i o n  c o n s t a n t s  (KIA, RZAJ Kw),  t h e  conzputer i s  

programmed t o  minimize t h e  d i f f e r e n c e  between U ( 1 )  and Y(2) by 
- 2  4- 

a n  a p p r o p r i a k e  and s y s t e m a t i c  change i n  [H CO j or ( C O ~  ] and [H ] 
2  3 

by an i t e r a t i o n  procedure .  D e t a i l s  f o r  t h e  t echn ique  i n v o l v i n g  

a h y p o t h e t i c a l  a c i d  d i s s o c i a t i o n  a r e  a d e q u a t e l y  d i s c u s s e d  by 

Bard and King (11,  

An a l t e r n a t e  t o  Method 4 which a l s o  does n o t  r e q u i r e  any 

a s s u a ~ p t i o n  r e g a r d i n g  t h e  degree  of h y d r o l y s i s  o r  t h e  r e l a t i o n  

between [ H C O ; ]  and [ O H - ]  can be  d e r i v e d .  ,. 
Method 5.  S o l v i n g  f o r  [ H 2 C 0 3  I ,  [ c o ; ~  / and [OH- 1 i n  terms 

C 
of [H 1, [ H C O ; ]  and t h e  e q u i l i b r i u m  c o n s t a n t s ,  and s u b s t i t u t i n g  

J 

t h e s e  i.nto t h e  mass and charge  ba lanccd  e q u a t i o n s  (La) and (21, 

a p a i r  of s imul taneous  e q u a t i o n s  is  o b t a i n e d  as f o l l o w s :  

( L l a )  

-I- 
The a l g e b r a i c  s o l u t i o n  of ( l l a )  and ( b l b )  i n  terms of [H J i s  

a  q u a r t r i c  e q u a t i o n  of t h e  form 
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"I- - K ~ ~ % [ H  I - 

-I- 
The c o n c e n t r a t i o n s  of H a t  d i f f e r e n t  Na CO c o n c e n t r a t i o r l s  2 3 

were a l s o  c a l c u l a t e d  u s i n g  e q u a t i o n  (12) on t h e  d i g i t a l  computer.  
4- 

With t h e  H v a l u e  t h u s  o b t a i n e d  [HGO-1 was c o n s e q u e n t l y  e s t i m a t e d  
3  ' 

from e q u a t i o n  ( l l a ) ,  and t h e  o t h e r  coinpone~its were computed from 

t h e  d e f i n i t i o n  of t h e  e q u i l i b r i u m  constants, 

RESULTS AND DISCUSSION: 

The pl l ' s  of Na2C03 s o l u t i o n s  a t  d i f f e r e n t  c o n c e n t r a t i o n s  

o b t a i n e d  by t h e  f i v e  methods a r e  cornpared i n  Tab le  5. The pll 

v a l u e s  d e r i v e d  by Methods 2, 3 ,  4 ,  and 5 a r e  comparable a t  a 1  I 

Na CO c o n c e n t r a t i o n s .  The r e s u l t s  f o r  Nethods 4 and 5 a r e  t h e  
2 3 

same, Values  e s t i m a t e d  by Method 1 a r e  i n  good agreement w i t h  

t h o s e  e s t i m a t e d  by t h e  o t h e r  methods a t  t h e  h i g h e r  Na CO 
2 3 

c o n c e n t r a t i o n s ,  b u t  n o t  a t  t h e  lower c o n c e n t r a t i o n s .  The reason  

f o r  t h e  poor agreement between Method I and t h e  o t h e r s  i s  i l l u s t r a t e d  

i n  Tab les  5 and 6 ,  where ehe c o n c e n t r a t i o n s  of the  d i f f e r e n t  

components and t h e  d e g r e e  of h y d r o l y s i s  of Na CO a t  v a r i o u s  
2  3 

s o l u t i o n  c o n c e n t r a t i o n s  a r e  compared f o r  Methods 2 and 4 .  The 

g r e a t e r  h y d r o l y s i s  of Na CO a t  lower c o n c e n t r a t i o n s  w i l l  a f f e c t  
2 3 

Method I. because  i t s  d e r i v a t i o n  r e q u i r e s  the assumpt ion t h a t  

h y d r o l y s i s  is  n e g l i g i b l e  and n o t  c o r r e c t e d  f o r ,  On t h e  o t h e r  hand, 

Methods 2 and 3 a g r e e  w e l l  w i t h  4 and 5 because  t h e  assumpt ion 

t h a t  [OH-]  = [HCO-1 h o l d s  throughout  most of t h e  Na CO c o n c e n t r a t i o n  
3 2 3 

ranges  a s  shown by t h e  [OI-I-] and [HCO-1 v a l u e s  c a l c u l a t e d  from 3 
Method 4 i n  T a b l e  6 ,  Methods 2, 4, and 5 a r e  more c o n v e n i e n t  tllan 

t h e  g r a p h i c a l  t e c h n i q u e  (Method 3 ) ,  s i n c e  they  p r o v i d e  a d i r e c t  

~ l ~ e t h o d  Tor e s t i m a t i n g  c o n c e n t r a t i o n s  of c a r b o n a t e  components. T h u s ,  
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i n  e ssence ,  Methods 2  and 3 prov ide  s u i t a b l e  rncans f o r  p r e d i c t i n g  

h y d r o l y s i s  of s a l t s ,  bu t  t h e  d i g i t a l  cornputer a n a l y s i s  01 h y d r o l y s i s  

used i n  c o n j u n c t i o n  w i t h  t h e s e  methods p rov ides  us w i t h  a  b e t t e r  

i n s i g h t  i n t o  t h e  h y d r o l y s i s  p r o c e s s  and i n t o  the  r e l i a b i 1 . i ~ ~  of t h e  

assumptions  made f o r  s i m p l i f y i n g  some of the  computational.  p rocedures ,  

Fur thermore,  i t  i s  a p p a r e n t  t h a t  t h e  riumerical methods 4 and 5 g i v e  

c o n c e n t r a t i o n  r e l a t i o n s  of t h e  d i f f e r e n t  components t h a t  a r e  more 

r e l i a b l e  than  t h e  o t h e r s  s i n c e  assumptions  r e l a t i v e  t o  t h e  degrcle 

of h y d r o l y s i s ,  e q u a l i t y  of OH' and )KO;, and s i n g l e  e s t i m a t e s  of 
- 2  

[ C O ~  ] o r  [H CO 1 a r e  no t  made. 
2  3  

PART I V ,  PWDICTING THE pH A Na2C03-GO2 SYSTEM 

I n  t h e  p reced ing  s e c t i o n  che  h y d r o l y s i s  of N a  CO was d e s c r i b e d  
2 '  3 

i n  sys tems where CO in t h e  atmosphere was absenL. Where CO is 
2  2  

p r e s e n t ,  t h e  p r e d i c t i o n  e q u a t i o n  must be  modif ied t o  account  f o r  

t h i s  a d d i t i o n a l  f a c t o r ,  

THEORY : 

The charge  b a l a n c e  f o r  t h e  d i s s o c i a t i o n  of Na CO i s  
2 3 

S u b s t i t u t i n g  t h e  e q u i v a l e n t  v a l u e s  f o r  [HCO-], [ C O - ~ ] ~  and [OH-] 
C 3 3 

i n  terms of [H ] and t h e  d i s s o c i a t i o n  c o n s t a n t s  and a c t i v i t y  

coeEf i c i e n t s ,  w e  have a c u b i c  e q u a t i o n  of t h e  form 

where k i s  Henry ' s  law c o n s t a n t ,  P t h e  p a r t i a l  p r e s s u r e  of 
C02 

GO2, and y t h e  a c t i v i t y  c o e f 2 i c i e n t ,  
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PROCEDURE : 
3- 

Equat ion (14) was so lved  f o r  [H 1 and pH on a  d i g i t a l  

computer a t  d i f f e r e n t  Na CO c o n c e n t r a t i o n s  a t  a  p a r t i a l  p r e s s u r e  
2 3  

of 0.93 a tmospheres ,  pH's were a l s o  measured w i t h  a  g l a s s -  

calomel e l e c t r o d e  sys tem of t h e  d i f f e r e n t  Na CO s o l u t i o n s  a t  
2 3 

Pco2 
= .93. 

RESULTS ANX) DISCUSSION: 

The comparison of t h e  t h e o r e t i c a l  and cxperimen t a l  d a t a  

i s  p r e s e n t e d  i n  T a b l e  7, which i n d i c a t e s  t h a t  t h e  e q u a t i o n  (14) 

developed i s  s u i t a b l e  f o r  making p r e d i c t i o n s  of t h e  pH of N a  CO 
2 3 

s o l u t i o n s  a t  a p r e s c r i b e d  CO p a r t i a l -  p r e s s u r e .  
2  

PART V, THEORETICAL ASPECTS OF TE-IE CALCIUM SmFATE-BICARBONATE- 

CARBONATE INTERBE TION I N  SOIL SOLUTION 

An unders tand ing  of t h e  s o l u t i o n  chemis t ry  of t h e  Ca 
+2 

- 2 - HCO--cog sys tem shou ld  prove i n v a l u a b l e  f o r  use  i n  bo th  s e a l i n g  
3 

and r e c l a m a t i o n  p r o j e c t s  f o r  a r t i f i c a l l y  c o n t r o l l i n g  t h e  p h y s i c a l  

and chemical  p r o p e r t i e s  of s o i l s ,  Much i n t e r e s t  and knowledge 

have r e s u l t e d  a l r e a d y  concerning s o l u b i l i t y  of Ca c a r b o n a t e  and 

phosphate  i n  t h e  p r e s e n c e  of CaSO b u t  t h e  behav ior  of i o n i c  
4 ' 

and i o n - p a i r  i n t e r a c t i o n s  of t h e  v a r i o u s  s p e c i e s  i n  s o l u t i o n  

has n o t  been f u l l y  e x p l o r e d ,  Tha t  complexes and i o n - p a i r s  
4- 0 

such a s  CaNCO and C ~ C O O  and CaSO can  e x i s t  i n  s o l u t i o n  under 
3 3 ' 4 

c e r t a i n  c o n d i t i o n s  which resemble  t h a t  of t h e  s o i l  s o l u t i o n  

has  been demons t ra ted  e x p e r i ~ n e n t a l . l y  and d a t a  f o r  t h e  fo rmat ion  

and d i s s o c i a t i o n  c o n s t a n t s  of t h e  s p e c i e s  a r e  p r e s e n t l y  a v a i l a b l e  

(Annual Repor t s  1966 and l 9 6 7 ) ,  I n  t h i s  s e c t i o n  t h e  p o s s i b l e  - 

i n t e r a c t i o n s  among t h e  calcium, s u l f a t e ,  b i c a r b o n a t e ,  c a r b o n a t e  

i o n s  w i l l  be  p r e s e n t e d  and t h e  importance of t h e  r e l a t i o n  C a  t o  

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

and complex fo rmat ion  and d i . s t r i b u t i o n .  
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0 -2 
CaSO -GO3 and C ~ S O O - H C O ;  r e l a t i o n s .  %'lie two equv t i o n s  - 4 4 

0 
which r e l a t e  t h e  r e a c t i o n s  among Ca s u l f a t e  i o n - p a i r  (CaSO ), 

0 + 
Ca c a r b o n a t e  i o n - p a i r  (CaCO ), Ca b i c a r b o n a t e  complex (CaHCO ), 

3  3 
s u l f a t e ,  b i c a r b o n a t e ,  and c a r b o n a t e  w i t h  t h e i r  r e s p e c t i v e  

e q u i l i b r i u m  c o n s t a n t s  i n  t h e  s o l u t i o n  phase  a r e  

The e q u i l i b r i u m  c o n s t a n t s  f o r  Chese r e a c t i o n s  were o b t a i n e d  by 

e s t i m a t i n g  f i r s t  t h e  f r e e  energy  change of t h e  r e a c t i o n s ,  MI., 

name 1 y  

and then  u s i n g  t h e  g e n e r a l  r e l a t i o n  K = exp(-AFr/RT) where R i s  

t h e  g a s  c o n s t a n t  and T  t h e  Ke lv in  t empera tu re .  The AT? of 

fo rmat ion  f o r  t h e  v a r i o u s  s p e c i e s  used i n  t h i s  r e p o r t  a r e  l i s t e d  

i n  Tab le  8 . 
&F f o r  r e a c t i o n s  1 and 2 were -3.01 and -i-1.40 I<cal/rnole, r 2 - 2 

r c s p e c r i v e l y ,  w i t h  K = 4.66 x 10  and K2 = 4 " 8 9  w, 10 a t  25 C .  1 
I t  i s  e v i d e n t  Crom t h e  AF ' s  t h a t  t h e  i n t e r a c t i o n  be twecn  r 
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- 2 0 
CasoO wi th  C03 i s  toward the  formation of t h e  CaCO ion -pa i r ,  4  

3. - 2 3  
0 whereas t h a t  between CaHCO and SO is  t h a t  of CaSO ion -pa i r .  

3  4 + The d i s t r i b u t i o n s  of C ~ S O ~ - C ~ C O ~ ,  and C ~ S O O - C ~ H C O  combinat ions  
-2  -2  4-2 3 4  3 

a s  func t ions  of SO -GO3 and SO4 -HCO' a c t i v i t i e s  a r e  presented i n  
4  3  

F igures  1 and 2, r e s p e c t i v e l y ,  fol lowing t h e  method d iscussed  by 

Hem (3) and s i l l& (8). I n  both f i g u r e s  t h e  s o l i d  diagonal  l i n e  
0 0 r e p r e s e n t s  t h e  cond i t i on  under which the  a c t i v i t y  CaCO = CaSO o r  

+ 0 
3 4  

CaHC03 = CaS040 Under t h e s e  cond i t i ons  then from Equation ( l 5a )  
- 2 - 2 

(C0i2) = (SO4 )/KIT and from Equation (16a) (SO ) = (Hc0;)K2. 
43. 

Other r a t i o s  of C ~ C O '  t o  C ~ S O '  and C ~ S O ;  t o  CaHCO were s e l e c t e d  3 4  3  
(1:100, 1:10, 1:5, 1:2, 2:1, 5:1, 10:1, 100:1), g iv ing  s t r a i g h t  l i n e s  

p a r a l l e l i n g  bo th  s i d e s  of t he  1:l r a t i o  presen ted  i n  t h e  f i g u r e s .  

For every r a t i o  t h e  i n t e r s e c t i o n  of t he se  l i n e s  w i t h  the  a c t i v i t i e s  
- 2 - 2 - 2 

of SO4 and CO o r  SO4 and Hco;, which would g i v e  a  c e r t a i n  
3  

percentage of complexing (90, 80, 70, 60, 50, 40, 30, 20, 10, 5 ) ,  
0 was determined. Re fe r r ing  t o  t h e  1: 1 r a t i o  of C ~ C O ~  t o  CaSO,, , a t  

J 
0 -++2 90% complexing t h e r e  w i l l  be 45% C ~ C O '  45% CaS04, and 10% Ca 

- 2 3' - 2 
The SO4 a c t i v i t y  under t he se  cond i t i ons  w i l l  then be (SO ) = 

+2 4 
percent  complex x K o / (pe rcen t  Ca x ( r a t i o  + 1 ) )  = 90 x 5,32 

CaS04 -2 
x 1 0 - ~ / ( 1 0  X 2) = 2.39 X 10 The d i s s o c i a t i o n  cons t an t s  K a r e  

presented i n  Table 9 ,  The c a l c u l a t i o n  and r e s u l t a n t  graphs were 

made i n  terms of a c t i v i t i e s  and thus concent ra t ions  must be converted 

t o  a c t i v i t i e s  be fo re  t h e  graphs can be used, 

The contour  l i n e s  i n  bo th  f i g u r e s  r ep re sen t  t he  percent  of 
+ 

t h e  t o t a l  Ca a s  t h e  C ~ S O O  + CaCo0 o r  C ~ S O O  + CaHCO forms i n  
4  3  4  3  

s o l u t i o n  f o r  t h e  d i f f e r e n t  anion combinations.  The r eg ion  below 
0 

t h e  1:l a c t i v i t y  r a t i o  l i n e  r e p r e s e n t s  cond i t i ons  where t he  CaSO- 
4 @  

(Figure 3 and 4 )  form w i l l  predominate, whereas t h a t  above the  
0 4- 

l i n e  r e p r e s e n t s  cond i t i ons  where t h e  CaCO o r  CBHCO w i l l  predominate, 
30 

fi 4 
a 

r e s p e c t i v e l y .  To ach ieve  equ iva l en t  CaSO and CaCO a c t i v i t i e s ,  
3  

t he  a c t i v i t y  of sowL must be approximately 450 times g r e a t e r  than 
- 2 4 

t he  C03 a c t i v i t y ,  I n  the  ca se  of a  s a t u r a t e d  CaCO - CaS04 
3  
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s b l u t i o n  ( d i s r e g a r d i n g  enhanced s o l u b i l i t y  e f f e c t s  and KCO: 
- 2 - 5 3 

f o r  t h e  moment) where (CO ) is  i n  t h e  o r d e r  of 1 x 1 0  , 
- 2  - 3  3  

and (SO4 ) of 5 x 1 0  , i t  is  e v i d e n t  t h a t  t h e  e q u i l i b r i u m  

c o n d i t i o n  w i l l  be l o c a t e d  i n  a  r e g i o n  where C ~ C O O  w i l l  
0 

3 
predominate  over  t h e  CaSO form and, fu r the rmore ,  t h a t  a  

4 
l a r g e  p o r t i o n  (> 90%) of t h e  t o t a l  Ca i n  s o l u t i o n  is n o n i o n i c ,  

The d i s c u s s i o n  p r e s e n t e d  would be a p p l i c a b l e  p r i m a r i l y  t o  t h e  
- 2  

a l k a l i  s o i l s  (pH > 8,5) where t h e  (CO ) becomes v e r y  much 
3  

l a r g e r  than t h e  (HCO;). 

The a d d i t i o n  of Ca t o  a n  a l k a l i  s o i l  sys tem h igh  i n  
- 2  -2 

C03 
and Na r e s u l t s  i n  t h e  removal of CO by p r e c i p i t a t i o n  3  

of CaCO and consequent  lowering of pH and replacement  of 3 
Na w i t h  Ca. This  i s  i l l u s t r a t e d  i n  F i g u r e  3, d e s c r i b i n g  t h e  

- 2 
e q u i l i b r i u m  d i s t r i b u t i o n  of H CO HCO;, and CO a s  a  

2 3' 3 
f u n c t i o n  of pH. Thus, t h e r e  a r e  s e v e r a l  r e s t r i c t i v e  c o n d i t i o n s  

i-2 
t h a t  a r i s e  i n  t h e  u s e  of gypsum f o r  supp ly ing  Ca i o n s  

compared t o  o t h e r  Ca s o u r c e s .  The two which have been 

g e n e r a l l y  unders tood and accounted f o r  i n  t h e  p a s t  a r e  

(1)  l i m i t e d  s o l u b i l i t y  of CaS04 and (2) l i m i t e d  s o l u b i l i t y  

of CaCO which is  a l s o  a f u n c t i o n  of s o l u t i o n  pH, d e c r e a s i n g  
3 

w i t h  i n c r e a s i n g  pH; t h e  t h i r d ,  as i n d i c a t e d  by t h e  c a l c u l a t i o n s  
i-2 

p r e s e n t e d  i n  (3 ) ,  i s  t h e  much lower C a  i o n  a c t i v i t y  i n  

s o l u t i o n  than  f o r m e r l y  assumed because  of t h e  a s s o c i a t i o n  of 

t h e  i o n i c  ca lc ium i n t o  b o t h  t h e  s u l f a t e  and p a r t i c u l a r l y  

t h e  c a r b o n a t e  a n i o n s  w i t h  consequent  r e d u c t i o n  i n  t h e  Ca 

a c t i v i t y  involved i n  such  p r o c e s s e s  as ion  exchange f o r  t h e  

replacement  of Na i o n s  from t h e  s o i l  complex. Purthe.rmore, 

i t  appears  t h a t  t h e  r e a c t i o n  r a t e  of t h e  complex and i o n -  

p a i r  forms is  much lower than t h e  i o n i c  form (5) .  

Under more "normal" s o i l  c o n d i t i o n s ,  t h e  HCO- is  t h e  
3 

c h i e f  f u n c t i o n i n g  c a r b o n a t e  s p e c i e s ,  I n  such  c a s e s ,  F i g u r e  2 
4- 

can be  used t o  demons t ra te  t h e  d i s t r i b u t i o n  of t h e  CaHCO 
3  
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0 o 3- 
and CaSO forms. F i r s t ,  a t  equal CaSO and CallC03 a c t i v i t i e s ,  

-4 4 
the NCO- a c t i v i t y  i s  approximately l o  times g r e a t e r  than the  

- 2 3 - 2  
SO4 a c t i v i t y .  Assuming a  t y p i c a l  HCO- and SO a c t i v i t y  oL 

3 4 
1 x and 1 x i n  s o i l  so lu t ion ,  about 26% of the  t o t a l  

s o l u t i o n  calcium i s  i n  t he  complex and ion-pa i r  Eom~s wi th  one-half 
-I- of t h i s  a s  t h e  C ~ S O O  spec i e s  and the  o t h e r  ha l f  a s  the CaHCO 

4 4-2 3 ' 
The s i g n i f i c a n c e  and i n t e r p r e t a t i o n  of l e s s  (Ca ) i n  s o l u t i o n  

than assumed from t o t a l  Ca a n a l y s i s  ( co r r ec t ing  f o r  i o n i c  

s t r e n g t h ,  n o n - i d e a l i t y  e f f e c t s )  w i l l  depend upon the  accuracy 

t o  which one a s c r i b e s  h i s  r e s u l t s .  
+ 

C ~ C O ' - C ~ H C O  r e l a t i o n .  
3  3 The two preceding e .qu i l i b r i a  

- 2 
involved t h e  BCO- and CO forms taken a s  s e p a r a t e  e n t i t i e s  i n  3 - 3  
t h e i r  r e l a t i o n  t o  C ~ S O " ,  but i n  r e a l i t y  the s o i l  s o l u t i o n  conta ins  

- 2 4 
both HCO' and C02 anions i n  equi l ibr ium wi th  each o t h e r  and o the r  

3 
ions a s  a  func t ion  of s o l u t i o n  pH and p a r t i a l  p re s su re  of s o i l  

GO2. The reason f o r  s epa ra t ing  the  two r eac t ions  w i l l  become 

evident  from the  d i scuss ion  t o  fol low,  I n  the  case  then where 
-2 0 

HCO;, C03 , and CaSO e q u i l i b r i a  a r e  t r e a t e d  s imultaneously,  4 
we have 

f o r  which AF = -1.29 kcal/mole and Kg = 8.83. r 
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The r e a c t i o n  i s  d i f f i c u l t  t o  i n t e r p r e t  i n  a  p r a c t i c a l  

manner similar t o  t h a t  e x e m p l i f i e d  by F i g u r e s  3 and 4  
- 3 because  of t h e  i o n  a c t i v i t y  p roduc t  f a c t o r  (HCO-) (C03 ) i n  

3  
e q u a t i o n  (1%). Thus, i t  is  e a s i l y  observed t h a t  we cannot  

-4 -2 d i f f e r e n t i a t e  between ( 1 x 1 0 - 2 ~ ~ ~ - )  x (1x10 CO ) and 
-2 -2 3 3  

( ~ x ~ o - ~ H c o ; )  x (1x10 C03 ). 

To e v a l u a t e  t h i s  c o n d i t i o n ,  t h e r e f o r e ,  r e q u i r e s  an  

unders  t a n d i n g  of t h e  i n t e r r e l a t i o n  between C ~ C O ~ ,  C~HCO:, 
- 2 

C03 , H C O ~ ,  and a l s o  pH. The pH, HCO;, and c 0 s 2  r e l a t i o n  

a r e  p r e s e n t e d  g r a p h i c a l l y  i n  F i g u r e  5.  I n  go ing  from a c i d  
- 2 

t o  b a s i c  c o n d i t i o n s ,  t h e  C03 becomes t h e  s i g n i f i c a n t  form 
+ - 2 over  t h e  HCO- The i n t e r a c t i o n  between CaHCO and CO can 

3  " 3 3  
be w r i t t e n  a s  

3  where mr = -4 .41  kca l /mole  and K = 1.71 x 10 . 
4 

0 + 
The d i s t r i b u t i o n  r e l a t i o n  CaCO and CaHCO a s  a  f u n c t i o n  

- 2 3  3 
of HCO- and Cog a c t i v i t i e s  i s  p r e s e n t e d  i n  F i g u r e  6 and was 

3  
0 0 

o b t a i n e d  i n  a  s i m i l a r  manner a s  t h a t  f o r  t h e  CaS04-CaCO and 
3. 3 

CaS04-CaHCO c a s e s .  Fol lowing t h e  d i a g o n a l  e q u i - a c t i v i t y  r a t i o n  
3  3  l i n e ,  i t  i s  e v i d e n t  t h a t  t h e r e  must be apprvx imate ly  1 0  t imes  

- 2 f 
more HCO- than CO a c t i v i t y  t o  have (CaHCO ) e q u a l  t o  3  3  - 2 

3  
(C~CO;).  A s  no ted  e a r l i e r ,  C03 becomes dominant over  HCO- 

3  
a s  t h e  pH i n c r e a s e s .  I n  F i g u r e  7  is shown t h e  r e l a t i o n  

4- 
of CaHCO and C ~ C O '  a s  f u n c t i o n  of pH. E q u i - a c t i v i t y  o c c u r s  3  3 
a t  pH 7.10. Fur thermore,  i t  is c l e a r l y  o b s e r v a b l e  t h a t  

0 
some CaCO form can  e x i s t  i n  t h e  a c i d i c  pH range,  even 3 - 2 
though t h e  f r a c t i o n  of CO compared t o  HcO- may be s m a l l .  

3  3 
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Conf in ing  t h e  a t t e n t i o n  t o  t h e  s a t u r a t e d  CaCO s o l u t i o n  
3 

i n  e q u i l i b r i u m  w i t h  a tmospher ic  CO, p a r t i a l  p r e s s u r e  of 
-2" 

350 ppm where t h e  (HCO-) and (CO ) a r e  i n  t h e  o r d e r  of 
3 -5 3 

magnitude 1 x 1 0 ' ~  and 1 x 10  , r e s p e c t i v e l y ,  t h e  u s e  of 

t h e  d raphs  ( F i g u r e  6)  i n d i c a t e s  t h a t  from 20 t o  25% 

of t h e  t o t a l  s o l u t i o n  Ca is i n  t h e  i o n - p a i r  and complex 

forms.  S i n c e  t h e  pH of t h e  s a t u r a t e d  CaCO s o l u t i o n  is 8 .4 ,  
3  

g r a p h i c a l  i n t e r p o l a t i o n  shows t h a t  a p p r o x i m a t e l y  95% of t h e  
0 

i o n - p a i r  + complex s p e c i e s  is  i n  t h e  CaCO form. 
3 

From t h e  p reced ing  d i s c u s s i o n s  i t  can be seen  t h a t  
0 t h e  CaSOL - c a r b o n a t e  e q u i l i b r i u m  is pH dependent  whereby 

a t  t h e  low pH's t h e  C ~ S O O - H C O -  r e a c t i o n  w i l l  be predominant 
4 3 - 2 

and a t  t h e  h i g h  pH's t h a t  f o r  C~SO;-CO w i l l  be  dominant.  3 
For  a n  i l l u s t r a t i v e  example l e t  us  compare a s o l u t i o n  

- 3 - 2 - 3 
w i t h  a  pli of 6, HCO; = 1 x 1 0  and SO4 = 1 x 10  and one w i t h  

- 2 
pH of  7  a t  t h e  same HCO- and SO4 a c t i v i t i e s .  I n  b o t h  c a s c s  

- 2 3 

C03 
w i l l  n o t  b e  d e t e c t a b l e  by o r d i n a r y  chemical  methods.  

However, by us ing  t h e  second d i s s o c i a t i o n  cons t a n  t: of 
- 2 

c a r b o n i c  a c i d  i n  con j u n c t i o n  w i t h  t h e  pH and HCO- 
3 >  

a c t i v i t i e s  a r e  5 .6  x and 5.6 x f o r  pH 6 and 7, 
0 

r e s p e c t i v e l y .  A t  pH 6 t h e  CaSOLc s p e c i e s  w i l l  predominate  

and t h e  complexed C a  w i l l  be  approximate.1y 19% o f  t h e  
0 3- 

t o t a l  Ca i n  s o l u t i o n .  F o r  pH 7, however, CaCO 2- CaHCO3 3 - 
and f u r t h e r m o r e ,  a p p r o x i m a t e l y  20% of t h e  t o t a l  Ca i s  t i e d  

0 0 up w i t h  the  CaSO s p e c i e s  predominat ing o v e r  t h e  CaCO 
4 3 

s p e c i e s .  The n e x t  i n c r e m e n t a l  i n c r e a s e  i n  pH t o  8 w i l l  
0 r e s u l t  i n  a n  e q u i l i b r i u m  c o n d i t i o n  where t h e  CaCO s p e c i e s  3 

w i l l  be dominant and a l s o  where a  g r e a t e r  f r a c t i o n  of t h e  

t o r a l  d i s s o l v e d  Ca becomes complexed. 
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The preced ing  d i s c u s s i o n  may be  a  r e a s o n a b l e  e x p l a n a t i o n  

a s  t o  why we do n o t  o b t a i n  a  r a p i d  and d r a m a t i c  improvement 

i n  s o i l  p r o p e r t i e s  when s o i l s  h i g h  i n  f r e e  a l k a l i  c a r b o n a t e s  

a r e  t r e a t e d  w i t h  Ca s a l t  amendments; namely, t h a t  a  l a r g e  

p a r t  of t h e  Ca which e v e n t u a l l y  g e t s  i n t o  s o l u t i o n  is  n o t  
+2 

i n  t h e  Ca form and consequen t ly  u n a v a i l a b l e  f o r  Na 

replacement .  

Cons iderab ly  more e x p e r i m e n t a l  work must be  done i n  

t h i s  a r e a  t o  improve upon one p r e s e n t e d  unders tand ing  of 

i o n - p a i r  and complex f o r m a t i o n  i n  s o i l  s o l u t i o n s .  Of 

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

t h e s e  have t h e i r  l i m i t a t i o n s  because  of t h e i r  s e n s i t i v i t y  
4- 

of h igh  H' and Na a c t i v i t i e s  and t h e  p resence  of d i v a l e n t  

ions ,  even a t  low a c t i v i t i e s ,  and t h e  requ i rement  of a  

good knowledge of t h e  i o n i c  s t r e n g t h  of t h e  s o l u t i o n .  

Accura te  knowledge of both  i n o r g a n i c  and o r g a n i c  complex 

a s s o c i a t i o n  c o n s t a n t s  of t h e  major  s o i l  s o l u t i o n  c o n s t i t u e n t s ,  

t o g e t h e r  w i t h  t h e  t r e a t m e n t  developed here ,  shou ld  p rov ide  

a r e l i a b l e  means of s e p a r a t i n g  o u t  t h e  " a c t i v e "  f r a c t i o n  

of t h e  d i f f e r e n t  s o l u t i o n  components. 

SUMMARY AND CONCLUSIONS: 

The d i s s o c i a t i o n  c o n s t a n t s  of t h e  b i c a r b o n a t e  complexes 

of Mg, Ba, and S r  were  
- 2  KMgHCO+ = 5.37 X 1 0  , 

3  - 2 
4- = 3.00 x 1 0  , and 

K8aWo3 

+ = 5.26 x 
K ~ r ~ ~ 0 3  

a s  determined i n  t h e  MC12-CO system.  These v a l u e s  d i d  n o t  
2  

4- 
f o l l o w  t h e  e l e c t r o n e g a t i v i t y  o r  i o n i c  r a d i i  p a t t e r n  of t h e  Moll 

a l k a l i n e  e a r t h  series. K f o r  t h e  &COO s p e c i e s  i n  t h e  MgCO -GO2 3 3  
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-4 
system i s  9.55 x 10 . The s tandard  f r e e  ene rg i e s  of formation 

of t he se  compounds a r e :  

J 

mO mco3 = -239.3, 

0 + = -276.4, and 
m ~ a ~ ~ 0 3  

0 + = -275.2 kcal /mole.  
m ~ r ~ ~ 0 3  

The i n t e r r e l a t i o n  of t h e  s u l f a t e ,  b icarbonate ,  and 

carbonate  an ions  w i t h  Ca were i n v e s t i g a t e d  t h e o r e t i c a l l y  based 

on thermodynamic p r i n c i p l e s ,  using the  equ i l i b r ium cons t an t s  

obtained from l a b o r a t o r y  measurements. Graphical  s o l u t i o n s  

a r e  pos s ib l e  i n  which p r e d i c t i o n s  concerning t h e  r e l a t i v e  
0 4- 0 

propor t ions  of CaSO CaHC03, CaC03, and CaC2 forms of 4 ' 
disso lved  calcium i n  t h e  SO -CO SO4-HC03, and HCO -C03 can 4  3' 3 
be made. 

Severa l  equa t ions  were developed which a r e  s u i t a b l e  f o r  

p r e d i c t i n g  t h e  pH of sodium carbonate  s o l u t i o n s  a s  a  consequence 

of t he  hydro lys i s  of t he  s a l t .  These equa t ions  work e q u a l l y  

we l l  a t  low and high concent ra t ions ,  whereas, t h e  equa t ions  

u sua l ly  used were a p p l i c a b l e  only a t  t he  high s a l t  concen t r a t i ons .  

I n  add i t i on ,  the  p a r t i a l  p r e s su re  of C02 was accounted f o r  where 

necessary .  

REFERENCES: 

1. Bard, A .  J., and King, D, M. General d i g i t a l  computer 
program f o r  chemical equ i l i b r ium c a l c u l a t i o n s .  
Jour .  Chem. Ed. 42:127-131. 1965. 

2. But le r ,  J. N. I o n i c  equ i l i b r ium - A mathematical  approach. 
p ,  221. Addison-Wesley, Reading, Mass. 1964. 

3. Hem, J. D. Manganese complexes w i t h  b i ca rbona te  and 
s u l f a t e  i n  n a t u r a l  water ,  Jou r ,  Chem. Engin. Data 8:99-101. 
1963. 

Annual Report of the U.S. Water Conservation Laboratory



4 .  Lat imer ,  W. M. The o x i d a t i o n  s t a t e s  of t h e  e lements  and 
t h e i r  p o t e n t i a l s  i n  aqueous s o l u t i o n s .  pp,  72, 128. 
P r e n t i c e - H a l l ,  New York. 1952. 

5.  Morgan, J. J. Chemical e q u i l i b r i a  and k i n e t i c  p r o p e r t i e s  
of manganese i n  n a t u r a l  w a t e r s .  2 Faus t ,  S. D. and 
Hunter,  J. V. (eds . )  P r i n c i p l e s  and a p p l i c a t i o n  of 
w a t e r  chemis t ry .  pp. 561-624, John Wiley and Sons, 
New York. 1967. 

6. Nakayama, P .  S. Calcium a c t i v i t y ,  complex and i o n - p a i r  
i n  s a t u r a t e d  CaCO s o l u t i o n .  S o i l  S c i .  106:429-434." 
1968, 

3 

7. Nakayama, F. S., and Rasnick,  B .  A. Calcium e l e c t r o d e  
method f o r  measur ing d i s s o c i a t i o n  and s o l u b i l i t y  of 
ca lc ium s u l f a t e  d i h y d r a t e s .  Ana ly t .  Chem. 39:1022-1023, 
1967. 

J 
8. S i l l e n ,  L. G. Graphic  p r e s e n t a t i o n  of e q u i l i b r i u m  d a t a .  

I n  K o l t h o f f ,  I. M., and o t h e r s  (ed.)  T r e a t i s e  on - 
a n a l y t i c a l  c h e m i s t r y .  P a r t  I, Vol. 1. pp. 277-317. 
I n t e r s c i e n c e  Encyclopedia ,  Inc . ,  New York. 1964. 

9 .  Wagman, D. D. ,  and o t h e r s .  S e l e c t e d  v a l u e s  of chemical  
thermodynamic p r o p e r t i e s .  N.B.S. Tech. Notes .  pp. 270-273. 
1968. 

PERSONNEL: F.  S o  Nakayama and B.  A .  Rasnick 

CURRENT TERMINATION DATE: December 1970 

Annual Report of the U.S. Water Conservation Laboratory



a / 
Table 1. Typical results used for estimating K and K -  and the concentration of the 

- 2 1 2' 
various Mg species in 5.59 x 10 M MgC03. - 

Atm. 
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T a b l e  2 .  pK v a l u e s  o b t a i n e d  from t h e  wC1 -CO sys tem,  
1 2 2 

MI?;C 12'M pH P PKl  
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T a b l e  3 .  + values  i n  che BaCl -CO system. 
K ~ p ~ ~ 0 3  2 2 
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Table 4.  + values i n  the SrC12-GO2 system. 
K s r ~ ~ 0 3  

Conc. 
M - 
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T a b l e  5 ,  pH v a l u e s  of v a r i o u s  N u  CO s o l u t i o n  c o n c e n t r a t i o n s  
2 3 

o b t a i n e d  by d i f  f c r e n t  methods. 
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Table 6 ,  Carbonates and hydroxyi  c o n c e n t r a t i o n s ,  and d e g r e e  h y d r o l y s i s  of Na CO e s t i m a t e d  
2 3 

by methods 2 and 4 ,  

Hydroiys is ,  % 
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Table  7. pH of Na2C03 s v l u t i o m  i n  e q u i l i b r i u m  

w i t h  C 0 2  

Gonc , z>w 
Na2C03 7 M E x p t l ,  T h e o r e t i c a l  
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Table  8. Free e n e r g i e s  of fo rmat ion  used i n  c a l c u l a t i n g  

e q u i l i b r i u m  c o n s t a n t s .  

Spec ies  ill?, kca l /mole  Source 

Wagman ( 9 )  

La t imer  (4) 

La t imer  ( 4 )  

Nakayama and Rasnick ( 7 )  

Nakayarna ( 6 )  

Nakayarna (6)  
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T a b l e  9.  D i s s o c i a t i o n  and a s s o c i a t i o n  c o n s t a n t s  

of Ca s u l f a t e  and  c a r b o n a t e s  a t  25 6 ,  

- 
React  ion  K 

0 4-2 - 2 
CaCO = Ca + C 0 3  

3 
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Figure 1 -  Plot of data from final iterative computation used for estinating K, slnd I; 
- 2 - 
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F i g u r e  2 .  R e l a t i o n  of pK, p ( l / ~ ~ )  and  pIZj t o  i o n i c  s t r e n g t h .  
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0 F i g u r e  3. D i s t r i b u t i o n  of CaSO and C ~ C O '  a s  f u n c t i o n  
4 - 2 

3 - 2 
of SO4 and C03 a c t i v i t i e s .  

40-31 
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4- Figure 4. Distribution of C ~ S O O  and CaHCO as function 
4 3 

of and HCO' activities . 
4 3 
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- 2 
F i g u r e  5 .  D i s t r i b u t i o n  of H2C03 (H2C03 + GO2), BCO;, a n d  C03 as f u n c t i o n  

of pH. 
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4- F i g u r e  6.  D i s t r i b u t i o n  of C~CO' and CaHCO a s  f u n c t i o n  
3 3 

of C O - ~  and HCO- a c t i v i t i e s .  
3 3 
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0 3- F i g u r e  7 .  D i s t r i b u t i o n  o f  CaCO and CaHCO as f u n c t i o n  of pH. 
3 3 

40-35 
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T1TLE: MATERIALS AND METHODS FOR WATER NAILVESTING AND 

WATER STORAGE I N  THE STATE OF HAWAII 

CRIS WORK UNIT: SWC W7 gG-4 CODE NO,  : Ariz .  -WCL 65-2 

INTRODUCTION: 

A d e s c r i p t i o n  of the  Fns t a l l a tkon  i s  given i n  previous d n n u a l  

r e p o r t s *  Data c o l l e c t e d  a t  t h e  two s i t e s  by coopera tors  i s  forwarded 

monthly t o  the  U, S .  Water Conservation Laboratory f o r  a n a l y s i s .  

Both s i t e s  were v i s i t e d  by Laboratory personnel  i n  February 1968 and 

i n  September 1968. 

PIiOGEDURE : 

There was no procedure change, See Annual Report f o r  1966. 

RESULTS AND DISCUSSION: 

Kukaiau Catchment, The s to rage  r e s e r v o i r  was completely l u l l  

when inspected i n  February and September. The modified polyethylene 

shee t ing  on the catchment was i n  exce 1l.en"condit ion i n  Fcbruary 1968, 

The September i n spec t ion  revea led  t h a t  s e v e r a l  of t he  seams were 

s t a r t i n g  t o  f a i l .  The r e s e r v o i r  l i n i n g  materiaL was s t i l l  i n  cxcel- 

l e n t  cond i t i on ,  a l though the problem of ground water seepage f row 

the a r e a  around the  pond c o l l e c t i n g  under the l i n i n g  and causing 

the shee t ing  t o  ba l loon  upwards, s t i l l  e x i s t s .  This  does not a p p e a r  

t o  be causing any damage t o  t he  l i n i n g .  For the period 1 .January 

1968 through 31 December 1968, a t o t a l  of 2839.2 mi of r a i n f a l l  was 

recorded.  For t h e  second year ,  over 7 m i l l i o n  l i t e r s  of water was 

c o l l e c t e d  from the  combined catchmerit and r e s e r v o i r .  

Maui Catchments: For a d e s c r i p t i o n  of t h e  p l o t s  s e e  previous 

annual r e p o r t s ,  The Hypalon shee t ing  on P l o t  No, 1 has shown no 

i n d i c a t i o n  of d e t e r i o r a t i o n  o r  damage. The m a t e r i a l  was found to  be 

s t r e t c h e d  t a u t  when inspec ted  because of shr inkage of t h e  ma te r i a l .  

Plot  No. 2, covered wi th  b u t y l ,  was i n  e x c e l l e n t  condi t ion  when 

inspec ted  i n  February 1968. The b u t y l  was bonded q u i t e  w e l l  t o  Lhe 

underlying s o i l .  When the  p l o t  was inspec ted  i n  September 1968, 
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t h e r e  were a  number of wr inkles  i n  t h e  s h e e t i n g  which r e t a i n e d  a  

po r t i on  oS the  r a i n f a l l .  The r e t a i n e d  water  would then  evaporate  

from the  catchment between r a i n f a l l  events .  Also, a  cons iderab le  

q u a n t i t y  of s o i l  had blown o r  washed onto t h e  s u r f a c e  of t he  p l o t ,  

This  s o i l  depos i t i on  was unexpected because t he  surrounding a r e a  

i s  grassed .  

The a s p h a l t  on P l o t  No, 3 was considered ve ry  good when inspec ted  

i n  February 1968. The base  was q t i i t e  f i r m  sad the re  were no s igns  of 

c r ack ing  or  a s p h a l t  d e t e r i o r a t i o n .  There were approximately one 

dozen p l a n t s  growing on the  upper edge and berms of t h e  p l o t ,  Wherl 

inspec ted  i d  September 1968, t h e  p l o t  had some spongy s p o t s ,  Grass 

encroachment i s  a  cont inuous problem, 

Runoff d a t a  from t h e  Maui p l o t s  were improved by t h e  i n s t a l l a t i o n  

of new c locks  on the  r eco rde r s  i n  February 1968. Analysis  of thc d a t a  

i s  n o t  completed, bu t  some t y p i c a l  runoff  d a t a  by weeks a r e  presented 

i n  Table 1. For t he  per iod  of 14 May 1968 through the  week of 27 June 

3.968, a t o t a l  of 130.8 mm of r a i n f a l l  was measured. Percent r a i n f a l l  

runoff was: b u t y l  - 98, a spha l t  - 97, and g ra s s  - zero .  S o i l  washed 

o r  blown onto t he  b u t y l  p l o t  s e t t l e s  out i n  t he  flume a s  flow decrcascs  

and gradua l ly  plugs t h e  t ub ing  t o  t h e  r eco rde r  s t i l l i n g  we l l .  This  

caused the  l o s s  of some d a t a .  The personnel  main ta in ing  thc r eco rde r s  

have been asked t o  keep tub ing  f r e e .  

E'or t h e  year  a t o t a l  of 2100 m of r a i n f a l l .  w a s  recorded n L  t h e  
2 

s i t e .  The 360 m 2  (428 yd ) p l o t s  of Hypalon, b u t y l  and a s p h a l t  each 

c o l l e c t e d  over 750,000 l i t e r s  (200,000 ga l . ) .  Even though the  t o t a l  

r a i n f a l l  a t  t h e  s i t e  i s  q u i t e  h igh ,  i n spec t ion  of t he  r a i n  gage 

c h a r t s  shows t h a t  most of t h e  r a i n  f a l l s  i n  smal l  showers oL' l e s s  ^ 

than 3 mm each. One except ion  t h e  p a s t  year  was on 11 March 1968 

when over L40 mm of r a i n  occurred i n  an 8 hour per iod .  

SljTfMARY AND CONCLUSIONS: 

The experimental  water  h a r v e s t i n g  s t r u c t u r e s  i n s t a l l e d  i n  Hawaii 

i n  S~ ine  1966 were i n  e x c e l l e n t  cond i t i on  when inspec ted  i n  September 
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1968. 'Lhe Kcrlcaiau catchment and stor ' lge combination o n  the 1s l , m r l  

of Hawaii has  provided more then 7 m i l l i o n  l i t e r s  of water f o r  

l i ves tock  use .  Minor scam Cailure  was noted on the modified poLy- 

cA thylene shee t ing  i n  September 1968. The r e s e r v o i r  Lining m a t e r i a l  

has shown no s igns  of d e t e r i o r a t i o n .  Ground water seepage F r o m  

ou t s ide  the  r e s e r v o i r  sometimes causes one a rea  of the l i n i n g  to  

ba l looh  upward, bu t  t h i s  has no t  damaged the l i n i n g ,  

The q u a l i t y  of runoff  data from the  fou r -p lo t  t e s t  u n i t  on ~ h c  

I s l and  of Maui was improved by the  i n s t a l l a t i o n  of  new waterstage 

recorder  c locks  i n  February 196 Analysis  of a l l  runoff d a t a  i s  

no t  complete a t  t h i s  time. Analysis  of da t a  f o r  a  per iod  of 7 weeks 

s t a r t i n g  14 May shows t h a t  f o r  a  t o t a l  measured r a i n f a l l  of 130 mm, 

percent  r a i n f a l l  runoff from t h e  p l o t s  was: butlyl - 98, a spha l t  - 

97, and grass  - ze ro .  Wrinkles i n  t h e  b u t y l  shee t ing  r e t a i n  scnnc 

water and reduce runoff e f f i c i e n c y .  The a s p h a l t  p l a t  i s  performing 

very  wel l ,  but  i n spec t ion  i n  September 1968 ind ica t ed  t h a t  the 

pavement may be s t a r t i n g  t o  f a i l .  Grass encroachment i s  a l s o  a 

problem. Even though thc  t o t a l  r a i n f a l l  a t  the Maui s i t < >  is  

r e l a t i v e l y  h i g h ,  over 2,000 mm annual ly ,  inspec t ion  o f  t 11e r < ~ i n  y,<igc 

c h a r t s  shows t h a t  mosc of t he  r a i n  f a l l s  i n  small  showers oZ Lcss 

than 3 mm each, This shows the  d e s i r a b i l i t y  of a  catchment t r e d t -  

ment t ha t  causes nea r ly  100 percent  runoff of small ,  low- in tens i ty  

r a i n  showers. 

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

CURRENT TERMINATION DATE : Deceniber 1970. 
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Table 1. Kainfa l l  runoff from I5 x 24 meter p l o t s  a t  the Maui 

t e s t  s i t e .  

To ta l  Duty1 P lo t  Asphalt P lo t  
Dace R a i n f a l l  Runoff Runoff 

1968 (m> (m) G I  (m) ( X I  
14 May 6,35 6-20 97,6 5,3P 83.6 

23 May 11.68 12,76 109.2 1.2,2l L04.5 

3 1 May 0-76  1.66 218.4 1.29 169.7 

6 Jun 41.91 43.71 104.3 39.92 95-3  

14 Sun 48.77 41.57 85,2 49,42 101.3 

21. Sun 18,80 18,90 100.5 l6,49 87 .71 

27 Jun 2.54 3 , lL  122.4 2-28 89.8 

To ta l  130,81 127.91 97.8 126.92 97 , O  
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TITI3 : INTEGRATING VELOCITY PROFILE METERS. 

CRIS WORK UNIT: SWC W10 gG-7 CODE NO. : Ariz . -WCL 65-3 

INTRODUCTION : 

See Annual Report f o r  1967. 

The p r o j e c t  has  been i n a c t i v e  dur ing  the p a s t  year  awai t ing  

completion of a  g l a s s - s ided  t i l t i n g  channel being cons t ruc ted  a t  the 

Laboratory. 

PROCEDURE : 

Fur the r  t e s t s  of t he  type prev ious ly  made ( s ee  Annual Report, 

1967) on shaped b l ades  a r e  planned, u s ing  the  b a s i c  f a c i l i t i e s  now 

a v a i l a b l e  wi th  completion of t h e  l abo ra to ry  channel ,  

RESULTS AND DISCUSSION: 

Channel Cons t ruc t ion .  The g l a s s - s ided  channel  i s  123.5 cm 

(approx. 48 5 /8  inches)  wide, 60 cm (approx, 23 5/8 inches)  deep, and 

15.3 meters  (approx. 50 f e e t )  long. It i s  capable  of s l ope  v a r i a t i o n s  

up t o  8%, and wi th  s p e c i a l  blocking,  up t o  10% o r  more, 

Two welded s t e e l  t r u s s e s  support  t h e  channel.  The t r u s s  des ign  

was c o n t r o l l e d  by d e f l e c t i o n  l i m i t a t i o n s  of no t  more than 0.012 f o o t  

a t  any po in t  under t h e  maximum a n t i c i p a t e d  des ign  Loads. The maximum 

depth  of each t r u s s  is  about 4 f e e t  and the  p a i r  of t r u s s e s  a r e  

capable  of suppor t ing  a uniform load of 800 pounds per  f o o t  of channeL 

whi le  main ta in ing  the  above mentioned d e f l e c t i o n  l i m i t a t i o n s .  

Spec i a l  Fea tu re s .  The channel s l ope  i s  ad jus t ed  by a s p e c i a l  

s c i s s o r s  jack b u i l t  t o  accommodate e x i s t i n g  v e r t i c a l  space L i m i  t a  t i o n s ,  

The jack  i s  capable  of l i f t i n g  between 8  and 20 tons,  depending on 

the  channel  s lope .  The channel  may be completely f i l l e d  wi th  water o r  

a  combination of water  and sand when the  flume i s  i n  the  near  l e v e l  

p o s i t i o n .  An overload s p r i n g  device  a s s i s t s  t h e  jack  i n  t h e  Low, o r  

most disadvantaged p o s i t i o n ,  bu t  enough load i s  maintained on the  jack  

t o  provide p o s i t i v e  p o s i t i o n  c o n t r o l .  
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The ent rance  tank, b u i l t  of 60-61-T6 aluminum, i s  designed to  

accept  input  flow through a  d i s t r i b u t o r  i n  t he  bottom of tank. The 

tank is  approximately 8 - f ee t  t a l l ,  5 - f ee t  long and a s  wide a s  the 

channel.  Flow e x i t s  from the  tank f r o n t  a t  about the  5-foot  l e v e l .  

The bottom ent rance  con t r ac t ion  t o  t he  channel from the  tank has a 

r ad ius  of 2 f e e t .  There a r e  no s i d e  con t r ac t ions  f o r  t he  flow. Side 

con t r ac t ions  were d e l i b e r a t e l y  avoided i n  an at tempt  t o  e l imina te  

cross-wave p a t t e r n s  i n  t he  channel.  

The e x i t  tank, a l s o  of aluminum, was b u i l t  wi th  two, 12-inch 

diameter b u t t e r f l y  va lves  i n  t he  bottom t o  c o n t r o l  t a i l  water e l e -  

v a t i o n s .  By a l lowing  the  channel  flow t o  e n t e r  a  f looded t a i l  water  

tank, t he  flow p a t t e r n  would be somewhat Less d i s tu rbed  near  the end 

of t he  channel than  it would be  i f  i t  were e x i t i n g  over a  weir  o r  

r a i s e d  hinged f l o o r  s e c t i o n  and thus would inc rease  the  usab le  

length  of t he  channel ,  

The s i d e s  of the  channel a r e  made of nominal 2-feet  by 1.0-feet: 

long, ha l f - inch  th ick ,  p l a t e  g l a s s  pane ls .  The f l o o r  i s  e igh t - inch  

t h i c k  s t a i n l e s s - s t e e l  shee t s  layed on ha l f - inch  s t e e l  p l a t e .  A l l  

water  s e a l s  were made wi th  a  s i l i c o n e  caulk ing  compound. 

The hydraul ic  f e a t u r e s  inc!ude a  maximum water  flow r a t e  of 

LO c f s  from a  r e c i r c u l a t o r y  pump and sump system. Flow w i l l  be 

metered t o  the channel  through a  12-inch Venturi  meter,  a 4-inch 

tu rb ine  meter, o r  a  1.5-inch t u r b i n e  meter f o r  a  t o t a l  f Low rangc 

from about 0.01 c f s  (4.5 gpm) t o  10 c f s  (4500 gpm), t o  an accuracy 

of b e t t e r  than I_+ 0.5% of r a t e .  The tu rb ine  meters  a r e  designed t o  be 

accu ra t e  t o  _+ 0.25% of r a t e  and ope ra t e  up t o  about 1 c f s .  

SUMMARY AND C ONCLUS I O N S  : 

The p r o j e c t  has  been i n a c t i v e  dur ing  the  p a s t  year  awai t ing  com- 

p l e t i o n  of g lass -s ided  labora tory  channel approximately 4- fee t  w i d e ,  

2-feet  deep and 50-feet  long. The channel has v a r i a b l e  s lopc  cnpa-  

b i l i t i e s  up t o  lo%, LO c f s  waler supply, t a i l  water c o n t r o l ,  and 
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measuring devices  capable of accuracy t o  + 0.5% of r a t e  down t o  

0 ,01  c f s .  The t i l t i n g  channel w i l l  be used t o  t e s t  shaped-blade 

response t o  a v a r i e t y  of flows i n  s e v e r a l  channel c r o s s - s e c t i o n a l  

shapes t h a t  w i l l  be  mounted i n  the  t i l t i n g  channel .  

PERSONNEL: J, A. Replogle,  

CURRENT TERMINATION DATE: December 1970. 
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TITLE : EXIJEEKIMENTAI, AND ANALYTICAL STUDIES OF 1'IIE FLOW 

AND OXYGEN REGIMES I N  SOIL INTERMITTENTLY 

XNUNDATED WITH LOW QUALITY WATER. 

CRIS WORK UNIT: SWC W4 gG-l CODE NO. :  Ariz.-WCL 66-1 

INTRODUCTION: 

The need f o r  t h i s  s t u d y  and t h e  p r e l i m i n a r y  r e s u l t s  a r e  

g i v e n  i n  t h e  1966 Annual R e p o r t ,  The r e s u l t s  of t h e  numer ica l  

t e c h n i q u e  r e p o r t e d  by W h i s l e r  and Watson ( 7 )  i n d i c a t e  t h a t  t h e  

numer ica l  p rocedure  g i v e s  a  v e r y  good d e s c r i p t i o n  of t h e  

d r a i n a g e  of v e r t i c a l  s o i l  columns. T h i s  type  of a n a l y s i s  i s  

v e r y  compl ica ted  and needs t h e  a v a i l a b i l i t y  of a  h igh-speed 

d i g i t a l  computer t o  bc handled cconomica l ly .  Where one i s  

i n t e r e s t e d  i n  o n l y  t o t a l  volume!; and r a t e s  of d r a i n a g e  and 

i n f i l t r a t i o n ,  t h e r e  a r e  ot'iler s i m p l e r  methods of a n a l y s i s .  

There  i s  a  need t o  compare t h e  r e s u l t s  of t h e s e  s i m p l e r  methods 

a g a i n s t  t h e  more compl ica ted  numerical  t ec lmiques  and,  where 

p o s s i b l e ,  a g a i n s t  exper imenta l  r e s u l t s .  I f  any of t h e s e  s i m p l e r  

t e c h n i q u e s  a r e  s u f f i c i e n t l y  a c c u r a t e  i n  p r e d i c t i n g  t h e  amounts 

of d r a i n a g e  and i n f i l t r a t i o n  under  f i e l d  c o n d i t i o n s ,  then  they  

may be used t o  p r e d i c t  t h e  amounts of d r a i n a g e  and i n £  i l t r a t i o n  

d u r i n g  i n t e r m i t t e n t :  i n u n d a t i  on s c h e d u l e s .  Th i s  r e p o r t  w i l l  be  

d i v i d e d  i n t o  two s e c t i o n s :  (1 )  t h e  f i r s t  d e a l i n g  w i t h  t h e  

comparison problem and (2 )  t h e  second d e a l i n g  w i t h  t h e  

i n t e r m i t t e n t  s c h e d u l i n g  problem. 

PAIiT I. COMPARISON OF METHODS FOR CALCULATING VERTICAL 

DRAINAGE AND INFILTRATION INTO SOILS 

THEORY : 

The heading of t h i s  s e c t i o n  i s  t h e  t i t l e  of a  paper  by 

Frank D.  Whisl.er and Herman Bouwer, submi t t ed  t o  t h e  D i v i s i o n  

f o r  a p p r o v a l  f o r  p u b l i c a t i o n  i n  t h e  J o u r n a l  of Hydrology.  

T h i s  p a r t  of t h e  r e p o r t  i s  a  c o n d e n s a t i o n  of t h a t  paper .  Z'hc 
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0111 y  ntcLliods of c a l c u l a t i o n  s Ludied were t h o s e  w i t h  p l tys ica l  

s i g n i f  i c a n c c  and p h y s i c a l  l y  measurab le  p a r a m e t e r s ,  The 

metl~ocls of c a l c u l a t i n g  t h e  amount of d r a i n a g e  from a  v e r t i c a l  

s o i l  column proposed by Youngs (8)) Gardner  ( 3 ) )  and Ligon,  

e t  a l ,  (5) were compared t h e o r e t i c a l l y  L O  the  numer ica l  

r e s u l t s  and where p o s s i b l e  t o  t h e  e x p e r i m e n t a l  d a t a .  From 

a  t h e o r e t i c a l  b a s i s  i t  can be  shown t h a t  a t  t h e  s t a r t  of 

d r a i n a g e  t h e  Gardner  e q u a t i o n  i s  o f f  by a f a c t o r  of 2 ;  i , e . ,  

t h e  p r e d i c t i o n  oC t h e  d r a i n a g e  r a t e  i s  one-ha l f  of what i t  shou ld  

be .  No f u r t h e r  comparisons were made u s i n g  the  Gardner  approach.  

In o r d e r  t o  c a l c u l n t c  t h e  amounts of i n f i l t r a t i o n ,  t h e  

methods of Green and Ampt (4 ) ,  a s  i n t e r p r e t e d  by Bouwcr ( I ) ,  

and P h i l i p  (6) were  used.  These methods were compared t o  t h e  

numer ica l  t e c h x i q u e  and,  where p o s s i b l e ,  t o  e x p e r i m e n t a l  

r e s u l t s .  

RESUZTS : 

F i g u r e  I. shows t h e  amount of d r a i n a g e ,  Q, v e r s u s  t ime,  

t ,  a s  measured e x p e r i m e n t a l l y  ( s o l i d  c u r v e ) ,  o r  c a l c u l a t e d  

n u m e r i c a l l y  (dashed c u r v e s ) ,  f o r  a  column of if17 sand.  The 

c u r v e  l a b e l e d  K used t h e  w a t e r  c o n t e n t  - h y d r a u l i c  c o n d u c t i v i t y  - 
S 

p r e s s u r e  head r e l a t i o n s h i p  f o r  d r a i n a g e  f rom t r u e  s a t u r a t i o n .  

The c u r v e  l a b e l e d  K used t h e  r e l a t i o n s h i p s  f o r  a  column 
r 

o r i g i n a l l y  d r a i n e d ,  rewet ,  and theu  d r a i n e d  a g a i n .  T h i s  

f i g u r e  shows t h e  good agreement between e x p e r i m e n t a l  ancl 

n u n ~ e r i c a l l y  p r e d i c t e d  r e s u l t s .  I f  t h e  t o t a l  amount of 

d r a i n a g e  from such  a coluunn, 
Qd 

i s  c a l c u l a t e d  by i n t e g r a t i n g  

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

and s u b t r a c t i n g  t h e  i n t e g r a l  a t  e q u i l i b r i u m ,  a  v a l u e  of 

33.65 cm is  o b t a i n e d .  I f  t h e  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 s h i p  f o r  d r a i n a g e  is r e p l a c e d  by a  s t e p  f u n c t i o n  a f L e r  

t h e  manner of Bouwer (2), a  v a l u e  of 4 1 - 9 0  cm i s  c a l c u l a t e d  
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f o r  Q . F i g u r e  2  shows a comparison of t h e  v a l u e  of Q a s  
w 

c a l c u l a t e d  by ~ o u n g s '  and L i g o n ' s  e q u a t i o n s  and t h a t  measured 

e x p e r i n e n t a l l y .  It c a n  be s e e n  t h a t  t h e  Youngs e q u a t i o n  

gave t h e  b e s t  f i t .  An even b e t t e r  f i t  was o b t a i n e d  where 

Q = 33.65 cm was used i n  t h c  Youngs e q u a t i o n  ( a l t h o u g h  not 
w 

a s  good as t h e  n u ~ x e r i c a l  f i t ) .  I n  a d d i t i o n  t o  b e t t e r  p r e d i c t i n g  

t h e  amount of d r a i n a g e  w i t h  t i m e ,  t h e  Youngs e q u a t i o n  was 

a l s o  e a s i e r  t o  u s e  t h a n  t h e  Ligon e q u a t i o n .  

The amount of i n f i l t r a t i o n ,  I, v e r s u s  t ime  i s  shown 

i n  F i g u r e  3 f o r  a  column of Botany sand as p r e d i c t e d  

numerical  Ly ( s o l  i d  c u r v e )  o r  by u s i n g  t h e  Green and Ampt 

e q u a t i o n  (dashed c u r v e s ) .  The dashed c u r v e s  d i f f e r  a s  t o  

which v a l u e  of t h e  w a t e r - e n t r y  p r e s s u r e ,  Pw, i s  used i n  t h e  

c a l c u l a t i o n ,  e i t h e r  t h e  e x p e r i m e n t a l l y  de te rmined  v a l u e  o r  a n  

e s t i m a t e  based on one-ha l f  of t h e  a i r - e n t r y  p r e s s u r e ,  
Pa 

I n  o r d e r  t o  use  t h e  P h i l i p  method of p r e d i c t i n g  t h e  amount of 

i n f i l t r a t i o n  one needs  the  d i f f u s i v i t y  - w a t e r  c o n t e n t  

r e l a t i o n s h i p ,  and t h u s  needs t h e  w a t e r  con t t an t  - p r e s s u r e  hcad 

r e l a t i o n s h i p .  For  t h e  Botany sand t h i s  l a t t e r  r e l a t i o n s h i p  

is  a lmos t  d i s c o n t i n u o u s  a t  t h e  w a t e r - e n t r y  v a l u e ,  Pw; i , e . ,  

a  d i f f e r e n t  v a l u e  f o r  t h e  d i f f u s i v i t y  is o b t a i n e d  depcndi ng 

upon t h e  d i r e c t i o n  of approach.  The two v a l u e s  of t h e  

d i f  f u s i v i t y ,  
2 2 

Do.' 
a r e  132,000 cm /day  and 1,320 cm /day 

when approaching P  from r i g h t  o r  l e f t ,  r e s p e c t i v e l y .  F i g u r e  
W 

4 shows t h e  P h i l i p s  e q u a t i o n  p r e d i c t i o n s  (dashed c u r v e s )  compared 

t o  t h e  numerical  p r e d i c t i o n  ( s o l i d  c u r v e ) .  The r e s u l t s  u s i n g  

an  i n t e r m e d i a t e  v a l u e  of D a r e  a l s o  shown. It can be  scc.n 
0 

t h a t  t h e  Green and Ampt p r e d i c t i o n s  a r e  a s  good a s  t h e  P h i l i p  

p r e d i c t i o n s  and a r e  e a s i e r  t o  c a l c u l a t e .  Other  m a t e r i a l s  

a n d  comp;lrj.sons a r e  r e p o r t c d  i n  t h c  above-111ent ioncd paper 

by Whis le r  and Uouwer. 
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PART II. THE CALCULATION OF LNUNDATION CYCLES 

THEORY : 

From t h e  p r e v i o u s  s t u d y  i t  was s e e n  t h a t  t h e  Youngs ant1 

Green and Ampt methods of c a l c u l a t i n g  amounts of d r a i n a g e  and 

i n f i l t r a t i o n  gave good agreement w i t h  e x p e r i m e n t a l  r e s u l t s  

and numer ica l  a n a l y s i s .  On t h a t  b a s i s  one can c a l c u l a t c  t h e  

amount of d r a i n a g e  from a  r e s a t u r a t e d  s o i l  column and t h e  amount 

of i n f i l t r a t i o n  up t o  t h e  p o i n t  when t h e  column is  r e s n t u r n t e d  

( b u t  s t i l l  h a s  e n t r a p p e d  a i r ) .  The amount of a d d i t i o n a l  w a t e r  

i n r i l t r a t e d  a f t e r  r e s a t u r a t i o n  c a n  b e  c a l c u l a t e d  u s i n g  Darcy ' s  

law. 

A s  the  p r o f i l e  d r a i n s ,  approx imate ly  240 rng of Q2 e n t e r  

t h e  s o i l  p r o f i l e  f rom r h c  a tmosphere  p e r  l i t e r  of d r a i n a g e .  

Th i s  oxygen w i l l  be  used t o  s a t i s f y  t h e  t o t a l  oxygen dcmand 

(TOD) of t h e  sewage e f f l u e n t  t h a t  w i l l  e n t c r  t h e  s o i l  i n  the  

ensu ing  i n u n d a t i o n  p e r i o d .  F o r  s h o r t  i n u n d a t i o n  p e r i o d s  w i t h  

complt>te a e r o b i c  d i g e s t i o n ,  t h e  TOD can be  c a l c u l a t e d  as Lhe 

COD p l u s  t h e  oxygen f o r  o x i d a t i o n  of amoniuxn t o  n i t r a t e .  I f  

t h e  i n u n d a t i o n  p e r i o d s  a r e  s u f  f  i c i e r ~ t l y  long  f o r  b ioden i  t r i -  

f i c a t i o n  t o  occur ,  t h e  TOD w i l l  b e  l e s s  because  oxygen used 

Tor o x i d a t i o n  of ammonium t o  n i t r a t e  w i l l  s u b s e q u e n t l y  b e  used 

t o  s a t i s f y  t h e  COD. 

When i n u n d a t i o n  is  s t a r t e d ,  some of t h e  a i r  i n  t h e  

p r o f i  l e  w i l l  e s c a p e  t o  t h e  atrnospherc: (bubb l ing  phcnorneno~~! ) . 
Also,  p e r f e c t  mixing of t h e  oxygen i n  t h e  s o i l  p r o f i l e  and 

t h e  downward moving e f f l u e n t  w i l l  p robab ly  n o t  occur .  Thus, 

i t  i s  n e c e s s a r y  t o  i n t r o d u c e  a n  e f f i c i e n c y  term, E, which 

d e s c r i b e s  t h e  f r a c t i o n  of the  oxygen volume t h a t  e n t e r e d  t h e  

s o i l  dur ing  a  dryup t h a t  is used t o  s a t i s f y  t h e  TOD oT Che 

eff l u c n t  . Thus, each l i t e r  of :t ir t h a t  has cntcrc)cl the. s o i  l 

can s a t i s f y  t h e  t o t a l  oxygen demand of %O/TOD/IZ l i t e r s  oS 

e l f  l u e n t .  
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The amount of a i r  e n t e r i n g  d u r i n g  t h e  dryup w i l l  be eckual 

t o  t h e  amount of w a t e r  d r a i n i n g  From t h e  s o i l  p r o f i l e ,  which 

can be computed w i t h  Youngs ' e q u a t i o n .  The amount: of e f f  l u e i i ~  

e n t e r i n g  d u r i n g  i n u n d a t i o n  can b e  c a l c u l a t e d  w i t h  Green arid 

Ampt's method, Thus, f o r  a  g iven  v a l u e  of ~ ~ @ / T o D ~ E ,  

l e n g t h  of d ryup  and i n u n d a t i o n  p e r i o d s  can  be  compared s o  t h a t  

t h e  oxygen t h a t  has  e n t e r e d  d u r i n g  a  dryup w i l l  be  comple te ly  

used by t h e  e l f l u e n t  en  t e r i n g  d u r i n g  t h e  f o l l o w i n g  inundaki  on 

b e f o r e  a  new dryup p e r i o d  i s  s t a r t e d .  

The maximum volume of a i r  t h a t  c a n  e n t e r  clurillg dryup 

i s  p r i m a r i l y  determined by t h e  d e p t h  of cl-te w a t e r  t a b l e ,  Thtis,  

i n u n d a t i o n  s c h e d u l e s  a r e  p r i n c i p a l l y  c o n t r o l  l e d  by  t h c  clept h 

of t h e  w a t e r  t a b l e ,  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 t h e  s o i  1,  

t h e  TOD of t h e  e f f l u e n t ,  and t h e  v a l u e  of E ,  Q u a n t i t a t i v e  

i.nf o r n ~ t i o n  r e g a r d i n g  It; i s  s c a r c e  t o  nonex i s  t e n t .  L a b o r a t o r y  

s t u d i e s  w i t h  s o i l  columns i n t e r m i t t e n t l y  inunda ted  w i t h  

sewage e f f l u e n t  a r e  p r e s - e n t l y  be ing  conducted t o  e v a l u a t e  E .  

RESULTS : 

Using d a t a  c o l l e c t e d  on t h e  S a l t  R ive r  bed sand  ( s e e  

1967 Annual Repor t )  and t h e  Youngs and Green and Arupt e q u a t i o n s ,  

t h e  accumulated amount oE d r a i n a g e  f low v e r s u s  t irne was 

c a l c u l a t e d  a s  shown i n  F i g u r e  5 ,  I n  t h i s  f i g u r e  i.t was assumed 

t h a t  i r .  was 5 m e t e r s  t o  t h e  w a t e r  t a b l e ,  ZE one assumed t h a t  

t h e  r a t i o  of  24O/TOD/E was 1, t h e  amounts of e f f l u e n t  i n  
2 2 

cc/cm p e r  month v e r s u s  rhe  amount of e f f l u e n t  i n  cc/cm p e r  

c y c l e  a r e  shown i n  F i g u r e  6  f o r  i n f i l t r a t i o n  r a t e s  of 1, 2, 4, 

and 8 f t / d a y ,  (The i n f i l t r a t i o n  r a t e s  can  be v a r i e d  by va ry ing  

t h e  head , )  F i g u r e  7 shows t h e  amounts of ef C'luent r e c h a r g e d  

p e r  month v e r s u s  amounts of e f f l u e n t  p e r  c y c l e  i n  cc/cm 
2 

f o r  d i i f e r e n t  r a t i o s  of 2 4 0 / ~ 0 ~ / E ,  A r a t i o  of 0 - 5  i n d i c a t e s  

0.5 m l  of e f f l u e n t  p e r  m k l l i l i t e r  of a i r ,  whurcas a  r a t i o  o f  
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5 i n d i c a t e s  5 1u.I of e c f l u c n t  p e r  r n i l 1 i l i t r c . r  oi' a i r .  F i g u r e  7 

is  c a l c u l a t e d  f o r  a  d e p t h  of 5 nietrjrs t o  ~ l l c  w a t e r  t a b l e .  

F i g u r e  8 shows t h e  amount oE e f f l u e n t  p e r  month v e r s u s  t h e  

amount p e r  c y c l e  f o r  a  r a t i o  of ~ ~ ~ / T o D / E  of 5 f o r  d i f  f e r e n t  

d e p t h s  t o  t h e  w a t e r  t a b l e ,  From t h e s e  f i g u r e s  i t  can be s e e n  

t h a t  (1)  t h e  c l e a n e r  t h e  e f f  l~zent:  ( t h e  I ower t h e  TOD), tllc 

more can be recharged  p e r  month and p e r  c y c l e ,  ( 2 )  t h e  

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

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

( 3 )  the h i g h e r  t h e  i n f i l t r a t i o n  r a t e ,  t h e  inore can be 

i n f i l t r a t e d  p e r  month and p e r  c y c l e  ( a l l  of  which would bc 

e x p e c t e d ) ,  and (4) s h o r t ,  f r e q u e n t  c y c l e s  y i e l d  more 

r e c h a r g e  p e r  month t h a n  long  c y c l e s .  An economic e v a l u a t i o n  

would have t o  be  made t o  d i c t a t e  t h e  opera t i r ig  c o n d i t i o n s  

i n  l i g h t  of t h i s  l a t t e r  p o i n l ;  a l s o ,  oxygen d i f f u s i o n ,  

n i t r a t e  l e v e l s ,  s o i l  c l o g g i n g ,  and o t h e r  f a c t o r s  have t o  h e  

considered ( s e e  WCL 6 7 - 4 2 ,  

SiJMMARU : 

The Youngs e q u a t i o n  and Green and Ampt cquaLion predict :  

t h e  amounts of  d r a i n a g e  and i n f i l t r a t i o ~ l  w i t h  s u f f i c i e n t  

accuracy  f o r  many f i e l d  s i t u a t i o n s ,  They can be used t o  

p r e d i c t  t h e  amounts of d r a i n a g e  and i n f i l t r a t i o n  which occur  

d u r i n g  i n t e r m i t t e n t  inunclalion w i t h  sewage e f f l u e n t .  By 

assuming s e t s  of v a l u e s  f o r  t h e  t o t a i  oxygen demand of t h c  

e f f l u e n t ,  t h e  e f f i c i e n c y  of t h e  u t i l i z a t i o n  ok oxygen i n  t h e  

s o i l  p r o f i l e ,  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 t h e  s o i l ,  arid t h e  

w a t e r  t a b l e  dep th ,  t h e  long- te rm amount of e f F l u e n t  r e c h a r g e  

c a n  be computed f o r  d i f f e r e n t  o p e r a t i n g  s c h e d u l e s .  Based on 

t h e  oxygen usc  on ly ,  Lhc s h o r t  i n u n d a t i o n  p e r i o d s  and dryups  

w i l l  r e c h a r g e  more w a t e r  than  l o n g e r  c y c l e s .  However, o t h e r  

e f f e c t s  such  a s  oxygen d i f f u s i o n ,  n i t r a t e s  and s o i l  c l o g g i n g  

must a l s o  be  taken i n t o  a c c o u n l .  
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PERSONNEL: Herman Bouwer and Prank D,  Whis le r  - 

CUWNT TERMINATION DATE: December 1970 
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F i g u r e  1. The amount of d r a i n a g e  v e r s u s  time f o r  -17 sand .  The s o l i d  ~ - r c e  is t h e  
experi l ; :c?tal  o b s e r v a t i o n .  The dash26 curves  a re  nurr.erica1 p r ~ 2 i c t i o n s  u s i n g  
s i t h e r  s a t u r a t e d  o r  r e s a t u r a t e d  curve  d a t a ,  
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The Ginot.int of d r a i n a g e  vers t i s  t ime f o r  ; t l 7  rand, Ths solid curve  
is t h e  same as i n  F i g u r e  1. The dashed curves  a r e  t h e  Youngs and 
Ligon p r e d i c t  ions, a s  i n d i c a  zed. 
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F i g u r e  3 .  The amount of i n f i l t r a t i o n  v e r s u s  t ime f o r  Rotally sand .  
The s o l i d  c u r v e  is  rhe  numerical  p r e d i c t i o n s .  The dashed 
c u r v e s  a r e  t h e  Green arid A m p t  p r e d i c t  i o n s .  
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P i , : u r c  4 .  Tht! amount o f  i n f i l t r a t i o n  ve rsus  t i m e  f o r  BoLany sa~rd ,  
The s o l i d  curvc. is the same a s  i n  F i g u r e  3 ,  and t h ~  
d a s h e d  c u r v e s  a r e  t h e  P h i l i p  p r e d i c t i o n s .  
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- . - .  6. T h e  accu::.c:z;?c a r a m :  s r  xor i i i - ra t io ; ;  per r o o i h  i.ers:li t'; s-.oucc ci infilira;isn per c),cla fo r  i:i 

S r l :  River  !.ti??. i i a o ' ,  as - t ! r ing  5 meters to t h e  water c a b 1 2  2 ratio o f  2 4 0 i ~ n n  i = 1. curi-es .. - L:iz[;.r b?,! r L -  <.-)fi j :  - * * > ; .  . . r . L L - + i ~ t :  rate. 
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F igurc 7 .  T 5 e  accuxlated anount of infiltration per z;nt!3 versus the anount of infiltration per cycle for tie 
Silt R i i - ; i r  oed sand, assuxi-I& 5 zeters to t:.~ wc3:rr tabl~ and an infiltration rate of 1 ft,'day. 
1-, curyes differ 13> ti?? r a r i ~  of 243 TOD'E. 
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F i g u r e  3. Tile accumula t ed  azcu i l t  of  i n f i l t r a t i o n  p e r  month v e r s u s  t h e  amount of i n f i l t r a t i o n  p e r  c y c l e  f o r  t 5 e  
S a i c  R i v e r  bed  s a n d ,  a s s u n i n &  a n  i n f i l t r a t i o n  r a t e  of i ft!day and  a r a t i o  of  ?.&~:TOD/E = 5.  
T52 c u r v e s  d i f f e r  by r h e  d e p t h  t o  t h e  w a t e r  c a b l e .  
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TITLE : IRRIGATION OUTLET STRUCTURE TO DISTRIBUTE WATER 

ONTO EROSIVE SOILS. 

CRIS WORK UNIT: SWC W l O  gG-7 CODE NO.: Ariz.-WCL 66-2 

INTRODUCTION: 

For need of s tudy ,  s e e  Annual Report,  1966. 

OBJECTIVES : 

1. To o b t a i n  des ign  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  

e ros ion ,  

PROCEDURE: 

The major a c t i v i t y  on t h i s  p r o j e c t  ha s  been t o  c o n s t r u c t  ou 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  

ope ra t i on ,  determine t h e i r  weaknesses, then r e p a i r  o r  r e c o n s t r u c t  

them and cont inue  t o  observe.  Nearly twenty s t r u c t u r e s  remained 

a f t e r  t h e  1967 season. These were observed throughout 1968, and 

twelve new o u t l e t s  were cons t ruc t ed .  One s t r u c t u r e  on t h e  Bruce 

Church Ranch and two on t h e  Curr ie  Ranch were f o r  18-inch o u t l e t s  

ca r ry ing  8 c f s  s t reams from main supply d i t c h e s  cons t ruc ted  011 high 

r a i l r o a d  f i l l s .  The t h r e e  new s t r u c t u r e s  on t h e  Floyd Spar r  Ranch 

were f o r  18-inch o u t l e t s  ca r ry ing  5 c f s  s t reams,  vu lne rab l e  t o  

machinery damage and s u b j e c t  t o  h igh  back-up water .  Two square  

d i s s i p a t o r  boxes were used and one chip-out  equipped with a  f l a t  

f r o n t .  A l l  aprons were 30 inches  and s tepped down. 

Four new s t r u c t u r e s  were b u i l t  on a  proposed 6,000 a c r e  c i t r u s  

ranch now under development. These cons i s t ed  of two s tandard  

concrete- type s t r u c t u r e s ,  one f i b e r  g l a s s  s t r u c t u r e  covered with 

SS-2 an ion ic  a s p h a l t  emulsion, and one s t r u c t u r e  wi th  on ly  a  high-  

d i s s i p a t o r  box equipped wi th  an 18-inch apron with no back o r  shou lde r s .  

Two of t he se  s t r u c t u r e s  were b u i l t  i n  coopera t ion  with S o i l  Conser- 

v a t i o n  Se rv i ce  personnel ,  who have designed,  planned and b u i l t  

16  types  of s t r u c t u r e s  and e s t a b l i s h e d  va r ious  o u t l e t  e l e v a t i o n s  on 

t h i s  ranch,  owned by Taubman and Parker .  
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Two new s t r u c t u r e s  were b u i l t  on the  Spencer and Spencer Ranch, 

one us ing  t h e  f i b e r  g l a s s  and SS-2 a s p h a l t  on a s tandard p lan ,  and 

t h e  o the r  u s ing  a high d i s s i p a t o r  box with 18-inch apron and no 

back o r  shoulders .  

Addi t iona l  i n v e s t i g a t i o n s  were made on the  Bruce Church and 

Bob Woodhouse ranches r e l a t i v e  t o  s t r u c t u r e s  f o r  prevent ing e ros ion  

by water from 3-foot-wide jack ga t e s .  

Slfi?MARY AND CONCLUSIONS: 

S t r u c t u r e  i n spec t ions  t h i s  year  complement l a s t  y e a r ' s  r e s u l t s ,  

showing t h a t  a square d i s s i p a t o r  box a t tached  t o  an o u t l e t  t i l e ,  

then equipped with app ropr i a t e  back, shoulders  and a step-down apron, 

w i l l  d i scharge  a non-erosive s t ream of water .  

The major problems connected with these  s t r u c t u r e s  a r e  those of 

Bermuda g r a s s ,  machinery breakage, and perhaps the  l abo r  problems 

a s soc i a t ed  with cons t ruc t ion .  The step-down apron has solved the  

problem of p la t form breakage by machinery bu t  no t  t h e  machinery 

shoulder  breakage problems. By p lac ing  a small  amount of  wire o r  

metal  on the edge of t h e  d i s s i p a t o r  boxes where t h e  p la t form a t t a c h e s ,  

Bermuda g ra s s  emergence has been prevented. The problem of cement 

I c racking  can probably be solved by using th i cke r  conc re t e ,  r e i n f o r c i n g ,  
1 o r  by doing a b e t t e r  job of packing t h e  s o i l  ad j acen t  t o  the conc re t e .  

It i s  hoped the  use  of f i b e r  g l a s s  and SS-2 a s p h a l t  w i l l  c u t  down 

l abo r  cons t ruc t ion  requirements .  

PERSONNEL: Leonard J .  E r i e  and John A .  Replogle. 

CURRENT TERMINATION DATE: December, 1970. 
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TITLE: FLOW MEASUREMENT I N  OPEN CHANNELS WITH CRITICAL 

DEPTH FUJI4ZS. 

CRIS WORK UNIT: SWC W10 gG-7 CODE NO.: Ariz.-WCL 67-1 

INTRODUCTION : 

Previous  r e p o r t s  ( s e e  Annual Reports  f o r  1966, 1967) summarized 

r e s u l t s  of s t u d i e s  on c r i t i c a l - d e p t h  flumes of t h e  t r apezo ida l .  t h r o a t e d  

t y p e ,  'She term " t r a p e z o i d a l "  i s  used h e r e  t o  i n c l u d e  t h e  l i m i t i n g  

c a s e s  of t r i a n g u l a r - t h r o a t e d  flumes and r e c t a n g u l a r  t h r o a t e d  f lumes.  

A t e c h n i c a l  paper  t i t l e d  "Flow measurements w i t h  c r i t i c a l - d e p t h  

flumes' '  was p r e s e n t e d  b e f o r e  t h e  U.  S. Committee of t h e  I n t e r n a t i o n a l  

Committee on I r r i g a t i o n  and Drainage and was subsequen t ly  submi t t ed  

f o r  t h e  V I I  Congress I C I D ,  Mexico C i t y ,  A p r i l  1969. The paper i n -  

c luded  r e s u l t s  f o r  s t u d i e s  on e i g h t  s i z e s  of f lumes,  a l l  t r i a n g u l a r  

t h r o a t e d  excep t  one, which was a t r a p e z o i d a l  t h r o a t e d  flume p a t t e r n e d  

a f t e r  a flume used  by t h e  U. S. Bureau of Reclamation (USBR). The 

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

r e s u l t s  f o r  f lumes and summarizes t h e  e f f e c t s  of i n s t a l l a t i o n  anomolies .  

These i n c l u d e  e f f e c t s  of t o r s i o n a l  t w i s t  of t h e  f lume, d e f l e c t i o n  of 

t h e  s i d e s ,  e l e v a t i n g  o r  lower ing  t h e  o u t l e t  end, s e d i m e n t a t i o n  i n  t h e  

flume, approach c o n d i t i o n s ,  removal o r  a d d i t i o n  of d i v e r g i n g  s e c t i o n s  

a t  t h e  o u t l e t ,  and submergence. 

A second paper  submi t t ed  a s  a d i s c u s s i o n  of t h e  "Rectangular  c u t -  

t h r o a t  f l o w  measur ing flumes" by G. V. Skogerboe and Leon I iya t t ,  

(pub l i shed  December 1967 by ASCE) was p u b l i s h e d  i n  t h e  September 1968 

i s s u e  of t h e  American S o c i e t y  of C i v i l  Engineers  Proceed ings ,  J o u r n a l  

of t h e  I r r i g a t i o n  and Drainage D i v i s i o n  (Vol. 94, No. IR3).  The d i s -  

c u s s i o n  c a u t i o n e d  a g a i n s t  u s i n g  t h e  h igh-wate r  mark i n  d i t c h e s  and 

s t reams  t o  de te rmine  i f  f r e e - f l o w  w i l l  e x i s t  through a  f lume t o  ba 

i n s t a l l e d  and t h u s  avo id  submergence, a s  advocated by t h e  a u t h o r s .  

I n  many c a s e s ,  t h e  f l o w  d e p t h  t h a t  shou ld  be  checked i s  t h e  low f low 

r a t e s  o r  perhaps  some mid-range r a t e ,  depending on t h e  shape of t h e  

f lume t h r o a t  and t h e  shape of t h e  d i t c h  i n t o  which i t  is  t o  b e  ii-rstaLLed. 
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PROCEDURE : 

l'he l abo ra to ry  c a l i b r a t i o n s  were accomplished a s  prev ious ly  dcs-  

c r ibed  us ing  a  weighing system t o  determine d ischarge  raLe. Itead i n  

t h e  flumes was re fe renced  t o  t h e  bottom of t h e  o u t l e t  end of t h e  t h r o a t  

s ec t i on ,  bu t  measured i n  t h e  approach s e c t i o n  of t he  flume by means 

of a  s t i l l i n g  w e l l  and p o i n t  gage, 

Theo re t i ca l  s t u d i e s  were extended t o  inc lude  p r e d i c t i o n  of ca1.i- 

b r a t i o n  curves f o r  c i r c u l a r - t h r o a t e d  flumes. Computer programs were 

w r i t t e n  i n  BASIC f o r  bo th  t r a p e z o i d a l  and c i r c u l a r  t h roa t ed  f lumes,  

The computer was a l s o  used t o  eva lua t e  e f f e c t s  of f r i c t i o n  through t h e  

flume and v e l o c i t y  d i s t r i b u t i o n  i n  both t he  approach s e c t i o n  and t h r o a t  

s e c t i o n  of t h e  flume. The f r i c t i o n  e v a l u a t i o n  depends somewhat on the  

"model" chosen t o  r ep re sen t  t he  a c t u a l  l o s se s .  A boundary-layer model 

appears  t o  g ive  t h e  b e s t  and most c o n s i s t e n t  r e s u l t s  s o  f a r  devised.  

With t h i s  "model", va r ious  shapes of flumes were sub jec t ed  t o  t h e  

computation procedure i n  o rde r  t o  s tudy  c h a r a c t e r i s t i c  Lrends i n  

f r i c t i o n  l o s se s  wi th  changes i n  flow depth.  

RESULTS AND DISCUSSION: 

The computer programs developed w e r e  r a t h e r  s imple i n  t h a t  they 

solved t h e  p rev ious ly  der ived  equa t ions  wi th  a  r o u t i n e  i t e r a t i o n  

process .  There was no problem wi th  convergence when so lv ing  f o r  any 

of t h e  t r a p e z o i d a l  types  of flumes, Some d i f  f i c u  lCy was cncount crcd 

i n  g e t t i n g  t he  s o l u t i o n  f o r  c i r c u l a r  th roa ted  flumes t o  converge. 

Even t h e s e  converged i f  t h e  i n i t i a l  guess was good enough. Consider- 

a b l e  e f f o r t  was r equ i r ed  t o  determine what caused divergence and how 

t o  prevent  i t  f o r  t h e  p a r t i c u l a r  equa t ions  involved,  A s impliCied 

f low diagram appears  i n  F igure  1 f o r  t h e  c i r c u l a r  f  lurnes. The flow 

diagram f o r  r ec t angu la r  flumes i s  s i m i l a r  except  t h e  sub rou t ine  

p o r t i o n  i s  l e s s  complicated,  L i s t i n g s  of t he  BASIC language pro- 

grams f o r  both a r e  included i n  Appendix A and B ,  

Laboratory C a l i b r a t i o n s ,  Seve ra l  a d d i t i o n a l  c a  Librat ions were 

made s i n c e  t he  previous r e p o r t  on flumes of va r ious  des igns  and s i z c s .  
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1. Trapezoidal  Flume. The flume t h a t  was b u i l t  t o  the dinen- 

s ions  of the  USBR flume ( see  Annual Report, 1.967) has  been t e s t e d .  

The c a l i b r a t i o n  agrees  wi th  the  t h e o r e t i c a l l y  der ived  equat ions ,  but 

d i f f e r s  from t h e i r  r e s u l t s  by a s  much a s  6 o r  7 pe rcen t ,  Because 

the  USBR flume had downstream s e c t i o n s ,  i t  was suspected t h a t  these 

may have produced t h e  d i f f e r ence ,  a l though t h e o r e t i c a l l y  they should 

no t .  

An a d d i t i o n a l  (d ivergent )  s e c t i o n  was added t o  t he  cons t ruc ted  

model. A t  heads of 1.3 f e e t ,  a  decrease  of approximately 0.003 f e e t  

could be de t ec t ed  i n  t h e  s t i l l i n g  w e l l  when the  end s e c t i o n  was removed. 

This might be expected, based on curving s t r eaml ines  and the  experience 

wi th  o t h e r  flumes concerning flow depth and t h r o a t  Length. However, 

based on t h e  same experience,  t h e  d i f f e r e n c e  should no t  havc been 

d e t e c t a b l e  a t  a  head of 0.5 f e e t ,  bu t  d i f f e r ences  of a s  much a s  0,002 

f e e t  were noted. This  has  y e t  t o  be e n t i r e l y  reso lved .  

2, Tr iangular  Flume. Some flumes, intended f o r  f i e l d  p l o t  

s t u d i e s ,  were cons t ruc t ed  by t h e  Southwest I r r i g a t i o n  F i e l d  S t a t i o n  

a t  Brawley, C a l i f o r n i a .  Through an undetected dimensioning e r r o r ,  

p a r t  of t he  flumes were cons t ruc ted  wi th  53.5 degree openings, i n s t ead  

of t he  intended 60'- Theore t i ca l  curves were provided and one of the 

d e v i a t e s  brought t o  t h e  Laboratory f o r  v e r i f i c a t i o n .  Thc rcsu l t s 

agreed with t h e  t h e o r e t i c a l  c a l i b r a t i o n .  

3 .  Ci rcu la r  Throated Flumes. Two flumes, each wi th  a  c i r c u l a r  

approach s e c t i o n  and a  c i r c u l a r  t h r o a t  s e c t i o n  connected by a t runca ted-  

oblique-cone t r a n s i t t o n  sec t ion ,  havc been b u i l t  and t e s t e d .  Thci r  

a p p l i c a t i o n  t o  sewer f lows and t i l e  d r a i n s  seems promising. As with 

the  o t h e r  flumes, t h e  bottom p o i n t s  i n  t he  flume s e c t i o n s  a r e  i n  the 

same h o r i z o n t a l  plane pe rmi t t i ng  complete drainage of t he  upstream 

channel when flow i s  d i scont inued .  

One flume had a  12-inch diameter p ipe  two-feet long f o r  t he  

en t rance  s e c t i o n  and a  10-inch diameter pipe, a l s o  two-feet long, l o r  

t h e  t h r o a t  s e c t i o n ,  The o the r  flume used an 8-inch diameter pipe in  
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t h e  t h r o a t  s e c t i o n .  Nei ther  flume was f i t t e d  wi th  d ivergent  s e c t i o n s  

o r  downstream pip ing  beyond the  t h r o a t  s ec t ion .  

With the f i r s t  mentioned Plumc, s tanding  waves w c r c  pi-c\scn( i n  

t he  approach s e c t i o n  and the  c a l i b r a t i o n  was no t  s t a b l e ,  e s p e c i a l l y  

a t  low flow r a t e s ,  The Froude number i n  t h i s  s e c t i o n  was calcul.atcd 

t o  be about 0.67 a t  t h e  lowest flow r a t e  t o  about 0.58 a t  the h ighes t  

flow r a t e ,  This  would appear t o  be low enough t o  avoid any problems 

wi th  s tanding  waves. Fur ther  c a l c u l a t i o n s  revea led  t h a t  c r i t i c a l  

depth i n  t he  flume a t  say 0.30 f o o t  of head was 0.24 foo r ,  a d i f f c r e n c c  

of only 0.06 f o o t .  The abrupt  en t rance  t o  t he  approach s e c t i o n  from 

t h e  supply tank could e a s i l y  cause a  d is turbance  i n  t he  water su r f ace  

of t h i s  magnitude and main ta in  the  cond i t i on  of s t and ing  waves a t  

r e l a t i v e l y  low Froude numbers, 

It appears  t h a t  knowledge of the  Proude number i s  i n s u f f i c i e n t  

and t h a t  some information on the  s i z e  of d i s turbances  i s  necessary.  

I f  t he  d is turbances  i n i t i a t e  a  wave whose depth i s  n e a r l y  t he  same 

s i z e  a s  t h e  d i f f e r e n c e  between the  mean flow depth and c r i t i c a l  depth,  

then t h e  water s u r f a c e  w i l l  no t  be s t a b l e  enough t o  ge t  a  good reading 

on t h e  depth i n  t h e  approach s e c t i o n .  

The flume whose t h r o a t  was 8 inches i n  diameter had much Less 

tendency t o  form s t and ing  waves. A t  t he  same head of 0.3 foo t  

r e f e r r e d  t o  above f o r  t h e  f i r s t  flume, the  d i f f e r e n c e  between c r i t i c a l  

depth and head was about 0,87 f o o t .  This proved t o  be adequate Lor 

t h i s  p a r t i c u l a r  i n s t a l l a t i o n .  In  long p i p e l i n e  approaches, t h e  pro- 

blem should be decreased i f  t h e  i n t e r i o r  of t h e  p ipe  has few abrupt  

j o i n t s  i n  t h e  v i c i n i t y  of t h e  f lume,  

4, F r i c t i o n  Loss S tudies .  Recognizing t h a t  f r i c t i o n  lo s ses  

occur between t h e  po in t  of depth measurement and the  po in t  of c r i t i c a l  

depth,  some method of e s t ima t ing  t h e  l o s s  was sought.  The r e fe rence  

l i t e r a t u r e  ( s e e  Annual Report, 1966, Reference (2 ) )  Ackers and Harr i -  

s o n ' s  r epo r t ) )  proposed a  boundary l a y e r  development method t h a t  was 

used a s  t h e  model f o r  t h i s  s tudy ,  The flumes were c a l i b r a t e d  and 
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t he  r e s u l t s  compared t o  t h e o r e t i c a l ,  f r i c t i o n l e s s ,  flow c a l c u l a t i o n s ,  

t h a t  i s ,  with no terms included t o  a l low f o r  f r i c t i o n  lo s ses ,  v e l o c i t y  

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

sec t ion .  The d i f f e r e n c e  obtained by t h i s  comparison was a t t r i b u t e d  

t o  t hese  t h r e e  p o s s i b l e  causes.  Assuming t h e  v e l o c i t y  d i s t r i b u t i o n  

c o e f f i c i e n t s  t o  be u n i t y ,  t h e  genera l  e f f e c t s  of t h e  expected f r i c t i o n  

l o s s  a s  c a l c u l a t e d  wi th  t h e  boundary l aye r  model i s  shown i n  Figure 2. 

The length  of t h r o a t ,  L, d iv ided  by t h e  roughness he ight ,  k, i s  i nd i -  

ca t ed  i n  t h e  f i g u r e .  The s i g n i f i c a n c e  of t h e  f i g u r e  l i e s  i n  t he  

genera l  shapes of t h e  va r ious  c h a r a c t e r i s t i c  curves.  The curves f o r  

t r i a n g u l a r  and t r a p e z o i d a l  flumes i n d i c a t e  an almost cons t an t  deduc- 

t i o n  f o r  f r i c t i o n  l o s s  r e g a r d l e s s  of flow depth.  

The r ec t angu la r  and c i r c u l a r  flumes i n d i c a t e  i nc reas ing  f r i c t i o n  

wi th  inc reas ing  depth.  Measured va lues  f o r  t h e  8-inch c i r c u l a r  flume, 

c a l c u l a t e d  a s  s t a t e d  above, a r e  shown f o r  comparison. Trapezoidal  

flume measurements, n o t  shown, had t h e  ind ica t ed  t r end  b u t  were about 

50% lower than ca l cu la t ed .  The r ec t angu la r  t r end  l i n e  shown i s  f o r  a 

narrow flume and can be changed t o  almost h o r i z o n t a l  i f  t h e  t h r o a t  i s  

wide compared t o  i t s  l ength ;  t h i s  appears  t o  be about 30 : l .  

Associated wi th  the  f r i c t i o n - t r e n d  s tudy  i s  t h e  s tudy of t h e  

e f f e c t s  of v e l o c i t y  d i s t r i b u t i o n  i n  both the  approach s e c t i o n  and 

t h e  t h r o a t  s e c t i o n  of the flumes. This i s  a computer o r i en t ed  s tudy 

which has no t  been completed. Prel iminary r e s u l t s  would i n d i c a t e  

only minor e f f e c t s  from t h i s  source.  The e f f e c t  of a  h igh  va lue  Eor 

t h e  v e l o c i t y  d i s t r i b u t i o n  c o e f f i c i e n t  i n  the approach s c c t i o n  appears  

t o  cance l  some of t he  e f f e c t  noted f o r  f r i c t i o n  lo s ses ,  whereas, t hc  

e f f e c t s  of a  high va lue  i n  t he  t h r o a t  s e c t i o n  adds t o  t he  e f f e c t s  of 

f r i c t i o n .  Both e f f e c t s  a r e  n e a r l y  l i n e a r  with flow depth f o r  given 

values of the  c o e f f i c i e n t .  

5. F i e ld  I n s t a l l a t i o n s .  Plumes have been i n s t a l l e d  i n  consul-  

t a t i o n  wi th  t h e  Laboratory i n  s e v e r a l  l oca t ions .  A concre te ,  50' 

opening, t r i a n g u l a r  flume was i n s t a l l e d  near  Beardsly, Arizona, on 
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an  i r r i g a t i o n  p r o j e c t .  Several  have been i n s c a l l e d  in  connection 

wi th  o the r  Laboratory f i e l d  s t u d i e s  loca ted  on Hawaii, t h e  San Carios  

Indian Reservat ion,  and on t h e  Grani te  Reef experimental p l o t s ,  The 

head d e t e c t i n g  method has given t r o u b l e  on almost a11 t h e  s i t e s ,  

?'he piezorneter t a p  tends t o  plug i f  t h e r e  i s  sediment i n  the flow. 

Other means of head d e t e c t i o n  should be s t u d i e d ,  

The c i t y  of Tempe, Arizona, has  adapted t h e  des ign  f o r  use i n  

measuring sewage f lows.  The d e t e c t i n g  device  i s  a  f l o a t  placed d i r e c t l y  

i n  t he  flow, It c l e a r s  f l o a t i n g  d e b r i s  f a i r l y  we l l .  Some sedimenra- 

t i o n  upstream i s  occu r r ing ,  

SUMNARY AND CONCLUSIONS: 

SLage-discharge r e l a t i o n s  f o r  c r i t i c a l  depth flumcs general l y  

have been determined empi r i ca l ly  because the  a p p l i c a t i o n  of the  theo- 

r e t i c a l  equat ions  was Ledious and requi red  d e t a i l e d  computations.  W i t h  

t h e  a i d  of computers, the  theoretical knowledge can now be app l i cd  

r o u t i n e l y .  In ,gene ra l ,  a  computation of the  minor f r i c t i o n  lo s ses  

through a  flume permits  t he  a p p l i c a t i o n  of energy concepts t o  p red ic t  

the  labora tory  c a l i b r a t i o n  t o  w i th in  5 2% f o r  a  f low rangc t h a t  

f r e q u e n t l y  exceeds 100:1, depending on t h e  flume s i z e ,  In  many cases ,  

l o r  heads exceeding one-foot deep, t he  energy equat ions a r e  s u f f i c i e n t l y  

accu ra t e  even when t b e  f r i c t i o n  l o s s  i s  ignored. 

For t he  low-f low r a t e s  and thc  in s t ances  where m a x i m u m  accuracy 

i s  des i r ed ,  methods of p r e d i c t i n g  the  f r i c t i o n  l o s s  a r e  being i t w e s r i -  

gaLed. Prel iminary r e s t s  and labora tory  c a l i b r a t i o n s  have been cnm- 

p le t ed  on t-rapezoidal,  t r i a n g u l a r ,  and c i r c u l a r  t h roa t ed  I lumes. A 

f r i c t i o n  loss  computation model based on boundary l aye r  development 

appears  t o  g ive  the  most c o n s i s t e n t  r e s u l t s .  The c a l c u l a t e d  va lues  

and those obtained from t h e  c a l i b r a t i o n  d a t a  have s i m i l a r  t rends  but 

do no t  n c c e s s a r i l y  agree  i n  abso lu t e  va Cue, t he  measurcd va lucxs bcing 

a s  much a s  h a l f  the computed va lues .  This  d i f f e r e n c e  i s  u s u a l l y  not 

s e r i o u s  s i n c e  l a rge  v a r i a t i o n s  i n  the f r i c t i o n  l o s s e s  a r e  requi red  

t o  cause s i g n i f i c a n t  changes i n  the c a l i b r a t i o n .  
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F i g u r e  1. S i m p l i f i e d  f l o w  diagram f o r  t he  c i r c u l a r  f lumes ,  

48-12 
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F i g u r e  2. Expec Led f r i c t i o n  loss  as c a l c u  l u t e d  w i C h  tlm boilndrlr,y Layer 

mode I. . 
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TITLE : PHYSICAL AND CELEMLCAL CI RACTERLSTIC S OF HYDROPHOE I C  

SOILS 

CRIS WORK UNIT: SWC W7 gG-5 CODE NO,: Ark,-WGL 67-2 

PART 2, WATERPROOFmG OF SO LS - AN EVALUATION OF TREATmmS AND 

IWLUENC I N G  FACTORS, 

ZWRODUCICION: 

The need f o r  t h i s  s tudy i s  covered i n  Annual Reports f o r  1966 

and 1967, 

OBJECTZVES : 

The o v e r a l l  o b j e c t i v e s  of t he  p re sen t  phase of the s tudy were t o  

eva lua t e  t he  e f f e c t i v e n e s s  of waterproofing t rea tments  on s o i l s  both 

a s  a  func t ion  of t h e  chemical and phys i ca l  p r o p e r t i e s  of the water- 

proofing agent ,  and of t h e  s o i l ,  11-1 p a r t i c u l a r ,  I-) what e f f e c t s ,  

i f  any, do the  phys i ca l  and chemical p rope r t i e s  of the  s o i l  have on 

the  water-repe l l ency  ?, what organics  would do a  good job of making 

s o i l  wa te r - r epe l l en t ? ,  and 3) could the  performance of a  s p e c i f i c  

coa t ing  m a t e r i a l  be p red ic t ed  from the  molecular s t r u c t u r e  of t h e  

organic  molecule? 

PROCEDURE : 

Several  s o i l s  were used. They were s e l e c t e d  t o  provide n P d i r l y  

l a rge  range of p a r t i c l e  s i z e  d i s t r i b u t i o n s  and su r f ace  a r e a s ,  The 

p e r t i n e n t  phys i ca l  d a t a  appear i n  Table 1. The organic  coa t ing  

m a t e r i a l s  were s e l e c t e d  from groups of m a t e r i a l s  which were adve r t i s ed  

a s  having, o r  thought t o  have, wa te r - r epe l l en t  c h a r a c t e r i s t i c s ,  and 

whose genera l  chemical s t r u c t u r e s  were known, A l l  coa t ings ,  except 

one, were added a s  s o l u t i o n s  o r  d i spe r s ions ,  of vary ing  concent ra t ions ,  

t o  loose, a i r - d r i e d  < ;?mm s o i l s  i n  a  manner a s  repor ted  i n  the 1967 

Annual Report. The one except ion,  methy l t r i c h l o r o s i l a n e ,  was added a s  

a  gas .  

The two techniques used f o r  eva lua t ing  the  waterproofing charac-  

t e r i s t i c s  of t h e  t r e a t e d  s o i l s  were I )  the breakthrough pressure ,  and 

(2)  the  con tac t  angle ,  The mechanical and t h e o r e t i c a l  p a r t i c u l a r s  

f o r  t hese  two methods a r e  covered i n  the 1967 Annual R e p o r t ,  
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RESULTS AND DISCUSSION:  

Var ia t ion  i n  degree o r  q u a l i t y  of waterproofing due t o  accompany- 

i n g  v a r i a t i o n s  i n  t he  phys ica l  and chemical p rope r t i e s  of s o i l  was 

s t u d i e d  us ing  only one organic ,  w a t e r - r e p e l k n t ,  coa t ing  (S i l icone-  

R-20) on f i v e  s o i l s ,  Figure 1 shows t h a t  s o i l  type had no s i g n i f i -  

c a n t l y  measurable e f f e c t s  on the  con tac t  angle  of water -- thus,  

i n d i c a t i n g  t h a t  any v a r i a t i o n s  i n  t he  su r f ace  energy between un t r ea t ed  

s o i l s  i s  e f f e c t i v e l y  masked by the  organic  coa t ing ,  Figure 1 a l s o  

shows t h a t  t he  con tac t  angle  i nc reases  with inc reas ing  su r f ace  cover- 

age -- r a p i d l y  a t  low coverages, then l eve l s  out  a t  about 150°, An 

i n f l e c t i o n  po in t  i n  t h e  r a t e  of t h i s  i nc rease  i n  con tac t  angle  occurs 

a t  approximately t h e  same coverage per  u n i t  a r e a  of s o i l  f o r  a11 the  - 5 2 
s o i l s  t e s t ed ,  i , e , ,  2 X 10 g R-20/m . This i n f l e c t i o n  po in t  un- 

doubtedly corresponds t o  monolayer coverage by the  organic  coa t ing ,  

The breakthrough pressure  curves f o r  t hese  same t r e a t e d  s o i l s  

have a l r eady  been shown and Annual Report, 1967)),  Recapi tu la t ing ,  

b r i e f l y :  a t  low s u r f a c e  coverages t h e  breakthrough p re s su re  

a l s o  increased  markedly f o r  r a t h e r  small  increment i nc reases  i n  sur -  

f a c e  coverage -- t h i s  undoubredly be ing  due t o  corresponding marked 

inc reases  i n  t h e  con tac t  angle  of the water  phase i n  con tac t  with 

the p a r k i a l l y  coated s o i l  s u r f a c e s ,  As wi th  the  r e l a t e d  contac t  

angle  measurements on these  s o i l s ,  a  d i s t i n c t  i n f l e c t i o n  occurred 
- 5 2 i n  the  r a t e  of charge of h ( a l s o  a t  about 2 t o  3 X 10 g R-20/m 3 ,  w 

a f t e r  which h leve led  o f f  a t  some maximum va lue .  Contrary t o  the 
W 

con tac t  angle  case,  where the  l e v e l i n g  o f f  of 8 was t h e  same For 
S 

a l l  s o i l s ,  the  l e v e l i n g  of f  o r  maximum values  of h  were d i f f e r e n t  w 
f o r  each s o i l  -- t h i s ,  of course,  being p red ic t ed  from t h e  break- 

through p re s su re  equat ion  which s t a t e s  t h a t :  

cos 8 
W 

h o@ * w 

T L I ~ L  i s ,  h i s  d i r e c t l y  proportional.  t o  t he  cos ine  of t h e  e C f e c ~ i . v c  
w 
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con tac t  angle  ( 8  ) of water  ( a l r eady  shown t o  be cons t an t  f o r  any one 
W 

o rganic  c o a t i n g  m a t e r i a l ) ,  and i s  i n v e r s e l y  p ropor t i ona l  t o  t he  

e f f e c t i v e  pore r a d i u s  ( r ) ,  A s  p r ed i c t ed  by the  equa t ion ,  the  f i ne -  

t ex tu red  s o i l s  had h igher  breakthrough p re s su re s  than t h e  sandy 

s o i l s ,  

Va r i a t i on  i n  degree o r  q u a l i t y  of waterproofing of t r e a t e d  s o i l s  

due t o  t h e  type  of o rganic  coa t ing  m a t e r i a l s  a l s o  were e f f e c t i v e l y  

s tud i ed  us ing  con tac t  angle  ( 8  3 and breakthrough p re s su re  (h ) measure- 
s W 

ments. Only one s o i l  (Flushing Meadow sand) was used -- t h i s  t o  
I 

e l i m i n a t e  v a r i a t i o n  due t o  s o i l  phys i ca l  p r o p e r t i e s ,  Severa l  types 

of o rganics  were s t u d i e d ,  

A group of commercial s i l i c o n e  m a t e r i a l s  were tes i ted.  Contact 

angle  d a t a  a r e  shown i n  F igure  2. The m a t e r i a l s  a l l  produced s i m i l a r  

contac t  angles  a t  equa l  coverages per  u n i t  s o i l  a r ea ,  thus sugges t ing  

t h a t  a l l  t h e  s i l i c o n e s  had s i m i l a r  s u r f a c e  ene rg i e s ,  The R-20 and 

D r i - S i l  37 were aqueous s o l u t i o n s  of sodium methyl s i l i c o n a t e ;  SS-X- 

3601 and MAS were alkoxy s i l a n e s  s t o r e d  i n  methanol and to luene ,  

r e s p e c t i v e l y ,  bu t  d i l u t e d  and emuls i f ied  i n  water  j u s t  p r i o r  t o  

a p p l i c a t i o n .  A l l  polymerize i n  t h e  presence of CO and R 0 t o  form 2 2 
a  res inous  f i l m  of t h e  type: 

which i s  thought t o  enmesh t h e  so i l .  p a r t i c u l a t e  ma t t e r ;  a l s o ,  they 

may be chemical ly  bound t o  t h e  s o i l  through the  s i l a n o l  groups, 

o r  i n  o the r  ways, In  any case ,  t he  water - repe l lency  c h a r a c t e r i s t i c s  

d e r i v e  from t h e  exposed a l k y l  groups (normally methyl) ,  which e f f e c t -  

i v e l y  cover t h e  s o i l ,  

The m e t h y l t r i c h l o r o s i l a n e  was added t o  the  a i r - d r y  s o i l  a s  a 

gas a t  i t s  s a t u r a t e d  vapor p re s su re .  The chLorosiZanc apparen t ly  
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r eac t ed  w i th  a11 t h e  hygroscopic  water  p resen t ,  and, aga in ,  pos s ib ly  

wi th  t h e  exposed s i l ano l .  groups t o  form a cont inuous,  r e s inous  

coa t ing  on the  s o i l .  I n  s p i t e  of t h e  l a r g e  coverage per  u n i t  a r ca ,  

which sugges ts  m u l t i l a y e r  formation, the  con tac t  angle  of water  on 

t h e  t r e a t e d  s o i l  was e s s e n t i a l l y  t he  same a s  t h a t  f o r  t h e  o t h e r  

s i l i c o n e  m a t e r i a l s  a t  monolayer coverage,  

The breakthrough p re s su re  measurements f o r  t h e s e  s i l i c o n e  

m a t e r i a l s ,  a l s o ,  were n e a r l y  i d e n t i a l ;  t h e  average curve of h v s ,  
W 

coverage i s  shown i n  F igure  4, 

F igure  3 shows breakthrough p re s su re  d a t a  f o r  s e v e r a l  r e l a t e d  

types of o rganics  having n i t rogen  p re sen t  i n  t he  molecular  s t r u c t u r e ,  

The Armac t r a d e  name denotes  a  group of a c e t i c  a c i d  s a l t s  of f a t t y  

amines. Va r i a t i on  between t h e  t h r e e  Armac m a t e r i a l s  i s  i n  t h e  R 

group, Armac 8D, which was n o t  water  r e p e l l e n t ,  had an a l k y l  group 

e i g h t  carbons long; 18D, which was r e p e l l e n t ,  had an a l k y l  group 18 

carbons long; T was s i m i l a r  t o  18D except  t he  R group of T was h igh ly  

mono-unsaturated, The C = C group r e s u l t e d  i n  a  lower h a t  t h e  
W 

monolayer coverage po in t ,  and, a l s o ,  seems t o  have r e s u l t e d  i n  an 

i nve r s ion  of t h e  second molecular  l aye r .  

'The qua te rnary  ammonium s a l t s ,  t h e  Arquads, were l e s s  e f f e c t i v e  

wa te r - r epe l l en t s  than  t h e  long cha in  f a t t y  amines. Weiss (8) has  

shown t h a t  asymmetrical qua te rnary  alkylammonium ions a r e  a s  t ighLly 

bound t o  mica-type c l a y s  a s  a r e  primary ammonium ions .  This sugges ts  

t h a t  t h e  degree of water  r epe l l ency  of t h e s e  m a t e r i a l s  i s  p r imar i l y  

a  func t ion  of how w e l l  t h e  n i t rogen  i s  sh i e lded  from the  water phase.  

Breakthrough p re s su re  measurements were a l s o  run on an aminc- 

and a  hydroxy-subs t i tu ted  phenol.  The l i n e s  f o r  t h e  two m a t e r i a l s  

coincided and i s  shown i n  F igure  4. The hydroph i l i c  end i s  r epo r t ed  

t o  chemical ly  bond t o  t h e  s o i l  su r f ace ,  thus exposing the  hydrophobic 

t e r t i a r y - b u t y l  group, A Eluoro-carbon m a t e r i a l  was a l s o  run (Figure 

4 ) .  The r a t h e r  low breakthrough f o r  t h i s  m a t e r i a l  probab1.y i s  r e l a t e d  

t o  t h e  presence of s e v e r a l  s u l f u r  and n i t r o g e n  groups i n  t he  molecul.e, 
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There a r e  o the r  m a t e r i a l s  which w i l l  g ive wa te r - r epe l l en t  

s u r f a c e s ,  The p re sen t  s tudy was no t  intended t o  be a l l  i nc lus ive  

i n  t h i s  r ega rd ,  Theore t i ca l ly ,  any m a t e r i a l  which produces a  break- 

through p re s su re  g r e a t e r  than zero, o r  a  con tac t  angle  g r e a t e r  than 

90°, should shed water when i t  runs of f  a s  a  t h i n  shee t .  For water 

ha rves t ing  purposes, t h e  t r e a t e d  s o i l  su r f ace  a l s o  must r e s i s t  the 

impact of t h e  f a l l i n g  ra indrops  - anything beyond t h a t  i s  merely 

a  margin of s a f e t y ,  

SUMMARY : 

S o i l s  may be  e f f e c t i v e l y  water proofed with monolayer coa t ings  

of c e r t a i n  types of low-surface-energy o rgan ic s ,  The measured con- 

t a c t  angle  of water  on s o i l s  t r e a t e d  with t h i n  f i lms  of such organic  

waterproofing m a t e r i a l s  i s  no t  s i g n i f i c a n t l y  a f f e c t e d  by the  chemical 

and phys ica l  p r o p e r t i e s  of the  s o i l ,  bu t  i s  a f f e c t e d  by the  chemical 

p r o p e r t i e s  of t h e  coa t ing  ma te r i a l .  The breakthrough pressure  of such 

t r e a t e d  s o i l s  i s  a f f e c t e d  both by t h e  type of coa t ing  and by the s o i l  

t e x t u r e  ( i . e . ,  e f f e c t i v e  pore r a d i u s ) ,  and by t h e  type of organic  

coa t ing  the  s o i l .  Optimum water - repe l lency  f o r  any coa t ing  mater ial .  

i s  obtained a t  monolayer coverage, thus sugges t ing  t h a t  (1.) a p p l i c a t i o n  

of t h e  coa t ings  should be  app l i ed  t o  s o i l  on t h e  b a s i s  of some con- 

venien t  u n i t s  of t he  organic  per  u n i t  of s u r f a c e  a r e a  of the s o i l ,  

and (23  t h a t  coarse  tex tured  sands w i l l  be cheaper t o  t r e a t  than f i n e  

t ex tu red  s o i l s .  Theore t i ca l ly ,  any organic  coa t ing  which produces 

a  breakthrough p re s su re  g r e a t e r  than zero, o r  a  con tac t  angle  g r e a t e r  
0 

than 90 , should shed water  a s  a  t h i n  f i lm,  but ,  of course,  f o r  use  

i n  water h a r v e s t i n g  a  margin of s a f e t y  i s  r equ i r ed  s o  t h a t  t he  water 

r e p e l l e n t  s o i l  w i l l  a l s o  r e s i s t  the  impact of the  f a l l i n g  water drop,  

A number of t he  m a t e r i a l s  t e s t e d  were extremely water r e p e l l e n t  and, 

i n  t h i s  regard,  show promise f o r  use  i n  water ha rves t ing  work, 
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PART II, Na-Ca-DEMTXTNG I N  FKEE-SWELLING MOmORILLONITE.  

INTRODUCTLOPJ : 

Despite  t h e  l a r g e  amount of information a v a i l a b l e  on the  swell-  

i n g  of homoionic c l ays ,  r e l a t i v e l y  few workers have t r e a t e d  the  more 

p r a c t i c a l  problem of c l a y  swel l ing  i n  mixedmion systems, The ten- 

dency of Ca-saturated c l a y s  t o  e x i s t  a s  aggregates  05 p l a t e l e t s  a s  

opposed t o  t he  n e a r l y  monodisperse behavior of Na-saturated c l ays ,  

causes more than an academic i n t e r e s t  i n  t h e  e x t e n t  t o  which the  

behavior  of mixed Na-, Ca-clays r e f l e c t s  t h e  behavior of the  homoionic 

c l a y s  themselves , Recent suggest  ions t h a t  ion demixin g ( segrega t ion  

of i n t e r l a y e r  ions  i n t o  e s s e n t i a l l y  Na-saturated and Ca-saturated 

r eg ions )  occurs i n  swollen mixed-ion c l ays  5, 7) as  welL a s  i n  

n a t u r a l  ben ton i t e s  and i n  r e l a t i v e l y  dry c l a y s  6 ) ,  a l s o  r a i s e  the  

ques t ion  of t he  ex t en t  t o  which models assuming nea r ly  uniform d i s -  

t r i b u t i o n  of ions over a12 minera l  su r f aces  of swollen c l a y s  a r e  

app l i cab le .  

To s tudy  t h i s  problem, hypo the t i ca l  models of i n t e r l a y e r  swel l ing  

f o r  Na-, Ca-montmorillonites i n  water,  assuming both the  randomly 

mixed and demixed cases ,  were prepared us ing  the  approach of Fink 

e t  a l ,  (Z) ,  The approach can a s s e s s  t he  amount of i n t e r n a l  su r f ace  

a r e a  a t t r i b u t a b l e  t o  t he  f r ee ly - swe l l i ng  po r t ion  of the  c l ay ,  and 

by d i f f e r e n c e  a s s igns  t h e  r e s t  t o  l imi t ed  o r  non-swelling su r f aces ;  

thus,  i t  was hoped t h i s  approach might s e rve  t o  deduce the  extend t o  

which ion  demixing occurs ,  Prel iminary experimental  d a t a  a r e  pre-  

sen ted  and compared t o  t h e  hypo the t i ca l  models, 

T I E  ORY : 

The expansion of a  f r ee - swe l l i ng  montmori l loni te  i n  a  water system 

may be descr ibed  by: 

where d  i s  the  d-spacing of t he  expanded montmori l loni te  i n  Angstroms; 
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0 
9,4A i s  t he  th ickness  of t he  ind iv idua l  montmori l loni te  s h e e t s ;  W i s  

t 
t he  t o t a l  weight of water  i n  t he  system; W i s  t h e  sumnation 01 the  

e  
water a s soc i a t ed  wi th  e x t e r n a l  su r f aces  and non-free-swell ing i n t e r n a l  

su r f aces ;  S .  i s  the  i n t e r n a l  a r e a  of t he  f r ee - swe l l i ng  por t ion  of t he  
1 

c l ay ;  and -a i s  a combined cons tan t  and conversion f a c t o r  equal. t o  2 x 10 4 

L 
A o m  /g ,  

In  a s a l t - f r e e ,  f r ee - swe l l i ng  system, W can be expected t o  r e -  
e  

main nea r ly  cons t an t  over much of t he  f r ee - swe l l i ng  range, t h e r e f o r e ,  

equat ion  (1) may be w r i t t e n  a s  

Thus, from p l o t s  of d  ve r sus  W one may ob ta in  S Erom the s lope  
t 9  i 

and W from the  i n t e r c e p t .  It was thought tha t  these  relat ionsl . i ips  
e  

might h e l p  so lve  t h e  c a t i o n  mix, demix controversy - a t  LcasL f o r  

the  moisture ranges where the  above f ree-swel l ing  r e l a t i o n s h i p s  have 

been shown t o  apply,  

Conjectured p l o t s  f o r  Na-, Ca-montmorillonite, wi th  ESP equal  

t o  50 and LOO%, and assuming e i t h e r  complete random mixing o r  com- 

p l e t e  demixing a r e  shown i n  F igure  5, The extended legend l i s t s  

t he  equat ions desc r ib ing  each l i n e ,  a long with the app ropr i a t e ly  

imposed condi t ions  and r e s t r i c t i o n s ,  

B r i e f l y ,  i n  summary of F igure  5: f o r  t he  demix model, where 

s e p a r a t e  N a  and Ca d i f f r a c t i n g  domains a r e  formed, t h e  s lope  of the 

swel l ing  l i n e  of d  v s  W should inc rease  a s  the ESP decreases ,  while  
t 

the  Ca-saturated packets  should swe l l  t o  a  maximum of L9,6A; f o r  t h e  

random c a t i o n  mix model t h e  swel l ing  l i n e  f o r  t he  high ESP's should 

co inc ide  roughly wi th  the l i n e  f o r  a  pure Na-system, bu t  a t  low E S P ' s  

t he  p l a t e l e t s  should c o l l a p s e  t o  19.6A, 

r e  5 
P 

Curve I: d = 19.6A 

For: Actual  p l o t  of completely Ca-saturated mont.moriLLuni t c  < ~ n d  
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conjectured plot of limited-swelling packets in Na, Ca- 

saturated montmorillonite systems, 

uw u W 
e Curve IT: d = (9-4 - - t 

S 1 +- 
i i 

For: (1) Theoretical plot for Na-saturated montmorillonite 

(ESP = loo%), (2) Theoretical plot for Na-, Ca-saturated 

montmorillonite where cations are randomly distributed on 

exchange sites, and where free-swelling characteristics of 

a sodium system predominate, 

Assumptions: (1) Complete random distribution of the two types 

of cations on exchange sites; (2) salt-free; (3) Si = 
2 

720 m /g; (4) We = 0.10 g/g. 

uw 
e 

Curve 111: d = ( 9 , 4  - - uWt 
s; ) +- 

S, 

For: Theoretical plot of free-swelling for Na-, Ca-saturated 

montmorillonite where cations completely demix to give 

separate Na and Ca diffracting domains. 

Assumptions: (1) Complete demixing of cations to form separate 

diffracting domains; (2) salt-free; (3) ESP = 50%; there- 
2 

fore, S. = 360 m /g; (4.) We = 0.28 g/g, based on 0.10 g/g 
1 

for water on external surfaces, plus 0.18 g/g for water 

hydrating interlayer portions of Ca-saturated packets, 

UWe 
Curve IV: d = [19.6 f (9 ,4 - - uWt 

S 11 +- 
'i i 

For: Theoretical plot of free-swelling for mixed Na-, Ca-saturated 

montmorillonite where cations completely demix into alternate 

layers to give a regular, alternating interstratification. 

Assumptions: (1) Complete demixing of cations to form a regular, 

alternating sequence of Na-, and Ca-saturated layers and 
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0 
where Ca-layers expand t o  19.6A, and where Na-layers a r e  

f ree-swel l ing ;  (2) s a l t - f r e e ;  (3)  ESP = 50%; the re fo re ,  
2 

Si = 360 m /g; (4) We = 0.28 g/g. 

Curve V: 8 = 21 + 15 Wt 

For: Actual  curve obtained f o r  mixed Na*, Ca-saturated mont- 
A 

m o r i l l o n i t e  f o r  both ESP: 6 1  and 90%. d denotes a l e a s t  

squares  e s t ima te  of d.  

PROCEDURE : 

The specimen montmori l loni te  used i n  t h i s  s tudy was Wyoming ben- 

t o n i t e .  Dispersion, Erac t iona t ion ,  and p u r i f i c a t i o n ,  inc luding  

removal of carbonates  and f r e e  i r o n  oxides,  were c a r r i e d  out  according 

t o  methods proposed by Jackson (4). Excess s a l t  was removed by re -  

peated washes and e x t r a c t i o n s  wi th  a pressure  membrane appara tus .  

The < 2p f r a c t i o n  was Na-saturated by pass ing  d i l u t e  c l a y  suspen- 

s i o n s  through Na-Amberlite IR-120 exchange r e s i n .  A subsample of 

t h i s  Na-clay was s e l e c t e d  t o  r ep re sen t  ESP = 100%. The remaining 

c l a y  was Ca-saturated and f i n a l l y  converted t o  mixed Na-, Ca-mont- 

m o r i l l o n i t e  by s t i r r i n g  subsamples with va r ious  q u a n t i t i e s  of Na- 

r e s i n .  The c l a y  was passed through a s i e v e  t o  remove t h e  r e s i n  

p a r t i c l e s ;  excess  water  was removed by a f i n a l  pass  through t h e  

p re s su re  membrane, and a l l  t he  m a t e r i a l s  were f r eeze -d r i ed  and ground. 

Two gram samples of c l a y  were thoroughly mixed wi th  d e s i r e d  

amounts of water,  then  e q u i l i b r a t e d  f o r  two weeks. The d-spacings 

of t he  wet samples were determined us ing  low-angle X-ray d i f f r a c t i o n  

(2) .  Peak loca t ions  were co r r ec t ed  by d iv id ing  t h e  recorded in t en -  

s i t y  d a t a  by the  combined Lorentz and p o l a r i z a t i o n  f a c t o r s  f o r  

o r i en t ed  samples. Water con ten t s  of t he  X-rayed samples were d e t e r -  

mined g rav ime t r i ca l ly  on 3 0 0 ' ~  d r i ed  m a t e r i a l .  Soluble  s a l t s  were 

determined on the samples by e l e c t r i c a l  conduct iv i ty ,  and exchange- 

a b l e  c a t i o n s  were e x t r a c t e d  us ing  NH OAC. 
4 
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RESULTS AND DISCUSSION: 

The experimental  d a t a  f o r  these  mixed ion systems a r e  presented 

i n  Table 2. Included a r e  the ESP, t he  water  conten ts ,  the co r r ec t ed  

d-spacings of t h e  two major peaks of each d i f f rac togram,  the  peak 

i n t e n s i t y  r a t i o  of t h e  low-angle peak divided by the h igh  angle  peak, 

and the  s a l t  concen t r a t ion  of each sample. 

The d i f f rac tograms a t  ESP 1.4 and 1 2 , l  were dominated i n  a l l  

c a ses  by a  s t r o n g  peak near  19.6A, t h e  spacing of which was i n v a r i a n t  

wi th  water conten t  w i th in  the  range t e s t e d .  The peaks a t  3 5 - 4 0 A  

roughly co inc ide  wi th  the  expected second order  f o r  t h i s  19,6A peak, 

bu t  were found t o  p e r s i s t  even a f t e r  a i r -d ry ing  the  sample. The 

peak probably a rose  from a smal l  q u a n t i t y  of r e s i n  p a r t i c l e s  which 

remained i n  t h e  c l a y  fo l lowing  the  sample p repa ra t ion  procedure, 

The loca t ions  of these  peaks have been placed i n  parentheses  i n  Table 

2, a s  they appear t o  be  experimental  a r t i E a c t s  and should be d i s r e -  

garded dur ing  a n a l y s i s  of t h e  d a t a .  

The i n t e n s i t y  of t h e  19.6A peaks remained q u i t e  s t r o n g  through- 

out  the  water range used, b u t  i n t e n s i t y  d id  gradual ly  decrease  as  

water conten t  increased ,  This gradual  decrease i n  i n t e n s i t y  i s  

undoubtedly due p r imar i ly  t o  t he  absorp t ion  and random s c a t t e r i n g  

of the X-rays by t h e  water  phase, r a t h e r  than t o  a  diminut ion of the 

19.6A phase, i , e . ,  t h e r e  was no X-ray evidence f o r  a  h igh ly  expanded, 

f r ee ly - swe l l i ng  phase. Thus, t he  d a t a  suggest  (bu t  do no t  n e c e s s a r i l y  

prove) t h a t  complete ion-demixing does not  occur f o r  ESP,< 12. 

The d a t a  f o r  ESP = 41 i s  even more insecure .  Again the  two peaks 

a t  about 20 and 40A were present ,  bu t  t he  i n t e n s i t i e s  of t he  20A phase 

were c o n s i s t e n t l y  lower than  f o r  t he  two lower E S P ' s .  Also, these  

20A peaks were q u i t e  broad (even a t  t he  lowest water con ten t s ) ;  they 

became more d i f f u s e  a s  more water was added, and f i n a l l y  became 

unresolvab l e  from the  40A peaks. 

The low i n t e n s i t i e s  of t h e  20A peaks could be due t o  a  reduced 

number of d i f f r a c t i n g  p l a t e l e t s  of t h i s  spacing, caused by the  p re -  

sence of a  h ighly  expanded phase; however, no p o s i t i v e  evidence f o r  
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such a  f reely-expanding,  s e p a r a t e  d i f f r a c t i n g  phase e x i s t e d .  So, again,  

t he re  was no d i r e c t  X-ray evidence f o r  a  h igh ly  expanded, f r ee - swe l l i ng  

phase, b u t  again,  such a  phase cannot n e c e s s a r i l y  be precluded.  

P l o t s  of d-spacing ve r sus  t o t a l  water  con ten t  (W ) f o r  both ESP, 
t 

60.1 and 91,2% were l i n e a r ,  and both conformed t o  t he  l i n e  8 = 21 + 15 
n 

Wt,  a s  shown by l i n e  V i n  F igure  5 (d denotes  a  l e a s t  squares  e s t i m a t e ) ,  

Thus, a  f r e e l y  expanding phase was d e f i n i t e l y  p re sen t .  There was no 

evidence f o r  c a t i o n  demixing i n t o  s epa ra t e ,  cohe ren t ly  d i f f r a c t i n g  

domains, i , e , ,  t h e r e  were no s t a b l e  19,6A peaks.  Unfortunately,  one 

cannot  i n f e r  from t h i s  t h a t  random mixing d e f i n i t e l y  occurred.  This 

is  simply because t he  l i n e  of d-spacing vs. Wt f o r  ESP 60 and 91% d id  

n o t  even come c l o s e  t o  conforming t o  t he  r equ i r ed  Line, i , e . ,  l i n e  I1 

i n  Figure 5, Obviously, t h e  amount of e x t e r n a l  water  i n  the system 

increased  p ropor t i ona t e ly  a s  W increased .  Apparently,  the  excess  
It 

s a l t  i n  t h e  system (Table 2) p a r t i a l l y  r e s t r i c t e d  t h e  double layer ,  

thus  f o r c i n g  water  i n t o  t h e  e x t e r n a l  g e l  s t r u c t u r e .  The discovery 

of t h i s  s a l t ,  almost a s  an a f t e r t h o u g h t  near  t h e  end of t h e  experiment,  

came a s  a  s u r p r i s e  and a  disappointment ,  S i l v e r  n i t r a t e  and conduc- 

t i v i t y  tests 017. t h e  extract from t h e  p re s su re  membrane had ind i ca t ed  

t h a t  a l l  excess  s a l t s  had been removed, bu t  appa ren t ly  t h i s  was not  so.  

An a t tempt  i s  c u r r e n t l y  i n  progress  t o  extend equa t ion  (1) t o  s i t u a t i o n s  

where s a l t  i s  presen t ,  and an a t tempt  i s  a l s o  be ing  made t o  u t i l i z e  

t h e  p r i n c i p l e s  of double- layer  theory  t o  exp la in  t he  p re sen t  d a t a ,  

SUMMARY AND CONCLUSIONS: 

Swell ing p r o p e r t i e s  of mixed Na-, and Ca-montmorillonites were 

examined us ing  X-ray d i f f r a c t i o n  i n  an at tempt  t o  s e t t l e  t h e  e x i s t i n g  

c o n f l i c t  a s  t o  whether t h e  c a t i o n s  demix i n  such systems i n t o  mond- 

s a t u r a t e d  sub-uni t s .  For ESP,< 40%, only t h e  Ca-control led L9.6A 

spac ing  was observed. Resu l t s  showed t h a t  f r ee - swe l l i ng  occurred a t  

ESP 60 and 90% and t h a t  t h e  swe l l i ng  p l o t s  of d-spacing ve r sus  t o t a l  

water  con ten t  ( w ~ )  f o r  t h e s e  two ESP's were i d e n t i c a l ,  both fo l lowing  

t h e  l i n e :  d  = 20 + 15 W t .  Absence of a 19.6~4 X-ray peak f o r  ESP > 60% 
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strongly suggests that cation demixing into separate, coherently, 

diffracting domains does not occur. However, since the free-swelling 

line did not conform to the expected theoretical line for random 

mixing of cations, the complete solution of the demixing problem 

remains obscure. 
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Table I .  So i l s  and physical  cons tants  

E f f e c t i v e  pore r a d i i  
S o i l  P a r t i c l e  s i z e  Surface a rea  A i r  e n t r y  (La) Radi i  ( r )  

Sand S i l t  Clay cro water  3 
cm (x10 ) 

0 

Play sand 96.8 0.5 2 - 7  16 - 4  -20 7.43 

S a l t  River bed sand 87.3 10.7 2.0 23.4 -3 7 4.02 

* 
a Flushing Meadow 90.4 5.3 4.3 21.5 

I 
F 
w Control sand 39.8 60,2 6.9 32.2 

Pachappa 50.3 41.9 7.8 22.2 -132 1.12 

Granite  Reef 51.9 41.3 6.8 71.5 - 112 1 -33  
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Table 2 ,  Experimental data  f o r  mixed ion c lays .  

Average 
ESP Water Content X-Ray Peak Locations Peak In tens i ty  Ratio Salt: 

('low ~ ' % i g h  L 1 Concentration 
0 x % A (mes  / 1 )  

- -- - 

60.1 7 9 33 19 -7 0 - 2 3  58 - 9  
124 3 8 2 2 2.0 37.5 
168 49 27 5 .1  27.7 

-P 
a 20 9 5 0 28 4.2  22.2 
I 

I-' 
263 6 1 3 4 3.3 17.7 

C- 

41,O 7 9 19,3 37 7.6 130.4 
9 9 20,3 4 4  5 ,8  104.0 

120 20,2 45 4 , 8  85.8 
-7- 189 J; * 
3- iL 2. 

54.5 
27 2 37.9 

- 

>- 3road, poorly defined peak systems. 
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figure i. Contact angle of warer on soil surfaces treated with R-20. 
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Figure 2 ,  Contact angle  of water on s o i l  su r f aces  t r e a t e d  with 

s i l i c o n e s ,  
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F i g u r e  3 ,  Breakthrough pressures for several primary amine and 

quaternary ammonium salts, Annual Report of the U.S. Water Conservation Laboratory



Figure 4-* Brezkthrough pressure curves for several Pypes of organic 

coating materials, 
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F i e r e  5 ,  Acrual and c o n j e c t u r e d  p l o t s  of s w e l l i n g  of mixed N a - ,  

Ca-ben ton i te  assuming e i t h e r  c o a p l e r e  mixing o r  complete  

dernixing of the i o n s ,  
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THE USE OF FLOATING S O L I D  AND GRANULAR MATRII7A1,S 

T O  REDUCE EVAPORATION FROM WRTEK SURFACICS 

CRLS WORK U N I T :  SWC W7 gG-3 CODE NO, : RI-iz.-WCI, 67- -3  

LNTRODUCT LON : 

The economics of u s i n g  f l o a t i n g  m a t e r i a l s  t o  r cduce  cvnporalion 

has been demons t ra ted  ( s e e  1.965 A ~ ~ n u a  l Repor t  WCL-91, llowever , s i nce 

no i d e a l  m a t e r i a l  h a s  been d i s c o v e r e d ,  and due Lo nn t v c r - i n c r e a s i n g  

l i s t  of p o s s i b l e  materia1.s  t o  u s e ,  c o n t i n u e d  r e s e a r c h  i s  n c c c s s n r y ,  

Also ,  sone  m a t e r i a l s  may b e  economica l ly  f e a s i b l e  on smaJ.l talrks, b u t  

a r c  not p r a c t i c a l  on Larger b o d i e s  oE w a t e r ,  

'Chree l i n e s  of r e s e a r c h ,  concerned w i t h  p r o v i d i n g  i n s i g h t  i n t o  

t h e  d e s i g n  of  f l o a t i n g  c o v e r s  t o  r e d u c e  e v a p o r a t i o n ,  d r c  discussed i n  

t h i s  r e p o r t .  The f i r s t  c o n s i s t e d  of t e s t i n g  mate r i a l - s  on t h ~ '  2, 1 171 

d i a m e t e r  i n s u l a t e d  e v a p o r a t i o n  t anks  t o  de te rmine  t h e  ir csf l i c i c n c y  i n  

r e d u c i n g  e v a p o r a t i o n ,  The second w a s  a  f i e l d  s t u d y  oS s i l i c o n c  

t r e a t e d  p e r l i t e  o r e ,  on w11ich d a t a  a n a l y s i s  i s  now ct->urtpLctc, The 

t h i r d  c o n s i s t e d  of s t u d y i n g  t h e  complete  h e a t  budget of  pLrr t i  a  l l y  

covered  t anks ,  u s i n g  a  v a r i e t y  o l  s i z e s  and shapes  o i  c o v c r s ,  

A I EVAPOWI ' IQN REDUCTION E F F I C I E N C Y ,  

Procedure_. Two new m a t e r i a l s  c o i x i s t i n g  of' foiirncld w a x  chip'. 

and l i l y  pads were t e s t e d  on the  t a n k s  a l o n g  wi th  n ncw snnq) lc  of 

Ioclmed wax blocks  ( s e e  1.967 Annual Repor t )  , The wax c h i p s  wcrc 

made of a h i g h e r  m e l t i n g  p o i n t  wax than  the foamed wax b l o c k s ,  Thcse 

c h i p s  were approx imate ly  2 t o  3 c n  a c r o s s  and were ~ r r c g u l a r  shnpecl; 

t l ~ e r t . f o r e ,  Lhey covered  more of t h e  s u r f a c e  a r e a  than clicl t hc  rouncl 

f oaned wax b 1.ocks , 

Four l i l y  pad p l a n t s  were p l a c e d  i n  wooden boxes f 1 l lccl w i c t r  

s and ,  and t h e  boxes were ].owered inho  a n  e v a p o r a t i o n  t anlc pa r t  i a  1 i y  

C i  1 Lcd wi th  w a t e r .  A f t e r  t l le  p l a n t s  were c s  ~ a b  l i s l~ec l ,  evnporn t i o n  

I r o n  a l l  pauLia1l.y covered  t a n k s  was compared w i t h  evapor:>Lt i o n  i rom 

an open t a n k  t o  d e t e r m i n e  t h e  e v a p o r a t i o n  r e d u c t i o n  c l f i c i e n c y  of 

t h e  v a r i o u s  c o v e r s .  
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R e s u l t s  and D i s c u s s i o n .  The ef  Lic icrlcy of  t h e  ma( e r i a l s  ~ e s  t ed 

i.11 reduc ing  e v a p o r a t i o n  i s  p r e s c n t c d  i n  Tablo I, In n l  l cast.s the  

e f f i c i e n c y  decreased  w i " i  t ime,  For  he wax rnaLcr is [.his may be 

p a r t i a l  l y  clue t o  130 t h  i n c r e a s e  i n  temperature  aiid CL cliisccl Lora i i o n  

from d u s t  deposiLed on t h e  wax, For the l i  ly  pacls, a s  ~ h c  lwa t  i n -  

c r e a s e d  t h e  p l a n t s  showed s i g n s  o f  s t r e s s ,  and t i le  leaves turr-tcd I o 

a  d a r k e r  green w i t h  yellow-brown p o r t i o n s ,  These changes wo~r 1 tl l e o d  

t o  d e c r e a s e  t h e  r e f l e c t e d  r a d i a ~ i o n  and wou 1 d t h e r e f o r e  incxe,rsc t h e  

energy a v a i l a b l e  f o r  e v a p o r a t i o n ,  o r  clccrease the  evapora  t  i o n  r e d u c t i o n  

e f E i c i e n c y  a s  t h e  d a t a  i n d i c a t e ,  

The e f f i c i e n c y  of t h e  L i ly  pads decreased  r a p i d l y  a s  t h e  a i r  

t empera tu re  i n c r e a s e d ,  and they were of L i t t l e  or no  value at t h e  

end of t h e  s t u d y  p e r i o d ,  Th is  method of e v a p o r a t i o n  seduc i  i o n  may 

be economical. i n  a r e a s  where c o n d i t i o n s  a r c  conducive to t h c  growth 

of L i ly  pads,  b u t  was n o t  under t h e  con iCions  oC t h i s  exper iment ,  

The e f f e c t  of r o o t  growth on scepagc wouici d l s o  need i n v e s t  i g a t i o n ,  

The ef  f  i c i e n c y  of t h e  loamecl wax 1s locks 501 lowed e s s e n t i a  l l y 

t h e  same p a t t e r n  a s  t h e  p r e v i o u s  year ,  s t a r  l i n g  a t  70% and decuc~as  i ng 

t o  G Q h s  t h e  top p o r t i o n  mel ted and changed c o l o r ,  'l'hc foamed wax 

c h i p s  d i d  n o t  m e l t  on top,  due t o  t h e  u s c  of h i g h e r  meLting p o i n t  

wax, b u t  because  of a  d i f f e r e n t  t e x t u r e  Lerirled t o  draw the  wa ic r  up  

the  s i d e s  and e v e n t u a l l y  over  a lmost  t h e  e n t i r e  s u r f a c e ,  ihus  ex-  

p o s i n g  more wn1:er a r e a  and r e d u c i n g  t h e  ef  f i c i e n c y  , 

STUDY OF P E R t l T E  OLE : 

S i l i c o n e  t r e a t e d  p e r l i t e  o r e  was t e s t e d  ullder f ieLd 
2 

c o n d i t i o n s  on a  320 m pond a t  Tucson, Arizona Prom 15 February  t o  

30 November 1967. Th is  s t u d y  was conducted hy t h e  U n i v e r s i t y  of 

Arizona,  Water Resources Research Cente r ,  un e r  c o n t r a c t  t o  t h c  

Laboratory .  Evapora t ion  on t h e  Lredi-ed, and a s i m i l a r  tlr1tre~ttt.d 

con t ro3  pond, were moni tored t o  dc ie rmine  t h e  c f I i c i c n c y  of Lbp 

p e r l i t e  i n  r e d u c i n g  e v a p o r a l i o n ,  The amounL o I  pe r1  i t e  added, the 
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percentage of surface area covered, ard wind speed ~ n d  clireciion 

treatment reduced evaporaLion by 18,8% with a ioial o i  3-03 m 3 

3 (LO7 f t  ) of perlite being losL from the surface, clue i n  wind action 
2 

or sinking, For an average surface a r e a  oS 320 rn , and a tot<iI sav- 
ings of 28-22 cm 9,926 f t) of waler, thjs would amount. to a havings 

of 89,000 liters (23,500 galLor~s), Rclzztjng the water saved Lo t i l e  

perlite consumed, an average of 29,000 i i ec rs  per cuhjic mct cr (220 

gallons pcr cubic foot) is obtained, Tlze c o s t  o r  pcrliic during 
3 

i h i s  s i u d y  was $10 -60 per m3 ($0 ,30  per Ct ), wl-ii ch when cower ird 

to cost of water saved, represents a cosL of $0-36 p c ~  1,000 Lrters  

($1,36 per 1,000 galbons), This cost a's considernbly less than 

those reported for evaporalion reduct ion on srrlall. p o d s  using mono- 

molecular films, and siliconc trcar cd p c r l  it e wou  ld irhus he cconorrr i -- 

cal far use on small ponds or ~cock lank~, This would bc pa.rtic~~i~il-ly 

true where water must be hauled if the supp1.y is depleted, 

I As shown i n  Table 2, approxitnately two-rlmirds of  the perlite 

either sank or blew away, Previous siudics on cvapor'li ion t a n k s  

indicate that most of the Loss is clue Lo sinking, An i~nproved 

silicone or other waterproofing LreatmenL, both i n  respect. Lo durn- 

bility and coverage, would ihercfor c he dcsir~zblr, 'I'his could 

reduce tile cosL of water saved coi-rsidcrahly, since less ~uatctri,+ 1 

(which is essentially the onLy cost because Lhcre is n o  dispensing 

equiprnenL needed) would be rcqu ired, 

Measurements of the diurnn l. oxygen conten t  or c J ~ c  I wo ponds 

indicated that, alchough variable f r o m  day t o  day, oxygen in Lhc 

covered pond was lower over rhc study period i h m  Lhac in thc 

control pond, This a parent I y had LiLLLc? e f  EccL, i~owever, since 
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f i s h  p laced  i n  each pond were weighed a t  t h e  beg inn ing  and end O F  

t h e  p e r i o d  and no s i g n i f i c a n r  d i f f e r e n c e  was no ted  i n  t h e i r  growlh 

r a t e .  On t h e  b a s i s  of t h i s  s t u d y ,  i t  appears  r h a t  i t  w i l l  bc 

p o s s i b l e  t o  reduce  e v a p o r a t i o n  u s i n g  f Loa t i n g  p e r  li Ce ore  wi thout  

s e r i o u s l y  d i s r u p t i n g  f i s h  growth,  

PART TTI ,  I-EAT BUDGET STUDIES, 

a c e d u r e .  The n e c e s s a r y  met-eorological ,  hear f low and evapora-  

Lion d a t a  t o  de te rmine  a  complete h e a t  budget on each of t h e  f o u r  

i n s u l a t e d  e v a p o r a t i o n  tanks  was r e c o r d e d ,  Th is  d a t a  was monitored 

each 30 minutes  by means of an  au lomat ic  d a t a  a c q u i s i t i o n  system, a n d  

was recorded  on paper  t a p e  f o r  e a s e  o f  p r o c e s s i n g ,  A f t e r  measur ing 

o r  c a l c u L a t i n g  t h e  energy  components Rn, C and 12, the  c n f r g y  o r  

h e a t  ba lance  e q u a t i o n  w r i t t e n  a s  Rn f C: 4- A + LE = 0 was used 1-0 

de te rmine  A,  I n  t h i s  e q u a t i o n ,  Rn i s  t h e  n e t  r a d i a t i o n ,  G i s  cl-re 

h e a t  s t o r a g e  i n  t h e  wa te r ,  LE i s  t h e  energy used i-n e v a p o r a t i o n ,  m c t  

A i s  the  s e n s i b l e  h e a t  t r a n s f e r  t o  o r  from t h e  a i r  s i n c c  the  t anltr; 

were i n s u  l a t e d ,  

%Ihrec d i f f e r e n t  s e r i e s  of sLudies  were conducted u s i n g  ~ w o  

m a t e r i a l s  and s e v e r a l  d i f f e r c n t  shapes  and s i z e s  of c o v e r s ,  The  

m a t e r i a l s  used were 15 ml. butyl .  rubber  pail-kted whiLe (see 1967 A11n1i;li 

Repor t ) ,  and w h i t e  s ty rofoam of 5 em t h i c k n e s s ,  A l i  covers  were r o u n d ;  

however, d u r i n g  t h e  last s t u d y  a l a r g e  s e c t i o n  (94.6 cm diarnct e r )  was 

removed from t h e  c e n t e r  of one cover ,  and twelve snta l l  secLions  (27,3 

cm d iamete r )  were removed from approximately  equclLLy spaced p o i n l s  on 

a n o t h e r  cover .  These two c o v e r s  each covercd 76  pcrccnt of t l w  s u r -  

f a c e  a r e a .  The p e r c e n t a g e  of s u r i a c e  a r e a  covered by o ther  covers  

used v a r i e d  from 87 t o  26%. 

The f i r s t  s t u d y  compared a  wk~iLe b u t y l  cover  (cover ing  86'7, o f  

t h e  s u r f a c e  a r e a ) ,  and a  whiee styi-of oam cover  (cover ing  802 oC ~ h c  

s u r f a c e  a r e a )  w i t h  an  open t ank .  The second s t u d y  compared s ~ y r o f o a r n  

c o v e r s  of 87,  51, and 26 p e r c e n t  coverage,  wiLh an  ope11 lank,  'The 

l a s t  s t u d y  was a comparison of a l a r g e  s tyrofoam cover  ( c o v e r i n g  87'/ 
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of  ~hct  s u r f a c e  a r e a ) ,  and the. two p r e v i  o u s l y  men L i o i l ~ d  C O V C ~ ~ . ' ;  (which 

each covered 76% o f  t h e  s u r f a c e  area and w i  li bc. rcrcr i -cd l o  <I:; 1 -  

h o l e  and 12-hole c o v e r s ) ,  w i t h  a n  open Lank, 

R e s u l t s  and D i s c u s s i o n .  Resizlts of t h c  h c a t  budgcf s t u d i v i  a r c  -------- 
p r e s e n t e d  a s  d a i l y  s u m i a r i c s  i n  Tab j c 3 ,  L ~ ~ i ~ l  i h c  ~ v a p o r ~ i  t j 011 ~ I T C ~ L I C -  

Lion d a t a  o b t a i n e d  d u r i n g  t h i s  s e r i e s  of s t u d i e s  i s  p rcscn icd  i n  

Table  4 ,  A n a l y s i s  of t h e  h e a t  budget d a ~ a  ind ica t -cs  that. t h c  b u i y i  

cover  is  more e f f i c i e n t  t h a n  t h e  s  tyrofoam c o v e r s ,  I > E C R U S C  il: L I - ; ~ I I S -  

Lers  energy t o  t h e  atmosphere i n  t h e  form nl' s c n s i b l c  h c ~ t ,  w l~c~ren :~  

I he  s t y r o f  oan c o v e r s  o b t a i n  energy frotn t h e  a trtiosphere, thus  I ltcrca:, - 
i n g  Lhe energy a v a i l a b l e  t o  h e  used i n  t h e  e v a p o r a t i o n  p r o c e s s ,  A 

Look a t  Table  5, which p r e s e n t s  t h e  re l t z t ions l l ip  bctwecn t h e  L - L ~ C ~ U C ~  i ~ 3 n  

i n  ncL r a d i a t i o n  and e v a p o r a t i o n  f o r  t h e  coverccl l anks  a s  cowpared L o  

I he open Lank, would a g a i n  incl ica te  l h a t  the  hut y l cover- is  anore 

e l f i c i e n t .  However, when Table  4 is  c o n s i d e r e d ,  i i appcrrl.s LhaL 

t h e r e  i s  L i t t l e  d i f f e r e n c e  i n  t h e  e f l i c i e n c y  ol: t h e  two m a ~ c r i a l s ,  

a s  f a r  a s  t h e i r  a b i l i t y  t o  reduce evaporn i ion  1 s  coinccrnt~cl, I t  

should  b e  no ted  thaL on I. and 2  August, che nc t  r a d i a t i o n  over  ~ h r  

b t i ty l  c o v r r  was c o n s i d e r a b l y  l a r g e r  than t h a t  over  t h e  s t y  roCo,un 

cover ,  w h i c l ~  a c t u a l l y  covered J s m a l l e r  pe rcen tage  o i  t h e  a r e a ,  

Th is  may i n d i c a t e  thaL t h e  aJbedo of Lhc: b u t y l  was Lower lhdil ~ h a c  

oL tl-rc s t  yrofoam, and i f  t h e  two were e q u a l ,  t h e  b u t y l  woul-d then 

be s i g n i f i c a n t l y  b e t t e r ,  However, t h e  t e l iqxra tu re  of l h e  s u r  f,we ol 

Lhe cover  and t h e  s ~ l r f a c e  of t h e  w a t e r  n o t  covered must a l s o  be 

cons idered ,  and d a t a  a r e  no t  y e t  a v a i l a b l e  t o  v a l i d a t e  t h e  above 

assumption.  

The s t u d y  wi th  t h r e e  d i f f e r e n t  sizc'd st yroUoarn covers  prodcrt.rcl 

s a v i n g s  of 84, 48> and 22"/,or a r c n s  covered of 87,  51 and 26';/,, T'hss 

and prev ious  s t u d i e s  i n d i c a t c  irhar t h e  sLyro1oam covers  w i  J l  reduce 

e v a p o r a t i o n  w i t h i n  a  few p c r c e n ~  of t h e  arnouni- o l  s u r r a c c  a r e a  covcrc.d, 

The s tudy  i n v o l v i n g  t h r e e  sty]-ofolzm covers  o i  cl i P f e r c n t  sii.lpe 

produccd e s s e n t i a l l y  the sxrm resti  l L S ,  It a l so  p o i n t e d  o u t  Lhnt. Lor- 
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Lhe same p e r c e n t a g e  of su rSace  a r e a  coverecl, t h e  cover  i~ii1-1 one L'irgc 

k~olc! i n  t h e  c e n t e r  was more cfPici.erlt 1.11atl thc? cover  c ~ i t h  1 2  sinall. 

h o l e s ,  S ince  t h e  n e t  r a d i a t i o n  was t h e  same o v e r  boi 11 cover; ,  [ l ie  

d i f f e r e n c e  must e i t h e r  bc due t o  a  d i f f e r e n c e  i n  rougiiness,  o r  a 

d iCfc rence  i n  vapor  g r a d i e n t ,  In o the r  words, cvi>n cln i11i.s ve ry  

s m a l l  s c a l e ,  t h e  f e t c h  may be  i m p o r l a n t ,  N e i t h e r  roughrlcss 1101 vc~p t ) i -  

g r a d i e n t s  were measured on the  n e c e s s a r y  s c a l e  Lo a l l o w  any  mnre con- 

c  l u s i v e  cotnments. 

SUMNARY AND CONCILJSIONS: 

Foamed wax h a s  many of t h c  p r o p e r t i e s  d e s i r e d  i n  ;1 i ' l r ?a t ing  

m a t e r i a l  t o  r educe  e v a p o r a t i o n ,  such a s  w h i t e  c o l o r ,  e s s c  o f  Lranspur- 

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

However, unc les i rab le  p r o p e r t i e s ,  such a s  low me?.l ing p o i n t  o r  rough 

t e x t u r e  of t h e  samples s t u d i e d  t o  d a t e ,  rr~altc il ilc?ce:;:,ary t o  c leve lc~p  

new sarnpLes b e f o r e  f i e l d  s t u d i e s  a r e  conducted on t h i s  m a i c r i n l ,  

The u s e  of  l i l y  pads i o  r educe  e v a p o r a t i o n  may \PC e c o n o t n i t ~ l  i n  

a r e a s  where cond i  t i o n s  f o r  t h e i r  growth 'Ire f a v o r a b  Le, The e f f e c  t , 
i f  any,  oi: t he  r o o t  sys tem on seepage froni unl i ncd  1)onds would  have 

t o  b e  i n v c s ~ i g a t e d  L O  s e e  i P  hcrir,fi t s f rnrrt evaporal  i o n  I - c t l ~ ~ c ~  i oil wcrc. 

g r c a t c r  tl~nrr l o s s  from i n c r c ~ s e d  s r>cp ;~ge .  

S i l i c o n e  t r e a t e d  p e r l i t e  o r e  was used Lo reducc  evnporaLlon or1 n 
2 

320 m pond, and proved t o  be boLh p r a c t i c a l  and ecoru3micaL, F i s h  

p l a c e d  i n  t h e  pond exper ienced  c s s e n t i a L i y  t h e  same g u o w ~ h  rat c?s '1s 

those  i n  rrn u n ~ r e a t l e d  pond, A b e t t e r  ::i Licone kreatmc>nL wctul d recluc:c~ 

t.he amount of p e r l i t e  l o s t ,  and wou Ld proba1tl.y d e c r e a s e  tlrc cos t  of 

waLer saved,  which was $0-36 p e r  1,000 l i t e r s  ($L,36/1,000 g a l , )  i n  

t h i s  s t u d y .  

ileal: budget sLud ics  i ikd ica te  '1 t h i n  c o v e r ,  such as l)tiLyL r u b h c r ,  

may bc more e f f i c i e n t  than  a  Lhi tk  cover  s u c h  a s  5 cin Lhick  st ycolo ,m,  

However, cvapora t i o n  r c d u c ~ i o n  mcrlsu rmwn l.C; S ~ O W C ~  t l ~ c l  t w o  L O  I>c 

e s s e n t  i a l 2 y  t h e  same, More rcsc~arc-h is  t h e r e f o r e  ncedt~cl L o  d < ~ ~ c ~ r r n i n i ~  
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which would be b e s t  i f  both had the same albcdo,  R e s u l t s  u s i n g  b o t h  

types showed t h a t  the evaporat ion r e d ~ ~ c  t ion  was esseriC i d  L J y 11ic snirtc 

a s  t h e  percentage of a r e a  covered, 

PEKSONHEL: Keith R, CooLey 

CURRENT TERM[LNA%LON DATE : December 1970 , 
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r- i a b l o  I, Evaporation reduction using fioating mter i a i s ,  

Open Famed Wax Blocks Fomed Wax Chips Li Ly Pads - - 
F Evap, Evap, Red, Area Evap. Red. Area Eva?. ne2. Area 

Period Covered Covered Covered 

7 0 
Estimated 5,49 45 Estimated Estimated 
75-80 85-90 L 3 10-15 
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Feb 15-22 397 0,07 1 0,049 
22-Mar 1 535 . 089 ,089 

iar 1-8 535 -099 --- 
Totals 0,256 0,257 

" 15-22 478 .08L , L l I  
" 22-29 47 9 . I  26 
" 29-Apr 5 505 .078 .103 

A p r  5- 1 2 544 .118 .I43 
" 12- '19 64 2 .085 . .I01 
" 19-26 475 .121 i 4  2 
" 26-May 3 486 -125 -155 

May 3- LO 4 63 . L1L -165 
" 10-17 517 .I46 . 180 
" 17-24 37 3 a 121 .I55 
" 24-June I - Drnii-ic and Fir 1 ed Ponds 
in 1-7 54 6 . L 20 . 147 

' I  7-LL, 63 2 ,181 -218 
" 14-21 464 -142 .180 
" 71-28 451 ,141 - 1 7 7  
" 28-,Jul 5 475 .I59 .L13 

~ i r l  5-12 474 . 102 -127 
" 12-19 46 2 ,122 -159 
" 19-26 417 ,138 .176 
" 26-Aug 2 330 - 106  . L 26 

Aug 2-9 3 10 . 120 -138 
" 9-16 3 7 7 . LO6 . 112 
" i6- 23 358 .I35 -146 
" 23-30 4 40 .I50 .156 

nllg30-Sep 6 680 .118 .I66 
3p 6-13 263 . SO4 .113 
I 1'3- 20 33 2 .121 .r43 
" 20-27 610 - 1  24 . 160 
' 27-OCL 4 451 . 102 .I36 
:t 4-11 27 1 .093 . I12 
" 11-18 440 ,099 .I77 
" 18-25 264 A79 .10 3 
' 25-Nov 1 370 .080 , 102 
" 1-8 215 .05 1 -070 
" 8-15 34 3 -066 -079 
' 15-22 283 .O54 -06 1 
' 27-30 260 -042 .051- 

To t  aLs 4,922 3.99b 

S e p  I ?  ( 1 2 )  

' I  2'1 (8 

Oc I. 4 (8) 
I' 16 (8) 

Nov 1 ( i i )  

12c.mdi ndcbr 50 ---'_I_ - I t  ; 

'I 'oral used 107 cu i'l 
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Tank 

Tank #I. 

Tank $ 2  

Tank $3  

Cover & % Area 

Rn 

G 

LE 

A 

Cover & % Area 

Cover & % Area 

Cover & X Area 

AUGUST 1968 

Styrofoam (87%) 

-93 -71 -95 

-517 -371 -519 

Styrof oan (87%) 

Open 

4 416 4 2 2  

69 -116 -55 

-467 -352 -362  

- 26 52 - - 3 

S t y r o E o a ~  (76%-1 hole) 

81 81 8L. 

28 15 -11 

-132 - I .Z - j  -75 

23 2 2 3 

Styroioam (763-12 hole) 

8 1 8 1 8i. 

3 0 10 - 8 

-1% - 1 3 2  -96 

3 5 LL 2 0 
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Table L ,  E v a p o r a t i o n  r e d u c t i o n  u s i n g  f l o a t i n g  m a t e r i a l s ,  

Cover 

P e r i o d  

ITnite B u t y l  

Covered 
Evag. Red, Area 

Covered. 

11 Oct - 18 Oct 

Unly 7 days  of good d a t a  d u r i n g  t h i s  p e r i o d  due t o  r a i n  and f i l l i n g  t a n k s  
1 1  1 1  I I t 1  

,% , kl.\. 10 " " " I 1  I f  1 1  l i  I i I 
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Table 5, Reduction in net radiation compared to evaporation reducrion, 

% Reduction in net radiation % Reduction in evaporation as 
as compared to open tank compared to open tank 

Measured Calculated 

Period 1 - 2 Aug 1968 
White Butyl (86% cover) 
Styrofoam (80% cover) 

Period 14 - 16 Bug I968 

Styrofoam (87% cover) 
I t (51% cover) 

(26% cover) 

1 
t-- 
N Period 2 2  - 24 Aug 1968 

Styrofoam (87% cover) '3 3 
I I (76% - 1 hole) 80 
I I (76% - 12 hole) 8 0 

Annual Report of the U.S. Water Conservation Laboratory



TITLE : WASTE-WATER RENOVATION BY SFREADING TREATED SEWAGE 

FOR GROUND-WATER RECHARGE 

CRIS WORK UNIT: SWC W4 gC1 CODE NO.:  Ariz.-WCL 67-4 

PART A. 

INTRODUCTION : 

The y e a r  1968 was t h e  f i r s t  y e a r  of f u l l - s c a l e  o p e r a t i o n  of t h e  

p r o j e c t .  I n  t h e  s p r i n g ,  g r a s s  was seeded i n  f o u r  o f  t h e  s i x  b a s i n s ,  

a n o t h e r  b a s i n  was covered w i t h  a g r a v e l  l a y e r ,  and t h e  s i x t h  b a s i n  was 

l e f t  i n  t h e  o r i g i n a l  s o i l  c o n d i t i o n .  A l l  b a s i n s  were s u b j e c t e d  t o  t h e  

same i n u n d a t i o n  s c h e d u l e s  which c o n s i s t e d  o f  sequences  o i  s h o r t  inunda-  

t i o n  p e r i o d s  o f  about  2 days e a c h  and o f  long i n u n d a t i o n  p e r i o d s  of 

about  2 wks each ,  The l a b o r a t o r y  f o r  w a t e r  q u a l i t y  a n a l y s e s  was f u l l y  

s t a f f e d  and equipped, and a n a l y t i c a l  p rocedures  were established, 

A d d i t i o n a l  o b s e r v a t i o n  w e l l s  were i n s t a l l e d  e a r l y  i n  the  y e a r  t o  

pe rmi t  sampling of r e n o v a t e d  w a t e r  from t h e  g r a s s  b a s i n s  and from t h e  

non-grassed b a s i n s ,  Also, w e l l s  were i n s t a l l e d  o u t s i d e  t h e  b a s i n  a r e a  

t o  sample renova ted  w a t e r  a t  g r e a t e r  h o r i z o n t a l  d i s t a n c e s  from t h e  

r e c h a r g e  b a s i n s ,  and t o  permit  e v a l u a t i o n  o f  ground-water t a b l e  

p r o f i l e s  . 
The h y d r a u l i c s  of t h e  r e c h a r g e  flow system benea th  t h e  wa te r  

t a b l e  was f u r t h e r  ana lyzed  w i t h  a  r e s i s t a n c e  network ana log  and sup-  

plemented w i t h  f i e l d  measurements. The ana log  was a l s o  used t o  

deve lop  g u i d e s  f o r  t h e  d e s i g n  o f  a  l a r g e - s c a l e ,  m u l t i p l e - b a s i n  r e c h a r g e  

sys tem capab le  o f  h a n d l i n g  a s i g n i f i c a n t  p a r t  of t h e  sewage e f f l u e n t ,  

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  is  

d i v i d e d  i n t o  f i v 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 ,  I T ,  Water 

Q u a l i t y  S t u d i e s ,  III. Aqui fe r  S t u d i e s ,  I V .  Design of a  Large-Scale  

Recharge System, and V.  Symbols. 

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  River  P r o j e c t ,  whicli 

r e c e i v e d  a  Demonstra t ion Gran t  from t h e  F e d e r a l  Water P o l l u t i o n  Cont ro l  

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  of t h e  p r o j e c t ,  was conti.nucd i n  

1'168. 
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I. INFILTRATION STUDIES 

1 ,  Recharge bas in  management and i n f i l t r a t i o n  r a t e s  

For the  f i r s t  4 months of 1968, a l l  s i x  bas ins  were operated w i t h  

bare s o i l  as  bottom condi t ion ,  The water  depth was about 0 ,6  S t  ancl 

the  basins  were operated i n  p a r a l l e l ,  I n f i l t r a t i o n  r a t e  was ca lcu-  

l a t e d  from the  d i f f e r e n c e  between the  inflow a t  t he  west end of each 

bas in  and the outflow a t  t he  e a s t  end of each bas in ,  The layout of 

the  recharge basins  and the  l o c a t i o n  of t h e  observa t ion  we l l s  w i t h i n  

the  bas in  a r e a  a r e  shown i n  Figure 1. 

The e f f l u e n t  from t h e  91s t  Avenue t reatment  p l an t ,  which s t a r t e d  

t o  d e t e r i o r a t e  i n  q u a l i t y  and t u r n  "black" i n  t h e  f a l l  of 1967, 

continued t o  be of poor q u a l i t y  i n  1968 u n t i l  about t he  middle of 

August when the e f f l u e n t  became c l e a r  aga in ,  Apparently, the 

q u a l i t y  degradat ion was mainly an inc rease  i n  s e t t l e a b l e  s o l i d s  

content ,  s ince  the  COD and o the r  chemical parameters were not  much 

higher  f o r  the  ( f i l t e r e d )  black e f f l u e n t  than f o r  the c l e a r  e f f l u e n t .  

Due t o  t he  high s e t t l e a b l e  s o l i d s  content  of the e f f l u e n t  i n  the 

l a s t  few months of 1967, t h e  recharge bas ins  en tered  the  year  1968 

w i t h  a  s u b s t a n t i a l  l aye r  of black s ludge.  Upon drying, t h i s  s ludge 

b lanket  shrank and formed curled-up f l akes  of about 1 x  1 inch t o  
I 

I about 3 x 5 inch  i n  s i z e .  Drying a l s o  caused ho r i zon ta l  shr inking  

and the  dry f l akes  covered about 50 percent  of the  bottom a rea .  

As the  f l akes  cur led  up, a  l aye r  of s o i l  p a r t i c l e s  adhered t o  t h e i r  

bottom, thus y i e l d i n g  a  c lean  and open s o i l  surLace, 

The f i r s t  recharge period i n  1968 was from 15 t o  19 January 

(Figure 2A). The i n i t i a l  i n f i l t r a t i o n  r a t e s  were q u i t e  high (Srom 

1.7 f t / d a y  f o r  bas ins  1, 2, and 6, t o  2.5 f t / day  f o r  basin 5 ) ,  

probably because of the  long preceding dryup period.  Because of the 

high s e t t l e a b l e  s o l i d s  content  of the e f f l u e n t  and a  tendency of t h e  

s ludge f l akes  a l ready  present  on the bottom t o  s l a k e  back to  r h e i r  

o r i g i n a l  form, t he  i n f i l t r a t i o n  r a t e  underwent a  r a t h e r  r ap id  

decrease (Figure 2A). 
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During t h e  dryup p e r i o d  s t a r t i n g  20 January ,  t h e  s l u d g e  l a y e r  i n  

t h e  r e c h a r g e  b a s i n s  a g a i n  d r i e d  a s  c u r l e d - u p  f l a k e s ,  These f l a k e s  

were  removed by hand r a k i n g  i n  a l l  b a s i n s  on 6  and 7  February ,  Also,  

a  g r a v e l  dam was c o n s t r u c t e d  a c r o s s  each  r e c h a r g e  b a s i n  about 50 f t  

from t h e  i n l e t  end t o  c r e a t e  a  p r e s e d i m e n t a t i o n  b a s i n  (F igure  1 ) ,  

The dams, which c o n s i s t e d  of 3 /8 - inch  g r a v e l ,  were  about  2  f t  h i g h  and 

1 0  f t  wide ,  I n i t i a l l y ,  t h e  e f f l u e n t  went th rough  t h e  dams and good 

f i l t r a t i o n  was o b t a i n e d .  Clogging occur red ,  however, and a f t e r  a  few 

weeks, most of  t h e  e f f l u e n t  went over  t h e  dams, The r e d u c t i o n  i n  

s e t t l e a b l e  s o l i d s  was t h e n  e s s e n t i a l l y  o b t a i n e d  by s e d i m e n t a t i o n ,  

Because o f  t h i s ,  w a t e r  a f t e r  an i r iundat ion p e r i o d  remained much longer  

i n  t h e  p r e s e d i m e n t a t i o n  b a s i n s  t h a n  i n  t h e  r e c h a r g e  b a s i n s .  Thus, a 

v a l v e d  d r a i n p i p e  was i n s t a l l e d  th rough  e a c h  g r a v e l  dam t o  a l l o w  d r y i n g  

o £  t h e  s e d i m e n t a t i o n  b a s i n s  and permit  removal o f  t h e  s l u d g e  d e p o s i t s ,  

The n e x t  r e c h a r g e  p e r i o d  was from 7  t o  10  February  and t h e  r e c h a r g e  

r a t e s  were between 2  and 3 f t / d a y  (F igure  2A), The e n s u i i ~ g  uryup 

p e r i o d  was marked by shower a c t i v i t y  from 1 0  t o  1 3  February  when 1.9 

i n c h e s  o f  r a i n  was r e c o r d e d ,  On 20 February ,  a l l  b a s i n s  were harrowed 

w i t h  a  t o o t h  harrow, a f t e r  which t h r e e  s h o r t  r e c h a r g e  p e r i o d s  were 

h e l d  (29 February-2  March, 7-8 March, and 15-17 March). The i n t a k e  

i r a t e s  f o r  t h e s e  p e r i o d s  ranged from 1,s t o  2  Et/day f o r  most b a s i n s ,  
i 
I A sequence of  f o u r  longer  (5-day) i n u n d a t i o n  p e r i o d s  was s t a r t e d  

on 26 March t o  s e e  i f  a  d e c r e a s e  i n  t h e  n i t r a t e  c o n t e n t  o f  t h e  reno-  

v a t e d  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  of  t h e  b a s i n  a r e a  (East  

Cen te r  Well o r  ECW, F i g u r e  1 )  cou ld  be o b t a i n e d ,  The i n f i l t r a t i o n  
I 

r a t e s  a g a i n  ranged from 1 t o  2 f t / d a y .  On 16  A p r i l ,  t h e  wa te r  d e p t h  

i n  a l l  b a s i n s  was r a i s e d  from 0.6 f t  t o  l .1 f t  by i n s e r t i n g  a  board i n  

t h e  o u t l e t  s t r u c t u r e s .  As shown i n  F igure  2A, t h i s  i n c r e a s e  i n  wa te r  

d e p t h  a lmos t  doubled t h e  i n f i l t r a t i o n  r a t e .  Thus, most o f  the  head 

due t o  t h e  w a t e r  d e p t h  i n  t h e  b a s i n s  was d i s s i p a t e d  over  a  r e l a t i v e l y  

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

Because of  a  g r a d u a l  accumula t ion  of  s ludge ,  t h e  b a s i n s  were swepk 

w i t h  a  power lawn sweeper on 7  May, which was q u i t e  e f f e c t i v e .  A l l  
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bas ins  were then harrowed and basins  3, 4, 5, and 6 were seeded wi th  

a  mixture of Common and Giant Bermudagrass using a  hand broadcas te r .  

A heavy cha in  was dragged over the  f r e s h l y  harrowed s o i l  t o  cover the  

seeds ,  In addi t ion ,  a  few 10- f t  wide t e s t  s t r i p s  of o the r  g ra s ses  

were planted t o  determine t h e i r  s u i t a b i l i t y  f o r  growing under prolonged 

inundat ion by sewage e f f l u e n t ,  These g ra s ses  were Tifway, Fescue, 

Sudangrass, Blue Panicum, and Giant Bermudagrass . 
Following the  seeding and p l an t ing  of grass ,  bas ins  3, 4., 5, and 

6 were i r r i g a t e d  w i t h  about 6 inches of e f f l u e n t  every 2 o r  3  days, 

These i r r i g a t i o n s ,  f o r  which the i n f i l t r a t i o n  r a t e s  were est imated a s  

about 2 f t /day ,  a r e  shown as  do t s  i n  Figure 2B, During the  period of 

i r r i g a t i n g  the  g r a s s  bas ins ,  bas ins  1 and 2 were l e f t  d ry ,  On 23 May, 

bas in  2 was covered w i t h  a  2-inch l aye r  of concre te  sand, followed by 

a  4- inch l aye r  of 3/8- inch g rave l .  Basin 1 was l e f t  i n  the o r i g i n a l  

s o i l  condi t ion ,  A l l  bas ins  rece ived  about 1 f t  of water on 7 June 

and on 1 2  June a  sequence of sho r t ,  f requent  inundat ions was s t a r t e d  

f o r  a l l  bas ins ,  The bas ins  were again operated i n  p a r a l l e l  w i th  a 

water  depth of about 0 ,6  f t .  The sequence ended on 1 7  August. The 

i n f i l t r a t i o n  r a t e s  during t h i s  sequence gene ra l ly  ranged from 1.5 t o  

2 f t / day  wi th  l i t t l e  d i f f e r e n c e  between t h e  grass ,  g rave l ,  and bare 

s o i l  bas ins  (Figure 2B). 

A t  the  end of August, the  g r a s s  i n  bas ins  3, 4, 5, and 6 had 

reached a  mature s tand .  The Giant Bermudagrass emerged as  t he  dominant 

spec i e s  where a  mixture of Common and Giant Bermudagrass had been used, 

To eva lua te  the e f f e c t  of the g ra s s  cover on the q u a l i t y  of the e f f l u -  

e n t  flowing through the g ra s s ,  s e r i e s  flow was s t a r t e d .  For basins  4, 

5, and 6, t h i s  was achieved by c los ing  the  o u t l e t  of bas ins  6 and 5 

and opening the  flume connecting bas ins  6 and 5 a t  the e a s t  cnd of the 

b a s i n  a rea ,  and the  flume connecting bas ins  5 and 4 a t  the  west end 

(Figure 1 ) .  The e f f l u e n t  was admitted i n t o  the west  end of basin 6 

from where it flowed i n  s e rpen t ine  rashion through bas ins  6, 5, ancl 4 
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t o  be discharged by the  outflow s t r u c t u r e  a t  the e a s t  end of basin 4 .  

Deducting the 50 - f t  sedimentat ion bas ins  from t h e  t o t a l  l ength  of 

recharge basins ,  the  e f f l u e n t  thus t r ave l ed  a  d i s t a n c e  of 1950 f t  

through the  g r a s s ,  A s i m i l a r  s e r i e s  flow system was s e t  up f o r  basins  
I 

1, 2, and 3, where the  e f f l u e n t  was admitted a t  the west end of bas in  

3  and discharged a t  t he  e a s t  end of bas in  1, The se r i e s - f low arrange-  

ment and the loca t ions  where samples of t he  su r f ace  water were 

obtained a r e  shown i n  Figure 3,  The e f f e c t  of overland flow on 

e f f l u e n t  q u a l i t y  i s  discussed i n  Sec t ion  1.5. 

The reason f o r  a l s o  e s t a b l i s h i n g  s e r i e s  flow i n  bas ins  1, 2, and 

3  was t o  eva lua t e  t he  performance of the g rave l  and bare s o i l  basins  

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

Thus, bas ins  6 and 3  were mainly used t o  remove s e t t l e a b l e  s o l i d s  

and the e f f e c t  of t he  g ra s s ,  g rave l ,  and bare  s o i l  condi t ion  on 

i n f i l t r a t i o n  r a t e s  was s tud ied  Eor bas ins  5  and 4 (grass  cover) ,  

ba s in  2 (grave l ) ,  and bas in  1 (bare s o i l ) .  
I 

For t he  s e r i e s  flow system, t h e  f i r s t  bas in  r ece iv ing  the  sewage 

e f f l u e n t  must a l s o  c a r r y  the  flow f o r  t he  following two bas ins  i n  the 

s e r i e s .  Therefore,  t h e  d ischarge  and a l s o  the water depth i n  bas ins  

6 and 3  was higher than when the basins  were operated i n  p a r a l l e l ,  

To a  l e s s e r  ex t en t ,  t h i s  was a l s o  t r u e  f o r  bas ins  4 and 2 ,  The follow- 

ing  water depths (measured i n  the  cen te r  of each bas in)  preva i led  

during the period of s e r i e s  flow. 

Basin Water depth i n  f t  

1 0.7 

2 0.7 

3 0.85 

4 0.85 

5  0.85 

6 0.95 

The water depth f o r  t h e  g rave l  bas in  r e f e r s  t o  the o r i g i n a l  s o i l  
1 
I s u r f ace .  Since the combined sand and g rave l  l aye r  i n  b a s i n  2 i s  0.5 
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f t  th ick ,  the water  depth above the g rave l  i n  bas in  2 was 0.2 f t .  For 

t h e  l a s t  recharge period (2-17 Dec), the  water depth i n  basin 5 was 

1.15 f t ,  This was due t o  t h e  heavy growth i n  t he  Tifway t e s t  s t r i p  

a t  the west end of the b a s i n ,  

Rather long inundat ion periods were s e l e c t e d  f o r  the s e r i e s  flow 

sequence because the  e f f e c t  of "grass  f i l t r a t i o n "  on e f f l u e n t  q u a l i t y  

and the e f f e c t  of a  g r a s s  o r  g rave l  cover on i n f i l t r a t i o n  could become 

more pronounced w i t h  inc reas ing  time, Long inundat ion periods were 

a l s o  s e l e c t e d  t o  s e e  i f  t h e  n i t r a t e  conten t  i n  t h e  renovated water,  

which had increased  during t h e  sequence of s h o r t  inundat ion per iods  

i n  t he  preceding months, could be brought down aga in ,  

For t h e  period 15 August t o  1 7  December, the  e f f l u e n t  was r e l a -  

t i v e l y  c l e a r  and a f t e r  flowing through one g ra s s  bas in ,  t h e r e  were 

l i t t l e  or  no s e t t l e a b l e  s o l i d s .  Nevertheless,  the  g r a s s  basins  (5 

and 4 )  y i e lded  much higher  i n f i l t r a t i o n  r a t e s  than the  bare  s o i l  

bas in  (1) and the g rave l  bas in  (2),  as  shown i n  Figure 2C. Accumu- 

l a t e d  i n f i l t r a t i o n  depths f o r  the  s i x  inundat ion periods i n  t he  

period 20 August-17 December were a s  follows : 

Basin 1 (bare s o i l )  72 f t  

Basin 2 (grave l )  45 f t  

Basin 4 (g ra s s )  111 f t  

Basin 5 (grass )  127 f t  

Assuming t h a t  i n f i l t r a t i o n  r a t e  v a r i e s  l i n e a r l y  w i th  water  depth i n  

t he  basin,  the accumulated i n f i l t r a t i o n  i n  basins  4 and 5 would have 

been 91 f t  and 105 f t ,  r e spec t ive ly ,  i f  the  water depths i n  these  

bas ins  had been the  same a s  i n  basins  1 and 2 (0.7 f t )  . Thus, 

a l though a  g r e a t e r  water  depth may have been p a r t l y  r e spons ib l e  fo r  

t he  higher  i n t ake  r a t e s  i n  bas ins  4 and 5, most of the  diEference 

i n  i n f i l t r a t i o n  must be a t t r i b u t e d  t o  t h e  g r a s s  cover.  

The low i n f i l t r a t i o n  r a t e s  i n  bas ins  6 and 3, e s p e c i a l l y  a t  t h e  

end of the long inundat ion period i n  October (Figure ZC), a r c  probably 

caused by the s e t t l i n g  of suspended ma te r i a l .  
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Since  t h e  i n f l u e n t  f o r  t h e  g r a s s  b a s i n s  5 and 4 aiid rhe g r a v e l  and 

bare  s o i l  b a s i n s  was e s s e n t i a l l y  f r e e  Prom s e t t l e a b l e  s o l i d s ,  t h e  

h i g h e r  i n t a k e  r a t e s  f o r  t h e  b a s i n s  5 and 4 may be due t o  t h e  f a c t  rhac  

t h e  g r a s s  p reven ted  t h e  growth o f  a l g a e  on t h e  s o i l  s u r f a c e ,  In 

c o n t r a s t  t o  t h e  g r a s s  b a s i n s ,  b a s i n s  l and 2 e x h i b i t e d  a l u x u r i o u s  

growth o f  a l g a e  a t  t h e  s o i l  and g r a v e l  s u r f a c e ,  r e s p e c t i v e l y ,  During 

t h e  d a y l i g h t  hours ,  oxygen bubbles  were formed and remained e n t r a p p e d  

i n  t h e  a l g a e  mat,  For t h e  ba re  s o i l  b a s i n ,  t h i s  caused t h e  a l g a e  t o  

break l o o s e  and E l o a t  t o  t h e  s u r f a c e  i n  f l a k e s  o f  about 3 x 4 i n c h e s ,  

Usual ly ,  a  l a y e r  of s o i l  p a r t i c l e s  adhered t o  t h e  bottom of  t h e  f l a k e s ,  

Thus, t h e  s o i l  s u r f a c e  i n  b a s i n  1 was "re juvenatedd" d u r i n g  inundatiovn 

by t h e  cont inuous  p r o c e s s  o f  a l g a e  f l a k e s  b reak ing  loose  and f l o a t i n g  

t o  t h e  s u r f a c e .  Th is  p rocess  d i d  n o t  occur  i n  t h e  g r a v e l  b a s i n ,  
, 

probably  because t h e  g r a v e l  p a r t i c l e s  t o  which t h e  a l g a e  m a t  was 

anchored were t o o  heavy, The d i f f e r e n c e  i n  a l g a e  behav ior  may be 

one r e a s o n  why t h e  g r a v e l  had a  lower i n t a k e  r a t e  than  t h e  b a r e  s o i l  

b a s i n ,  Other r e a s o n s  may be t h e  s m a l l e r  w a t e r  d e p t h  above t h e  g r a v e l  

s u r f a c e ,  t h e  poor d r y i n g  o f  t h e  s o i l  b e n e a t h  t h e  g r a v e l  Layer d u r i n g  

dryups ,  and d u s t  s e t t l i n g  i n  t h e  g r a v e l  l a y e r  and a t  t h e  i n t e r f a c e  

between t h e  g r a v e l  and t h e  sand Layer,  

The Giant  Bermudagrass appeared t o  be t h e  most s u i t a b l e  g r a s s ,  

It dominated t h e  Common Bermuda and developed a  v i g o r o u s  s t a n d  t h a t  

was s u f f i c i e n t l y  dense  f o r  f i l t r a t i o n  and shad ing ,  y e t  s u f f i c i e n t l y  

open f o r  t h e  e f f l u e n t  t o  f low "through" r a t h e r  t h a n  "over l ' t the  g r a s s ,  

Th i s  made i t  p o s s i b l e  t o  u s e  i n u n d a t i o n  p e r i o d s  a s  long as a  month 

w i t h o u t  a d v e r s e  e f f e c t s  on t h e  c o n d i t i o n  of t h e  g r a s s ,  E x c e l l e n t  

growth w a s  a l s o  e x h i b i t e d  by Tifway. However, t h e  sod was t o o  dense  

t o  pe rmi t  t h e  e f f l u e n t  t o  flow through t h e  g r a s s ,  The r e s u l t i n g  

i n c r e a s e  i n  wa te r  d e p t h  and complete i n u n d a t i o n  then  caused t h c  Tiiwny 

t o  d i e ,  p a r t i c u l a r l y  a t  t h e  in f low end where s o l i d s  s e t t l e d  on the  

g r a s s ,  The Sudangrass a l s o  grew w e l l ,  b u t  t h e  s t a n d  was n o t  s u f f i -  

c i e n t l y  dense  t o  p rov ide  f i l t r a t i o n  and s h a d i n g ,  Also,  i t  d ied  
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a f t e r  r e a c h i n g  m a t u r i t y ,  The o t h e r  g r a s s e s  t e s t e d  (Bluc Panicum and 

Fescue) f a i l e d  t o  s u r v i v e ,  None of t h e  g r a s s e s  were mowed i n  1968, 

As r e g a r d s  t h e  optimum s c h e d u l e  of i n u n d a t i o n s  and dryups,  i t  

appears  t h a t  dryup p e r i o d s  o f  3 days o r  l e s s  a r e  n o t  eEEec"c.ve i n  

r e s t o r i n g  i n f i l t r a t i o n  r a t e s ,  As a  m a t t e r  of f a c t ,  t h e  i n f i l t r a t i o n  

r a t e  a f t e r  a  s h o r t  dryup p e r i o d  may be t h e  same as i f  t h e  inunclation 

had con t inued  ( see  f o r  example, t h e  dryup p e r i o d  o f  17-19 September 

i n  F igure  2C), I n  c o n t r a s t  t o  t h i s ,  a  dryup of  1 t o  2 weeks 

I (depending on t h e  season)  i s  tnore e f f e c t i v e  i n  r e s t o r i n g  i n f i l t r a t i o n  

r a t e s  ( see  t h e  p e r i o d  27 September-9 October, f o r  example) ,  Inunda- 

t i o n  per iods  much l o n g e r  than  2 weeks do n o t  seem d e s i r a b l e  because 

o 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 s  toward t h e  end o f  p e r i o d ,  

Also, mosquito emergence may become a  problem, Thus, an  optimum 

s c h e d u l e  of i n u n d a t i o n  (assuming t h a t  a  low n i t r a t e  c o n t e n t  i n  t h e  

renova ted  w a t e r  i s  d e s i r e d )  appears  t o  be 2  weeks wet -1  week dry  i n  

t h e  summer, and 2 weeks wet-2 weeks d r y  i n  t h e  w i n t e r ,  Using g r a s s -  

covered b a s i n s  and abou t  1 S t  o f  w a t e r  depth ,  i t  appears  t h a t  a  long-  

term i n f i l t r a t i o n  r a t e  ( i n c l u d i n g  t h e  t ime occupied by dryup p e r i o d s )  

o f  about  300 f t l y r  shou ld  be a t t a i n a b l e ,  

2, 

To s t u d y  t h e  e f f e c t  o f  t h e  su rPace  c o n d i t i o n  o f  t h e  b a s i n s  (ba re  

s o i l ,  g r a v e l ,  and g r a s s )  on t h e  d r y i n g  and w e t t i n g  o f  t h e  s o i l  p r o f i l e ,  

measurements o f  t h e  w a t e r  c o n t e n t  and s o i l  w a t e r  p r e s s u r e s  (or 

t e n s i o n s )  were made a t  v a r i o u s  d e p t h s ,  Access t u b e s  f o r  a  w a t e r  - 
I c o n t e n t  measuring neu t ron  probe were i n s t a l l e d  about  75 it from the  

e a s t  end o f  t h e  b a s i n s ,  One {aluminum) tube  i n  e a c h  b a s i n  reached t o  the 

f i n e  sand-grave l  i n t e r f a c e ,  which g e n e r a l l y  occur red  a t  a  dep th  of about  

3 f t  ( s e e  Annual Report  1967) .  Another tube (ga lvan ized  s t e e l )  was 

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

f i n e  sand-grave l  i n t e r f a c e ,  2-1 a d d i t i o n  t o  t h e  tubes  Eor w a t e r  c o n t e n t  

measurements, t e n s i o m e t e r s  were i n s t a l l e d  around a  neu t ron  a c c e s s  tube 

i n  b a s i n s  1, 2, 5, and 6 .  The t ens iomete rs  were i n s t a l l e d  i n  lo-cni 

d e p t h  i n t e r v a l s ,  s t a r t i n g  a t  10 crn below t h e  b a s i n  s u r f a c e  and down 
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t o  t h e  f i n e  sand-grave l  i n t e r f a c e .  

Typica l  e f f e c t s  o f  t h e  s u r f a c e  c o n d i t i o n  on t h e  w a t e r  c o n t e n t  

p r o f i l e s  a r e  shown i n  F igure  4 ,  The measurements were t aken  at 20 cm 

below s o i l  s u r f a c e ,  20 cm above t h e  f i n e  s a n d - g r a v e l  i n t e r f a c e ,  a t  

t h e  i n t e r f a c e ,  and 1 0  cm below t h e  i n t e r f a c e ,  The p o i n t  t aken  a t  t h e  

i n t e r f a c e  i s  i n d i c a t e d  by a  c i r c l e  around t h e  d o t  (F igure  4 ) .  On 

l 6  September t h e  b a s i n s  had j u s t  s t a r t e d  t o  d r a i n ,  I n  f a c t ,  t h e  

w a t e r  c o n t e n t  p r o f i l e s  were i d e n t i c a l  t o  t h o s e  t a k e n  on 13 September 

when the  b a s i n s  were inunda ted ,  The o t h e r  p r o f i l e s  were measured on 

19 September, 3 days a f t e r  t h e  b a s i n s  had s t a r t e d  t o  d r a i n .  

The p r o f i l e s  i n  F i g u r e  4 show t h a t  b a s i n s  1 and 5 had a  h i g h e r  

w a t e r  c o n t e n t  i n  t h e  f i n e - s a n d  l a y e r  (above t h e  sand-grave l  i n t e r  Lace) 

on t h e  1 6 t h  t h a n  d i d  b a s i n  2 ,  The w a t e r  c o n t e n t  i n  b a s i n  2 dur ing  

i n u n d a t i o n  w a s  lower t h a n  had been observed p r e v i o u s l y  f o r  t h a t  

b a s i n ,  b e f o r e  t h e  g r a v e l  l a y e r  was p l a c e d ,  Th is  i n d i c a t e s  t h a t  the  

low i n f i l t r a t i o n  r a t e s  observed i n  b a s i n  2 were probably  caused by a  

r e s t r i c t i o n  a t  o r  near  t h e  bottom of  t h e  b a s i n ,  

The wate r  c o n t e n t  change between t h e  1 6 t h  and 1 9 t h  was g r e a t e s t  

i n  b a s i n s  1 and 5 ,  Basin  1 seemed t o  d r a i n  t h e  most, 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  i t  had a  deeper  l a y e r  o f  f i n e  sand i n  t h e  

v i c i n i t y  of t h e  n e u t r o n  a c c e s s  tube t h a n  d i d  b a s i n  5, i. e , ,  129 cm 

compared t o  94 cm f o r  b a s i n  5.  Basin 2 has about  t h e  same dep th  of 

sand a s  b a s i n  1, The r e a s o n  f o r  t h e  s lower  d r a i n a g e  o f  t h e  s o i l  

p r o f i l e  i n  b a s i n  2 may be r e s t r i c t e d  e n t r y  o f  a i r  a t  o r  near  t h e  bottom 

of  t h e  b a s i n .  Also, t h e  g r a v e l  l a y e r  on t h e  bottom a c t s  a s  a mulch and 

reduces  t h e  d r y i n g  o f  t h e  upper s o i l  l a y e r s  by e v a p o r a t i o n ,  

F igure  5 shows t h e  p ressure -head  p r o f i l e s  f o r  b a s i n s  2 and 5 on 

t h e  same d a t e s  a s  p r e v i o u s l y  d i s c u s s e d ,  The t e n s i o m e t e r s  i n  b a s i n  1 

were n o t  i n s t a l l e d  u n t i l  Late November, Measurements were planned Cor 

a  December d ra inage ,  bu t  due t o  f r e e z i n g  weather ,  none o r  t h e  t e n s i -  

ometers  were o p e r a t i v e .  F igure  5 Curther s u p p o r t s  t h e  c o n c l u s i o n  

drawn from Figure  4, t h a t  d u r i n g  i n u n d a t i o n  t h e  s o i l  under b a s i n  5 i s  
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w e t t e r  ( l e s s  nega t ive  p re s su re s )  than under bas in  2 ( p a r t i c u l a r l y  a t  

g r e a t e r  dep ths)  and t h a t  t he  s o i l  p r o f i l e  of ba s in  2 does not d r a i n  as  

r a p i d l y  a s  t h a t  of  bas in  5 ,  Thus, t h e  grass-covered bas ins  which gave 

t h e  h ighes t  i n f i l t r a t i o n  r a t e s  d r i e d  a s  f a s t  a s  any o the r  b a s i n ,  The 

gravel-covered bas in  gave the  lowest i n f i l t r a t i o n  r a t e  and dra ined  

slower than any o t h e r  bas in ,  The b a r e - s o i l  ba s in  was in te rmedia te  

i n  i n f i l t r a t i o n  bu t  d ra ined  about a s  r a p i d l y  a s  t h e  grass-covered 

bas in  over a  3-day per iod of d ra inage .  

3 ,  C a l i b r a t i o n  of neut ron  probes 

Ca l ib ra t i on  of t h e  neut ron  probe f o r  s o i l  mois ture  measurement 

was done f o r  two new Troxler  model 104 probes, S e r i a l  Nos. G23653E 

and G22096, and the  model 600 s c a l e r ,  S e r i a l  No, 119, The new equip-  

ment had not  p rev ious ly  been c a l i b r a t e d ,  Galvanized s t e e l  pipe and 

aluminum access  tubes were used i n  t he  c a l i b r a t i o n  because both types 

of  tubes a r e  used i n  t he  recharge  bas in s .  A set of secondary 

s tandards  was made from low-density polyethylene rods f o r  r e c a l i h r a -  

t i o n  of equipment fol lowing r e p a i r  o r  s u b s t i t u t i o n .  

The c a l i b r a t i o n  was performed i n  a  1 m x 1 m x  l m s t e e l  b in  

f i l l e d  w i t h  Flushing Meadows loamy sand a t  a  uniform water  con ten t ,  

An aluminum access  tube was i n s t a l l e d ,  and measurements were taken 

w i t h  t he  two probes a t  10-cm i n t e r v a l s ,  s t a r t i n g  a t  20-cm below the  

s u r f a c e .  Four %-minute read ings  were taken a t  each depth ,  The high 

vo l t age  was s e t  a t  1350 v o l t s ,  Standard read ings  us ing  a  Troxler  S-5  

water  bucket were taken before  and a f t e r  each probe was placed i n  

t h e  access  tube.  A 2-inch galvanized pipe w a s  then placecl i n  t hc  

sand, and four  1-minute read ings  were taken a t  each depth.  S o i l  cores  

f o r  g r av ime t r i c  water  conten t  and bulk dens i ty  were taken a t  15-cm 

i n t e r v a l s ,  s t a r t i n g  a t  20-cm depth.  Four samples were taken a t  each 

depth. This  process  was then repea ted  f o r  water  con ten t s  ranging 

from 3.6% t o  36%. 

The count r a t e  i n  the s o i l ,  6, was r e f e r r e d  t o  the  count r a t e  o f  

the  Troxler  S-5 water  bucket s tandard ,  C . The r a t i o ,  R = C / C  anti 
S s' 
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the  water  conten t  d a t a  were f i t t e d  t o  a  l ea s t - squa res  polynomial, A 

second order  polynomial was requi red  t o  g e t  an index of determinat ion 

above 0,99, A t h i r d  order  polynomial was r equ i r ed  t o  g e t  the  percent  

e r r o r  f o r  every po in t  below 10%. For the  a c t u a l  c a l i b r a t i o n  curve, a  

f o u r t h  order  polynomial was used which gave a  percent  e r r o r  l e s s  than 

7% a t  each poin t .  The equat ions used a r e  given i n  Table 1, A r a t i o  

was a l s o  developed between the  Troxler  s tandard  and the Kaiser 

s tandard,  s o  t h a t  the  Kaiser s tandard  could be used i n  t he  f i e l d ,  

This r a t i o  was 0,7737 and 0,7689 f o r  probes No, G23653E and No, 

G22096, r e s p e c t i v e l y ,  

A s e t  of secondary s tandards  was made from polyethylene rods ,  

The rods were 3, 3%, 4, and 4% inches i n  diameter and 18 inches Long, 

A 14-inch deep hole  w i th  a  diameter of 1.90 inches was d r i l l e d  i n  the 

c e n t e r  of  each rod t o  accommodate the  probe. Ten %-minute readings 

were taken i n  each s tandard  w i t h  each probe, The Troxler  S-5 water 

bucket was used as  the  r e f e rence  s t anda rd ,  Average count r a t e s  and 

R-values f o r  t h e  four  polyethylene rods a r e  given i n  Table 2 ,  The 

polyethylene s tandards  can be used t o  p e r i o d i c a l l y  check out the  

moisture probes. This i s  s impler  than  going through the  complete 

1 c a l i b r a t i o n  process  i n  a  s o i l  b in .  

1 A comparison c a l i b r a t i o n  was obtained wi th  one of the  new probes 

( S e r i a l  No. 22096) and an o ld  Troxler  probe ( S e r i a l  No. 18138), This 

was done by taking a l t e r n a t e  readings  i n  3n access  tube wi th  the two 

probes, The water  conten t  a s  measured w i t h  the o ld  probe was used 

f o r  the  c a l i b r a t i o n ,  The access  tubes were i n  Adelants loam s o i l .  

The r e s u l t s  (Figure 6) show t h a t  t h e  comparison c a l i b r a t i o n  i s  2% 

higher  a t  the 30% water  content ,  and t h a t  the  two c a l i b r a t i o n s  agree 

a t  t he  18% water  content .  The comparison c a l i b r a t i o n  was not: c a r r i e d  

out  below a  water  conten t  of 18%. The v a r i a t i o n  of the  two c a l i b r a -  

t i o n  curves can be explained i n  p a r t  by the  f a c t  t h a t  two d i f f e r e n t  

s o i l s  were used: Adelanto loam f o r  the  comparison c a l i b r a t i o n  and 

loamy sand f o r  the  new c a l i b r a t i o n ,  Also, de te rmina t ion  of t he  water 
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content  i n  the  new c a l i b r a t i o n  a t  t he  high water-content  va lues  was 

somewhat d i f f i c u l t ,  

4.  Polysaccharides i n  bottom s o i l  

To determine i f  the  su r f ace  condi t ion  of the  recharge bas ins  had 

any e f f e c t  on the  polysaccharide formation i n  the s o i l  during inunda- 

t ion ,  and on the  breakdown of polysaccharides during dryup, s o i l  

samples were analyzed f o r  polysaccharides by the anthrone method. 

Samples were taken from the  top inch of s o i l  a t  f i v e  c l i f te ren t  laca-  

t i o n s  i n  each bas in .  These were mixed and subsamples were taken f o r  

a n a l y s i s ,  A check sample was c o l l e c t e d  from t h e  moist s o i l  near  the  

Eas t  Center Well ou t s ide  the recharge bas ins .  The samples were taken 

on 6 November immediately a f t e r  a  30-day inundat ion period,  and on 

2 December a f t e r  the  subsequent 25-day dry period,  The r e s u l t s  a r e  

expressed below i n  mg of polysaccharide (glucose equ iva l en t )  per g 

of a i r  dry s o i l .  

Basin No. 1 2 3 4 5 6 Check 

polysac,  a f t e r  inundat ion 1.5 1.4 1.4 1 , 3  1 , 2  1.1 1 , 2  

polysac. a f t e r  dry-up 2 .2  1 , 3  1.7 1 , 4  1.6 1.3 1 , 3  
I Although the  i n f i l t r a t i o n  r a t e s  of bas ins  1 and 2 (bare s o i l  and 

I g r ave l  covers)  were considerably lower than those f o r  t he  g r a s s  
1 
I covered bas ins ,  t h e r e  were e s s e n t i a l l y  no d i f f e r ences  i n  the poly- 

sacchar ide  concent ra t ions .  Also, the polysaccharide concent ra t ions  

i n  the  bas in  s o i l s  were l i t t l e  d i f f e r e n t  from those i n  the  check s o i l  

and they d id  not  decrease during a  dry per iod ,  These r e s u l t s  i n d i c a t e  

t h a t  the  lower i n f i l t r a t i o n  r a t e s  of bas ins  1 and 2 and the reduct ions  

i n  i n f i l t r a t i o n  r a t e s  of a11 bas ins  during long inundat ions  were not 

caused by an accumulation of polysaccharides.  

5.  E f f ec t  of g r a s s  f i l t r a t i o n  on q u a l i t y  of e f f l u e n t  

To eva lua te  the  e f f e c t  of flow through the g r a s s  on  the q u a l i t y  of 

the e f f l u e n t ,  henceforth r e f e r r e d  t o  a s  i n f l u e n t ,  continuous samples 

were obtained a t  the  pump ( i n f l u e n t  sample) and a t  the flumes between 

bas ins  5 and 6 (5-6), 5  and 4 (5-4), 3 and 2 (3-2), and 2 and 1 (2-1).  
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Continuous samples were  a l s o  c o l l e c t e d  a t  t h e  o u t f l o w  flumes of b a s i n s  

4  (4-out)  and 1 ( I - o u t ) ,  'She l o c a t i o n  of  t h e  sampl ing p o i n t s  i s  

i n d i c a t e d  i n  F i g u r e  3 ,  

The sample r s  c o n s i s t e d  p r i n c i p a l l y  of  a  p l a s t i c  i n t a k e  tube  

syphoning i n f l u e n t  t o  a n  overf low r e s e r v o i r  ( F i g u r e  7 ) -  Th i s  c o n s t a n t -  

l e v e l  r e s e r v o i r  was t h e n  connected by a  long p l a s t i c  t u b e  o f  s m a l l  

d i a m e t e r  t o  a  2 - g a l l o n  p l a s t i c  b o t t l e ,  The smal l -d iamete r  tube  

enab led  c o n t r o l  o f  t h e  f low t o  t h e  b o t t l e  w i t h o u t  danger  of p l u g g i n g ,  

a s  may occur  i f  t h e  f low i s  c o n ~ r o l l e d  by clamps, v a l v e s ,  o r  o t h e r  
I sudden r e s t r i c t i o n s ,  The e l e v a t i o n  of  t h e  c o n s t a n t - l e v e l  r e s e r v o i r  

was a d j u s t e d  s o  t h a t  t h e  f low r a t e  i n t o  t h e  b o t t l e  was about 40 d rops  

a  minute which y i e l d e d  a  sample oC about  1.5 galLons f o r  a  24-hour 

p e r i o d  . 
The samples,  which were c o l l e c t e d  d a i l y  a s  much a s  p o s s i b l e ,  were 

ana lyzed  f o r  COD, n i t r a t e ,  ammonium, and K j e l d a h l  N ( s e e  S e c t i o n  SI,J., 

f o r  a n a l y t i c a l  t e c h n i q u e s ) ,  The r c s u l t s  (Tables  3 and 4 )  show t h a t ,  

c o n t r a r y  t o  what might be expec ted ,  t h e r e  was l i t t l e  e f f e c t  of  t h e  

f low th rough  t h e  g r a s s  o n  t h e  i n f l u e n t  q u a l i t y ,  even when t h e  Clow 

d i s t a n c e  was about  2000 f t ,  f o r  which t h e  t r a v e l  t ime was 16 hrs, 

There  seems t o  be a  s l i g h t  tendency f o r  t h e  COD t o  i n c r e a s e  a s  t h e  
1 
\ i n f l u e n t  f lows th rough  t h e  g r a s s ,  and f o r  t h e  ammonium and n i t r a t e  

c o n c e n t r a t i o n s  t o  d e c r e a s e ,  The flow th rough  t h e  non-vegeta ted  b a s i n s  

( 2  and 1 )  a l s o  seems t o  have l i t t l e  o r  no e f f e c t  on t h e  COX) and ammo- 

nium c o n t e n t  (Table  3 ) ,  

Since  the  g r a s s  was n o t  mowed, a  dense  mat o l  about 0,s C t  t h i c k  

and c o n s i s t i n g  o f  f a l l e n - o v e r  g r a s s  sterns s e v e r a l  f t  i n  l e n g t h  formed 

i n  t h e  b a s i n s .  Most of  t h e  mass f low of t h e  i n f l u e n t  took p l a c e  above 

t h i s  mat, th rough  t h e  g r e e n  growth o f  t h e  g r a s s ,  However, what i n f i l -  

t r a t e d  i n t o  t h e  s o i l  had t o  move through t h e  mat,  To e v a l u a t e  the  

e f f e c t  o f  t h e  f low th rough  t h e  mat on t h e  i n f l u e n t  q u a l i t y ,  a 

p e r f o r a t e d  copper  tube  o f  abou t  3 - f t  l e n g t h  was p l a c e d  i n  h o r i z o n t a l  

p o s i t i o n  on t h e  s o i l  s u r f a c e  below t h e  mat,  The l o c a t i o n  oP t h i s  t u b e  
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was n e a r  t h e  flume connec t ing  b a s i n  6 t o  b a s i n  5 and t h e  sampLe i s  

r e f e r r e d  t o  a s  "6-5 t u b e , "  Continuous samples were  o b t a i n e d  us ing  a 

d e v i c e  s i m i l a r  t o  t h a t  of F i g u r e  7 ,  

The r e s u l t s  o f  t h e  a n a l y s e s  (TabLe 4)  showed t h a t  t h e r e  was a  

tendency f o r  t h e  COD t o  i n c r e a s e  a s  t h e  i n f l u e n t  moved th rough  t h e  

g r a s s  mat, p robab ly  because  of t h e  decaying g r a s s  s tems and l e a v e s .  

Also, t h e r e  seemed t o  be a r e d u c t i o n  i n  the  ammonium c o n t e n t ,  probably  

because  o f  n i t r o g e n  f i x a t i o n  i n  t h e  decaying p o r t i o n s  of  t h e  mat .  ~ h c  

n i t r a t e  c o n t e n t  was no t  a p p r e c i a b l y  a f f e c t e d ,  T h e  p o s s i h l c  e i l c c t  0 1  

t h e  i n c r e a s e  i n  COD on t h e  degree  of  d e n i t r i C i c a t i o n  i n  t h e  renova ted  

w a t e r  i s  d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i o n ,  
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11. WATER QUALITY STUDIES 

I ,  Observa t ion  w e l l s  and a n a l y t i c a l  t echn iques  

F ive  new o b s e r v a t i o n  w e l l s  were i n s t a l l e d  i n  A p r i l  1968, Each 

w e l l  i s  20 f t  deep and i s  equipped w i t h  n o n p e r f o r a t e d  6 - inch  s t e e l  

c a s i n g  t o  t h e  bottom, The c a s i n g  i s  covered a t  t h e  t o p  wi.th a  

s t a n d a r d - p i p e  end c a p ,  The w e l l s  a r e  l o c a t e d  on a  l i n e  th rough  t h e  

c e n t e r  o f  t h e  b a s i n  a r e a ,  normal t o  t h e  d i r e c t i o n  o f  t h e  b a s i n s ,  

Well No, 1 i s  200 f t  n o r t h  of t h e  c e n t e r ,  Well 1-2 i s  between b a s i n s  

1. and 2  (F igure  I), Well 5-6 i s  between b a s i n s  5 and 6 ( F i g u r e  I ) ,  

Well 7 i s  200 f t  s o u t h  o f  t h e  c e n t e r ,  and Well 8 i s  400 P t  s o u t h  of  

t h e  c e n t e r .  A diagram o f  the  w e l l  l o c a t i o n s  i s  p r e s e n t e d  i n  F igure  15 ,  
I 

A hand-operated b a i l e r  was used t o  o b t a i n  w a t e r  samples from t h e s e  

w e l l s ,  P r i o r  t o  o b t a i n i n g  t h e  sample, t h e  w e l l s  were b a i l e d  o u t  

s e v e r a l  t imes  t o  i n s u r e  t h a t  " f r e s h "  ground w a t e r  was sampled,  

The main s o u r c e  f o r  o b t a i n i n g  r e n o v a t e d  w a t e r  was t h e  E a s t  Cen te r  

Well (ECW) which i s  30 f t  deep,  and l i k e  t h e  West Cen te r  Well (WCW), 

which i s  100 E t  deep,  l o c a t e d  i n  t h e  c e n t e r  of  t h e  b a s i n  a r e a  (F igure  

1 )  and equipped w i t h  a  submers ib le  pump, Samples from t h e  E a s t  Center  

Well  were o b t a i n e d  d a i l y  ( excep t  weekends and h o l i d a y s )  a f t e r  pumping 

t h e  w e l l  o u t  a  few t imes  t o  remove t h e  " s t a l e "  w a t e r ,  Other  s o u r c e s  
I 
1 o f  r enova ted  w a t e r  were  t h e  2 0 - f t  w e l l s  1, 1-2, 5-6, and 7, which were 

sampled p e r i o d i c a l l y .  Well No. 8 and t h e  1 0 0 - f t  deep  West Center  Wcll 

were s t i l l  y i e l d i n g  n a t i v e  ground w a t e r .  

The w a t e r  samples were r o u t i n e l y  ana lyzed  f o r  COD, (d ichromate  

t e c h n i q u e ) ,  ammonium ( i n i t i a l l y  by t h e  N e s s l e r  method and l a t e r  by 

t h e  d i s t i l l a t i o n  t e c l ~ n i q u e ) ,  K j e l d a h l  n i t r o g e n  (micro  t e c h n i q u e ) ,  

n i t r a t e  (b ruc ine  method), and c o l i f  orms ( m u l t i p l e - t u b e  f e r m e n t a t  i o n  

t e c h n i q u e ) .  P e r i o d i c a l l y ,  ground w a t e r  and i n f l u e n t  samples  were 

ana lyzed  f o r  pJ.3, e l e c t r i c a l  c o n d u c t i v i t y ,  phosphate  (Murphy n11d R i l  c y  

method), boron (curcumin method), and f l u o r i d e  (SPADN) me thoci) , 

Standard  Methods was used a s  a  g u i d e  i n  t h e  a n a l y t i c a l  technicjues.  
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2. 

The COD of  t h e  i n f l u e n t  a s  i t  i s  pumped from t h e  channe l  and t h e  

COD o f  t h e  renova ted  w a t e r  from t h e  E a s t  Center  Well a r e  shown i n  

F igure  8,  The COD o f  t h e  i n f l u e n t  was determined Irorn t h e  s u p e r n a t a n t  

l i q u i d  i n  t h e  sample b o t t l e  s o  t h a t  i t  would be c t ~ a r a c t e r i s t i c  o r  t h e  

i n f l u e n t  a s  i t  would move i n t o  t h e  s o i l ,  r e l a t i v e l y  f r e e  of suspended 

m a t e r i a l ,  The i n f l u e n t  COD was about 55 ppm u n t i l  August when reduc-  

t i o n s  i n  t h e  i n f l u e n t  COD were observed ,  The change t o  a  lower COD 

was c o i n c i d e n t  w i t h  an improvement i n  t h e  appearance o f  t h e  sewage 

e f f l u e n t  from a  d a r k  t o  a c l e a r  l i q u i d ,  

The COD o f  t h e  renova ted  w a t e r  from t h e  Eas t  Center  Well i s  rnucll 

l e s s  t h a n  t h a t  o f  t h e  i n f l u e n t  and about  t h e  same a s  t h a t  o f  t h e  n a t i v e  

ground w a t e r  (Table 5 ) .  The 9 l s t  Avenue w e l l  i n  t h i s  t a b l e  i s  a  S a l t  

R i v e r  P r o j e c t  i r r i g a t i o n  w e l l  l o c a t e d  abou t  1% m i l e s  e a s t  o f  t h e  

r e c h a r g e  b a s i n s ,  

3 ,  Biochemical oxygen demand 

Through t h e  c o u r t e s y  of t h e  l a b o r a t o r y  of t h e  9 l s t  Avenue sewage 

t r e a t m e n t  p l a n t ,  5-day BOD-values were determined p e r i o d i c a l l y  for  t h e  

E a s t  Center  Well w a t e r ,  The r e s u l t s  showed a  BOD range  o f  0  t o  1.2 

, pprn w i t h  an average  v a l u e  o f  about  0.3 ppm, The i n f l u e n t  BOD was about  

1 20-30 ppm, 

4 ,  

The t o t a l  i n f l u e n t  n i t r o g e n  was about  25 ppm N (Table 5 and F igure  

9 ) ,  c o n s i s t i n g  o f  abou t  24 pprn ammonium N, 1 pprn o r g a n i c  N, and about  

0 , l S  pprn n i t r a t e  N. For s h o r t  i n u n d a t i o n  p e r i o d s  (3 days o r  l e s s )  

w i t h  dryup p e r i o d s  of about  t h e  same leng th ,  t h e  i n f l u e n t  n i t r o g e n  was 

e s s e n t i a l l y  a l l  conver ted  t o  n i t r a t e  i n  t h e  renova ted  (ECW) waLcr 

(F igure  9 ) .  However, f o r  a  sequence of long i n u n d a t i o n  per iods  (5 

days o r  more pe r  p e r i o d ) ,  lower n i t r a t e  c o n t e n t s  i n  the  ECW w a t e r  were 

observed ,  This  i s  shown v e r y  c l e a r l y  i n  F igure  9, where t h e  sequence 

o f  long inunda t ion  p e r i o d s  s t a r t i n g  26 March 1968 was foilowcd by a 

d rop  i n  n i t r a t e  c o n t e n t  f o r  t h e  ECW w a t e r  on about  8 A p r i l  1968. A 
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sequence o f  s h o r t  i n u n d a t i o n  p e r i o d s  s t a r t i n g  1 0  May caused an 

i n c r e a s e  i n  t h e  n i t r a t e  c o n t e n t  i n  t h e  ECW w a t e r  on 6 J u n e ,  A change 

t o  long i n u n d a t i o n  p e r i o d s  on 2 September y i e l d e d  a  n i t r a t e  c o n t e n t  

r e d u c t i o n  i n  t h e  ECW w a t e r  on 9 September,  In  t h e  l a s t  f o u r  months 

o f  t h e  y e a r ,  n i t r a t e - n i t r o g e n  c o n c e n t r a t i o n s  o f  e s s e n t i a l l y  z e r o  were 

observed ,  With ammonium-nitrogen c o n c e n t r a t i o n s  o f  2  t o  4 ppm, 

r e d u c t i o n s  i n  t o t a l  n i t r o g e n  c o n t e n t  o f  about  90% were thus  r e a l i z e d .  

The lower n i t r a t e  c o n t e n t  i n  t h e  renova ted  w a t e r  d u r i n g  and a f t e r  

a  sequence o f  long i n u n d a t i o n  p e r i o d s  i s  a t t r i b u t e d  t o  b i o d e n i t r i i i c a -  

t i o n .  Th is  c o n c l u s i o n  i s  based on (1) t h e  r e p r o d u c i b i l i t y  i n  r a i s i n g  

o r  lowering t h e  n i t r a t e - n i t r o g e n  c o n t e n t  o f  t h e  renova ted  wate r  by 

t h e  l e n g t h  of t h e  i n u n d a t i o n  schedu le ,  and (2) t h e  f a c t  t h a t  d u r i n g  a 

sequence o f  s h o r t  i n u n d a t i o n  p e r i o d s  t h e  n i t r a t e - n i t r o g e n  c o n t e n t  o f  

t h e  renova ted  w a t e r  i s  about  t h e  same a s  t h e  t o t a l  n i t r o g e n  l e v e l  o f  

t h e  i n f l u e n t ,  The l a t t e r  r u l e s  o u t  temporary hold-back o f  n i t r o g e n  

i n  t i s s u e  of microorganisms,  

P r i o r  t o  p l a n t i n g  g r a s s ,  t h e  n i t r a t e - n i t r o g e n  c o n t e n t  of t h e  ECW 

w a t e r  d u r i n g  and a f t e r  a sequence o f  long i n u n d a t i o n  p e r i o d s  was about  

9 ppm (see January,  Apr i l ,  and May p e r i o d s  i n  F i g u r e  9 ) .  A f t e r  t h e  

g r a s s  had reached  m a t u r i t y ,  a n o t h e r  sequence of long i n u n d a t i o n  
I p e r i o d s  y i e l d e d  n i t r a t e - n i t r o g e n  c o n t e n t s  of l e s s  t h a n  0.5 ppm i n  t h e  

ECW w a t e r  (14-24 September, 24 October-5 December, and 16-31 December 

i n  F igure  9 ) ,  A similar low n i t r a t e - n i t r o g e n  c o n t e n t ,  i, e , ,  about  

0 .1  ppm N, was observed i n  Well 5-6, which, l i k e  t h e  E a s t  Center  Well, 

i s  l o c a t e d  between two g r a s s  b a s i n s ,  The n i t r a t e  c o n t e n t  f o r  Well 

1-2, which i s  l o c a t e d  between t h e  g r a v e l  and b a r e  s o i l  b a s i n s ,  how-ever, 

ranged from 4 t o  7 ppm N f o r  t h e  same sequence o f  long i n u n d a t i o n  

p e r i o d s .  Thus, t h e  renova ted  w a t e r  lrom t h e  g r a s s  b a s i n s  a p p a r e n t l y  

has  a  lower n i t r a t e  c o n t e n t  than t h a t  from t h e  sand o r  g r a v e l  ba s in s  

d u r i n g  sequences  o f  long i n u n d a t i o n  p e r i o d s .  A p o s s i b l e  e x p l a n a t i o n  

f o r  t h i s  i s  t h a t  movement through t h e  g r a s s  mat i n c r e a s e d  the  COD o f  

t h e  i n f l u e n t  (Table 4 ) ,  This  would r e p r e s e n t  an  a d d i t i o n a l  energy 
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s o u r c e  which could  e n a b l e  more complete b i o d e n i t r i f i c a t i o n ,  Other 

f a c t o r s  may be an i n c r e a s e  i n  COD due t o  decaying g r a s s  r o o t s ,  oxygen 

up take  by t h e  g r a s s  r o o t s ,  and h i g h e r  i ~ l f i l t r a t i o n  r a t e s  i n  t h e  g r a s s  

b a s i n s ,  As  r e g a r d s  t h e  p o s s i b i l i t y  t h a t  t h e  more complete  removal o f  

n i t r o g e n  below t h e  g r a s s  b a s i n s  i s  caused by d i r e c t  uptake of n i t r o g c n  

by t h e  g r a s s  r o o t s ,  t h i s  i s  r u l e d  o u t  because  such  uptake would be 

i n s i g n i f i c a n t  when compared t o  t h e  l a r g e  amount o f  n i t r o g e n  (about  

100 l b s  o f  N p e r  a c r e  p e r  day) t h a t  i s  a p p l i e d  w i t h  the  e f f l u e n t  

d u r i n g  i n u n d a t i o n ,  

The amnonium c o n t e n t  of t h e  renova ted  wate r  was n o t  a p p r e c i a b l y  

a f f e c t e d  by t h e  l e n g t h  o f  t h e  i n u n d a t i o n  p e r i o d ,  For most o f  t h e  

y e a r  1968, i t  was about  2 ppm N f o r  t h e  ECW, and about  1 ppm N f o r  

t h e  o t h e r  w e l l s  (F igure  9 and Table  5 ) ,  

The d e l a y  i n  response  of t h e  n i t r a t e  c o n t e n t  i n  ECW t o  a  change 

i n  i n u n d a t i o n  p e r i o d  i s  due t o  t h e  t ime r e q u i r e d  f o r  t h e  w a t e r  t o  

t r a v e l  from t h e  r e c h a r g e  b a s i n  t o  t h e  bottom of t h e  3 0 - f t  w e l l .  I n  

S e c t i o n  111. 4, t h e  t r a v e l  t ime t o  t h e  E a s t  Center  Well was c a l c u -  

l a t e d  a s  16 days f o r  an  i n f i l t r a t i o n  r a t e  o f  1 f t / d a y  i n  t h e  b a s i n s .  

For t h e  p e r i o d  s t a r t i n g  26 March, t h e  average  i n f i l t r a t i o n  r a t e  was 

I 
1.3 f t / d a y ,  which would g i v e  a  t r a v e l  t ime o f  16 /1 ,3  = 12 days ,  Th is  

/ i s  i n  agreement w i t h  t h e  13 days d e l a y  i n  t h e  r e d u c t i o n  o f  t h e  n i t r a t e  

c o n t e n t  o f  ECW w a t e r .  For t h e  p e r i o d  s t a r t i n g  2 September, t h e  c a l c u -  

l a t e d  t r a v e l  t ime i s  1 0  days, whereas i t  took 7 days b e f o r e  t h e  

n i t r a t e  c o n t e n t  i n  t h e  E a s t  Center  Well dec reased ,  

I s o l a t e d  peaks i n  t h e  n i t r a t e  c o n t e n t  o f  ECW water ,  such a s  

observed on 14 October and 9 December (Figure  9) ,  a r e  probably  caused 

by t h e  a r r i v a l  o f  w a t e r  t h a t  remained a s  c a p i l l a r y  w a t e r  i n  t h e  s o i l  

p r o f i l e  dur ing  d ryups ,  Because o f  t h e  a e r a t i o n ,  t h i s  w a t e r  can be 

expec ted  t o  have a  h i g h  n i t r a t e  c o n t e n t ,  When i n u n d a t i o n  i s  resumed, 

t h i s  w a t e r  moves ahead o f  t h e  newly i n l i l t r a t e d  w a t e r  and causes  a  

n i t r a t e  peak i n  t h e  w a t e r  pumped from t h e  ECW w e l l ,  The peak 011 

9 December i s  p a r t i c u l a r l y  d i s t i n c t ,  The average i n t a k e  r a t e  i n  
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bas ins  3 and 4 f o r  t he  week of 2-9 December was 1.2 f t /day ,  which 

would y i e l d  an a r r i v a l  time of 16/1,2 = 13 days. This agrees  we l l  

w i th  the 11 days a f t e r  the  beginning of t h e  inundat ion period t h a t  the 

n i t r a t e  conten t  was on i t s  way down a f t e r  having reached a peak. 

5 ,  Phosphates 

Analysis of the  i n f l u e n t  f o r  t o t a l  phosphates y i e lded  about the 

same va lue  a s  a n a l y s i s  f o r  or thophosphates ,  Hence, subsequent ana lyses  

were made f o r  orthophosphates only. The phosphate content  of the  

i n f l u e n t  ranged from 15 t o  36 ppm P wi th  an average of about 20 ppm. 

For the renovated water of ECW, the  phosphate concent ra t ion  was 5 t o  

10 ppm P, y i e l d i n g  a phosphate removal of about two-thirds .  The 

phosphate a n a l y s i s  on the "out lying" wel l s  1 and 7 (Table 5)  showed 

t h a t  a d d i t i o n a l  movement of the  renovated water  below the water  t a b l e  

may f u r t h e r  reduce the phosphate content ,  The low phosphate content  

of the  5-6 we l l  may be due t o  the f a c t  t h a t  t h i s  w e l l  extends i n t o  

ma te r i a l  w i th  very low hydraul ic  conduct iv i ty  (see I I I . 6 ) .  Thus, 

t h i s  ma te r i a l  conta ins  more c l ay  and o the r  f i n e  p a r t i c l e s  than the 

more permeable formations p reva i l i ng  a t  t he  o ther  we l l s  (111.6). 

6. Fluorides 

The f l u o r i d e  content  of 5 ,2 ppm of t he  i n f l u e n t  (Table 5 )  i s  q u i t e  
i 
1 h igh.  The f l u o r i d e  content  of the renovated water a t  ECW i s  about 

h a l f  of t h a t  of the i n f l u e n t  (Table 5 ) .  Addit ional  l a t e r a l  movement 

below t h e  water t a b l e  apparent ly  g ives  f u r t h e r  reduct ion  i n  the 

f l u o r i d e  content ,  a s  i nd ica t ed  by the concent ra t ions  f o r  we l l s  1 

and 7 ,  The f l u o r i d e  content  of Phoenix t a p  water i s  0.5 ppm, and o f  

the  na t ive  ground water  a t  Flushing Meadows 0.8 ppm. 

7 .  Boron 

The boron content  of the  i n f l u e n t  and the  ECW water remained 

c o n s i s t e n t l y  a t  about 0,5 ppm, By comparison, t h e  boron content  of 

the  na t ive  ground water  i s  0.63 ppm (Table 5 ) .  A boron content  01 

0.5 ppm i n  i r r i g a t i o n  water  i s  below the  l e v e l  whereby damage t o  even 

t h e  more s e n s i t i v e  crops w i l l  occur .  
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8.  S a l t s  

The s a l t  conten t  was c a l c u l a t e d  by mul t ip ly ing  the  e l e c t r i c a l  

conduc t iv i t y  i n  mill imhos by 640 t o  o b t a i n  ppm. Table 5 shows t h a t  

t he  s a l t  conten t  of  t h e  renovated water  i s  s l i g h t l y  h igher  than t h a t  

f o r  t he  i n f l u e n t .  This  i s  probably due t o  evapora t ion  from the bas in s .  

Such evapora t ion  does not  only occur during inundat ion,  but a l s o  dur ing  

dryups (evaporat ion from s o i l ,  evapo t r ansp i r a t i on  from vege ta ted  s u r -  

f a c e ) .  Assuming a  recharge  r a t e  of 300 f t / y r  and an evapora t ion  r a t e  

of 7  f t / y r ,  a  s a l t  conten t  i nc rease  of about 2% can be expected.  

The concent ra t ions  of t he  more important  ions i n  the  renovated 

water  a r e  l i s t e d  i n  Table 6 .  The sodium adso rp t ion  r a t i o  (SAR) of t l ~ e  

renovated water  i s  4.6, which i s  below the  range of 8-18 whereby damage 

t o  the s t r u c t u r e  of t h e  s o i l  can occur i f  the  water  is  used f o r  i r r i -  

g a t i o n  of s o i l s  conta in ing  c l a y .  The SAR-value i s  c a l c u l a t e d  a s  
tt- 

~a'/ -d (Ca* + Mg ) / 2 ,  where t h e  concent ra t ions  a r e  expressed i n  

m i l l i e q u i v a l e n t s  per l i t e r .  

The pH of t he  e f f l u e n t  and the  renovated water  ranged (Table 5 )  

from 7.1 t o  8.4 w i t h  most va lues  between 7.5 and 8, which i s  a  

d e s i r a b l e  range f o r  i r r i g a t i o n ,  r e c r e a t i o n ,  and o t h e r  uses  of  the  

water .  

10,  Coliforms 

Tes t  r e s u l t s  f o r  t h e  presumptive, confirmed and f e c a l  co l i form 

counts  a r e  shown i n  F igure  I1 a s  t he  most probable number (MPN) per 

100 m l .  There i s  some tendency f o r  t he  co l i form counts  t o  be higher  

f o r  a  sequence of long inundat ion per iods  (April ,  October, and 

December). This  tendency i s  p a r t i c u l a r l y  pronounced f o r  the f e c a l  

col i forms,  where the  MPN was e s s e n t i a l l y  0  f o r  sequences of  s h o r t  

inundat ion  per iods .  For longer  inundat ion per iods  where d e n i t r i f i c a -  

t i o n  i s  occurr ing,  t h e  MPN of f e c a l  co l i forms  was g e n e r a l l y  about 10 

per  100 m l .  Some peaks i n  t h e  presumptive MPN seem t o  occur i n  

e r r a t i c  fash ion .  

Annual Report of the U.S. Water Conservation Laboratory



High v a l u e s  f o r  t h e  presumptive  and f e c a l  MPN were observed a l t e r  

t h e  w a t e r  from t h e  i n u n d a t i o n  p e r i o d  i n  December had a r r i v e d ,  When 

t h e  i n u n d a t i o n  was s topped and groundwater flow ceased,  t h e  MPN bcgao 

t o  decrease  and on 7 January  1969, t h e  presumptive  MPN was 3 , 5  per 

100 m l  (average o f  2 and 5 y i e l d e d  by d u p l i c a t e  t e s t s ) ,  Thus, d i e -  

o f f  o f  c o l i f o r m s  was e s s e n t i a l l y  complete a f t e r  3  wks, Th is  i n d i c a t e s  

t h a t  an a d d i t i o n a l  underground d e t e n t i o n  t ime o f  about  3  wks i s  s u f f i -  

c i e n t  t o  remove t h e  c o l i f o r m s  t h a t  have s u r v i v e d  t h e  p e r c o l a t i o n  

through t h e  f i r s t  30 f t  o f  r i v e r b e d  m a t e r i a l .  

11. B i o s t i m u l a t i o n  

Pour 5 5 - g a l l o n  drums were f i l l e d  w i t h  w a t e r  from d i f f e r e n t  s o u r c e s  

a t  F lush ing  Meadows i n  August. The b a r r e l s  were placed i n  t h e  "back 

y a r d "  of t h e  U. S .  Water Conservat ion Labora to ry  t o  s t u d y  t h e  behavior  

o f  t h e  d i f f e r e n t  waters when impounded and exposed t o  t h e  atmosphere.  

One drum was f i l l e d  w i t h  r e n o v a t e d  w a t e r  from t h e  E a s t  Center  Well 

w i t h  a  h igh  n i t r a t e  c o n t e n t  a s  o c c u r r e d  a f t e r  a  sequence of s h o r t  

i n u n d a t i o n  p e r i o d s .  Another drum was f i l l e d  w i t h  renova ted  w a t e r  

from t h e  same s o u r c e  b u t  w i t h  a low n i t r a t e  c o n t e n t  a s  o c c u r r e d  a f t e r  

a  sequence o f  long i n u n d a t i o n  p e r i o d s ,  The t h i r d  drum was f i l l e d  w i t h  

I secondary sewage e f f l u e n t  from t h e  channel  and t h e  f o u r t h  drum w i t h  
I 

I n a t i v e  ground w a t e r  from t h e  West Center  Well. The c o n c e n t r a t i o n s  o f  

n i t r a t e - n i t r o g e n  and phosphorus and t h e  COD o f  t h e  wa te r  a t  t h e  s t a r t  

and dur ing  t h e  c o u r s e  o f  t h e  t e s t  a r e  p resen ted  i n  Tab le  7 ,  

The growth o f  a l g a e  was s t u d i e d  by measuring t h e  d e p t h  o l  v i s i -  

b i l i t y  o f  t h e  w a t e r  i n  t h e  drums w i t h  a  S e c c h i  d i s k  (F igure  1 2 ) ,  The 

high-NO3 drum appeared t o  go th rough  one b r i e f  a l g a e  c y c l e ,  a f t e r  

which i t  suppor ted  a  c o n s i d e r a b l e ,  s t e a d y  a l g a e  growth.  The low-NO3 

b a r r e l .  e x h i b i t e d  a lmost  no a l g a e  growth u n t i l  t h e  weather  became c o o l  

and then  on ly  a  s l i g h t  a l g a e  growth appeared ,  I n  b o t h  c a s e s ,  t h e  

a l g a e  were p r i m a r i l y  o f  t h e  o n e - c e l l e d  v a r i e t y  and v c r y  l i t t l e  scum 

w a s  p r e s e n t ,  The maximum d i s k  r e a d i n g  o b t a i n a b l e  was 80 cm, which 

was t h e  w a t e r  d e p t h  i n  t h e  drums. 
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The depth of v i s i b i l i t y  i n  the  sewage-eff luent  b a r r e l  a f t e r  scum 

removal has been c o n s i s t e n t l y  g r e a t e r  than t h a t  of the  high-NO wa te r ,  3 
However, t h e r e  was a  cons iderab le  growth 01 mulxi -ce l led  a lgae  in  t h e  

sewage e f f l u e n t .  The e f f l u e n t  was covered w i t h  a  t h i c k  green scum 

u n t i l  the  advent of  cool  weather when the a lgae  growth seemed t o  be 

converted t o  t h e  one-ce l led  v a r i e t y .  The depth o f  v i s i b i l i t y  01 t h e  

n a t i v e  ground water  has been maximum f o r  t he  e n t i r e  per iod and has 

shown almost no evidence of  a lgae  growth. 

Measurements of t h e  d i sso lved  oxygen con ten t  of t h e  water  were 

made w i t h  a  ga lvan ic  c e l l  oxygen ana lyze r ,  The d i s so lved  oxygen 

conten t  was measured i n  t h e  a f te rnoon t o  ob t a in  t h e  maximum va lue ,  

The b a r r e l s  were then covered overn ight  and another  measurement was 

taken  e a r l y  t h e  fol lowing morning t o  o b t a i n  the  minimum va lue  of a  

24-hr per iod .  The fol lowing d a t a  a r e  averages of t h r e e  measurements 

made during September and October: 

Eas t  Center East  Center Sewage West Center 
Well Well e f f l u e n t  Well 

(high-NO3) (low-NO3) 

Maximum DO ppm 17,6 11.6 11.1 7.5 

Minimum DO ppm 11 ,9  9,2 4,9 7,2 

The oxygen consumption during the  n igh t  i n  t h e  high-NO water 
3 

was cons iderab le  but t h e  water  s t i l l  remained supe r sa tu ra t ed .  

Dissolved oxygen s a t u r a t i o n  a t  25 C i s  8.4 ppm. The d isso lved  

oxygen conten t  oE t h e  low-NO water  d id  no t  f l u c t u a t e  g r e a t l y  and 3 
the  water remained supe r sa tu ra t ed ,  The minimum disso lved  oxygen 

conten t  of t h e  sewage e f f l u e n t  would be marginal f o r  t h e  growth of 

some spec i e s  of Eish. 

The fol lowing measurements were made on 15 January 1969 : 
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East  Center East Center Sewage West Center 
Well Well e f  Eluent We 11 

(high-NO3) (low-NO3) 

Maximum DO ppm 11,l 10,6 8.8 9.3 

Minimum DO ppm 6.6 8 ,2  4 -4  8.7 

The minimum disso lved  oxygen measurements made during t h e  win ter  

were below s a t u r a t i o n  but the sewage water concent ra t ion  of 4,4 ppm 

was the only one below the  5.0-ppm l e v e l  which i s  gene ra l ly  considered 

t h e  minimum s a f e  l e v e l  f o r  game f i s h .  The low-NO reclaimed water 
3  

contained only s l i g h t l y  l e s s  d i sso lved  oxygen than i t  d id  during the  

f a l l .  The d isso lved  oxygen content  of the West Center Well water  d id  

not  f l u c t u a t e  much during e i t h e r  season, i n d i c a t i n g  very l i t t l e  a lgae  

growth, 

Two g o l d f i s h  were placed i n  each drum on 30 September 1968 and 

a l l  have survived except  one i n  the West Center Well water .  Goldfish, 

however, can t o l e r a t e  lower l e v e l s  of d i sso lved  oxygen than many 

spec i e s  of game f i s h ,  

The NO content  has dec l ined  t o  a  low l e v e l  i n  a l l .  four  drums 3 
except t h e  one w i t h  water  from the West Center Well (Table 7) .  Much 

of the n i t r a t e  has probably been incorpora ted  i n t o  a lgae  c e l l s ,  The 

a lgae  growth probably caused the inc rease  i n  COD a l s o .  

The NO3- and PO -concent ra t ions  i n  the  West Center Well water a r e  
4 

s e v e r a l  times more than the  gene ra l ly  recognized maximum l e v e l s  t o  

avoid a lgae  growth. However, t he  a lgae  growth i n  t h i s  barrel.  of water  

a s  i nd ica t ed  by Secchi  d i s k  and d isso lved  oxygen measurements was 

very  s l i g h t .  The low-NO water a l s o  contained a  cons iderable  amount 
3 

of PO but i t  did not  support  much a lgae  growth. This might have 
4 

been due t o  i t s  low NO content .  
3  

The d a t a  obtained s o  f a r  i n d i c a t e  t h a t  the  low-NO reclaimed 
3 

water  a t  Flushing Meadows would probably not  p re sen t  an a lgae  problem 

i f  placed i n  lakes .  
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111. AQUIFER STUDIES 

1. Depth of impermeable l aye r  

In previous analyses  of the  underground flow system, the depth of 

t he  impermeable l aye r  was taken as  230  f t  (see Annual Report 1967). 

This va lue  was based on logs  of i r r i g a t i o n  we l l s  i n  t he  v i c i n i t y  01 

the p ro j ec t .  To o b t a i n  a  more accu ra t e  va lue  oE the depth of t he  c l ay  

depos i t  forming the  lower boundary of the flow system, the 200-f t  

observa t ion  w e l l  e a s t  of t he  recharge bas in  a r e a  (East Well, Figure I )  

was deepened. The m a t e r i a l  below 200  f t  cons is ted  mainly of f i n e  sand 

t o  a  depth of 247 f t  where the  c lay  l a y e r  s t a r t e d .  Thus, the imper- 

meable boundary of the flow system i s  247 f t  below f i e l d  su r f ace .  

2 .  Improved a n a l y s i s  of ground-water flow system 

The flow system below the  water  t a b l e  a s  presented i n  the 1967 

Annual Report was based on the s i m p l i f i c a t i o n  t h a t  the  upper boundary 

of the system was a  ho r i zon ta l  water  t a b l e .  The water  t a b l e  beneath 

the  recharge bas ins  was then taken a s  a  l ine-source  e q u i p o t e n t i a l .  

The r e s t  of the water  t a b l e  was taken as  a  l i ne - s ink  e q u i p o t e n t i a l ,  

This s i m p l i f i c a t i o n  neglec ted  the  flow above the o r i g i n a l  water t a b l e  

and caused a l l  e q u i p o t e n t i a l s  t o  come toge ther  a t  the poin t  s epa ra t ing  

the  source and the  s ink .  This s i t u a t i o n  of course does not occur i n  

r e a l i t y  and the  r e s u l t i n g  system was only an approximation, 

An improved flow system was obtained by inc luding  the grouncl- 

water  mound i n  the  r e p r e s e n t a t i o n  of the  flow medium by r e s i s t o r s  

on the r e s i s t a n c e  network analog,  In  the  previous r epo r t ,  the 

he ight ,  hc, of t he  cen te r  of the groundwater mound above the  o r i g i n a l  

water  t a b l e  was ca l cu la t ed  a s  3.8 f t .  Using t h i s  value,  the  shape of 

t he  r e s t  of the  mound was est imated and represented  on the  analog. A 

uniform cu r ren t  input  f o r  the po r t ion  of the  mound beneath the 

recharge basin a r e a  was then e s t a b l i s h e d  and the  p o t e n t i a l s  a long 

the  upper boundary of t he  flow system were eva lua ted .  From thcsc 

p o t e n t i a l s ,  an improved e s t ima te  o f  the shape of the  ~t~ouitcl was 

obtained which was s imulated on the  analog, e t c .  This procedure was 
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repea ted  u n t i l  the  c o r r e c t  shape of the  mound was obtained.  The 

improved flow system w i t h  e q u i p o t e n t i a l s  and s t reaml ines  i s  shown i n  

Figure 13, Since r e v e r s a l  of the  boundaries fo r  determining stream- 

l i n e s  was not poss ib l e  i n  t h i s  case,  the  s t reaml ines  were taken from 

the  s imp l i f i ed  flow system as shown i n  the previous r e p o r t .  

The e q u i p o t e n t i a l s  i n  the improved flow system y i e l d  a  water 

l e v e l  r i s e  of  2.62 f t  i n  the East Center Well and of 0.78 f t  i n  the 

West Center Well. This agrees  q u i t e  c l o s e l y  w i t h  the values observed 

i n  the  f i e l d ,  i .e. ,  2.7 and 0.7 f t ,  r e spec t ive ly ,  s o  t h a t  the 16-fold 

r a t i o  between ho r i zon ta l  and v e r t i c a l  hydraul ic  conduct iv i ty  s t i l l  

holds.  The va lues  of t h e  hydraul ic  conduct iv i ty  i n  ho r i zon ta l  d i r e c -  

t i o n ,  \, and t h a t  i n  the v e r t i c a l  d i r e c t i o n ,  I<v, y ie lded  by the  

improved a n a l y s i s  were 282 f t / d a y  and 17.6 .Et/day, r e spec t ive ly .  

These values a r e  somewhat lower than those y ie lded  by the  s imp l i f i ed  

ana lys i s ,  probably because the a d d i t i o n a l  r e s i s t o r s  r ep re sen t ing  the  

groundwater mound changed the network conf igu ra t ion  immediately below 

the  recharge bas ins .  

3 .  Ef fec t ive  t r a n s m i s s i b i l i t y  

The groundwater mound of t h e  flow system i n  Figure 13 i s  shown i n  

Figure 14 wi th  the v e r t i c a l  s c a l e  exaggerated. Trea t ing  the flow 

system on the  b a s i s  of t h e  Dupuit-Forchheimer assumption, i, e.,  

ignor ing  a l l  v e r t i c a l  flow components, the flow beneath the  ground- 

water  mound can be descr ibed  by the following equat ion:  

where = i n t ake  r a t e  f o r  recharge bas in  a r e a  ( f t / d a y )  
2 

T = e f f e c t i v e  t r a n s m i s s i b i l i t y  of the  aqu i f e r  ( f t  /day) 

h  = height  of groundwater mound above o r i g i n a l  water t a b l e  

x = h o r i z o n t a l  d i s t ance  from symmetry l i n e .  

In  c o n t r a s t  t o  I, which r e f e r s  t o  the  a c t u a l  i n f i l t r a t i o n  r a t e  i n  a  
- 

basin,  I r ep resen t s  the  gross  recharge r a t e  fo r  the  t o t a l  a r ea  i n  
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which the bas ins  a r e  l oca t ed .  This a r e a  includes the  a r e a  between 

recharge bas ins  and t h a t  occupied by dry  bas ins .  Of course,  the  

recharge bas ins  should be s u f f i c i e n t l y  f requent  t o  permit t reatment  

of  the  a r ea  a s  one recharge u n i t .  

I n t e g r a t i n g  equat ion  ( I )  f o r  t h e  reg ion  beneath the percola t ion  

zone y i e l d s  

where h  = h  a t  c e n t e r  of mound 
C 

h = 11 a t  edge of mound (x = ~ / 2 )  
e  

W = width of recharge  bas in  a r e a  

For the  mound i n  Figure 14, h = 3.80 f t ,  he = 2.35 f t ,  i = 1.91 
C 

f t /day ,  and W = 220 f t .  S u b s t i t u t i n g  these  va lues  i n  equat ion (2) 
2  2  

y i e l d s  a  va lue  of 7,970 f t  /day, o r  r a t h e r  8000 f t  /day, f o r  the  

e f f e c t i v e  t r a n s m i s s i b i l i t y  of the  aqu i f e r  a s  applying t o  a  recharge 

a r e a  220 f t  wide. Since the hydraul ic  conduct iv i ty  i n  ho r i zon ta l  

d i r e c t i o n  i s  282 f t / day ,  the  e f f e c t i v e  he ight  of t he  flow system i s  

7,970/282 o r  28 f t .  According t o  Figure 13, t h i s  depth corresponds 
I 

approximately t o  the 60% s t reaml ine .  

In  applying the e f f e c t i v e  t r a n s m i s s i b i l i t y  t o  the  design of a 

la rge-sca le ,  mul t ip le -bas in  recharge system, a s  discussed i n  Sect ion 

I V ,  the  ques t ion  a r i s e s  of whether the e f f e c t i v e  t r a n s m i s s i b i l i t y  

, value  i s  cons tan t  o r  dependent on the width of the recharge bas in  

a rea .  I f  the high va lue  of K i s  clue t o  a  s i n g l e  l aye r  of very high 
h  

hydraul ic  conduct iv i ty ,  t he  e f f e c t i v e  t r a n s m i s s i b i l i t y  w i l l  not depend 

on the width of the  recharge bas in  a rea .  I f  the a q u i f e r  i s  uniform o r  

uniformly an i so t rop ic ,  however, t he  e f f e c t i v e  t r a n s m i s s i b i l i t y  w i l l  

vary i n  d i r e c t  p ropor t ion  w i t h  the width of t he  recharge basin a rea ,  

u n t i l  t he  e f f e c t i v e  he ight  of the  flow system i s  about equal  to  the 

he ight  of the  water  t a b l e  above the impermeable boundary. For t h e  
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Flushing Meadows area,  t h i s  he ight  i s  237 f t .  

The we l l  logs a t  Flushing Meadows (see 1967 Annual Report) show 

a  r a t h e r  i r r e g u l a r  succession of sand and g rave l  l aye r s .  Hence, the  

aqu i f e r  a t  t h a t  l o c a t i o n  should probably be considered a s  uniformly 

a n i s o t r o p i c  and the  e f f e c t i v e  t r a n s m i s s i b i l i t y  should be taken i n  

propor t ion  t o  t he  wid th  of the recharge bas in  a r ea .  For t he  condi t ions  

a t  t he  Flushing Meadows s i t e ,  t he  e f f e c t i v e  t r a n s m i s s i b i l i t y  can be 

ca l cu la t ed  a s  : 

where Tw i s  the e f f e c t i v e  t r a n s m i s s i b i l i t y  f o r  a  recharge bas in ,  o r  

a r ea  of recharge basins ,  of width W .  

The ana lys i s  of the flow system i n  Figure 13 and the development 

of equat ion (2) a r e  bascd on the assumption t h a t  the recharge basin 

a r e a  i s  of i n f i n i t e  length .  Hence, flow components not perpendicular  

t o  t he  main d i r e c t i o n  of the  recharge bas in  a r e a  a r e  ignored. I n  

p r a c t i c e ,  t h i s  assumption w i l l  be v a l i d  i f  the Length of the  recharge 

bas in  a r ea  i s  a t  l e a s t  s e v e r a l  times the width.  

The hydraul ic  p r o p e r t i e s  discussed i n  t h i s  s e c t i o n  apply only t o  

t h e  S a l t  River bed a t  the  Flushing Meadows loca t ion .  Modif icat ion of 

t h e  d a t a  may be d e s i r a b l e  i f  t he  r e s u l t s  a r e  t o  be used Eor the design 

of a  recharge system a t  d i f f e r e n t  l oca t ions  i n  the  S a l t  River bed. 

4 .  Ar r iva l  times of renovated water 

The time requi red  f o r  the  renovated water t o  reach  the  bottom of 

the  East Center Wcll and t h a t  of t h e  West Center Well was caLcuLatcd 

from the  p o t e n t i a l s  on the  symmetry Line i n  Figure 13. The assumpt$ons 

were made t h a t  (1) the aqu i f e r  i s  uniformly a n i s o t r o p i c  ( thus  ignoring 

the  e f f e c t  of any d i s t i n c t  l aye r s  01 low permeabil i ty  t h a t  may have an 

ove r r id ing  e f f e c t  on the  a r r i v a l  t ime),  (2) the  d i f l e r e n c e  i n  dens i ty  

between the reclaimed water and the more s a l i n e  n a t i v e  ground water 

has no e f f e c t ,  and (3)  d i spe r s ion  e f f e c t s  can be ignored and the na t ive  

ground water  i s  d i sp laced  i n  p i s t o n - l i k e  manner. 
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Assuming an i n f i l t r a t i o n  r a t e  of 1 f t / d a y  i n  t he  basins ,  the  

p o t e n t i a l s  i n  f t  of water on the  v e r t i c a l  symmetry l i n e  i n  the glow 

system of Figure 13 a r e  presented i n  Table 8 ,  I n  t he  t h i r d  column, 

t he  v e r t i c a l  hydraul ic  g rad ien t s  a r e  shown, Assuming a  poros i ty  of 

33% i n  the sand and g rave l s  of the  aqu i f e r  and tak ing  the  hydraul ic  

conduct iv i ty  i n  v e r t i c a l  d i r e c t i o n  a t  17,6 f t l d a y ,  the macroscopic 

v e l o c i t y  i s  c a l c u l a t e d  i n  column 4. The s i x t h  column shows the  time 

requi red  f o r  the water  t o  t r a v e l  each depth increment, and the  accumu- 

l a t e d  times a r e  shown i n  the  l a s t  column. Thus, f o r  a  sus ta ined  

i n f i l t r a t i o n  r a t e  of 1 f t / day  i n  t he  bas ins ,  i t  takes about 1 6  days 

I f o r  the water  t o  reach  the  bottom of t he  30- f t  ECW wel l ,  and 315 days 

t o  reach the bottom of the  100-f t  WCW w e l l ,  

Usually, the i n f i l t r a t i o n  r a t e s  vary between 1 and 2 I t / day  during 

the f i r s t  week of an inundat ion period.  For an i n f i l t r a t i o n  r a t e  of 

2 f t /day ,  the renovated water  w i l l  reach t h e  East  Center Well i n  

about 8  days. As discussed i n  Sec t ion  11.4, ca l cu la t ed  a r r i v a l  times 

agree reasonably w i t h  a r r i v a l  t imes evaluated from the n i t r a t e  behavior 

i n  ECW. 

For the West Center Well, the  a r r i v a l  time of the water i s  much 

longer .  A t  the time t h i s  r e p o r t  was prepared (December 1968) ,  
I 

reclaimed water had s t i l l  not a r r i v e d  a t  t he  100-I t  West Center WcLL. 

The average long-term i n f i l t r a t i o n  r a t e  s i n c e  the s t a r t  oP the  

Flushing Meadows P ro jec t  i n  September 1967 i s  about 0.62 f t / day .  A t  

t h i s  r a t e ,  i t  w i l l  t ake  315/0.62 o r  508 days before the  na t ive  ground 

water a t  the bottom of the  West Center Well w i l l  be replaced by 

reclaimed water .  According t o  t hese  da ta ,  t he re fo re ,  a  drop i n  ~ h e  

s a l t  conten t  from the present  3000 t o  4000 ppm of t he  n a t i v e  ground 

water  t o  the 1000 ppm of the reclaimed water can be expected f o r  the 

100-f t  West Center Well i n  t he  second year  of opera t ion .  

5.  Response of water  t a b l e  t o  ground-water recharge 

In Apr i l  1968, a d d i t i o n a l  observa t ion  we l l s  were i n s r a l l c d  i n  a  

l i n e  through the  cen te r  of the recharge bas in  a r ea  normal to  the 
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d i r e c t i o n  of  t h e  b a s i n s .  The l o c a t i o n  o f  t h e s e  w e l l s ,  e a c h  of  which 

i s  about  20 f t  deep and cased  t o  t h e  bot tom w i t h  6 - inch  nonperfora tecl  

s t e e l  p ipe ,  i s  shown i n  t h e  upper p a r t  of  F i g u r e  15.  The lower p a r t  

o f  F i g u r e  15  shows t y p i c a l  w a t e r  l e v e l  p r o f i l e s  y i e l d e d  by t h e s e  w e l l s ,  

The p r o f i l e  of  7 October  was measured a t  t h e  end o f  a  12-day dryup 

p e r i o d ,  The p r o f i l e  of 14 October was measured a f t e r  l wk of  inunda-  

t i o n ,  and t h e  p r o f i l e  o f  21 October was measured a f t e r  2 wks inunda- 

t i o n ,  The w a t e r  k v e l s  on 21 October a r e  lower t h a n  on 14 October 

( e x c e p t  f o r  w e l l  7 )  because  t h e  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  d u r i n g  

t h e  r e c h a r g e  p e r i o d ,  The " i r r e g u l a r i t i e s "  i n  t h e  c u r v e s  o f  F i g u r e  15 

r e f l e c t  t h e  nonun i fo rmi ty  of  t h e  underground fo rmat ions .  S i n c e  t h e  

E a s t  Cen te r  Well i s  30 f t  deep a s  compared t o  20 f t  f o r  t h e  newly 

i n s t a l l e d  w e l l s ,  t h e  w a t e r  l e v e l  i n  t h e  E a s t  Cen te r  Well d u r i n g  

r e c h a r g e  w i l l  be  lower t h a n  i n  a  comparable 2 0 - f t  w e l l  because  of 

head l o s s  due t o  t h e  downward movement o f  t h e  w a t e r .  The w a t e r  l e v e l  

i n  w e l l  5-6 r i s e s  v e r y  s l o w l y  a f t e r  t h e  w e l l  has  been pumped o u t .  

For t h i s  r eason ,  w e l l  5-6 i s  o n l y  used t o  o b t a i n  w a t e r  samples f o r  

q u a l i t y  a n a l y s i s  and n o t  f o r  w a t e r  l e v e l  measurements,  

As i n  1967, t h e  w a t e r  l e v e l  i n  t h e  o b s e r v a t i o n  w e l l s  r o s e  d u r i n g  

t h e  f i r s t  few days o f  t h e  r e c h a r g e  p e r i o d  t o  assume a  pseudo- 

e q u i l i b r i u m  l e v e l .  A f t e r  t h e  r e c h a r g e  pe r iod ,  t h e  w a t e r  l e v e l s  

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

d u r i n g  r e c h a r g e  was abou t  9 f t  below t h e  bottom of  t h e  b a s i n s ,  and 

d u r i n g  dryup abou t  1 0  f t .  

6 .  Hydrau l i c  c o n d u c t i v i t y  of a q u i f e r  

A s  shown i n  t h e  lower p a r t  o f  F i g u r e  15, t h e  w a t e r  l e v e l  i n  t h e  

E a s t  Center  Well r o s e  1 , O  f t  d u r i n g  t h e  f i r s t  week of  t h e  r e c h a r g e  

p e r i o d  which s t a r t e d  9 October.  The average  i n f i l t r a t i o n  r a t e  Tor 

a l l  b a s i n s  on 14 October  was l , 4  f t / d a y ,  Because t h e  h e i g h t  oC t h e  

pseudo-equ i l ib r ium p o s i t i o n  of  t h e  w a t e r  t a b l e  above t h e  o r i g i n a l  

ground-water  t a b l e  i s  p r o p o r t i o n a l  t o  t h e  i n c i l t r a t i o n  ra tc ,  t h e  

w a t e r  l e v e l  r i s e  pe r  u n i t  i n f i l t r a t i o n  r a t e  can be c a l c u l a t e d  a s  
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1.0/1.4 = 0,71 days.  A year  ago (September 22-27, 1967), the  pseudo- 

equ i l i b r ium p o s i t i o n  of t he  water  l e v e l  i n  the  Eas t  Center Well was 

2.7 f t  above t h e  o r i g i n a l  water  t a b l e  f o r  an average i n f i l t r a t i o n  r a t e  

of 3 ,5  f t / d a y  i n  t h e  bas in s  (see Annual Report 1967).  The water  l e v e l  

r i s e  per u n i t  i n f i l t r a t i o n  r a t e  c a l c u l a t e d  f o r  t h e s e  d a t a  is 0.77 days,  

which i s  only s l i g h t l y  higher  than the  va lue  of 0.71 c a l c u l a t e d  for 

October 1968. Thus, t h e  hyd rau l i c  conduc t iv i t y  of the  a q u i f e r  has not 

undergone a  s i g n i f i c a n t  change during the  f i r s t  y e a r  of ope ra t i on  of 

the p r o j e c t ,  

On 25 November, t h e  hydrau l ic  conduct iv i ty ,  I<, of t h e  s o i l  m a t e r i a l  

below each observa t ion  w e l l  was determined w i t h  the  tube method of 

Kirkham and F r e v e r t ,  With t h i s  technique, the  water  l e v e l  i n  the  w e l l  

i s  lowered a  few f e e t  below i t s  equ i l i b r ium pos i t i on ,  a f t e r  which t h e  

r a t e  of  r i s e  of t he  water  l e v e l  i s  measured f o r  c a l c u l a t i o n  of K, The 

fol lowing r e s u l t s  were ob ta ined:  

Well - I< i n  Et/day 

1 2,5 

1-2 173 

ECW 34 

WCW 270 

5-6 0.1 (es t imated)  

7  775 

8 620 

The above va lues  of K can be d iv ided  i n t o  two groups, one w i t h  r e l a -  

i t i v e l y  high va lues  and one w i t h  r e l a t i v e l y  low va lues .  This would be 

i n  agreement w i t h  t h e  n a t u r e  of t he  a l l u v i a l  depos i t s ,  which i s  an 

i r r e g u l a r  success ion  of g r a v e l l y  ma te r i a l s  w i t h  r e l a t i v e l y  high 

permeabi l i ty  and sandy and s i l t y  ma te r i a l s  w i th  r e l a t i v e l y  low perme- 

a b i l i t y .  The average of t h e  va lues  i n  the  low group (0.1, 34, and 

2  $5) i s  12,2 f t / day .  The average of the va lues  i n  t he  high group 

(173, 270, 775, and 620) i s  458 f t / d a y .  I f  a q u i f e r  m a t e r i a l  i s  coin- 

s i d e r e d  t o  c o n s i s t  of a l t e r n a t e ,  equa l ly  t h i c k  l a y e r s  of r e l a t i v e l y  
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f i n e  and r e l a t i v e l y  coarse ma te r i a l ,  t he  permeabi l i ty  i n  ho r i zon ta l  

d i r e c t i o n  can be ca l cu la t ed  a s  the  a r i t hme t i c  mean of the permeabil i -  

t i e s  of the  l aye r s ,  and t h a t  i n  v e r t i c a l  d i r e c t i o n  a s  t he  harmonic mean. 

Applying t h i s  approach t o  the  group averages of 12.2 and 458 f t / day  

y i e l d s  a  ho r i zon ta l  permeabi l i ty  of 236 f t / day  and a v e r t i c a l  perme- 

a b i l i t y  of 23.7 f t / day ,  This i s  i n  good agreement w i th  the va lues  of 

282 f t / day  and 17.6 f t / day  obtained by e l e c t r i c a l  analog (Figure 13)  

from the recharge r a t e  and the water l e v e l  response i n  ECW and wCW. 
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IV. DESIGN OF A LARGE-SCALE RECHARGE SYSTEM 

1, Layout of sys tem and p r i n c i p l e s  of o p e r a t i o n  

A s  s t a t e d  i n  S e c t i o n  I, 1, i t  i s  expec ted  t h a t  an annua l  r e c h a r g e  

r a t e  of 300 f t / y r  can be main ta ined ,  Thus, f o r  every  1000 a c r e - f t  o f  

sewage e f f l u e n t  t o  be rec la imed  annua l ly ,  approximately  3 a c r e s  of 

r e c h a r g e  b a s i n  a r e  r e q u i r e d ,  For t h e  p r o j e c t e d  flow of  300,000 a c r e -  

f t  pe r  y e a r ,  1000 a c r e s  of r e c h a r g e  b a s i n s  would thus  be n e c e s s a r y ,  

A p o s s i b l e  arrangement of r e c h a r g e  b a s i n s  f o r  such  a  l a r g e - s c a l e  sys tem 

i s  shown i n  F igure  16.  The b a s i n s  a r e  c o n c e n t r a t e d  i n  two p a r a l l e l  

" s t r i p s "  on each  s i d e  o f  t h e  S a l t  River  bed. Midway between t h e  s t r i p s  

would be a  s e r i e s  o f  w e l l s  t o  pump up t h e  rec la imed  w a t e r .  As p r e s e n t e d  

i n  F i g u r e  16, t h e  sys tem c o n s i s t s  o f  50  a c r e s  of r e c h a r g e  b a s i n s  which 

would be capab le  of hand l ing  15 mgd of  e f f l u e n t .  The rec la imed  w a t e r  

cou ld  be pumped d i r e c t l y  i n t o  t h e  c a n a l s  f o r  i n d i s c r i m i n a t e  i r r i g a t i o n ,  

o r  p a r t  o f  t h e  rec la imed  w a t e r  could  be passed through a  s e r i e s  of 

l a k e s .  These l a k e s  could  be combined w i t h  pa rk  developments and they  

cou ld  be used f o r  f i s h i n g ,  boa t ing ,  p i c n i c k i n g ,  e t c .  The r e c h a r g e  

s t r i p s  could  be expanded i n  westward d i r e c t i o n  t o  u t i l i z e  w a t e r  from 

t h e  9 1 s t  Avenue t r e a t m e n t  p l a n t ,  The l a k e s  and parks  cou ld  be expanded 

eas tward  t o  i n c l u d e  development a t  s e v e r a l  p a r t s  i n  t h e  S a l t  River  bed 

between 23rd Avenue and Mesa. The p resence  o f  r e c r e a t i o n a l  l a k e s  and 

p a r k s  i n  p o r t i o n s  o f  t h e  S a l t  R iver  bed would undoubtedly enhance t h e  

v a l u e  of t h e  S a l t  R iver  bed t o  t h e  community. 

A  schemat ic  p l a n  and c r o s s  s e c t i o n  o f  t h e  sys tem of r e c h a r g e  b a s i n s  

and w e l l s  p r e s e n t e d  i n  F i g u r e  16 is  shown i n  F i g u r e  17.  To minimize 

t h e  s p r e a d  o f  r e c l a i m e d  w a t e r  i n t o  t h e  a q u i f e r  n o r t h  and s o u t h  o f  t h e  

S a l t  R iver  bed and t o  minimize t h e  in f low of  n a t i v e  ground w a t e r  i n t o  

t h e  r e c h a r g e  flow system, t h e  sys tem i n  F igure  17 shou ld  be o p e r a t e d  s o  t h a t  

t h e  ground-water t a b l e  below t h e  o u t s i d e  edges o f  t h e  r e c h a r g e  s t r i p s  

i s  k e p t  a s  much a s  p o s s i b l e  a t  i t s  o r i g i n a l  p o s i t i o n .  I n  t h a t  case ,  a i l  

t h e  wa te r  i n f i l t r a t e d  th rough  t h e  r e c h a r g e  b a s i n s  w i l l  f low t o  t h e  w e l l s  

w i t h  l i t t l e  o r  no movement t o  o r  from t h e  a q u i f e r  o u t s i d e  t h e  r e c h a r g e  

flow system. 

51-32 
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The h ighes t  p o s i t i o n  of the water t a b l e  w i l l  occur beneath the 

ou t s ide  edges of t h e  recharge s t r i p  oppos i te  the  po in t  midway between 

the we l l s  (poin t  C i n  Figure 17 ) .  The b e s t  way i n  p r a c t i c e  t o  main- 

t a i n  the water t a b l e  a t  po in t  C, o r  the average p o s i t i o n  of the  water  

t a b l e  beneath the ou t s ide  edges of t h e  recharge s t r i p ,  a t  i t s  o r i g i n a l  

"pre-recharge" p o s i t i o n  w i l l  be t o  i n s t a l l  an observa t ion  wel l  a t  

po in t  C, and ope ra t e  t h e  system of bas ins  and we l l s  s o  a s  t o  avoid a  

change i n  the  water  t a b l e  e l e v a t i o n  a t  t h a t  po in t ,  To obta in  some 

idea  of the  water t a b l e  e l eva t ions  beneath the recharge bas ins  and 

near  the we l l s  and how these  e l e v a t i o n s  a r e  a f f e c t e d  by the geometry 

of recharge bas ins  and wel l s ,  analyses  were performed w i t h  an e l ec -  

t r i c a l  r e s i s t a n c e  network analog,  

2 .  Analog s t u d i e s  

The analyses  were performed t o  determine the d i f f e r e n c e  between 

the  water t a b l e  e l e v a t i o n  a t  po in t  C and t h a t  ad jacent  t o  the we l l  

i n  r e l a t i o n  t o  system geometry, recharge r a t e ,  and aqu i f e r  t r ans -  

m i s s i b i l i t y .  The ana lyses  were c a r r i e d  out  f o r  a  plan model of the  

system. Thus, v e r t i c a l  flow components were ignored.  A cons tan t  

t r a n s m i s s i b i l i t y  was used, neglec t ing  the e f f e c t  of a  change i n  watcr 

t a b l e  pos i t i on  on the t r a n s m i s s i b i l i t y  of t h e  a q u i f e r .  Use of a  plan 
I 

model w i th  cons tan t  t r a n s m i s s i b i l i t y  i s  v a l i d  f o r  a  flow system of 

the  type i n  Figure 17, provided t h a t  the  t r a n s m i s s i b i l i t y  va lue  used 

i s  t he  e f f e c t i v e  t r a n s m i s s i b i l i t y  fo r  t h e  "act ive" flow region,  which 

i s  u sua l ly  l e s s  than the  t r a n s m i s s i b i l i t y  of the e n t i r e  a q u i f e r .  

Assuming t h a t  a11 water  en t e r ing  the  s o i l  a t  t he  recharge basin 

w i l l  be pumped out  by the  we l l s  and t h a t  t he re  i s  no inflow of na t ivc  

ground water from o u t s i d e  t h e  system, t h e  spacing, S, of the wel l s  

can be ca l cu la t ed  a s  

where \ i s  the d ischarge  per we l l .  A graph based on t h i s  cquation 

showing ~f a s  a funct ion of S f o r  d i f f e r e n t  wel l  discharges cxprclsscd 
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i n  gpm i s  presented i n  Figure 18, Thus, i f  the w e l l  d i scharge  i s  
.. 

4000 gpm, I = 1 f t /day  and W = 800 f t ,  the  w e l l  spacing should be 

480 f t .  

The flow beneath the  recharge s t r i p  was assumed t o  be i n  l i n e a r  
I 

d i r e c t i o n ,  p a r a l l e l  t o  BC (Figure 17) .  The water t a b l e  drop between 

B and C, AHBmC, was ca l cu la t ed  w i t h  equat ion (2) i n  Sec t ion  111.3. 

Since the re  i s  no symmetry i n  the  cen te r  of the  recharge s t r i p ,  t he  

equat ion  applying t o  t he  system of Figure 17 i s  

Thus, the  va lue  of W f o r  t he  system i n  Figure 17 i s  twice the  va lue  

of W i n  equat ion  (2) .  Because the  flow beneath t h e  recharge s t r i p  i s  

assumed t o  be l i n e a r ,  A 
'E- A 

i s  equal  t o  AH The water  t a b l e  a t  E 
B- c ' 

and A w i l l  be lower than a t  C and B, however. 

Because of the  symmetries i n  t he  flow system, only one quadrant of 

the flow system around each w e l l  needed t o  be represented  on the  analog 

(Figure 19) .  The flow system from BA t o  t h e  w e l l  was analyzed by 

r e s i s t a n c e  network analog. Because of the  assumption of one -d i r ec t iona l  

flow i n  s e c t i o n  ECBA, the  l i n e  BA i n  t h e  analog model was a  l i n e  source 

1 w i t h  uniform inf low d i s t r i b u t i o n ,  The w e l l  was a  poin t  s ink .  The node 

arrangement i n  the analog f o r  the  case where AB i s  equal  t o  t he  d i s -  

tance from A t o  t h e  w e l l  (I., = ~ / 2 )  i s  i nd ica t ed  i n  Figure 19. The 

d i f f e r e n c e  between the water  t a b l e  e l e v a t i o n  a t  A and t h a t  ad jacent  

I t o  the  w e l l  i s  c a l l e d  AH Using d i f f e r e n t  va lues  f o r  AB and the  
A "  

d i s t ance  L  between A and the  wel l ,  t h e  r e l a t i o n s h i p  between flow r a t e ,  

t r a n s m i s s i b i l i t y ,  and AH was eva lua ted .  A dimensionless p l o t  of the  
A 

r e s u l t s  is  presented i n  Figure 20, The r a t i o  of t h e  e l e v a t i o n  d i f f e r ence ,  

QHB, between the water  t a b l e  a t  B and t h a t  a t  the  wel l ,  t o  AH i s  
A' 

shown i n  Figure 21, aga in  a s  a  func t ion  of L/S .  Figure 21 shows t h a t  

a s  long a s  (L/s) > 0.5, t h e  water  t a b l e  has about the  same e l eva t ion  

a t  A a s  a t  B. This suppor ts  the v a l i d i t y  of the assumption of onc- 
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d i r e c t i o n a l  flow i n  the s e c t i o n  ABCE. 

To i l l u s t r a t e  t he  use of Figures  20 and 21, the e l e v a t i o n  d i f f e r -  

ence between the water  t a b l e  a t  po in ts ,  A, B, and C on the one hand, 

and the  water  t a b l e  ad jacent  t o  the w e l l  on the o the r  hand, w i l l  be 

computed f o r  the  £01 lowing values : 

? = 1 f t /day  

W = 400 f t  

L = 500 f t  

= 4000 gpm 
2 

T = 20,000 f t  /day. 

The f i r s t  s t e p  i s  t o  eva lua t e  the  va lue  of S so t h a t  t he  we l l  d i scharge  

equals  the recharge volume. Figure 18 shows t h a t  f o r  t h e  above values 

of i, W and \, S = 950 f t .  Thus, L/S = 0.526, which according t o  

Figure 20 y i e l d s  a  va lue  of 1.43 f o r  t he  r a t i o  Z W S ~ / T  AH from which 
A' 

QH i s  ca l cu la t ed  a s  26.7 f t .  Figure 21 shows t h a t  f o r  L/S = 0.526, A 
I Y ~ ~ / A H ~  = 1.032, s o  t h a t  AH = 27.5 f t .  The va lue  of IYIB i s  calcu-  

B - 
l a t e d  wi th  equat ion (5) a s  4  f t  s o  t h a t  the water  t a b l e  a t  po in t  C w i l l  

be 31.5 f t  higher  than a t  t h e  we l l ,  o r  AHC = 31.5 f t .  

Using t h e  above procedure, a  graph was cons t ruc ted  showing the 

r e l a t i o n s l ~ i p  between TQH /? and S f o r  d i f f e r e n t  w e l l  d i scharges  and 
C 

a  cons tan t  L-value of 500 f t  (Figure 22) .  S imi la r  graphs can be 

developed f o r  o the r  va lues  of L, thus enabl ing r a p i d  eva lua t ion  of 

DSI f o r  a  number of s i t u a t i o n s .  
C 

The a n a l y s i s  so  f a r  app l i e s  t o  a  cons tan t  va lue  of T, which 

implies  t h a t  t he  e f f e c t i v e  t r a n s m i s s i b i l i t y  f o r  the  recharge flow 

system beneath and ad jacent  t o  t he  recharge s t r i p s  and the  e f f e c t i v e  

t r a n s m i s s i b i l i t y  f o r  t he  subsequent l a t e r a l  flow toward the  we l l  a r e  

t h e  same. However, i n  r e a l i t y ,  the t r a n s m i s s i b i l i t y  f o r  the  we l l  

flow system may exceed the  e f f e c t i v e  t r a n s m i s s i b i l i t y  f o r  the  

recharge flow system. This i s  because the  w e l l  may pene t r a t e  t he  

a q u i f e r  t o  g r e a t e r  depth than the  e f f e c t i v e  depth of the recharge 

flow system. To account f o r  t h i s  i n  t he  s o l u t i o n  of t he  flow system, 
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the  eva lua t ion  of AH and AH according t o  Figures  20 and 21 can be 
A B 

done f o r  t h e  app rop r i a t e  va lue  of T f o r  t he  w e l l  flow system, The 

va lue  of  @HBmC can then be c a l c u l a t e d  w i t h  equa t ion  (5) using the  

e f f e c t i v e  t r a n s m i s s i b i l i t y  va lue  f o r  the  recharge  flow system. For 

example, i f  f o r  t h e  previous example t he  va lue  of T f o r  the  we l l  
2 

flow system were 40,000 f t  /day and f o r  t he  recharge  flow system 
2 

10,000 f t  /day, t h e  fol lowing va lues  would have been obta ined:  

AHA = 13.4 f t ,  AHB = 13.8 f t ,  AHB-C = 8 f t ,  and AH = 21.8 f t .  
C 

I The va lue  of  L i s  governed by the  d i s t ance  and time of t r a v e l  01 

t h e  renovated water  through t h e  a q u i f e r  necessary t o  provide removal 

of b a c t e r i a ,  v i r u s e s ,  and odor. Quan t i t a t i ve  information regarding 

d e s i r e d  va lues  of L i s  s c a r c e  and t h e  s e l e c t i o n  of t he  va lue  fo r  L 

depends on such f a c t o r s  a s  t he  intended use of t he  reclaimed water ,  

t h e  a d d i t i o n a l  t rea tment  provided, t he  s o i l  ma te r i a l s  of t h e  aqu i f e r ,  

t h e  p o s s i b i l i t y  of s h o r t  c i r c u i t i n g  through cracks,  f i s s u r e s ,  o r  

o t h e r  l a r g e  openings, e t c .  In view of experiences  obtained elsewhere,  

L f o r  t h e  S a l t  River  bed w i t h  i t s  f i n e  and coarse  sands and g r a v e l  

should n o t  be much less than  about 500 f t .  In  p r a c t i c e ,  L may a l s o  

be a f f e c t e d  by t h e  a v a i l a b i l i t y  of land and by t h e  width and topo- 

graphy of t h e  r i v e r  bed. A s  regards  t he  des i r ed  underground de t en t ion  
I 

, t ime t o  y i e l d  renovated water  of  a d e s i r a b l e  q u a l i t y ,  a time of about 

3 weeks seems s u f f i c i e n t  f o r  complete removal of the  co l i form b a c t e r i a  

(see X I .  10 ) .  Longer t i m e s  may be r equ i r ed  f o r  t h e  removal of v i r u s ,  

t a s t e ,  and odor. 

The a n a l y s i s  p resen ted  i n  t h i s  r e p o r t  a p p l i e s  t o  two p a r a l l e l  

recharge  bas in  s t r i p s  w i t h  t he  w e l l s  l oca t ed  midway between the  s t r i p s .  

Thus, a l l  t h e  recharge  water  t h a t  has i n f i l t r a t e d  i n t o  t h e  bas in s  must 

t r a v e l  t o  t h e  wells midway between the  recharge s t r i p s .  I n  some cases, 

i t  may be d e s i r a b l e  t o  i n s t a l l  more than two p a r a l l e l  recharge  bas in  

s t r i p s .  I n  such a m u l t i p l e - s t r i p  system wi th  w e l l s  midway between t h e  

s t r i p s  (Figure 23), t he  c e n t e r  l i n e  of each s t r i p  becomes a symmetry 

l i n e .  Hence, t o  apply the  a n a l y s i s  of t he  flow system a s  presented 
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in this section to the multiple-strip system, W should be taken as % 
the width of the recharge-basin strip. 
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V .  SYMBOLS 

= h e i g h t  of w a t e r - t a b l e  mound above o r i g i n a l  wa te r  t a b l e  

= h e i g h t  o f  c e n t e r  o f  w a r e r - t a b l e  mound above o r i g i n a l  wa te r  

t a b l e  

= h e i g h t  o f  w a t e r - t a b l e  mound a t  edge o f  p e r c o l a t i o n  zone 

above o r i g i n a l  water  t a b l e "  

= e l e v a t i o n  d i f f e r e n c e  between wate r  t a b l e  a t  p o i n t  A and 

wate r  t a b l e  a d j a c e n t  t o  w e l l  

= a s  MA, but  f o r  p o i n t  B 

= a s  AHA, b u t  f o r  p o i n t  C 

= e l e v a t i o n  d i f f e r e n c e  between wate r  t a b l e  a t  p o i n t s  B and C - C 
= i n f i l t r a t i o n  r a t e  i n  r e c h a r g e  b a s i n  ( l e n g t h l t i m e )  

= i n f i l t r a t i o n  r a t e  f o r  g r o s s  a r e a  covered by r e c h a r g e  

b a s i n s  ( l e n g t h / t i m e )  

= h y d r a u l i c  c o n d u c t i v i t y  of s o i l  ( l e n g t h / t  ime) 

= K i n  h o r i z o n t a l  d i r e c t i o n  

= I< i n  v e r t i c a l  d i r e c t i o n  

= d i s t a n c e  between edge of r e c h a r g e  b a s i n  and wel l  

= s o i l - w a t e r  p r e s s u r e  head ( c m  of wa te r )  

= d i s c h a r g e  of w e l l  

= d i s t a n c e  between w e l l s  
2 

= t r a n s m i s s i b i l i t y  of aquifler  ( l e n g t h  / t ime)  

= T f o r  a r e c h a r g e - b a s i n  a r e a  of w i d t h  W 

= width  o f  a r e a  covered by r e c h a r g e  b a s i n s  
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SUNMARY AND CONCLUSIONS: 

The y e a r  1968 was t h e  f i r s t  y e a r  of f u l l - s c a l e  o p e r a t i o n  of t h e  

F lush ing  Meadows P r o j e c t ,  I n  t h e  beg inn ing  o f  t h e  y e a r ,  a d d i t i o n a l  

o b s e r v a t i o n  w e l l s  were i n s t a l l e d  t o  permit  sampling o f  renova ted  w a t e r  

below t h e  g r a s s e d  and t h e  non-grassed b a s i n s ,  and a t  g r e a t e r  h o r i z o n t a l  

d i s t a n c e s  from t h e  r e c h a r g e  b a s i n s .  Four b a s i n s  were seeded t o  g r a s s ,  

one b a s i n  was covered w i t h  a 4 - i n c h  l a y e r  of f i n e  g r a v e l ,  and the  

s i x t h  b a s i n  was l e f t  i n  t h e  o r i g i n a l  c o n d i t i o n .  I n  each b a s i n ,  g r a v e l  

dams were i n s t a l l e d  about  50 f t  from t h e  i n l e t  end t o  c r e a t e  sedimen- 

t a t i o n  b a s i n s  f o r  removal of suspended s o l i d s  i n  t h e  e f f l u e n t ,  

Of t h e  v a r i o u s  g r a s s  v a r i e t i e s  p l a n t e d ,  Gian t  Bermuda appeared 

t h e  most s u i t a b l e  f o r  sewage-e f f luen t  r e c h a r g e  b a s i n s ,  and i t  emerged 

a s  t h e  dominant s p e c i e s  where a  mix ture  of Common and Gian t  Bermuda- 

g r a s s  had been used.  The g r a s s  b a s i n s  y i e l d e d  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  and t h e  g r a v e l  b a s i n s  t h e  lowes t .  Accumulated i n f i l t r a t i o n  

amounts f o r  t h e  l a s t  4  months i n  1968 were 98 f t  f o r  t h e  g r a s s  b a s i n s ,  

7 2  f t  f o r  t h e  ba re  s o i l  bas in ,  and 45 f t  f o r  t h e  g r a v e l  b a s i n .  Flow 

th rough  the  g r a s s  d i d  n o t  a p p r e c i a b l y  a f f e c t  t h e  chemical  oxygen 

demand and t h e  ammonium and n i t r a t e  c o n t e n t s  of t h e  e f f l u e n t .  

The e f f e c t  of t h e  s u r f a c e  c o n d i t i o n  of t h e  b a s i n s  on t h e  w e t t i n g  

and d r y i n g  of t h e  s o i l  p r o f i l e  d u r i n g  i n t e r m i t t e n t  i n u n d a t i o n  was 

s t u d i e d  by de te rmin ing  s o i l  w a t e r  c o n t e n t s ,  s o i l  w a t e r  p r e s s u r e s ,  and 

p o l y s a c c h a r i d e  c o n c e n t r a t i o n s .  The g r a s s  b a s i n s ,  which gave 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 ,  a l s o  e x h i b i t e d  t h e  f a s t e s t  r a t e  o f  cirying 

when i n u n d a t i o n  was s topped .  The g r a v e l  bas in ,  which gave t h e  lowest  

i n f i l t r a t i o n  r a t e ,  a l s o  had t h e  lowest  r a t e  o f  d r y i n g ,  The b a r e  s o i l  

b a s i n  d r a i n e d  about  a s  r a p i d l y  a s  t h e  g r a s s  b a s i n  f o r  t h e  f i r s t  3 days 

o f  d r y i n g .  Although t h e  b a s i n s  showed clif f e r e n t  i n f i l t r a t i o n  r a t e s ,  

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

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

b a s i n  s o i l s  were l i t t l e  d i f f e r e n t  from t h o s e  i n  t h e  s o i l  o u t s i a c  t h e  

b a s i n s .  No a p p r e c i a b l e  d i f f e r e n c e  was found between t h e  p o l y s a c c h a r i d c  
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c o n t e n t  i n  t h e  s o i l  a f t e r  an i n u n d a t i o n  per iod  and a f t e r  a dryup 

p e r i o d  . 
The i n u n d a t i o n  s c h e d u l e s  i n  1968 were t h e  same f o r  a l l  b a s i n s  

and c o n s i s t e d  of sequences  of s h o r t  i n u n d a t i o n  p e r i o d s  o f  about  

2 days each  and sequences  o f  long i n u n d a t i o n  p e r i o d s  01 about  2 wks 

each .  Dryup p e r i o d s  v a r i e d  from about  2 days t o  about  2 wlcs. For 

t h e  s h o r t  i n u n d a t i o n  per iods ,  a lmost  a l l  t h e  n i t r o g e n  i n  t h e  e l f l u e n t  

w a s  conver ted  t o  n i t r a t e  a s  i t  p e r c o l a t e d  through t h e  s o i l  t o  the  

3 0 - f t  deep w e l l  i n  t h e  c e n t e r  of t h e  r e c h a r g e  b a s i n  a r e a .  17or the  

long  i n u n d a t i o n  per iods ,  90% removal o f  t h e  n i t r o g e n  i n  t h e  e f f l u e n t  

was achieved,  probably  because  o f  b i o d e n i t r i f i c a t i o n  i n  t h e  s o i l ,  

R e n i t r i f i c a t i o n  was more complete below t h e  g r a s s  b a s i n s  t h a n  below 

t h e  b a r e  s o i l  and g r a v e l  b a s i n s .  Phosphates were reduced from 25 t o  

6 ppm P, f l u o r i d e s  from 5 t o  2,5 pprn F, chemical  oxygen demand Lrom 

45 t o  12 ppm, and b iochemica l  oxygen demand from 20 t o  0 , 2  ppm. 

Boron, t o t a l  s a l t ,  and pH of  t h e  rec la imed  w a t e r  were abou t  t h e  same 

a s  of t h e  e f f l u e n t ,  i. e . ,  0.5 ppm, 950 ppm, and 7.9, r e s p e c t i v e l y .  

The number o f  c o l i f o r m  b a c t e r i a  i n  t h e  rec la imed  w a t e r  from t h e  30-Et 

we1 1 was h i g h e r  dur ing  long i n u n d a t i o n  p e r i o d s  t h a n  d u r i n g  s h o r t  

p e r i o d s ,  when t h e  MPN of f e c a l  c o l i f o r m s  was e s s e n t i a l l y  z e r o .  
I 

' Optimum i n u n d a t i o n  s c h e d u l e s  f o r  maximizing t h e  q u a n t i t y  o f  rec la imed  

w a t e r  pe r  u n i t  b a s i n  a r e a  and minimizing t h e  n i t r a t e  c o n t e n t  o f  t h e  

rec la imed  w a t e r  appeared t o  be abou t  2 wks i n u n d a t i o n  and 1 wk dryup 

i n  t h e  summer and 2 wks i n u n d a t i o n  and 2 wks dryup i n  t h e  w i n t e r .  

With t h i s  schedu le ,  r e c h a r g e  r a t e s  of about 300 f t / y r  shou ld  be 

a t t a i n a b l e .  Thus, f o r  every  thousand a c r e - f t  of  sewage e f f l u e n t  t o  

be rec la imed  per  y r ,  approx imate ly  3 a c r e s  o f  r e c h a r g e  b a s i n s  a r e  

r e q u i r e d .  

The b i o s t i m u l a t i v e  p r o p e r t i e s  of t h e  sewage e f f l u e n t ,  t h e  high-  

n i t r a t e  rec la imed  wate r ,  t h e  l o w - n i t r a t e  rec la imed  wate r ,  and t h e  

n a t i v e  ground w a t e r  were s t u d i e d  i n  55-ga l lon  drums w i t h  g o l d f i s l i .  

Algae growth i n  t h e  drums was e v a l u a t e d  by measuring t h e  dep th  01 
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v i s i b i l i t y  w i th  a  Secchi d i sk .  The h i g h - n i t r a t e  reclaimed water 

supported a  s teady ,  heavy growth of a lgae  of the one -ce l lu l a r  type. 

The low-ni t ra te  reclaimed water exh ib i t ed  much l e s s  a lgae  growth and 

would probably be s u i t a b l e  f o r  use i n  r e c r e a t i o n a l  l akes ,  Except 

f o r  the  sewage e f f l u e n t  drum, d isso lved  oxygen l e v e l s  never dropped 

below a  value where f i s h  may be endangered. During the impoundment, 

n i t r a t e  and phosphate concent ra t ions  decreased and the COD increased .  

F ish  survived i n  a l l  drums, except  i n  t he  n a t i v e  ground-water drum 

where one m o r t a l i t y  was observed. 

An improved a n a l y s i s  of the recharge flow system below the  

ground-water t a b l e  was made w i t h  the r e s i s t a n c e  network analog.  The 

va lues  f o r  the  h o r i z o n t a l  and v e r t i c a l  hydraul ic  conduct iv i ty  y i e lded  

by t h i s  a n a l y s i s  were 282 and 17,6 f t /day ,  r e s p e c t i v e l y ,  These 

va lues  were i n  good agreement w i t h  the  236 and 23.7 f t / day ,  respec-  

t i v e l y ,  ca l cu la t ed  from the  r e s u l t s  of permeabi l i ty  measurements wi th  

the  tube method on the  observa t ion  we l l s .  

From the improved flow system ana lys i s ,  the  times of t r a v e l  f o r  

t h e  water  t o  reach the  3 0 - f t  w e l l  and the  100-f t  w e l l  i n  the cen te r  

of  the  bas in  a r e a  were c a l c u l a t e d .  The crave1 time f o r  t he  30- f t  

w e l l  was about 10 days, which was i n  e x c e l l e n t  agreement w i th  the  

t r a v e l  times deduced from the  n i t r a t e  behavior i n  the  water  samp1.e~ 

from t h e  30 - f t  w e l l .  For t h e  100-f t  wel l ,  the  t r a v e l  time of the  

water  was est imated a s  about 500 days. Native ground water a t  the  

100-f t  we l l  had not  y e t  been rep laced  w i t h  reclaimed water  when t h i s  

r e p o r t  was wr i t t en ,  which i s  about 450 days a f t e r  the s t a r t  of the 

recharge operatioris.  

The e f f e c t i v e  t r a n s m i s s i b i l i t y  of the aquiLcr a t  t he F l u s h i r ~ g  

Meadows P ro jec t  was eva lua ted  by applying the Dupui t-Forchheimer 

theory t o  the ground-water mound a s  evaluated by the  analog ana lyses .  
2 

The r e s u l t i n g  va lue  was 8000 f t  /day. This va lue  can be used i t 1  the 

a n a l y s i s  of a  mu l t ip l e -bas in  system by r ep resen t ing  a ho r i zon ta l  plan 

of t h e  system on the r e s i s t a n c e  network analog. 
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A p l a n  f o r  a l a r g e - s c a l e  m u l t i p l e - b a a i n  r e c h a r g e  sys tem capab le  

o f  hand l ing  a s i g n i f i c a n t  volume o f  t h e  e f f l u e n t  was developed.  The 

sys tem c o n s i s t s  e s s e n t i a l l y  of two " s t r i p s "  o f  r e c h a r g e  b a s i n s ,  one 

s t r i p  a long t h e  n o r t h  s i d e  o f  t h e  r i v e r  bed and one a long  t h e  s o u t h  

s i d e .  The r e c l a i m e d  w a t e r  w i l l  be pumped up by a s e r i e s  o f  w e l l s  

which i s  l o c a t e d  midway between t h e  r e c h a r g e - b a s i n  s t r i p s .  Analyses 

were performed w i t h  t h e  r e s i s t a n c e  network ana log  t o  p r e d i c t  t h e  

w a t e r  t a b l e  p o s i t i o n s  i n  r e l a t i o n  t o  t h e  geometry of t h e  r e c h a r g e  

b a s i n s  and o f  t h e  w e l l s  pumping t h e  r e c l a i m e d  w a t e r ,  t h e  r e c h a r g e  

rates, and t h e  e f f e c t i v e  t r a n s m i s s i b i l i t y  o f  t h e  a q u i f e r .  

PERSONNEL: Herman Bouwer, 5.  C. Lance, R .  C. Rice,  F. D. Whisler ,  

and E. D. Escarcega ,  

S a l t  R iver  P r o j e c t  : Paul Kuechelmann and Geoffrey 

Ekechukwu, 

CURRENT TERMINATION DATE: 1972, 
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Table 1, Moisture Probe Model 104-A C a l i b r a t i o n  Coe f f i c i en t s  f o r  

Fourth Order Polynominal. 
- 

1 / CoeEf i c  ient-- 

Tubing Probe A B C D I3 

2" Aluminum G- 22096 1.2398 -0.9988 0,1892 0.5388 -0,0269 

2" Galvanized G-22096 59.9687 -53,6572 16 -8553 -1 -3673 0 .O54l 
Pipe 

G-23653E 16,1071 -15,7617 5.5274 -0.0124 -0.0029 

4 3 2 Li Coef f i c i en t  f o r  t h e  equa t ion  B = AR + BR + CR + DR + E 

Where R = - Count Rate i n  S o i l  
Count Rate i n  Troxler  Standard 

High v o l t a g e  s e t  a t  1350 v o l t s .  
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Table 2. Summary of Secondary Polyethylene Standards, Readings 

for Troxler Model 104A Moisture Probe. 

Probe No. Probe No. 
G- 23653E G-22096 

Diameter of 
Poly. Standard C R = C / C S  C R 

3 13,770 4 147 0.170 11,860 2 74 0,167 

High voltage set at 1350 volts. 

Annual Report of the U.S. Water Conservation Laboratory



Table 3 .  Ef fec t  of flow through basins  on COD, NH4> and NO3 

con ten t  of i n f l u e n t .  

In f luen t  (pump) 

6-5 

5 -4 

4-out 

COD, ppm 0, 
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Table  4 .  E f f e c t  of f low through g r a s s  b a s i n s  and grass m a t  on  COD, NH4, and NO, o f  i n f l u e n t .  - 

COD, PPm o2 
I n £  l u e n t  (pump) 
6-5 t u b e  
5 -4 
4 -ou t  

"7 P NH4' PPm N 
I 

I n f l u e n t  (pump) 
6-5 t u b e  
5  -4 
4 -ou t  

K j  e  l d a h l  , ppm N 
I n f l u e n t  (pump) 
6  -5 tube  
5 -4 
4-out  

NO3, PPm N 

I n f l u e n t  (pump) 
6-5 tube 
5 -4 
4 -ou t  
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Table 5.  

I n f l u e n t  
(pump) 

We 11 
No. 1 

Well 
No* 112 

Eas t  
Center 
We 11 

We 11 
NO. 5-6 

Well 
No. 7 

Well 
No. 8 

des t 
Center 
We 11 

91s t  Ave 
We 11 

Qual i ty  parameters of i n f l u e n t ,  renovated water i n  aqu i f e r ,  
and n a t i v e  ground water  (continued on next page).  

Water 

t r e a t e d  
sewage 

renov. 

renov . 

renov . 

renov. 

renov . 

na t ive  

na t ive  

na t ive  

S a l t  conc,  

PPm 

COD 

22-6ga 

10-12 

10-20 

7 - 26e 

11-21 

12-16 

10-12 

11-23g 

10-17 

most va lues  between 40-60 (see Figure 8 fo r  g r a p h i c a l  p resen ta t ion) - .  
s ee  Figure 9 f o r  g r a p h i c a l  p r e sen t a t i on .  
depending on l e n g t h  of inundat ions .  
depending on l eng th  of inundat ions (see Figure 10 f o r  g r aph ica l  

p r e s e n t a t i o n ) .  
most va lues  between 10  and 16 ( see  Figure 8 f o r  g r a p h i c a l  p r e s e n t a t i o n ) .  
i nc reas ing  t rend .  
most va lues  between 14 and 18. 
most va lues  between 1 and 4.  
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Table 5. (Continued) 

I n f l u e n t  (pump) 

Well No. 1 

Well No, 1-2 

Eas t  Center Well 

Well No. 5-6 

Well No, 7 

Well No. 8 

West Center Well 

Ylst  Ave, Well 
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Table 6.  Concentration of main ions i n  renovated water .  

ion  - 

Tota l  

Epm 

38 1 
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Table 7. COD, n i t r a t e ,  and phosphate concent ra t ions  of va r ious  waters  i n  drums. 
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Table 8. Calcu la t ion  of a r r i v a l  time f o r  d i f f e r e n t  depths below c e n t e r  
of bas in  a rea .  

Depth below 
f i e l d  su r f ace  

f e e t  

10 

P o t e n t i a l  v e r t i c a l  
I = 1 f t / d a y  hydraul ic  

g rad ien t  

f e e t  of water  

1.09 

0.0325 

O,96 

0,0188 

At 

days 

2.3 

20.1 

39*4 

74.3 

121.9 

56.6,2 

9~ f o r  6 - f t  d i s t ance  t o  reach  100-f t  we l l  
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Cn 
F-' 
1 

l i n e  

sedimentat ion 
bas in  ------ 

cons tan t  head structure 

OEast  
w e l l  

Measuring 
f lume 

drainage 
1 i n e  

ravel 

MeJsur ing 
flume 

Figure 1. Schematic of Flushing Meadows p r o j e c t ,  
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Rain  
Inches  

Sludge f l a k e s  removed by hand r a k i n g  
g r a v e l  dams i n s t a l l e d  i n  a l l  b a s i n s  

3 

2 

1 
- 

0 

0 

1 Jan I Feb I Apr I 

L 

0 
- Basin  6 \ 

2 - - - 
- \ - 

1 - - 0.6 f t  depth \ + 

--- 1.1 f t  d e p t h  
0 

F i g u r e  2A. I n f i l t r a t i o n  r a t e s  of  r e c h a r g e  b a s i n s  f o r  J a n u a r y ,  
February ,  March, anci A p r i l  1968. 
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Rain 

Inches 

1 Basin 1 

f- Basin 3 
2 -  e e e e e e  . e r e  - - - - \ .. - 

\ \ - - -  - - - - - 
1 - 

- 
0 ~ 

- Basin 4 
2 -  oe e s r e   BOB^, 

- - - -'\ \ - - - - - - -  - - - 
1 - 

- 

A l l  bas ins  swept and harrowed and bas ins  
3,  4, 5, and 6 seeded w i t h  g r a s s  

sand and g r a v e l  
i n s t a l l e d  i n  d u s t  dus t  

3 

Basin 5 - - - 
.a. e  e e  e e  0 0 - - - -  - - - 

" 1 Basin 6 

6- inch " i r r i g a t i o n "  a p p l i c a t i o n  

0  I I I I I I I I I I [  I I l l  I 
i d  2b 30' ~b 210 rb 2 b  3C 
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Figure 2B. As Figure 2A, bu t  f o r  May, June, Ju ly ,  and August 1968. 
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S t a r t  of s e r i e s  flow 
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Figure 3. Schematic of series flow and points for sampling 
surface flow. 
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F i g u r e  4 .  S o i l  w a t e r  c o n t e n t  a s  a f u n c t i o n  of d e p t h  d u r i n g  d r y i n g  
of b a s i n s  1, 2, and 5. 

Annual Report of the U.S. Water Conservation Laboratory



F i g u r e  5.  S o i l  w a t e r  p r e s s u r e  a s  a  f u n c t i o n  of d e p t h  d u r i n g  d r y i n g  
of  b a s i n s  2 and 5.  
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Water Content, Volume F rac t ions  

Figure 6 ,  C a l i b r a t i o n  curves of new and comparison c a l i b r a t i o n  

methods f o r  probe 22096, 
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Figure 7. Schematic of apparatus for collecting continuous samples of effluent in basins. 
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Figure  9 ,  T o t a l  n i t r o g e n  i n  i n f i ~ e n t ,  and n i t r a t e  and ammonium n i t r o g e n  in renova ted  water 
from E a s t  Center  Well, Annual Report of the U.S. Water Conservation Laboratory



Figure  10, N i t r a t e  n i t r o g e n  i n  renova ted  wate r  from East Center  e l l ,  Well 1-2, and Well 5-6,  Annual Report of the U.S. Water Conservation Laboratory



Vi 
P Figure  11, Presumptive and confirmed N o f  c o l i f o r m s  and MPN o f  f e c a l  c o l i f o r m  b a c t e r i a  
I 
o\ i n  renova ted  w a t e r  from E a s t  Center  Well ,  
,@ 
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F i g u r e  12. S e c c h i  d i s k  r e a d i n g s  of v a r i o u s  waters i n  drums, 
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F i g u r e  13. S t r e a m l i n e s  and e q u i p o t e n t i a l s  f o r  ground-water 
f low sys tem d u r i n g  r e c h a r g e .  
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Figure 17, Schematic of recharge-basin strips and wells, 
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Figure 14 ,  Water-table mound during recharge,  
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Figure 15. Location of observation ireils (top) and  typical water-level profiles (bottom). 
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F i g u r e  16.  Layout of r e c h a r g e  b a s i n s ,  w e l l s ,  
l a r g e r - s c a l e  system. 51-69 

and r e c r e a t i o n a l  1-akes f o r  
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Figure 18, Graph of WI as a func t ion  of S f o r  d i f f e r e n t  va lues  
of the  d ischarge  per we l l .  
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Figure 1 9 .  , Node arrangement of f low system analyzed by elec 'cr ic  analog, 
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Figure 2 0 ,  Dimensionless graph of 2 W S ~ / T &  versus L / S .  
A 
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Figure 21, Dimensionless graph of AH /AN ve r sus  L/S .  
I3 A 

51-74 
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F i g u r e  22. Graph of  TAI-I /i a s  a  f u n c t i o n  o f  c 
S f o r  d i f f e r e n t  values of t h e  d i s c h a r g e  per  w e l l ,  
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Figure 23. Schematic of m u l t i p l e - s t r i p  recharge  system and w e l l s .  

51-76 
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PART 8 .  EVALUATING EVAPOTRANSPIRATION AND DRAINAGE 

USING A FAST-RESPONSE TENSIOMETER SYSTEM 

INTRODUCTION : 

Knowledge of t h e  d i s p o s i t i o n  of w a t e r  a f t e r  i t  has  been 

a p p l i e d  t o  t h e  r o o t  zone of a  c r o p  is  i m p o r t a n t  i n  i r r i g a t i o n  

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

r a t e  and deep  p e r c o l a t i o n  t o  t h e  ground w a t e r  can be  de te rmined .  

Also,  when c r o p s  a r e  i r r i g a t e d  w i t h  l i q u i d  was tes  f o r  d i s p o s a l  

o r  w a s t e  w a t e r  r e c l a m a t i o n  and ground-water  r e c h a r g e ,  i t  i s  

impor tan t  t o  know how much w a t e r  passed  th rough  the  r o o t  zone 

t o  t h e  ground w a t e r .  The o b j e c t i v e  of t h e  s t u d y  i n  P a r t  B oE 

t h i s  r e p o r t  i s  t o  d e t e r m i n e  i f  e v a p o t r a n s p i r a t i o n  and d r a i n a g e  

components of w a t e r  a p p l i e d  t o  land can be e v a l u a t e d  i n  s i t u  

w i t h  t h e  f a s t - r e s p o n s e  r e c o r d i n g  t e n s i o m e t e r  sys tem devclopecl 

e a r l i e r  a t  t h e  L a b o r a t o r y .  

PROCEDURE: 

F i e l d  sys tem.  D e t a i l s  of  t h e  t e n s i o m e t e r  sys tem a r e  g i v e n  

i n  Annual Repor t s  1966 and 1967. New t e n s i o m e t e r  cups  were 

i n s t a l l e d  a t  5, 10, 15, 20, 30, 40, 60, 80,  100, and 120 cm d e p t h s .  

The h i g h e r  concen t ra t i -on  of t e n s i o m e t e r s  i n  t h e  top  30 c n ~  was 

n e c e s s a r y  t o  o b t a i n  a  good nieasurement of t h e  h y d r a u l i c  g r a d i e n e  

i n  t h e  zone where i t  i s  l i k e l y  t o  change t h e  most .  

Temperature  e f f e c t s  on t e n s i o m e t e r s .  An i n c r e a s e  i n  t h e  

p r e s s u r e  head was n o t i c e d  i n  t h e  l a t e  a f t e r n o o n  and even ing  a t  

d e p t h s  5  t o  60 cm. To d e t e r m i n e  whe the r  t h i s  was a  r e a l  p r e s s u r e  

change i n  t h e  s o i l ,  o r  whether  t h e r e  was a  t e m p e r a t u r e  e f f e c t  

on t h e  t e n s i o m e t e r  system, t h e  p l o t  was covered p r e v e n t i n g  

e v a p o r a t i o n ,  b u t  a l l o w i n g  t empera tu re  changes i n  t h e  s o i l  and 

around t h e  t u b i n g .  Next, t h e  20-cm t e n s i o m e t e r  l e a d  was k e p t  

a t  a  c o n s t a n t  t e m p e r a t u r e  u s i n g  a  c o n s t a n t - t e m p e r a t u r e  w a t e r  

c o i l  p l a c e d  a l o n g  t h e  s i d e  of t h e  t u b i n g  and t h e  c o v e r  was 
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removed t o  a l l o w  e v a p o r a t i o n .  P r e s s u r e s  were measured on the  

20-cm t e n s i o m e t e r  f o r  a  24-hour p e r i o d  i n  e a c h  c a s e ,  

Measurement of w a t e r . u p t a k e  b,y r o o t s ,  The e v a p o t r a n s p i -  

r a t i o n  r a t e  of a  c r o p  can be c a l c u l a t e d  from pressure -head  d a t a  

when t h e  r e l a t i o n s h i p  between w a t e r  c o n t e n t ,  8, h y d r a u l i c  

c o n d u c t i v i t y ,  K, and p r e s s u r e  head, P, is  known. The 8 - K - P 

r e l a t i o n s h i p s  were measured a s  o u t l i n e d  i n  Annual Report  1967, 

e x c e p t  t h a t  t h e  P  - O curve  f o r  t h e  5 ,  10,  and 15 cm dep ths  

were ob ta ined  u s i n g  t h e  p r e s s u r e - o u t f l o w  method and c o r e  samples .  

A f t e r  t h e  O - K - P r e l a t i o n s h i p s  were e s t a b l i s h e d ,  s e v e r a l  

w e t t i n g  and d r y i n g  c y c l e s  were conducted.  The e v a p o t r a n s p i r a t i o n  

was then c a l c u l a t e d  f o r  t h r e e  days d u r i n g  t h e  y e a r .  

RESULTS AND DISCUSSION: 

Temperature e f f e c t s .  The t empera tu re  exper iments  confirmed 

t h a t  t h e  measured d i u r n a l  p r e s s u r e  f l u c t u a t i o n s  were r e a l .  When 

t h e  p l o t  was covered,  t h e  p r e s s u r e  of t h e  20-cm t e n s i o m e t e r  

decreased  g r a d u a l l y  ( F i g u r e  24a) .  The r a t e  of p r e s s u r e  d e c r e a s e  

changed v e r y  l i t t l e  w i t h  t ime  of day,  When e v a p o r a t i o n  was 

a l lowed w i t h  t empera tu re  c o n t r o l  around t h e  t e n s i o m e t e r  l e a d ,  

t h e  d i u r n a l  p a t t e r n  was p r e s e n t  ( F i g u r e  24b).  The p r e s s u r e  

would d e c r e a s e  i n  t h e  e a r l y  morning, r e a c h  a  minimum i n  t h e  

l a t e  a f t e r n o o n ,  and then  i n c r e a s e  dur ing  t h e  n i g h t .  The 

magnitude of t h e  p r e s s u r e  change decreased  w i t h  d e p t h .  

The p a t t e r n  of p r e s s u r e  change is  c h a r a c t e r i s t i c  of 

vapor  f low and condensa t ion .  A s  t h e  s o i l  h e a t s  up i n  t h e  

morning, t h e  i n c r e a s e d  e v a p o r a t i o n  and t h e  t r a n s p i r a t i o n  by 

t h e  p l a n t  c a u s e s  t h e  s o i l - w a t e r  p r e s s u r e  t o  d e c r e a s e .  When 

t h e  s o i l  t empera tu re  d e c r e a s e s  a t  n i g h t ,  condensa t ion  of w a t e r  

vapor  occurs  which i n c r e a s e s  t h e  w a t e r  c o n t e n t  and s o i l - w a t e r  

p r e s s u r e .  Because t empera tu re  changes a r e  g r e a t e r  a t  t h e  

s h a l l o w e r  d e p t h s ,  t h e  i n c r e a s e  of s o i l - w a t e r  p r e s s u r e  a t  
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n i g h t s  i s  a l s o  g r e a t e r  a t  t h e s e  d e p t h s .  The magnitude of t h e  

p r e s s u r e  d e c r e a s e  d u r i n g  t h e  d a y l i g h t  hours  is  a l s o  g r e a t e r  

a t  t h e  s h a l l o w e r  d e p t h s .  T h i s  is  i l l u s t r a t e d  i n  F i g u r e  25 

where t h e  t o t a l  head f o r  t h e  d i f f e r e n t  d e p t h s  i s  shown f o r  a  

24 -hour p e r i o d  . 
Measurement of w a t e r  up take  by r o o t s .  The up take  of wa te r  

by r o o t s  can be c a l c u l a t e d  u s i n g  t h e  fo l lowing  e q u a t i o n :  

where 

z  
= r a t e  of w a t e r  removed o r  added a t  d e p t h  z  

p e r  u n i t  volume of s o i l  
dh  

v  = f l u x  = K -  
d z 

h  = p r e s s u r e  head p l u s  e l e v a t i o n  head 

K = h y d r a u l i c  c o n d u c t i v i t y  

8 = w a t e r  c o n t e n t  

t = t ime 

The term q  i s  t h e  r a t e  a t  which w a t e r  i s  added to ,  o r  
z  

a b s t r a c t e d  from, t h e  s o i l  a t  d e p t h  z .  T h i s  may be w a t e r  up take  

by t h e  r o o t s  o r  v a p o r i z a t i o n  and condensa t ion  of w a t e r  w i t h i n  

t h e  s o i l  p r o f i l e .  A s  t h e  t empera tu re  of t h e  s o i l .  i n c r e a s e s ,  

b o t h  v a p o r i z a t i o n  of w a t e r  and r o o t  e x t r a c t i o n  occur ,  r e s u l t i n g  

i n  a  n e g a t i v e  v a l u e  of q  . When condensa t ion  o c c u r s  w i t h i n  
z  

t h e  s o i l  p r o f i l e  i n  e x c e s s  of r o o t  e x t r a c t i o n ,  a  p o s i t i v e  v a l u e  

of qz  i s  o b t a i n e d .  The condensa t ion  is h e a v i e s t  a t  n i g h t  when 

t h e  s o i l  c o o l s  below t h e  dew p o i n t ,  w h i l e  t h e  r o o t  up take  

d u r i n g  t h i s  p e r i o d  i s  u s u a l l y  s m a l l .  The p o s i t i v e  q v a l u e s  
z 

can a l s o  be  r e f e r r e d  t o  a s  t h e  n e t  r e t u r n  vapor  f low, s i n c e  

t h i s  i s  t h e  p o r t i o n  of t h e  vapor  t h a t  does n o t  l e a v e  t h e  s o i l  
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p r o f i l e .  D i r e c t  r e t u r n  of w a t e r  t o  t h e  s o i l  by r o o t s  i s  

u n l i k e l y .  

I n t e g r a t i n g  q  f o r  a  24-hour p e r i o d  y i e l d s  t h e  s o i l -  
z  

w a t e r  removal r a t e ,  r a t  d e p t h  z .  I n t e g r a t i n g  r o v e r  t h e  
z' z  

d e p t h  of t h e  r o o t  zone t h e n  y i e l d s  t h e  t o t a l  e v a p o t r a n s p i r a t i o n  

f o r  t h e  day.  Both t h e  e v a p o r a t i o n  and t h e  t r a n s p i r a t i o n  r a t e  

a r e  o b t a i n e d  s i n c e  t h e  n e t  vapor  l o s s  i n  t h e  p r o f i l e  i s  

accounted f o r .  

The v a l u e  of  q  c a l c u l a t e d  from e q u a t i o n  (1) and us ing  
z' 

t h e  d a t a  i n  F i g u r e  25, i s  shown i n  F i g u r e  26 f o r  d i f f e r e n t  

d e p t h s  d u r i n g  t h e  24-hour p e r i o d  on 15 J u l y .  Depths 30, 100, 

and 120 cm were  n o t  o p e r a t i n g  d u r i n g  t h i s  p e r i o d .  The 

magnitude of q i s  g r e a t e r  a t  t h e  s h a l l o w e r  d e p t h s ,  i n d i c a t i n g  
z  

a  h i g h e r  r a t e  of s o i l - w a t e r  wi thdrawal  a t  t h e s e  d e p t h s .  Also ,  

4z 
i s  n e g a t i v e  a t  t h e  80-cm d e p t h  and o n l y  s l i g h t l y  p o s i t i v e  

a t  60 cm. Assuming t h a t  t h e  r o o t  zone ex tended  t o  a  d e p t h  of 

90 cm, t h e  e s t i m a t e d  e v a p o t r a n s p i r a t i o n  f o r  t h i s  day was 7 mm, 

and t h e  r e t u r n  vapor  f low was 1 mm. E v a p o t r a n s p i r a t i o n  

c a l c u l a t e d  i n  a  similar manner f o r  15  August and 13  October  

was 6.2 mm and 2 mm, r e s p e c t i v e l y .  These t h r e e  v a l u e s  a g r e e  

f a v o r a b l y  w i t h  e v a p o t r a n s p i r a t i o n  r a t e s  of  7.1 mm, 5 , 8  mm, and 

2 , 3  mm measured by Van Bavel (Annual Repor t  1963) on bermuda- 

g r a s s ,  us ing  a  weighing l y s i m e t e r .  

The c a l c u l a t i o n  of  q does  n o t  t a k e  h y s t e r e s i s  i n t o  
z  

accoun t .  Thus, t h e  a c t u a l  r e t u r n  vapor  f low may n o t  be  a s  

l a r g e  as c a l c u l a t e d  because  t h e  t y p i c a l  h y s t e r e s i s - l o o p  p a t t e r n s  

u s u a l l y  i n d i c a t e  l i t t l e  change i n  w a t e r  c o n t e n t  f o r  an  i n c r e a s e  

i n  p r e s s u r e  head immediate ly  a f t e r  r e w e t t i n g  s t a r t s .  

The amount of w a t e r  l o s t  t o  deep p e r c o l a t i o n  can be 

c a l c u l a t e d  from t h e  f l u x  between two t e n s i o m e t e r s  l o c a t e d  

below t h e  r o o t  zone.  Because t h e  100 and 120 cm t e n s i o m e t e r s  
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were i n o p e r a t i v e ,  t h i s  c a l c u l a t i o n  cou ld  n o t  be  made. However, 

because  s m a l l  amounts of water were  added, t h e  deep p e r c o l a t i o n  

l o s s e s  were e x p e c t e d  t o  be s m a l l .  Assuming t h i s  t o  b e  t r u e ,  

t h e  e v a p o t r a n s p i r a t i o n  shou ld  be e q u a l  t o  t h e  s o i l - w a t e r  

d e p l e t i o n .  The s o i l - w a t e r  d e p l e t i o n  f o r  15 J u l y ,  15 August ,  

and 13 October  is 7 , 0 1  mm, 6.0 mm, and 1 , 8  mm, r e s p e c t i v e l y ,  

which a g r e e s  w i t h  t h e  c a l c u l a t e d  e v a p o t r a n s p i r a t i o n  r a t e s  on 

t h o s e  days .  

F u t u r e  s t u d i e s  w i l l  i n c l u d e  t h e  measurement of evapo- 

t r a n s p i r a t i o n  and d r a i n a g e  l o s s e s  i n  a  weighing l y s i m e t e r .  

Temperatures  i n  t h e  s o i l  p r o f i l e  w i l l  a l s o  b e  measured f o r  

d e t e r m i n a t i o n  of  vapor  f low w i t h i n  t h e  p r o f i l e .  

SUMMARY AND CONCLUSIONS: 

Using a  f a s t - r e s p o n s e ,  r e c o r d i n g  t e n s i o m e t e r  sys tem,  

d i s p o s i t i o n  of w a t e r  i n  a  bermudagrass r o o t  zone f o l l o w i n g  

an i r r i g a t i o n  was e v a l u a t e d .  S o i l - w a t e r  p r e s s u r e s  a s  

measured by t h e  t e n s i o m e t e r  sys tem decreased  d u r i n g  t h e  

d a y l i g h t  hours ,  r eached  a  minimum about  1800, and i n c r e a s e d  

d u r i n g  t h e  n i g h t .  The magnitude of t h e  p r e s s u r e  change 

dec reased  w i t h  d e p t h .  I n v e s t i g a t i o n s  showed t h a t  t h e s e  

f l u c t u a t i o n s  were  r e a l  and n o t  caused by t empera tu re  e f f e c t s  

on t h e  t e n s i o m e t e r  sys tem.  The d e c r e a s e  i n  p r e s s u r e  is t h e  

r e s u l t  of r o o t  e x t r a c t i o n  and e v a p o r a t i o n  w i t h i n  t h e  s o i l  

p r o f i l e ,  w h i l e  t h e  i n c r e a s e  is  caused by c o n d e n s a t i o n  of 

vapor  a t  n i g h t  when t h e  t empera tu re  of t h e  s o i l  d e c r e a s e s  

below t h e  dew p o i n t .  The n e t  amount of w a t e r  e x t r a c t e d  f r o m t '  

t h e  r o o t  zone can  be c o n s i d e r e d  t h e  e v a p o t r a n s p i r a t i o n  r a t e  

when d r a i n a g e  l o s s e s  a r e  accounted f o r .  The e v a p o t r a n s p i r a t i o n  

c a l c u l a t e d  f o r  t h r e e  days  d u r i n g  t h e  y e a r  ag reed  f a v o r a b l y  
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w i t h  t h a t  measured on s i m i l a r  days  i n  p r e v i o u s  years us ing  

a l y s i m e t e r .  

PERSONNEL: Herman Bouwer and R .  C .  Rice  

CUREENT TERNINATION DATE : December 1972 

Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



F i g u r e  2 6 .  q '  as a f u n c t i o n  of t ime of day f o r  d i f f e r e n t  d e p t h s ,  z 
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TITLE : FABRICATED I N  PLACE, RE INFORCED RESERVOIR LININGS. 

CRIS WORK UNIT: SWC W7 gG-2 CODE NO. : Ariz ,  -WCL 68-2 

INTRODUCTION : 

Many water s to rage  r e s e r v o i r s  a r e  i n e f f e c t i v e  because of water 

l o s s  by seepage. The use  of water  ha rves t ing  catchments has been 

r e s t r i c t e d  because of a  lack  of low-cost f a c i l i t . i e s  t o  s t o r e  the 

c o l l e c t e d  water  between runoff even t s ,  A t  p resent ,  i n  many a rcas ,  

cons t ruc t ion  s i t e  condi t ions  o f t e n  r e q u i r e  t h e  use  of expensive 

m a t e r i a l s  such a s  s t e e l  tanks,  b u t y l  bags, o r  r e in fo rced  b u t y l  

l i n i n g s  f o r  r e s e r v o i r s ,  Ma te r i a l s  f o r  t h e s e  s t r u c t u r e s  a r e  r e l a t i v e l y  

bulky, i nc reas ing  t r a n s p o r t a t i o n  c o s t s  t o  cons t ruc t ion  s i t e s  which 

can o f t e n  be reached only i n  four-wheel d r i v e  v e h i c l e s .  There i s  an 

u rgen t  need f o r  t he  development of m a t e r i a l s  and procedures which 

w i l l  permit cons t ruc t ion  of in -p lace ,  h igh-s t rength ,  low-cost s t o r a g e  

s t r u c t u r e s  f o r  use  wi th  va r ious  types of water ha rves t ing  catchments.  

Experimental. l i n i n g s  of a spha l t -£  i b e r g l a s s  have been i n s  tallecl 

on two r e s e r v o i r s  i n  Arizona i n  cooperat ion wi th  the  Bureau of Indian 

A f f a i r s  (see 1962 and 1963 Annual Reports f o r  WCL-7). These l i n i n g s  

were cons t ruc ted  f o r  a  t o t a l  c o s t  of 75 cen t s  per  square yard, which 

was s i g n i f i c a n t l y  lower than t h e  c o s t  of convent ional  r e in fo rced  

m a t e r i a l s ,  The l i n i n g s  have performed very  w e l l  under s w e r e  con- 

d i t i o n s ,  inc luding  t rampling by deer  and c a t t l e .  To i n v e s t i g a t e  

the  p o s s i b i l i t y  of f u r t h e r  lowering l i n i n g  c o s t s  and improving per- 

formance, a  s e r i e s  of l abo ra to ry  s t u d i e s  were s t a r t e d  t o  i n v e s t i g a t e  

va r ious  combinaLions of d i f f e r e n t  a s p h a l t s  and f i b e r g l a s s  mat t ings .  

PROCEDURE : 

A s e t  of f i v e  pressure  p l a t e s ,  12 inches i n  diameter ,  were 

cons t ruc ted  t o  determine the  head of water the l i n i n g s  would support  

over var ious  subgrades.  A d i s k  of 18-mesh bronze screen  i s  placed 

i n  t h e  bottom sec t ion ,  which i s  then f i l l e d  wi th  the subgrade 

m a t e r i a l .  The l i n i n g  m a t e r i a l  i s  l a i d  over the  subgrade m a t e r i a l  
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and clamped i n t o  p l a c e  between t h e  Lwo p l a t e s .  The upper p l a t e  i s  

connected t o  a n  a i r  supp ly  through a  p r e s s u r e  r e g u l a t o r .  1 % ~  a i r  

p r e s s u r e  i s  i n i t i a l l y  set a t  2  p s i  f o r  30 minu tes ,  then  i n c r e a s e d  

by 2  p s i  e v e r y  2  h o u r s .  Th i s  i s  c o n t i n u e d  u n t i l  t h e  l i n i n g  beg ins  

t o  l e a k  a i r  a s  i n d i c a t e d  by a i r  bubbl ing  from a  p l a s t i c  Cubing 

connected t o  t h e  lower p l a t e  and immersed i n  a  beaker  of w a t e r .  

The i n i t i a l  s t u d i e s  are w i t h  v a r i o u s  t y p e s  of f i b e r g l a s s  mat- 

t i n g s  and a s p h a l t s .  The f i b e r g l a s s  i s  c u t  i n t o  d i s k s ,  13 inches  i n  

d iamete r ,  and each d i s k  weighed, Then a s p h a l t  i s  sprayed  on t h c  

f i b e r g l a s s  d i s k s  a t  a  r a t e  which s a t u r a t e s  t h e  m a t t i n g .  ' f ie samples 

a r e  a l lowed t o  c u r e  f o r  2 weeks, t h e n  reweighed t o  de te rmine  t h e  

q u a n t i t y  of a s p h a l t  a p p l i e d .  The samples a r e  then  p laced  i n  t h e  

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

RESULTS AND DISCUSSION: 

The s t u d i e s  were s t a r t e d  i n  December 1968 and t h e  resu l l r s  a r e  

n o t  complete .  I n  t h e s e  f i r s t  s t u d i e s ,  two types  of a s p h a l t s  a r e  

b e i n g  used .  These a r e  SS-2 a n i o n i c  a s p h a l t  emuls ion and MC-250 c u t -  

hack a s p h a l t ,  The p r e s e n t  i n d i c a t i o n s  a r e  t h a t  t h c  MC-250 i s  not 

s a t i s L a c t o r y  because  t h e  f low c u r i n g  r a t e  would make i t  i m p r a c t i c a l  

f o r  f i e l d  u s e .  

SUMMARY AND CONCLUSIONS: 

Aspha l t  f i b e r g l a s s  l i n i n g s  were i n s t a l l e d  i n  two 160,000 g a l l o n  

r e s e r v o i r s  f o r  a t o t a l  c o s t  of 75 c e n t s  p e r  s q u a r e  y a r d .  The l i n i n g s  

a r e  i n  e x c e l l e n t  c o n d i t i o n  a f t e r  s i x  y e a r s  of s e v e r e  exposure ,  i n c l u d -  

i n g  t rampl ing  by d e e r  and c a t t l e ,  Labora to ry  i n v e s t i g a t i o n s  have bcen 

i n i t i a t e d  t o  de te rmine  optimum combinat ions  of v a r i o u s  t y p e s  o f  f i b e r -  

g l a s s ,  a s p h a l t  and a p p l i c a t i o n  p rocedures ,  P r e l i m i n a r y  r e s u l t s  i n -  

d i c a t e  t h a t  medium-cure c u t b a c k  a s p h a l t s  w i l l  n o t  o r d i n a r i . 1 ~  be 

s a t i s f a c t o r y  because  of t h e i r  s low c u r i n g  t ime.  

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

CURRENT TERMINATION DATE: December 1971. 
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TITLE : COLUMN STUDIES OF THE CHEMICAL, PIIYSICAL, AND 

BIOLOGICAL PROCESSES OF WASTEWATER RENOVATI ON 

BY PERCOLATION THROUGH THE SOIL. 

CRIS WORK UNIT: SWC W4 gG-l CODE NO. : A r i z .  -WCL 68-3 

INTRODUCTION: 

More i n £  ormat i o n  about  t h e  chemical ,  p h y s i c a l ,  and b i o l o g i c a l  

p r o c e s s e s  o p e r a t i n g  d u r i n g  groundwater  r e c h a r g e  by sewage s p r e a d i n g  

i s  needed s o  t h a t  t h e  e f f i c i e n c y  of t h i s  w a t e r  r e n o v a t i o n  can bc 

improved. Most of t h e  oxygen demand of was tewate r  must be s a t i s f i e d  

i f  t h e  w a t e r  is t o  b e  a d e q u a t e l y  renova ted .  There fore ,  t h e  s o i l  

s u r f a c e  can o n l y  be f looded  i n t e r m i t t e n t l y  s i n c e  t h e  p r o f i l e  must 

be p e r i o d i c a l l y  recharged  w i t h  oxygen, The oxygen u s e  e l f i c i e n c y ,  

then,  must be  known i n  o r d e r  t o  c a l c u l a t e  t h e  maximum l e n g t h  of 

i n u n d a t i o n  p e r i o d  t h a t  can be used f o r  a  g i v e n  d r y  p e r i o d .  Onc 

o b j e c t i v e  of t h i s  exper iment  is  t o  p r e p a r e  an oxygen b a l a n c e  s h e e t  

f o r  s o i l  columns d u r i n g  wastewater  r e n o v a t i o n  which can be used 

i n  de te rmin ing  t h i s  oxygen use  e f f i c i e n c y .  

The r e d u c t i o n  i n  t h e  n i t r a t e  c o n t e n t  of r enova ted  water 

produced a t  F l u s h i n g  Meadows d u r i n g  long i n u n d a t i o n  p e r i o d s  has  

been a t 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 .  Another o b j e c t i v e  of t h i s  

exper iment  i s  t o  p r e p a r e  a  n i t r o g e n  b a l a n c e  s h e e t  f o r  s o i l  columns 

d u r i n g  wastewater  r e n o v a t i o n  and de te rmine  i f  n i t r o g e n  l o s s  i s  

indeed due t o  d e n i t r i f i c a t i o n .  

PROCEDURE : 

S i x  s o i l  columns of m a t e r i a l  from the  b a s i n s  a t  F lush ing  

Meadows have been packed i n  t h e  l a b o r a t o r y .  E f f l u e n t  c o l l e c t e d  

a t  F lush ing  Meadows f rom t h e  9 l s t  Avenue sewage t rea tment  p l a n t  

i n  Phoenix i s  passed th rough  t h e  columns. Each column c o n s i s t s  

of a  2.75-meter l e n g t h  of 10-cm ( I . D . )  p o l y v i n y l  c h l o r i d e  p i p e  

f i l l e d  w i t h  6 cm of pea  g r a v e l  a t  t h e  bottom and 250 cm of s o i l  

above t h a t  ( F i g u r e  1 ) "  The a lmos t  a i r - d r y  s o i l  was packed C o  
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a n  average  b u l k  d e n s i t y  of 1 . 6  g / c c .  A c o n s t a n t  head of 8 cm 

of w a t e r  i s  main ta ined  above t h e  s o i l  by means of a  M a r i o t t e  s i p h o ~ ,  

The p i p e  is s e a l e d  1 0  cm above t h e  l e v e l  of t h e  c o n s t a n t  head. 

Th is  space  i s  f i l l e d  w i t h  w a t e r  a t  t h e  beginning of t h e  i n u n d a t i o n  

per iod ,  and a i r  l o s t  through t h e  t o p  o f  t h e  s o i l  column is  

c o l l e c t e d  by d i sp lacement  of t h i s  w a t e r ,  The a i r  volume is  

measured and sampled by wi thdrawing it through a  serum cap w i t h  

a  s y r i n g e .  A c o n s t a n t  w a t e r  l e v e l  i s  main ta ined  5 cm above t h e  

lower end of t h e  column, and a i r  f o r c e d  ou t  t h e  bot tom is  c o l l e c t e d  

through a  t u b e  i n s e r t e d  i n t o  t h e  g r a v e l  l a y e r  j u s t  above t h i s  

w a t e r  Level. T h i s  a i r  is c o l l e c t e d  by d i sp lacement  of water front 

a n  i n v e r t e d  w a t e r  b o t t l e  connected t o  a  cons tan t -head  d e v i c e .  

The a i r  i n  t h e  b o t t l e  i s  sampled through a  serum cap  and i t s  

volume i s  measured by weighing t h e  w a t e r  d i s p l a c e d  through t h e  

cons tan t -head  d e v i c e .  

The f low r a t e  and cumula t ive  f low th rough  t h e  columns i s  

measured by weighing t h e  e f f l u e n t  a t  r e g u l a r  t ime  i n t e r v a l s .  The 

e f f l u e n t  and i n f l u e n t  a r e  ana lyzed  p e r i o d i c a l l y  l o r  c o l i f o r m  

b a c t e r i a ,  o r g a n i c  N, 4- 
NH4 , COD, and P. The a i r  c o l l e c t e d  from 

t h e  column is  ana lyzed  f o r  O2 and N w i t h  a  g a s  chromatograph 
2 

equipped w i t h  a  p r e c i s i o n  sampling v a l v e  and a  molecu la r  s i e v e  

column. S tandard  c u r v e s  f o r  0  and N have been p repared  u s i n g  
2  2  

s t a n d a r d  g a s e s .  

RESULTS AND DISCUSSION: 

The columns were  on ly  r e c e n t l y  put  i n t o  o p e r a t i o n  ancl  n o  

d a t a  were a v a i l a b l e  by t h e  end of t h e  y e a r .  

PERSONNEL: J, C.  Lance, I?. D.  Whis ler ,  Herman Bouwer, R. C .  Rice  

CUMNT TERMINATION DATE: October  1971 
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Figure 1. Soil column for wastewater renovation s t u d i e s ,  
54-3 
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T1TLE : TJATER STRESSES IN PJAHTS 

CRZS WORK U N I T :  SWG W9 gC6 CODE NO, :  Ariz,-WCL 68-4 

INTROIPUCTEON: 

P r i o r  t o  t h e  commencement of  work on t h i s  p r o j e c t  o u t l i n e ,  

t h e r e  e x i s t e d  no u n i f i e d  o r  g e n e r a l  t h e a r y  of  t h e  n a t u r e s ,  c a u s c s ,  

and eUFects o f  w a t e r  s t r e s s e s  i n  p l a n t s ,  Thus,  i t  was d i f E i c u l t  

t o  harmonize t h e  many d i f f e r e n t  a s p e c t s  of  wa tc r  s t r e s s  work ,  1 1 1  

p a r t i c u l a r ,  growth chamber and f i e l d  work and work done i n  d i f f e r e n t  

c l i m a t i c  a r e a s  on t h e  same o r  d i f i e r e n t  pLants  d i d  no t  a lways  

a p p e a r  compat ib le  i n  r e s u l t s ,  Indeed ,  much t h a t  seemed c o n t r a d i c t o r y  

e x i s t e d .  Thus,  t h e  work h e r e i n  d e s c r i b e d  was begun i n  a n  a t  tempt 

t o  deve lop  a  t h e o r y  o f  wa te r  s t r e s s e s  i u  p l a n t s  t h a t  cou ld  corn- 

E o r t a b l y  accoun t  f o r  t h e  v a r i e t y  of  phenomena obse rved  and c u r r e i i t l y  

a p p e a r i n g  i n  t h e  l i t e r a t u r e  w i t h  r e s p e c t  t o  so i l -p lan t -a tn rosp l i c re  

wa te r  r e l a t i o n s ,  

PROCEDIRE : 

The f o u n d a ~ i o n  of  t h e  t h e o r e t i c a l  framework which was c o n s t r u c ~ e d  

c o n s i s t e d  of  two b a s i c  h y p o t h e s e s ,  These were: (1) t h a t  s i n c e  

t r a n s p i r a t i o n  i s  t h e  s i c a l  movement o f  w t e r  from plant. l e a v e s  

t o  a i r ,  i t  i s  c o n t r o l l e d  e s s e n t i a l l y  hy t h e  f r e e  energy  g r a d i e n t  

o f  waC e r  i n  t h e  s o i l - p l a n t - a t n t o s p h e r e  conlinuum (sIUAC) and ( 2 )  

t h a t  whereas p h o t o s y n t h e s i s  i s  t h e  c h e m i c a l  r e a c t i o n  i n v o l v i n g  

wa te r  i n  d r y  m a t t e r  p r o d u c t i o n ,  i t  i s  c o n t r o l l e d  c h i e f l y  by the 

a c t u a l  f r e e  energy  o f  wa te r  i n  t h e  v i c i n i t y  of  t h e  c h l o r o p l a s r  s ,  

From r h c s e  two a s s u m p t i o n s ,  t h e  relcl Livtz. itripor[ antes of aiilrospl1e11-i c  

slid so3 l water  t o  t h e  p r o c e s s e s  of t r a n s p i r a t i o n  and pho tosyn thes i  s 

were d e r i v e d ,  C e r t a i n  a p p a r e n t  c o n t r a d i c r o r y  exper iments  were Lheu 

harmonized by t h i s  a n a l y s i s ,  

A f t e r  t h u s  e s t a b l i s h i n g  t h e  g e n e r a l  b a s i s  of  t h e  t h e o r y ,  some 

more r c f i r l e d  p o s t u l a t i o n s  were advanced,  These i n c l u d e d  second-  

o r d e r  e f f e c t s  of  t r a n s p i r a t i o n  r a t e  and leaf  t e m p e r a t u r e  or1 phoLo- 

s ynt he5 i s  r a t e ,  T h e i r  developrncnt evolved from c o n s i  clera t i o n s  o i 
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i n  CO f i x a t i o n  obse rved  by T r o u g h ~ o n  a n d  Cowan (15)-  
2 

RESUUS AND D 

1 L  was demonstraLed frnm p r i n c i p l . t s  i rnpl ied  r n  a  d i s c ~ l s s i o n  

hy Ph i  l i p  (13) d e a l i n g  w i t 1 1  the SLJiZC dncl from t h e  two b a s i c  

hypo theses  d e f i n i n g  t h e  c o n i r o l l i n g  nicc'nanisrns of  p h o ~ o s y n t h e s j s  

arld t r a n s p i r a t i o n  t h a t  whereas phot osyr t thcs i s  may cotite w i t h i n  10% 

of  b e i n g  comple te ly  decoup lcJ  from t h e  d i r e c t  e f f e c t s  o f  a t r imspher ic  

n io i s tu re  c o n t e n t ,  t r a n s p i r a t i o n  may b e  i n d ~ p e n c t e n t  o f  s o i l  m o i s t u r e  

i o  a  siznilclr d e g r e e ,  12owt.ver, a p j ~ ~ r e r ~ " l _ I  t c c t s  of atnzosplleri c 

and s o i l  m o i s t u r e  may be  g r e a t e r  t l ln~r t h i s ,  When compareci w i t h  

rnaximum p o t e n t i a l  r a t e s  under  o p t i i w a  c o l l d i t i o n s  of  each nioist t irc 

s o u r c e ,  however, t h i s  d i s c r c p a n c y  i s  removed, 

The p r e d i c t i o n s  o i  the  b a s i c  t h e o r y  were found i n  harmony 

w i t h  t h e  earlier t h e o r i e s  o f  b o t h  G a r d ~ l e r  (6) and Cowan ( 4 I g  cnll- 

c e r n i n g  wa te r  movement i n  s o i l s  and t r a n s p i r a t i o n ,  S i m i l a r l y ,  t h e y  

trarriiorrized w i t h  t h e  e x p e r i m e n t a l  f i i id ings  of  Marcin  (121, S l a t y c r  

Denmead and Shaw ( S ) ,  Baker and M~rsgrave ( I ) ,  and Van  Bavel 

(161,  On t h e  o t h e r  hand, t h e y  appeared  t o  b e  conrple te ly  c o n t r a d i c t o r y  

o f  t h e  r c s u l t s  oL B r i x  ( 3 ) ,  who found bo th  p l i o t o s y n t h e s i s  and t r a n s -  

p i r a t i  on t o  be s i m i l a r l y  a f  fcctecl  by s o i l  m o i s t u r e  d e p l e t i o n ,  A n  

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

however,  c o u l d  s t i l l  be  e x p l a i n e d  by t h e  t h e o r y .  

A l l  of t h i s  i n f o r m a t i o n  i s  d i s c u s s e d  i t 1  r e l c i r ence  ( 7 ) "  111 

a d d i t i o n ,  a n  i n t e r e s t i n g  exchange of  i d e a s  (con£ l i c t i n g )  on t h e  

t r a n s p i r a t i o n  p o r t i o n  o f  t h e  t h e o r y  may be  found i n  (LO, 8, 11. and 

1 7 ) ,  The second and f o u r t h ,  of  c o u r s e ,  a r e  pro and t h e  F i r s L  and 

t h i r d  a r e  s. 
As the t h e o r y  was extended t o  i n c l u d e  some second-order  e l  f e c t s ,  

e l e c t r i c a l  a n a l o g y  ( F i g u r e  I) was used  t o  de te r~n ic re  che change i n  

t h e  f r e e  energy  v a l u e  a t  the s i t e  of  t h e  c h l o r o p l a s t s ,  rrr more 
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where 
6 

= w a t e r  cl-iendcal p o t e n t i d l  i n  v i c i  niey of  Leaf c h l o r o -  

p l a s t s  

EA = wate r  chemical  potential. o f  at  nosphere  mois t u x  c 

E = water  chemical. pot en ti*^ J of s o i l  soI!uLioit 
SS 

R 
= r e s i s L a n c e  t o  wa te r  f low c ~ f  roocs  

RX 
= r e s i s i a n c e  i n  water  f l o w  01 xylem v e s s e l s  

RST = r e s i s t a n c e  t o  water v~lpov- trsizspor-t  of  storrrates 

RB 
= r e s i s t a n c c  t o  w a t e r  vapor Lrsnspor t  of boundary- 

l a y e r  a i r ,  

A s  long a s  E > E and wate r  f l o w s  from t h e  s o i l  i l l rough t h e  p l a n t  
SS A 

i o  t h e  iitntosphesc, the e x p r e s s i o n  i n  eqi ia t ion (I) w i l  L a lways  be 

p o s i t i i r c ,  i m p l y i n g  t h a t  E and R b a r y  i n  phase  w i ~ h  edcll oCher.  
G ST 

T h i s  has  r e c e n ~ l y  been cunf i rmed e x p e r i m e n t a l l y  by B a r r s  and 

Klepper  (Z), Then, s i n c e  R and t r a n s p i r a t i o n  v a r y  i n  ' ~ I L  i n v e r s e  
ST 

manner, e q u a t i o n  l )  and t h e  postulate r e l a t i n g  pl lo tosynt t tes is  

t o  wa te r  chemical  p o t e n t i a l  p r e d i c t  t h e  p o s s i b i l i i y  o f  a  photo-  

synL1leCi.c d e p r e s s i o n  ~A~et r  s t o m L e s  arc;! f u l l y  open and r rc lnspir ' i i ior> 

i s  a t  a  i~inxim.~rn, 

A s i m i l a r  b u t  morc d e t a i l e d  predlicLion o f  t l r r s  phenomenon 

cler i v e s  from c o n s i d e r a t i o n s  invoZving i r r e v e r s i b  l e  thern~ciclyrlarriics . 
L i s  spec i1 ica . I  l y  e x p r e s s e d  by t h e  e q u a t i o n  
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where 
%IC 

= w a t e r  chemical  p o t e n t i a l  i n  v i c i n i t y  o f  c h l o r o p l a s t s  

%E s = w a t e r  chemical  p o t e n t i a l  of  s o i l  s o l u t i o n  

TC 
= c h l o r o p l a s t  o r  l e a f  t e m p e r a t u r e  

s = t e m p e r a t u r e  o f  s o i l  s o l u t i o n  

JW = t r a n s p i r a t i o n  r a t e  

1% 
= conduc tance  of  p l a n t  sys tem for: w a t e r  

?AU = conductance  of l a n t  sys tem f o r  h e a t .  

Again,  i L i s  ev idenc  from equarrion (2 )  t h a t  a s  t r a n s p i r a t i o n  r a t e  

i n c r e a s e s ,  %c becomes more n e g a t i v e ,  implying a  p o s s i b l e  d e c r e a s e  

i n  p h o t o s y n t h e s i s  , Fur the rmore ,  s i n c e  wa te r  c h e ~ n i c a l  p o t e n t i a l  i s  

a lways  n e g a t i v e  i n  s i g n ,  Cor a n y  i n c r e a s e  i n  T t h i s  r e l a t i o n s h i p  
C 

w i l l  be enhanced,  E x p e r i m e n t a l l y ,  t h e s e  p r e d i c t i o n s  have been 
* 

conf i rmed by t h e  work o f  Troughton and Cowan (15) clepicted in  

F i g u r e s  2 and 3 ,  With a l l  e l s e  c o n s t a n t ,  t h e y  obse rved  p h o ~ o -  

s y n t h e s i s  t o  b e  d e p r e s s e d  d u r i n g  t h e  midd le  p o r t i o n s  of  che open 

p a r t s  of  a  rhy thmic ,  p l a n t  c o n t r o l l e d  c y c l i n g  o f  i t s  s t o m a t a 1  

a p e r t u r e s .  The p h o t o s y n t h e t i c  d e p r e s s i o n s  were g r e a t e r  t h e  h igi ler  

t h e  l e a f  t e m p e r a t u r e  above t h e  t h r e s h o l d  f o r  t h e  e f f e c t  of  37,5  1:- 

A more d e t a i l e d  d i s c u s s i o n  of  t h i s  phenomenon i s  i n c l u d e d  i n  

Y AND CONCLUS 

A new t h e o r y  of w a t e r  s t r e s s e s  i n  p l a n t s  has  been developed 

which concerns  t h e  two p l a n t  p r o c e s s e s  of  phoLosyn thes i s  and t r a n s -  

p i  r a t  i o n ,  The t lreory l i n k s  photosynr  h c s i s  Inos t d i r e c t  Ly w i t h  so  i l 

moisLure cot td i t io t rs  and t r a n s p i r a t i o n  w i t h  a~ inospher - i c  m o i s t u r c  

c o n d i t i o n s .  It a l s o  p r e d i c t s  a second-order  e f f e c t  o f  t r a n s -  

p i r a t i o n  r a t e  on p h o t o s y n t h e t i c  r a t e  and d e s c r i b e s  t h e  influence 

upon t h i s  l a t t e r  e f f e c t  o f  l e a f  t e m p e r a t u r e ,  The t h e o r y  has r e -  

c e i v e d  c o r ~ s i d e r a b l e  s u b s t a n t i a t i o n  tram r e p o r t s  i n  t h e  l i t  e r a  t ~ i u c  

b u t  cannot  ~ r u l y  be s a i d  t o  be  d e f i n i t e l y  e s t a b l i s h e d  i n  i t s  c11Circt.y. 

Pe r t inen t .  experimenLa1 work w i l l  Lhus soon be  i n i t i a t c l c i ,  
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i n f  r a r e d  the rmimets r s  viewed thr b 1 ackencd cones con t inuous  l y  f o r  

s e v e r a l  days a t  s e v e r a l  d i f f e r e n t  bLleh t empera tu res  w i t h i n  t h i s  

range.  ?This a1 lowed a c a l i b r c t t i o n  of t h e  i n s t r u m e n t s  ' o u t p u t  

s i g n a l s  a s  a f u n c t i o n  of b lackbody r a d i a t i o n  w h i l e  t h e  i n s t r u m e n t s  

were s u b j e c t e d  t o  d i u r n a l  c l i m a t i c  v a r i a t i o n s ;  and i t  a l s o  

e s t a b l i s h e d  t h e  r e l a t i o n  between i n t e r n a l  c o n s o l e  t empera tu re  and 

ambienr a i r  t empera tu re  f o r  t h e  c l e a r  sky cctndi t ions  wliicb. p r P -  

v a i l e d  a t  t h a t  t ime ,  

Measuremeiit Me tho*. The two emi t iarxce 

measurement methods VJe contptbrecl were developed by R u e t t n e r  and 

Kern (4) and Fuchs and Tanner 7 ) .  To accomplish t h e  compnrison,  

we a c q u i r e d  t h e  a p p a r a t u s  e s s e n t i a l  t o  b o t h  methods and fo1Lowcd 

t h e i r  o u t l i n e d  p rocedures  t o  de te rmine  t h e  i n f r a r e d  e m i t t a n c e s  of 

f o u r  b a r e  s o j  I s ,  These procedures a r e  d e s c r i b e d  i n  d e t a i l  i n  

and Use of a New Ernit tance Measurement Method, 

Prom t h e o r y  c o n t a i n e d  i n  re fe re r ice  ( i t  i s  demons t rab le  t h a t  

t h e  energy sensed  by a n  i n f r a r e d  thermometer p e r p e n d i c u l a r l y  v i c w -  

i n g  a h o r i z o n t a l  s u r f a c c  ou tdoors  may be  expressed  a s  

where c = average  exnit tance of s u r f a c e ,  weighted Ear t h e  s p e c t r a l  

s e n s i v i t y  of t h e  i n f r a r e d  thermometer employed 

= Stetan-Bol t  zmmn constant.  

T = s u r f a c e  t e m p e r a t u r e  

Ts = r a d i a t i v e  t empera tu re  of su r roundings  

Bs = t o t a l  h e m i s p h e r i c a l  r a d i a t i o n  from sur roundings  d i v i d e d  

by x 

and C(T) and f (Ts) a r e  "lumped f i l t e r  f u n c t i o n s "  d e f i n e d  a s  

Annual Report of the U.S. Water Conservation Laboratory



= s p e c t r a l  s e n s i t i v i t y  of t he  i n f r a r e d  thermometer 

employed 

= s p e c t r a l  d i s t r i b u t i o n  of normal blackbody r ad ia -  

t i o n  a t  temperature T 

APTs) = s p e c t r a l  d i s t r i b u t i o n  of hemispherical  r a d i a t i o n  

from t h e  surroundings of r a d i a t i v e  temperature 

The technique we developed used equat ion  (1) i n  two d i f f e r e n t  

ways. F i r s t ,  a  me ta l  p l a t e  pa in ted  wi th  a  mixture of aluminum 

spray  lacquer  and f l a t  b lack  p a i n t  t o  y i e l d  an i n f r a r e d  emit tance 

near  0,5 is  placed i n  t he  c e n t e r  of an open expanse outdoors ,  By 

means of thermocouples imbedded j u s t  heneath i t s  upper su r f ace ,  

i t s  temperature i s  then  monitored, a long wi th  R ob ta ined  wi th  an 
0 

i n f r a r e d  thermometer a s  i t  warms o r  cools  t o  ambient temperature 

a f t e r  having been previous ly  cooled o r  hea ted ,  The d a t a  thus 
4 obta ined  a r e  used t o  p l o t  R a s  a  func t ion  of f(T)oT / R ,  whereby c 

0 

i s  obtained as t h e  s lope  of t h i s  r eg re s s ton  Line, and f(Ts)B, i s  
s 

then calcuLated from the  i n t e r c e p t ,  ?he average va lue  of f 

obtained by t h i s  means f o r  the  c l e a r  sky cond i t i ons  of a  p a r t i c u l a r  
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I.ocation has  been demonstrated by Ldso and Jackson (9) t o  vary  hy 

n o t  more than  2 l5%, This v a r i a t i o n  has p r a c t i c a l l y  no e f f e c t  on 

the  calcuLations t h a t  fol low,  

The second usage of equat ion (1) y i e l d s  e i t h e r  a  s o i l  o r  Leaf 

emit tance,  In  t h e  case  of a  l e a f ,  a  0-1.-m-diameter copper- 

constantan thermocouple i s  threaded d iagonal ly  i n t o  t h e  Leaf mid- 

r i b  j u s t  beneath t h e  upper Leaf s u r f a c e ,  The temperature obtained 

from t h i s  thermocouple and t h e  energy sensed by an i n f r a r e d  

thermometer concurren t ly  viewing t h e  l ea f  then  y i e l d  leaf  m i t t a n c e  

according t o  the  r e l a t i o n  

I n  the  case  of a  s o i l ,  a  t h i n  layer  of the s o i l  i s  spread over 

t h e  top  of a p i ece  of slyrofoarn, thrortgh whiclz four  t he rmoco~~p les  

pro t rude  t o  Lie f l a t  a g a i n s t  t h e  upper su r f ace ,  Everything e l s e  

remains the  same, 

Thermal Radia t ion  From Clear  Sk ie s ,  A t h e o r e t i c a l  a n a l y s i s  of 

expressions proposed by Brunt (31, Angstrom (1, 2 ) ,  and Swinhmlc (36 )  

t o  desc r ibe  thermal r a d i a t i o n  from c l e a r  s k i e s  revealed t h a t  a i l  

lacked the  g e n e r a l i t y  t o  desc r ibe  such r a d i a t i o n  ah a1.L e a r t h  

l a t i t u d e s  and temperakures . Thus, a new t h e o r e t i c a l  f  rarneworlc was 

developed t o  accomplish t h e  ubjcc t i v c  of s o  desc r ib ing  t h i s  radiilt i ~ m ,  

%he d e t a i l s  of t he  d e r i v a t i o n  a r e  contained i n  r e f c rencc  ( I Z ) ,  The  

new equat ion  was t e s t e d  wi th  d a t a  obtained from Alaska, Arizona, 

A u s t r a i i a ,  and the  Indian Ocean. 

RESULTS AND DISCUSSION: 

r o r s ,  For the IT-2  i n f r a r e d  thermometer, 

t h e  i n t e r n a l  temperature a t  which the  output  s i g n a l  d e t e r i o r a t e d  was 
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about 48 '~;  and f o r  t h e  IT-3 i t  was about 5 8 ' ~ -  The s i g n i f i c a n c e  

of t hese  val.ues i s  on ly  apprec ia ted ,  however, when t h e  r e l a t i o n s  

between i n t e r n a l  temperatures and ambient a i r  temperature a r e  

known, During t h e  c l e a r  s l y  per iod  when t h e  instruments  were 
0 

operated outs ide ,  a i r  temperature was gene ra l ly  around 9 C dur ing  

t h e  c o o l e s t  p a r t  of Che n i g h t  and 2 5 ' ~  during t h e  warmest p a r t  

of t h e  day. The corresponding i n t e r n a l  console  tempera.tures of 

both t h e  IT-2 and IT-3 a t  t hese  times were 23 and 50°C. Thus, on 

a l l  of t he  days dur ing  which the  instruments  were i n  ope ra t ion  

outdoors,  t h e  output  s i g n a l  of t h e  IT-2 d e t e r i o r a t e d  dur ing  midday, 

I n  t he  s t a b i l i t y  t e s t  of t he  ins t ruments '  c a l i b r a t i o n  curves,  

no sys temat ic  e f f e c t  could be discovered f o r  t h e  IT-2. The IT-3, 

however, was v e r y  d e f i n i t e l y  temperature dependent i n  t h i s  r e s p e c t .  

The information i n  Table l i n d i c a t e s  t h a t  t h e  u n c e r t a i n t y  i n t r o -  

duced i n t o  a  temperature measurement wi th  t h e  IT-3 by t h i s  e f f e c t  may 

f a r  exceed the  accuracy of 2 0 , 2 ° ~  r o u t i n e l y  claimed f o r  t h i s  

The r e s u l t s  of 

Fuchs and Tanner 

(FT) emit tance measurement methods a r e  contained i n  Table 2. Rased 

upon t h a t  evidence, we have concluded t h a t  bo th  methods g ive  

e s sen t i . a l l y  t h e  same r e s u l t s ,  and t h a t  both a r e  thus equa l ly  good (11) .  

As a  

t e s t  of t h e  accuracy of our method of emit tance measurement, we 

compared i t  a g a i n s t  t h e  BK and FT methods appl ied  t o  t hese  s o i l s ,  

The r e s u l t s  of t h i s  t e s t  a r e  recorded i n  Table 3. The d i f f e r e n c e s  

between our method and the  o t h e r  two were on the  average l e s s  than 

0,3%, o r  even b e t t e r  agreement than t h a t  between t h e  BK and PT 

methods compared a g a i n s t  each o t h e r ,  We thus concluded t h a t  our 

method (1.3) was e q u a l l y  as good a s  t he  o t h e r  two, 
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Having e s t a b l i s h e d  the  method's v a l i d i t y ,  we then employed i t  

t o  determine the  i n f r a r e d  emi t tances  of s e v e r a l  p l an t  leaves,  an 

o b j e c t i v e  t o  which t h e  BK and FT methods could not  be appl ied ,  due 

t o  s i z e  l i m i t a t i o n s ,  The r e s u l t s  of t hese  measurements a r e  

t abu la t ed  i n  Table 4 ,  Since t h e r e  was no apparent  c o r r e l a t i o n  be- 

tween t h e  va r ious  p l a n t  spec i e s  and t h e i r  emit tances,  i t  was made 

ev ident  t h a t  t h i s  parameter could n o t  be merely es t imated  f o r  very  

accu ra t e  work bu t  i n s t ead  r equ i r ed  a measurement of t h e  type we 

performed. 

Thermal Radia t ion  Prom Clear  Sk ie s ,  The equat ion  we der ived  t o  

desc r ibe  thermal r a d i a t i o n  from c l e a r  s k i e s  was 

where c and d a r e  cons t an t s  and t h e  remaining terms a s  prev ious ly  

de f ined ,  To t h i s  equat ion  we f i t  experimental  d a t a  from Alaska (15), 

A u s t r a l i a  (16), Arizona (121, and t h e  Indian  Ocean (161, which 
0 

covered a temperature range of from - 4 5 ' ~  t o  6 5  C. The coefficients 
-4 

c and d determined from these  d a t a  were 0,261 and 7.77 x 10 , 
r e spec t ive ly .  P l o t t e d  a g a i n s t  t h e  p r e d i c t i o n s  of equat ion  (SQ, 

t he se  d a t a  analyzed by l i n e a r  r eg re s s ion  y ie lded  a s lope  of 0,9993, 
- 2  

an i n t e r c e p t  of -0,2100 mw cm , and a c o r r e l a t i o n  c o e f f i c i e n t  of 

0,992, 

SUMMARY AND CONCLUSIONS : 

Two sources of e r r o r  i n  i n f r a r e d  tlaermome t r y  were document r!d ;md 

q u a n t i t a t i v e l y  a s se s sed ,  Taking cognizance of them, two methods l o r  

determining t h e  i n f r a r e d  emit tances of ba re  s o i l s  were exper imenta l ly  

compared and were both found t o  be  equa l ly  good. A new method of 

emi t tance  measurement was then developed which i n  a d d i t i o n  t o  being 
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used wi th  s o i l s  could a l s o  be app l i ed  t o  p l a n t  leaves .  It was 

lound t o  be  equa l ly  a s  good a s  t h e  o t h e r s ,  Thereupon i t  was used 

t o  determine t h e  i n f r a r e d  emi t tances  of many leaves.  F ina l ly ,  a 

genera l  r e l a t i o n  between c l e a r  sky atmospheric thermal r a d i a t i o n  

and sc reen - l eve l  a i r  temperature was developed t h a t  appears  t o  b e  

v a l i d  a t  any l a t i t u d e  and f o r  any a i r  temperature ob ta inab le  on 

e a r t h  pl, 

REFErnPJCES : 

Angstram, A. The s tudy  of r a d i a t i o n  of t h e  atmosphere, Smith- 
sonian I n s t , ,  Misc, Co l l ,  65:l-159, 1918, 

Angstrom, A,  E f f e c t i v e  r a d i a t i o n  dur ing  t h e  second in t e rna t iona l .  
Polar  Year. Medde, S t a t ,  Met. Hydrogr.Anst., Stockholm, 6, No. 8. 
1936. 

Brunt,  D. Notes on r a d i a t i o n  i n  t he  atmosphere, Quart .  J ,  Roy, 
Meteorol. Soc, 58:389-418. 1932. 

Buet tner ,  R. J. K., and Kern, 6. D. The de termina t ion  of i n f r a r e d  
e m i s s i v i t i e s  of t e r r e s t r i a l  su r f aces .  J, Geophys. Res, 70:1329-1337. 
1965. 

Conaway, J , ,  and Van Bavel, C ,  H, M. Remote measurement of s u r f a c e  
temperature and i t s  a p p l i c a t i o n  t o  energy balance and evapora t ion  
s t u d i e s  of b a r e  s o i l  s u r f a c e s ,  Tech, Report ECW 2-67P-1. 2966, 

Conaway, J., and Van Bavel, C ,  H, M e  Evaporation from a wet 
s o i l  s u r f a c e  c a l c u l a t e d  from rad iome t r i ca l ly  determined s u r f a c e  
temperatures ,  J ,  Appl, Meteorol,  6:650-655, 1967, 

Fuchs, M., and Tanner, C. B ,  I n f r a red  thermometry of vege ta t ion ,  
Agron. 5. 58~597-601. 1966 

Zdso, S. B , ,  and Baker, D. G. The n a t u r a l l y  vary ing  energy 
environment and i t s  e f f e c t s  upon n e t  photosynthes is .  Ecology 49: 
311-316, 1968. 

Idso, S. B. and Jackson, R. D. The s i g n i f i c a n c e  of f l u c t u a t i o n s  
i n  sky r a d i a n t  emit tance f o r  i n f r a r e d  thermometry. Agron. J. 60: 
388-39 2. 1968, 

Annual Report of the U.S. Water Conservation Laboratory



Idso, S ,  B e ,  and Jackson, R ,  D ,  A no te  on the r o l e  of s k y  
r ad i ance  i n  i n f r a r e d  thermometry, J ,  Appl. Meteorol.  7 :  
521-522. 

Idso, S ,  B , ,  and Jackson, R ,  D, Comparison of two methods f o r  
determining i n f r a r e d  emi t tances  of ba re  s o i l s ,  J, Appl, 
Meteorol,  8: In p r e s s ,  1969, 

Idso, S, B,, and Jackson, R. D, Thermal r a d i a t i o n  from c l e a r  
s k i e s ,  J, Geophys, Res, Submitted, 1969, 

Idso, S, B e ,  Jackson, R,  D,, Ehr l e r ,  W. L, ,  andMitcl-rell ,  S, T, 
I n f r a r e d  emi t tance  de termina t ions  of leaves .  Ecology, 
Submitted, 1969. 

Jackson, R,  D., and Idso, S, R ,  Anibient temperature e f f ec t s  i n  
i n f r a r e d  thermometry, Agron, J. 61: In pres s ,  1969, 

Lieske, B. J,, and St rosche in ,  L, A. Radia t ive  regime over 
A r c t i c  tundra ,  S c i ,  Rept,, Off ice  of Naval Research, Contract 
477(24) (NR 307-2521,  23 pp, 1968, 

Swinbank, W, C, Long-wave r a d i a t i o n  from c l e a r  s k i e s ,  Q u a r t ,  
J ,  Roy, Meteorol,  Soc, 89~339-348,  1963. 

and Ray D,  Jackson. 

ON DATE: October 1971 

Annual Report of the U.S. Water Conservation Laboratory



Table 1. The u n c e r t a i n t y  i n  su r f ace  temperature of a blackbody 

c r e a t e d  by the  divergence of c a l i b r a t i o n  curves f o r  t he  

IT-3 i n f r a r e d  thermometer obtained a t  i n t e r n a l  tempera- 

t u r e s  of 25 and 50 '~ .  

- - 

0 
True s u r f a c e  temperature,  C 0 Uncer ta in ty  , C 
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Table 2. Emittances of four soils determined by the Buettner and Kern (BK) and Fuchs and 

Tanner (FT) methods with a Barnes IT-3 infrared thermometer. Each value is the 

average of 5 measurements. 

Silica sand Superstition sand Pine silty clay Adelanto loan 
E 2 std, dev. E 2 std, dev. E f std, dev. E _f std. dev. 

BK 0,893 2 0.005 0.945 5 0.003 0.968 5 0.006 0.964 _+ 0.007 
FT 0.893 2 0.005 0.952 f 0.008 0,963 + 0.004 0.969 2 0,007 
BK-FT 0.000 2 0.010 -0.007 2 0.011 40.005 2 0.010 -0.005 _+ 0.014 
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Table 3 .  In f r a red  ernittances of t h r e e  s o i l s  determined by the  BK 

and PT methods and t h e  IJ method, The BLWT va lues  a re  

t h e  means of 5 BK and 5 FT measurements and I3 va lues  

a r e  t h e  means of 10 IJ rneasuremenrs . 

Method S i l i c a  sand S u p e r s t i t i o n  sand Adelanllo loam 
E 2 s t d ,  dev, E f s t d ,  dev, E 2 s-tcl,  dev. 
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Table 4 ,  In f ra red  emittances of planL leaves, determined a s  the 

means of approximately 1.2 measurements f o r  each species 

by the  IJ method. 

Plant  E 3 s t d .  dev. 

_Phase0 lus  v u l g a r i s  cv . Bountiful  (center  l e a f l e t )  

Zea mays cv. Mexican June - 
Nymphaea odornta 

Opun t i a  f i c u s  ind ica  

Opuntia englemanii 

Ligustrum vulgare cv,  Japanese 

Gossypium hirsutum cv,  Deltapine 16 

Phaseolus vu lga r i s  cv ,  Bountiful  ( l a t e r a l  l e a f l e t )  

Opuntia l inpui f  ormis 

Cordyline t e rmina l i s  - 
Gossypium hirsutum cv. Nopicala 

Aral ia  seboldi  

Nedera he1 ix va r  . Algerian 

Opuntia san ta  r i t a  

Opuntia o rb icu la ta  

C i t rus  aurantium 

Nicotiana tabacum 

Lophocereus s c h o t t i i  

Cereus 1 I 

Cocculus l a u r i f o l i u s  

C i t rus  jambhiri 

Morus a lba  -- 
Opunt i g  ruf ida  

Popu lus  Frement ii 
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Table 4. In f r a red  ernittances of p l a n t  leaves,  determined a s  the  

means of approximately 12 measurements f o r  each spec i e s  

by the  IS method. (cont inued)  

P l an t  E _$ s t d ,  dev. 

barbadense cv ,  Yima S-4 

Erutescens cv ,  Long Green 

escu lentum cv , Pear son Improved 

Philodendron selloum 

domesticum v a r .  Martha Washington 

Rosa - 
Saccharurn of f ic inarum 
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i n t e n s i t y  a s  a £  f e c t l n g  p h o t o s y n t h e s i s ,  a s  d i d  Duncan 's ,  De W i t ,  

i n  a d d i t i o n ,  considered C conce l l l r a i  i o n  of t.he ambient  a i r  ; arid 
2 

dso f u r t h e r  i n c l u d e d  l e a f  t e m p e r a t u r e  aild wa te r  a v a i l a h i l i  t y ,  

was d e c i d e d  t h a t  t h e  l a t t e r  s c t w w ,  be ing  more i n c l u s i v e  oi: p c r -  

t i n e n t  f a c t o r s ,  must ~ l i u s  form Llte b a s i s  of  ally ex tended  work, 

However, s i r i ce  i t  was no t  a r ~ a l y L i c a l  h u t  e m p i r i c a l ,  iiiiiclr ircetieii l o  

be done w i t h  i t ,  By s t u d y i n g  L i t e r a t u r e  r e f e r e n c e s ,  a n  a n a l y t i c a l  

e x p r e s s i o n  was f i n a l l y  c o n s t r u c t e d  f o r  CO L - i x a ~ i o n  i n  ternis C I S  
2 

f i v e  e ~ i v i r o n m c n t a l  v a r i a b l e s  ard seven  p l a n t  cons  t i l i t  s , Proci~rl t lrcs 

were  Lhen o u t l i n e d  f o r  measur ing o r  c a l c u l a t i n g  the f i v e  p e r i i n e n i  

v a r i a b l e s  a t  t h e  v a r i o u s  l e d v e s  of  a pLanr canopy, 

L i g h t  R e l a t w ,  11) t h e o r y  ok 1 i g l - i ~  - 
r e l a t i o n s  i n  a  p l a n t  canopy bias extended t o  p r o v i d e  u s e f u l  i n i ' o r -  

ma t ion ,  ilot o n l y  f o r  pl-rotosyntl iesis  c a l c u l a t i o n s ,  b u t  a l s o  fo r  r c -  

mote s e n s i n g  a p p l i c a t i o n s ,  A comparison of  che  p r e d i c t i o n s  of ttie 

thc!ory was t h e n  made w i t h  exper iment ,  T h i s  was accomplisl~ecl  b y  

a p p l y i n g  tile t h e o r y  t o  a c o r n  c r o p  growing a t  

d u r i n g  t h e  f a l l  of  296 61, S i n c e  t h i s  c rop  was t l toroughly  i n v c s t r g a t e d  

and r e p o r t e d  on i n  the L i t e r a t u r e  (1, 2 ,  4 ,  2 2 ,  2 3 ,  241, i t  p r o -  

v ided a  good t e s t  of  t h e  new model, 

llESI?LTS AND D 

t o t h e c  s r s e  The f i n a l  e q u a t i o n  conse ruc t  ed 

Lhe d e s c r i p t i o n  o f  n e t  CO F i x a t i o n  i n  eernls of  enviro~t-trrentaI 
2 

wn s  
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1 = i n t e n s i t y  of  s o l a r  r a d i a t i o n  and skyl ight .  i n c i d e n t  o n  

l e a f  

TL = L e a  t e m p e r a t u r e  

ML 
= L i m i t i n g  s o i l  m o i s t u r e  t e n s i o n  f o r  n e t  p h o t o s y n t h e s i s  

Mo 
= optimum s o i l  m o i s t u r e  t e n s i o n  f o r  n e t  p h o t o s y n t h e s i s  

PMX = a s y m p t o t i c  r a t e  o f  g r o s s  p h o t o s y n t h e s i s  a t  v e r y  h i g h  

l i g h t  i n t e n s i t i e s  

I2 
= l i g h t  i n t e n s i t y  a t  P d2 

R = r a t e  of d a r k  r e s p i r a t i o n  

I3 = c o n s t a n t ,  

The form of t h e  f i r s t  p a r e ~ t t h e t i c a l  term of  e q u a t i o n  (1) 

was de te rmined  c h i e f l y  from t h e  t h e o r e t i c a l  w a t e r  s t r e s s  papers  o f  

I d s o  (10, 131,  The second p a r e n t h e t i c a l  term was deduced from 

M o n t e i t h ' s  (18) e v a l u a t i o n  of  CO e f f e c t s ;  and t h e  t h i r d  p a r e ~ l t l i e t i c a  1 
2  

term e x p r e s s e s  d e  i t  ' s  (6) a n a l y s i s  of l i g h t  in t rens i  t y  e f f e c t s ,  

The exponen t i a  l term i n v o l v i n g  l e a f  t e m p e r a t u r e  was determined f ronl 

d a t a  of s e v e r a l  i n v e s t i g a t o r s  8, 16,  17,  20, 2 1 ) -  'rhe c o ~ l p l e t e  

d e r i v a k i u n  of e q u a t i o n  l )  and t h e  o u t l i n e  f o r  o b t a i n i u g  v a l u e s  o l  

t h e  pa ramete r s  n e c e s s a r y  f o r  i t s  s o l u t i o n  a r e  found i n  r e i e r e n c e  

(12) * 

L i g h t  XeLat ions .  The ex tended  de  Wi t - ldso  (1)- 

f  i r s r  used t o  c a l c u l a t e  canopy p r o f i l e s  of  r e f l e c r i o n  and t r a n s -  

m i s s i o n  of s o l a r  r a d i a t i o n  and s k y l i g h t ,  These c a l c u l a t i o n s  were 
0 

made f o r  3 s o l a r  a l t i t u d e  of 65  , which occurrc i i  one-tmlf Ilo11r 

11cL'oru and a f t e r  solar noon, F i g u r e  l shows t h e .  resill L S  of t l t c  

ca l c u l a  l i o n s  a l o n g  w i t h  measured v a l  ues  o f  t h e s e  two paramet e r s  

o b t a i n e d  over  a  s i m i l a r ,  bu t  s l i g h t l y  g r e a t e r ,  i n t e r v a l  o f  t i m e ,  

The d e g r e e  of  co r respondence  between t i le  Lwo r e p r e s e n t a t j o n s  i s  

t r u l y  remarkable, e s p e c i a l l y  c o n s i d e r i n g  than- upper  and lowcr L i i r i i t  s  

oE t h e s e  two pa ramete r s  were noL s e t  e q u a l  Lo measured f l u x e s  a s  

boiindary c o n d i t i o n s .  R a t h e r ,  t h e y  roo were ca lc t r l a  t e d  troni tlic 
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t h e o r y ;  and a s  may be s e e n  from F i g u r e  1, Liicy a g r e e  Lo w i t h i n  

b e t t e r  t h a n  1% o f  t h e  measured v a l u e s ,  

F i g u r e  2  shows t h e  v a r i a t i o n  i n  t h e  c rop  a l b e d o  d u r i n g  t h e  d a y  

a s  c a l c u l a  t e d  by t h e  t h e o r y .  Al though no s i m i l a r  measurenle~lLs l o r  

t h e  c rop  i n v e s t i g a t e d  were a v a i l a b l e ,  i h e s e  r e s u l t s  a r c  i n  harmorry 

w i t h  t h o s e  found by o t h e r s  f o r  o t h e r  c rops  (5 ,  9 ,  15: 19) )., This  

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

i s  what g i v e s  D - I  t h e o r y  s u p e r i o r i t y  o v e r  Kubelka-Munk, o r  K-M 

( 3 ) ,  t h e o r y  a s  r e g a r d s  remote s e n s i n g ,  

T e c h i c a l  a s p e c t s  of t h e  Lheory and c a l c u l a t i n g  p rocedures  

inay be  Sound i n  r e f e r e n c e  (14) .  

A new a n a l y t i c a l  e x p r e s s i o n  f o r  n e t  p h o l o s y n i l ~ e s i s  a s  a  iEl111cL ion  

of  f i v e  m i c r o c l i m a t i c  v a r i a b l e s  and seven  p l a n t  c o n s t a n t s  has  been 

developed,  a l o n g  w i t h  improved p rocedures  f o r  c a l c u l a t i n g  v a l u e s  o f  

t h e  f i v e  p e r t i n e n t  v a r i a b l e s  a t  t h e  p l a n t  l e a v e s ,  O f  t h e  f i v e  

v a r i a b l e s ,  l i g h t  i n t e n s i t y  has  r e c e i v e d  p a r t i c n l a r  a t  t e n t i o n ,  An 

e x t e n s i o n  o f  de  dso  t h e o r y  of  l i g h t  r e l a t i o n s  i n  l a n t  canop ies  

has  been made which p r e d i c t s  canopy r e L l e c ~ a t l c e  and t r n n s r n i t t a n c e  

t o  w i t h i n  b e t t e r  t h a n  1% of measured v a l u e s ,  V a r i a t i o n s  w i  t l z  s o l a r  

a l t i t u d e  a r e  a l s o  p r e d i c t e d  and a r e  i n  harmony w i t h  exper iment .  
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i r r i g a t e d  f i e l d  c r o p s ,  Agr,  Met, 4:55-62, 1967. 

Idso ,  S .  B ,  Atmospheric-  and s o i l - i n d u c e d  w a t c r  s t r e s s e s  i t )  

p l a n t s  and t h e i r  e f f e c t s  upon t r a n s p i r a t i o n  and pho tosyn i i i e s i  s, 
J o u r .  ' T h e o r e t i c a l  i o l ,  21 : l -12 ,  1968, 

I d s o ,  S .  B ,  A h o l o c o e n o t i c  a n a l y s i s  of environment-plant-  
r e l a t i o n s h i p s ,  w i t h  s p e c i a l  emphasis b e i n g  g iven  t o  t h e  
c a l c u l a t i o n  of n e t  p h o t o s y n t h e s i s ,  t r a n s p i r a t i o n ,  rind s e n s i  b l c  
h e a ~  exchange,  Minnesota A g r  , Expt ,  S ta ,  Tech, Bn l ,  
P r e s s ,  1968, 

A t h e o r e t i c a l  framework Lor t h e  p h o t o s y n t h e t i c  
modcI.ing o f  p l a n t  coiimiuniti.es, Adv, F r o n t i e r s  of: P l a n t  S c i ,  
I n  P r e s s ,  1968, 

I d s o ,  S ,  B, Water chemica l  p o t e n t i a l  and p h o t o s y n t h e s i s ,  
Jo i i r ,  T t i e o r e t i c a l  B i o l ,  Submitted. 1969. 

dso,  S ,  R ,  L i g h t  r e l a t i o n s  i n  p l a n t  c a n o p i e s .  J o u r ,  O p t i c .  
Soc,  A n r e r ,  Submit t e d ,  1-969, 

dso ,  S ,  B,, Baker,  D ,  G , ,  and tad ,  B ,  1,- Kela t io r l s  of 
r a d i a t i o n  f l u x e s  o v e r  n a t u r a l  s u r f a c e s ,  Q u a r t ,  J o u r  , Roy, 
Met. Soc,  Tn P r e s s ,  1969, 

Zrnndegnrdh, H ,  Environment and  P l a n t  Development, T r a n s .  
and e d i t e d  by E ,  Ashby, Edward Arnold  and Go,, Zoiidorz, 1931, 

M i l n c r ,  H ,  W,, anti Niesey ,  W ,  M, P h o t o s y n t h e s i s  i r ~  c: Lirr~atic 
races o f  M 4 1 u  Lus , . EFfec t  o f  l i g h t  i n t  e n s i  t y  and t-en~pcr~i- 
L t r  rt' otl rat.e, PLat t~  PI iys ioI ,  35): 203.-213, 1 9 6 4 .  
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Moute i th ,  J. I;, L i g h t  d i s t r i b u t i o n  and p h o t o s y n t h e s i s  i n  
f i e l d  c r o p s ,  Ann, o t , ,  N,S. 29: 17-37, 1965,  

Monte i th ,  Y, L,, and S z e i c z ,  6 ,  The r a d i a t i o n  balance of  
b a r e  s o i l  and v e g e t a t i o n ,  Q u a r t ,  J o u r ,  Roy. Met, Soc,  
87: 159-170, 1961, 

S c o t t ,  D,, and  i l l i n g s ,  W. D.  E f f e c t s  of  env i ronmenta l  f a c t o r s  
on s t a n d i n g  c r o p  and p r o d u c t i v i t y  o f  a n  a l p i n e  t u n d r a .  E c o l ,  
Monog, 34: 243-270, 1964, 

Waggoner, P. E , ,  Moss, R ,  A., and Heske th ,  J, D ,  R a d i a t i o n  i n  
t h e  p l a n t  environment and p h o t o s y n t h e s i s ,  Agron, J o u r ,  
55: 36-39. 1963, 

Wright ,  Y,  L , ,  and Lemon, E ,  R.  P h o t o s y n t h e s i s  under  fie1.d 
c o n d i t i o n s .  V I T  A n a l y s i s  of windspeed f l u c t u a t i o n  d a t a  
t o  e v a l u a t e  t u r b u l e n t  exchange w i t h i n  a  c o r n  c r o p ,  Agron, 
J o u r ,  58:255-261, 1966, 

Wright ,  J, L,, and Lemon, E *  R.  Photosynthesis under  f i e l d  
c o n d i t i o n s ,  X, V e r t i c a l  d i s t r i b u t i o n s  of p h o t o s y n t h e s i s  
w i t h i n  a  c o r n  c r o p  computed from ca rbon  d i o x i d e  p r o r i l e s  anc! 
t u r b u l e n c e  d a t a ,  Agron, dour ,  58: 265-268, 1966. 

Yocum, C, S,, A l l e n ,  L,  He, and Lemon, E ,  R ,  P h o ~ o s y n t h e s i s  
under f i e l d  c o n d i t i a n s  V I .  S o l a r  r a d i a t i o n  b a l a n c e  a n d  
p h o t o s y n t h e t i c  e f f i c i e n c y .  Agron, Your, 5 6 ~ 2 4 4 - 2 5 3 .  1964, 

PERSONNEL: Sherwood B,  

C'URRENT TEWINATION DATE: October  1971 
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F i g u r e  1. C a i c u l a t e d  and  measured  p r o f i l e s  o f  r e f l e c t i o n ,  Rj a n d  t r a n s m i s s i o n ,  

T,. i n  a  c o r n  c r o p .  R i s  computed a s  upward moving r a d i a t i o n  d i v i d e ?  

by i n c i d e n t  r a d i a t i o n  and  T a s  downward nlovinp r s d i a t i o ; ?  d i v i d e d  by 

Fnc iden?  r a d i a t i o n ,  

Annual Report of the U.S. Water Conservation Laboratory



Figure 2. Calculated reflectance of a corn crop as a function of time for clear 

day conditions, 
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MS No, 

SWC W4-gG-1 ;lIethods for water quality improvement and 
its storage underground, 

Bouwer, Herman, Sa 
efficiency, and dra 248 

Bozxwer -- y improvement 
by ground-water recharge, Second Seepage 
Synqmsium Proc,, Phoenix, Ariz, 25-27 March 
1968, (In press) 255 

Ilennan, Returning waste to the Land: -- 
A new role for agriculture? Jour, Soil. and 
Water Conserv, 23(5):l64-168, Sept-Oct 1968, 263 

Bouwer, Herman, Putting waste water to bene- -.. 
Eicial use -- the Flushing Meadows Proj ech, 
Ariz, Watershed Symposium Prac , , Plmenix, 
Ariz, 18 Sept 1968, Submitted for p u b l i -  
cation) 

Bouwer , Herman, Infiltration of wacer into 
nonuniform soil, Jour, Xrrig, & Drain, Div,, 
Amer, Soc, Civil Engin, l'roc, (Submi~ted for 
publication) 276 

Watson, Keith K ,  The response behavior OF a - 
tensiometer-pressure transducer system under 
conditions of changing pore air pressure, 
Soil Sci, 104(6):439-443, 1967, (Issued in 
1968) 192 

Wa tson, 
Systcm dependence of the water cantent-- 
pressure. head relationship, Soil Sci, Sue, 
Amer, Proc, (Note) 32(1) :221-123, Jan-Feh 1968, 202 
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MS No, -. 

One-dimensional g r a v i t y  dra inage  of uniform 
columns of porous m a t e r i a l s ,  Jour ,  Ilydrol, 
6(3):277-296, May-June 1968, 2 1 3  

SWC W7-gG-2 Theory and p r a c t i c e  f o r  conserva t ion  of massed 
water s u p p l i e s  f o r  a g r i c u  

A s a l t  pene- 
easurement, 

J o u r ,  I r r i g ,  G Drain,  Div, ,  h c r ,  Soc, C i v i l  
Engin, Proc, 94(IR 4 ) : 4  -492, Dec 1968, 205 

Review of 

254 

Current  seepage r educ t ion  research ,  Second 
Seepage Symposium Proc, ,  Phoenix, Ar i z ,  
25-27 March 1968, ( I n  p re s s )  

n ,  Chairman h Edi to r  
osium Proc , , Phoenix, 

Ar iz , ,  25-27 March 1968, USDA-ARS 41-147, 
( I n  p r e s s )  

Changes i n  w a t e r  q u a l i t y  dur ing  seepage, 
Second Seepage Symposium Proc,,  Phoenix, 
Ar i z ,  25-27 March 1968, ( I n  p re s s )  

SWC W7-gG-3 Suppression of evapora t ion  from water s u r f a c e s .  

S t a b l e  a lkanol  d i s p e r s i o n  t o  reduce evapo- 
r a t i o n ,  J o u r ,  Zr r ig ,  h Drain, Div,,  Amer, 
Soc, C i v i l  Engin, Proc, 94(1R 1 1 ~ 7 9 -  
March, 1968, 
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SWC W7-gC-4 P r i n c i p l e s ,  f a c i l i t i e s  and systems f o r  
water h a r v e s t ,  

MS No. - 

F r a s i e r ,  Gary W , ,  and Myers, Lloyd E. 
P r o t e c t i v e  spray  coa t ings  Eor water l i a rves t ing  
catchments.  A m e r .  Soc, Agric ,  Engin, Trans, 
(Submitted f o r  pub l i ca t ion )  274 

Myers, Lloyd E. New-old water abracadabra 
r e v e r s e s  d isappear ing  a c t .  Chap. 59, "Science 
f o r  B e t t e r  Living" (1968 Yearbook of Agricul-  
t u r e )  U. S,  Dept ,  o f  Agricult .ure,  Pp, 135-241, 229 

Myers ,- LJdg2. Saving water wi th  a s p h a l t  ., 
Amer, Chem, Soc,, Symp, on New Uses f o r  
Asphal t  Proc, ,  A t l a n t i c  Ci ty ,  N,J. Sept ,  1968,  258 

SWC W7-gG-5 S o i l  water movement i n  r e l a t i o n  t o  t h e  conser-  
v a t i o n  of  water supp l i e s ,  

Brust ,  K. J , ,  Van Bavcl,  C .  H. M. ,  and 
S t i r k ,  G ,  B, Hydraul ic  p r o p e r t i e s  of a c l a y  
loam s o i l  and t h e  f i e l d  measurement of water 
uptake by r o o t s :  111, Fie ld  and l abo ra to ry  
measurement of  conduc t iv i ty  and r e t e n t i o n  
compared. S o i l  S c i ,  Soc, Aaier. Proc. 32(3 )  : 
322-326, May-June 1968, 

Fink, Dwayne>, and Myers, Lloyd E, 
Syn the t i c  hydrophobic s o i l s  f o r  ha rves t ing  
p r e c i p i t a t i o n ,  Symposium on S o i l  W e t t a b i l i t y  
Proc., Rivers ide ,  C a l i f ,  6-10 May 1968. 
(Submitted f o r  pub l i ca t ion )  

Fink,  Dwayne H., Ri.ch, C .  I , ,  and Thomas, E. W. 
Determination of  i n t e r n a l  s u r f a c e  a r e a ,  e x t e r n a l  
water,  and amount of  montmori l loni te  i n  c lay-  
water systems, S o i l  S c i ,  205(2):71-77. 
Feb 1968, 193 

Nakayama, F. S, Review of book, "Water i n  - 
t h e  Se rv i ce  of Man", by 11, R. Va l l en t ine ,  
Quart,  Rev. Biol .  43(1):116, March 1968. 

Nakayama, F. S, Review of  book, "Wa~er : The 
V i t a l  Essence", by Pe te r  Briggs,  
Quart. Rev, Bio l ,  43(2):223. June 1968. 
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Calcium a c t i v i t y ,  complex 
and ion -pa i r  i n  s a t u r a t e d  CaCO s o l u t i o n s ,  

3 
S o i l  S c i ,  b 0 6 ( 6 ) : 4 2 9 - 4 3 4 ,  Dec 1968, 

MS No, -- 

239 

Review of book, "The Problem 
of Water: A World Study," by Raymond Furon, 
Quart,  Rev, Bio1. 43(3):353. Sept  1968, 243 

Review of  book, "Movement of 
Water i n  P l a n t s , "  by G. E ,  Briggs,  
Soil. S c i ,  Soc, Amer, Proc, 32(2) : iv ,  Mar-Apr 
1968, 245  

S, Magnesium complex and ion-pa i r  
i n  t h e  MgC03-CO s o l u t i o n  system, J o u r ,  of 

2  
Chem, & Engin, Data,  (Submitted f o r  publ i -  
c a t i o n )  

N - Wydrolysis of sodium car -  
bonate ,  Jou r .  Chem. Ed, (Submitted f o r  
pub l i ca t ion )  

Sc i rk ,  G, 33, Hydraulic p r o p e r t i e s  of a  c l a y  
loam s o i l  and t h e  f i e l d  measurement of  water 
uptake by r o o t s :  1. I n t e r p r e t a t i o n  of water 
conten t  and p re s su re  p r o f i l e s ,  S o i l  S c i ,  Soc, 
Amer, Proc, 32(3) :31O-317, May-June 1968, 20  8 

Van Uavel, C ,  11. M ,  , Brus t ,  K, J ,  , and 
S t i r k ,  C ,  B, Hydraulic p r o p e r t i e s  of a  c l a y  
loam s o i l  and t h e  f i e l d  measurement of  water 
uptake by r o o t s :  TI, The water ba lance  of t h e  
r o o t  zone, S o i l  S e i ,  Soc, Amer, Proc, 32(3) :  
317-321, May-June 1968. 209 

Watson, Kei th K., and Whisler,  P, D ,  
A semi-numerical approach f o r  determining the  
hydrau l i c  conduct iv i ty  of unsaturated porous 
material. Trans , ,  Lnst,  of Engineers ,  A u s t r a l i a .  
(Submitted f o r  pub l i ca t ion )  266  
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NS No, 

SWC W9-gG-6 

Whis le r ,  F,  D ,  Analyzing s t e a d y - s t a t e  f low 
i n  a n  i n c l i n e d  s o i l  s l a b ,  S o i l  S c i ,  Soc, 
Amer, Proc,  (Submit ted f o r  p u b l i c a t i o n )  

porous  media.  J o u r ,  I r r i g ,  & Dra 
Amer, Soc,  C i v i l  Engin,  P roc ,  (Su 
f o r  p u b l i c a t i o n )  

F a c t o r s  govern ing  e v a p o t r a n s p i r a t i o n  01 w a t e r  
from cropped f i e l d s .  

Review of  book, "Crop Res- 
ponses t o  Water a t  D i f f e r e n t  S t a g e s  o f  
Growth," by P, J ,  S a l t e r  and J ,  E ,  Goode. 
S o i l  S c i ,  (Submitted f o r  p u b l i c a t i o n )  

E h r l e r ,  W. L,, and Van Bavel ,  C .  H. M, 
Leaf d i f f u s i o n  resistance, i l l u m i n a n c e  and 
transpiration, P l a n t  P h y s i o l ,  43(2):208-214, 
Feb 1968, 

Management: A key t o  Irri- 
g a t i o n  e f f i c i e n c y ,  J o u r ,  I r r i g ,  & Dra in ,  D l v , ,  
h e r ,  60c,  Civil .  Engin,  P roc ,  94(1R 3) :285- 
293. 5 e p t  1968,  

E r i e ,  Leonard S , ,  and French, O r r i n  F ,  
I r r i g a t e  t o  s a t i s f y  c o t t o n  p l a n t  m o i s t u r e  
needs ,  Univ, o f  A r i z ,  Agr ic ,  E x t ,  S e r v ,  
13~1, P-9, "COTTON", Pp, 20-21, Feb 1968, 

Water management on f a l l - p l a n t e d  s u g a r  b e e t s  
i n  t h e  S a l t  R iver  Va l ley  o f  Arizona,  Amer, 
Soc, A g r i c ,  Engin,  Trans ,  (Submit ted f o r  
p u b l i c a t i o n )  

E r i e ,  Leonard J,, French,  O r r f n  F , ,  and 
True,  Lowel l ,  Lawn w a t e r i n g  need n o t  be 
w a s t e f u l ,  Univ, o f  A r i z ,  A g r i c ,  Ex t ,  Se rv ,  
F o l d e r  143, 1 0  pp, Nov 1968, 

AI- 5 
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MS No. 

i n t e r n a l  water  s t r e s s  i n  Valencia oranges a s  
a f f e c t e d  by s o i l  water ,  season and c l ima te ,  
I n t e r n a t l ,  C i t r u s  Symposium Proc,, Rivers ide ,  
C a l i f ,  March 1968, ( I n  p re s s )  2 59 

Idso,  Sherwood B, An a n a l y s i s  of t h e  hea t ing  
c o e f f i c i e n t  concept ,  Jou r ,  Appl, Met, 7 ( 4 ) :  
716-717, (Note) Aug 1968, 

Tdso, Slierwood B e  Co~~ments  on "The Hydro- 
l o g i c  Tmportance oL Transp i r a t ion  Control  by 
Stomata" by Richard Lee, Water Resources 
Res, 4(3):665-666, June 1968, 231 

ldso ,  Sherwood l3* Atmospheric and s o i l  induced 
water s t r e s s e s  i n  p l a n t s  and t h e i r  eEfec ts  upon 
t r a n s p i r a t i o n  and photosynthes is ,  Jour .  
Theoret.  B io l ,  2l: l-12, 1968. 233 

Idso ,  Sherwood B,  A t h e o r e t i c a l  framework f o r  - 
t h e  photosynthe t ic  modeling of p l a n t  comnun- 
i t i e s .  $ "Advancing F r o n t i e r s  of P l an t  
Sciences ," ( I n d i a )  ( I n  press )  270 

Idso ,  Sherwood B,  Water chemical p o t e n t i a l  
and photosynthes is ,  J o u r ,  Theoret.  Bio l ,  
(Submitted f o r  pub l i ca t ion )  271 

Idso ,  Sherwood B,, and Baker, Donald G ,  
The n a t u r a l l y  vary ing  energy environment and 
i t s  e f f e c t s  upon n e t  photosynthes is ,  
Ecology 49(2):311-316, 1968, 242 

'She s igni f i . cance  of fLuctua t ions  i n  sky 
r a d i a n t  e n ~ i t t a n c e  f o r  i n f r a r e d  thermometry, 
Agron, J o u r ,  60(4) :388-392, July-Aug 1968, 240 

Idso,  Sherwood U. ,  and Jackson, Ray D ,  
A n o t e  on t h e  r o l e  of sky rad iance  i n  i n f r a r e d  
thermometry, J o u r ,  Appl, Meteorol,  7(3):521- 
522, June 1968, 24 1 

A I -  6 
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MS No, 

Idso,  Sherwood B,, and Jackson, Kay D, - 
Comments on "Thermodynamic Aspects of Devel- 
opmental Biology", by Zotin and Zotina. 
J o u r ,  Theoret ,  B io l ,  20:126-127. 1968. 
( L e t t e r  t o  Ed,) 

Idso ,  Slzerwoocl 13, , and Jackson,  Ray D. 
Comparison of two methods f o r  determining 
i n f r a r e d  emi t tancc  of b a r e  s o i l s ,  
Jour .  Appl. Meteorol,  (Submitted f o r  
pub l i ca t ion )  

Idso ,  Sherwood B , ,  and Jackson, Ray D ,  - 
Thermal r a d i a t i o n  from c l e a r  s k i e s ,  
J o u r ,  Geophys. Res. (Submitted f o r  
pub l i ca t ion )  

Idso ,  Sherwood B., Jackson,  Ray D , ,  - 
E h r l e r ,  W ,  L., and Mi tche l l ,  S,  T ,  
I n f r a red  emi t tance  de termina t ions  of  l eaves ,  
Ecology. (Submitted f o r  pub l i ca t ion )  265 

Jackson, Ray D, ,  and Idso,  Sherwood B, 
Ambient temperature e f f e c t s  i n  i n f r a r e d  
thermometry, S o i l  S c i ,  Soc, Amer. Proc, 
(Submitted f o r  pub l i ca t ion )  

Longenecker, D, E , ,  and E r i e ,  Leonard J ,  
I r r i g a t i o n  water management - Cotton, 
Chap, 11 & "Advances i n  Production and U t i l -  
i z a t i o n  of Qua l i t y  COTTON: P r i n c i p l e s  and 
P rac t i ce s" ,  pub. by Ortho Div,, Chevron Chern, 
Co,, a t  Iowa S t a t e  Univ. (Pp. 321-345). 
Sept  1968, 201 

Van Ravel, C, H, Me, and Ehr l e r ,  W, L. 
Water l o s s  from a  sorghum f i e l d  and s tomata1 
c o n t r o l ,  Agron, Jour .  60(1):84-86, Jan-Feb 
1968, 204 
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SWC W10-gG-7 I r r i g a t i o n  systems f o r  e f f i c i e n t  water use,  MS No, 

Haise,  Howard R, , Kruse, Gordon E., and 
E r i e ,  Leonard J, Hydraul ica l ly  controllecl 
b u t t e r f l y  ga t e s  i n  farm l a t e r a l  tu rnouts  f o r  
automation of s u r f a c e  i r r i g a t i o n  systems, 
Amer, Soc, Agric ,  Engin, Trans, (Submitted 
f o r  pub l i ca t ion )  

Replogle,  John A ,  Discussion o f :  
"Rectangular c u t t h r o a t  flow measuring flumes" 
by G ,  V, Skogerboe and M, Leon Eiyatt, 
Jou r ,  I r r i g ,  & Drain,  Div,, Amer ,  Soc, C i v i l  
Engin, 94(IR 3) ~359-362, Sept  1968, 249 

Replogle,  John A, Plow measurement with 
c r i t i c a l  depth flumes, I n t e r n a t l ,  Comm, on 
I r r i g ,  & Drainage, 7th Cong, Proc. Mexico 
Ci ty  (To be he ld  i n  Apr i l ,  1969)- (Submitted 
f o r  pub l i ca t ion )  

Replosle ,  John A , ,  Myers, Lloyd E,, and 
Brus t ,  Kenneth J ,  Diges t :  Flow measure- 
ments wi th  f l u o r e s c e n t  t r a c e r s , "  Amer. Soc. 
C i v i l  Engin, Trans, 133:23-29, 1968. 

Replogle,  John A , ,  Myers, Lloyd E,, and - 
Brus t ,  Kenneth 3. Closure:  Flow measure- 
ments with f l u o r e s c e n t  t r a c e r s ,  Jou r ,  
Wydraul, Div,, Amer, Soc, C i v i l  Engin. 
Proc, 94(fTY 2) :552-555, March 1968, 

Replogle,  John A , ,  Myers, Lloyd E. ,  arid 
Brus t ,  Kenneth J ,  Closure:  Evalrtation of 
p ipe  elbows a s  flow meters .  Jou r ,  I r r i g .  & 
Drain. Div., Amer, Soc. C i v i l  Engin, Proc. 
94(IR 3):335-339. Sept  1968, 244 

Replople,  John A , ,  Myers, Lloyd E . ,  and 
Brus t ,  Kenneth J. Diges t :  Evaluat ion of 
p ipe  elbows a s  flow meters ,  Amer, Soc. Civil. 
Engin. Trans, 133:373-374, 1968, 246 
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APPENDIX I1 

SUMMATION OF IMPORTANT FINDINGS 

SWC W4 gG-1 Methods f o r  w a t e r  q u a l i t y  improvement and i t s  s t o r a g c  

underground, 

S t u d i e s  n e a r  Phoenix, Arizona have shown t h a t  90 percen t  oP t h e  

t o t a l  n i t r o g e n  i n  secondary sewage e f f l u e n t  can be removed by p roper ly  

managed f i l t r a t i o n  th rough  s o i l .  Ponding w a t e r  i n  groundwater r e c h a r g e  

b a s i n s  f o r  s h o r t  p e r i o d s  o f  time, 2 days wet and 3 days dry ,  y i e l d e d  

n i t r a t e - n i t r o g e n  c o n c e n t r a t i o n s  of 20-30 ppm i n  water t h a t  p e r c o l a t e d  

down through t h e  s o i l  t o  a d e p t h  of 25 f t .  Longer ponding per iods ,  

2 wks wet and 1 wk dry,  y i e l d e d  n i t r a t e - n i t r o g e n  c o n c e n t r a t i o n s  of 

0-1 ppm. These f i n d i n g s  a r e  o f  g r e a t  importance i n  managing was te  

waters t o  minimize n i t r a t e  p o l l u t i o n  o f  ground w a t e r .  (WCL 67-4) 
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SWC W7 gG-2 E v a l u a t i o n  and c o n t r o l  of seepage from w a t e r  s t o r a g e  and  

conveyance s t r u c t u r e s .  

Tough and d u r a b l e  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  i n  two 

160,000 g a l l o n  r e s e r v o i r s  a r e  i n  e x c e l l e n t  c o n d i t i o n  a f t e r  6 y e a r s  o f  

s e v e r e  n o r t h e r n  Arizona exposure ,  i n c l u d i n g  t r a m p l i n g  by d e e r  and 

c a t t l e .  The l i n i n g s  were f a b r i c a t e d  i n  p l a c e  by s p r a y i n g  f i b e r g l a s s  

m a t t i n g  w i t h  a s p h a l t  emuls ion a t  a  t o t a l  c o s t  of 75 c e n t s  per  s q u a r e  

y a r d .  Maintenance has  r e q u i r e d  o n l y  15  minutes  s p e n t  pour ing  a s p h a l t  

emuls ion over  s m a l l  f l a w s  i n  one l i n i n g .  Th i s  l i n i n g ,  which r e q u i r e s  

l i t t l e  equipment o r  l a b o r  f o r  i n s t a l l a t i o n ,  r e p r e s e n t s  a n  impor tan t  

advance i n  t h e  development o f  h i g h  performance,  Lower-cost r e s e r v o i r  

l i n i n g s .  (WCL 68-2) 

A I I -  2 
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SWC W7 gG-3 Suppress ion  o f  e v a p o r a t i o n  from w a t e r  s u r f a c e s .  

S i l i c o n e  t r e a t e d  p e r l i t e  o r e ,  f l o a t e d  on t h e  w a t e r  s u r f a c e  t o  
2 

reduce  e v a p o r a t i o n  from a  320 m pond, proved t o  be Loth p r a c t i c a l  

and economical .  The c o s t  of w a t e r  saved w a s  $0.36 p e r  1000 l i t e r s  

($1.36 p e r  1000 g a l . )  f o r  a n  8-month p e r i o d  d u r i n g  which t h e  p e r l i t e  

t r e a t m e n t  reduced e v a p o r a t i o n  18.8%. F i s h  p l a c e d  i n  t h e  t r e a t e d  pond 

exper ienced  e s s e n t i a l l y  t h e  same growth r a t e s  a s  t h o s e  i n  an  u n t r e a t e d  

pond. (WCL 67-3) 
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SWC W7 gG-4 Pr inc ip l e s ,  f a c i l i t i e s ,  and systems f o r  water  ha rves t .  

2 
Runoff from a 180 m bare  s o i l  catchment near  Phoenix, Arizona, 

sprayed wi th  a water  r e p e l l e n t  chemical i n  1965, has averaged 

75 percent  of t h e  10-inch average annual r a i n f a l l .  The t reatment ,  

which c o s t  5 cen t s  per  square yard,  shows no s i g n  of d e t e r i o r a t i o n  

3.5 yea r s  a f t e r  a p p l i c a t i o n .  Water c o l l e c t e d  t o  da t e  has cos t  

31 cen t s  per 1000 g a l l o n s ,  A s i m i l a r  catchment i n  a 20-inch r a i n f a l l  

zone would c o l l e c t  water  f o r  l e s s  than 20 cen t s  per  1000 ga l lons .  

(WCL 60-7) 
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SWC W 7  gG-5 S o i l  w a t e r  movement i n  r e l a t i o n  t o  t h e  c o n s e r v a t i o n  of 

w a t e r  s u p p l i e s .  

Simple  g raphs  have been developed f o r  p r e d i c t i n g  t h e  r e l a t i v e  

amounts of ca lc ium i o n s ,  complexes, and i o n - p a i r s  i n  s u l f a t e - c a r b o n a l e  

s o l u t i o n s .  These g raphs  r e s u l t e d  from t h e o r e t i c a l  i n v e s t i g a t i o n s  o f  

s o l u t i o n  e q u i l i b r i a  o f  t h e  s u l f a t e ,  b i c a r b o n a t e ,  and c a r b o n a t e  a n i o n s  

of ca lc ium.  The c a r b o n a t e  complexes and i o n - p a i r s  d e c r e a s e  t h e  n e t  

a v a i l a b l e  calc ium i o n s  as much as 50 p e r c e n t  i n  s o l u t i o n s  wherc 

s u l f a t e s  a r e  added t o  a l k a l i n e  c a r b o n a t e s .  T h i s  i n f o r m a t i o n  e x p l a i n s  

why some gypsum t r e a t m e n t s  have n o t  been s u c c e s s f u l  i n  r e c l a i m i n g  

a l k a l i  s o i l s .  (WCL 64-6) 
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SWC W9 gG-6 F a c t o r s  govern ing  e v a p o t r a n s p i r a t i o n  of w a t e r  from 

cropped f i e l d s .  

Although a s o i l  w a t e r  d e f i c i t  depressed  t h e  e a r l y  growth of 

t h r e e  v a r i e t i e s  o f  f ie ld-grown c o t t o n  n e a r  Phoenix,  Ar izona ,  compen- 

s a t o r y  growth a f  ter a drought-breaking i r r i g a t i o n  r e s u l t e d  i n  f i n a l  

v a l u e s  of dry  w e i g h t  and h e i g h t  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from 

t h o s e  o f  t h e  f r e q u e n t l y  i r r i g a t e d  c o n t r o l s .  These  d a t a  s u g g e s t  t h e  

p e r s i s t e n c e  o f  n e t  p h o t o s y n t h e s i s  i n  s p i t e  o f  p l a n t  w a t e r  stress. 

(WCL 62-10) 

A new, s imple ,  and a c c u r a t e  method of measur ing i n f r a r e d  

e m i t t a n c e s  from p l a n t  l e a v e s ,  as w e l l  a s  from s o i l s  and o t h e r  

s u r f a c e s  h a s  been developed.  Emi t t ances  of l e a v e s  from 34 d i f f e r e n t  

p l a n t  s p e c i e s  were  measured and r e p o r t e d .  P r e v i o u s  methods f o r  

measur ing e m i t t a n c e  were  d i f f i c u l t  o r  i m p o s s i b l e  t o  u s e  on p l a n t  

l e a v e s  because  o f  t h e  s i z e  of r e q u i r e d  equipment.  Th i s  new method 

w i l l  b e  o f  g r e a t  v a l u e  i n  measur ing t h e  energy b a l a n c e  of p l a n t s  i n  

s t u d i e s  of p h o t o s y n t h e s i s  and t h e  u t i l i z a t i o n  of w a t e r  by p l a n t s .  

(WCL 68-5)  
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SWC Wl0 gG-7 I r r i g a t i o n  systems f o r  e f f i c i e n t  w a t e r  u s e .  

A p rocedure  h a s  been  developed f o r  u s i n g  p i p e  elbow r a t e  m e t e r s  

a s  r e c o r d i n g  f low meters by connec t ing  tu rb ine- type  householcl m e t e r s  

t o  t h e  p r e s s u r e  t a p s  on t h e  elbow m e t e r s .  The r e l a t i o n s h i p  between 

main l i n e  Elow and f low through t h e  t u r b i n e  mete r  i s  s u E f i c i e n t l y  

l i n e a r  t o  p r o v i d e  an  i n d i c a t i o n  o f  t o t a l  Elow through t h e  main l i n e  

w i t h  on ly  - + 4 p e r c e n t  e r r o r .  Th i s  sys tem prov ides  a  low-cost  

t o t a l i z i n g  mete r  w i t h  accuracy s u f f i c i e n t  f o r  many i r r i g a t i o n  

a p p l i c a t i o n s .  (WCL 60-2) 
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