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ABSTRACT 

I n  t h e  p a s t  s a p r o l i t e  has been cons idered  u n s u i t a b l e  f o r  use w i t h  o n - s i t e  
was tewate r  d i s p o s a l  systems i n  No r t h  Ca ro l i na .  Recent l a n d  development i n  
t h e  Piedmont and Mounta in  r eg ions  of t h e  s t a t e ,  however, has i nc reased  t h e  
demand f o r  i n s t a l l a t i o n  o f  s e p t i c  tank  systems i n  s h a l l o w  s o i l s  u n d e r l a i n  b y  
s a p r o l i t e .  T h i s  p r o j e c t  was under taken t o  s tudy  t h e  r o l e  o f  s o l u m l s a p r o l i t e  
sequences i n  movement o f  wa te r  and wastewater c o n s t i t u e n t s .  One l a b o r a t o r y  
and two f i e l d  s t u d i e s  were conducted w i t h  t h e  f o l l o w i n g  o b j e c t i v e s :  (1) t o  
e v a l u a t e  movement o f  wastewater and i t s  c o n s t i t u e n t s  f r om  s e p t i c  t a n k  d r a i n -  
f i e l d s  t h rough  s o i l s  and u n d e r l y i n g  s a p r o l i t e  m a t e r i a l ,  ( 2 )  t o  e v a l u a t e  t h e  
e f f e c t  o f  landscape p o s i t i o n  and development d e n s i t y  on t h e  movement o f  w a t e r  
t h rough  s o l u m / s a p r o l i t e  p r o f i l e s .  

To ach ieve  t h e  f i r s t  o b j e c t i v e ,  s o i l  wa te r  regimes i n  and around t h e  
d r a i n f i e l d  a reas  o f  f o u r  low p ressure  p i p e  (LPP) s e p t i c  t ank  systems were 
e v a l u a t e d  u s i n g  neu t ron  t h e r m a l i z a t i o n  and tens iomet ry .  Wastewater d i s t r i b u -  
t i o n  over  t h e  d r a i n f i e l d  areas and movement o f  wastewater  f r om  i n d i v i d u a l  
d r a i n l i n e s  were a l s o  eva luated.  I n  a  l a b o r a t o r y  exper iment ,  movement o f  Ca, 
K ,  NH4, NO3 and C1 d i s t u r b e d  and und i s t u rbed  solum ( B t  h o r i z o n )  and s a p r o l i t e  
(C h o r i z o n )  o f  a C e c i l  s o i l  was eva luated.  For t h e  second o b j e c t i v e ,  s o i l  
wa te r  c o n t e n t s  a t  v a r i o u s  landscape p o s i t i o n s  i n  developed and undeveloped 
a reas  o f  t h e  Piedmont r e g i o n  were eva lua ted  by r ,eut ron t h e r m a l i z a t i o n  t ech -  
n ique.  S o i l  mo rpho log i ca l  and p h y s i c a l  p r o p e r t i e s  o f  s o l u m / s a p r o l i t e  sequen- 
ces a t  v a r i o u s  landscape p o s i t i o n s  were a l s o  determined. 

Wastewater d i s t r i b u t i o n  was n o t  u n i f o r m  over  t h e  d r a i n f i e l d  a reas  o f  t h e  
LPP systems s tud ied .  S o i l  wa te r  con ten t  under t h e  d r a i n f i e l d  remained f a i r l y  
unchanged between wastewater  a p p l i c a t i o n s ,  i n d i c a t i n g  a  quas i -s teady  s t a t e  
c o n d i t i o n  under  t h e  systems a t  each season. Seasonal v a r i a t i o n s ,  however, 
were s i g n i f i c a n t  w i t h  t h e  h i g h e s t  changes o c c u r r i n g  i n  t h e  d rough t  p e r i o d  o f  
1986. k 'as tebfater  f l o w  f rom t h e  m idd le  t r e n c h  l i n e  o f  each o f  t h e  systems 
s t u d i e d  w a s  n o t  s y m e t r i c a l .  T h i s  cou ld  be an i n d i c a t i o n  o f  smearing o f  t h e  
t r e n c h  w a l l s  d u r i n g  c o n s t r u c t i o n  and /o r  be due t o  h i g h  degree o f  s o i l  
v a r i a b i  l i t y .  

The r e s u l t s  o f  t h e  l a b o r a t o r y  m i s c i b l e  d isp lacement  exper iment  i n d i c a t e d  
t h a t  t h e  a t t e n u a t i o n  c a p a c i t y  o f  t h e  und i s t u rbed  B t  h o r i z o n  o f  t h e  s o i l  was 
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  f rom t h e  a t t e n u a t i o n  c a p a c i t y  o f  t h e  repacked 
d i s t u r b e d  B t  m a t e r i a l .  I n  c o n t r a s t ,  s a p r o l i t e  a t t e n u a t i o n  c a p a c i t y  was 
g r e a t l y  reduced when m a t e r i a l  was d i s t u r b e d  and repacked i n t o  a  s o i l  column. 
Fur thermore ,  t h e  r e s u l t s  i n d i c a t e d  t h a t  t h e  r a t e  o f  movement o f  v a r i o u s  
wastewater  c o n s t i t u e n t s  th rough  t h e  B t  and C ho r i zons  can be es t ima ted  u s i n g  
a s imp le  s o l u t e  f l o w  mathemat ica l  model. 

To ach ieve  t h e  second o b j e c t i v e ,  morphology and h o r i z o n a t i o n  o f  so l um l  
s a p r o l i t e  sequences were r e l a t e d  t o  landscape p o s i t i o n .  Maximum c l a y  c o n t e n t  
occu r red  s h a l l o w e r  i n  t h e  s o i l  p r o f i l e  and was n u m e r i c a l l y  g r e a t e r  i n  t h e  
i n t e r f l u v e ,  convex noseslope, and l i n e a r  s i des l opes  p o s i t i o n s  t han  t h e  
heads lope,  f o o t s l o p e ,  and drainageway p o s i t i o n s .  S a t u r a t e d  h y d r a u l i c  con- 



d u c t i v i t y  had a d i s t i n c t  depth d i s t r i b u t i o n  w i t h  t he  lower  p a r t  o f  t h e  B t  
h o r i z o n  (B t3  h o r i z o n )  hav ing  t h e  l e a s t  c o n d u c t i v i t y .  Sa tu ra ted  h y d r a u l i c  
c o n d u c t i v i t y  o f  t h e  s a p r o l i t e  determined i n - s i t u  was i n  agreement w i t h  
measurements made i n  t h e  l a b o r a t o r y  us ing  und is tu rbed  s o i l  c o r e s .  S o i l  wa te r  
con ten t  was a l s o  r e l a t e d  t o  s o i l  morphology and landscape p o s i t i o n .  The 
g r e a t e s t  l e v e l  o f  s o i l  w a t e r  con ten t  c o n s i s t e n t l y  occur red  i n  t h e  B t  ho r i zons  
i n  convex and l i n e a r  landscape p o s i t i o n s  and i n  r e l a t i v e l y  c l ayey  b u r i e d  
ZBt2b and 2 W C  h o r i z o n s  i n  t h e  concave p o s i t i o n s .  S o i l  wa te r  con ten t  was 
n o t  a s  c l o s e l y  r e l a t e d  t o  t h e  morphology a t  r e l a t i v e l y  lower  e l e v a t i o n  
foo ts lopes .  However, t h e r e  was a  c o n s i s t e n t  r e l a t i o n s h i p  betveen t h e  
v a r i a t i o n  i n  mean s o i l  wa te r  con ten t  and landscape p o s i t i o n .  Ex tens ive  
pe rch ing  o f  s o i l  wa te r  was n o t  observed w i t h i n  t he  so lum/sapro l  i t e  sequences 
d u r i n g  t h e  s tudy  p e r i o d ,  a l though abnormal ly  droughty  c o n d i t i o n s  e x i s t e d  
i n  t h e  Piedmont r e g i o n  a t  t he  t i m e .  
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SUMMARY AND CONCLUSIONS 

Recent l a n d  development i n  No r th  Ca ro l i na ,  e s p e c i a l l y  i n  t h e  Piedmont 
r eg ion ,  has reduced t h e  supp ly  of s u i t a b l e  s o i l s  f o r  hous ing development 
u s i n g  o n - s i t e  wastewater  d i sposa l  systems. As a  r e s u l t ,  s t a t e  and l o c a l  
r e g u l a t o r y  agenc ies  have been under p ressure  t o  cons ider  u t i l i z i n g  some o f  
t h e  l e s s  s u i t a b l e  s o i l s  f o r  s e p t i c  tank system. I n  t h e  pas t ,  t h e  N o r t h  
C a r o l i n a  r u l e s  gove rn ing  o n - s i t e  t r ea tmen t  and d i sposa l  o f  household 
wastewater  had cons idered  s a p r o l i t e  as u n s u i t a b l e  m a t e r i a l  f o r  use w i t h  sep- 
t i c  t ank  systems. Recent l y ,  however, p r o v i s i o n s  have been made t o  cons ide r  
c e r t a i n  s a p r o l i t e s  f o r  wastewater t rea tment  and d i sposa l  purposes. T h i s  
s tudy  was under taken  t o  assess t he  r o l e  of solum ( i .e . ,  A ,  E and B ho r i zons )  
and s a p r o l i t e  ( i .e . ,  C ho r i zons )  p o r t i o n s  o f  s o i l  p r o f i l e s  f o r  t he  t r ea tmen t  
and d i s p o s a l  o f  wastewater.  The o b j e c t i v e s  o f  t h e  s tudy were: (1) t o  eva- 
l u a t e  movement o f  wastewater  and i t s  c o n s t i t u e n t s  f rom s e p t i c  tank d r a i n -  
f i e l d s  t h rough  sha l l ow  s o i l s  u n d e r l a i n  by  s a p r o l i t e ;  and ( 2 )  t o  eva lua te  t h e  
e f f e c t  o f  landscape p o s i t i o n  and development d e n s i t y  on t he  movement o f  wa te r  
t h rough  s o l u m - s a p r o l i t e  sequences. 

The o b j e c t i v e s  were ach ieved  th rough two f i e l d  s t u d i e s  and a  l a b o r a t o r y  
s o i l  column experiment.  I n  t h e  f i r s t  f i e l d  s tudy,  s o i l  wa te r  regime was 
eva lua ted  f o r  1.5 yea rs  i n  and around t h e  d r a i n f i e l d  areas o f  f o u r  ne igh-  
b o r i n g  low-pressure  p i p e  s e p t i c  tank systems (LPP) us ing  n e u t r o n  t h e r -  
m a l i z a t i o n  and t ens iome t r y  techniques. I n  a d d i t i o n ,  vas tewater  a p p l i c a t i o n  
over  t h e  d r a i n f i e l d  areas o f  t h r e e  o f  t h e  system and movement o f  wastewater 
f rom i n d i v i d u a l  d r a i n l i n e s  o f  two systems were s tud ied .  I n  a  l a b o r a t o r y  s o i l  
column ( m i s c i b l e  d isp lacement )  exper iment  movement o f  Ca, K ,  N H q ,  NO3 and C1 
th rough  u n d i s t u r b e d  ( i n t a c t )  and d i s t u r b e d  (repacked) solum and s a p r o l i t e  
r a t e r i a l s  c o l l e c t e d  f r om ano ther  area was s tud ied .  A s imp le  mathemat ica l  
model (an e r r o r  f u n c t i o n  w i t h  two unknown parameters:  a  r e t a r d a t i o n  f a c t o r  R 
and a  d i f f u s i o n - d i s p e r a t i o n  c o e f f i c i e n t  D )  was used i n  c o n j u n c t i o n  w i t h  t h e  
l a b o r a t o r y  exper iment  t o  assess t he  movement o f  va r i ous  s o l u t e s  through t h e  
d i s t u r b e d  and u n d i s t u r b e d  solum and s a p r o l i t e  columns. I n  t h e  S E C O ~ ~  f i e l d  
s tudy,  s o i l  wa te r  d i s t r i b u t i o n  i n  s o i l  p r o f i l e s  i n  developed and undeveloped 
areas was de te rmined  by ne tu ron  t h e r r n a l i z a t i o n  technique a t  v a r i o u s  landscape 
p o s i t i o n s .  The morphology o f  the  s i t e s  was a l s o  s t u d i e d  and r e l a t e d  t o  
v a r i o u s  s o l u m / s a p r o l i t e  p r o p e r t i e s  and t o  t h e  s o i l  wa te r  d i s t r i b u t i o n .  

A l l  LPP systems t h a t  were mon i t o red  f o r  wastewater a p p l i c a t i o n  were 
des igned f o r  a u n i f o r m  wastewater d i s t r i b u t i o n  over  t h e  e n t i r e  d r a i n f i e l d .  
We found, however, t h a t  sewage e f f l u e n t  d i s t r i b u t i o n  over  t h e  d r a i n f i e l d  area 
o f  each system was n o t  as  u n i f o r m  as was expected. Lack o f  u n i f o r m  d i s t r i b u -  
t i o n  was perhaps due t o  p a r t i a l  b lockage o f  t h e  ho les  i n  t h e  l a t e r a l s  f o rm  
i n s i d e  by s o l i d s  accumulated i n  t h e  l a t e r a l  l i n e  a n d l o r  f r om o u t s i d e  t h e  
l a t e r a l  l i n e s  by  t h e  g r a v e l  envelope i n  t h e  trenches. 

Wastewater pond ing  was observed between dos ing  events  i n  a t  l e a s t  a  few 
l o c a t i o n s  i n  t h e  t renches  w i t h i n  each d r a i n f i e l d  area. Because these systems 
were young (about  1.5 y e a r s  o l d  a t  t h e  beg inn ing  o f  t h e  s tudy ) ,  we suspect  
t h a t  c l o g g i n g  mat f o r m a t i o n  was n o t  a  l i k e l y  cause o f  poor  performance, 
a l t h o u g h  none o f  t h e  systems were excavated t o  c o n f i r m  t h e  presence o r  l a c k  
o f  a c l o g g i n g  mat a t  t h e  i n t e r f a c e  o f  t h e  t renches  and s o i l .  I t  i s  b e l i e v e d  
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t h a t  t h e  pond ing  i n  the  t renches was the r e s u l t  o f  t h e  nonuni form d i s t r i b u -  
t i o n  o f  wastewater  over  t h e  d r a i n f i e l d s  and wetness o f  t h e  s o i l s  beneath t h e  
d r a i n f i e l d  a r e a  due t o  low h y d r a u l i c  c o n d u c t i v i t y .  R e d i s t r i b u t i o n  o f  
wastewater i n  t h e  t renches,  and p o s s i b l y  wastewater f l o w  f rom one t r e n c h  l i n e  
t o  ano the r  v i a  t h e  m a n i f o l d  o r  subsurface sho r t  c i r c u i t i n g ,  was a l s o  p a r -  
t i a l l y  r e s p o n s i b l e  f o r  ponding i n  some areas o f  t h e  t renches.  We b e l i e v e  
t h a t  a  young system may exper ience ponding i n  i t s  t renches  as a  r e s u l t  o f  low 
h y d r a u l i c  c o n d u c t i v i t y  w i t h o u t  t he  presence o f  a c l o g g i n g  mat e s p e c i a l l y  
d u r i n g  wet pe r i ods .  

The s o i l  w a t e r  con ten t  and s o i l  wa te r  p o t e n t i a l  da ta  i n d i c a t e d  t h a t  t h e r e  
were quas i - s teady  s t a t e  c o n d i t i o n s  under t h e  d r a i n f i e l d s  except  f o r  t h e  
d rought  p e r i o d  o f  1986. S o i l  wa te r  content  and p o t e n t i a l  under t h e  d r a i n -  
f i e l d s  d i d  n o t  change app rec iab l y  between the dos ing  cyc les .  Zones o f  
s a t u r a t i o n  o r  near  s a t u r a t i o n  were observed a t  va r i ous  l o c a t i o n s  i n  t h e  p ro -  
f i l e  under t h e  systems. Wastewater f l o w  f rom the  m i d d l e  t r e n c h  l i n e  o f  one 
o f  t h e  systems under t h e  lcwn (Lewn  1 system) was n o t  u n i f o r m  a t  any t i m e  
d u r i n g  t h e  s t u d y  per iod .  More wastewater entered t h e  s o i l  f rom one s i d e  o f  
t he  t r e n c h  i n d i c a t i n g  p o s s i b l e  m e a r i n g  o f  the t r e n c h  w a l l  d u r i n g  cons t ruc -  
t i o n ,  a n d l o r  t h e  presence o f  a  l cwer  h y d r a u l i c  c o n d u c t i v i t y  zone on one s i d e  
of t h e  t r e n c h  l i n e  as a r e s u l t  o f  n a t u r a l  s o i l  v a r i a b i l i t y .  Wastewater f l o w  
from t h e  m i d d l e  t r e n c h  o f  another  s y s t e m  under t h e  p i n e  f o r e s t  (Fo res ted  
system) was more symnet r i ca l .  The s o i l  p r o f i l e ,  however, remained w e t t e r  
th roughout  t h e  y e a r  as compared t o  the  system under t h e  lawn. Seasonal 
changes i n  t h e  s o i l  water p o t e n t i a l  under the m idd le  l i n e  o f  t h e  Fo res ted  
system were a l s o  much l e s s  than the  changes under t h e  m i d d l e  l i n e  o f  t h e  Lzwn 
1 system. 

The r e s u l t s  o f  t h e  l a b o r a t o r y  m i s c i b l e  displacement s tudy  i n d i c a t e d  t h a t  
t h e  B t  h o r i z o n  o f  a  Cec i l  s o i l  s e r i e s  had a  much w ide r  pore  s i z e  d i s t r i b u t i o n  
than  t h e  s a p r o l i t e  below i t .  D i s t u r b i n g  t he  s o i l  m a t e r i a l s  removed f r o m  t h e  
B t  h o r i z o n  d i d  n o t  change t h e  a t t e n u a t i o n  capac i t y  o f  t h e  m a t e r i a l ,  b u t  d i d  
reduce t h e  range o f  pore s i z e  d i s t r i b u t i o n  as determined f rom t h e  r a t e  o f  
movement f o r  v a r i o u s  ca t i ons  and anions. D i s t u r b i n g  s a p r o l i t e ,  hcvever ,  
reduced i t s  a t t e n u a t i o n  capac i ty .  I n  m o s t  cases, t h e  movement p a t t e r n s  o f  
e q u i v a l e n t  i o n s  were s i m i l a r  f o r  und is tu rbed  s a p r o l i t e  and d i s t u r b e d  B t  
m a t e r i a l .  

The s imp le  e r r o r  f u n c t i o n  model was e f f e c t i v e l y  used t o  f i t  t h e  e x p e r i -  
menta l  r e s u l t s  f o r  a l l  ions. Th i s  model i s  perhaps adequate f o r  e s t i m a t i n g  
t h e  t r a v e l  t i m e  o f  t h e  corrmon i ons  p resen t  i n  household wastewater th rough  
s o i . 1 ~  e f f e c t i v e l y  and economica l ly .  U n l i k e  compl i ca ted  mathemat ica l  models, 
t h e  two unknown parameters i n  t he  simple e r r o r  f u n c t i o n  model ( i .e . ,  R and D)  
can be e s t i m a t e d  u s i n g  l a b o r a t o r y  s o i l  column da ta  w i t h  l i t t l e  mathemat ica l  
computat ion. 

I n  t h e  second f i e l d  study, t h e  morphology and h o r i z o n a t i o n  o f  s o l u m / s a p r o l i t e  
sequences was r e l a t e d  t o  landscape p o s i t i o n .  The i n t e r f l u v e ,  convex 
noseslope and l i n e a r  s ides lope  landscape p o s i t i o n s  had an A ,  B t l ,  Bt2,  Bt3,  
B t IC ,  C morpho log i ca l  ho r i zon  sequence, w h i l e  t h e  concave headslopes, d r a i n s ,  
and concave f o o t s l o p e s  had an A ,  B t ,  ZBtb, ZBtbIC, 2C h o r i z o n  sequence. 
Maximum c l a y  c o n t e n t  occurred sha l lower  i n  the  s o i l  p r o f i l e  and was numerf-  



c a l  l y  g r e a t e r  i n  t h e  i n t e r f l u v e ,  convex noseslope, and 1  i n e a r  s i des lope  p o s i -  
t i o n s  t han  a t  t h e  o t h e r  l o c a t i o n s .  F u r t h e r ,  t h e  morphology o f  a  t y p i c a l  
s o l u m / s a p r o l i t e  sequence l o c a t e d  on t h e  i n t e r f l u v e  i nc l uded :  (1) a c l ayey ,  
s t r o n g l y  s t r u c t u r e d  B t 2  ho r i zon ,  (2)  a  deeper, l e s s  we l l -expressed ,  c l ayey ,  
B t 3  ho r i zon ,  ( 3 )  a  t h i c k  t r a n s i t i o n a l  Bt /C ho r i zon ,  and ( 4 )  t h e  loamy C h o r i -  
zon o r  sap ro l  i t e .  

A f t e r  examin ing t h e  B t I C  h o r i z o n  i n  backhoe-dug o b s e r v a t i o n  p i t s  we d e t e r -  
mined t h a t  i t  was more a  p a r t  o f  t h e  s o i l  solum than  o f  t h e  C hor izon .  As 
such,the B t /C  h o r i z o n  shou ld  be cons idered  accep tab le  f o r  i n s t a l l a t i o n  o f  a 
s e p t i c  tank  system i f  a l l  o t h e r  s o i l  and s i t e  c r i t e r i a  a r e  met. Our s tudy  
has i d e n t i f i e d  some t y p i c a l  c h a r a c t e r i s t i c s  o f  B t /C  h o r i z o n s  and desc r i bed  
methodolog ies f o r  r e c o g n i z i n g  t h i s  t ype  o f  s o i l  h o r i z o n  so as t o  a l l o w  i t s  
p rope r  e v a l u a t i o n  f o r  s e p t i c  tank system use. 

Sa tu ra ted  h y d r a u l i c  c o n d u c t i v i t y  a t  t h e  Schenck F o r e s t  s t u d y  area had a  
d i s t i n c t i v e  dep th  d i s t r i b u t i o n  t h a t  was s p e c i f i c a l l y  r e l a t e d  t o  t h e  s o i l  
morphology a t  t h e  s i t e .  F i e l d  obse rva t i ons  o f  morphology i n d i c a t e d  t h a t  t h e  
B t 3  h o r i z o n  had t h e  lowes t  p e r m e a b i l i t y  i n  t h e  s o i l  p r o f i l e .  Sa tu ra ted  
h y d r a u l i c  c o n d u c t i v i t y  determined on core  samples con f i rmed these f i e l d  
observa t ions .  The B t 3  h o r i z o n  had t he  lowes t  c o n d u c t i v i t y  because s o i l  
s t r u c t u r e  was n o t  as we l l -expressed  as i n  t h e  B t2  h o r i z o n  above i t ,  and t h e  
r o o t  vo ids  and p l a n a r  vo ids  were n o t  as w e l l  p reserved  as i n  t h e  B t l C  and C 
ho r i zons  below i t .  The B t 3  h o r i z o n  may r e g u l a t e  t h e  r a t e  o f  recharge t o  t h e  
s a p r o l i t e .  The re fo re ,  t h i s  h o r i z o n  ( o r  one s i m i l a r  t o  i t )  may serve t o  
l i m i t  t h e  dcwnward movement o f  p o l l u t a n t s  o r i g i n a t i n g  f r o m  s e p t i c  tank  
systems i n s t a l l e d  i n  t h e  o v e r l y i n g  B t  hor izons.  

For  t h e  Schenck Fo res t  s i t e s  s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y  o f  s a p r o l i t e  
determined i n - s i t u  and i n  t h e  l a b o r a t o r y  us ing  cores were l a r g e l y  i n  
agreement. The r e l a t i v e  agreement o f  f i e l d  and l a b o r a t o r y  da ta  i n d i c a t e d  
t h a t  smal l  u n d i s t u r b e d  s o i l  cores adequate ly  p r e d i c t e d  t h e  s a t u r a t e d  
h y d r a u l i c  c o n d u c t i v i t y  o f  t h i s  s a p r o l i t e .  A lso,  t h e  s a t u r a t e d  h y d r a u l i c  con- 
d u c t i v i t y  o f  t h e  s a p r o l i t e  was n o t  e x c e s s i v e l y  l a r g e  n o r  e x c e s s i v e l y  v a r i a b l e  
i n  t h e  samples eva lua ted .  The s i m i l a r i t y  o f  t he  s a p r o l i t e  c o n d u c t i v i t i e s  o f  
t h e  B t 2  showed t h a t  b o t h  ho r i zons  had comparable a b i l i t i e s  t o  d ispose o f  sep- 
t i c  tank  e f f l u e n t .  We f e e l  t h a t  these da ta  i n d i c a t e d  t h a t  p r e f e r e n t i a l  f l o w  
was n o t  a s e r i o u s  concern i n  t h i s  s a p r o l i t e .  However, o t h e r  c o n f l i c t i n g  
obse rva t i ons  shoved t h a t  f u r t h e r  t e s t i n g  w a s  needed t o  v e r i f y  t h i s  w i t h  an 
accep tab le  l e v e l  o f  conf idence.  As a  r e s u l t  o f  t h e  needs i d e n t i f i e d  i n  t h i s  
s tudy ,  f u r t h e r  research  e f f o r t s  a r e  c u r r e n t l y  underway t o  address t h i s  con- 
cern. 

The neu t ron  probe c a l i b r a t i o n  equa t i on  Y = 2.58 + 37.22X adequate ly  p r e -  
d i c t e d  s o i l  wa te r  con ten t  f r om count  r a t i o  da ta  c o l l e c t e d  i n  s l u r r y - f i l l e d ,  
non-un i fo rm d iameter  access ho les  a t  t h e  s tudy s i t e s .  I n  t h e  upper reaches 
o f  these Piedmont landscapes, t h e  s o i l  wa te r  con ten t  had c h a r a c t e r i s t i c  dep th  
d i s t r i b u t i o n s .  The shapes o f  these s o i l  wa te r  dep th  d i s t r i b u t i o n s  were 
r e l a t e d  t o  t h e  s o i l  morphology (as i n f l u e n c e d  by landscape p o s i t i o n )  
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d e s c r i b e d  e a r l i e r  f o r  t h e  s t u d y  z r e a s .  The h i g h e s t  w a t e r  c o n t e n t s  con-  
s i s t e n t l y  o c c u r r e d  i n  t h e  B t  h o r i z o n s  i n  convex  a n d  l i n e a r  p o s i t i o n s  a n d  i n  
t h e  r e l a t i v e l y  c l a y e y ,  d e e p l y  b u r i e d  2 B t b  h o r i z o n s  i n  t h e  concave  p o s i t i o n s .  
The d e p t h  d i s t r i b u t i o n  o f  t h e  a v e r a g e  s o i l  w a t e r  c o n t e n t  m i m i c k e d  t h e  c l a y  
d i s t r i b u t i o n  o f  t h e  s o i l  p r o f i l e .  A t  r e l a t i v e l y  l o w e r  e l e v a t i o n  f o o t s l o p e s  
t h a t  a d j o i n  h i g h e r  o r d e r  d r a i n s ,  where  t h e r e  was a  more  " r e g i o n a l "  h y d r o -  
g e o l o g i c a l  i n f l u e n c e ,  t h e  s o i l  w a t e r  c o n t e n t  was n o t  a s  c l o s e l y  r e l a t e d  t o  
m o r p h o l o g y .  

We d i d  n o t  o b s e r v e  s i g n i f i c a n t  p e r c h i n g  o f  s o i l  w a t e r  w i t h i n  t h e  
s o l u m l s a p r o l i t e  sequences  we i n v e s t i g a t e d ,  p a r t i c u l a r y  i n  t h e  convex  a n d  
l i n e a r  p o s i t i o n s .  T h e r e f o r e ,  p e r c h i n g  o f  s o i l  w a t e r  does  n o t  seem t o  p r e s e n t  
a  m a j o r  l i m i t a t i o n  t o  t h e  p r o p e r  f u n c t i o n i n g  o f  s e p t i c  t a n k  sys tems  on  t h e s e  
p o s i t i o n s  i n  s i m i l a r  P iedmon t  l andscapes .  T h i s  c o n c l u s i o n  m u s t  be t empe red ,  
howeve r ,  b y  t h e  u n d e r s t a n d i n g  t h a t  t h e  r e c e n t  d r o u g h t  m i n i m i z e d  t h e  l i k e l i -  
hood  o f  w a t e r  p e r c h i n g  w i t h i n  t h e  s o i l  p r o f i l e .  A l t h o u g h  p e r c h i n g  o f  s o i l  
w a t e r  was n o t  o b s e r v e d ,  t h e r e  was a  c o n s i s t e n t  r e l a t i o n s h i p  be tween  t h e  
v a r i a t i o n  o f  mean w a t e r  c o n t e n t s  and  l a n d s c a p e  p o s i t i o n .  T y p i c a l l y ,  t h e  
s t a n d a r d  d e v i a t i o n s ,  r anges ,  a n d  c o e f f i c i e n t s  o f  v a r i a t i o n  o f  t h e  w a t e r  con- 
t e n t s  w e r e  g r e a t e r  i n  d r a i n a g e w a y s  and  h e a d s l o p e s  t h a n  i n  o t h e r  p o s i t i o n s .  
The c o e f f i c i e n t s  o f  v a r i a t i o n  were  a l s o  g r e a t e r  i n  f o o t s l o p e s ,  s h o u l d e r ,  2nd 

s i d e s l o p e s  t h a n  i n  i n t e r f l u v e  p o s i t i o n s  a t  t h e  Schenck F o r e s t  s t v d y  s i t e .  
These  d a t a  i n d i c a t e d  t h a t  t h e r e  nay be  some p r e f e r e n t i a l  f l o w  o f  s o i l  w a t e r  
i n  t h e  u p p e r  p o r t i o n  o f  t h e  p r o f i l e s  i n  t h e  concave  p o s i t i o n s .  H c w w e r ,  t h i s  
c o u l d  n o t  be c o n f i r m e d  due t o  t h e  d r y  c o n d i t i o n s .  S o i l  w a t e r  c o n t e n t  was 
s p a t i a l l y  a n d  t e m p o r a l l y  mo re  v a r i a b l e  a t  t h e  d e v e l o p e d  M e d f i e l d  E s t a t e s  sub- 
d i v i s i o n  s i t e  t h a n  a t  Schenck F o r e s t .  A l s o ,  t h e  a v e r a g e  s o i l  w a t e r  c o n t e n t  
was n u m e r i c a l l y  l a r q e r  a t  t h e  d e v e l o p e d  s i t e .  

x x i  1 



RECOMMENDATIONS 

1. The d r a i n f i e l d  o f  a  l o w - p r e s s u r e  p i p e  s e p t i c  t a n k  sys tem s h o u l d  be p l a c e d  
on t h e  l andscape  t o  a l l o w  maximum w a t e r  f l o w  f r o m  t h e  system. Wide f l a t  
r i d g e  t o p s  i n  t h e  Piedmont r e g i o n  may n o t  a l l o w  r a p i d  movernmt o f  t h e  
added w a s t e w a t e r  f r o m  t h e  d r a i n f i e l d  area.  

2. T rench  w i d t h  o f  LPP systems s h o u l d  be i n c r e a s e d  t o  a  minimum o f  20 cm 
(8 i n )  t o  l o w e r  t h e  l o a d i n g  r a t e  on w e t t e d  p e r i m e t e r  b a s i s  f r o m  t h a t  
c u r r e n t l y  used. T h i s  a l s o  w i l l  i n c r e a s e  t h e  s t o r a g e  c a p a c i t y  o f  t h e  
sys tem d u r i n g  s h o r t - t e r m  d i u r n a l  p e r i o d s  o f  h i g h  w a t e r  use. 

3. More c a r e  and a  g r ? a t e r  m o n i t o r i n g  e f f o r t  s h o u l d  be e x e r c i s e d  d u r i n g  t h e  
d e s i g n  and c o n s t r u c t i o n  o f  LPP s ~ p t i c  t a n k  systems. S p e c i f i c a l l y ,  t h e  
t r e n c h e s  mus t  be i n s t a l l e d  on c o n t o u r s  when on s l o p i n g  s i t e s .  A l s o ,  t h e  
b o t t o m  o f  each t r e n c h  must  be l e v e l .  A t  l e a s t  15 and 5  crn o f  g r a v e l  must  
be a p p l i e d  b e l o w  and above t h e  l a t e r a l  l i n e s  i n  t h e  t r e n c h e s ,  
r e s p e c t i v e l y .  The zmount o f  b a c k f i l l  s o i l  m a t e r i a l  s h o u l d  be adequa te  t o  
a s s u r e  a  l e v e l  s u r f a c e  w i t h  no d e p r e s s i o n  a f t e r  t h e  m a t e r i a l  has s e t t l e d .  

4 .  The occupan t  o f  a  d w e l l i n g  se rved  b y  a  s e p t i c  t a n k  sys tem i n  g e n e r a l ,  and 
a  LPP s e p t i c  t a n k  system i n  p a r t i c u l a r ,  must  be i n f o r m e d  o f  t h e  c a r e  and 
management r e q u i r e n e n t s  f o r  an o n - s i t e  system. Lack o f  knowledge may 
r e s u l t  i n  o c c a s i o n a l  overuse and misuse o f  t h e  sys tem 

5. The s e p t i c  t a n k  and pump tank  must  be v a t e r - t i g h t  t o  p r e v e n t  p o s s i b l e  
i n f i l t r a t i o n  o f  s o i l  w a t e r  i n t o  these  t a n k s  (and s u b s e q u e n t l y  i n t o  t h e  
d r a i n f i e l d )  d u r i n g  r a i n y  p e r i o d s .  T h i s  i s  p a r t i c u l a r l y  i m p o r t a n t  because 
t h e  n a t u r a l  s o i l  w a t e r  c o n t e n t  i s  q u i t e  h i g h  d u r i n g  v e t  seasons,  t h e r e b y  
r e d u c i n g  t h e  r a t e  o f  ~ a s t e w a t e r  i n f i l t r a t i o n  f r o m  t h e  t r e n c h e s  i n t o  t h e  
s o i  1. 

6. The d e s t r u c t i o n  o f  t h e  n a t u r a l  f a b r i c  o f  t h e  t y p e  o f  s a p r o l i t e  d e s c r i b e d  
i n  t h e  f i r s t  p a r t  o f  t h e  r e p o r t  reduces t h e  a t t e n u a t i o n  c a p a c i t y  o f  t h e  
m a t e r i a l .  T h e r e f o r e ,  i n  a reas  where s a p r o l i t e  i s  a t  o r  near  t h e  s u r f a c e  
i t s  n a t u r a l  s t r u c t u r e  shou ld  be p rese rved .  

7. S a t u r a t e d  and u n s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y  s h o u l d  be d e t e r m i n e d  on 
v a r i o u s  sample o r i e n t a t i o n s  ( v e r t i c a l ,  a l o n g  f o l i a t i o n  p l a n e s ,  
p e r p e n d i c u l a r  t o  f o l i a t i o n  p l a n e s )  and on v a r i o u s  s p e c i a l  f e a t u r e s ;  such 
a s  q u a r t z  v e i n s ,  p l a n a r  v o i d s ,  and j o i n t  s e t s  and f r a c t u r e s  i n  a  number 
o f  s a p r o l i t e s .  

8. F u r t h e r  dye and  s o l u t e  movement s t u d i e s  a r e  needed t o  f u r t h e r  e v a l u a t e  
t h e  i n f l u e n c e  o f  t h e  above s p e c i a l  f e a t u r e s  on t h e  a b i l i t y  o f  s a p r o l i t e  
t o  a d e q u a t e l y  abso rb  was tewa te r  and on t h e  p r e f e r e n t i a l  movement o f  
was tewa te r  t h r o u g h  t h e  m a t e r i a l .  

9. T r a n s i t i o n a l  BC and B t l C  h o r i z o n s  a r e  p a r t  o f - t h e  s o i l  solum and s h o u l d  
be e v a l u a t e d  a s  such f o r  t h e  pu rpose  o f  s i t i n g  s e p t i c  t a n k  systems. 
However, f u r t h e r $ u d y  i s  recommended t o  more c o m p l e t e l y  assess t h e  a b i -  
l i t y  o f  t h e s e  t r a n s i t i o n a l  h o r i z o n s  t o  t r e a t  and d i s p o s e  o f  was tewa te r .  



10. I t  i s  recormended t h a t  backhoe-dug t e s t  p i t s  be u t i l i z e d  i n  a d d i t i o n  t o  
auger  b o r i n g s  f o r  e v a l u a t i o n  o f  t h e  s u i t a b i l i t y  f o r  s e p t i c  t a n k  systems 
s o l u m / s a p r o l i t e  sequences i n  t h e  Piedmont. 

11. Because t h e  s i l t  loam s a p r o l i t e  s t u d i e d  i n  t h e  second p a r t  o f  t h e  r e p o r t  
had a  s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y  comparable t o  t h e  m a i n  p a r t  o f  t h e  
B t  h o r i z o n ,  t h i s  t y p e  o f  s a p r o l i t e  seems t o  be a c c e p t a b l e  f o r  use o f  a 
s e p t i c  t a n k  sys tem a t  a c o n s e r v a t i v e  l o a d i n g  r a t e .  A l o a d i n g  r a t e  com- 
p a r a b l e  t o  t h a t  recormended f o r  p r o v i s i o n a l l y  s u i t a b l e ,  c l a y e y ,  B t  h o r i -  
zon i s  recomnended. F u r t h e r  s t u d i e s  p r e v i o u s l y  d e s c r i b e d  s h o u l d  p r o v i d e  
g r e a t e r  e x t r a p o l a t i o n  o f  t h i s  r e c o r n e n d a t i o n .  
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INTRODUCTION 

Proper  mznagement o f  household wastes i s  e s s e n t i a l  f o r  t h e  p r e s e r v a t i o n  o f  a 
h e a l t h y  environment.  I n  genera l ,  these  wastes can be c l a s s i f i e d  i n t o  s o l i d  
( i .e. ,  garbage) and l i q u i d  ( i .e. ,  wastewater  o r  sewage) ca tegor ies .  The 
management o f  t h e  s o l i d  p o r t i o n  has been accompl ished by  c o l l e c t i o n  and 
d i s p o s a l  of t h e  m a t e r i a l s  w i t h o u t  any chemical  o r  b i o l o g i c a l  a l t e r a t i o n .  On 
t h e  o t h e r  hand, sewage e f f l u e n t  must be p h y s i c a l l y ,  chem ica l l y ,  and 
b i o l o g i c a l l y  a l t e r e d  b e f o r e  sa fe  d i sposa l .  These chemica l ,  p h y s i c a l  and 
b i o l o g i c a l  t r a n s f o r m a t i o n s  a re  needed t o  t r e a t  t h e  wastewater  p r i o r  t o  i t s  
en t rance  i n t o  w a t e r  resources o r  food  chains.  

A l t hough  wastewater  t r ea tmen t  f a c i l i t i e s  a r e  des igned t o  handle va r i ous  
l o a d i n g  r a t e s  rang ing  f rom a smal l  c o m u n i t y  (EPA, 1977) t o  a  l a r g e  c i t y ,  
t h e i r  use may be c o s t  p r o h i b i t i v e  i n  some areas, I n  most cases where t h e  
c o l l e c t i o n  and t r ea tmen t  o f  sewage by  such f a c i l i t i e s  a r e  e i t h e r  p h y s i c a l l y  
o r  economica l l y  imposs ib le ,  t h e  i n d i v i d u a l  househo ld 's  wastewater must be 
d i sposed  o f  by  o t h e r  means such as o n - s i t e  systems (EPA, 1980). Accord ing 
t o  Cante r  and Knox (1984),  epp rcx ima te l y  17 m i l l i o n  hous ing  u n i t s  (33% o f  
a l l  hous ing  u n i t s )  r ep resen t i ng  70 m i l l i o n  people i n  t h e  U.S. a re  served by  
o n - s i t e  wastewater  d i sposa l  systems. I n  1980, about  47% o f  No r th  C a r o l i n a ' s  
2,224,196 year - round  d w e l l i n g  u n i t s  were served by  a  p u b l i c  o r  c o m u n i t y  
wastewater  d i s p o s a l  f a c i l i t y ,  49% were served by an approved o n - s i t e  
wastewater  d i s p o s a l  system, and 4% used o t h e r  means f o r  t h e i r  waste d i s p o s a l  
(Bureau o f  Census, 1983). 

I n  t h e  U n i t e d  S ta tes ,  t h e  use o f  o n - s i t e  wastewater d i s p o s a l  systems i s  
r e g u l a t e d  by v a r i o u s  s t a t e '  and l o c a l  agencies.  These r e g u l a t i o n s  a r e  deve- 
l oped  t o  ensure t h a t  no wastewater w i l l  reach food  o r  w a t e r  resources b e f o r e  
t r e a t m e n t  and t o  m in im ize  any h e a l t h  hazards r e s u l t i n g  f r o m  the  d i sposa l  o f  
wastewater  o n - s i t e .  Under t h e  p resen t  r u l e s  i n  N o r t h  C a r o l i n a  (NCDHS, 1987 
and NCDEM, 1987), no o n - s i t e  wastewater d i sposa l  system can be i n s t a l l e d  a t  
a  s i t e  un less  a  comprehensive s o i l / s i t e  e v a l u a t i o n  r e v e a l s  t h a t  the s i t e  
meets c e r t a i n  c r i t e r i a .  D e v i a t i o n  f r om these requ i rements  may r e s u l t  i n  a  
m a l f u n c t i o n i n g  s e p t i c  tank system t h a t  i s  harmfu l  t o  p u b l i c  hea l t h ,  and 
c o u l d  render  t h e  assoc ia ted  d v e l l i n g  un inhab i t ab le .  The re fo re ,  i t  i s  o f  
u tmost  impor tance t o  be f a m i l i a r  w i t h  these  o n - s i t e  systems and t he  e x i s t i n g  
c r i t e r i a  concern ing  t h e i r  use. A t  t h e  same t ime,  i t  i s  necessary t o  t e s t  
these  e x i s t i n g  requ i rements  and deve lop  new ones t o  ensure t h a t  t he  w e l f a r e  
o f  t h e  p u b l i c  i s  preserved.  K l e i s s  and Hoover (1985) d i s c u s s  a range o f  
s i t e  e v a l u a t i o n  methodolog ies and c r i t e r i a  used across  t h e  U n i t e d  States.  

Us ing  S o i l  as a  Waste Treatment System 

A number o f  t ypes  o f  o n - s i t e  wastewater d i s p o s a l  systems are p e r m i t t e d  under 
N o r t h  C a r o l i n a  r u l e s  (NCDHS, 1987; Hoover and Amoozegar, 1988). The most 
corrmon s e p t i c  t ank  system c u r r e n t l y  used i n  t h e  s t a t e  i s  t h e  convent iona l  
t r e n c h  d i s t r i b u t i o n  system (Hoover e t  a l . ,  1988; EPA, 1980). Other t ypes  
o f  systems used i n c l u d e :  t h e  bed d i s t r i b u t i o n  system, s h a l l o w  t r ench  system, 
u l t r a  sha l l ow  t r e n c h  system w i t h  b a c k f i l l  cover,  and a r e a l  f i l l  system 
(Hoover and Amoozegar, 1988; Hoover e t  a l e ,  1988). The most  comnon 
" a l t e r n a t i v e  systera" used i n  N o r t h  C a r o l i n a ,  acco rd ing  t o  NCDHS (1987) c r i -  



t e r i a ,  i s  t h e  low-pressure p i p e  s e p t i c  tank system (Hoover and Amoozegar, 
1988; C a r l i l e ,  1979, 1980; Cogger e t  a l . ,  1982; € P A ,  1980). A l l  o f  these  
systems use t h e  n a t u r a l  s o i l  as a t rea tment  medium f o r  wastewater d i sposa l .  
A s e p t i c  t ank  system i s  composed o f  a  tank and an a b s o r p t i o n  f i e l d  ( a l s o  
c a l l e d  a  d r a i n f i e l d  o r  n i t r i f i c a t i o n  f i e l d ) .  I n  a  s e p t i c  tank system t h e  
wastewater f r om d i f f e r e n t  f a c i l i t i e s  i n  t h e  d w e l l i n g  (e.g., k i t c h e n  s i nk ,  
dishwasher,  c lo theswasher ,  bathrooms) en te r s  a  s e p t i c  tank  l o c a t e d  o u t s i d e  
o f  t h e  d w e l l i n g .  The s i z e  and dimensions o f  the s e p t i c  tank  a r e  s e l e c t e d  
so t h a t  t h e r e  w i l l  be a t  l e a s t  two t o  t h r e e  days r e t e n t i o n  t ime f o r  t h e  
wastewater i n  t h e  tank.  The l a r g e  s o l i d  p a r t i c l e s  p resen t  i n  t h e  sewage 
s e t t l e  t o  t h e  bo t t om o f  t h e  s e p t i c  tank (p r imary  t rea tment ) .  Under 
anaerob ic  c o n d i t i o n s  i n  t h e  tank ,  t he  mass o f  s o l i d s  i s  p a r t i a l l y  reduced 
end t h e  n i t r o g e n  i n  wastewater i s  i n  the  o rgan ic  and ixmonium forms. 

The sewage e f f l u e n t  c o n t a i n i n g  d i s s o l v e d  and suspended s o l i d s  as w e l l  as 
microorganisms f l o w s  f rom t h e  s e p t i c  tank i n t o  a  number o f  t renches  dug 
i n t o  t h e  s o i l .  T h i s  e f f l u e n t  i s  d i s t r i b u t e d  from the  tank  t o  t he  a b s o r p t i o n  
f i e l d  e i t h e r  by t h e  f o r c e  o f  g r a v i t y  (as i n  a  conven t iona l  o r  m o d i f i e d  
conven t i ona l  system) o r  by p ressure  d i s t r i b u t i o n  through a  network o f  
p e r f o r a t e d  p i p e s  l o c a t e d  i n s i d e  an a r r a y  o f  shal low and narrow t renches  i n  
t h e  d r a i n f i e l d  (as i n  a lcw-pressure p i p e  system). Both o f  these systems 
w i l l  be d iscussed  i n  more d e t a i l .  Khen t h e  wastewater e n t e r s  t h e  d r a i n f i e l d ,  
i t  cones i n  c o n t a c t  w i t h  oxygen i n  t he  s o i l  environment and a  secondary l e v e l  
of  t r ea tmen t  begins.  Under ae rob i c  c o n d i t i o n s  i n  the  s o i l ,  amon ium n i t r o g e n  
i s  t rans fo rmed i n t o  n i t r a t e  n i t r o g e n ,  and t he  anaerobic  microorganisms p re -  
sen t  i n  t h e  e f f l u e n t  d i e  o f f .  The s o i l ,  w i t h  i t s  c a t i o n  exchange c a p a c i t y  
(CEC) ,  w i l l  a c t  as a f i l t e r  and adsorb and  exchange some o f  t h e  c a t i o n s  such 
as K and Ca, and may f i x  P a  The n i t r a t e  n i t r open ,  on t h e  o t h e r  hand, i s  n o t  
u s u a l l y  adsorbed by t h e  s o i l  p a r t i c l e s ,  and t h e r e f o r e  i s  e a s i l y  leached. 
Some o f  t h e  n i t r o g e n  may be l o s t  due t o  d e n i t r i f i c a t i o n  o r  be u t i l i z e d  by 
p l a n t s .  Because o f  t h e  r o l e  o f  s o i l  m a t e r i a l s  i n  the  t r ea tmen t  o f  household 
wastewater,  i t  i s  necessary t o  become f a m i l i a r  w i t h  t he  p r i n c i p l e s  i n v o l v e d  
i n  t h e  movement o f  v a r i o u s  contaminants p resen t  i n  s e p t i c  tank  e f f l u e n t .  

To eva lua te  t h e  s o i l ' s  a b i l i t y  f o r  t rea tment  o f  wastewater f rom s e p t i c  
systems one must cons ider  t h e  s o i l ,  the  type  o f  l i q u i d  e f f l u e n t ,  and t h e  
e f f l u e n t s  chemical  and b i o l o g i c a l  c o n s t i t u e n t s .  The s o i l  and u n d e r l y i n g  
g e o l o g i c  m a t e r i a l s  may work as a  b a r r i e r  t o  p o l l u t a n t s  o r  may a c t  as  a con- 
d u i t  between t h e  d r a i n f i e l d  and groundwater. Water a c t s  as t h e  t r a n s p o r t i n g  
mechanism f o r  contaminants ,  and i t s  v e l o c i t y  and d i r e c t i o n  o f  f l o w  i n  t h e  
s o i l  a r e  two  f a c t o r s  t h a t  must be assessed. 

P o t e n t i a l  o f  S e p t i c  Tank Systems as  a Source o f  P o l l u t i o n  

As was ment ioned e a r l i e r ,  about  49% o f  N o r t h  C a r o l i n a ' s  households, w i t h  an 
average i n h a b i t a n c e  o f  2.9 p e r  d w e l l i n g ,  a r e  served by an o n - s i t e  wastewater  
d i s p o s a l  f a c i l i t y .  Assuming an average p e r  c a p i t a  wate r  use o f  180 L (45 
g a l l o n s )  per  day (EPA, 1980), t h e  a m o u n t o f  s e p t i c  tank e f f l u e n t  a p p l i e d  t o  
No r th  C a r o l i n a  s o i l s  i s  on t h e  o r d e r  o f  200 b i l l i o n  L (50 b i l l i o n  g a l l o n s )  
p e r  year.  I t  i s  es t ima ted  t h a t  30,000 t o  50,000 new s e p t i c  tank  systems a r e  
i n s t a l l e d  a n n u a l l y  i n  N o r t h  Ca ro l i na ,  and t h e  number o f  s e p t i c  tank systems 
w i l l  exceed 1.6 m i l l i o n  by t h e  y e a r  2,000. (Grayson e t  a]., 1982). Thus, t h e  



q u a n t i t y  o f  sewage e f f l u e n t  a p p l i e d  t o  t h e  s o i l s  i s  l i k e l y  t o  i nc rease  i n  t h e  
coming yea rs ,  and t h e  p o t e n t i a l  f o r  con tam ina t i on  o f  w a t e r  resources w i l l  be 
g r e a t e r .  I t  must be no ted  t h a t  s e p t i c  t ank  systems a r e  s u b j e c t  t o  f a i l u r e  
(e.g., s u r f a c i n g  o f  e f f l u e n t ,  excess ive  wetness i n  t h e  s o i l  around d r a i n -  
f i e l d  areas,  back ing  o f  e f f l u e n t  i n t o  t h e  d w e l l i n g )  o r  improper  f u n c t i o n i n g  
(e.g., con tam ina t i ng  s u r f a c e  o r  groundwater) .  Grayson e t  a1 . (1982) no ted  
t h a t  app rox ima te l y  11% o f  t h e  s e p t i c  t ank  systems i n  Orange County, N.C., 
were r e p o r t e d  as hav ing  some prob lem i n  1981. Of course, t h e  above f i g u r e  
does n o t  i n c l u d e  t h e  un repo r t ed  and unno t i ced  f a i l i n g  systems which c o u l d  
a d v e r s e l y  a f f e c t  t h e  environment.  

S e p t i c  t ank  systems can  be viewed as a  non -po in t  source o f  p o l l u t i o n .  An 
i n d i v i d u a l  s e p t i c  tank  system may be i d e n t i f i e d  as a  p o t e n t i a l  source o f  
ground o r  s u r f a c e  wa te r  p o l l u t i o n  e i t h e r  because o f  i t s  i s o l a t e d  l o c a t i o n  
o r  t h e  n a t u r e  o f  i t s  e f f l u e n t .  On t h e  o t h e r  hand, con tam ina t i on  o f  su r f ace  
wa te r  o r  groundwater  i n  a  l a r g e  r e s i d e n t i a l  comnunity se rved  by  i n d i v i d u a l  
o n - s i t e  wastewater  d i s p o s a l  systems may be caused by sewage e f f l u e n t ,  b u t  i t  
may n o t  be p o s s i b l e  t o  r e l a t e  t he  con tam ina t i on  t o  any p a r t i c u l a r  system. 
Acco rd i ng  t o  Can te r  and Knox (1984), groundwater  deg rada t i on  i n  areas w i t h  a  
l a r g e  number o f  s e p t i c  t ank  systems i s  c h a r a c t e r i z e d  by  e l e v a t e d  l e v e l s  o f  
n u t r i e n t s ,  b a c t e r i a  and  s i g n i f i c a n t  amounts o f  o rgan i c  compounds. Ka tz  e t  
a l .  (1980) ana lyzed  n i t r o g e n  da ta  c o l l e c t e d  i n  t h e  p e r i o d  o f  1952-1976 f r om 
ground and s u r f a c e  wa te r s  i n  t he  sewered and unsewered a reas  o f  Nassau 
County,  New York. They concluded t h a t  armonium and n i t r a t e  da ta  c o l l e c t e d  
i n  t h e  p e r i o d  o f  1972 t o  1976 suggested a r e l a t i v e  improvement i n  t h e  
q u a l i t y  o f  t h e  ground and su r f ace  wate rs  i n  t h e  severed area. As a  r e s u l t ,  
t h e y  i n d i c a t e d  t h a t  one o f  t h e  predominant sources o f  n i t r o g e n  i n  t h e  
groundwater  i n  t h e  s tudy  a rea  was s e p t i c  t ank  e f f l u e n t .  I n  ano the r  s tudy ,  
Sgambat and S t e d i n g e r  (1981) showed t h a t  t h e  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  
o f  t h e  groundwater  decreased s i g n i f i c a n t l y  when t he  s e p t i c  t ank  systems were 
rep laced  by  a  c e n t r a l  was teva te r  t r ea tmen t  f a c i l i t y .  There fo re ,  i n  o r d e r  
t o  assess t h e  impact  o f  s e p t i c  tank  systems on t he  q u a l i t y  o f  wa te r  r esou r -  
ces and p r e v e n t  t h e  f a i l u r e  o f  i n d i v i d u a l  systems, a  tho rough  knowledge o f  
t h e  movement o f  wa te r  and p o l l u t a n t s  i n  and around i n d i v i d u a l  d r a i n f i e l d s ,  
as w e l l  as t h e  e n t i r e  landscape, i s  e s s e n t i a l .  

I n  r e c e n t  y e a r s  N o r t h  C a r o l i n a  has exper ienced  tremendous economic develop-  
ment i n  a l l  p a r t s  o f  t h e  s t a t e .  T h i s  g rcwth ,  has r e s u l t e d  i n  a  g r e a t  demand 
f o r  hous ing  development i n  unsewered areas. Around many l a r g e  m e t r o p o l i t a n  
a reas  i n  t h e  Piedmont r e g i o n  o f  No r t h  Ca ro l i na ,  homes have a l r e a d y  been 
c o n s t r u c t e d  on most s u i t a b l e  s o i l  l o c a t i o n s .  Thus, demand t o  use some o f  
t h e . l e s s  s u i t a b l e  s o i l s  f o r  s e p t i c  tank  e f f l u e n t  d i s p o s a l  has increased.  

Concern over  t h e  use o f  S a p r o l i t e  f o r  Hastewater  D i sposa l  

Acco rd i ng  t o  L u t z  (1969),  t h e  Piedmont p l a t e a u  rep resen t s  abou t  38% (12 
m i l l i o n  ac res )  o f  t h e  app rox ima te l y  31  m i l l i o n  ac res  i n  N o r t h  Ca ro l i na .  I n  
gene ra l ,  most o f  t h e  Piedmont s o i l s  o v e r l a y  s a p r o l i t e  (Dan ie l s  e t  a l . ,  
1984). S a p r o l i t e  i s  d e f i n e d  as t h e  m a t e r i a l  d e r i v e d  f r om rock  decay i n - s i t u  
( A G I ,  1976). I t  i s  t h e  r e s u l t  o f  t h e  wea the r i ng  o f  t h e  p a r e n t  r ock  w i t h  
l i t t l e  volume change, and extends f r om t h e  bo t t om o f  t h e  s o i l  solum downward 



t o  rock.  The t e r m  s a p r o l i t e  d e f i n e s  a  m a t e r i a l  t h a t  has r e t a i n e d  t h e  rock  
s t r u c t u r e  and appearance, b u t  i s  f r i a b l e  t o  f i r m  and crumbles l i k e  s o i l  
m a t e r i a l .  A t  p resen t ,  most sha l low s o i l s  u n d e r l a i n  by s a p r o l i t e  a r e  con- 
s i d e r e d  u n s u i t a b l e  (NCDHS, 1987) f o r  conven t iona l  o n - s i t e  wastewater  d i spo -  
s a l  system. A t  some o f  these  s i t e s ,  m o d i f i e d  conven t iona l  systems (e.g., 
sha l l ow  t r e n c h  system, u l t r a  sha l low t r ench  system) o r  a l t e r n a t i v e  systems 
(e.g., l ow-pressure  p i p e  system) can be used. A t  o t h e r  s i t e s  where t h e  
d i s t a n c e  f r om t h e  bo t tom o f  t h e  t r ench  t o  t h e  u n d e r l y i n g  s a p r o l i t e  i s  l e s s  
than  30 cm (12 i n )  (NCDHS, l 9 8 7 ) ,  no s e p t i c  t ank  d r a i n f i e l d  has t y p i c a l l y .  
been p e r m i t t e d  t o  be p l a c e d  on t h e  s o i l .  However, r e c e n t  changes i n  t h e  
r u l e s  w i l l  a l l o w  a system t o  be i n s t a l l e d  d i r e c t l y  i n  s a p r o l i t e  i f  t h e  s o i l  
and s i t e  e v a l u a t i o n  de te rmines  t h a t  t he  s a p r o l i t e  under t h e  sha l l ow  solum 
( A  and B h o r i z o n s )  meets c e r t a i n  c r i t e r i a  (NCDHS, 1989, r u l e s  under rev iew) .  
Cons ide r i ng  t h e  amount o f  i n d u s t r i a l  and urban development o c c u r r i n g  i n  t he  
Piedmont r eg ion ,  and t h e  eve r  i n c r e a s i n g  number o f  s e p t i c  tank  systems, 
these wastewater  t r ea tmen t  and d i sposa l  systems may be a ma jo r  f a c t o r  i n  t he  
con tam ina t i on  o f  s o i l  and wate r  resources. 

The concern ove r  t h e  use o f  s a p r o l i t e s  f o r  wastewater d i s p o s a l  purposes i s  
two - f o l d .  F i r s t ,  some s a p r o l i t e s  a re  expected t o  be so s l o w l y  permeable 
t h a t  s e p t i c  t ank  e f f l u e n t  w i l l  no t  be absorbed by them. Second, t h e r e  a r e  
s a p r o l i t e s  t h a t ,  due t o  t h e  presence o f  n a t u r a l  f r a c t u r e s ,  j o i n t s ,  d i k e s ,  
f o l i a t i o n ,  e tc . ,  may a l l o w  ve ry  r a p i d  water  movement t h a t  w i l l  r e s u l t  i n  
l i t t l e  t r ea tmen t  o f  wastewater  (H. J. K l e i s s ,  S o i l  Sc i .  Dep., NCSU, 1985, 
unpub l i shed  manusc r i p t ) .  I n  o t h e r  words, wa te r  f l o w i n g  t h rough  t h e  c racks  
may bypass t h e  m a t r i x  o f  t h e  s a p r o l i t e  the reby  sho r t en ing  t he  t r a v e l  t i m e  
f o r  p o l l u t a n t  m i g r a t i o n .  F rac tu res  and f o l i a t i o n  p lanes  a r e  r ock  s t r u c t u r e s  
t h a t  a r e  p rese rved  i n t a c t  i n  t he  s a p r o l i t e .  Therefore,  s a p r o l i t e s  a r e  
a  ma jo r  concern r e g a r d i n g  t h e  p o t e n t i a l  con tamina t ion  o f  groundwater.  

The movement and s to rage  o f  wa te r  i n  s a p r o l i t e  and u n d e r l y i n g  r ocks  have 
been desc r i bed  by  Heath (1980). Heath p resen ted  c o n d u c t i v i t y  va lues  o f  0.3 
t o  6.1 m ld  f o r  s a p r o l i t e  and unde r l y i ng  r ocks  w i t h  a  p o r o s i t y  o f  20-30% 
f o r  s a p r o l i t e  and 0.1-1% f o r  rocks.  Welby (1981) p resen ted  va lues  f o r  a i r  
p e r m e a b i l i t y  and h y d r a u l i c  c o n d u c t i v i t y  o f  v a r i o u s  s a p r o l i t e  m a t e r i a l s .  H i s  
r e s u l t s  i n d i c a t e d  t h a t  s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y  o f  v a r i o u s  
s a p r o l i t e s  ranged between 10.4 t o  5.2 x mld. The b u l k  d e n s i t y ,  
s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y ,  s o i l  m o i s t u r e  c h a r a c t e r i s t i c s ,  and p a r t i c l e  
s i z e  d i s t r i b u t i o n  o f  t h e  A and B hor i zons  and t he  u n d e r l y i n g  s a p r o l i t e  i n  
one s o i l - s a p r o l i t e  p r o f i l e  near  Rale igh,  N.C., were d e t e n i n e d  b y  O ' B r i e n  
(1978) [ a l s o  see O 'B r i en ,  and BuoI,  19841. O ' B r i e n ' s  r e s u l t s  i n d i c a t e d  t h a t  
t h e  s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y  o f  t h e  s a p r o l i t e  h o r i z o n  was 0.60 t o  
1.51 mld,  w i t h  t h e  lower  l a y e r s  hav ing  h i g h e r  c o n d u c t i v i t y  values. The 
c o n d u c t i v i t y  o f  t h e  B t  h o r i z o n  was repo r t ed  as 1.92 m ld  f o r  t h e  same 
p r o f i l e .  I n  ano the r  s tudy ,  t h e  v a r i a b i l i t y  o f  a number o f  chemical  and 
p h y s i c a l  p r o p e r t i e s  o f  two s o i l s  i n  t he  Piedmont r e g i o n  were de te rmined  by  
Amoozegar and Robarge (1985). I n  t h e i r  s tudy,  b o t h  t h e  s o i l  and s a p r o l i t e  
e x h i b i t e d  l a r g e  v a r i a b i l i t y  w i t h  respec t  t o  t h e  s a t u r a t e d  h y d r a u l i c  
c o n d u c t i v i t y .  Recen t l y ,  Simpson (1986) eva lua ted  t h e  s a t u r a t e d  h y d r a u l i c  
c o n d u c t i v i t y  and some o t h e r  p h y s i c a l  p r o p e r t f e s  o f  a  number o f  s o i l  and 
a s s o c i a t e d  s a p r o l i t e  m a t e r i a l s  r e l a t e d  t o  v a r i o u s  rock types.  H i s  r e s u l t s  
a l s o  i n d i c a t e d  h i g h  v a r i a b i l i t y  i n  s o i l  and s a p r o l i t e  samples o f  each r o c k  
group. These l a t t e r  s t u d i e s  i n d i c a t e d  t h a t ,  i n  genera l ,  t h e  s a t u r a t e d  



h y d r a u l i c  c o n d u c t i v i t y  was l o w e s t  i n  t h e  t r a n s i t i o n  zone and h i g h e s t  i n  
t h e  s o i l  above i t .  They a l s o  showed a h i g h e r  v a r i a b i l i t y  among t h e  s o i l  
samples compared t o  s a p r o l i t e  samples. U n f o r t u n a t e l y ,  o u r  knowledge o f  t h e  
b e h a v i o r  o f  p a r t i a l l y  wea the red  s a p r o l i t e  m a t e r i a l s  i n  a c c e p t i n g  and 
t r e a t i n g  w a s t e  c o n s t i t u e n t s  i s  v e r y  l i m i t e d .  Even under  t h e  b e s t  c o n d i t i o n s  
i n  t h e  P iedmont  r e g i o n ,  p o l l u t i n g  c o n s t i t u e n t s  p r e s e n t  i n  s e p t i c  t a n k  
e f f l u e n t  may r e a c h  s a p r o l i t e ,  and a t  t h a t  p o i n t ,  we can no l o n g e r  assess  
t h e i r  f a t e .  

O b j e c t i v e s  

The s t u d y  r e p o r t e d  h e r e  was conducted t o  assess t h e  r o l e  o f  s o i l - s a p r o l i t e  
p r o f i l e s  i n  w a s t e w a t e r  t r e a t m e n t  b y  e v a l u a t i n g  w a t e r  f l o w  i n  and a r o u n d  
i n d i v i d u a l  s e p t i c  t a n k  d r a i n f i e l d s  and d e t e r m i n i n g  s o i l  w a t e r  c o n d i t i o n s  i n  
v a r i o u s  l andscape  p o s i t i o n s .  The s p e c i f i c  o b j e c t i v e s  o f  t h e  s t u d y  were: 

1) E v a l u a t e  t h e  movement o f  was tewa te r  and i t s  c o n s t i t u e n t s  f r o m  b u r i e d  
d r a i n l i n e s  i n  and a round  n i t r i f i c a t i o n  f i e l d s  w i t h  s h a l l o w  s a p r o l i t e  
h o r i z o n s .  

2) E v a l u a t e  t h e  e f f e c t  o f  landscape p o s i t i o n  and deve lopment  d m s i t y  on 
t h e  d i s t r i b u t i o n  and movement o f  s o i l  m o i s t u r e  i n  s o i l - s a p r o l i t e  sequences. 

A l t h o u g h  t h e  above two o b j e c t i v e s  a r e  i n h e r e n t l y  r e l a t e d  t o  one s n o t h e r ,  
due t o  t h e  n a t u r e  o f  t h e  s t u d y  t h e y  were conducted i n d e p e n d e n t l y  o f  each 
o t h e r .  E v a l u a t i o n  o f  i n d i v i d u a l  s e p t i c  t a n k  systems r e q u i r e d  f u l l  
c o o p e r a t i o n  o f  a number o f  homeowners who were w i l l i n g  t o  a c c e p t  some 
i n c o n v e n i e n c e  r e s u l t i n g  f r o m  t h e  i n s t a l l a t i o n  o f  m o n i t o r i n g  equipment i n  
t h e i r  y a r d s ,  f r e q u e n t  v i s i t a t i o n ,  and t h e  presence o f  t h e  r e s e a r c h  team on 
t h e i r  p r o p e r t y  f o r  l o n g  hours  t h r o u g h o u t  t h e  s t u d y  p e r i o d .  Assessment o f  
t h e  s o i l  w a t e r  s t a t u s  a t  v a r i o u s  landscape p o s i t i o n s ,  e s p e c i a l l y  i n  a r e a s  
w i t h  h o u s i n g  deve lopmen ts ,  needed t h e  c o o p e r a t i o n  o f  n e i g h b o r i n g  l a n d  and  
homeowners. The s i t e s  f o r  t h i s  p a r t  o f  t h e  s t u d y  were i n i t i a l l y  s e l e c t e d  b y  
s t u d y i n g  t h e  t o p o g r a p h i c a l  maps o f  t h e  a r e a  and b y  f i e l d  i n s p e c t i o n .  
P e r m i s s i o n  f r o m  t h e  owners /occupants  were o b t a i n e d  subsequent t o  t h e  s i t e  
s e l e c t i o n .  To b e t t e r  e x p l a i n  and d i s c u s s  t h e  r e s u l t s  each one o f  t h e  
o b j e c t i v e s  w i l l  be addressed  i n  a s e p a r a t e  s e c t i o n .  Each s e c t i o n  w i l l  
i n c l u d e  m a t e r i a l s  and  methods as  w e l l  as  d i s c u s s i o n  o f  t h e  r e s u l t s .  





WATER AND POLLUTANT MOVEMENT THROUGH 

SOIL AND SAPROLITE 

The f i r s t  o b j e c t i v e  o f  t h e  s tudy,  "Eva lua te  t h e  movement o f  wastewater and 
i t s  c o n s t i t u e n t s  f r o m  b u r i e d  d r a i n l i n e s  i n  and around n i t r i f i c a t i o n  f i e l d s  
w i t h  sha l l ow  s a p r o l i t e  h o r i z o n s "  was ach ieved  th rough  a  f i e l d  m o n i t o r i n g  
program and a  l a b o r a t o r y  s o i l  column exper iment.  

I n  t h e  f i e l d  m o n i t o r i n g  program s o i l  wa te r  regimes i n  and around t h e  
d r a i n f i e l d  a reas  o f  f o u r  n e i g h b o r i n g  low-pressure p i p e  (LPP) s e p t i c  systems 
were eva lua ted  r e g u l a r l y  f o r  over  1.5 years .  These systems were s e l e c t e d  as 
t h e  o n - s i t e  was tewate r  d i s p o s a l  system f o r  t h e  s tudy  because LPP systems, i n  
g e n e r a l ,  p r o v i d e  a  b e t t e r  c o n t r o l  o f  wastewater a p p l i c a t i o n  t o  t he  
d r a i n f i e l d  ove r  conven t i ona l  systems. I n  a d d i t i o n ,  LPP systems a r e  most 
l i k e l y  t o  be used as t h e  o n - s i t e  wastewater  d i s p o s a l  system i n  sha l l ow  
s o i l s  which o v e r l a y  sap ro l  i t e e  

The l a b o r a t o r y  column exper iment  was conducted t o  de te rm ine  t h e  movement o f  
s e l e c t e d  c a t i o n s  and an ions ,  c o m o n  i n  household wastewater ,  th rough  
d i s t u r b e d  and u n d i s t u r b e d  s o i l  (B h o r i z o n )  and s a p r o l i t e  samples. The 
r e s u l t i n g  b rezk th rough  curves de te rmine  how v a r i o u s  i o n s  move i n  s o i l  and 
s a p r o l i t e ,  and shed sage l i g h t  on t h e  a t t e n u a t i o n  c a p a c i t y  o f  these porous 
m a t e r i a l s .  

S i nce  p roper  e v a l u a t i o n  o f  t h e  movement o f  wastewater  and i t s  c o n s t i t u e n t s  
t h rough  s o i l  and s a p r o l i t e  i n  and around t h e  d r a i n f i e l d  o f  a  s e p t i c  t ank  
system r e q u i r e s  knowledge o f  t h e  f u n c t i o n i n g  o f  t h e  system, a  b r i e f  
d e s c r i p t i o n  o f  t h e  most c o m o n  s e p t i c  t ank  systems i n  N o r t h  C a r o l i n a  w i l l  be 
presented.  [Readers a l r e a d y  f a m i l i a r  w i t h  t he  o n - s i t e  wastewater  d i s p o s a l  
systems may s k i p  t o  t h e  nex t  s e c t i o n  (Sub-Ob jec t i ves )  w i t h o u t  any l o s s  o f  
gene ra l  i ty.] 

As was ment ioned e a r l i e r ,  a  number o f  d i f f e r e n t  t ypes  o f  o n - s i t e  wastewater 
t r e a t m e n t l d i s p o s a l  systems a r e  p e r m i t t e d  under N o r t h  C a r o l i n a  r u l es .  The 
most comon  i s  t h e  conven t i ona l  ( o r  g r a v i t y )  s e p t i c  t ank  system. I n  a  con- 
v e n t i o n a l  s e p t i c  t ank  system, wastewater  f rom d i f f e r e n t  f a c i l i t i e s  i n  t h e  
d w e l l i n g  (e.g., k i t c h e n  s i nk ,  d ishwasher,  c lo theswasher ,  bathrooms) e n t e r s  a 
s e p t i c  tank  l o c a t e d  o u t s i d e  t h e  d w e l l i n g .  I n  t h e  s e p t i c  tank ,  t he  l a r g e  
s o l i d  p a r t i c l e s  p r e s e n t  i n  t h e  sewage s e t t l e  ( p r ima ry  t r e a t m e n t )  and t h e  
l i q u i d  p o r t i o n ,  c o n t a i n i n g  d i s s o l v e d  and suspended s o l i d s  as w e l l  as 
microorganisms,  f l o w s  i n t o  a number o f  t renches  b y  t h e  f o r c e  o f  g r a v i t y .  
These t r e n c h  l i n e s  a r e  g e n e r a l l y  f r o m  60 t o  90 cm (2 t o  3 f t )  deep and 60 t o  
90 cm wide w i t h  a  d i s t a n c e  o f  180 t o  270 cm (6  t o  9 f t )  between t h e  c e n t e r  
o f  t h e  t renches.  The a rea  where t h e  t renches  a r e  l o c a t e d  i s  r e f e r r e d  t o  as 
t h e  d r a i n f i e l d ,  n i t r i f i c a t i o n  f i e l d  o r  a b s o r p t i o n  f i e l d .  Accord ing  t o  t h e  
s t a t e  r u l e s ,  t h e r e  must be a t  l e a s t  30 cm (12 i n )  o f  s u i t a b l e  s o i l  between 
t h e  bo t tom o f  t h e  t r e n c h  l i n e s  and any r e s t r i c t i v e  s o i l  h o r i z o n  o r  seaso- 
n a l l y  h i g h  w a t e r  t a b l e  (NCDHS, 1987). Consequent ly,  a t  l e a s t  90 cm dep th  o f  



s u i t a b l e  s o i l  must be p resen t  i n  a l a r g e  enough a rea  on a  l a n d  p a r c e l  t o  
i n s t a l l  a conven t i ona l  s e p t i c  tank  d r a i n f i e l d .  The a rea  o f  t h e  d r a i n f i e l d  
f o r  a  conven t i ona l  s e p t i c  t ank  system i s  based on t h e  d e s i g n  d a i l y  wa te r  use 
of t h e  household  and s o i l ' s  l ong  te rm acceptance r a t e  f o r  e f f l u e n t .  The 
r a t e  o f  wa te r  movement i n t o  t h e  s o i l  ( i .e., s o i l  p e r m e a b i l i t y )  and t h e  depth 
of t h e  s u i t a b l e  s o i l  a r e  t h e  most r e s t r i c t i v e  requ i rements  f o r  conven t i ona l  
s e p t i c  t ank  systems. 

I n  a  conven t i ona l  s e p t i c  system, wastewater a p p l i c a t i o n  t o  t h e  d r a i n f i e l d  i s  
d i r e c t l y  r e l a t e d  t o  t h e  wa te r  use p a t t e r n  o f  t h e  household. I n  these  
systems, wastewater  always f l o w s  i n t o  t h e  beg inn ing  o f  t h e  t r e n c h  l i n e s  
be fo re  i n f i l t r a t i n g  i n t o  t h e  s o i l .  There fo re ,  t h e  a reas  o f  t h e  t r e n c h  
bo t tom c l o s e s t  t o  t h e  s e p t i c  tank  r e c e i v e  t h e  h i g h e s t  q u a n t i t y  o f  wastewater  
d u r i n g  t h e  l i f e  o f  a  system and a r e  s u s c e p t i b l e  t o  c logg ing .  

I t  i s  c l e a r  t h a t  n o t  a l l  b u i l d i n g - l a n d s  w i l l  meet t he  requ i rements  f o r  a 
conven t i ona l  s e p t i c  tank  system. A number o f  o n - s i t e  wastewater  d i s p o s a l  
systems a re  developed t o  overcome the  prob lem o f  sha l l ow  s o i l s ,  s o i l s  w i t h  a 
seasona l l y  h i g h  w a t e r  t a b l e  o r ,  i n  extreme cases, s o i l s  w i t h  a  low h y d r a u l i c  
c o n d u c t i v i t y .  Common systems, which use t h e  n a t u r a l  s o i l  f o r  t r ea tmen t ,  a r e  
low-pressure  p i p e  (LPP)  and sha l l ow  conven t iona l  s e p t i c  t ank  systems (Hoover 
and Amoozegar, 1988; Hoover e t  a l . ,  1988). 

I n  most c o m o n  LPP s e p t i c  tank  systems, wastewater produced by  t h e  household  
f l o w s  by  t h e  f o r c e  o f  g r a v i t y  i n t o  a s e p t i c  tank  where l a r g e  s o l i d  p a r -  
t i c l e s  s e t t l e .  Wastewater c o n t a i n i n g  d i s s o l v e d  and some suspended s o l i d s  
t hen  f l o w s  by  g r a v i t y  i n t o  a  h o l d i n g  tank ( a l s o  known as pump tank )  l o c a t e d  
c l o s e  t o  t h e  s e p t i c  tank.  When t he  l e v e l  o f  wastewater i n  t h e  pump tank  
reaches a p rede te rmined  l e v e l ,  an e l e c t r i c a l  pump l o c a t e d  i n s i d e  t h e  pump 
tank  pumps t h e  e f f l u e n t  under 75 t o  150 cm (2.5 t o  5  f t )  o f  p ressu re  i n t o  a 
network o f  p e r f o r a t e d  p i pes  l o c a t e d  i n  an a r r a y  o f  s h a l l o w  and narrow 
t renches.  I n  gene ra l ,  t h e  t renches  f o r  LPP systems a r e  abou t  10 t o  25 cm (4  
t o  10 i n )  w ide  and 30 t o  45 cm (12 t o  18 i n )  deep. Cons ide r i ng  t h e  30 cm 
dep th  o f  s u i t a b l e  s o i l  t h a t  i s  r e q u i r e d  below t he  t r e n c h  bot tom,  o n l y  60 t o  
75 cm (2  t o  2.5 f t )  o f  s u i t a b l e  s o i l  i s  needed f o r  an LPP system. The p e r -  
f o r a t e d  p i p e s  ( a l s o  r e f e r r e d  t o  as l a t e r a l  l i n e s )  a r e  made o f  PVC w i t h  ho les  
r ang ing  i n  s i z e  f r o m  0.32 t o  0.56 cm (118 t o  7 /32  i n ) .  Depending on t h e  
des ign  of  t h e  system, t h e  d i s t a n c e  between t h e  ho les  may range f r o m  90 t o  
300 cm (3  t o  10 f t ) .  These l a t e r a l  l i n e s  a r e  p l aced  i n  a  g r a v e l  enve lope and 
covered w i t h  s o i l  (see Cogger e t  a l . ,  1982). 

I n  a LPP system, wastewater  a p p l i c a t i o n  t o  t h e  d r a i n f i e l d  i s  c o n t r o l l e d  by 
pumping, and t h e  e f f l u e n t  i s  d i s t r i b u t e d  i n  the  l a t e r a l  ne twork  th roughou t  
t h e  e n t i r e  d r a i n f i e l d .  The des igne r  o f  a low-pressure p i p e  system a t t emp ts  
t o  ach ieve  the d e s i r e d  d i s t r i b u t i o n  p a t t e r n  over  t h e  d r a i n f i e l d  b y  v a r y i n g  
t h e  s i z e  and d i s t a n c e s  between t h e  ho les  on t h e  l a t e r a l  l i n e s .  F o r  a f l a t  
d r a i n f i e l d ,  u n i f o n  wastewater  d i s t r i b u t i o n  i s  des i r ed ;  whereas, f o r  s i t e s  
w i t h  a s lope,  a h i g h e r  r a t e  o f  wastewater a p p l i c a t i o n  may be s e l e c t e d  f o r  
t h e  upper p a r t  o f  t h e  d r a i n f i e l d  compared t o  t h e  a rea  downslope. By t e s t i n g  
above ground low-pressure  p i p e  systems, O t i s  e t  a l .  (1974) and Whi te  e t  a l .  
(1984) have shown t h a t  a u n i f o r m  d i s t r i b u t i o n  p a t t e r n  can be ach ieved  
th rough  p rope r  design. 



The l o a d i n g  r a t e  f o r  each pumping c y c l e  ( r e f e r r e d  t o  as "dos ing  cyc le1 '  o r  
"dos ing l1)  i n  an LPP system i s  se lec ted  such t h a t  a l l  t he  wastewater a p p l i e d  
t o  t h e  d r a i n f l e l d  i n f i l t r a t e s  i n t o  t he  s o i l  b e f o r e  t h e  n e x t  wastewater 
a p p l i c a t i o n .  T h i s  p e r m i t s  a  p e r i o d s  o f  a e r o b i c  c o n d i t i o n s  i n s i d e  t h e  t r ench  
l i n e s ,  and i s  b e l i e v e d  t o  be e f f e c t i v e  i n  reduc ing  t h e  c l o g g i n g  p o t e n t i a l  o f  
t h e  t r enches  ( C a r l i l e ,  1985). The pumping and t h e  p e r i o d s  o f  i n f i l t r a t i o n  
and a e r o b i c  c o n d i t i o n s  a r e  r e f e r r e d  t o  as dos ing  and r e s t i n g  cyc les ,  respec- 
t i v e l y .  

A nonun i f o rm  d i s t r i b u t i o n  o f  wastewater i n  t h e  t renches may ove r l oad  p a r t  o f  
t h e  d r a i n f i e l d ,  w h i l e  o t h e r  d r a i n f i e l d  l o c a t i o n s  r e c e i v e  l i t t l e  o r  no 
wastewater.  T h i s  may cause l o c a l  s a t u r a t i o n  o r  near s a t u r a t i o n  around t h e  
d r a i n l i n e s  o r  r e s u l t  i n  ponding o f  wastewater i n  t h e  t renches  o r  even sur -  
f a c i n g  o f  sewage e f f l u e n t .  A f t e r  s t u d y i n g  n i n e  low-pressure p i p e  s e p t i c  
systems i n  Durham County and t h r e e  systems i n  Craven County, N o r t h  Ca ro l i na ,  
H a r g e t t  (1984) concluded t h a t  n o t  a l l  t h e  wastewater a p p l i e d  t o  t h e  
t r enches  o f  a  system i n f i l t r a t e d  i n t o  t h e  s o i l  w i t h i n  a  dos ing  cyc le .  He 
observed some con t inuous  ponding i n  a t  l e a s t  p a r t  o f  t he  t renches  between 
dos ing  c y c l e s  i n  n i n e  o f  t h e  systems. I n  these systems, t h e  ponding 
occu r red  d u r i n g  60% o f  t h e  s tudy  per iod .  He a t t r i b u t e d  p a r t  o f  t h e  problem 
t o  h i g h  p r e c i p i t a t i o n  d u r i n g  t h e  s tudy  pe r i od .  I n  t h e  above s tudy ,  t h e  
d i s t r i b u t i o n  o f  wastewater over  t he  e n t i r e  d r a i n f i e l d  was n o t  eva lua ted ,  and 
m o n i t o r i n g  o f  wastewater i n  t h e  t renches was r e s t r i c t e d  t o  a few l o c a t i o n s  
i n  each d r a i n f i e l d .  A lso,  t h e  t ime o f  each obse rva t i on  was n o t  sys temat i -  
c a l  l y  chosen. 

Sub-ob jec t i ves  

Four sub -ob jec t i ves  were developed t o  accompl ish t h e  f i r s t  o b j e c t i v e  o f  t he  
study. These sub -ob jec t i ves  were: 

1) Eva lua te  t h e  u n i f o r m i t y  o f  wastewater a p p l i c a t i o n  t o  t h e  d r a i n f i e l d  area 
o f  LPP systems. 

2)  Determine t h e  s o i l  wa te r  regime i n  and around t h e  d r a i n f i e l d  a rea  o f  LPP 
systems. 

3)  Assess t h e  movement o f  wastewater i n t o  t h e  s o i l  f rom i n d i v i d u a l  t r e n c h  
l i n e s  o f  LPP systems. 

4) E v a l u a t e  t h e  movement o f  s e l e c t e d  c a t i o n s  and an ions p resen t  i n  household 
wastewater  th rough  s o i l  and s a p r o l i t e  m a t e r i a l s .  

M a t e r i a l s  and Methods 

Sub -ob jec t i ves  1 t o  3 were r e l a t e d  t o  t h e  f i e l d  m o n i t o r i n g  o f  f o u r  
n e i g h b o r i n g  low-pressure  p i p e  s e p t i c  systems, and t h e  f o u r t h  one was 
ach ieved  t h rough  a l a b o r a t o r y  s o i l  column experiment.  



F i e l d  Study 

S o i l  wa te r  c o n t e n t  and p o t e n t i a l  were measured i n  and around t h e  
d r a i  n f i e l d s  o f  f o u r  ne ighbo r i ng  low-pressure p i p e  s e p t i c  tank systems by 
t h e  neu t ron  therma l  i z a t i o n  technique (Gardner, 1986) and tens iomet ry  
(Cassel and K l u t e ,  1986). U n i f o r m i t y  o f  wastewater d i s t r i b u t i o n  over  t h e  
d r a i n f i e l d s  was a l s o  determined. Measurements were made b e f o r e  and f r e -  
q u e n t l y  a f t e r  wastewater a p p l i c a t i o n  ( L e . ,  between t h e  dos ing  cyc les )  a t  
va r i ous  t imes. 

General C h a r a c t e r i s t i c s  o f  t h e  Systems. The systems were l o c a t e d  i n  t h e  
S l a t e  B e l t  o f  N o r t h  Ca ro l i na ,  nor thwes t  o f  t he  c i t y  o f  Durham. The cover  
v e g e t a t i o n  on each system's  d r a i n f i e l d  was e i t h e r  a p i n e  f o r e s t ,  lawn, o r  
an o l d - f i e l d  e a r l y  success ional  growth. [Old f i e l d  e a r l y  success ional  
growth r e f e r s  t o  t h e  n a t u r a l  v e g e t a t i o n  a l l o v e d  t o  grow w i t h o u t  c o n t r o l  on 
a  l a n d  t h a t  has been p r e v i o u s l y  c l e a r e d  and used as an open f i e l d  o r  farm.] 
The systems a r e  h e r e i n  r e f e r r e d  t o  as t he  Forested, Lawn 1, Lawn 2, and 
E a r l y  Success ional  systems. F igu re  1 presen ts  a  schematic diagram o f  t h e  
l o c a t i o n  o f  t h e  systems w i t h  r espec t  t o  t h e i r  assoc ia ted  d v e l l i n g s  as w e l l  
as t o  each o the r ,  

Each system c o n s i s t e d  o f  e i g h t  18.3 m  (60 f t )  l ong  l a t e r a l  l i n e s  made o f  
3.5 cm (1 .4  i n )  d iameter  p e r f o r a t e d  PVC p ipes.  The spac ing between 
t he  l a t e r a l s  was 1.5 m ( 5  f t ) ,  except  f o r  the  Forested system i n  which 
t h e  spac ing v a r i e d  f rom 0.9 t o  1.8 m  (3  t o  6 f t ) .  The p e r f o r a t i o n s  i n  t h e  
l a t e r a l s  v a r i e d  f r om 3.2 t o  4.0 n (118 t o  5 /32 i n )  i n  d iameter ,  and t h e  
d i s t a n c e  between t h e  ho les  was 1.2 t o  2.0 m ( 4  t o  6 f t ) ,  ( N e i l  Floyd, 
Durham County H e a l t h  Department, 1985, personal  comnunicat ion).  For con- 
venience, t h e  l a t e r a l  l i n e s  f o r  each system ve re  numbered f rom 1 t o  8, 
s t a r t i n g  w i t h  t h e  l i n e  c l o s e s t  t o  t h e  pumping tank. 

The penera l  l a n d  su r f ace  s lopes p a r a l l e l  and pe rpend i cu la r  t o  t h e  l a t e r a l  
l i n e s  o f  t h e  E a r l y  Successional  system were 1.5 and I%, r e s p e c t i v e l y  (see 
F ig .  1). The l a n d  su r f ace  s lope f o r  t he  Lawn 1  system was 2.5% a long  t h e  
l a t e r a l  l i n e s ,  whereas t h e  su r f ace  was l e v e l  i n  t he  p e r p e n d i c u l a r  d i r e c -  
t i o n .  The Lawn 2 system had a l a n d  su r f ace  s lope o f  5% a long  t h e  l a t e r a l  
l i n e s  and a  s l ope  o f  2% across t h e  d r a i n f i e l d .  The l a n d  su r f ace  on t h e  
s i d e  o f  t h e  Fo res ted  system had a s lope  o f  1% i n  t he  d i r e c t i o n  o f  t he  
l a t e r a l s  and a s lope  o f  3.5% measured i n  a d i r e c t i o n  pe rpend i cu la r  t o  them. 
These s lopes were determined by a c l inometer .  

C h a r a c t e r i s t i c s  o f  t h e  S o i l s  Under t h e  Systems. The s o i l s  i n  t h e  d r a i n f i e l d  
areas o f  t h e  systems had been mapped as G e o r g e v i l l e  s i l t  loam, 2 3 0  6% s l o -  
pes (c layey ,  k a o l  i n i t i c ,  the rmic  Typ i c  ~ a p l u d u l  t s )  ( K i r b y ,  1976). A1 though 
t h e  systems were separated by s h o r t  d is tances ,  t h e  s o i l s  beneath t h e  
systems were q u i t e  v a r i a b l e .  S o i l  samples were c o l l e c t e d  f rom ten  s i t e s  
around t h e  d r a i n f i e l d s  o f  t h e  systems by  d r i v i n g  a 3.1 cm (1.25 i n )  d iameter  
sampl ing tube  i n t o  t h e  ground. Und is tu rbed  s o i l  cores, 5 cm long,  v e r e  
c o l l e c t e d  f rom 50, 100, 150, and 200 cm depths. To a v o i d  d i s tu rbance  t o  t h e  
systems and t h e  sur round ing  areas, a l l  samplings were per formed by hand 
r a t h e r  t han  w i t h  heavy machinery. The samples were analyzed f o r  b u l k  den- 
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Fig. 2 .  Schematic diagram o f  the p lan  v i e w  o f  the f o u r  low-pressure 
p i p e  systems and the surface slope over the  d r a i n f i e l d  areas. 



s i t y  by t h e  co re  method (B lake  and Rartge, 1986), and p a r t i c l e  s i z e  a n a l y s i s  
was done b y  hydrometer  (Gee and Bauder, 1986). The t e x t u r a l  c l asses  were 
s e l e c t e d  i n  accordance w i t h  S o i l  Survey Handbook (SCS S t a f f ,  1971). Tab le  1 
p resen t s  t h e  mean and s tandard  d e v i a t i o n  f o r  p a r t i c l e  s i z e  d i s t r i b u t i o n  
and b u l k  d e n s i t y  o f  t h e  s o i l  and s z p r o l i t e  a t  f o u r  dep ths  around t h e  
systems. The s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y  (KS) and m o i s t u r e  r e t e n t i o n  
p r o p e r t i e s  f o r  s o i l  solum ( B t )  and s a p r o l i t e  a re  p resen ted  i n  Tab le  2. The 
und i s t u rbed  s o i l  and s a p r o l i t e  s m p l e s  f o r  these measurements were c o l l e c t e d  
from areas  around t h e  Lawn 1 and E a r l y  Successional  d r a i n f i e l d s  u s i n g  a  
h y d r a u l i c  s o i l  sampl ing tube  equipped w i t h  a  6.5 cm i n s i d e  d i ame te r  c u t t i n g  
head. The i n - s i t u  KS was de te rmined  i n  smal l  auger h o l e s  ha l fway  between 
t h e  Lawn 1 and Lawn 2 systems by t he  cons tan t  head w e l l  permeameter tech-  
n ique  (Amoozegar and h r a r r i c k ,  1586; R~oozega r ,  1989a and 1989b). The d a t a  
f o r  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  i n d i c a t e d  h i g h  v a r i a b i l i t y  o f  t h e  s o i l  
and s a p r o l i t e  p r o p e r t i e s  around t h e  f o u r  d r a i n f i e l d s  w i t h  t h e  c o e f f i c i e n t  o f  
v a r i a t i o n  r a n g i n g  f rom 8% f o r  t h e  s i l t  con ten t  a t  200 cm dep th  t o  82% f o r  
t he  c l a y  c o n t e n t  a t  150 cm depth.  

S o i l  h o r i z o n  c h a r a c t e r i s t i c s  and t h i ckness  were a l s o  h i g h l y  v a r i a b l e .  I n  
g m e r a l ,  t h e  s o i l s  had a  5 t o  15 cm t h i c k  loam o r  s i l t  loam Ap h o r i z o n ,  and 
a  10 t o  15 cm t h i c k  loam o r  c l a y  l o a m  BA h o r i z o n  o v e r l y i n g  35 t o  85 cm o f  
c l a y  o r  s i l t y  c l a y  B t  hor i zons .  A c l a y  ham,  s i l t y  c l a y ,  o r  loam B t l C  h o r i -  
zon, r ang ing  f r om 20 t o  130 cm t h i c k ,  o v e r l a i d  a  s i l t  loam, sandy loam, o r  
loam C ( s a p r o l i t e )  ho r i zon .  

Month ly  R a i n f a l l  I n f o r m a t i o n .  No p r e c i p i t a t i o n  da ta  were c o l l e c t e d  o v e r  
t h e  s tudy  area. P r e c i p i t a t i o n  i n f o r m a t i o n  c o l l e c t e d  by  t h e  Oceanic 
Atmospher ic A d m i n i s t r a t i o n  a t  Raleigh-Durham I n t e r n a t i o n a l  A i r p o r t  was used 
f o r  genera l  purposes. A l though  t h e  i n d i v i d u a l  r a i n f a l l  even ts  a t  t h e  a i r -  
p o r t ,  wh ich  i s  about  22 km (15 m i l e s )  eway, may have been d i f f e r e n t  f r o m  t h e  
s tudy  s i t e ,  t h e  genera l  p a t t e r n  o f  p r e c i p i t a t i o n  was assumed t o  be t h e  same. 
F i g u r e  2 p r e s e n t s  t h e  average month ly  and t he  a c t u a l  p r e c i p i t a t i o n  d a t a  f o r  
t h e  Raleigh-Durham I n t e r n a t i o n a l  A i r p o r t .  

Kas tewate r  A p p l i c a t i o n  C o n t r o l  Systems. Normal ly ,  wastewater  a p p l i c a t i o n  t o  
t he  d r a i n f i e l d  a rea  o f  an LPP system i s  c o n t r o l l e d  by  a  l e v e l  c o n t r o l  f l o a t  
i n s t a l l e d  i n  t h e  pumping t ank  (House and Cogger, 1985). Each t i m e  t h e  
e f f l u e n t  l e v e l  i n  t h e  tank  reaches a  predetermined l e v e l ,  t h e  i n t e r n a l  
s w i t c h  o f  t h e  c o n t r o l  i s  a c t i v a t e d  and t h e  pumping c y c l e  s t a r t s .  When t h e  
wastewater  l e v e l  i n  t h e  t ank  i s  lowered t o  a  c e r t a i n  depth,  t h e  i n t e r n a l  
s w i t c h  o f  t h e  l e v e l  c o n t r o l  t u r n s  o f f  t h e  pump and t h e  pumping c y c l e  ends. 
An a l a r m  l e v e l  c o n t r o l  f l o a t  i s  a l s o  i n s t a l l e d  i n  t h e  pump tank  t o  warn 
t he  homeowner i n  case t h e  pump o r  t h e  l e v e l  c o n t r o l  f l o a t  f a i l s  t o  operate .  
I n  t h i s  t y p e  o f  c o n t r o l  system, t h e  q u a n t i t y  o f  wastewater  a p p l i c a t i o n  f o r  
each pumping c y c l e  i s  c o n t r o l l e d  by t h e  des igner  and /o r  i n s t a l l e r  o f  t h e  
system. The t i m e  o f  each pumping cyc l e ,  however, i s  c o n t r o l l e d  b y  t h e  quan- 
t i t y  o f  w a t e r  used by  t he  household. 

To b e t t e r  c o n t r o l  t h e  volume and t ime  o f  wastewater a p p l i c a t i o n  t o  t h e  
d r a i n f i e l d s ,  con t inuous  wa te r  l e v e l  recorders  were i n i t i a l l y  i n s t a l l e d  on 
t he  pumping t anks  o f  a l l  f o u r  systems. A f t e r  m o n i t o r i n g  t h e  wa te r  use 



T a b l e  1. Mean ( w i t h  s t a n d a r d  d e v i a t i o n  shown i n  p a r e n t h e s e s )  f o r  p a r t i c l e  
s i z e  d i s t r i b u t i o n  and b u l k  d e n s i t y  (BD) o f  s o i l  p r o f i l e  a round  t h e  
sys tems '  d r a i n f i e l d s .  

Sand % 21.0(11.1) 30.9(7.5) 32.8(11.7) 42.6(7.6) 

S i l t  % 35.8(10.7) 45.3(9.2) 43.7(10.2) 44.0(3.7) 

C l a y  % 43.1(13.7) 23.8(9.9) 23.5(19.2) 13.4(6.9) 

BD g/crn3 1.42(0.1) 1.38(0.01) 1.40(0.01) 1.40(0.03) 

T a b l e  2. S a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y  (Ks) and m o i s t u r e  r e t e n t i o n  
c h a r a c t e r i s t i c s  o f  solurn (Bt) ,  s a p r o l i t e  ( C ) ,  and t r a n s i t i o n  
h o r i z o n  ( B t / C ) .  

Ks -- i n - s i t u  1.52 2.47 

K, -- u n d i s t u r b e d  c o r e  1.61 2.47 

M o i s t u r e  ~ e t e n t i o n ~  
k Pa B a r  

# 
U n d i s t u r b e d  c o r e  samples were used f o r  m o i s t u r e  r e t e n t i o n  a t  0 t o  100 kPa 
and d i s t u r b e d  samples were used f o r  500 and 1500 k P a  measurements. 
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F ig .  2. A c t u a l  and average month ly  p r e c i p i t a t i o n  a t  Raleigh-Durham 
A i r p o r t  d u r i n g  t h e  s tudy pe r i od ,  January 1985 t o  June 1986. 

p a t t e r n s  o f  t h e  households f o r  over two weeks, t he  l e v e l  c o n t r o l  f l o a t  i n  
each system was rep laced  b y - a  t i m e r - f l o a t  combinat ion.  Fo r  a dos ing  e v e n t  
t o  occur,  t h e  t i m e r  must be a c t i v a t e d  w h i l e  the  wastewater  l e v e l  i n  t h e  t ank  
i s  a t  o r  h i g h e r  t h a n  t h e  l e v e l  which a c t i v a t e s  t h e  f l o a t .  To p r e v e n t  t h e  
a c t i v a t i o n  o f  t h e  a l a r m  f l o a t  between t he  p r e s e t  ttrnes on t h e  t i m e r  an 
a d d i t i o n a l  f l o a t  c o n t r o l  ( c a l l e d  an emergency f l o a t )  was a l s o  i n s t a l l e d  i n  
each tank. I f  t h e  wastewater  l e v e l  i n  t he  tank  rose  s i g n i f i c a n t l y  beyond 
t h e  l e v e l  o f  t h e  l e v e l  c o n t r o l  f l o a t  w h i l e  t he  t i m e r  was n o t  a c t i v a t e d ,  t h e  
emergency f l o a t  wou ld  a c t i v a t e  t he  pump p r e v e n t i n g  t h e  a l a r m  l e v e l  c o n t r o l  
f r om  b e i n g  a c t i v a t e d .  Time and volume o f  t he  emergency doses were 
determined f r o m  t h e  wa te r  l e v e l  r eco rde r  and an e l e c t r i c a l  p u l s e  coun te r  
r e c o r d i n g  t h e  number o f  pumping cyc les .  



Wastewater D i s t r i b u t i o n  Over t he  D r a i n f i e l d .  The u n i f o r m i t y  o f  wastewater  
d i s t r i b u t i o n  ove r  t h e  d r a i n f i e l d s  o f  t h r e e  of t he  systems was de te rmined  by 
measur ing  wastewater  l e v e l s  i n  t he  t renches  a t  n i n e  l o c a t i o n s  w i t h i n  each 
f i e l d  be fo re  and a f t e r  wastewater  a p p l i c a t i o n .  The systems mon i t o red  were 
t h e  Fores ted ,  Lawn 1, and t h e  E a r l y  Success ional .  The Lawn 2 system was n o t  
m o n i t o r e d  f o r  two reasons. F i r s t ,  t h e  homeowner expressed h i s  concern over  
t h e  presence o f  neu t ron  access tubes (wh ich  w i l l  be d i scussed  l a t e r )  
p r e v i o u s l y  i n s t a l l e d  i n  h i s  backyard;  and second, because t h e  l a t e r a l  l i n e s  
were n o t  i n s t a l l e d  on con tou r  l i n e s  o f  t h e  landscape. Obse rva t i on  w e l l s  
were i n s t a l l e d  a t  t h e  beg inn ing  (2  m f r om t h e  m a n i f o l d ) ,  m idd le ,  and end ( 2 
m f r o m  t h e  end o f  t h e  l a t e r a l )  o f  l i n e  #2 ( r e f e r r e d  t o  as t he  l cwe r  l i n e ) ,  
l i n e  #4 o r  5 ( r e f e r r e d  t o  as t h e  m idd le  l i n e ) ,  and l i n e  #7  ( r e f e r r e d  t o  as 
t h e  upper  l i n e ) .  L i n e s  numbered 2, 4 o r  5, and 7 a r e  h e r e i n  c a l l e d  l o v e r ,  
m i d d l e ,  and upper  l i n e s ,  r e s p e c t i v e l y .  A lso,  t he  p o s i t i o n s  2 m  f r om t h e  
m a n i f o l d ,  m idd le ,  and 2 m f r om the  end o f  t he  l a t e r a l  l i n e s  a r e  r e f e r r e d  t o  
as t h e  beg inn ing ,  m i d d l e  and end o f  t h e  l a t e r a l  l i n e s ,  r e s p e c t i v e l y .  The 
o b s e r v a t i o n  w e l l s  were c o n s t r u c t e d  o f  5 cm d iamete r  and 60 cm l ong  aluminum 
i r r i g a t i o n  p i p e s  which were p e r f o r a t e d  on t he  s ides ,  and extended t o  t h e  
bo t t om o f  t h e  t renches.  The wate r  l e v e l  i n  each w e l l  was measured by a  
f l o a t  c o n s t r u c t e d  f r om an empty p l a s t i c  b o t t l e  sea led  w i t h  a  rubber  s topper  
and connected t o  a  l i g h t - w e i g h t  wooden dowel. A mete r  s t i c k  was p l aced  by 
each w e l l  and t h e  r i s e  o f  t h e  f l o a t  was measured n a n u a l l y .  As an example, 
F i g .  3 shows t h e  p l a n  v iew o f  t h e  l o c a t i o n  o f  t h e  o b s e r v a t i o n  v e l l s  i n  t h e  
t r enches  o f  t h e  Lawn 1 system. 

S o i l  Water D i s t r i b u t i o n  Under t he  Systems. Nine aluminum neu t ron  access 
tubes  were i n s t a l l e d  a t  t h e  beg inn ing ,  m idd le ,  and end o f  t he  lower ,  m idd le ,  
and upper l i n e s  o f  each o f  t h e  f o u r  systems. The access tubes c e r e  l o c a t e d  
40 cm away f r o m  t h e  c e n t e r  o f  t he  t renches  (see F ig .  3 ) .  A d d i t i o n a l  access 
tubes  were i n s t a l l e d  o u t s i d e  o f  t he  d r a i n f i e l d  areas such t h a t  a t  l e a s t  e i g h t  
access tubes  surrounded each d r a i n f i e l d .  The access tubes  between t h e  d r a i n -  
f i e l d s  were l o c a t e d  ha l fway  between t he  systems. Three access tubes were a l s o  
i n s t a l l e d  a t  each end o f  t h e  f o u r  d r a i n f i e l d s  a l ong  a l i n e  p a r a l l e l  t o  t h e  
end o f  t h e  l a t e r a l s  i n  t h e  Fores ted  and E a r l y  Success ional  systems. The 
d i s t a n c e  between t h e  access tubes and t h e  end o f  t h e  l a t e r a l s  i n  t h e  
Fo res ted  system was 5 m. Fo r  t h e  E a r l y  Success ional  system, hcvever ,  t h e  
d i s t a n c e  was s e l e c t e d  a s  12 m, which was h a l f  t h e  d i s t a n c e  between t h e  end 
o f  t h e  l a t e r a l s  and t h e  m a n i f o l d  o f  a  ne ighbo r i ng  system wh ich  was n o t  
mon i to red .  The access tubes  on t h e  o t h e r  two oppos i t e  s i d e s  were l o c a t e d  on 
p a r a l l e l  l i n e s  5 m f rom l i n e s  1 and 8 o f  each system. A t o t a l  o f  6 1  
n e u t r o n  access tubes  were i n s t a l l e d ,  and t h e  schematic d iagram o f  t h e  
l o c a t i o n s  o f  a l l  t h e  tubes  i n  and around t h e  f o u r  d r a i n f i e l d s  i s  p resen ted  
i n  F ig .  4. The i n s t a l l a t i o n  o f  t h e  access tubes began i n  November o f  
1984 and was completed by A p r i l ,  1985. 

Because no heavy machinery  c o u l d  be d r i v e n  over  t h e  d r a i n f i e l d s  a l l  access 
tubes  were i n s t a l l e d  by d r i l l i n g  a h o l e  t o  a dep th  o f  250 cm ( o r  l e s s  
i f  bedrock was encountered)  u s i n g  a hand h e l d  power auger. The d i ame te r  o f  
t h e  auger h o l e  was n o t  u n i f o r m  th roughou t  t h e  l e n g t h  o f  t h e  c a v i t y  and 
v a r i e d  f r om app rox ima te l y  5.5 t o  7 cm. The h o l e  was t h e n  p a r t i a l l y  back 
f i l l e d  w i t h  a k a o l i n i t e - s o i l  s l u r r y ,  w i t h  a so1 id :water  mass r a t i o  o f  1:1.9. 
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F i g .  3. A p l a n  v i e w  o f  t h e  l o c a t i o n  o f  m o n i t o r i n g  d e v i c e s  w i t h i n  and 
a r o u n d  t h e  d r a i n f a i e l d  o f  t h e  Lawn 1 system. 
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Fig .  4.  The p l a n  view o f  the  l o c a t i o n  o f  mon i to r i ng  dev ices  i n  and 
around the  d r a i n f i e l d  areas o f  t he  f o u r  LPP systems. 

A 270 cm l e n g t h  o f  5 cm diameter aluminum i r r i g a t i o n  p ipe ,  w i t h  the  end 
sealed by  a rubber s topper was fo rced  i n t o  t h e  ho le  so t h a t  t h e  s l u r r y  
f i l l e d  the  gaps between the  tube and t h e  w a l l  o f  t he  hole. The top o f  the  
access tube was then c u t  o f f  t o  leave a 15 cm extension above t h e  s o i l  
surface. A p e r i o d  o f  3 t o  4 weeks was a l lowed f o r  the  s l u r r y  t o  reach 
e q u i l i b r i u m  w i t h  the  surrounding s o i l  water  be fore  measurements s ta r ted .  



A T r o x e l e r  N e u t r o n  probe1, model  3330 ( T r o x e l e r  E l e c t r o n i c  L a b o r t o r i e s ,  
I nc . ,  Resea rch  T r i a n g l e  Pa rk ,  N.C.), w i t h  a  10  rnCi Am241-Be r a d i a t i o n  s o u r c e  
was used  t o  d e t e r m i n e  t h e  i n - s i t u  s o i l  w a t e r  c o n t e n t .  A 30-second c o u n t  
number was o b t a i n e d  a t  25 o r  50 cm d e p t h  i n t e r v a l s  i n  each  one o f  t h e  a c c e s s  
t u b e s  a n d  a f t e r  c a l c u l a t i n g  a  c o u n t  r a t i o ,  t h e  s o i l  w a t e r  c o n t e n t  was d e t e r -  
m i n e d  f rom a  c a l i b r a t i o n  e q u a t i o n  o b t a i n e d  f o r  t h e  s i t e .  

A c a l i b r a t i o n  c u r v e  was o b t a i n e d  b y  c o l l e c t i n g  u n d i s t u r b e d  s o i l  samples  a t  a 
d i s t a n c e  o f  a b o u t  30 cm f r o m  t h e  c e n t e r  o f  a s e l e c t e d  number o f  n e u t r o n  
access  t u b e s  and  d e t e r m i n i n g  t h e  s o i l  w a t e r  c o n t e n t  by g r a v i m e t r i c  
p r o c e d u r e  (Gardner ,  1966). F i g u r e  5 p r e s e n t s  t h e  r e l a t i o n s h i p  be tween t h e  
v o l u m e t r i c  s o i l  w a t e r  c o n t e n t  ( L e a ,  b u l k  d e n s i t y  x g r a v i m e t r i c  s o i l  w a t e r  
c o n t e n t )  and  t h e  c o u n t  r a t i o  o b t a i n e d  f o r  t h e  n e u t r o n  p r o b e  r e a d i n g s .  A 
l i n e a r  r e g r e s s i o n  model  was used t o  f i t  t h e  b e s t  l i n e  t h r o u g h  t h e  d a t a  
p o i n t s .  The e q u a t i o n  f o r  t h e  b e s t  f i t t e d  l i n e  was Y = 38CR + 3, where  
Y i s  t h e  v o l u m e t r i c  s o i l  w a t e r  c o n t e n t  ( p e r c e n t )  and CR i s  t h e  c o u n t  r a t i o  
( s o i  1  c o u n t  n u n b e r / s t a n d a r d  c o u n t  number).  The r2, c o e f f i c i e n t  o f  d e t e r -  
m i n a t i o n ,  f o r  t h e  above r e g r e s s i o n  was 0.58. T h i s  p r o c e d u r e  has  been t e s t e d  
by kmoozeoar  e t  a l .  (1989) and p r o v e d  t o  be a c c e p t a b l e  f o r  s o i l  w a t e r  con-  
t e n t  d e t e r m i n a t i o n .  

F i g .  5. R e l a t i o n s h i p  be tween t h e  c o u n t  r a t i o  and  v o l u m e t r i c  s o i l  
w a t e r  c o n t e n t  f o r  t h e  s o i l  i n  t h e  s t u d y  a rea .  



S o i l  Water Tens ion  i n  t h e  D r a i n f i e l d  Area. N ine  t ens iome te r  banks, each 
c o n t a i n i n g  t h r e e  t ens iome te r s  a t  50, 100, and 150 cm depths,  were i n s t a l l e d  
i n  each o f  t h e  d r a i n f i e l d s  o f  t h e  Forested,  Lawn 1, and E a r l y  Success iona l  
systems. (No t ens iome te r  was i n s t a l l e d  i n  t h e  Lawn 2 system due t o  t h e  
concern o f  t h e  homeowner as d iscussed  e a r l i e r . )  The t ens iome te r  banks were 
l o c a t e d  a t  t h e  beg inn ing ,  m idd le  and end o f  t h e  lower ,  m i d d l e  and upper  
l i n e s  o f  t h e  systems. A t  each l o c a t i o n  t h e  t h r e e  t ens iome te r s  i n  a  bank were 
i n s t a l l e d  on a row p a r a l l e l  t o  t h e  t r e n c h  l i n e  and 40 cm f r o m  t h e  c e n t e r  o f  
t h e  l i n e  on t h e  o p p o s i t e  s i d e  o f  t h e  neu t ron  access tube. The l o c a t i o n  o f  
t h e  t e n s i o m e t e r  banks i n s i d e  t h e  d r a i n f i e l d s  i s  shown i n  F ig .  3. Two 
a d d i t i o n a l  t ens i ome te r  banks, a t  50 and 100 cm dep ths ,  were i n s t a l l e d  
a d j a c e n t  t o  two neu t ron  access tubes  o u t s i d e  o f  t h e  Lawn 1 sys tem's  
d r a i n f i e l d  (see F ig .  3). The t o t a l  number o f  t ens i ome te r s  i n s t a l l e d  i n  and 
around t h e  d r a i n f i e l d s  o f  t he  systems was 85 (see F ig .  4 ) .  The 
i n s t a l l a t i o n  o f  t h e  tens iomete rs  was i n i t i a t e d  i n  November 1984 and was 
completed i n  A p r i l  1985. 

Tens iometers  were c o n s t r u c t e d  f rom standard,  2.3 cm d iame te r  and 6.9 cm 
l ong ,  porous  cups and 1.25 cm d iamete r  schedule  80 PVC p i pe .  A porous cup 
was g l u e d  ( u s i n g  a  wa te r  p r o o f  epoxy) t o  one end o f  an a p p r o p r i a t e  l e n g t h  o f  
p i p e  (55, 105, and 155 cm l e n g t h ) ,  and a 10 cm l e n g t h  o f  a  1.5 cm d iame te r  
po l yca rbona te  tube  was f i t t e d  i n t o  t he  o p p o s i t e  end o f  t h e  p i p e  and g l u e d  i n  
p lace .  A l l  t h e  t ens iome te r s  were t e s t e d  i n  t h e  l a b o r a t o r y  b e f o r e  f i e l d  
i n s t a l l a t i o n .  Tens iometers  were i n s t a l l e d  by b o r i n g  a  2.3 cm d iame te r  
h o l e  i n  t h e  g round  and i n s e r t i n g  t h e  t ens iome te r  i n  t h e  ho le .  Care was 
t aken  t o  assu re  a  t i g h t  f i t  around t h e  t ens iome te r  cup. The m i d d l e  o f  t h e  
porous cup on t h e  t ens iome te r  was p l aced  a t  t h e  d e s i r e d  dep th  and abou t  15 
cm o f  t e n s i o m e t e r  tube,  i n c l u d i n g  t h e  po l yca rbona te  t u b i n g ,  was extended 
above ground. The tens iomete rs  were f i l l e d  w i t h  w a t e r  f r om  t h e  household  
and a c o r n n e r c i a l l y  a v a i l a b l e  p o r t a b l e  p ressu re  t r ansduce r ,  c a l l e d  T e n s i n e t e r  
( S o i l  Heasurement Systems, Tucson, AZ ) ,  (Ma r tha le r ,  e t  a l . ,  1983) vas  used 
t o  de te rmine  s o i l  wa te r  p o t e n t i a l .  

Vas teva te r  F low f r om I n d i v i d u a l  Trench L ines.  F i f t y - s i x  p e n c i l  s i z e  
t ens iome te r s  were i n s t a l l e d  on an 8 x 7 g r i d  system p e r p e n d i c u l a r  t o  t h e  
m i d d l e  o f  t h e  m i d d l e  l i n e  o f  t he  Lawn 1 and Fo res ted  systems. The d i s t a n c e  
between t h e  t ens iome te r s  i n  b o t h  h o r i z o n t a l  and v e r t i c a l  d i r e c t i o n s ,  a t  each 
s i d e  o f  t h e  t r e n c h  l i n e ,  was 20 cm. The g r i d  p o i n t s  s t a r t e d  20 cm be low 
t h e  s o i l  s u r f a c e  and were extended t o  80 cm on each s i d e  o f  t h e  t rench .  
F i g u r e  6 p r e s e n t s  t h e  schematic d iagram o f  t h e  l o c a t i o n  o f  t h e  t ens iome te r s  
w i t h  r e s p e c t  t o  t h e  t r e n c h  l i n e .  

Tens iometers  were c o n s t r u c t e d  f rom 1 cm d iame te r  and 2.8 cm l o n g  porous  
cups connected t o  two (0.2 cm o u t s i d e  d iamete r )  p i e c e s  o f  p l a s t i c  
tub ing .  The end o f  one o f  t h e  tubes was p l a c e d  a t  t h e  bo t t om o f  t h e  porous  
cup. The end o f  t h e  o t h e r  tube  was p l a c e d  on t o p  o f  t h e  cup. The 
o p p o s i t e  (open) end o f  each sma l l  s i z e  t u b i n g  was t h e n  connected t o  a 10 cm 
l o n g  p i e c e  o f  1.5 cm d iamete r  po l yca rbona te  t ube  equipped w i t h  a septum 
stopper .  To assu re  removal o f  t h e  a i r  f rom t h e  system, w a t e r  was added t o  
t h e  t ens iome te r  t h rough  t h e  t u b i n g  extended t o  t h e  bo t t om o f  t h e  porous cup 
and a l l o w e d  t o  b l e e d  t h rough  t h e  o t h e r  tube. 



To i n s t a l l  t h e  t e n s i o m e t e r s  an  auger  h o l e  (5  o r  8 cm d i a m e t e r )  was b o r e d  b y  
a  hand auger .  The s o i l  e x t r a c t e d  f r o m  each 10 cm d e p t h  i n t e r v a l  was saved 
f o r  r e p a c k i n g  t h e  h o l e  w i t h  t h e  o r i g i n a l  s o i l .  A t  each g r i d  p o i n t ,  a  t e n -  
s i o m e t e r  cup was p l a c e d  i n  t h e  h o l e  and s o i l  f r o m  t h e  same d e p t h  was packed 
i n t o  t h e  h o l e  a t  ( o r  n e a r )  i t s  o r i g i n a l  b u l k  d e n s i t y .  A f t e r  t h e  i n s t a l l a -  
t i o n  o f  t h e  t e n s i o m e t e r s  was comple ted,  t h e  p o l y c a r b o n a t e  t u b e s  were  
assembled i n  t w o  rows on a  wooden s t a n d  cove red  f o r  p r o t e c t i o n .  The p o r -  
t a b l e  p r e s s u r e  t r a n s d u c e r  ( T e n s i m e t e r )  was used t o  d e t e r m i n e  t h e  s o i l  w a t e r  
p o t e n t i a l ,  and  w a t e r  f r o m  t h e  househo lds  was used t o  r e f i l l  and s e r v i c e  t h e  
t e n s i o m e t e r s .  

Trench 

\ / 
Lateral Line 

SOIL  SURFACE 

DEPTH (cm) 
20 0 0 0 0  0 0 0 0  

40 0 0 0 0  0 0 0 0  

80 20 1 20 80 

DISTANCE FROM THE CENTER (crn) 

F i g .  6. L o c a t i o n  o f  t e n s i o m e t e r  cups on t h e  g r i d  sys tem w i t h  r e s p e c t  
t o  t h e  m i d d l e  t r e n c h  l i n e  o f  t h e  LPP systems. 



Labo ra to r y  S o i l  Column Experiment 

D i s t u r b e d  and u n d i s t u r b e d  s o i l  samples were c o l l e c t e d  f r om two l o c a t i o n s  i n  
an und i s tu rbed  a rea  o f  t h e  NCSU U n i t  1 Exper imenta l  Farm near  Rale igh.  The 
d i s t a n c e  between t h e  two sampl ing l o c a t i o n s  was l e s s  t han  one meter. The 
s o i l  i n  t h e  a rea  had been napped as C e c i l  g r a v e l l y  sandy loam, 2  t o  6% 
s lopes ,  eroded ( c l ayey ,  k a o l i n i t i c ,  t he rm ic  Typ ic  H a p l u d u l t )  (Cawthorn, 
1970). The samples were c o l l e c t e d  f r om 30 t o  over  220 crn depths u s i n g  
hyd rau l  i c a l  l y  ope ra ted  s o i  1  sampl i n g  equipment. The u n d i s t u r b e d  samples 
were 6.5 cm i n  d i ame te r  and over  12 cm long.  Any sample s h o r t e r  t han  12 cm 
was c o l l e c t e d  as  a  d i s t u r b e d  sample. Some o f  t he  p r o p e r t i e s  o f  t h e  s o i l  and 
sap ro l  i t e  a r e  p resen ted  i n  Table 3. 

I n  t h e  l a b o r a t o r y ,  t h r e e  und i s tu rbed  s o i l  samples c o l l e c t e d  f rom 30 t o  70 cm 
dep ths  ( B t ) ,  and t h r e e  und i s tu rbed  s a p r o l i t e  ( C )  samples c o l l e c t e d  f r o m  150 
t o  220 cm depths were coated w i t h  p a r a f f i n  and were c u t  t o  a  l e n g t h  o f  10 
cm. A PVC r i n g ,  7 cm i n s i d e  d iameter  and 5 cm long ,  was p laced  a t  each end 
o f  t h e  column such t h a t  one cm o f  space was p rov ided  a t  each end. The space 
between t h e  column and t h e  r i n g  w a l l  was  f i l l e d  w i t h  p a r a f f i n .  One cm o f  
u n i f o r m  f i n e  sznd was packed a t  each end o f  t he  column and a  P V C  p l a t e  
equipped w i t h  an adap te r  g lued  t o  each end. The procedure used i n  p r e p a r i n g  
t h e  columns i s  desc r i bed  i n  more d e t a i l  by h~toozegar  (1968). F i g u r e  7A 
d e p i c t s  a  schemat ic  d iagram o f  the  und i s tu rbed  column. 

The d i s t u r b e d  s o i l  samples were a i r  d r i e d ,  crushed, and passed th rough a 2 
m s ieve.  The s o i l  samples c o l l e c t e d  f rom 30 t o  100 cm depths were mixed  
t o  o b t a i n  a  homogeneous sample. The s m e  was done t o  t h e  s a p r o l i t e  samples 
c o l l e c t e d  f r om 170 t o  220 cm depths. A f t e r  pack ing  a  one cm l a y e r  o f  sand 
a t  t h e  bo t tom o f  a  PVC column, 6.7 cm d iameter  and 12 cm l ong ,  solum o r  
s a p r o l i t e  m a t e r i a l s  were packed i n t o  10 cm l e n g t h  o f  t h e  column a t  a b u l k  
d e n s i t y  o f  about  1.34 g/cm3. Three r e p l i c a t i o n s  were used f o r  each s o i l  and 
s a p r o l i t e .  The pack ing  was performed by a d d i t i o n  o f  sma l l  q u a n t i t i e s  o f  
s o i l  o r  s a p r o l i t e  t o  t h e  column and tamping i t  w i t h  a  p l a s t i c  rod. T h i s  
procedure has been used s u c c e s s f u l l y  by o t h e r s  and i s  b e l i e v e d  t o  m in im ize  
l a y e r i n g  d u r i n g  pack ing  ( s e e  Amoozegar e t  a l e  1986). One cm o f  sand was 
packed a t  t h e  t o p  o f  t h e  column and a P V C  p l a t e  w i t h  an o u t l e t  was t h e n  
g l u e d  t o  t h e  top.  The schematic d iagram o f  a  d i s t u r b e d  s o i l  column i s  shown 
i n  F ig .  78. 

The s o i l  columns were s a t u r a t e d  f rom t h e  bot tom by a p p l y i n g  wa te r  t h rough  a 
p e r i s t a l t i c  pump a t  a cons tan t  r a t e  o f  about  2 cm/d. When wa te r  reached t h e  
t o p  o f  a l l  12 columns, t h e  r a t e  o f  wa te r  a p p l i c a t i o n  was i nc reased  t o  abou t  
4 cm/d, and t h e  o u t f l o w  was c o l l e c t e d  d a i l y  f o r  analyses. The o u t f l o w  was 
ana lyzed  f o r  pH, e l e c t r i c a l  c o n d u c t i v i t y  (EC), Ca, K, NH , NOj, and 
C1. A f t e r  p e r f u s i  ng t h r e e  pore  volumes o f  wa te r  th roug#  t h e  columns, a 
s o l u t i o n  c o n t a i n i n g  Ca, K, NH4, C1, and NO3 was a p p l i e d  t o  t h e  bo t tom end o f  
t h e  columns. Tab le  4 p resen ts  t h e  c h a r a c t e r i s t i c s  o f  t h e  i n f l o w  s o l u t i o n .  
The r a t e  o f  s o l u t e  a p p l i c a t i o n  remained a t  4 cm/d, and t h e  o u t f l o w  was 
c o l l e c t e d  eve ry  t h r e e  hours us ing  a f r a c t i o n  c o l l e c t o r .  The schematic 
d iagram o f  t h e  exper imenta l  s e t  up i s  shown i n  F ig .  8. The average D a r c i a n  
and pore  wa te r  v e l o c i t i e s  f o r  t he  s o l u t i o n  pe r fused  t h rough  t h e  s o i l  columns 
a r e  p resen ted  i n  Tab le  5. 



Table 3. Some o f  t h e  properties o f  solum (Bt horizon) and saprolite 
(C horizon) used in t h e  study. 

Sol um Saprolite - 

Sand % 22.6 60.6 

Silt % 19*1 26,7 

Clay % 58.3 12.7 

CEC rmol,/kg 34.3 16.9 

pH water 4.1 4.1 

pH KC1 solution 3.9 4.0 

EC dS/m 0.090 0.057 

G u s s  WOOL 
PVC PMTE , CLOTH 

WFFIN LAYER ADAPTER 

GUSS WOOL 
CLOTH 

WC PLATE 

COLUMN 

Fig. 7. Schematic diagram o f  the undisturbed (A) and disturbed (B) 
soil columns. 



Table 4 .  C h a r a c t e r i s t i c s  o f  t he  i n f l o w  s o l u t i o n .  

PH 6.9 

EC dS/m 1845 

mg I L meq/L 

Ca 85 4.25 

K 195 5 

N-NH4 70 5 

C 1  150 4.25 

N - ~ 0 3  140 10 

Table 5. Ba rc ian  and pore water  v e l o c i t i e s  f o r  the  d i s t u r b e d  and 
und i s tu rbed  s o i l  columns. 

DARCIAN V E L O C I T Y  PORE WATER VELOCITY 

SOLUM ( B t )  
Undis tu rbed 
D i s t u r b e d  

SAPROLITE (C) 
Undis tu rbed 
D i s t u r b e d  



Fig.  8. Schematic d iagram o f  t h e  so i l - co l umn  system u s i n g  p e r i s t a l t i c  
pump and f r a c t i o n  c o l l e c t o r .  

The o u t f l o w  samples c o l l e c t e d  every  t h r e e  hours were ana lyzed  f o r  pH, EC, 
Ca, K, N-NH4, N-N03, and C1. The EC was determined u s i n g  a  p i p e t - t y p e  
c o n d u c t i v i t y  c e l l .  The pH was measured u s i n g  a combina t ion  e l e c t r o d e  and 
pH mete r  c a l i b r a t e d  w i t h  s u i t a b l e  phosphate b u f f e r s  a t  pH 4.0 and 7.0. 



Calc ium and po tass ium were de te rmined  by a tomic  a b s o r p t i o n  
spec t ropho tomet ry ,  C1 was measured by  t i t r a t i o n  u s i n g  a d i g i t a l  
c h l o r i d o m e t e r ,  and N-NO3 and N-NH4 were de te rmined  calorimetrically. 

Movement of S o l u t e s  th rough  S o i l s .  The movement o f  s o l u t e s  i n  porous media 
i s  complex and depends on t h e  p r o p e r t i e s  of t h e  medium, t h e  t r a n s p o r t i n g  
f l u i d ,  and t h e  s o l u t e .  There a r e  a  number o f  methods t o  d e s c r i b e  t h e  rnove- 
ment o f  an i o n  t h rough  t h e  s o i l  p r o f i l e .  One i s  by g r a p h i c a l  r e p r e s e n t a t i o n  
o f  t h e  s o l u t e  c o n c e n t r a t i o n  i n  t h e  p r o f i l e  as a f u n c t i o n  o f  t i m e  o r  space. 
Fo r  a one-d imensional  f l o w ,  t h e  movement o f  an i o n  can t y p i c a l l y  be 
d e s c r i b e d  by a b reak th rough  curve  a t  a  g i v e n  depth.  To become f a m i l i a r  w i t h  
t h e  concept  o f  u s i n g  b reak th rough  curves  t o  assess t h e  a t t e n u a t i o n  o f  s o l u -  
t e s  a b r i e f  d i s c u s s i o n  on t h e  s o l u t e  f l o w  t h rough  s o i l  w i l l  be presented.  
The d i s c u s s i o n  i s  f o r  a one-d imensional ,  s teady  s t a t e ,  s a t u r a t e d  f l o w  
t h rough  a f i n i t e  l e n g t h  o f  s o i l ,  such as a  s o i l  column. The concept can be 
e a s i l y  extended t o  cover  two and t h r e e  d imens iona l  f l o w  as w e l l  as unsteady 
and u n s a t u r a t e d  f l o w  analyses.  [For  more i n f o r m a t i o n  on t h e  s u b j e c t  o f  
s o l u t e  f l o w  and m i s c i b l e  d isp lacement  see B i g g a r  and N i e l s e n  (1967) . ]  

S o l u t e s  can be a p p l i e d  t o  t h e  s o i l  as a  s t e p  o r  a p u l s e  i n p u t .  L e t s  
assume t h a t  wa te r  c o n t a i n i n g  an i o n  a t  a  c o n c e n t r a t i o n  C i  i s  s p p l i e d  t o  t h e  
t o p  o f  a s o i l  p r o f i l e  ( o r  s o i l  column) and t h e  s o i l  s o l u t i o n  has a  con- 
c e n t r a t i o n  t h a t  equa ls  C i a  A t  a  g i v e n  t i m e  ( t o )  wa te r  c o n t a i n i n g  t h e  i o n  
a t  a h i g h e r  c o n c e n t r a t i o n  Co  r ep laces  wa te r  w i t h  c o n c e n t r a t i o n  C i  
( i . e . ,  a t  to s o l u t i o n  w i t h  c o n c e n t r a t i o n  Co i s  a p p l i e d  t o  t h e  s o i l ) .  i f  t h e  
c o n c e n t r a t i o n  o f  t h e  i o n  i n  wa te r  a p p l i e d  t o  t h e  s o i l  remains a t  C,, t h e  
s o l u t e  i s  a p p l i e d  as a  s t e p  i n p u t .  I f  a t  a  l a t e r  t i m e  (t l)  t h e  
c o n c e n t r a t i o n  o f  t h e  i o n  i n  wa te r  i s  reduced back t o  C i ,  t hen  a  p u l s e  i n p u t  
o f  s o l u t e  i s  a p p l i e d  t o  t h e  s o i l .  These i n p u t s  can be d e s c r i b e d  
m a t h e m a t i c a l l y  as f o l l o w s .  

Step i n p u t :  

f o r  

C = C, f o r  t >, to a t x = O  ( W  

Pulse  i n p u t :  

c = CI f o r  t < to a t x = O  (2a) 

c = cO f o r  to 4 t t l  a t  x  = 0  (2b) 

C  = CI f o r  t > t l  a t x = O  ( 2 ~ )  

An example o f  a s t e p  i n p u t  i s  leakage f r om a  r e t e n t i o n  pond l o c a t e d  on t o p  
o f  a s h a l l o w  a q u i f e r .  An example o f  a  p u l s e  i n p u t  i s  an a c c i d e n t a l  s p i l l  o f  
a  l i m i t e d  q u a n t i t y  o f  a  s o l u t e  i n t o  t h e  s o i l  p r o f i l e .  As i s  shown by t h e  
above e q u a t i o n s  b o t h  s t e p  and p u l s e  i n p u t s  a r e  s i m i l a r  b e f o r e  t i m e  tl. 
There fo re ,  a  p u l s e  i n p u t  c o u l d  be t r e a t e d  l i k e  a s t e p  i n p u t  f o r  t i m e  t < ti. 



A b r e a k t h r o u g h  c u r v e  can be d e f i n e d  a s  t h e  c o n c e n t r a t i o n  o f  s o i l  s o l u t i o n  
(C) a t  a  g i v e n  d e p t h  (e.g., a t  t h e  b o t t o m  o f  a  s o i l  co lumn)  vs. t h e  vo lume 
o f  v a t e r  a p p l i e d  t o  t h e  s o i l  a f t e r  to. T y p i c a l l y  t h e  c o n c e n t r a t i o n  o f  t h e  
s o i l  s o l u t i o n  ( i . e . ,  C )  i s  n o r m a l i z e d  b y  (C-Ci)/(Co-Ci) and  i s  c a l l e d  
t h e  " r e l a t i v e  c o n c e n t r a t i o n 1 I .  When t h e  i n i t i a l  c o n c e n t r a t i o n  ( C i )  i s  z e r o ,  
t h e  r e l a t i v e  c o n c e n t r a t i o n  i s  C/Co. The volume o f  w a t e r  a p p l i e d  t o  a  g i v e n  
volume o f  s o i l  i s  n o r m a l i z e d  t h r o u g h  d i v i d i n g  i t  b y  t h e  volume o f  t h e  p o r e s  
p r e s e n t  i n  t h e  g i v e n  volume o f  s o i l .  The volume o f  t h e  p o r e s  i n  a  g i v e n  
volume o f  s o i l  (e.g., a  s o i l  co lumn)  i s  c a l l e d  one p o r e  volume. 

P i s t o n  d i s p l a c e m e n t  i s  d e f i n e d  when a  s o l u t i o n ,  c o n c e n t r a t i o n  Co, d i s p l a c e s  
t h e  s o i l  s o l u t i o n ,  c o n c e n t r a t i o n  C i ,  such t h a t  t h e  c o n c e n t r a t i o n  o f  s o i l  
s o l u t i o n  a l o n g  t h e  f l c w  p a t h  i s  e i t h e r  C i  o r  Co. T h a t  i s ,  t h e  i n f l o w  
s o l u t i o n  moves a l o n g  t h e  f l o w  p a t h  u n i f o r m l y  w i t h o u t  m i x i n g ,  l i k e  a  p i s t o n  
t h a t  d i s p l a c e s  a  f l u i d  i n  a  c y l i n d e r .  O f  cou rse ,  no a t t e n u a t i o n  o c c u r s  i n  a 
p i s t o n  d i s p l a c e m e n t  p r o c e s s .  

F o r  p i s t o n  d i s p l a c e m e n t  o f  a n o n r e a c t i n g  s o l u t e ,  t h e  b r e a k t h r ~ u g h  c u r v e  
s h o u l d  a p p e a r  a t  e x a c t l y  one p o r e  volume as  shown i n  F i g .  9 A .  However, 
due t o  a number o f  f a c t o r s  such as t o r t u o s i t y  o f  t h e  p o r e s ,  d i f f e r e n c e s  i n  
t h e  l e n g t h  and  d i a m e t e r  o f  t h e  p o r e s ,  p resence  o f  dead end  p o r e s ,  and  m i x i n g  
due t o  d i f f u s i o n  and  d i s p e r s i o n  a t  t h e  i n t e r f a c e  o f  the  t w o  s o l u t i o n s  a 
s i g m o i d a l  c u r v e  i s  o b t a i n e d  f o r  a  n o n r e a c t i v e  s o l u t e  such  t h a t  t h e  a r e a  
above t h e  c u r v e ,  bounded b y  t h e  one p o r e  volume and ( C - C i ) / ( C o - C i )  = 1 
l i n e s ,  i s  e x a c t l y  t h e  same a s  t h e  a r e a  b e l o w  t h e  c u r v e  and  bounded b y  t h e  
one p o r e  vo lume and  (C-Ci)/(C,-Ci) = 0 [see t h e  shaded a r e a  o f  F ig .  9 A I .  
I f  t h e  s o l u t e  i s  a t t e n u a t e d  b y  t h e  s o i l  ( t h r o u g h  a d s o r p t i o n ,  p r e c i p i t a t i o n ,  
f i l t r a t i o n ,  e t c . )  t h e  b r e a k t h r o u g h  c u r v e  i s  s h i f t e d  and  t h e  amount o f  
a t t e n u a t i o n  i s  p r o p o r t i o n a l  t o  t h e  a r e a  above t h e  c u r v e  m i n u s  t h e  a r e a  
b e h i n d  t h e  one p o r e  volume l i n e ,  bcunded b y  (C -C i ) / (Co -C i )  = 1, a s  shown i n  
F i g .  9B. The p o s i t i o n  a t  w h i c h  (C-Ci)/(C,-Ci) i s  l a r g e r  t h a n  z e r o  i s  a l s o  
o f  g r e a t  i m p o r t a n c e .  F i g u r e  9C shows t h e  b r e a k t h r o u g h  c u r v e s  f o r  a  s o i l  
w i t h  l i t t l e  a t t e n u a t i o n  c a p a c i t y  (e.g., sand) ,  a  s o i l  w i t h  a  m e a s u r e a b l e  
a t t e n u a t i o n  c a p a c i t y  w i t h  n o  l a r g e  p o r e s  o r  c r a c k s  ( i .e . ,  t h e  range  o f  p o r e  
s i z e  d i s t r i b u t i o n  i s  l i m i t e d ) ,  and a s o i l  w i t h  a measu reab le  a t t e n u a t i o n  
c a p a c i t y  and  some l a r g e  p o r e s  such a s  r o o t  channe l s  o r  v o i d s  a r o u n d  
i n d i v i d u a l  peds.  

The re  a r e  many t h e o r e t i c a l  mode ls  t o  d e s c r i b e  t h e  s o l u t e  f l o w  t h r o u g h  a 
s o i l  p r o f i l e .  Some o f  t h e s e  mode ls  a r e  based on t h e  p h y s i c o - c h e m i c a l  
p r o p e r t i e s  o f  t h e  sys tem and may i n c l u d e  v a r i o u s  s o u r c e  and  s i n k  t e r m s  
d e s c r i b i n g  r e l e a s e  o r  a t t e n u a t i o n  o f  t h e  s o l u t e .  However, mos t  m a t h e m a t i c a l  
mode ls  i n v o l v e  c o m p l i c a t e d  e q u a t i o n s  t h a t  can be s o l v e d  o n l y  by t h e  u s e  o f  a 
h i g h  speed computer .  I n  g e n e r a l ,  a  m a t h e m a t i c a l  model c o n t a i n s  a number o f  
unknown p a r a m e t e r s  t h a t  a r e  r e l a t e d  t o  t h e  s o i l  and s o l u t e  u n d e r  
c o n s i d e r a t i o n .  These p a r a m e t e r s  a r e  mos t  o f t e n  o b t a i n e d  by compar ing  t h e  
t h e o r e t i c a l  r e s u l t s  o f  t h e  mode l  w i t h  t h o s e  o f  l a b o r a t o r y  a n d l o r  f i e l d  
e x p e r i m e n t s .  E s t i m a t i n g  t h e  unknown pa rame te rs  a c c u r a t e l y  and  t h e  a b i l i t y  
o f  t h e  model t o  d e s c r i b e  t h e  s y s t e m  o r  p r e d i c t  i t s  f u t u r e  b e h a v i o r  u n d e r  
c o n d i t i o n s  d i f f e r e n t  f r o m  t h o s e  used  f o r  pa rame te r  e s t i m a t i o n  a r e  m a j o r  
p r o b l e m s  a s s o c i a t e d  w i t h  t h e  use  o f  m a t h e m a t i c a l  models.  T h e r e f o r e ,  t h e  u s e  
o f  a s o p h i s t i c a t e d  m a t h e m a t i c a l  model  may n o t  o n l y  b e  cumbersome b u t  a l s o  
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Fig.  9. Schematic diagram o f  t he  brezkthrough curves f o r  p i s t o n  
d isp lacement  ( A ) ,  a  s o i l  w i t h  a t t e n u a t i o n  (B) ,  and th ree  
s o i l s  w i t h  d i f f e r e n t  a t t e n u a t i o n  capac i t y  and pore  s i z e  
d i s t r i b u t i o n s  (C). 



c o u l d  r e s u l t  i n  an u n r e a l i s t i c  p r e d i c t i o n  o f  the  s o l u t e  f l o w  through t h e  
porous medium. Th i s  i s  more s i g n i f i c a n t  i n  t he  absence o f  a  good da ta  base 
rega rd ing  v a r i o u s  p r o p e r t i e s  o f  t he  system. A s imp le  t h e o r e t i c a l  o r  
e m p i r i c a l  model, on t h e  o t h e r  hand, may n o t  cons ide r  a l l  o r  any o f  t h e  
s p e c i f i c  r e a c t i o n s  r e l a t e d  t o  t he  movement o f  s o l u t e  b u t  can r e s u l t  i n  a 
reasonable p r e d i c t i o n  o f  t h e  behav io r  o f  t h e  system q u i c k l y  and 
economica l ly .  I n  t h e  case o f  t h e  s i m p l i f i e d  models, t h e  complex r e a c t i o n s  
may be p resen ted  i n  terms o f  p h y s i c a l  phenomenon such as adso rp t i on ,  
convec t i ve  v e l o c i t y ,  e tc .  

The s igmo ida l  b reak th rough curve f o r  one-dimensional  f l o w  f o r  a s tep  i n p u t  
of s a l t  can be desc r i bed  by t he  s imple e r r o r  f u n c t i o n  model 

which has been used e x t e n s i v e l y  f o r  m i s c i b l e  d isp lacement  s tud ies .  I n  t h e  
above e q u a t i o n  z i s  dep th  ( o r  l e n g t h  o f  t he  column) ( u n i t s  L ) ;  t, t ime 
( u n i t s  T ) ;  v, pore  wate r  v e l o c i t y  (Darc ian  v e l o c i t y / w a t e r  f i l l e d  p o r o s i t y )  
( u n i t s  L I T ) ;  R ,  r e t a r d a t i o n  f a c t o r  (d imens ion less) ;  D, d i f f u s i o n - d i s p e r s i o n  
c o e f f i c i e n t  ( u n i t s  L ~ / T ) ;  and e r f c  the  compl imentary e r r o r  f u n c t i o n  d e f i n e d  
by (Abrzmowitz and Stegun, 1970) 

e r f c ( x )  = (~/n0*5) J; ~ X ~ ( - B ~ )  dB. 

Using exper imenta l  data,  t he  parameters R and D can be es t ima ted  by t h e  use 
o f  any s u i t a b l e  m i n i m i z a t i o n  technique. Amoozegar-Fard e t  a l .  (1983) 
p resen ted  a s imp le  procedure t o  o b t a i n  t h e  two parameters u s i n g  t h e  da ta  
f rom a l a b o r a t o r y  column experiment.  

One approach t o  p r e d i c t  t h e  mcvenent o f  a  s o l u t e  i n  t h e  s o i l  i s  by 
de te rm in ing  t h e  r a t e  o f  t h e  movement o f  t h e  s o l u t e  f r o n t .  T h i s  concept was 
used by Amoozegar-Fard e t  a l .  (1984) t o  r e l a t e  t h e  movement o f  va r i ous  
r e l a t i v e  c o n c e n t r a t i o n s  o f  Cd, N i ,  and Zn t o  s o i l  t e x t u r a l  p r o p e r t i e s .  
T h e i r  r e s u l t s  were s e t s  o f  s imple f i e l d - o r i e n t e d  equat ions  which would 
enable a layman t o  p r e d i c t  o r  determine t h e  p o s i t i o n  o f  t he  s o l u t e  f r o n t  f o r  
t h e  i b o v e  meta ls .  

From Equa t i on  ( 3 )  t h e  r a t e  o f  movement o f  va r i ous  r e l a t i v e  concen t ra t i ons  
can be o b t a i n e d  by de te rm in ing  t h e  d e r i v a t i v e  o f  z w i t h  r espec t  t o  t ( L e . ,  
dz /d t ) .  Fo r  t h e  r e l a t i v e  c o n c e n t r a t i o n  (C - C i ) / (Co  - C i )  = 0.5 t h e  
argument o f  t h e  compl imentary e r r o r  f u n c t i o n  i s  equal t o  ze ro  ( i . e . ,  Rz - v t  
= 0). There fo re ,  t h e  r a t e  o f  movement o f  t h e  s o i l  s o l u t i o n  hav ing  a 
c o n c e n t r a t i o n  t h a t  i s  equal t o  112 t he  c o n c e n t r a t i o n  o f  t h e  i n f l o w  s o l u t i o n  
( r e l a t i v e  c o n c e n t r a t i o n  = 0.5) i s  

I f  t h e  va lue  o f  t h e  r e t a r d a t i o n  f a c t o r  R i s  known, then  t h i s  equa t ion  can be 
used t o  o b t a i n  the r e l a t i v e  p o s i t i o n  o f  t h e  s o l u t e  f o r  a g i v e n  pore  wa te r  
v e l o c i t y .  The magnitude o f  t he  d i s p e r s i o n - d i f f u s i o n  c o e f f i c i e n t  (D)  w i l l  
determine the spread o f  t h e  s o l u t e  f r o n t  around t h e  0.5 r e l a t i v e  
concen t ra t i on .  



Resu l t s  and D i scuss ion  

A l a r g e  volume o f  f i e l d  da ta  was c o l l e c t e d  d u r i n g  t h e  s tudy  p e r i o d ,  
however, o n l y  s e l e c t e d  r e s u l t s  w i l l  be p resen ted  here. M a r t i n  (1987) 
p resen ted  t h e  f i e l d  research  da ta  i n  a  more comprehensive form, and t h e  
reade r  i n t e r e s t e d  i n  more d e t a i l e d  i n f o r m a t i o n  i s  r e f e r r e d  t o  h i s  t h e s i s .  

I n  t h e  l a b o r a t o r y  exper iment ,  a  t o t a l  o f  72 b reak th rough curves was 
o b t a i n e d  f o r  t h e  12 columns. These r e s u l t s  w i l l  be p resen ted  i n  t he  fo rm of 
graphs and t a b l e s .  A s imp le  mathemat ica l  model was a l s o  used t o  
c h a r a c t e r i z e  t h e  movement o f  va r i ous  i o n s  th rough d i s t u r b e d  and und i s tu rbed  
solum and s a p r o l i t e  m a t e r i a l s .  These r e s u l t s  w i l l  a l s o  be discussed. 

Wastewater A p p l i c a t i o n  t o  t he  D r a i n f i e l d s  

The w a t e r  l e v e l  r eco rde r  graphs i n d i c a t e d  t h a t  i n i t i a l l y  590, 380, 500, 
and 400 L  (155, 100, 132, and 105 g a l ,  r e s p e c t i v e l y )  o f  wastewater were 
a p p l i e d  t o  t h e  d r a i n f i e l d  areas o f  t he  Forested,  Lawn 2, Lzwn 1, and E a r l y  
Success iona l  systems p e r  dos ing  event ,  r e s p e c t i v e l y .  The t o t a l  volumes o f  
e f f l u e n t  a p p l i e d  t o  these systems i n  an average day, i n  t he  same order ,  w r e  
660, 500, 690, and 610 L. Based on t h e  average d a i l y  wasteidater f l ow ,  t h e  
average d a i l y  l o a d i n g  r a t e s ,  2.97, 2.26, 3.08, and 2.75 L / ( n 2 d )  C0.07, 0.05, 
0.06, and 0.05 g a l / ( f t 2 d ) ] ,  f o r  t h e  above f o u r  systems were w e l l  w i t h i n  t h e  
2.04-4.08 ~ / ( m ~ d )  C0.05-0.10 g a l  / ( f t 2 d ) ]  l o a d i n g  r a t e  suggested by Cogger e t  
a l e  (1982) f o r  LPP systems i n  s i l t y  c l a y  t o  c l a y  t e x t u r e d  s o i l s  such as t h e  
s o i l  i n  t h e  s tudy  area. I t  should be no ted  t h a t  t h e  average l o a d i n g  r a t e  
f o r  any o f  t h e  systems was f a r  l e s s  than  t h e  recomended l o a d i n g  r a t e  o f  
4.08-0.15 ~ / ( m Z d )  C0.1-0.2 ga l  l ( f t 2 d ) l  as permi t t e d  by  N o r t h  Caro l  i n a  L ~ W S  
and Ru les  (NCDHS, 1987). Table 6 p resen ts  household wastewater  p r o d u c t i o n  
and wastewater  a p p l i c a t i o n  da ta  f o r  t h e  f o u r  systems. 

The number o f  dos ing  events  per  day was q u i t e  v a r i a b l e  d u r i n g  t h e  s tudy  
pe r i od .  The dos ing  events  f o r  t he  Forested,  Lawn 2, Lzwn 1, a n d  E a r l y  
Success iona l  systems ranged f rom 0-11, 0-5, 0-3, and 0-11 p e r  day, 
r e s p e c t i v e l y .  On an a r e a l  bas i s ,  t h e  maximum d a i l y  l o a d i n g  r a t e s  f o r  t h e  
systems were 2 t o  8  t imes t h e  maximum recomnended l o a d i n g  r a t e  o f  4.08 
~ / ( r n ~ )  [ O a t  g a l / ( f t 2 ) ]  f o r  these LPP systems. Based on t h e  t r e n c h  bo t tom 
area,  as de te rmined  f o r  a  comparable conven t i ona l  s e p t i c  tank  system, t h e  
maximum d a i l y  l o a d i n g  r a t e s  were f a r  g r e a t e r  than  t h e  maximum recornended 
r a t e  f o r  conven t i ona l  systems. Our r e s u l t s  suggested t h a t ,  a l t hough  on t h e  
ave-rage t hese  systems were r e c e i v i n g  t h e  recomended d a i l y  l o a d i n g  r a t e s ,  
o c c a s i o n a l l y  t h e  systems were g r e a t l y  over loaded. M a r t i n  (1987) d iscusses  
t h e  p o s s i b l e  causes o f  ove r l oad ing ,  such as washing l a r g e  loads  o f  c l o t h e s  
and r a i n f a l l  events ,  f o r  these systems. 

Ano ther  o b s e r v a t i o n  made d u r i n g  t h e  s tudy  was t h e  v a r i a t i o n  i n  t h e  t ime  
r e q u i r e d  t o  pump t h e  p r e s e t  volume o f  e f f l u e n t  t o  t h e  d r a i n f i e l d s .  Fo r  
example, i n i t i a l l y  11 minu tes  o f  pumping t ime  were r e q u i r e d  t o  d i s t r i b u t e  
590 L  o f  wastewater  i n  t h e  d r a i n f i e l d  a rea  o f  t h e  Fores ted  system. By t h e  
end o f  t h e  study pe r i od ,  t h e  pumping t i m e  f o r  t h e  same volume o f  e f f l u e n t  
had i n c r e a s e d  t o  40 min  ( i  . e . ,  a 400% r e d u c t i o n  i n  t h e  pumping ra te ) .  I n  
J u l y  1985, t h e  E a r l y  Successional  system's  pump r e q u i r e d  2 1  m in  t o  d e l i v e r  



Tab le  6. I n d i v i d u a l  household wastewater p roduc t i on ,  and was teva te r  
a p p l i c a t i o n  da ta  f o r  the  f o u r  LPP systems. 

FORESTED LAWN 1 LAWN 2 EARLY 
SUCCESSIONAL 

Number o f  Occupants 4  2 3 2 

Design Volume, ~ / d #  

Design Loading Rate, L/(rn2d)## 
Area Bas i s  6.12 
Trench Bot tom Bas is*  61.2 

Number o f  DosesIDay 
Average 1.13 
Range 0-11 

Volume p e r  Dose, L  590 

Loading Rate p e r  Dose, ~ l ( m 2 )  
Area Bas i s  2.63 
Trench Bot tom Area 26.3 

Volume App l i ed ,  L l d  
Average 660 
Range 0-6460 

A c t u a l  Loading Rate, ~ / ( m * d )  
Area B a s i s  

Average 2.97 
Range 0-29 

Trench Bot tom Bas is  
Average 29.8 
Range 0-290 

# F o r  c o n v e r t i n g  L /d  ( l i t e r  pe r  day) t o  g a l l d  ( g a l l o n  p e r  day) 
d i v i d e  b y  3.784. 

g# For  c o n v e r t i n g  ~ / ( r n ~ d )  t o  ga1 / ( f t 2d )  mu1 t i p l y  by  0.025. 

* 
Trench w i d t h  i s  assumed t o  be 15 cm ( 6  i n ) .  



400 L of  e f f l u e n t  p e r  dos ing  event.  I n  December 1985, however, o n l y  11 min  
were r e q u i r e d  t o  d e l i v e r  t h e  same volume of e f f l u e n t .  The t ime  r e q u i r e d  t o  
d e l i v e r  t h e  same e f f l u e n t  volume i n  J u l y  1986 had inc reased  t o  13 min. 
P o s s i b l e  e x p l a n a t i o n s  f o r  t h e  changes i n  t h e  t ime p e r i o d  d u r i n g  which t h e  
p r e s e t  volume o f  wastewater  was a p p l i e d  t o  t h e  d r a i n f i e l d  a r e  c l o g g i n g  and 
unc logg ing  o f  t h e  ho les ,  e f f e c t  o f  ponding i n  t h e  t renches,  and leakage i n  
t h e  pumping t a n k  caus ing  wa te r  t o  e n t e r  t h e  tank. 

U n i f o r m i t y  o f  Hastewater  A p p l i c a t i o n  t o  t h e  Trenches 

Wastewater Ponding i n  Trenches. Ua te r  l e v e l  e l e v a t i o n  a t  n i n e  l o c a t i o n s  i n  
t h e  t r enches  o f  t h e  Lawn 1 system b e f o r e  dos ing  a re  shown i n  F ig .  10 f o r  
f i v e  d i f f e r e n t  months d u r i n g  t h e  study. I n  genera l ,  ponding o f  wastewater 
i n  t h e  t r enches  was observed a t  a l l  n i n e  l o c a t i o n s  a t  one t ime  o r  ano ther  
d u r i n g  t h e  s t u d y  pe r i od .  G rea te r  dep th  o f  wa te r  ponding was observed i n  
November and December o f  1985 a t  most l o c a t i o n s  w i t h i n  t h e  d r a i n f i e l d .  
More pond ing  was observed p r i o r  t o  wastewater a p p l i c a t i o n  a t  t h e  beg inn ing  
and m i d d l e  o f  a l l  t h e  t renches  t h a t  were moni tored.  I n  May and J u l y  o f  1986 
no measurable dep th  o f  wastewater  was observed a t  any l o c a t i o n  o t h e r  than  
t h e  b e g i n n i n g  and m idd le  o f  t h e  l cwer  l i n e .  Th i s  o b s e r v a t i o n  suggested t h a t  
t h e  s y s t e m  was b e s t  f u n c t i o n i n g  o n l y  under excep t i ona l  d rought  c o n d i t i o n s .  

Vas teva te r  A p p l i c a t i o n  t o  t h e  Trenches. F i g u r e  11 p resen ts  t h e  
wastewater  l e v e l  i n  t he  upper,  m idd le ,  and lower  t renches  b e f o r e  (12 hours 
a f t e r  l a s t  d o s i n g  even t )  and up t o  s i x  hours a f t e r  wastewater a p p l i c a t i o n  t o  
t h e  Lawn 1 system on October  17, 1985. As i s  ev i den t ,  p a r t s  o f  t h e  t renches 
were ponded b e f o r e  any wastewater was a p p l i e d  t o  t h e  d r a i n f i e l d .  I t m e d i a t e l y  
a f t e r  wastewater  a p p l i c a t i o n ,  wa te r  l e v e l  i n  t h e  t renches d i d  n o t  r i s e  
u n i f o r m l y ,  i n d i c a t i n g  t h a t  t h e  upper l i n e  ( i .e.  l i n e  # 7 )  d i d  n o t  r e c e i v e  as 
much e f f l u e n t  as  t h e  m i d d l e  and lower  l i n e s .  A lso,  no te  t h a t  t h e  end o f  t h e  
lower  l i n e  ( l i n e  # 2 )  d i d  n o t  r e c e i v e  a  measurable amount o f  e f f l u e n t  and 
remained r e l a t i v e l y  d r y  a t  a l l  t imes,  whereas t h e  wate r  l e v e l  i n  t h e  
b e g i n n i n g  and m i d d l e  o f  t h i s  l i n e  rose about  15 and 20 cm, r e s p e c t i v e l y .  
Assuming a  35% p o r o s i t y  f o r  t h e  g r a v e l ,  5 and 7 cm o f  wastewater  were 
a p p l i e d  t o  t h e  beg inn ing  and m idd le  o f  t h e  lower  l i n e  d u r i n g  t h i s  dos ing  
event .  The wa te r  l e v e l  a t  t h e  beg inn ing  and m idd le  o f  t h e  m i d d l e  t r e n c h  
l i n e  was s t i l l  r i s i n g  one hour  a f t e r  d o s i n g  had ended. T h i s  c o u l d  be due t o  
r e d i s t r i b u t i o n  o f  wastewater  i n  t h e  t r e n c h  l i n e  i n  a d d i t i o n  t o  e f f l u e n t  f l o w  
f rom o t h e r  l i n e s  i n t o  t h i s  l i n e  v i a  t h e  m a n i f o l d  o r  subsur face  f l o w  f rom 
a d j o i n i n g  t r enches  th rough l a r g e  channels. 

The s o i l  s u r f a c e  s l ope  (measured f r om t h e  end t o  t h e  beg inn ing  o f  t h e  l i n e s  
by a  s u r v e y o r ' s  l e v e l )  over  t h e  upper, m i d d l e  and lower  t renches  were 1.5, 
2.0, and 2.5%, r e s p e c t i v e l y .  I t  i s  p o s s i b l e  t h a t  t he  bo t tom o f  t renches  
were n o t  c o n s t r u c t e d  l e v e l  and c o n t r i b u t e d  t o  t h e  uneven r e d i s t r i b u t i o n  o f  
t h e  e f f l u e n t  i n  t h e  t renches.  However, wastewater ponding occured a t  t h e  
end o f  t h e  upper  and m i d d l e  l i n e s  s i x  hours  a f t e r  wastewater a p p l i c a t i o n  t o  
t h e  t renches.  [NOTE: We d i d  n o t  de te rmine  t h e  s lope  o f  t h e  bo t t om o f  t h e  
t renches  because a l l  f o u r  systems were p r i v a t e l y  owned and i n  ope ra t i on .  I t  
would have been d i f f i c u l t  t o  l o c a t e  t h e  bo t t om o f  t h e  t renches  w i t h o u t  
complete e x c a v a t i o n  o f  t h e  system.] 



I n  gene ra l ,  o b s e r v a t i o n  o f  t h i s  system i n d i c a t e d  t h a t  more was teva te r  was 
I 

a p p l i e d  t o  t h e  beg inn ing  o f  t h e  t r e n c h  l i n e s .  The l i n e  c l o s e s t  t o  t h e  pumping I 
tank  r e c e i v e d  t h e  g r e a t e s t  amount o f  wastewater,  whereas t h e  upper 1  i n e  
r e c e i v e d  t h e  l owes t  amount d u r i n g  a  dos ing  per iod .  A lso ,  t h e  i n f i l t r a t i o n  o f  I 
wastewater  i n t o  t h e  s o i l  was s low and ponding i n  t h e  t renches  occu r red  b e f o r e  i 
and c o n t i n u e d  s i x  hours  a f t e r  wastewater  a p p l i c a t i o n  t o  t h e  t renches.  The 
amount o f  e f f l u e n t  a p p l i e d  t o  any g i v e n  l o c a t i o n  w i t h i n  t h e  d r a i n f i e l d  o f  t h i s  
system a l s o  v a r i e d  d u r i n g  t h e  s tudy  per iod .  None o f  t h e  n i n e  l o c a t i o n s  monl-  
t o r e d  r e c e i v e d  equal  amounts o f  e f f l u e n t  c o n s i s t e n t l y .  
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Fig. 10. Water l e v e l  i n  t h e  t renches  b e f o r e  dos ing  o f  t h e  Lawn 1 
system f o r  f i v e  months. 
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Fig. 11. Water l e v e l  i n  the  trenches before  and up t o  s i x  hours a f t e r  
dosing o f  the Lawn 1 system on October 17, 1985. 



Uate r  l e v e l s  i n  t h e  t renches  a t  n i n e  l o c a t i o n s  w i t h i n  t h e  E a r l y  Success ional  
(de te rmined  on October  8, 1985) and Fores ted  systems (de te rmined  on 
September 24, 1985) a r e  p resen ted  i n  F ig .  12A and 128, r e s p e c t i v e l y .  
Wastewater a p p l i c a t i o n  t o  t h e  E a r l y  Successional  f i e l d  was g r e a t e s t  a t  t h e  
beg inn ing  o f  t h e  upper t r e n c h  l i n e  (Fig.  12A). The ends o f  t h e  upper and 
lower  l i n e s  r e c e i v e d  v e r y  l i t t l e  wastewater,  i f  any. The r i s e  i n  t h e  w a t e r  
l e v e l  i n  t h e  l owe r  t r e n c h  one hour  a f t e r  wastewater a p p l i c a t i o n  i n d i c a t e d  
r e d i s t r i b u t i o n  o f  e f f l u e n t  perhaps f rom t h e  upper l i n e s  i n t o  t h e  l owe r  l i n e .  
We shou ld  n o t e  t h a t  t h e  s o i l  s u r f a c e  s lopes (as measured by  a s u r v e y o r ' s  
l e v e l )  over  t h e  upper,  m i d d l e  and lower  t renches  were l e s s  t han  0.5%, and 
t he  s u r f a c e  s l opes  i n  t h e  d i r e c t i o n  pe rpend i cu l a r  t o  t h e  t renches  were 
a lmos t  ze ro  a t  t h e  beg inn ing ,  m i d d l e  and end o f  t h e  d r a i n f i e l d .  A lso ,  n o t e  
t h a t  a l l  t h e  t r enches  were ponded w i t h  wastewater b e f o r e  wastewater  
a p p l i c a t i o n ,  and f o u r  hours  a f t e r  dos ing  t he  wate r  l e v e l  i n  t h e  t renches  
remained h i g h e r  t han  t h e  predose cond i t i ons .  The s low i n f i l t r a t i o n  o f  
wastewater i n t o  t h e  s o i l  was perhaps due t o  t h e  s o i l  l ow  s o i l  h y d r a u l i c  
c o n d u c t i v i t y ,  a l t h o u g h  t h e  p o s s i b i l i t y  o f  t he  presence o f  a  c l o g g i n g  mat has 
n o t  been d iscoun ted .  S ince  we d i d  n o t  comp le te ly  excavate any o f  t h e  
t renches  o f  t h e  systems, i t  would be imposs ib le  t o  c o n f i r m  t h e  presence o r  
l a c k  o f  a  c l o g g i n g  mat a t  t h e  boundary o f  t he  t r e n c h  and s o i l .  We 
suspected, however, t h a t  because o f  t he  age o f  t he  systems (< 1.5 yea rs  a t  
t h e  b e g i n n i n g  o f  t he  s t udy )  a  c l o g g i n g  mat r espons ib l e  f o r  r educ ing  t h e  
i n f i l t r a t i o n  r a t e  o f  wastewater  i n t o  t h e  s o i l  has n o t  been formed by  t h e  
t ime these measurements were made. 

Wastewater pond ing  i n  t h e  t r enches  be fo re  dos ing  was a l s o  observed i n  t h e  
t renches  o f  t h e  Fo res ted  system (F ig .  12B). The s o i l  s u r f a c e  s lope  ove r  
t he  upper,  m i d d l e  and l owe r  t renches  were n e g l i g i b l e ,  whereas, t h e r e  was a  
s lope  o f  4% measured i n  a d i r e c t i o n  pe rpend i cu l a r  t o  t h e  t renches  
th roughou t  t h e  d r a i n f i e l d  area. I t  must be noted t h a t  t h e  l owe r  l i n e  o f  
t h i s  system was c losed,  due t o  t h e  s u r f a c i n g  o f  e f f l u e n t ,  t h r e e  months p r i o r  
t o  t h e  t i m e  o f  t h e  measurements p resen ted  here. The i nc rease  i n  t h e  w a t e r  
l e v e l  i n  t h i s  l i n e  i n d i c a t e d  t h a t  t h e r e  had been s u r f a c e  o r  subsur face  f l o w  
f rom o t h e r  l i n e s  i n t o  t h i s  lower  t rench.  A l though  t h e  c l o s i n g  o f  t h e  l owe r  
l i n e  reduced t h e  s u r f a c i n g  o f  t h e  e f f l u e n t ,  i t  d i d  n o t  e l i m i n a t e  t h e  p rob lem 
t o t a l  ly. 

S o i l  Water D i s t r i b u t i o n  i n  and Around D r a i n f i e l d s  

The s o i l  w a t e r  d i s t r i b u t i o n  i n s i d e  and o u t s i d e  t h e  d r a i n f i e l d  a reas  o f  a l l  
f o u r  systems b e f o r e  and a f t e r  wastewater  a p p l i c a t i o n  was de te rmined  
th roughou t  t h e  s t u d y  pe r i od .  I n  some cases o n l y  t h e  r e s u l t s  f o r  t h e  Lawn 1 
system w i l l  be d i scussed  as an example i n  d e t a i l .  R e s u l t s  f o r  t h e  o t h e r  
systems a r e  p resen ted  by M a r t i n  (1987). I t  must be no ted  t h a t ,  due t o  t h e  
nonrandomized d e s i g n  o f  t h e  sampl ing p r o t o c o l  ( L e . ,  t h e  sampl ing l o c a t i o n s  
i n  each f i e l d  were s e l e c t e d  s y s t e m a t i c a l l y )  and l a c k  o f  r e p l i c a t i o n s ,  no 
s t a t i s t i c a l  s i g n i f i c a n c e  o f  t h e  changes i n  s o i l  wa te r  s t a t u s  c o u l d  be 
evaluated.  The changes i n  t h e  v o l u m e t r i c  s o i l  wa te r  con ten t  observed a t  any 
i n d i v i d u a l  p o i n t  w i t h i n  t h e  f i e l d s  ( L e e ,  a g i v e n  dep th  i n s i d e  an access 
tube)  a r e  assumed t o  be r e a l  and w i l l  be d iscussed  w i t h  r espec t  t o  t h e i r  
r e l a t i v e  va lues.  The d i f f e r e n c e s  between t h e  s o i l  wa te r  con ten t  a t  v a r i o u s  
l o c a t i o n s ,  however, c o u l d  be due t o  t he  u n c e r t a i n t y  a s s o c i a t e d  w i t h  t h e  
c a l i b r a t i o n  o f  t h e  neu t ron  p robe  (r2 = 0.58). Small changes, l e s s  t h a n  5% 
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Fig. 12. Water level in the trenches o f  the Early Successional system ( A ) ,  and Forested 
system (B) before and after wastewater appl icai ton. 



(measured on v o l u m e t r i c  b a s i s ) ,  i n  t h e  s o i l  water  con ten t  f rom p o i n t  t o  
p o i n t  w i l l  be assumed t o  be n e g l i g i b l e ,  and d i f f e r e n c e s  l a r g e r  than 7.5% 
w i l l  be taken  as s i g n i f i c a n t .  Any change between 5 and 7.5% w i l l  be 
d iscussed  i n d i v i d u a l l y .  

S o i l  Water D i s t r i b u t i o n  Dur ing  a  Dosing Cycle. F i gu re  13 p resen ts  t h e  
v o l u m e t r i c  s o i l  wa te r  con ten t  d i s t r i b u t i o n  a t  t h ree  depths f o r  n i n e  
l o c a t i o n s  i n s i d e  t h e  d r a i n f i e l d  o f  t h e  Lawn 1 system be fo re  and a f t e r  
wastewater a p p l i c a t i o n  on June 19, 1985. The t op  and bot tom rows o f  t h e  
graphs a r e  t h e  upper ( #7 )  and lower  ( # 2 ) l i n e s  o f  t h e  system, r e s p e c t i v e l y .  
These graphs i n d i c a t e  t h a t  t h e  v o l u m e t r i c  water con ten t  change between 
predose and any t i m e  a f t e r  t h e  dos ing  event  f o r  any g i ven  l o c a t i o n  was 
s e n e r a l l y  l e s s  t han  4%. I n  f a c t ,  except  f o r  a  few p o s i t i o n s  i n  t he  p r o f i l e ,  
no i nc rease  i n  t h e  s o i l  water  con ten t  was observed f o l l o w i n g  wastewater 
a p p l i c a t i o n .  Four  hours a f t e r  wastewater a p p l i c a t i o n  a  s l i g h t  i nc rease  i n  
t h e  s o i l  wa te r  con ten t  was observed a t  a few o f  t h e  27 l o c a t i o n s  mon i t o red  
i n  t h e  s tudy.  There was a l s o  l i t t l e  change i n  t h e  s o i l  wa te r  con ten t  14 
hours a f t e r  t h e  wastewater a p p l i c a t i o n .  I n  comparison w i t h  t he  predose 
c o n d i t i o n s ,  seven o u t  o f  27 l o c a t i o n s  showed an inc rease  o f  1% i n  t h e  
v o l u m e t r i c  wa te r  con ten t ,  t h r e e  l o c a t i o n s  shcsed a  1% reduc t i on ,  and two 
l o c a t i o n s  shewed a  2% r e d u c t i o n  i n  s o i l  wa te r  content .  

A s  f o r  t h e  o u t s i d e  o f  t h e  d r a i n f i e l d ,  a l though s o i l  v a t e r  con ten t  v a r i e d  
f r om l o c a t i o n  t o  l o c a t i o n ,  no app rec iab le  change i n  t he  vo lume t r i c  s o i l  
wa te r  c o n t e n t  was observed f o r  i n d i v i d u a l  p o i n t s  up t o  14 h r s  a f t e r  t h e  
dos ing  event.  Smal l  v a r i a t i o n  i n  t h e  s o i l  water  con ten t  between dos ing  
events  a t  any g i v e n  l o c a t i o n  i n s i d e  and ou t s i de  o f  a l l  d r a i n f i e l d s  was 
observed t h roughou t  t h e  s tudy p e r i o d  and was  assumed n o t  t o  be e x c e p t i o n a l l y  
s i g n i f i c a n t .  

V a r i a t i o n  i n  S o i l  Water Content kmong D r a i n f i e l d s .  The a r e a l  
d i s t r i b u t i o n s  o f  t h e  v o l u m e t r i c  s o i l  wa te r  con ten t  a t  50. 100. 150. and 200 
cm depths (40 cm f rom t h e  cen te r  o f  t h e  t r ench )  were determined f o r  v a r i o u s  
t imes  d u r i n g  t h e  s tudy  per iod .  The s o i l  wa te r  con ten t  i n  the  v i c i n i t y  o f  t h e  
neu t ron  access tubes i n s t a l l e d  i n s i d e ,  a t  t h e  beginn ing,  m idd le ,  and end o f  
t h e  lower ,  m idd le ,  and upper t renches,  and ou t s i de  o f  t he  d r a i n f i e l d s  was 
p laced  i n t o  f o u r  groups. The ranges f o r  these groups were ob ta ined  by  
d i v i d i n g  t h e  d i f f e r e n c e  between t h e  maximum and t h e  minimum s o i l  wa te r  
con ten t  d u r i n g  t h e  study p e r i o d  i n t o  f o u r  d i v i s i o n s .  Accord ing t o  these  
d i v i s i o n s ,  a v o l u m e t r i c  s o i l  water  con ten t  g r e a t e r  than  47.5% was 
cons idered  t h e  w e t t e s t ,  w h i l e  a s o i l  wa te r  con ten t  lower  than  32.5% was 
cons idered  t h e  d r i e s t  area around each tube. Wetness i n  these areas i s  
shown by v a r i o u s  shading where dark  shading i n d i c a t e s  a h i g h  wate r  con ten t .  

The p l a n  v i e w  o f  t h e  v o l u m e t r i c  s o i l  wa te r  con ten t  a t  50 cm depth i n  and 
around t h e  d r a i n f i e l d s  on May 17, 1985 i s  presented i n  Fig. 14. A s  i s  
i n d i c a t e d ,  t h e  E a r l y  Successional  system had the  h i g h e s t  s o i l  wa te r  c o n t e n t  
a t  t h i s  dep th  f o l l o w e d  by t h e  Fores ted  system. Al though seven o f  t he  n i n e  
l o c a t i o n s  mon i t o red  i n  t h e  E a r l y  Successional  system had a  mo i s tu re  c o n t e n t  
h i g h e r  t han  47.5%, o n l y  one o f  t h e  mon i t o red  areas o u t s i d e  the  d r a i n f i e l d  





had a  m o i s t u r e  c o n t e n t  o f  48% and  t h e  r e s t  were  l e s s  t h a n  47%. I n  t h e  
F o r e s t e d  sys tem,  f i v e  l o c a t i o n s  a r o u n d  t h e  l o w e r ,  m i d d l e ,  and u p p e r  t r e n c h  
l i n e s  and  t h r e e  l o c a t i o n s  o u t s i d e  o f  t h e  d r a i n f i e l d  were  i n  t h e  w e t t e s t  
c l a s s .  S o i l  w a t e r  c o n t e n t  w i t h i n  t h e  Lawn 2 sys tem was be tween 41-47%, 
whereas  t h e r e  we re  t h r e e  l o c a t i o n s  o u t s i d e  o f  t h e  d r a i n f i e l d  t h a t  we re  i n  
t h e  <39.9% w a t e r  c o n t e n t  c l a s s .  The s o i l  w a t e r  c o n t e n t  u n d e r  t h e  Lawn 1 
sys tem was m o s t l y  u n i f o r m  and  v a r i e d  be tween 44-47% a t  e i g h t  l o c a t i o n s  and  
was 48% i n  t h e  m i d d l e  o f  t h e  u p p e r  l i n e .  
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Fig.  14. P l a n  v i e w  o f  t h e  d i s t r i b u t i o n  o f  s o i l  w a t e r  c o n t e n t  
depth f o r  t h e  f o u r  sys tems on May 17, 1985. 
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The p l a n  v iew o f  t h e  d i s t r i b u t i o n  o f  s o i l  wa te r  c o n t e n t  a t  100 cm dep th  
f o r  a l l  f o u r  systems i s  shown i n  F ig .  15. The s o i l  w a t e r  c o n t e n t  under  
t h e  Lawn 1 and Lawn 2 systems was m o s t l y  u n i f o r m  a t  t h i s  dep th  and v a r i e d  
between 43-47% and 42 -473 ,  r e s p e c t i v e l y .  Again  b o t h  E a r l y  Success iona l  and 
Fo res ted  systems had t h e  h i g h e s t  wa te r  con ten t ,  up t o  a maximum o f  52%, 
d i r e c t l y  under  t h e i r  r e s p e c t i v e  d r a i n f i e l d s .  I n  t h e  E a r l y  Success iona l  
system, t h e  upper  and m i d d l e  l i n e s  were t h e  w e t t e s t .  I n  t h e  Fo res ted  
system, t h e  w e t t e s t  areas were around t he  m i d d l e  and l o w e r  l i n e s .  I n  
g e n e r a l ,  t h e  s o i l  wa te r  con ten t  o u t s i d e  o f  t h e  d r a i n f i e l d s  was l owe r  a t  100 
cm d e p t h  compared t o  t he  50 cm depth.  
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F ig .  15. P l a n  v i e w  o f  t h e  d i s t r i b u t i o n  o f  s o i l  wa te r  c o n t e n t  a t  100 cm 
d e p t h  f o r  t h e  f o u r  systems on May 17, 1985. 



F i g u r e s  16 and 17 show t h e  a r e a l  d i s t r i b u t i o n  o f  t h e  s o i l  w a t e r  c o n t e n t  
a t  150 and 200 cm dep ths  f o r  May 17, 1985, r e s p e c t i v e l y .  ( A l t h o u g h  t h e  
d e p t h  t o  s a p r o l  i t e  was v a r i a b l e  a c r o s s  t h e  f o u r  d r a i n f i e l d s ,  on t h e  a v e r a g e  
a d e p t h  o f  200 cm was i n  t h e  C h o r i z o n ,  whereas 150 cm d e p t h  was i n  BC o r  C 
h o r i z o n  a t  each o f  t h e  l o c a t i o n s  shown on F i g u r e s  16  and 17.) These d a t a  
i n d i c a t e d  t h a t  s o i l  w a t e r  c o n t e n t  was w e t t e r  and more v a r i a b l e  d i r e c t l y  
under  t h e  d r a i n f i e l d s .  I n  f a c t ,  s o i l  w a t e r  c o n t e n t  a t  200 cm ranged between 
27% i n  t h e  Lawn 2 system t o  532 i n  t h e  E a r l y  Success iona l .  Zones o f  h i g h  
w a t e r  c o n t e n t  under  t h e  Lawn 1 and Lawn 2 systems i n d i c a t e d  p o s s i b l e  b u i l d  
up o f  p e r c h e d  w a t e r  t a b l e s .  I t  must  be n o t e d  t h a t  t h e  upper  p a r t  o f  t h e  
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F i g .  16. P l a n  v i e w  o f  t h e  s o i l  w a t e r  c o n t e n t  d i s t r i b u t i o n  a t  150 cm 
d e p t h  f o r  t h e  Lawn 1 sys tem on May 17, 1985. 



Lawn 2 and Lawn 1 systems, as shown by "no t  measured" a reas  i n  F ig .  16 i s  
u n d e r l a i n  b y  h a r d  rocks.  Wastewater p e n e t r a t i n g  t h e  s o i l  under these  
systems c o u l d  be stopped by such impermeable l aye rs .  I n  t h e  Fo res ted  
system, t h e  upper  p a r t  o f  t h e  d r a i n f i e l d  con ta i ned  l e s s  m o i s t u r e  a t  200 crn 
dep th  compared t o  t h e  l owe r  a rea  o f  t h e  d r a i n f i e l d  where w a t e r  may be moving 
t h rough  t h e  p r o f i l e .  Except  a t  a  lower  co rne r  o f  t h e  E a r l y  Success ional  
system, s o i l  w a t e r  c o n t e n t  a t  150 and 200 cm was more t h a n  40%. T h i s  may be 
due t o  t h e  s l owe r  movement o f  w a t e r  f r om  the  d r a i n f i e l d  a rea  wh ich  can be 
r e l a t e d  t o  t h e  topography. The landscape has l e s s  t han  0.5% s lopes  ove r  
t h i s  d r a i n f i e l d  area.  
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F ig .  17. P l a n  v iew  o f  t h e  s o i l  wa te r  con ten t  d i s t r i b u t i o n  a t  200 cm 
d e p t h  f o r  t h e  Lawn 1 system on May 17, 1985. 



V a r i a t i o n  i n  S o i l  Water Content  w i t h  Time. V a r i a t i o n  i n  t h e  s o i l  wa te r  
con ten t  w i t h  t ime  a t  t h e  50 cm dep th  i n  and around t h e  d r a i n f i e l d  a rea  o f  
t he  Lzwn 1 system i s  p resen ted  b y  the p l a n  view o f  t h e  s o i l  wa te r  d i s t r i b u -  
t i o n  f rom March 1985 th rough May 1986 (F ig .  18). As i s  i n d i c a t e d ,  t h e  s o i l  
wa te r  c o n t e n t  under t he  d r a i n f i e l d  area was g e n e r a l l y  g r e a t e r  t han  t h e  s o i l  
wa te r  c o n t e n t  a t  l o c a t i o n s  o u t s i d e  o f  t h e  d r a i n f i e l d .  Note t h a t  t h e  s o i l  
wa te r  c o n t e n t  i n  and around t h e  d r a i n f i e l d  was l e s s  d u r i n g  May 1985, 
September 1985 and May 1986. S o i l  mo i s tu re  con ten t  was between 44-48s 
i n s i d e  and 40-47% o u t s i d e  o f  t h e  d r a i n f i e l d  area i n  May 1985. I n  September 
1985 wa te r  con ten t  i n  and around the  d r a i n f i e l d  was 39-47%, and i n  May 1986 
wa te r  con ten t  was 38-46% i n s i d e  and 37-48% o u t s i d e  t h e  d r a i n f i e l d .  S o i l  
wa te r  con ten t  i n s i d e  t h e  d r a i n f i e l d  f o r  t he  o t h e r  t h r e e  months, however, 
s h o ~ e d  zones o f  h i g h  wate r  con ten t  i n s i d e  t h e  d r a i n f i e l d a r e a .  

These r e s u l t s  a r e  o f  s i g n i f i c a n t  i n t e r e s t  because t h e  s o i l  m o i s t u r e  a t  t h i s  
depth was c l o s e l y  r e l a t e d  t o  p r e c i p i t a t i o n ,  as w e l l  as, season. I t  i s  
obv ious t h a t  t h e  s o i l  wa te r  con ten t ,  i n s i d e  and o u t s i d e  o f  t he  d r a i n f i e l d s ,  
was unexpec ted ly  h i g h e r  when t h e  evapo t ransp i ra t i on  r a t e  was near  i t s  maxi-  
mum f o r  t h e  area. However, p r e c i p i t a t i o n  w a s  above average f o r  t h e  two 
months p reced ing  March 1985 and J u l y  1985, which r e s u l t e d  i n  a h i g h e r  s o i l  
v a t e r  c o n t e n t  i n s i d e  t he  d r a i n f i e l d s  f o r  t h e  above per iods .  The h i g h e r  
wate r  con ten t  cou ld  be due t o  t h e  c o l l e c t i o n  o f  su r f ace  r u n o f f  i n s i d e  t h e  
t renches  o r  inc reased  l o a d i n g  t o  the  system r e s u l t i n g  f rom a  l e a k i n g  pump 
t a n k .  The amount o f  p r e c i p i t a t i o n  was below average d u r i n g  A p r i l  and May 
1965, and d u r i n g  t h e  f i v e  months preceding May 1986. The e f f e c t  o f  t h e  1986 
d rought  was pronounced i n  t h e  s o i l  water con ten t  i n s i d e  and o u t s i d e  o f  t h e  
d r a i n f i e l d  area. 

The s o i l  wa te r  con ten t  a t  one c e n t r a l  l o c a t i o n  between t h e  Lzwn 1 and t h e  
E a r l y  Success ional  system was over  47% f o r  t h e  f o u r  months shown i n  F ig .  
18. T h i s  l o c a t i o n  corresponded w i t h  a depress ion  i n  t h e  landscape between 
t h e  two systems, and i s  an a rea  where su r f ace  r u n o f f  c o l l e c t s .  Ponding o f  
wa te r  i n  t h e  depress ion  near  t h e  neut ron access tube i n  t h i s  a rea  was 
observed o c c a s i o n a l l y ,  and g e n e r a l l y ,  corresponded t o  i n t e n s e  r a i n f a l l  
events  o r  occas iona l  s u r f a c i n g  o f  e f f l u e n t  i n  the  ad jacen t  E a r l y  
Success ional  system. 

S o i l  wa te r  con ten t  a t  100 cm dep th  remained r e l a t i v e l y  cons tan t  i n  t h e  
range o f  41-49% i n s i d e  t h e  d r a i n f i e l d  area o f  t he  Lawn 1 system (F ig .  19). 
Only one l o c a t i o n  had a  39% m o i s t u r e  con ten t  i n  May 1986 a f t e r  s i x  months o f  
below average r a i n f a l l .  The s o i l  water  con ten t  o u t s i d e  t h e  d r a i n f i e l d  was 
always l e s s  t han  o r  equal t o  t h e  water  con ten t  i n s i d e  t h e  d r a i n f i e l d .  A t  
t he  150 cm dep th  (Fig.  20), s o i l  water  con ten t  i n s i d e  t h e  d r a i n f i e l d  was 
l owes t  i n  May 1986. I n  genera l ,  t he  wate r  con ten t  o u t s i d e  o f  t h e  d r a i n f i e l d  
area was, l owe r  than  i n s i d e  t h e  d r a i n f i e l d .  S o i l  m o i s t u r e  d i s t r i b u t i o n  a t  
200 cm dep th  f o r  t h e  s i x  p e r i o d s  a r e  g i ven  i n  F ig .  21. Note t h a t  t h e  
wate r  c o n t e n t  i n s i d e  t h e  d r a i n f i e l d  showed l i t t l e  v a r i a t i o n  w i t h  t ime.  
There was an a rea  o f  over  50% wa te r  con ten t  near t h e  m a n i f o l d  wh ich  c o u l d  be 
due t o  t h e  c o l l e c t i o n  o f  s o i l  wa te r  above a l o c a l i z e d  i m p e n e a b l e  l a y e r .  
The m o i s t u r e  d i s t r i b u t i o n  p a t t e r n  f o r  t he  o u t s i d e  o f  t h e  d r a i n f i e l d  a l s o  
remained f a i r l y  s i m i l a r  f rom March 1985 t o  May 1986. 
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Fig. 18. P lan  v i e w  o f  t he  s o i l  water content  d i s t r i b u t i o n  a t  50 cm 
depth f o r  the  Lawn 1 system f rom March 1985 through May 1986. 
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F ig .  19. P l a n  v iew o f  t h e  s o i l  wa te r  con ten t  d i s t r i b u t i o n  a t  100 cm 
depth f o r  t h e  Lawn 1 system f rom March 1985 th rough May 1986. 
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Fig. 20. P lan v i e w  o f  the s o i l  w a t e r  content  d i s t r i b u t i o n  a t  150 cm 
depth f o r  the  Lawn 1 system f rom March 1985 through May 1986. 
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Fig. 21. P lan  v i e w  o f  t h e  s o i l  w a t e r  con ten t  d i s t r i b u t i o n  a t  200 cm 
d e p t h  f o r  t h e  Lawn 1 system from March 1985 th rough  May 1986. 



R e s u l t s  o f  t h e  v o l u m e t r i c  s o i l  wa te r  con ten t  under t h e  Lzwn 1 d r a i n f i e l d  
f rom Feb rua ry  1985 t o  May 1986 a r e  sumnarized i n  F i g .  22. Rote t h a t  t h e  
s o i l  w a t e r  c o n t e n t  a t  150 cm dep th  was g e n e r a l l y  l e s s  v a r i a b l e  w i t h  t i m e  
compared t o  t h e  s o i l  wa te r  c o n t e n t  a t  50 cm depth.  U i t h  t h e  e x c e p t i o n  o f  
t h e  m i d d l e  o f  t h e  m i d d l e  t r e n c h  and t h e  beg inn ing  o f  t h e  upper l i n e ,  s o i l  
wa te r  c o n t e n t  was t h e  h i g h e s t  a t  50 cm dep th  compared t o  t h e  r e s t  o f  t h e  
p r o f i l e .  

The s o i l  w a t e r  con ten t s  around t h e  neu t ron  access tubes  o u t s i d e  o f  t h e  
d r a i n f i e l d  a r e a  o f  t h i s  system from January 1985 t o  May 1986 a r e  shown i n  
F i g .  23. I n  g e n e r a l ,  t h e  s o i l  p r o f i l e  was d r i e r  o u t s i d e  o f  t h e  d r a i n f i e l d  
and e x h i b i t e d  a h i g h e r  v a r i a b i l i t y  b o t h  w i t h  dep th  and t ime. A h i g h e r  s o i l  
wa te r  c o n t e n t  a t  150 cm dep th  i n s i d e  compared t o  t h e  o u t s i d e  o f  t he  d r a i n -  
f i e l d  i n d i c a t e d  t h e  impact  o f  t h e  wastewater a p p l i c a t i o n  and r e l a t i v e l y  s low 
movement o f  w a t e r  f r om  s o i l  under  t h e  d r a i n f i e l d  area. 

These r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e  u n i f o r m i t y  o f  wastewater  a p p l i c a t i o n  
t o  t h e  d r a i n f i e l d  and ponding o f  wastewater i n  t h e  t renches .  Slow 
i n f i l t r a t i o n  o f  wastewater  i n t o  t h e  s o i l  a t  t h e  beg inn ing  o f  t h e  upper l i n e  
cor responded t o  l ewe r  wa te r  c o n t e n t  i n  t he  p r o f i l e  a s  compared t o  t h e  r e s t  
o f  t h i s  l i n e .  A l t hough  ponding occur red  a t  t h e  b e g i n n i n g  o f  t h e  upper 
l i n e ,  t h e  m in ima l  r e d u c t i o n  i n  t h e  wa te r  l e v e l  between t h e  dos ing  c y c l e s  was 
a  s i g n  o f  s l ow  i n f i l t r a t i o n  (see F ig .  10). However, l i t t l e  wastewater  was 
d e t e c t e d  a t  t h e  end o f  t he  upper  l i n e .  Most o f  t h e  wa te r  a p p l i e d  t o  t h i s  
p a r t  o f  t h e  t r e n c h  i n f i l t r a t e d  t h e  s o i l  as i n d i c a t e d  by a  r e l a t i v e l y  h i g h  
s o i l  w a t e r  p r o f i l e .  The h i g h e r  and more u n i f o r m  s o i l  wa te r  p r o f i l e  a t  t h e  
b e g i n n i n g  o f  t h e  m i d d l e  t r e n c h  l i n e  suggested t h a t  most o f  t h e  wa te r  a p p l i e d  
t o  t h e  b e g i n n i n g  o f  t h e  t r e n c h  i n f i l t r a t e d  i n t o  t h e  s o i l .  There fo re ,  t h e  
i n c r e a s e  i n  t h e  w a t e r  l e v e l  a t  t h e  beg inn ing  and m i d d l e  o f  t h i s  l i n e  one 
hour  a f t e r  d o s i n g  must be t h e  r e s u l t  o f  wa te r  f l o w  f r om o t h e r  t r e n c h  l i n e s  
i n  t h e  d r a i n f i e l d .  

S o i l  Water Regime Under t he  D r a i n f i e l d s  

The s o i l  w a t e r  reg imes under t h e  d r a i n f i e l d  a reas  o f  t h e  systems w i l l  be 
d i scussed  i n  terms o f  t h e  s o i l  wa te r  p o t e n t i a l .  A b r i e f  d e s c r i p t i o n  o f  t h e  
t o t a l  s o i l  w a t e r  p o t e n t i a l  and i t s  components w i l l  be presented.  For  more 
d i s c u s s i o n  on these  s u b j e c t s  t h e  reader  i s  r e f e r r e d  t o  any s o i l  p h y s i c s  t e x t  
book such a s  H i l l e l  (1982) and T a y l o r  and A s h c r o f t  (1972). 

T o t a l  S o i l  Water P o t e n t i a l .  T o t a l  s o i l  wa te r  p o t e n t i a l  i s  d e f i n e d  by  t h e  
S o i l  Sc ience  S o c i e t y  o f  America (1984) as " t h e  amount o f  work t h a t  must be 
done p e r  u n i t  q u a n t i t y  o f  p u r e  w a t e r  i n  o r d e r  t o  t r a n s p o r t  r e v e r s i b l y  and 
i s o t h e r m a l l y  an i n f i n i t e s i m a l  q u a n t i t y  o f  wa te r  f r om  a  p o o l  o f  water ,  a t  a  
s p e c i f i e d  e l e v a t i o n  and a tmospher i c  p ressure ,  t o  t h e  s o i l  w a t e r  ( a t  t h e  
p o i n t  under  c o n s i d e r a t i o n ) . "  The t o t a l  s o i l  wa te r  p o t e n t i a l  c o n s i s t s  o f  t h e  
g r a v i t a t i o n a l  p o t e n t i a l ,  osmot i c  p o t e n t i a l ,  m a t r i c  p o t e n t i a l ,  submergence 
p o t e n t i a l  and pneumat ic  p o t e n t i a l .  The t e r n s  s o i l  wa te r  t e n s i o n  and s o i l  
w a t e r  s u c t i o n  a r e  synonymous w i t h  m a t r i c  p o t e n t i a l  excep t  f o r  t h e  s ign .  
M a t r i c  p o t e n t i a l  i s  n e g a t i v e  whereas s o i l  wa te r  t e n s i o n  o r  s o i l  wa te r  suc- 
t i o n  i s  p o s i t i v e .  The sum o f  t h e  pneua t i c  and submergence i s  c a l l e d  t h e  







pressure  p o t e n t i a l .  The te rm s o i l  water  p o t e n t i a l  r e f e r s  t o  t h e  sum o f  t h e  
p ressure  p o t e n t i a l ,  m a t r i c  p o t e n t i a l  and osmotic p o t e n t i a l  (Tay lo r  and 
Ashc ro f t ,  1972). The sum o f  t h e  m a t r i c ,  p ressure  and g r a v i t a t i o n a l  po ten-  
t i a l s  i s  r e f e r r e d  t o  as t h e  h y d r a u l i c  p o t e n t i a l  ( o r  h y d r a u l i c  head, H) 
( H i l l e l ,  1982). Some s o i l  s c i e n t i s t s  p r e f e r  t o  combine t h e  m a t r i c  p o t e n t i a l  
and p ressu re  p o t e n t i a l  i n t o  one te rm and r e f e r  t o  i t  as t h e  m a t r i c  p o t e n t i a l  
( H i l l e l ,  1982). I n  t h i s  r e p o r t ,  however, the  terms s o i l  wa te r  p o t e n t i a l  
(used i n  t h e  t e x t )  and m a t r i c  p o t e n t i a l  (used i n  F igu res )  r e f e r  t o  t h e  sum 
of t h e  p ressu re  and rna t r i c  p o t e n t i a l s .  The sum o f  these  p o t e n t i a l s  i s  
g e n e r a l l y  measured i n  t h e  f i e l d  by  t he  use o f  t ens iome te rs  (Cassel and 
K l u t e ,  1986). 

S o i l  Water P o t e n t i a l  V a r i a t i o n  W i t h i n  Dosinq Cycles.  S o i l  water  p o t e n t i a l  
a t  t h r e e  dep ths  w i t h i n  t h e  d r a i n f i e l d  area o f  t h e  Lawn 1 system be fo re ,  0.5. 
4, and 14 hours  a f t e r  a  dos ing  event  i n  June 1985 a r e  p resen ted  i n  ~ i &  24.- 
I n  genera l ,  t h e  s o i l  p r o f i l e  a t  t h e  beg inn ing  o f  t h e  t renches  was more u n i -  
f o r m l y  wet as compared t o  t h e  m idd le  and end o f  t h e  l i n e s .  A t  t h e  end o f  
t h e  t renches  a  w ide r  range o f  s o i l  water  p o t e n t i a l  was observed w i t h  depth.  
Note t h a t  l i t t l e  change occur red  i n  the  s o i l  wa te r  p o t e n t i a l  a t  t h e  
beg inn ing  o f  t h e  t renches even 14 hours a f t e r  wastewater a p p l i c a t i o n .  The 
maximum change f o r  these areas was the  r e d u c t i o n  i n  t h e  s o i l  wa te r  p o t e n t i a l  
a t  t h e  150 cm dep th  i n  t h e  lower  t r ench  f rom -42 cm b e f o r e  t he  dose t o  -11 
cm a f t e r  t h e  dos ing  event.  The changes f o r  o t h e r  p o i n t s  i n  t he  p r o f i l e  a t  
t h e  beg inn ing  o f  t h e  t renches were between -4 and -16 cm o f  p o t e n t i a l .  A t  
o t h e r  p o i n t s  w i t h i n  t h i s  d r a i n f i e l d ,  no app rec iab le  change was measured up 
t o  4  hours a f t e r  t h e  dos ing  even t  except f o r  t h e  end o f  t h e  m idd le  l i n e .  
Only the  m i d d l e  and end o f  t h e  upper l i n e  and ends o f  t h e  m idd le  and l owe r  
l i n e s  shcwed a measurable change i n  the  s o i l  wa te r  p o t e n t i a l  f rom 4 t o  14 
hours a f t e r  dos ing.  

The r e s u l t s  a r e  c o n s i s t e n t  w i t h  wastewater d i s t r i b u t i o n  over  t he  d r a i n f i e l d  
and ponding o f  wastewater i n  t h e  trenches. Accord ing t o  our  data,  pond ing  
o f  wastewater was observed i n  a t  l e a s t  seven o f  t h e  n i n e  l o c a t i o n s  mon i t o red  
w i t h i n  t h i s  d r a i n f i e l d  except d u r i n g  the  extreme d rough t  p e r i o d  o f  1986. 
More wastewater was a p p l i e d  t o  t h e  beg inn ing  o f  t h e  t renches  (see F ig .  
l o ) ,  and t h e  e f f e c t s  were shown i n  t he  u n i f o r m i t y  o f  wetness i n  t h e  p r o f i l e  
a t  these l o c a t i o n s .  Ponding o f  wastewater i n  t h e  t renches  r e s u l t e d  i n  
l i t t l e  change i n  t h e  s o i l  wa te r  p o t e n t i a l  i n  t h e  p r o f i l e  up t o  t h e  150 cm 
depth,  w i t h i n  t h e  dos ing  cyc les .  The few measurable changes observed i n  t h e  
s o i l  wa te r  p o t e n t i a l  corresponded w i t h  t h e  l o c a t i o n s  where l i t t l e  o r  no 
wastewater pond ing  had occurred. The l a c k  o f  a p p r e c i a b l e  change i n  s o i l  
water  p o t e n t i a l  i n  t h e  p r o f i l e  c o u l d  perhaps be e x p l a i n e d  by t h e  presence of  
a quas i -s teady  s t a t e  c o n d i t i o n  under t he  d r a i n f i e l d .  Under a  s teady s t a t e  
c o n d i t i o n ,  t h e  amount o f  wastewater i n f i l t r a t i n g  t h e  s o i l  f rom t h e  t r e n c h e s '  
s ides  and bot toms p l u s  any p r e c i p i t a t i o n  would equal  t h e  d ra inage  f r om t h e  
p r o f i l e  p l u s  evapo t ransp i ra t i on .  Consequently, no change i n  s o i l  wa te r  
p o t e n t i a l  would be observed w i t h i n  dos ing  cyc les.  





The r e s u l t s  f o r  t h e  E a r l y  Success ional  and Fores ted  systems were f a i r l y  
s i m i l a r  t o  t h e  obse rva t i ons  p resen ted  f o r  t he  Lawn 1 system. M a r t i n  (1987) 
p r e s e n t s  s e l e c t e d  examples o f  t h e  r e s u l t s  f o r  these two systems. 

Seasonal V a r i a t i o n s  o f  S o i l  Water P o t e n t i a l .  F i g u r e  25 p resen ts  t h e  s o i l  
wa te r  p o t e n t i a l  a t  t h e  beg inn ing ,  m idd le  and end o f  t h e  upper, m i d d l e  and 
lower  l i n e  o f  t h e  Lawn 1 system f rom May 1985 t o  May 1986. Two obse rva t i ons  
a r e  o f  p a r t i c u l a r  i n t e r e s t .  F i r s t ,  t h e  s o i l  wa te r  p o t e n t i a l  p r o f i l e  was 
more u n i f o r m  a t  t h e  beg inn ing  o f  t h e  t renches  compared t o  t h e  o t h e r  a reas  of 
t h e  d r a i n f i e l d .  S o i l  wa te r  p o t e n t i a l  changes f o r  a l l  depths combined were 
between 35 t o  -165 cm o f  p o t e n t i a l  f rom May t o  December 1985. I n  c o n t r a s t ,  
s o i l  wa te r  p o t e n t i a l s  a t  v a r i o u s  depths f o r  each end o f  t h e  l i n e  l o c a t i o n  
were q u i t e  v a r i a b l e .  I n  f a c t ,  s o i l  wa te r  p o t e n t i a l  a t  some depths was 
o c c a s i o n a l l y  l a r g e r  than  t he  o p e r a t i o n a l  range o f  tens iometers .  I n  these  
cases, t h e  s o i l  wa te r  p o t e n t i a l  was assumed t o  be l e s s  than  -800 cm o f  wa te r  
p o t e n t i a l .  F o r  t h e  purpose o f  p r e s e n t a t i o n ,  however, these cases were 
taken  as -800 cm o f  p o t e n t i a l .  I t  shou ld  be no ted  t h a t  t he  same gene ra l  
o b s e r v a t i o n  was made when e v a l u a t i n g  s o i l  water  p o t e n t i a l  w i t h i n  a  d o s i n g  
cyc le .  Second, t h e  s o i l  wa te r  p o t e n t i a l  a t  any dep th  f o r  t he  end o f  a l l  
t h r e e  l i n e s  changed s i g n i f i c a n t l y  w i t h  t ime. These changes f o r  t h e  v a r i o u s  
depths a t  t h e  beg inn ing  o f  t he  l i n e s  &ere  r e l a t i v e l y  smal l .  The v a r i a t i o n  
i n  t h e  m i d d l e  o f  t h e  l i n e s  was somewhere between t h e  v a r i a t i o n  a t  t h e  
beg inn ing  and end o f  t he  t renches.  These obse rva t i ons  can be e x p l a i n e d  b y  
t h e  dynamic changes i n  t h e  u n i f o r m i t y  o f  wastewater a p p l i c a t i o n  t h roughou t  
t h e  s t udy  p e r i o d .  As was d iscussed  e a r l i e r ,  v a r i a t i o n  i n  t h e  amount o f  
wastewater  a p p l i e d , t o  t he  end o f  t h e  l i n e s  was much g r e a t e r  compared t o  t h e  
beg inn ing  o f  t h e  l i n e s .  Wastewater ponding was observed i n  t he  b e g i n n i n g  o f  
t h e  t r enches  a t  a l l  t imes  except  d u r i n g  t he  d rough t  p e r i o d  o f  1986. The 
changes i n  t h e  s o i l  water  p o t e n t i a l  f o r  t h e  Lzwn 1 sys tem's  d r a i n f i e l d  
cor responded d i r e c t l y  w i t h  ponding i n  t h e  t renches  and t h e  amount o f  
wastewater  a p p l i e d  t o  t h a t  p a r t  o f  t h e  d r a i n f i e l d  d u r i n g  t he  s tudy  p e r i o d .  

Water Flow f r o m  Trenches th rough  S o i l  

Vastewater  i n f i l t r a t i o n  f rom t h e  t renches  and i t s  movement th rough  t h e  s o i l  
p r o f i l e  under  t h e  d r a i n f i e l d  was assessed by d e t e r m i n i n g  t he  s o i l  w a t e r  
p o t e n t i a l  a t  56 p o i n t s  on a  p lane  p e r p e n d i c u l a r  t o  t h e  m i d d l e  l i n e  ( l i n e  # 
4 )  o f  t h e  Lzwn 1 and Fores ted  systems. For  an i d e a l  system, t h e  
e q u i p o t e n t i a l  l i n e s  f o r  t h e  m idd le  l i n e  o f  t he  d r a i n f i e l d  a r e  s y m n e t r i c a l  
and have a z e r o  s l ope  a t  about 80 cm h o r i z o n t a l  d i s t a n c e  f rom the  c e n t e r  o f  
t h e  t r e n c h  l i n e  ( L e . ,  app rox ima te l y  ha l fway  between t h e  m idd le  l i n e  and i t s  
a d j o i n i n g  t r enches )  as shown i n  F ig .  26. [An e q u i p o t e n t i a l  l i n e  i s  one 
f o r  wh ich  a l l  p o i n t s  have t h e  same va lue  o f  h y d r a u l i c  p o t e n t i a l  H, t h e  sum 
o f  t h e  s o i l  w a t e r  p o t e n t i a l  and g r a v i t a t i o n a l  p o t e n t i a l .  For  more 
i n f o r m a t i o n  see Kirkham and Powers, 1972.1 I n  o t h e r  words, wastewater f l o w  
f r om i n d i v i d u a l  t renches  must be s p e t r i c a l  w i t h  r e s p e c t  t o  t h e  c e n t e r  o f  
t h e  t rench .  T h i s  means t h a t  wastewater a p p l i e d  t o  t h e  m i d d l e  t r e n c h  l f n e  
moves s y m n e t r i c a l l y  i n  t h e  volume o f  t h e  s o i l  bounded b y  two i n a g i n a r y  
v e r t i c a l  p l a n e s  l o c a t e d  ha l fway  between t h e  m idd le  and t h e  two a d j o i n i n g  
t renches.  
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Fig .  26. A schematic diagram o f  t h e  e q u i p o t e n t i a l  l i n e s  f o r  t he  m i d d l e  
l i n e  o f  an i d e a l  LPP system i n d i c a t i n g  symne t r i ca l  wa te r  f l o w  
th rough  s o i l .  

F i g u r e  27 shows t h e  e q u i p o t e n t i a l  l i n e s  under l i n e  # 4 o f  t h e  Lawn 1 
system be fo re  and a f t e r  a  dos ing  event  on A p r i l  10, 1985. The p e r s p e c t i v e  
o f  t h e  f i g u r e  i s  presented f rom t h e  end o f  t h e  l a t e r a l  l i n e s  f a c i n g  t h e  
man i fo ld .  Tha t  i s ,  t h e  l e f t  hand s i d e  o f  t h e  f i g u r e  corresponds w i t h  t h e  
s o i l  p r o f i l e  between l i n e s  3 and 4. The re fe rence  l e v e l  f o r  t h e  g r a v i t a -  
t i o n a l  p o t e n t i a l  was se lec ted  on t h e  s o i l  su r f ace  a t  t h e  l e f t  hand c o r n e r  o f  
t h e  g r i d  system. Since t h e  s l ope  o f  t h e  s o i l  su r f ace  over  t h e  g r i d  p o i n t s  
was c l o s e  t o  zero,  a l l  t h e  tens iometers  a t  a g i ven  dep th  were on a  l i n e  
p a r a l l e l  t o  t h e  s o i l  sur face.  Cons ider ing  t h a t  t h e  f l o w  l i n e s  (pa th  o f  
wa te r  f l o w  i n  t h e  s o i l )  a r e  pe rpend i cu la r  t o  t he  e q u i p o t e n t i a l  l i n e s  
(Kirkham and Powers, 1972), i t  i s  obv ious t h a t  wa te r  f l o w  f r om t h e  m i d d l e  
t r e n c h  t h rough  t h e  p r o f i l e  i s  n o t  symnet r i ca l .  A l so  no te  t h a t  l i t t l e  change 
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Fig.  27. E q u i p o t e n t i a l  l i n e s  under t h e  middle t rench l i n e  o f  the  Lawn 1 
system be fo re  ( A )  and f i v e  hours a f t e r  wastewater a p p l i c a t i o n  
(B) on A p r i l  10, 1985. 



i n  t h e  p o s i t i o n  o f  t h e  e q u i p o t e n t i a l  l i n e s  had occur red  f i v e  hours  a f t e r  
wastewater  a p p l i c a t i o n  t o  t h e  t rench.  The same obse rva t i on  w a s  made 
t h roughou t  t h e  s t udy  p e r i o d ,  and t he  r e s u l t s  were c o n s i s t e n t  w i t h  t he  s o i l  
wa te r  c o n t e n t  d i s t r i b u t i o n  under t h e  e n t i r e  d r a i n f i e l d .  

The e q u i p o t e n t i a l  l i n e s  b e f o r e  wastewater a p p l i c a t i o n  i n  A p r i l ,  June and 
December 1985 f o r  t h e  Lawn 1 system a r e  shown i n  F ig .  28. The nonsym- 
m e t r i c a l ,  e q u i p o t e n t i a l  l i n e s  a l s o  i n d i c a t e d  a  nonsymnet r i ca l  i n f i l t r a t i o n  
p a t t e r n  f o r  wastewater  f r om  t h e  t r e n c h  i n t o  t h e  s o i l  under t h e  Lzwn 1 d r a i n -  
f i e l d .  A l t hough  t h e  s l ope  o f  t h e  s o i l  su r f ace  over t h e  g r i d  system was 
zero ,  more wastewater  moved i n t o  t h e  s o i l  th rough  t h e  r i g h t  hand s i d e  o f  t h e  
t r e n c h  (between l i n e s  4 and 5 ) ,  w h i l e  t he  upper p a r t  o f  t he  p r o f i l e  between 
l i n e s  3 and 4 remained r e l a t i v e l y  dry .  

The r e s u l t s  f o r  June and December showed t h a t  l i t t l e  change occu r red  i n  t h e  
s o i l  w a t e r  p o t e n t i a l  under t h e  t r e n c h  l i n e  (see F ig .  28). A c l o s e  i nspec -  
t i o n  o f  t h e  f i g u r e  r e v e a l s  t h a t  t he  m a t r i c  p o t e n t i a l  a t  t h e  r i g h t  hand s i d e  
o f  t h e  p r o f i l e  near  t he  bo t t om o f  t he  t r e n c h  l i n e  was e i t h e r  p o s i t i v e  o r  
v e r y  c l o s e  t o  zero.  T h i s  i n d i c a t e s  t h a t  s o i l  wa te r  con ten t  i n  t h i s  a rea  was 
a t  o r  near  s a t u r a t i o n  and l i t t l e  change i n  wa te r  con ten t  occu r red  f rom June 
t o  December. A t  deeper depth,  s o i l  water  p o t e n t i a l  was ve ry  s i m i l a r  i n  
A p r i l  and June, b u t  was s l i g h t l y  l e s s  i n  December. I n  gene ra l ,  s o i l  wa te r  
p o t e n t i a l  under  t h e  m i d d l e  t r e n c h  l i n e  was lowes t  i n  A p r i l  and  h i g h e s t  i n  
December. Cons ide r i ng  t h e  magnitude o f  t he  change, hcwever, i t  seems t h a t  a  
quas i  s t eady  s t a t e  c o n d i t i o n  e x i s t e d  i n  t h e  p r o f i l e  d u r i n g  t h i s  pe r i od .  

The e q u i p o t e n t i a l  l i n e s  f o r  t h e  Fores ted  system be fo re  wastewater  
a p p l i c a t i o n  f o r  A p r i l ,  June and November 1985 a r e  p resen ted  i n  F i g .  29. 
As i s  i n d i c a t e d  by t h e  e q u i p o t e n t i a l  l i n e s ,  t he  v a s t e v a t e r  f r o m  t h e  m i d d l e  
t r e n c h  l i n e  moved th rough  t h e  s o i l  i n  a  s y r m e t r i c a l  f ash ion .  T h i s  was 
observed f o r  o t h e r  t imes  d u r i n g  a  dos ing  c y c l e  and i t  must be n o t e d  t h a t  
l i t t l e  change occu r red  i n  t h e  p o s i t i o n  o f  t he  e q u i p o t e n t i a l  l i n e s  a f t e r  a  
dos ing  even t  t h roughou t  t h e  s tudy  per iod .  

I n  a d d i t i o n  t o  t h e  above ment ioned r e s u l t s  a  number o f  obse rva t i ons  were 
made t o  enhance o u r  unders tand ing  o f  t h e  behav io r  o f  t h e  systems. Fo r  
example, a t  a  number o f  l o c a t i o n s  a long  t h e  l a t e r a l  l i n e s  o f  t h e  Fo res ted  
system, t h e  t r enches  were p a r t i a l l y  excavated ( i .e . ,  n o t  t o  t he  bo t t om o f  
t h e  t r e n c h )  wh i ch  revea led  t h a t  t h e  system was somehow p o o r l y  i n s t a l l e d .  I n  
some areas,  n o t  enough g r a v e l  was p l aced  under and above t h e  l a t e r a l  l i n e s ,  
and i n  most  cases n o t  enough b a c k f i l l  m a t e r i a l  was p l aced  on t o p  o f  t h e  
t renches.  Wh i l e  l a c k  o f  adequate g r a v e l  i n  t h e  t renches  may have c o n t r i -  
bu ted  t o  p a r t i a l  b lockage  o f  t h e  ho les  on t h e  l a t e r a l  l i n e s  by f i n e  s o i l  
p a r t i c l e s ,  t h e  dep ress i on  over  t h e  t r e n c h  l i n e s  was r e s p o n s i b l e  f o r  s u r f a c e  
r u n o f f  c o l l e c t i o n  and i n f i l t r a t i o n  i n t o  t he  t renches. Lack o f  adequate 
b a c k f i l l  was a l s o  observed i n  t he  E a r l y  Successional  system, b u t  was much 
l e s s  pronounced i n  t h e  two lawn systems which.were ma in ta i ned  by t h e  
homeowners. 

Ano ther  o b s e r v a t i o n  made by p a r t i a l l y  excava t i ng  some o f  t h e  l i n e s  o f  t h e  
Fo res ted  system was t h e  c l o g g i n g  o f  some ho les  by s o l i d  p a r t i c l e s  p r e s e n t  i n  
wastewater  a n d l o r  by s o i l  i n  t h e  t renches  t h a t  d i d  n o t  have adequate g r a v e l .  
I n  some cases, t h e  c l o g g i n g  was f o r c i b l y  removed, sugges t ing  b lockage f r o m  
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i n s i d e  t h e  l a t e r a l  l i n e .  A t  some l o c a t i o n s  a g i t a t i o n  o f  t he  p i p e  was ade- 
qua te  f o r  r eopen ing  t h e  ho les .  Subsequent o b s e r v a t i o n  o f  wastewater  l e v e l s  
i n  t h e  t r e n c h e s  t h a t  were excavated i n d i c a t e d  t h a t  wastewater  d i s t r i b u t i o n  
was improved a f t e r  u n c l o g g i n g  t h e  ho les ,  b u t  some h o l e s  were a p p a r e n t l y  
r ec l ogged  a f t e r  a p e r i o d  o f  n i n e  months. 

Some of t h e  l i n e s  were a p p a r e n t l y  i n s t a l l e d  a t  s lopes  g r e a t e r  t h a n  1%. The 
Lawn 2 system, f o r  example, had a  s u r f a c e  s l ope  o f  abou t  5% i n  t h e  d i r e c t i o n  
o f  t h e  l a t e r a l s .  A l t hough  we d i d  n o t  m o n i t o r  t h i s  system f o r  t h e  l e v e l  o f  
was tewate r  i n  i t s  t r e n c h e s  (due t o  t h e  o b j e c t i o n  o f  homeowner f o r  hav ing  
p i p e s  i n s t a l l e d  i n  h i s  y a r d ) ,  we s t r o n g l y  b e l i e v e  t h a t  t h e  t r e n c h  bot toms 
were n o t  i n s t a l l e d  l e v e l .  T h i s  may have caused s u r f a c i n g  o f  e f f l u e n t  a t  
t h e  downslope p a r t  o f  t h e  d r a i n f i e l d .  The su r f ace  f a i l u r e  was a  c l e a r  
i n d i c a t i o n  t h a t  t h e  bo t t om o f  t he  t renches  were f o l l o w i n g  t h e  s u r f a c e  s lope.  
Acco rd i ng  t o  Cogger e t  a l .  (1982), l e v e l  t renches  a r e  necessary  f o r  p r o p e r  
f u n c t i o n i n g  o f  a  l o w  p r e s s u r e  p i p e  s e p t i c  tank  system. Our e v a l u a t i o n  o f  
t h e  was tewate r  d i s t r i b u t i o n  and l e v e l  o f  ponding i n  t h e  t r enches  o f  t h r e e  
o f  t h e  systems c l e a r l y  i n d i c a t e d  t h a t  more wastewater  pond ing  was observed 
a t  t h e  b e g i n n i n g  o f  t h e  t renches  wh ich  corresponded t o  t h e  downslope p a r t  o f  
each d r a i n f i e l d .  N o n u n i f o r m i t y  o f  wastewater d i s t r i b u t i o n  r e s u l t s  i n  a  
h i g h e r  volume o f  was tewate r  a p p l i c a t i o n  t o  t h e  beg inn ing  o f  t h e  t renches.  
T h i s ,  we b e l i e v e ,  i s  t h e  most impo r tan t  f a c t o r  a f f e c t i n g  t he  ponding o f  t h e  
e f f l u e n t .  Obv ious l y ,  t h e  beg inn ing  o f  t h e  t renches  r e c e i v e  more wastewater  
due t o  a  l a g  t i n e  f r o m  t h e  t ime  e f f l u e n t  reaches t h e  f i r s t  h o l e  t o  t h e  t i m e  
i t  s t a r t s  f l o w i n g  f r o m  t h e  l a s t  h o l e  on t h e  l a t e r a l  l i n e .  Slow d isp lacement  
o f  t h e  en t rapped  a i r  i n s i d e  t h e  l a t e r a l  l i n e  c o n t r i b u t e s  s i g n i f i c a n t l y  t o  
t h i s  l a g  t ime.  

S o i l  wa te r  c o n t e n t  and s o i l  wa te r  p o t e n t i a l  i n  and around t h e  d r a i n f i e l d  
a reas  showed l i t t l e  f l u c t u a t i o n  w i t h i n  t h e  dos ing  cyc les .  T h i s  may be 
due t o  pond ing  i n  t h e  t r enches  and i n d i c a t e d  a  quas i  s teady  s teady  s t a t e  
c o n d i t i o n  f o r  each system. The seasonal changes, however, were s i g n i f i c a n t  
and showed a d i r e c t  r e l a t i o n s h i p  w i t h  p r e c i p i t a t i o n .  Obse rva t i on  o f  t h e  
pumping c y c l e s  u s i n g  t h e  wa te r  l e v e l  r eco rde rs  i n s t a l l e d  on t h e  pump tanks  
o f  t h e  f o u r  systems i n d i c a t e d  f r e q u e n t  pumping o f  e f f l u e n t  t o  t h e  
d r a i n f i e l d s  on c e r t a i n  days o f  t he  week o r  f o l l o w i n g  heavy r a i n f a l l  events .  
Wh i l e  t h e  f o rme r  was r e l a t e d  t o  t h e  wa te r  use p a t t e r n  o f  t he  household  
(e.g., l a u n d r y  days) ,  t h e  l a t e r  was b e l i e v e d  t o  be r e l a t e d  t o  l e a k y  pump 
tanks  and /o r  s i p h o n i n g  o f  t h e  wastewater  f rom t h e  t r enches  back i n t o  t h e  
pump tank. I n  a  number o f  occas ions,  t h e  homeowners were a l e r t e d  about  
excess i ve  use o f  w a t e r  i n  a  s h o r t  p e r i o d  o f  t ime ,  such a s  s u c c e s s i v e l y  
waghing l a r g e  l o a d s  o f  c l o t h e s ,  and p o s s i b l e  l e a k y  f z u c e t s  o r  t o i l e t  t anks  
i n  t h e  house. However, no a c t i o n  was t aken  t o  c o r r e c t  t h e  p o s s i b l e  l e a k s  i n  
t h e  pump tanks.  



Movement o f  S o l u t e s  Through Solum and S a p r o l i t e  

I n  t h e  l a b o r a t o r y  s o i l  column exper imen t  movement o f  Cat+, K+, N - N H + ,  N-NO; 
and C1- t h r o u g h  d i s t u r b e d  and u n d i s t u r b e d  s o l  um and s a p r o l  i t e  m a t e r f a l  was 
s t u d i e d .  A b r e a k t h r o u g h  c u r v e  was o b t a i n e d  f o r  each o f  t h e  f i v e  i o n s  
and t h e  t o t a l  d i s s o l v e d  s o l u t e s  (expressed b y  t h e  e l e c t r i c a l  c o n d u c t i v i t y ,  
EC) b y  r e l a t i n g  t h e  n o r m a l i z e d  o u t f l o w  c o n c e n t r a t i o n  t o  t h e  volume o f  
o u t f l o w .  The o u t f l o w  c o n c e n t r a t i o n  was n o r m a l i z e d  b y  d i v i d i n g  t h e  con- 
c e n t r a t i o n  o f  t h e  o u t f l o w  s o l u t i o n  ( C )  c o l l e c t e d  i n  i n c r e m e n t s  m inus  t h e  
i n i t i a l  c o n c e n t r a t i o n  o f  s o i l  s o l u t i o n  ( C i )  b y  t h e  c o n c e n t r a t i o n  o f  i n f l o w  
s o l u t i o n  (Co) m inus  t h e  i n i t i a l  c o n c e n t r a t i o n  o f  s o i l  s o l u t i o n  ( i .e . ,  
(C-Ci)/(C,-Ci)). T a b l e  7  p r e s e n t s  t h e  mean and s t a n d a r d  d e v i a t i o n  o f  t h e  
i n i t i a l  c o n c e n t r a t i o n  f o r  t h e  f i v e  i o n s  and t o t a l  d i s s o l v e d  s o l u t e s  (EC) as  
d e t e r m i n e d  b y  t h e  o u t f l o w  c o n c e n t r a t i o n  b e f o r e  s o l u t e  a p p l i c a t i o n  ( i .e.,  
b e f o r e  to). 

Because o f  t h e  s l i g h t  d i f f e r e n c e s  i n  t h e  v e l o c i t y  o f  s o l u t i o n  mov ing  
t h r o u g h  t h e  i n d i v i d u a l  r e p l i c a t i o n s  f o r  t h e  d i s t u r b e d  ~ n d  u n d i s t u r b e d  so lum 
and s a p r o l i t e  m a t e r i a l s  ( see  T a b l e  5 ) ,  a  mean b r e z k t h r o u g h  c u r v e  was 
o b t a i n e d  a s  f o l  lows:  ( i )  t h e  normal  i z e d  o u t f l o w  c o n c e n t r a t i o n  (a1 so r e f e r r e d  
t o  a s  t h e  r e l a t i v e  c o n c e n t r a t i o n ) ,  (C -C i ) / (Co-C j ) ,  f o r  each i o n  was p l o t t e d  
a g a i n s t  t h e  p o r e  volume f o r  each r e p l i c a t i o n ;  ( i i )  a  smooth c u r v e  was drzwn 
t h r o u g h  t h e  p o i n t s  b y  v i s u a l l y  e s t i m a t i n g  t h e  b e s t  f i t t e d  cu rve ;  and 
( i i i )  an  ave rage  c u r v e  f o r  t h e  t h r e e  r e p l i c a t i o n s  was o b t a i n e d  b y  

T a b l e  7. The mean and s t a n d a r d  d e v i a t i o n  ( 5 . d . )  o f  i n i t i a l  s o i l  
s o l u t i o n  c o n c e n t r a t i o n  f o r  f i n e  i o n s  and EC. 

MEAN s.d. 

74.2  13.4 

# F o r  Co v a l u e s  see T a b l e  4. 



a v e r a g i n g  t h e  v a l u e s  o f  t h e  p o r e  volume f o r  s e l e c t e d  ( C - C i ) l ( C o - C i )  v a l u e s .  
As a n  example ,  F i g .  301 t o  30111 p r e s e n t  t h e  a c t u a l  v a l u e s  o f  r e l a t i v e  con-  
c e n t r a t i o n  vs. p o r e  vo lume and t h e  f i t t e d  c u r v e  f o r  t h e  movement o f  N-NO3 
t h r o u g h  t h r e e  r e p l i c a t i o n s  o f  t h e  u n d i s t u r b e d  s o i l  samples. The a v e r a g e  
b r e a k t h r o u g h  c u r v e  f o r  t h e  t h r e e  r e p l i c a t i o n s  i s  shown i n  F i g .  301V. As 
i s  e v i d e n t ,  a l t h o u g h  no m a t h e m a t i c a l  o r  s t a t i s t i c a l  model  has  been  used  f o r  
t h e  b e s t  f i t t e d  c u r v e ,  t h e  b r e a k t h r o u g h  c u r v e  o b t a j n e d  by v i s u a l l y  
e s t i m a t i n g  a l i n e  t h r o u g h  t h e  measured v a l u e s  r e p r e s e n t s  a  r e a s o n a b l e  b e s t  
f i t .  
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F i g .  30. R e l a t i v e  c o n c e n t r a t i o n ,  ( C - C i ) l ( C o - C i ) ,  vs. p o r e  vo lume  
a n d  f i t t e d  b r e a k t h r o u g h  c u r v e s  f o r  t h e  t h r e e  r e p l i c a t i o n s  
( I - I I I ) ,  and  the  a v e r a g e  b r e a k t h r o u g h  c u r v e  ( I V )  f o r  t h e  
movement o f  NO3 t h r o u g h  u n d i s t u r b e d  s o i l .  



Movement o f  Anions through Solum and Sap ro l i t e .  Average b reak th rough 
curves f o r  t h e  movement o f  N-NO3 through und is tu rbed  and d i s t u r b e d  solum and 
s a p r o l i t e  columns a r e  presented i n  F ig .  31. Each f i g u r e  c o n s i s t s  o f  f o u r  
graphs, A-D, wh ich  represen t  curves f o r  und is tu rbed  solum, und i s tu rbed  
s a p r o l i t e ,  d i s t u r b e d  solum and d i s t u r b e d  s a p r o l i t e ,  r e s p e c t i v e l y .  

Cons ider ing  F ig .  31A and 8, n i t r a t e  appeared i n  t he  o u t f l o w  o f  t h e  
und i s tu rbed  s o i l  f a s t e r  compared t o  s a p r o l i t e .  Th i s  i s  shown by  a  h i g h e r  
pore  volume (PV)  va lue  f o r  (C-Ci)/Co-Cj) = 0.05 f o r  und i s tu rbed  
s a p r o l i t e .  However, the  breakthrough f o r  s a p r o l i t e  was sharper  and t h e  
o u t f l o w  reached t h e  i n f l o w  concen t ra t i on  i n  a  s h o r t e r  t ime. N i t r a t e  
appeared i n  t h e  o u t f l o w  o f  t he  d i s t u r b e d  solum and d i s t u r b e d  s a p r o l i t e  a t  
about  t h e  same po re  volume. The breakthrough f o r  t h e  d i s t u r b e d  s a p r o l i t e  
was much sharper  than  the  one f o r  d i s t u r b e d  solum. The o u t f l o w  
c o n c e n t r a t i o n  reached t he  i n f l o w  concen t ra t i on  a f t e r  pass ing  2 pore  volumes 
o f  s o l u t i o n  t h rough  d i s t u r b e d  s a p r o l i t e  as compared t o  4 pore volumes f o r  
d i s t u r b e d  solum. 

A l though n i t r a t e  appeared i n  the o u t f l o w  o f  und is tu rbed  solum f a s t e r  t h a n  
t h e  d i s t u r b e d  solum, t he  o u t f l o w  concen t ra t i on  d i d  n o t  reach t h e  i n f l o w  
c o n c e n t r a t i o n  b e f o r e  6 pore volumes o f  s o l u t i o n  was passed th rough t h e  
und i s tu rbed  column compared t o  4 pore volumes f o r  repacked solum samples. 
As f o r  t h e  s a p r o l i t e ,  the  breakthrough curves f o r  d i s t u r b e d  and u n d i s t u r b e d  
m a t e r i a l s  s t a r t e d  a t  about one pore volume, b u t  the  b reak th rough cu rve  was 
sharper  f o r  d i s t u r b e d  ma te r i a l s .  S i m i l a r  observa t ions  were made f o r  C1, as 
shown i n  F ig .  32A t o  D. 

Both NO3 and C1 a r e  g e n e r a l l y  cons idered as nonreac t ing  so lu tes .  The re fo re ,  
i t  i s  expected t h a t  t h e i r  breakthrough curves be somewhat s i m i l a r  t o  t h e  
s igmo ida l  cu rve  shown i n  F ig .  9A. I t  i s  obvious t h a t  a l t hough  t h e  
b reak th rough curves  f o r  solum and s a p r o l i t e  were s i m i l a r  i n  shape t o  t h e  
s igmo ida l  curve,  t h e i r  p o s i t i o n  was beyond the one pore  volume d isp lacement  
[ f o r  comparison see F ig .  98). Therefore,  i t  must be concluded t h a t  t h e r e  i s  , 

a  c e r t a i n  amount o f  a t t e n u a t i o n  o f  these so c a l l e d  non reac t i ve  i ons  i n  these  
solum and s a p r o l i t e  m a t e r i a l s .  Comparing F ig .  31A and 31C, t he  amount o f  
NO3 a t t e n u a t e d  by  t h e  d i s t u r b e d  and und is tu rbed  solum appears t o  be equal .  
The same o b s e r v a t i o n  i s  a l s o  t r u e  f o r  C1 breakthrough curves. For  sapro-  
l i t e ,  t h e  amount o f  b o t h  i ons  a t t enua ted  by t he  d i s t u r b e d  s a p r o l i t e  was l e s s  
than  t h e  amount a t t enua ted  by the  und is tu rbed  samples. Therefore,  we 
conc lude t h a t ,  a l t hough  t he  very  l a r g e  and very  smal l  pores  i n  an 
und i s tu rbed  solurn sample can n o t  be reproduced by d i s t u r b i n g  and repack ing  
t h e  sample, t h e  t o t a l  amount o f  a t t e n u a t i o n  f o r  t h e  non reac t i ve  i o n s  remains 
f a i r l y  unchanged. I n  con t ras t ,  d i s t u r b i n g  and repack ing  t h e  s a p r o l i t e  n o t  
o n l y  reduces t h e  range o f  pore s i z e  d i s t r i b u t i o n  i t  a l s o  decreases t h e  a t t e -  
n u a t i o n  c a p a c i t y  o f  t he  m a t e r i a l .  

Movement o f  C a t i o n s  through Solum and Sap ro l i t e .  The average 
b reak th rough curves  f o r  K, and N-NH4 a re  presented i n  F ig.  33 and 34, 
r e s p e c t i v e l y .  A l though,  t h e  shape and p o s i t i o n  o f  t h e  b rezk th rough cu rves  
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Fig.  31. Average breakthrough curves f o r  the  movement o f  NO3 through 
und i s tu rbed  solum ( A ) ,  und is tu rbed s a p r o l i t e  (B ) ,  d i s t u r b e d  
solum ( C ) ,  and d i s t u r b e d  s a p r o l i t e  (D). 
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Fig.  32. Average breakthrough curves f o r  the  movement o f  C1 through 
und i s tu rbed  solum ( A ) ,  und is tu rbed s a p r o l i t e  (B ) ,  d i s t u r b e d  
solum ( C ) ,  and d i s t u r b e d  s a p r o l i t e  (D). 
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Fig .  33. Average breakthrough curves f o r  t h e  movement o f  K th rough 
und i s tu rbed  solurn ( A ) ,  und is tu rbed s a p r o l i t e  ( B ) ,  d i s t u r b e d  
solum ( C ) ,  and d i s t u r b e d  s a p r o l i t e  (D) .  



PORE VOLUME 

Fig .  34. Average breakthrough curves f o r  t he  movement o f  NH4 through 
und i s tu rbed  solum ( A ) ,  und is tu rbed s a p r o l i t e  ( B ) ,  d i s t u r b e d  
solum ( C ) ,  and d i s t u r b e d  s a p r o l i t e  (D). 



f o r  K and NH4 were d i f f e r e n t  f rom t h e i r  cor responding an ion  (i .e., NO3) t hey  
p resen ted  s i m i l a r  ev idence as t o  t h e  pore  s i z e  d i s t r i b u t i o n  o f  solum and 
s a p r o l i t e .  L i k e  NO3 break th rough curves, t h e  c a t i o n s '  b reak th rough curves 
f o r  t h e  u n d i s t u r b e d  s o i l  samples s t a r t e d  b e f o r e  t he  curves f o r  s a p r o l i t e  
columns and d i s t u r b e d  solum m a t e r i a l s .  Comparison o f  t h e  r e s u l t s  f o r  
d i s t u r b e d  and u n d i s t u r b e d  s a p r o l i t e  i n d i c a t e s  t h a t  t h e r e  were no l a r g e  
c racks  p r e s e n t  i n  t h e  und i s tu rbed  samples t o  conduct wa te r  under s a t u r a t e d  
c o n d i t i o n s .  There were, however, some smal l  s i z e  pores  t h a t  c o u l d  n o t  be 
reproduced when t h e  d i s t u r b e d  s a p r o l i t e  was repacked i n t o  t h e  columns. The 
a t t e n u a t i o n  c a p a c i t y  o f  t h e  solum m a t e r i a l s  remained f a i r l y  equal when t h e  
solum was d i s t u r b e d  and repacked i n t o  columns. The a t t e n u a t i o n  c a p a c i t y  of 
s a p r o l i t e ,  however, was reduced when t h e  s a p r o l i t e  was d i s tu rbed .  T h i s  
c o u l d  be due t o  t h e  d e s t r u c t i o n  o f  some o f  t h e  very  smal l  pores  t h a t  conduct 
wa te r  i n  s a p r o l  i t e m  

Comparing t h e  r e s u l t s  f o r  t h e  und i s tu rbed  s o i l  and s a p r o l i t e  r e v e a l s  t h a t  
t h e  a t t e n u a t i o n  c a p a c i t y  o f  und i s tu rbed  s a p r o l i t e  f o r  NO and C1 was 
about  t h e  same as t h e  c a p a c i t y  o f  solum. As f o r  t he  c a d o n s ,  however, t h e  
a t t e n u a t i o n  c a p a c i t y  o f  und i s tu rbed  s a p r o l i t e  was l e s s  than  t h e  a t t e n u a t i o n  
c a p a c i t y  o f  b o t h  d i s t u r b e d  and und i s tu rbed  solum m a t e r i a l s  f o r  K and N H 4 a  

The b reak th rough  curves  f o r  t h e  movement o f  Ca th rough d i s t u r b e d  and 
u n d i s t u r b e d  solurn and s a p r o l i t e s  a r e  p resen ted  i n  F ig .  35. The curves  I, 
11, 2nd 111 on t h e  graphs a r e  t h e  r e s u l t s  f o r  i n d i v i d u a l  r e p l i c a t i o n s  used 
i n  t h e  exper iment ,  and as i s  e v i d e n t  t hey  a r e  very  c l o s e l y  r e l a t e d  f o r  each 
t rea tment .  I t  i s  i n t e r e s t i n g  t o  no te  t h a t  t h e  o u t f l o w  c o n c e n t r a t i o n  f o r  t h e  
u n d i s t u r b e d  s o i l  was more than  t he  i n f l o w  c o n c e n t r a t i o n  f o r  a  p e r i o d  a f t e r  
one po re  volume o f  d isp lacement  (as i n d i c a t e d  by (C-Ci ) / (Co-Ci )  > 1). 
T h i s  i n d i c a t e s  a  r e l a t i v e l y  h i g h e r  amount o f  Ca on t h e  exchange 
s i t e s .  T h i s  h i g h e r  l e v e l  o f  Ca i s  perhaps due t o  p rev ious  l i m i n g  p r a c t i c e s  
on t h e  sampl ing  a rea  which a t  one t ime had been under c u l t i v a t i o n .  I t  i s  
c l e a r  t h a t  a f t e r  a few po re  volumes o f  d isp lacement  a l l  o f  t h e  r e a d i l y  
exchangeable Ca was removed f rom t h e  s o i l ,  and the  c o n c e n t r a t i o n  o f  o u t f l o w  
s o l u t i o n  reached t h e  i n f l o w  concent ra t ion .  The r e s u l t s  f o r  t h e  d i s t u r b e d  
solum show t h a t  t h e  r e l a t i v e  c o n c e n t r a t i o n  was c l ose  t o  1 a t  about  t h r e e  
pore  volumes and t hen  was reduced i n d i c a t i n g  a  t a i l i n g  e f f e c t .  T h i s  cou ld  
a l s o  be due t o  a  h i g h e r  c o n c e n t r a t i o n  o f  Ca i n  t h e  s o i l  which was removed a t  
t h e  e a r l y  s tages  o f  leach ing .  

The e a r l y  appearance o f  Ca i n  t h e  o u t f l o w  f o r  t h e  und i s tu rbed  solum 
con f i rmed  t h e  presence o f  l a r g e  pores i n  t h e  sample. The d i s t u r b e d  solum 
d e f i n i t e l y  l a c k e d  t h e  l a r g e  pores p resen t  i n  t h e  und i s tu rbed  cores. The 
t a i l i n g  e f f e c t  shown f o r  t h e  d i s t u r b e d  solum i n d i c a t e d  a s low r a t e  o f  
a t t e n u a t i o n  o f  Ca p r e s e n t  i n  t h e  i n f l o w  s o l u t i o n .  

The gene ra l  b e h a v i o r  o f  t h e  und i s tu rbed  and d i s t u r b e d  s a p r o l i t e  samples f o r  
Ca were s i m i l a r  t o  those f o r  o t h e r  elements. Compared t o  t h e  und i s tu rbed  
solum, u n d i s t u r b e d  s a p r o l i t e  d i d  n o t  show t h e  presence o f ' a n y  l a r g e  pores. 
A lso ,  w i t h  t h e  e x c e p t i o n  o f  a  hump i n  t h e  m idd le  o f  t h e  b reak th rough curves 
f o r  t h e  d i s t u r b e d  s o i l ,  t h e  b reak th rough curves o f  t h e  und i s tu rbed  s a p r o l i t e  
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Fig .  35. R e l a t i v e  concent ra t ion  vs. pore volume f o r  the  movement o f  Ca 
th rough r e p l i c a t e d  undis turbed solum ( A ) ,  und is tu rbed s a p r o l i t e  
(B), d i s t u r b e d  solum ( C ) ,  and d i s t u r b e d  sapro l  i t e  (D) .  



were s i m i l a r  t o  t h e  ones f o r  t h e  d i s t u r b e d  s o i l .  The d i s t u r b e d  s a p r o l i t e  
b reak th rough  curves  show t h a t  a t t e n u a t i o n  o f  Ca was inc reased  a f t e r  two po re  
volumes of d isp lacement  and a t a i l i n g  e f f e c t  was observed f o r  a l l  t h e  r e p l i -  
ca t i ons .  

I n  gene ra l ,  these  r e s u l t s  i n d i c a t e  t h a t  t h e r e  a r e  r e l a t i v e l y  h i g h  l e v e l s  
of Ca i n  t hese  solum and s a p r o l i t e  m a t e r i a l s  t h a t  can be removed r e a d i l y .  
A f t e r  t h e  e a s i l y  exchangeable Ca i s  removed, o t h e r  a t t e n u a t i o n  processes 
such as  r e a c t i o n  w i t h  Fe and A1 ox ides w i l l  take  p l ace ,  and a t a i l i n g  w i l l  
be observed where t he  o u t f l o w  c o n c e n t r a t i o n  s l o w l y  reaches t h e  i n f l o w  
c o n c e n t r a t i o n  o f  Ca. 

S i m p l i f i e d  Mathemat ica l  Model. The average b reak th rough curves f o r  a l l  t h e  
i o n s  and EC were f i t t e d  t o  t h e  e r r o r  f u n c t i o n  model (Equat ion  1) f o r  
one-d imensional  f l o w  o f  a  s t e p  i n p u t  o f  s a l t .  The parameters  R and D were 
es t ima ted  by  t h e  procedure desc r i bed  by Amoozegar-Fard e t  a l .  (1983). Tab le  
8 p r e s e n t s  t h e  r e t a r d a t i o n  f a c t o r  R and d i f f u s i o n - d i s p e r s i o n  c o e f f i c i e n t  D 
f o r  t h e  solum and s a p r o l i t e .  

F i g u r e  36 t o  38 p resen t  t he  exper imenta l  and p r e d i c t e d  b reak th rough 
curves  f o r  t h e  movement o f  K ,  K H 4 ,  NO3 through und i s tu rbed  and d i s t u r b e d  
solum and s a p r o l i t e  m a t e r i a l s .  The exper imenta l  p o i n t s  f o r  t h e  above i o n s  
a r e  e x a c t l y  t h e  same as t h e  ones shown i n  F ig .  33, 34, and 31, r e s p e c t i v e l y .  
The expe r imen ta l  and c a l c u l a t e d  breakthrough curves f o r  t h e  e l e c t r i c a l  con- 
d u c t i v i t y  a r e  a l s o  shown i n  F ig .  39. 

To assess t h e  r a t e  o f  movemsnt o f  t he  i ons ,  t h e  average v e l o c i t y  o f  t h e  
r e l a t i v e  c o n c e n t r a t i o n  (C-Ci ) / (Co-Ci )  = 0.5 f o r  a  u n i t  pore  wa te r  v e l o c i t y  
( v  = 1, d imens iona l  u n i t s  o f  l e n g t h  L h n i t s  o f  t ime  T )  was c a l c u l a t e d  f o r  
t h e  d i s t u r b e d  and und i s tu rbed  s o i l  and s a p r o l i t e  by  Equat ion  (5).  The 
r e s u l t s  a r e  g i v e n  i n  Table 9. Note t h a t  these v e l o c i t y  va lues  a r e  t h e  
r e c i p r o c a l  o f  t h e  r e t a r d a t i o n  f a c t o r .  The h i g h e r  t h e  r e t a r d a t i o n  f a c t o r ,  
t h e  s lower  i s  t h e  movement o f  t h a t  ion. (The u n i t s  f o r  t h e  v e l o c i t y  o f  t h e  
r e l a t i v e  c o n c e n t r a t i o n  a r e  t h e  same as t h e  u n i t s  f o r  t h e  po re  wa te r  
v e l o c i t y . )  

As was d i scussed  e a r l i e r ,  w h i l e  t h e  r e t a r d a t i o n  f a c t o r  determines t h e  p o s i -  
t i o n  o f  t h e  b reak th rough curve,  t h e  d i f f u s i o n  c o e f f i c i e n t  de te rmines  i t s  
spread around t h e  r e l a t i v e  c o n c e n t r a t i o n  (C-Cj ) / (Co-Cj )  = 0.5. There fo re ,  
t h e  d i f f u s i o n  c o e f f i c i e n t  c o u l d  be r e l a t e d  t o  t h e  range o f  pore  s i z e  d i s t r i -  
bu t i on .  The h i g h e r  t he  range o f  pore s i zes ,  t h e  h i g h e r  w i l l  be t h e  d i f -  
f u s i o n  c o e f f i c i e n t .  

Us ing  t h e  va lues  g i v e n  i n  Tab les  8 and 9, we c o n f i r m  t h e  obse rva t i ons  on 
t h e  a t t e n u a t i o n  c a p a c i t y  of  t h e  solum and s a p r o l i t e  as  presen ted  i n  t h e  
p r e v i o u s  s e c t i o n .  The lower  d i f f u s i o n  c o e f f i c i e n t  o f  d i s t u r b e d  s a p r o l i t e  
and t h e  h i g h e r  v e l o c i t y  va lues  f o r  (C-Cj)/C,-Cj) = 0.5 i s  a  good i n d i c a t i o n  
t h a t  d i s t u r b i n g  s a p r o l i t e  w i l l  reduce i t s  e f f e c t i v e n e s s  i n  removing t h e  
c o n s t i t u e n t s  o f  household wastewater.  D i s t u r b i n g  t h e  solum on t h e  o t h e r  
hand w i l l  reduce t h e  range o f  po re  s i z e  d i s t r i b u t i o n  b u t  w i l l  n o t  have a 
pronounced e f f e c t  on t h e  v e l o c i t y  o f  t h e  i o n s  th rough t h e  p r o f i l e .  However, 
d i s t u r b a n c e  w i l l  r e s u l t  i n  t h e  d e s t r u c t i o n  o f  t h e  s o i l  s t r u c t u r e  and may 
reduce t h e  s o i l  h y d r a u l i c  c o n d u c t i v i t y  t o  such a  l e v e l  t h a t  t h e  s o l 1  may n o t  
absorb wastewater.  



T a b l e  8. E s t i m a t e d  v a l u e s  o f  R and  D o f  E q u a t i o n  3 f o r  p r e d i c t i n g  t h e  
movement o f  s o l u t e  f r o n t  f o r  EC and  f i v e  i o n s  t h r o u g h  solum 
a n d  s a p r o l  i t e .  
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Fig.  36. Exper imenta l  and p r e d i c t e d  breakthrough curves f o r  t h e  movement 
o f  K through und is tu rbed solum ( A ) ,  und is tu rbed s a p r o l i t e  (B ) ,  
d i s t u r b e d  solum ( C ) ,  and d i s t u r b e d  s a p r o l i t e  (D). 
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Fig. 37. Experimental  and p r e d i c t e d  breakthrough curves f o r  the  movement 
o f  NH4 through undis turbed solum ( A ) ,  und is tu rbed s a p r o l i t e  (B) ,  
d i s t u r b e d  solum ( C ) ,  and d i s t u r b e d  s a p r o l i t e  (D). 
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Fig. 38. Exper imenta l  and p r e d i c t e d  breakthrough curves f o r  t h e  movement 
o f  NO3 through und is tu rbed solum ( A ) ,  und is tu rbed s a p r o l i t e  (B ) ,  
d i s t u r b e d  solum ( C ) ,  and d i s t u r b e d  s a p r o l i t e  (D).  
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Fig .  39. Exper imenta l  and p r e d i c t e d  breakthrough curves f o r  the movement 
o f  t o t a l  so lu tes  a s  expressed by the  e l e c t r i c a l  c o n d u c t i v i t y  
(EC) through und is tu rbed solum ( A ) ,  und is tu rbed s a p r o l i t e  (B),  
d i s t u r b e d  solum ( C ) ,  and d i s t u r b e d  s a p r o l i t e  (D). 



Table 9. Average v e l o c i t y  f o r  t h e  r e l a t i v e  c o n c e n t r a t i o n  o f  0.5 o f  t h e  
s o l u t e s  th rough  d i s t u r b e d  and und i s t u rbed  s o i l  and s a p r o l i t e  
f o r  u n i t  po re  water  v e l o c i t y  ( U n i t s  L I T ) .  

- - -- - - - 
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The r e s u l t s  o f  t h i s  column s tudy  do n o t  show a wide range of pore  s i z e  
d i s t r i b u t i o n  f o r  t h e  s a p r o l i t e  s tud ied .  Because o f  t h e  s i z e  o f  t h e  co res  
and t h e  p rocedure  by which t h e  u n d i s t u r b e d  samples were prepared,  no c r a c k  
o r  p l a n e  o f  weakness was  p resen t  i n  t h e  samples. The re fo re ,  t he  r e s u l t s  
d i d  no t  i n d i c a t e  t h a t  p o l l u t a n t  movement i n  s a p r o l i t e  w i l l  be f a c i l i t a t e d  by 
t h e  presence o f  n a t u r a l  c racks  and v e i n s  o f  q u a r t z  o r  o t h e r  h i g h l y  permeable 
p lanes.  I t  must  be no ted  t h a t  s a p r o l i t e  i n  t h e  f i e l d  i s  under an overburden 
p r e s s u r e  t h a t  i s  r e l a t e d  t o  t he  t h i c k n e s s  o f  t h e  m a t e r i a l s  above i t .  By 
e x t r a c t i n g  a sample, no m a t t e r  how l a r g e ,  t he  overburden p ressu re  i s  
e l i m i n a t e d ,  and a n a t u r a l l y  c l osed  p l a n e  o f  weakness o r  q u a r t z  v e i n  may be 
opened f o r  w a t e r  and p o l l u t a n t  m i g r a t i o n .  There fo re ,  i t  i s  ou r  
recommendation t h a t  a d d i t i o n a l  s t u d i e s  be conducted, b o t h  i n  t h e  f i e l d  and 
l a b o r a t o r y ,  u s i n g  d i f f e r e n t  s i z e  co res  t o  determine t h e  e x t e n t  o f  t h e  
n a t u r a l l y  o c c u r r i n g  h i g h  p e r m e a b i l i t y  l a ye rs .  





S O I L  WATER DISTRIBUTION I N  SOLUM/SAPROLITE SEQUENCES 
OF SELECTED PIEDMONT S O I L S  

The second o b j e c t i v e  o f  t h e  s tudy,  "Eva lua te  t h e  e f f e c t  o f  landscape p o s i -  
t i o n  and development d e n s i t y  on t he  d i s t r i b u t i o n  and movement o f  s o i l  
m o i s t u r e  i n  s o l u m / s a p r o l i t e  s e ~ u e n c e s ' ~ ,  was ach ieved  t h rough  f i e l d  s t u d i e s  
o f  t h e  s o i l  m o i s t u r e  d i s t r i b u t i o n  and i t s  seasonal  v a r i a t i o n s .  The p r i m a r y  
purpose was t o  e v a l u a t e  t h e  s o i l  wa te r  s t a t u s  o f  t h e  e n t i r e  s o i l  p r o f i l e  t o  
de te rmine  l i k e l y  f l o w  pa ths  f o r  wastewater c o n s t i t u e n t s  a p p l i e d  t o  a  number 
of s o i u m / s a p r o l i t e  sequences. The focus  was on deve lop ing  unde rs tand ing  o f  
t h e  r e l a t i o n s h i p s  between s o i l  wa te r  d i s t r i b u t i o n  and movement, and t h e  
morpho log i ca l  c h a r a c t e r i s t i c s  t h a t  can be recogn ized  i n  a  s o i l  p r o f i l e .  
Many landscapes i n  t h e  Piedmont c o n t a i n  p r i m a r i l y  w e l l - d r a i n e d  s o i l s ,  even 
i n  heads lope and f o o t s l o p e  landscape p c s i t i o n s .  The re fo re ,  i t  i s  p o s s i b l e  
t h a t  w a t e r  moves r a p i d l y  th rough  t h e  s o i l s  i n  these  landscapes. I n  these  
cases, w a t e r  must e i t h e r  r a p i d l y  f l o w  v e r t i c a l l y  down t h rough  t h e  solum and 
u n d e r l y i n g  s a p r o l i t e ,  o r  f l o w  l a t e r a l l y  downslope t h rough  t h e  subsur face.  
V e r t i c a l  o r  l a t e r a l  s o i l  wa te r  f l o w  should  be r e l a t e d  t o  t h e  charac-  
t e r i s t i c s  o f  t h e  s o i l  p r o f i l e .  

Sub-ob jec t i ves  

Four s u b - o b j e c t i v e s  were developed f o r  t h i s  p a r t  o f  t h e  s tudy.  

1) Desc r i be  t h e  morphology o f  t y p i c a l  s o l u m / s a p r o l i t e  sequences i n  a number 
o f  landscape s e t t i n g s .  

2)  Eva lua te  t h e  e x t e n t  o f  p r e f e r e n t i a l  wa te r  f l o w  t h rough  t h e  
s o l u m / s a p r o l i t e  sequences. 

3) Determine t h e  dep th  d i s t r i b u t i o n  o f  s o i l  wa te r  i n  v a r i o u s  landscape 
p o s i t i o n s .  

4 )  A s s e s s  t h e  e f f e c t  o f  development d e n s i t y  upon t h e  s o i l  wa te r  s t a t u s  o f  
t h e  sequences. 

M a t e r i a l s  and Methods 

The approach used was t o  conduct  f i e l d  s t u d i e s  o f  s o i l  w a t e r  con ten t .  We 
expected a s i g n i f i c a n t  s p a t i a l  v a r i a t i o n  i n  s o i l  w a t e r  c o n t e n t  
r e l a t e d  t o  p o s i t i o n  on t h e  landscape. There fo re ,  o u r  approach was t o  
e v a l u a t e  t h e  d e p t h  d i s t r i b u t i o n  o f  s o i l  wa te r  c o n t e n t  a t  a number o f  
landscape p o s i t i o n s ,  i n s t e a d  o f  measur ing s o i l  w a t e r  c o n t e n t  i n  g r e a t e r  
d e t a i l  a t  one l o c a t i o n .  T h i s  a l l owed  us t o  de te rm ine  the s o i l  w a t e r  
c o n t e n t s '  r e l a t i o n s h i p s  t o  p r o f i l e  c h a r a c t e r i s t i c s  and landscape s e t t i n g ,  
t he reby  p r o v i d i n g  a  b e t t e r  unders tand ing  o f  i n t e r a c t i o n s  w i t h i n  t h e  
n a t u r a l  system. 



S e l e c t i o n  a n d  D e s c r i p t i o n  o f  S t u d y  S i t e s  

F o u r  s t u d y  s i t e s  ( F i g .  40)  were  s e l e c t e d  t o  r e p r e s e n t  a range  o f  s o i l s ,  
l a n d s c a p e  p o s i t i o n s ,  and  deve lopment  d e n s i t i e s .  The P iedmon t  s o i l s  o f  N o r t h  
C a r o l i n a  a r e  g r o u p e d  i n t o  f o u r  s o i l  systems. The t w o  m o s t  e x t e n s i v e  a r e  
t h e  F e l s i c  C r y s t a l l i n e  System and t h e  C a r o l i n a  S l a t e  B e l t  Sys tem ( D a n i e l s  e t  
a l . ,  1984). These t w o  sys tems i n c l u d e  s o i l  s e r i e s  such a s  C e c i l ,  A p p l i n g ,  
G e o r g e v i l l e ,  and Herndon. The d e p t h  d i s t r i b u t i o n  o f  s o i l  w a t e r  c o n t e n t  was 
i n v e s t i g a t e d  a t  t w o  s i t e s  i n  each o f  t h e s e  t w o  s o i l  systems.  One s t u d y  s i t e  
i n  each  s o i l  sys tem was i n  a r e l a t i v e l y  undeve loped  f o r e s t e d  a rea .  A second 
s i t e  was l o c a t e d  i n  a wooded, r e s i d e n t i a l  deve lopment  a f e w  k i l o m e t e r s  away. 
The d e v e l o p e d  s i t e s  we re  i n  wa te rsheds  t h a t  had a h i g h  d e n s i t y  o f  deve lopmen t  
i n  w h i c h  t h e  homes u t i l i z e d  o n - s i t e  w a s t e w a t e r  d i s p o s a l  systems.  

Landscapes can  b e  c l a s s i f i e d  i n  many ways (see F i g .  4 1 ) .  Each s t u d y  s i t e  
had a  r a n g e  o f  l a n d s c a p e  p o s i t i o n s  f r o m  t h e  i n t e r f l u v e  t h r o u g h  t h e  s i d e s l o p e  
t o  t h e  n e a r b y  f o o t s l o p e .  S i d e s l o p e s  i n c l u d e d  nose,  l i n e a r ,  and  head s l o p e s .  
S o i l  w a t e r  c o n t e n t  was d e t e r m i n e d  by n e u t r o n  t h e r r n a l i z a t i o n  on  a number o f  
t r a n s e c t s  g o i n g  t h r o u g h  v a r i o u s  l andscape  p o s i t i o n s .  

The c o o p e r a t i o n  o f  honeswners was one i m p o r t a n t  f a c t o r  t h a t  g u i d e d  us  i n  
s e l e c t i o n  o f  t h e  l o c a t i o n  o f  t h e  t r a n s e c t s  i n  t h e  d e v e l o p e d  a reas .  I t  was 
n e c e s s a r y  t o  o b t a i n  c o o p e r a t i o n  f r o m  a  number o f  a d j o i n i n g  p r o p e r t y  owners  
t o  i n s t a l l  a t r a n s e c t  o f  access  t u b e s  down t h e  h i l l s i d e  a t  any one s i t e .  
The re  w e r e  l o c a t i o n s  on  t h e  t r a n s e c t s  t h a t  c o u l d  n o t  be  used  because o f  l a c k  
o f  access .  

Schenck F o r e s t  S t u d y  S i t e .  Schenck F o r e s t  i s  l o c a t e d  i n  Wake Coun ty  n o r t h  
o f  t h e  S t a t e  F a i r g r o u n d s  i n  R a l e i g h ,  N.C. ( see  F i g .  40).  The F o r e s t  i s  
managed b y  t h e  C o l l e g e  o f  ~ o r e s t r y  a t  ~ o r t h  c a r o l h a  s t a t e  U n i v e r s i t y .  The 
s t u d y  s i t e  was n e a r  t h e  w e s t e r n  bounda ry  o f  t h e  F e l s i c  C r y s t a l l i n e  S o i l  
Sys tem i n  a n  a r e a  mapped as  F e l s i c  m i c a  g n e i s s  ( R a l e i g h  B e l t  U n i t  CZfg) o n  
t h e  s t a t e  g e o l o g i c  map (Brown, 1985). C e c i l  g r a v e l l y  sandy  l oam phases  
(mapp ing  u n i t s  CgB2 and CgC2) o f  s o i l s  w e r e  mapped a t  t h i s  s i t e  by t h e  S o i l  
C o n s e r v a t i o n  S e r v i c e  (Czwthorn ,  1970) and b y  t h e  F o r e s t r y  Depa r tmen t  a t  NCSU - 
( U n p u b l i s h e d  map o f  Schenck Memor ia l  F o r e s t ,  1966). The s t u d y  a r e a  was 
l o c a t e d  i n  t h e  e a s t e r n m o s t  c o r n e r  o f  Schenck Memor ia l  F o r e s t  i n  S t a n d  NO. 2. 
The v e g e t a t i o n  c o n s i s t e d  o f  a  45-55 y e a r  o l d  s t a n d  o f  L o b l o l l y  P i n e  ( w i t h  
some L o n g l e a f  P i n e )  t h a t  had been i n  a n  o l d  a g r i c u l t u r a l  f i e l d .  

The s t u d y  s i t e  was i n  a g e n t l y  r o l l i n g  a r e a  o f  t h e  P iedmon t  w i t h  a b o u t  30 m 
o f  r e l i e f  f r o m  t h e  r i d g e c r e s t  t o  t h e  second o r d e r  w a t e r  c h a n n e l  ( i .e.,  a 
c h a n n e l  a t  t h e  c o n f  1  uence o f  two f i r s t  o r d e r  ephemeral  d ra inageways ) .  
L o c a l  r e l i e f  i n  t h e  s t u d y  a r e a  was 20 m f r o m  t h e  h i g h e s t  t o  t h e  l o w e s t  
e l e v a t i o n  s t u d i e d .  

F o r t y - s i x  n e u t r o n  a c c e s s  t u b e s  were  i n s t a l l e d  i n  t h i s  u n d e v e l o p e d  w a t e r s h e d  
a r e a  ( F i g .  42). Access  t u b e  l o c a t i o n s  and  e l e v a t i o n s  r e l a t i v e  t o  each  
o t h e r  w e r e  measured i n  t h e  f i e l d  w i t h  a t r a n s i t  l e v e l  a n d  were  p l o t t e d  o n  an 
e x i s t i n g  t o p o g r a p h i c  map ( u n p u b l i s h e d  map p roduced  by t h e  NCSU F o r e s t r y  
Depa r tmen t ) .  Access  t u b e s  1 t o  40 were  i n s t a l l e d  on a m o d i f i e d  30 m g r i d  
f r o m  t h e  i n t e r f l u v e  t o  t h e  second o r d e r  channe l .  I n i t i a l l y  t h r e e  t r a n s e c t s  
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1. Mixed felsic and mafic system A. Schenck Forest 
2. Carolina slate belt system B. Medfield Estates Subdivision 
3. Triassic basin system C. Hill Forest 
4. Felsic crystalline system 0. Willow Hill Subdivision 
5. Upper coastal plains and piedmont system 

Fig.  40. L o c a t i o n  o f  study s i t e s .  







were e s t a b l i s h e d  f rom t h e  i n t e r f l u v e  through t he  convex nose (access tubes 
1 ,  8, 1 18, 21, 28, 31, 36) ,  t he  concave h e a d s l o p e l d r a i n a g e ~ a y  area 
(access tubes  #3, 6, 13, 16, 23, 26, 33, 34, 39, 40),  and t h e  i n t e r v e n i n g  
s i d e  s l ope  a rea  (access tubes  #2, 7, 12, 17, 22, 27, 32, 35, 37). Access 
tube  #40 was i n s t a l l e d  a t  t h e  j u n c t u r e  o f  t h e  two ephemeral channels,  and 
access t ube  #38 was i n s t a l l e d  i n  t he  c u t  a rea  o f  t h e  channel. F i g u r e  43 
i l l u s t r a t e s  t h e  s l ope  p r o f i l e s  o f  these t h r e e  t r ansec t s .  Three a d d i t i o n a l  
t r a n s e c t s  (access tubes #10 th rough  4 ;  access tubes #20 th rough  14; and 
access t ubes  #30 th rough  24) were e s t a b l i s h e d  p e r p e n d i c u l a r  t o  d ra inage  and 
a r e  shown i n  F ig .  44. The s lope  p r o f i l e s  i l l u s t r a t e d  t he  r e l a t i v e  g e n t l e -  
ness o f  t h e  s i d e  s lopes  a d j o i n i n g  t he  head s lope  compared t o  those a d j o i n i n g  
t h e  dra inageway lower  on t h e  slope. Access tubes #41-46 (F ig .  42) were 
i n s t a l l e d  a t  s e l e c t e d  m i d p o i n t s  i n  the  30 m g r i d  t o  develop c a l i b r a t i o n  cu r -  
ves f o r  r e l a t i n g  neu t ron  probe count r a t i o s  t o  s o i l  wa te r  con ten t s  measured 
by t h e  g r a v i m e t r i c  technique.  

M e d f i e l d  E s t a t e s  S u b d i v i s i o n  Study S i t e .  M e d f i e l d  Es ta tes  i s  a  wooded 
s u b d i v i s i o n  l o c a t e d  i n  Wake County west o f  t he  s t a t e  f a i r g r o u n d s  a l ong  
T r i n i t y  Road (F ig .  40) near  Ra le igh ,  N.C. The o v e r a l l  d e n s i t y  o f  
development i n  t h e  s u b d i v i s i o n  was approx imate ly  one home pe r  ac re .  A l l  
homes u t i l i z e d  s e p t i c  t ank  systems f o r  t rea tment  and d i sposa l  o f  household 
vas t2wate rs .  T h i s  s tudy  s i t e  was l oca ted  f o u r  k i l o m e t e r s  southwest o f  t he  
Schenck F o r e s t  s i t e .  M e d f i e l d  Es ta tes  s u b d i v i s i o n  was a l s o  i n c l u d e d  i n  t he  
F e l s i c  C r y s t a l l i n e  S o i l  System i n  an area mapped as Hetamorphosed g r a n i t i c  
rock  and B i o t i t e  gne i ss  and s c h i s t  (Ra le igh  B e l t  U n i t s  CZg and CZbg) on t he  
s t a t e  g e o l o g i c  map (Brown, 1985). C e c i l  g r a v e l l y  sandy loam, C e c i l  sandy 
loam, A p p l i n g  g r a v e l l y  sandy loam, App l ing  sandy loam, and Worsham sandy 
loam phases (mapping u n i t s  CgB, CgC2, CgC, CeD, AgB, AgC, ApD, and Wy) o f  
s o i l s  were mapped a t  t h i s  s i t e  by t he  S o i l  Conserva t ion  Se rv i ce  (Cawthorn, 
1970). 

Three s t u d y  areas l o c a t e d  a l ong  Robbie D r i ve ,  Bellemeade S t r e e t ,  and F a r l e y  
D r i v e  r ep resen ted  convex, l i n e a r ,  and concave t r a n s e c t s  o f  access tubes f rom 
t h e  i n t e r f l u v e s  t o  t he  nearby f oo t s l opes  (F i gu res  45, 46, and 47, 
r e s p e c t i v e l y ) .  Topographic i n f o r m a t i o n  was f rom e x i s t i n g  topograph ic  maps 
( 1  i nch=  61  m s c a l e  w i t h  6 1  cm contours) .  The convex and l i n e a r  t r a n s e c t s  
were w i t h i n  125 m o f  each o t h e r ,  b u t  were 1 km removed f r om t h e  concave 
t r a n s e c t .  A l l  o f  t h e  t r a n s e c t s  cou ld  n o t  be a d j o i n i n g  because o f  d i f -  
f i c u l t i e s  i n  g e t t i n g  pe rm iss i on  f rom a d j o i n i n g  ne ighbors  and because we 
s e l e c t e d  a  l i n e a r  t r a n s e c t  o f  s u b s t a n t i a l  l eng th .  A lso,  most concave t r a n -  
sec t s  were n o t  s u f f i c i e n t l y  developed t o  i n c l u d e  i n  t h i s  study. 

The t h r e e  s t u d y  areas were i n  a  g e n t l y  r o l l i n g  a rea  o f  t h e  Piedmont w i t h  
about  30 m o f  r e l i e f  f r om  t h e  r i d g e c r e s t  t o  t h e  second o r d e r  wa te r  channel. 
Loca l  r e l i e f  f r om  t h e  h i g h e s t  t o  t he  lowes t  e l e v a t i o n s  s t u d i e d  was 16 t o  18 
m f o r  t h e  t h r e e  s tudy  a reas  (see s lope  p r o f i l e s  i n  F ig .  48). 

Twenty-n ine neu t ron  access tubes were i n s t a l  l e d  on these t h r e e  t r ansec t s .  
I n  a lmos t  a l l  cases, t h e  access tubes were i n s t a l l e d  on wooded p a r t s  o f  t h e  
l o t s .  Access tubes #5 and 6 were o f f s e t  f rom t h e  r e s t  o f  t he  convex 
t r a n s e c t  because o f  d i f f i c u l t i e s  i n  g e t t i n g  pe rm iss i on  t o  use a  s i t e .  



Disfance Between Access T u k s  (m) 

F i g .  43. S l o p e  p r o f i l e s  o f  convex  t r a n s e c t  ( t u b e s  #1-36) ( A ) ,  concave t r a n s e c t  
( t u b e s  #3-40) (B) ,  and s i d e s l o p e  t r a n s e c t  ( t u b e s  #2-37) ( C )  a t  t h e  
~ c h e n c k  F o r e s t  s i t e .  



Distance Between Access Tubes (m) 

Fig.  44. Slope  p r o f i l e s  pe rpend i cu la r  t o  t h e  drainageway f r om tubes #lo-4 ( t o p  l i n e ) ,  #20-14 
(m idd le  l i n e ) ,  and #30-24 ( l o w e r  l i n e )  a t  t h e  Schenck F o r e s t  s i t e .  





F i g  46. Topography a t  l i n e a r  t ransect  a t  Medf ie ld Estates subdiv is ion.  



F ig .  47. Topography a t  concave t r a n s e c t  a t  M e d f i e l d  E s t a t e s  s u b d i v i s i o n .  



MEDFIELD ESTATES: Convex Slope Profile 

Distance Between Access Tubes (m) 

F i g  48. Slope p r o f i l e s  f o r  the  convex t ransec t  ( A ) ,  l i n e a r  t r a n s e c t  (B),  
and concave t r a n s e c t  ( C )  a t  the  Medf ie ld Es ta tes  s u b d i v i s i o n  s i t e .  



Access  t u b e s  #22 and 23 were  l o s t  when t h e  home on t h a t  l o t  b u r n e d  and  
o w n e r s h i p  changed  hands. 

H i l l  F o r e s t  S t u d y  S i t e .  H i l l  F o r e s t  i s  l o c a t e d  i n  t h e  n o r t h e r n  p a r t  o f  
Durham C o u n t y  4  km n o r t h  o f  Bahcma, N.C. ( F i g .  40). H i l l  F o r e s t  i s  a l s o  
managed b y  t h e  NCSU C o l l e g e  o f  F ~ r e s t r y .  T h i s  s t u d y  s i t e  was i n  t h e  
C a r o l i n a  S l a t e  B e l t  S o i l  System i n  an a r e a  mapped a s  F e l s i c  m e t a v o l c a n i c  
r o c k ,  Metamorphosed g r a n i t i c  r o c k ,  and I n t e r m e d i a t e  m e t a v o l c a n i c  r o c k  
( C a r o l i n a  S l a t e  B e l t  U n i t s  CZ fv ,  CZg, and C Z i v )  o n  t h e  s t a t e  g e o l o g i c  map 
(B rown , l 985 ) .  The a c t u a l  s t u d y  e r e a  was mapped a s  F e l s i c  m e t a v o l c a n i c  r o c k  
on  t h a t  map. G e o r g e v i l l e  s i l t  l o a m ,  and Tatum g r a v e l l y  s i l t  loam phases  
(mapp ing  u n i t s  GeC, GeB, and TaE) o f  s o i l s  we re  mapped b y  t h e  S o i l  
C o n s e r v a t i o n  S e r v i c e  i n  t h e  s t u d y  a r e a  ( K i r b y ,  1976). The a c t u a l  s t u d y  a r e a  
was 2  km e a s t  o f  Q u a i l  R o o s t  r e s o r t  i n  t h e  w e s t e r n m o s t  p o r t i o n  o f  H i l l  
F o r e s t  a c r o s s  S.R. 1614 f r o m  t h e  George K. S locum F o r e s t r y  Camp. V e g e t a t i o n  
a t  t h e  s t u d y  a r e a  a t  t h i s  s i t e  was a  m a t u r e  u p l a n d  hardwood f o r e s t .  

The s t u d y  s i t e  was i n  a  m o d e r a t e l y  s t e e p l y  s l o p i n g  a r e a  o f  t h e  P iedmon t  n e a r  
t h e  F l a t  R i v e r  w i t h  a b o u t  20 t o  25  m o f  r e l i e f  f r o m  t h e  r i d g e c r e s t  t o  a  
second o r d e r  d r a i n .  S l o p e s  were  s t e e p e r  t h a n  t h e  p r e v i o u s  two s i t e s .  
The re  was 40 m  o f  r e l i e f  i n  t h e  x e a  f r o m  t h e  h i g h e s t  t o  t h e  l o w e s t  e l e v a -  
t i o n s  s t u d i e d .  

T h i r t y  n e u t r o n  a c c e s s  t u b e s  were  i n s t a l l e d  on  f i v e  t r a n s e c t s  f r o m  t h e  
i n t e r f l u v e  t o  n e a r b y  f o o t s l o p e s  i n  t h i s  u n d e v e l o p e d  v a t e r s h e d  a r e a  ( F i g .  
49 ) .  The p r i m a r y  t r a n s e c t s  c o n s i s t e d  o f  a  convex  t r a n s e c t  (access  t u b e s  #3, 
2, 1, 10, 11, 12,  20, 21, 22, and 2 3 ) ,  a  s h o r t  l i n e a r  t r a n s e c t  ( a c c e s s  t u b e s  
#12, 13, 14, 26, 15, 16, and 27 ) ,  and a  concave t r a n s e c t  (access  t u b e s  #3, 
4 ,  5, 6, 7 ,  18 ,  17, and 19 ) .  F i g u r e  50 i l l u s t r a t e s  t h e  s l o p e  p r o f i l e s  o f  
t h e s e  t r a n s e c t s .  Two a d d i t i o n a l  t r a n s e c t s  o f  a  s m a l l  concave h e a d s l o p e /  
d r a i n a g e w a y  ( a c c e s s  t u b e s  # l o ,  9,  8 ,  and 18) and  a  s m a l l  convex n o s e s l o p e  
( a c c e s s  t u b e s  #28,  29, and  30 )  we re  e s t a b l i s h e d  f o r  compar i son  p u r p o s e s  
( F i g .  51) .  F o u r  a c c e s s  t u b e s  (#24  t o  27)  were  used  t o  d e v e l o p  c a l i b r a t i o n  
cu rves .  A c c e s s  t u b e  l o c a t i o n s  iifid e l e v a t i o n s  r e l a t i v e  t o  each o t h e r  we re  
measured i n  t h e  f i e l d  w i t h  a  t r i m i t  l e v e l  and  w e r e  t h e n  p l o t t e d  on  a  
t o p o g r a p h i c  map a d a p t e d  f r o m  t h e  USGS 7.5 m i n u t e  q u a d r a n g l e  (Rougemont, 
L C . )  t o p o g r a p h i c  map and  f i e l d  no tes .  T h e r e f o r e ,  r e l a t i v e  access  t u b e  
l o c a t i o n s  a n d  e l e v a t i o n s  we re  more a c c u r a t e l y  d e t e r m i n e d  t h a n  o t h e r  
t o p o g r a p h i c  i n f o r m a t i o n  i n  F i g .  49. 

W i l l o w  H i l l  S u b d i v i s i o n  S t u d y  S i t e .  W i l l o w  H i l l  i s  a wooded s u b d i v i s i o n  
l o c a t e d  i n  Durham C o u n t y  a l o n g  Guess Road (S.R. 1003)  a b o u t  2.5 km n o r t h  o f  
t h e  Eno R i v e r  ( F i g .  40) .  The Durham Coun ty  H e a l t h  Depa r tmen t  a s s i s t e d  i n  
l o c a t i n g  t h i s  s i t e .  The o v e r a l l  d e n s i t y  o f  d e v e l o p m e n t  i n  t h e  s u b d i v i s i o n  
was 1 t o  1.5 homes p e r  a c r e .  T h i s  s t u d y  s i t e  was l o c a t e d  12.5 km s o u t h  o f  
t h e  H i l l  F o r e s t  s t u d y  s i t e .  W i l l o w  H i l l  s u b d i v i s i o n  was a l s o  i n c l u d e d  i n  
t h e  C a r o l i n a  S l a t e  B e l t  S o i l  Sys tem i n  a n  a r e a  mapped a s  F e l s i c  m e t a v o l c a n i c  
r o c k  ( C a r o l i n a  S l a t e  B e l t  U n i t  C Z f v )  on t h e  s t a t e  g e o l o g i c  map (Brown, 
1985). G e o r g e v i l l e  s i l t  loam, Nason s t o n y  s i l t  loam, and  Herndon s t o n y  s i l t  
loam phases  (mapp ing  u n i t s  GeC, GeD, NOD, and  HsC) o f  s o i l s  we re  mapped a t  
t h i s  s t u d y  s i t e  by t h e  S o i l  C o n s e r v a t i o n  S e r v i c e  ( K i r b y ,  1976). 

The s i t e  was i n  a m o d e r a t e l y  s l o p i n g  a r e a  o f  t h e  P iedmon t  w i t h  a b o u t  40 rn o f  
r e l i e f  f r o m  t h e  r i d g e c r e s t  t o  t h e  second o r d e r  w a t e r  channe l .  L o c a l  r e l i e f  
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F ig .  50. S l o p e  p r o f i l e s  o f  convex  t r a n s e c t  ( t u b e s  #3-23) ( A ) ,  s h o r t  l i n e h r  
t r a n s e c t  ( t u b e s  #12-27)  (B)  , and  concave t r a n s e c t  ( t u b e s t  #3-19)  
(C)  a t  t h e  H i l l  F o r e s t  s i t e .  





f r om t h i s  h i g h e s t  t o  t h e  l o w e s t  e l e v a t i o n s  s t u d i e d  was s u b s t a n t i a l  (40 m) ,  
a l t h o u g h  t h e  s i t e  was n o t  l o c a t e d  a d j a c e n t  t o  a  r i v e r  l i k e  t h e  H i l l  F o r e s t  
s i t e .  The W i l l o w  H i l l  s u b d i v i s i o n  s i t e  was s t o n i e r  t h a n  t h e  H i l l  F o r e s t  
s i t e  and  h a d  some s h a l l o w  t o  m o d e r a t e l y  deep s o i l s  on t h e  r i d g e c r e s t  and  
s h o u l d e r  p o s i t i o n s .  T h e r e f o r e ,  t h e  s t e e p  s l o p e s  a t  W i l l o w  H i l l  may have 
more  r e s i s t a n t  r o c k  b e n e a t h  them t h a n  t h o s e  a t  H i l l  F o r e s t .  

N i n e t e e n  n e u t r o n  access  t u b e s  were  i n s t a l l e d  p r i m a r i l y  on  t h r e e  t r a n s e c t s  
( F i g .  52) .  S l o p e  p r o f i l e s  o f  t h e  l i n e a r  t r a n s e c t  (access  t u b e s  #1, 2, 4 ,  
5, 6, and  7 ) ,  concave t r a n s e c t  (access  t u b e s  #7, 11, and  12 ) ,  and  convex  
t r a n s e c t  ( a c c e s s  t u b e s  # I ,  3, 8, 9,  10, 16, 17,  and 18)  a r e  shown i n  F i g .  
53. Access  t u b e  #4 on t h e  l i n e a r  t r a n s e c t  c o u l d  n o t  be  used  due t o  
homeowner conce rns .  Because a  s u i t a b l e  d e v e l o p e d  h e a d s l o p e / d r a i n a g e w a y  a r e a  
c o u l d  n o t  b e  l o c a t e d ,  t h e  concave t r a n s e c t  i n c l u d e s  t h e  d ra inageway  a r e a  
o n l y .  An a d d i t i o n a l  s h o r t  concave t r a n s e c t  (access  t u b e s  # l o ,  15,  and 19)  
and s h o r t  l i n e a r  t r a n s e c t  (access  t u b e s  #13, 14, and 15)  were  a l s o  
i n v e s t i g a t e d .  I n  a l m o s t  a l l  cases ,  t h e  access  t u b e s  i n  t h i s  s u b d i v i s i o n  
we re  i n s t a l l e d  o n  wooded p o r t i o n s  o f  t h e  l o t s .  

S o i l  M o r p h o l o g i c a l  D e s c r i p t i o n s  

The m o r p h o l o g y  o f  t h e  s o l u m / s a p r o l i t e  p r o f i l e s  were  d e s c r i b e d  i n  d e t a i l  
( S o i l  S u r v e y  S t a f f ,  1981) f r o m  backhoe-dug p i t s  2  t o  3  rn deep a t  f o u r  
l o c a t i o n s  i n  Schenck F o r e s t  and a t  two l o c a t i o n s  i n  H i l l  F o r e s t .  B u l k  
samples w e r e  c o l l e c t e d  f r o m  s e l e c t e d  p r o f i l e s .  These samples we re  a i r  
d r i e d ,  s i e v e d  t o  remove m a t e r i a l s  g r e a t e r  t h a n  2 n i n  d i a m e t e r ,  and 
a n a l y z e d  f o r  p a r t i c l e - s i z e  d i s t r i b u t i o n  u s i n g  t h e  h y d r o m e t e r  method (Day, 
1965).  We compared t h e  m o r p h o l o g i c a l  o b s e r v a t i o n s  made f r o m  t h e  backhce-dug 
p i t s  w i t h  o b s e r v a t i o n s  made f r o m  a u g e r  b o r i n g s  d i r e c t l y  a d j a c e n t  t o  t h e  p i t  
w a l l s .  Then, we made b r i e f  m o r p h o l o g i c a l  d e s c r i p t i o n s  and  h o r i z o n  
d e t e r m i n a t i o n s  f o r  o v e r  100 s o i l  p r o f i l e s  n e x t  t o  ( w i t h i n  30 t o  45  cm) 46 
a c c e s s  t u b e s  i n  Schenck F o r e s t ,  3 1  access  t u b e s  i n  H i l l  F o r e s t ,  24 a c c e s s  
t u b e s  i n  M e d f i e l d  E s t a t e s  s u b d i v i s i o n ,  and 16 access  t u b e s  i n  W i l l o w  H i l l  
s u b d i v i s i o n .  The h o r i z o n  d e s i g n a t i o n s  were  used  as  b a s e l i n e  i n f o r m a t i o n  f o r  
subsequen t  a n a l y s e s  o f  s o i l  w a t e r  c o n t e n t .  

S o i l  Wa te r  C o n t e n t  

S o i l  w a t e r  c o n t e n t  was d e t e r m i n e d  by n e u t r o n  t h e r m a l i z a t i o n  u s i n g  a T r o x l e r  
mode l  3330 n e u t r o n  probe.  Access  t u b e s  were  c u t  f r o m  5  cm d i a m e t e r  a luminum 
i r r i g a t i o n  p i p e .  The b o t t o m  o f  each t u b e  was s e a l e d  u s i n g  a  number 10.5 
r u b b e r  s t o p p e r  squeezed be tween  two  m e t a l  washers.  

Because t h e  s t u d y  s i t e s  we re  h e a v i l y  wooded f o r e s t s  o r  w e r e  r e s i d e n t i a l  
h o m e s i t e s ,  we c o u l d  n o t  u t i l i z e  a t r u c k  mounted h y d r a u l i c  s o i l  s a m p l i n g  
e q u i p m e n t  t o  i n s t a l l  a c c e s s  tubes .  T h e r e f o r e ,  t h e  a c c e s s  t u b e s  were  
i n s t a l l e d  u s i n g  a power d r i v e n  h a n d - h e l d  sc rew  a u g e r  and  a s l u r r y  was p l a c e d  
a r o u n d  t h e  a c c e s s  t u b e  a s  d e s c r i b e d  p r e v i o u s l y .  F o r  more  i n f o r m a t i o n  a b o u t  
t h i s  t e c h n i q u e  see Amoozegar e t  a l e  (1989). 
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F ig .  53. Slope p r o f i  1  e  o f  1  i n e a r  s lope ( tubes  #I-71, concave s l  ope ( tubes  #7-121, and convex s lope 
( tubes  #I-18) a t  t h e  Wi l low H i l l  s u b d i v i s i o n  s i t e .  



The w a t e r  c o n t e n t  measurement  f r e q u e n c y  v a r i e d  f r o m  s i t e  t o  s i t e  ( T a b l e  10). 
Because  o f  e a s e  o f  a c c e s s  t h e  Schenck F o r e s t  s i t e  was t h e  p r i m a r y  s i t e  f o r  
a l l  a c t i v i t i e s  i n c l u d i n g  m o r p h o l o g i c a l  d e s c r i p t i o n s ,  measurement  o f  
h y d r a u l i c  c o n d u c t i v i t y ,  a n d  d e t e r m i n a t i o n  o f  s o i l  w a t e r  c o n t e n t .  C o u n t  
r a t i o  measu remen ts  w e r e  made f r o m  A p r i l  1985 t h r u  J u l y  1986  i n  a n  a t t e m p t  t o  
a s s u r e  a b r o a d  r a n g e  o f  w a t e r  c o n t e n t s .  F o r  s i m i l a r  r e a s o n s ,  t h e  H i l l  
F o r e s t  s i t e  was t h e  s e c o n d a r y  s i t e .  The M e d f i e l d  E s t a t e s  s u b d i v i s i o n  was 
s e l e c t e d  as  a  d e v e l o p e d  s i t e  t o  r o u g h l y  p a r a l l e l  t h e  f o r e s t e d  Schenck  F o r e s t  
s i t e .  Th i s  was t h e  p r i m a r y  r e s i d e n t i a l  s i t e .  L o c a t i n g  a  s i t e  w i t h  s o i l  and  
s l o p e  c h a r a c t e r i s t i c s  s i m i l a r  t o  t h e  H i l l  f o r e s t  s i t e  p r o v e d  t o  be q u i t e  
d i f f i c u l t .  The  W i l l o w  H i l l  s u b d i v i s i o n  was t h e  b e s t  ma tch ;  however ,  t h i s  
s i t e  was o n l y  u t i l i z e d  i n  t h e  l a t e r  s t a g e s  o f  t h e  s t u d y .  

A t  e a c h  o f  t h e  f o u r  s t u d y  s i t e s ,  t h e  s o i l  w a t e r  c o n t e n t  was m o n i t o r e d  i n  19 
t o  46  n e u t r o n  a c c e s s  t u b e s  l o c a t e d  i n  a  r a n g e  o f  l a n d s c a p e  p o s i t i o n s  
i n c l u d i n g  t h e  i n t e r f l u v e ,  s h o u l d e r ,  s i m p l e  s l i c e s l o p e ,  n o s e s l o p e ,  h e a d s l o p e ,  
a n d  d r a i n a g e w a y  p o s i t o n s .  A t  each  access  t u b e ,  t h e  s o i l  w a t e r  c o n t e n t  was 
m o n i t o r e d  a t  n i n e  t o  t e n  d e p t h s  ( 3 0  cm, 50 cm, 75  cm, e t c . )  t o  225-250 cm o r  
t o  r o c k s  t h a t  c o u l d  n o t  be  p e n e t r a t e d  w i t h  t h e  i n s t a l l a t i o n  equ ipmen t .  The 
a c c e s s  h o l e s  w e r e  a  min imum o f  30  cm deepe r  t h a n  t h e  d e e p e s t  d a t a  c o l l e c t i o n  
d e p t h s .  A l l  measu red  c o u n t  numbers were  c o n v e r t e d  t o  a  c o u n t  r a t i o  b y  u s i n g  
a 4 -m in  s t a n d a r d  c o u n t  measurement  a t  t h e  t i m e  o f  d a t e  c o l l e c t i o n .  

C a l i b r a t i o n  c u r v e s  were  d e v e l o p e d  f r o m  79 samples  c o l l e c t e d  f r o m  t w o  o f  t h e  
f o u r  s i t e s .  U n d i s t u r b e d  s o i l  samples,  5  cm l o n g ,  w e r e  c o l l e c t e d  f o r  
g r a v i m e t r i c  w a t e r  c o n t e n t  (Ga rdne r ,  1965)  and  b u l k  d e n s i t y  d e t e r m i n a t i o n  
n e x t  t o  Tubes  # 4 1 - 4 6  a t  Schenck F o r e s t  and  Tubes #24-27 a t  H i l l  F o r e s t .  
Tubes  # 4 2 - 4 4  a t  Schenck F o r e s t  were a l s o  r e s a m p l e d  a t  a  l a t e r  d a t e  t o  o b t a i n  

T a b l e  10. S a m p l i n g  a n d  s o i l  w a t e r  c o n t e n t  measurement  p r o t o c o l  f o r  
f o r e s t e d  a n d  r e s i d e n t i a l  s t u d y  s i t e s .  

S t u d y  S i t e  Number o f  F r e q u e n c y  o f  Number o f  
Access  Tubes O b s e r v a t i o n  O b s e r v a t i o n s  

Schenck  F o r e s t  46 w e e k l y  
H i l l  F o r e s t  30 b i w e e k l y  
M e d f i e l d  E s t a t e s  S u b d i v i s i o n  29 2-4 weeks 
W i l l o w  H i l l  S u b d i v i s i o n  19 i n f r e q u e n t l y  



a d d i t i o n a l  data. We sampled i n t e r f l u v e ,  s i m p l e  s i d e s l o p e ,  heads lope ,  and  
d r a i n a g e w a y  p o s i t i o n s  because t h e  c a l i b r a t i o n  c u r v e s  w o u l d  be  used f o r  a  
r a n g e  o f  l a n d s c a p e  p o s i t i o n s .  

U s i n g  a l i n e a r  r e g r e s s i o n  mode l ,  we d e v e l o p e d  c a l i b r a t i o n  c u r v e s  f o r  
d e t e r m i n i n g  s o i l  w a t e r  c o n t e n t  f r o m  c o u n t  r a t i o  measurements.  S e p a r a t e  
c u r v e s  f o r  t h e  Schenck  F o r e s t  and H i l l  F o r e s t  s t u d y  s i t e s  we re  compared 
( T a b l e  11) .  The combined e q u a t i o n  p r e d i c t e d  w a t e r  c o n t e n t  w i t h  r2.0.66 and 
was used  t o  d e t e r m i n e  s o i l  w a t e r  c o n t e n t  f r o m  c o u n t  r a t i o s  f o r  a l l  s i t e s .  

S a t u r a t e d  H y d r a u l i c  C o n d u c t i v i t y  

S a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y  was measured a t  Schenck F o r e s t  b o t h  i n - s i t u  
and  i n  t h e  l a b o r a t o r y  u s i n g  c o r e s  c o l l e c t e d  f r o m  t h a t  s t u d y  s i t e .  I n - s i t u  
measurements  w e r e  made u s i n g  t h e  model 2800K1 Gue lph  Permeameter  
( S o i l m o i s t u r e  Equ ipmen t  Corp., San ta  B a r b a r a ,  CA) i n  6 cm d i a m e t e r  a u g e r  
h o l e s  dug i n t o  t h e  s a p r o l i t e  a t  t h e  b o t t o m  o f  P i t s  # I ,  2, and 3. T h i s  
equ ipmen t  i s  a n  i n - h o l e  c o n s t a n t  head permearneter t h a t  u t i l i z e s  t h e  M a r r i o t  
p r i n c i p l e  t o  m a i n t a i n  a c o n s t a n t  head o f  w a t e r  a t  t h e  b o t t o m  o f  a  s m a l l  
d i a m e t e r  a u g e r  h o l e .  K a t e r  was pon&d i n  t h e  h o l e s  a t  5 cm and  10 cm 
h e i g h t s ,  and  t h e  " f i e l d - s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y "  (K f s )  was c a l c u -  
l a t e d  u s i n g  t h e  s i m u l t a n e o u s  e q u a t i c n s  app roach  ( " R i c h a r d s u  a n a l y s i s )  
( S o i l m o i s t u r e  Equ ipmen t  Corp.,  1986). The t e r m  f i e l d - s a t u r a t e d  h y d r a u l i c  
c o n d u c t i v i t y  was used  t o  r e f e r  t o  t h e  s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y  o f  
s o i l  a t  f i e l d  s a t u r a t i o n  w h i c h  may c o n t a i n  some e n t r a p p e d  a i r  (Reyno lds  and 
E l r i c k ,  1586). The m a t r i c  f l u x  p o t e n t i a l  (@,) ( R e y n o l d s  and E l r i c k ,  1986)  
was a l s o  c a l c u l a t e d .  M a t r i c  f l u x  p o t e n t i a l  i s  a  measure  o f  t h e  s o i l ' s  a b i -  
l i t y  t o  a t t r a c t  w a t e r  b y  c a p i l l a r y  f o r c e .  Because o f  n e g a t i v e  K f S  o r  $, 
v a l u e s  t h a t  w i l l  b e  d i s c u s s e d  l a t e r ,  we a l s o  used  t h e  L a p l a c e  a n a l y s i s  
a p p r o a c h  t o  c a l c u l a t e  s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y  ( c a l l e d  K l f s )  f o r  
each  l e v e l  o f  ponded  w a t e r  i n  t h e  h o l e  (Reyno lds  and  E l r i c k ,  1986).  

Because o f  d i f f i c u l t i e s  i n  m a i n t a i n i n g  a c o n s t a n t  head w i t h  t h e  o r i g i n a l  
Gue lph  Permeameter  i n  s l o w l y  permeab le  m a t e r i a l s ,  i t  was n o t  p o s s i b l e  t o  
make i n - s i t u  measurements  i n  t h e  s l o w l y  pe rmeab le  B t  h o r i z o n .  T h i s  

T a b l e  11. C a l i b r a t i o n  e q u a t i o n s  r e l a t i n g  v o l u m e t r i c  s o i l  w a t e r  c o n t e n t  ( Y )  
t o  c o u n t  r a t i o  ( X )  f o r  t h e  Schenck F o r e s t  and  H i l l  F o r e s t  s i t e s  
a n d  f o r  t h e  combined da ta .  

S i t e  

Schenck  F o r e s t  
H i l l  F o r e s t  
B o t h  S i t e s  

Equa t i on 



d i f f i c u l t y  was due t o  i n a p p r o p r i a t e  des ign  o f  t h e  a i r  r e s t r i c t i o n  washer i n  
t h e  equipment [ t h i s  was a new dev i ce  - -  ours  was t he  1 0 t h  u n i t  
manufactured]. A f t e r  ou r  d i scuss ions  w i t h  t he  deve loper  o f  t h e  equipment, 
t he  manufac tu re r  m o d i f i e d  t h i s  equipment. 

Sa tu ra ted  h y d r a u l i c  c o n d u c t i v i t y  (Ks)  was determined i n  t he  l a b o r a t o r y  f rom 
s o i l  co res  c o l l e c t e d  f rom j u s t  beh ind t h e  desc r i bed  p i t  face  f o r  P i t s  # I ,  
2, 3  a t  Schenck Fores t .  The cores were c o l l e c t e d  by m o d i f y i n g  a 
h y d r a u l i c a l l y  d r i v e n  s o i l  sampler so t h a t  t h e  sampl ing head was i n s e r t e d  
i n t o  t h e  s o i l  v i a  h y d r a u l i c  p ressure  a p p l i e d  f rom a  backhoe bucket .  The 
unencased, b u t  i n t a c t ,  s o i l  cores had a  d iamete r  o f  6.6 cm and were i n  
s e c t i o n s  8 t o  40 cm long. Cores were c o l l e c t e d  f rom t h e  B t  h o r i z o n  and 
s a p r o l i t e  t o  a  3 m  depth n e x t  t o  P i t s  # 1  and 2. However, cores c o u l d  n o t  be 
c o l l e c t e d  be low 1 m  dep th  n e x t  t o  P i t  #3 because t h e  c o r i n g  dev i ce  c o u l d  n o t  
p e n e t r a t e  a d i f f u s e  s tone l a y e r  a t  t he  base o f  t he  B t 2  hor i zon .  

The cores  were 6.5 cm d iamete r  and were prepared f o r  a n a l y s i s  as p e r  
Amoozegar (1988). B r i e f l y ,  co re  sec t i ons  were t r i m e d  t o  10 cm l eng ths .  
Some samples, p a r t i c u l a r l y  i n  s a p r o l i t e ,  broke a t  acu te  angles due t o  
f o l i a t i o n  p l anes  i n  t he  m a t e r i a l .  I n  some cases, these samples were t r i m e d  
t o  >7 cm l eng ths .  Each core  sample was then  coated w i t h  p a r a f f i n  and d u c t  
tape, and a  PVC r i n g  was a t t a c h e d  and sealed t o  i t s  t o p  end. The co re  b o t -  
toms were covered w i t h  cheese c l o t h .  The cores were s l c w l y  sa tu ra ted ,  and 
then  were mounted on an apparatus t h a t  ma in ta i ned  a  cons tan t  head o f  4.5 t o  
8.5 cm o f  t a p  wa te r  over  t h e i r  tops.  Sa tu ra ted  h y d r a u l i c  c o n d u c t i v i t y  was 
determined a f t e r  t h e  wa te r  f l o w  through each core  had reached a  r e l a t i v e l y  
s teady s t a t e  c o n d i t i o n .  Sa tu ra ted  h y d r e u l i c  c o n d u c t i v i t y  was c a l c u l a t e d  as: 

K S  = ( Q I t A )  ( H I L )  

Ks = s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y  determined i n  t h e  l a b ,  cmld 
Q = o u t f l o w  volume, cm3 
t = t ime,  d 
A = c ross  s e c t i o n a l  a rea  o f  co re ,  cm2 
H = h y d r a u l i c  head, cm 
L = l e n g t h  o f  core,  cm. 

Dye Exper iment  

Three l a r g e  s o i l  co res  were e x t r a c t e d  f rom t h e  s a p r o l i t e  a t  t he  bo t t om o f  
P i t s  #1 and # 2 .  A 20 cm d iamete r  by 25 cm t a l l  s t e e l  r i n g  w i t h  a  beve led  
0.9 cm d iame te r  w a l l  t h i c kness  was pushed v e r t i c a l l y  12-15 cm i n t o  t h e  
s a p r o l i t e  w i t h  a  backhoe bucket .  Spec ia l  c a u t i o n  was used t o  l i m i t  movement 
o f  t h e  backhoe bucke t  t o  a  v e r t i c a l  d i r e c t i o n .  The l a r g e  core  was t hen  
c a r e f u l l y  excavated, suppor ted on t he  bo t tom and c a r r i e d  t o  t h e  l a b o r a t o r y .  
The t o p  and bo t t om o f  t h e  co re  were c a r e f u l l y  t r i m e d  and p i c k e d  c lean ,  and 
covered w i t h  cheese c l o t h .  The cores were n o t  p r e s a t u r a t e d  t o  remove 
ent rapped a i r .  Water c o n t a i n i n g  a  0.1% s o l u t i o n  o f  methy lene b l u e  dye was 
ponded 3 t o  6 cm deep on t h e  core  sur face.  



R e s u l t s  and D i scuss ion  

Morphology o f  So lum/Sap ro l i t e  Sequences 

Morphology o f  I n t e r f l u v e s  and Assoc ia ted  P o s i t i o n s .  The morphology o f  t h e  
s o l u m / s a p r o l i t e  sequences was i m e s t j g a t e d  i n  d e t a i l  a t  t he  Schenck F o r e s t  
and  ill. F o r e s t  s i t e s .  The morpl !o logy o f  a  t y p i c a l  s o i l  p r o f i l e  on t h e  
i n t e r f l u v e  a t  t h e  Schenck F o r e s t  s i t e  i s  d e s c r i b e d  i n  Table  12. T h i s  
p r o f i l e  was d e s c r i b e d  i n  a  backhce-dug p i t  ( P i t  #1) n e x t  t o  Access Tube #8. 
P a r t i c l e  s i z e  d i s t r i b u t i o n  f o r  t h i s  s o i l  i s  shown i n  Table  13. T h i s  
morphology w i l l  be d iscussed  i n  :,me d e t a i l  s i n c e  i t  r e l a t e s  t o  t h e  s o i l  
wa te r  c o n t e n t  and s a t u r a t e d  h y d r z z l i c  c o n d u c t i v i t y  measurements. S o i l  
morphology was a l s o  desc r i bed  i n  e f t a i l  f rom a backhkoe-dug p i t  ( P i t  #2) 
n e x t  t o  Access Tube # 4  a t  Schenck i o r e s t .  H o r i z o n  depths and charac-  
t e r i s t i c s  were s i m i l a r  t o  those  c t  P i t  #1 excep t  t h e  B t /C  h o r i z o n  a t  
P i t  #2 extended t o  a lmos t  170 cm znd was n o t  as c l a y e y  as i n  P i t  # 1 - ( T a b l e  
13). 

The s o i l  m o r p h o l o g i c a l  sequence t q i c a l l y  observed on t he  i n t e r f l u v e  a t  t h e  
Schenck F o r e s t  s i t e  was A - - ~ t l - B : > - 5 t 3 - B ~ / c - C .  F i g u r e  3-15 i s  a  pho tograph  
of t h e  s o i l  p r o f i l e  a t  P i t  # I .  k 3 i l e  i t ' s  n o t  shown i n  t he  photo,  t h e  
s u r f a c e  h o r i z o n  was t y p i c a l l y  a  r f d d i s h  brown sandy loam t o  loam m a t e r i a l .  
I t  was r e p o r t e d l y  c u l t i v a t e d  many j e a r s  ago f o r  c o t t o n  p roduc t i on .  

The B t  h o r i z o n  was t y p i c a l l y  l e s s  than  a  mete r  t h i c k  on t he  s l o p i n g  
i n t e r f l u v e s  a t  t h e  Schenck Fo res t  s tudy  area. T h i s  h o r i z o n  c o n s i s t e d  o f  
t h r e e  subhor i zons :  t he  B t l ,  B t2 ,  and B t 3  ho r i zons .  The 6 t l  was a  t h i n ,  red,  
c l a y e y  h o r i z o n  i n  which s t r u c t u r e  was coa rse r  i n  s i z e  and n o t  as w e l l  
expressed as below. Th i s  h o r i z o n  had many r o o t s ,  and o c c a s i o n a l l y  had l a r g e  
w e l l  expressed  p l a n a r  vo i ds  a s s o c j a t e d  w i t h  s t r u c t u r a l  aggregates.  The B t l  
h o r i z o n  i s  j u s t  b a r e l y  v i s i b l e  near  t h e  t o p  o f  t h e  pho to  i n  F i g .  3-15A. The 
B t 2  h o r i z o n  had t h e  maximum e x p r ~ z s i o n  o f  B  h o r i z o n  c h a r a c t e r i s t i c s - - i n  t h i s  
case t h e  reddes t  c o l o r ,  h i g h e s t  c 'ay  con ten t ,  most c l a y  i l l u v i a t i o n ,  and 
s t r o n g e s t  e x p r e s s i o n  o f  s o i l  s t r u ~ t u r e .  I n  t h e  B t 3  ho r i zon ,  t h e  r e d  c o l o r  
was n o t  as u n i f o r m  as above (F i g .  54) .  The boundary between t h e  B t 2  and 
Bt3 h o r i z o n s  i s  shown by t h e  upper s t r a n d  o f  p a l e ,  y e l l o w  surveyors  t ape  i n  
b o t h  F ig .  54A and B. I n  t h e  B t 3  t h e r e  were more c o l o r  v a r i e g a t i o n s .  
remnant o f  t hose  i n  t he  C ho r i zon .  

There were a l s o  a  few low-chroma s rag -co lo red  m o t t l e s  on ped faces. Wh i le  
s t i l l  c l a y e y ,  t h e  c l a y  con ten t  t y p i c a l l y  decreased about  20% f rom t h e  B t 2  t o  
t he  B t 3  ho r i zon .  A lso ,  s t r u c t u r e  became coa rse r  and n o t  as  s t r o n g l y  
expressed i n  t h e  B t 3  compared t o  t h e  Bt2. 

The B t /C  was a t r a n s i t i o n a l  h o r i z o n  t h a t  con ta i ned  d i s c r e t e ,  i d e n t i f i a b l e  B t  
h o r i z o n  b o d i e s  enveloped w i t h i n  a C h o r i z o n  m a t e r i a l  (F ig .  54). I t  had 
c h a r a c t e r i s t i c s  o f  b o t h  t h e  o v e r l y i n g  B t  h o r i z o n s  and t h e  u n d e r l y i n g  C 
hor i zon .  The B t /C  h o r i z o n  c o n s i s t e d  o f  many c i r c u l a r  o r  t a b u l a r ,  r e d  B t  
bod ies  t h a t  ranged i n  s i z e  f r o m  1 mn t o  20  TI o r  more, and t h a t  o c c u r r e d  
w i t h i n  a  background o f  s a p r o l i t e  c a t e r i a l  i n  wh ich  r o c k - c o n t r o l l e d  s t r u c t u r e  



T a b l e  12. P r o f i l e  d e s c r i p t i o n  o f  t h e  s o i l  a t  P i t  #1, Schenck F o r e s t  n e a r  
Tube #8. S o i l  i s  l o c a t e d  on t h e  i n t e r f l u v e .  S o i l  S e r i e s :  C e c i l .  
F a m i l y :  C layey ,  k a o l i n i t i c ,  t h e r m i c  T y p i c  H a p l u d u l t s .  

AP 1 

A P ~  

B t l  

B t 2  

B t 3  

B t I C  

C 

Redd ish  brown (5YR 4 / 4 )  loam; weak f i n e  g r a n u l a r  and  
subangu la r  b l o c k y  s t r u c t u r e ;  f r i a b l e ;  g r a d u a l  smooth 
boundary.  

Redd ish  brown ( 5 Y R  4 / 4 )  w i t h  s m a l l  p i e c e s  o f  2.5YR 416 
m i x e d  i n ;  loam, a  l i t t l e  h e a v i e r  t h a n  above;  weak medium 
subangu la r  b l o c k y  s t r u c t u r e ;  f i r m  t o  f r i a b l e ;  s l i g h t l y  
s t i c k y  and s l i g h t l y  p l a s t i c ,  c l e a r  smooth boundary.  

Red (2.5YR 4 / 6 )  c l a y ;  wezk coa rse  s u b a n g u l a r  b l o c k y  
s t r u c t u r e ;  f i r m  t o  v e r y  f i r m ;  s t i c k y ,  s l i g h t l y  p l a s t i c ;  
t h i n  t o  m o d e r a t e l y  t h i c k  d i s c o n t i n u o u s  c l a y  f i l m s  on 
ped f a c e s ;  g r a d u a l  smooth boundary.  

Red (10R 4 / 6 )  c l a y  t o  s i l t y  c l a y ;  s t r o n g  f i n e  s u b a n g u l a r  
b l o c k y  s t r u c t u r e ;  f i r m ;  s t i c k y ;  s l i g h t l y  p l a s t i c ;  
m o d e r a t e l y  t h i c k  c o n t i n u o u s  c l a y  f i l m s  on ped f a c e s ;  
g r a d u a l  vavy  boundary. 

Red (10R 4 / 6 )  w i t h  some v a r i e g a t i o n s  due t o  remnants  
o f  s a p r o l i t e  and few l o w  chroma c o l o r s  t h a t  may be 
r e l a t e d  t o  r e d u c t i o n  o f  i r o n ;  s i l t y  c l a y  loam; modera te  
f i n e  and medium subangu la r  b l o c k y  s t r u c t u r e ;  v e r y  f i n  
t o  f i r m ;  s t i c k y ;  s l i g h t l y  p l a s t i c ;  m o d e r a t e l y  t h i c k  
c o n t i n u o u s  c l a y  f i l m s  on most  ped f a c e s  ( b u t  f e w e r  t h a n  
above);  d i f f u s e  vavy  boundary. 

Red (10R 4 / 6  and 2.5YR 4 / 6 )  and y e l l o w  (10YR 7 / 6  and 
1 O Y R  7 / 8 )  s i l t  loam; mass ive  t o  weak c o a r s e  subangu la r  
b l o c k y  i n  r e d  p a r t s  and m o d e r a t e l y  exp ressed  t h i n  
f o l i a t i o n s  ( s i m i l a r  t o  p l a t y  b u t  r o c k  c o n t r o l l e d  and 
o r i e n t e d  near  v e r t i c a l )  i n  y e l l o w  p a r t s ;  s l i g h t l y  
s t i c k y  and s l i g h t l y  p l a s t i c  o v e r a l l ;  m o d e r a t e l y  t h i c k  
t o  t h i n  d i s c o n t i n u o u s  c l a y  f i l m s  on ped f a c e s  and 
p o r e s  i n  c l z y e y ,  red ,  B t  p a r t s ;  d i f f u s e  wavy t o  
i r r e g u l a r  boundary  due t o  p i n n a c l e  w e a t h e r i n g .  

V a r i e g a t e d  b r o w n i s h  y e l l o w  (10YR 618 and 616) l i g h t  
y e l l o w i s h  brown (IOYR 6 / 4 ) ,  l i g h t  r e d d i s h  brown (2.5 YR 
614), and w h i t e  (10YR.8/1)  s o f t  s a p r o l i t e  t h a t  c r u s h e s  
t o  s i l t  loam; r o c k  c o n t r o l l e d  s t r u c t u r e ;  f i r m  t o  f r i a b l e  
and b r i t t l e ;  s l i g h t l y  s t i c k y  and s l i g h t l y  p l a s t i c .  



cm of t h e  s o i l  a t  P i t  $1 a t  
Bt2--P&3--3t/C--C horizon sequence 

F i a .  54. Photograph showing t h e  upper 175 
t h e  Schenck  ores st s i t e  ( A ) ,  a close-up o f  
i n  the same p i t  ( B ) ,  and a c lose-up o f  B t / C  hor izon showing  the  c i rcf i la r  
B t  bodies i n  t h e  lower c e n t r a l  p o r t i o n  (C). 



Tab le  13. P a r t i c l e  s i z e  a n a l y s i s  of s e l e c t e d  s o i l s  a t  Schenck Fo res t  S i t e .  

Tex tu re  Ho r i zon  Depth Sand S i l t  C lay  
cm --- - - - - - - - - - -%--- - - - - - - - - -  

Schenck F o r e s t  P i t  # 1  (Tube #8) 
AP 1 0-5 54 
A P ~  5-15 52 
B t l  15-28 17 
B t 2  28-64 8  
B t 3  64-97 15 
B t /C  97-130 24 
C 130-229+ 36 

Schenck F o r e s t  P i t  #2 (Tube #4) 
AP 1 0-4 65 
A P ~  4-13 57 
B t l  13-20 32 
B t 2  20-76 17 
B t 3  76-91 2  1 
Bt /C  91-168 46 
C 168-206+ 48 

Schenck F o r e s t  P i t  #3 Northwest  
A1 0-15 47 
A2 15-30 47 
B A  30-45 44 
B t l  45-71 53 
B t 2  71-94 56 
2Btb 94-137 19 
2BtbIC 137-190 16 
2C 190-223+ 19 

P i t  Face (Tube #44) 
40 13 
40 13 
35 2 1  
28 19 
25 19 
32 49 
60 24 
70 11 

sandy loam 
sandy c l a y  loam 
c l a y  
c l a y  
c l a y  
c l a y  loam 
s i l t  loam 

sandy loam 
sandy c l a y  loam 
c l a y  
c l a y  
c l a y  
1  oam 
1  oam 

1  oam 
1  oam 
1  oam 
sandy loam 
sandy loam 
c l a y  
s i l t  loam 
s i l t  loam 

was ev i den t .  I n  some p a r t s  o f  t h e  ho r i zon  ( p a r t i c u l a r l y  near  t h e  upper 
p a r t )  t h e  r e d  t u b u l e s  anastomized t oge the r  such t h a t  t h e  i n d i v i d u a l  t ubu les  
were v i s u a l l y  i n d i s t i n g u i s h a b l e .  The r e d  t u b u l e s  were e v i d e n t l y  o l d  r o o t  
channels  ( a n d l o r  k r o t o v i n a s )  f i l l e d  w i t h  m a t e r i a l  f r o m  above. 
A l t e r n a t i v e l y ,  t h e y  may have represen ted  o l d  r o o t  channels  t h a t  f a c i l i t a t e d  
advanced wea the r i ng  processes outward f rom them i n  a c o n c e n t r i c  fash ion.  
Where t h e  B t  bod ies  were l a r g e  (d iamete r  10-20 cm), t h e y  seemed t o  be o l d  i n -  
f i l l e d  r o o t  channels.  Some o f  these a r e  observab le  i n  F ig .  54C. The r e d  
m a t e r i a l  i n  t h e  t u b u l e s  may be c l ayey  o r  s i l t y .  When l O Y R  716 background 
c o l o r s  predominated t h e r e  t y p i c a l l y  were 5YR 718 sma l l  (1-5 mn d iamete r )  
round, r e d  t u b u l e s  t h a t  seemed t o  be i n - f i l l e d  r o o t  channels.  Many a l s o  had 
l i v e  r o o t s  i n  them. There a l s o  were smal l  ( 1  mn d iame te r )  po res  w i t h  r e d  
c i r c l e s  ( p o s s i b l e  due t o  o x i d a t i o n )  around them. 










































































































