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ABSTRACT 

I n  s o u t h w e s t e r n  B r l t l s h  Columbia, a s l g n l f l c a n t  p o r t l o n  of t h e  g l a c l a l  f l u v i a l  

s a n d  and gravel depos l  ts compr ls lng  t h e  Abbotsford A q u i f e r  is contaminated  by 

n i t r a t e s  exceeding  t h e  p r o v l n c l a l  d r l n k l n g  water q u a l i t y  s t a n d a r d  of 10 mg/L as 

n l t r a t e - n i t r o g e n  (NO,-N).  T h i s  e s s e n t l a l l y  unconf ined  a q u i f e r  1s u p ' t o  60 m i n  

t h i c k n e s s  and o c c u p l e s  a s e m l - c i r c u l a r  upland area of 50 km' a d j a c e n t  t o  t h e  

Canada - U.S.A.  border. Groundwater flow emanates  r a d l a l l y  from t h e  c e n t r a l  

p o r t l o n  of the  upland (recharge area) towards its o u t l y i n g  b o u n d a r l e s  where 

d l s c h a r g e  is e v l d e n t  a l o n g  t h e  p e r i p h e r a l  toe of the  upland .  Non-pumping water 

levels r a n g e  from n e a r  ground s u r f a c e  t o  40 m below ground. Water q u a l l t y  d a t a  

o b t a i n e d  from long-term m o n l t o r l n g  of a number of s i tes  o v e r  a 15-year p e r l o d  

l n d l c a t e  t h a t  n i t r a t e  c o n c e n t r a t l o n s  v a r y  s e a s o n a l l y .  H i g h e s t  n i t r a t e  

c o n c e n t r a t i o n s  g e n e r a l l y  occur d u r i n g  the  w i n t e r  months when n i t r a t e  1s l e a c h e d  t o  

t h e  water table  d u r i n g  recharge from i n f i l t r a t i n g  p r e c l p l t a t l o n  and r i s i n g  water 

tab le '  c o n d i t l o n s .  An i n c r e a o l n g  tempora l  t r e n d  I n  n i t r a t e  c o n c e n t r a t i o n  1s 

g e n e r a l l y  e v l d e n t  i n  groundwaters  w l  t h l n  t h e  e a s t e r n  d l s c h a r g e  area where 

n l t r a t e - n i t r o g e n  levels have r l s e n  a t  one  s l t e  from 1.2 mg/L I n  1974 t o  8.3 mg/L 

i n  1984. Site s p e c l f l c  d e t e r m l n a t l o n s  of water q u a l l t y  w l th  dep th  a t  a c o n t r o l  

s l t e  i n s t r u m e n t e d  w l t h  12 s t a n d p l p e  p i e z o m e t e r s  i n d i c a t e  t h a t  n l t r a t e  

c o n c e n t r a t l o n s  decrease w l  t h  depth .  Groundwater high i n  n l t r a t e s  correlates 

s i g n l f  i c a n t l y  w l  t h  i n c r e a s e d  c o n c e n t r a t i o n s  of chlorlde and speclf  i c  conductance  

s u g g e s t l n g  an o r g a n i c  s o u r c e  of c o n t a m l n a n t s  s u c h  as anlmal  wastes. Absence of 

t r l t i u m  I n  groundwater  from dornest lc  wells as shallow as 10 m i n  d e p t h  s u g g e s t s  a 

re la t lvely l o n g  h i s t o r y  of n l t r a t e  c o n t a m l n a t l o n  p r o b a b l y  o r l g l n a t l n g  after 
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World War 11. 6”N isotope d e t e r m i n a t i o n s  i n d i c a t e  enr ichment  of 1 5 N  w i t h  v a l u e s  

of 6 l S N  i n  t h e  r ange  +5.5 t o  23.7 p p t .  i n d i c a t i v e  of n i t r o g e n  d e r i v e d  from o r g a n i c  

s o u r c e s  s u c h  as  s o i l  humus and an imal  wastes. These r e s u l t s  and o b s e r v a t i o n s  of 

l a n d  u s e  practices i n d i c a t e  t h a t  p o u l t r y  manure wastes which are i n a p p r o p r i a t e l y  

s tored ,  d isposed  of and a p p l i e d  t o  t h e  l a n d  are a p r i n c i p l e  s o u r c e  of n i t r a t e  

con tamina t ion  of groundwaters  i n  t he  area. 

INTRODUCTION 

Degrada t ion  of p o t a b l e  groundwater  s u p p l i e s  by non-point  s o u r c e s  of p o l l u t i o n  

is of growing conce rn  i n  many r u r a l  areas of B r i t i s h  Columbia. Groundwater 

q u a l i t y  is e s p e c i a l l y  v u l n e r a b l e  t o  con tamina t ion  i n  t h e  glaciated i n t e r m o n t a n e  

v a l l e y s  u n d e r l a i n  by h i g h l y  permeable  sand  and g r a v e l  aquifers which commonly 

occur  under  r e l a t ive ly  s h a l l o w  water-table c o n d i t i o n s .  Nitrate is a major 

groundwater  contaminant  which has  been i d e n t i f i e d  i n  a number of areas i n c l u d i n g  

t h e  F r a s e r  Lowland phys iog raph ic  r e g i o n  located i n  t h e  s o u t h w e s t e r n  p o r t i o n  of t h e  

P rov ince  ( F i g u r e  1 ) .  One spec i f ic  a q u i f e r  which has  been affected is t h e  

Abbotsford Aqui fer  which o c c u p i e s  a l oca l ,  s e m i - c i r c u l a r  up land  area (Abbotsford 

Upland) of 50 s q u a r e  k i l o m e t r e s  (19  s q u a r e  miles) nea r  t h e  community of Abbotsford 

( F i g u r e  2) .  T h i s  e s s e n t i a l l y  unconf ined  a q u i f e r  is a n  impor t an t  s o u r c e  of water 

s u p p l y  for local munic ipa l  i r r i g a t i o n ,  i n d u s t r i a l  and domes t i c  r e q u i r e m e n t s  

(Kohut 1987 1. 

T h i s  paper p r e s e n t s  some of the  p r e l i m i n a r y  f i n d i n g s  of t h e  water q u a l i t y  

i n v e s t i g a t i o n s  carried o u t  by the  Water Management ’Branch of t h e  B r i t i s h  Columbia 

M i n i s t r y  of Environment on the  e x t e n t ,  n a t u r e  and probable s o u r c e s  of n i t r a t e  
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con tamina t ion  i n  t h e  Abbotsford Aqu i fe r .  I n v e s t i g a t i o n s  were i n i t i a t e d  i n  1985 and  

groundwater  q u a l i t y  mon i to r ing  is c o n t i n u i n g .  P rev ious  groundwater  q u a l i t y  

m o n i t o r i n g  i n v e s t l g a t l o n s  carried out s i n c e  1978 and r e p o r t e d  by Halstead (1986)  

i n d i c a t e  t h a t  shallow dug wells w i t h i n  t h e  water table  a q u i f e r s  of t h e  

F r a s e r  Lowland are  p a r t i c u l a r l y  s u s c e p t i b l e  t o  con tamina t ion  by leachate from 

common s tockpi les  of animal  wastes, e s p e c i a l l y  p o u l t r y  manure. 

STUDY AREA 

The A b b o t s f o r d  Up land  l i e s  b e t w e e n  e l e v a t i o n s  of 45 t o  75 metres 

(150 t o  250 fee t )  above sea l e v e l .  The area is bounded on the s o u t h  by t h e  

I n t e r n a t i o n a l  Boundary, on t h e  west by F i s h t r a p  Creek, on  t h e  n o r t h  by t h e  

Mat squ i  Prairie Lowland, and on  t h e  east  by t h e  Sumas Prair ie  Lowland ( F i g u r e  2 ) .  

The e a s t e r n  boundary is marked by a n  escarpment  which rises a b r u p t l y  from t h e  Sumas 

Prairie Lowland which is a t  an  e l e v a t i o n  of 1 2  m (40 f e e t )  above sea l e v e l .  There  

are no  major streams d i s s e c t i n g  t h e  Upland, b u t  a number of Small lakes occur on 

t h e  Upland, t h e  s u r f a c e s  of which are b e l i e v e d  t o  be a n  e x p r e s s i o n  of t h e  water 

t ab le  (Halstead, 1959) .  A l i n e  of s p r i n g s  (discharge area) o c c u r s  a l o n g  t h e  

e a s t e r n  toe of the  Upland. 

The r e g i o n  is characterized by a c o o l  Med i t e r r anean  t y p e  of climate i n  which 

p r e c i p i t a t i o n  f a l l s  p r i n c i p a l l y  as  r a i n f a l l  d u r i n g  t h e  p e r i o d  September t o  May. 

The area r e c e i v e s  an ave rage  of 1513 mm (60 i n c h e s )  of p r e c i p i t a t i o n  a n n u a l l y  

(Environment Canada, 198-1. The period from June  t o  September is normal ly  d r y  and 

may be s u b j e c t  t o  drought  c o n d i t i o n s .  

Land u s e  on t h e  Upland is predominant ly  a g r i c u l t u r a l  w i t h  associated local  

food-processing/producing i n d u s t r i e s .  The Upland is u n d e r l a i n  by sandy ,  
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coarse-textured and well-drained s o i l s  developed on glacial-f luvial  deposits 

making conditions favourable for  the growing of berry crops including strawberries 

and raspberries. Despite the re la t ive ly  h i g h  annual precipi ta t ion,  i r r iga t ion  is 

required d u r i n g  the summer months. Poultry farming is also a major agr icul tural  

ac t iv i ty  on the Upland area resul t ing i n  widespread stockpiling and application of 

poultry manure l i t t e r  t o  the land. The l i t t e r  which is high  i n  organic content is 

of particular value as  a s o i l  conditioner; improving the moisture re tent ion 

properties of the sandy deposits. 

HYDROGEOLOGY 

,The Abbotsford Upland is underlain by a succession of unconsolidated g lac ia l  

and non-glacial deposits of Pleistocene and Recent ages. These deposits a re  

reported t o  be a t  l e a s t  103 m (339 f e e t )  i n  thickness a t  one locale  where t h e y  

overl ie  bedrock of Tertiary age (Armstrong, 1960). Recessional outwash and 

advance outwash deposits of sand and gravel generally comprise the surface 

d e p o s i t s  t o  a depth of 60 m (200 f e e t ) .  These a re  interspersed w i t h  discontinuous 

bodies of till. These materials comprise a major hydrostratigraphic u n i t  which 

has been termed the Abbotsford Aquifer (Kohut e t  a l ,  1982). T r a n s m i s s i v i t y  v a l u e s  

i n  the range 1.4  x t o  2.2 x m2/S (1.0 x 10’ x 1.5 x 10’ USgpd/ft. w i d t h  

of aquifer 1 have been reported along the eastern toe of the Upland (Callan, 1971 1. 

Groundwater generally occurs under non-conf ined or water-table conditions wi th  

water leve ls  ranging from 0 t o  40 m (0 t o  130 f e e t )  below ground. Water leve ls  i n  

the western portion of the Upland a re  generally shallow ( < 6  m 120 f e e t ]  below 

ground) as shown i n  Figure 3. The deepest water levels  a r e  found i n  the central  
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and e a s t e r n ,  t o p o g r a p h i c a l l y  h igher  areas of t h e  Upland. Regional  groundwater. flow 

determined  from h i s t o r i c  non-pumping water l e v e l s  o b t a i n e d  when t h e  wells were 

f i r s t  d r i l l e d  or  i n v e n t o r i e d  ( K o h u t ,  19871, is r a d i a l l y  away f r o m  t h e  

t o p o g r a p h i c a l l y  h i g h e r  n o r t h - c e n t r a l  p o r t i o n  of the  Upland towards t h e  o u t l y i n g  

w e s t e r n ,  e a s t e r n  and n o r t h e r n  boundar ies .  Groundwater flow i n  t h e  s o u t h e r n  p o r t i o n  

of the  Upland a p p e a r s  t o  be towards the S ta te  of Washington, U.S.A.  
. .  

METHODS OF INVESTIGATION A N D  RESULTS 

Three stages of water q u a l i t y  i n v e s t i g a t i o n  have been carried out t o  date. 

These were: 

1. a rev iew of a v a i l a b l e  h i s t o r i c a l  water q u a l i t y  data on  f i l e  f o r  t h e  area from 

v a r i o u s  s o u r c e s  i n c l u d i n g  chemical a n a l y s e s  under taken  for  Environment 

Canada, I n l a n d  Waters Directorate and t h e  P r o v i n c i a l  M i n i s t r i e s  of Health and  

of Environment;  

2. periodic f i e l d  sampl ing  of domest ic  wells and o b s e r v a t i o n  wells fo r  f i e l d  and  

' l a b o r a t o r y  d e t e r m i n a t i o n  of n i t r a t e s ;  

3. e s t a b l i s h m e n t  of a c o n t r o l  s i t e  equipped w i t h  12 n e s t e d  p i e z o m e t e r s  t o  sample 

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

groundwater  flow, n i t r a t e  movement and probable s o u r c e s  of contaminat ion .  

A brief d e s c r i p t i o n  of each stage of i n v e s t i g a t i o n  and r e s u l t s  o b t a i n e d  are g i v e n  

bel ow. 
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Following a review of existing groundwater quali ty information for  three 

aquifer regions i n  the Fraser Lowland, Kwong (1986a) ident i f ied 2 areas on the 

Abbotsford Upland w i t h  groundwaters having concentrations of NO3-N exceeding the 

provincial d r i n k i n g  water quali ty standard of 10 mg/L ( M i n i s t r y  of Health, 1983). 

Drinking waters having n i t r a t e s  i n  excess of 10 mg/L as nitrogen have been linked 

t o  the occurrence of in fan t i le  methemoglobinemia (Health and Welfare Canada, 

1979). I n  t h i s  condition the oxygen-carrying capacity of blood is reduced which 

can resu l t  i n  death. 

Out of 50 domestic well s i t e s  having n i t r a t e  data,  23 s i t e s  (46 percent) 

showed NO3-N greater than 110 mg/L including 6 s i t e s  over 20 mg/L. The extent of 

the apparent NO3-N contamination is shown diagrammatically i n  Figure 2 where the 

concentrations have been contoured. Kwong (1 986a) a l so  reported on monitoring 

r e su l t s  from two well s i t e s  (9023N and 9024N, Figure 2) which were sampled 

periodically by Environment Canada between 1974 and 1979. Si te  9023N, a 24 m 

(81 foot )  deep well w i t h  a non-pumping water level  near 15 m (50 f e e t )  showed a 

decreasing n i t r a t e  concentration from 17 t o  13 mg/L between 1976 and 1979. Si t e  

9024N, a 50 m (163 foot )  deep well w i t h  a non-pumping water level near 27 m 

(90 f e e t )  a l so  showed a decreasing trend from 10 t o - 7  mg/L between 1975 and 1979. 

The temporal data a l so  exhibited seasonal f luctuations w i t h  higher n i t r a t e  

concentrations generally occurring d u r i n g  the f a l l  and winter months when 

l n f i l t r a t i o n  from precipitation resu l t s  i n  r i s i n g  water-table conditions. 

Groundwater from two large capacity 126 L / s  (2000 USgpm) production wells s i tuated 

near the Fraser Valley Trout Hatchery and w i t h i n  the discharge area along the 

e a s t e r n  t o e  of the Upland (Figure 2) have shown an inc reas ing  n i t r a t e  
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c o n c e n t r a t i o n  w i t h  time. NO3-N from one well rose from 2.1 t o  6.4 mg/L between 

1980 and 1986 while  NOs-N i n  t h e  other well showed a n  i n c r e a s e  from 1.2 t o  8.3 mg/L 

between 1974 and  1984. The widespread o c c u r r e n c e  of n i t r a t e  c o n t a m i n a t i o n  

exceeding  t h e  water q u a l i t y  s t a n d a r d  and r i s i n g  t r e n d s  i n  some areas w i t h  time 

w a r r a n t e d  f u r t h e r  i nves ti g a t  i ons . 
F i e l d  Sampling of E x i s t i n g  Wells I 

I n  March 1986, f i e l d  sampl ing  of 19 wells was carried o u t  t o  conf i rm t h e  

f i n d i n g s  of t h e  Kwong (1986a)  assessment  and t o  o b t a i n  up-to-date  i n f o r m a t i o n  on  

t h e  d e g r e e  and e x t e n t  of n i t r a t e  contaminat ion .  Samples were collected from 

household t a p s  of domest ic  water systems connected  t o  wells and from 6 e x i s t i n g  

M i n i s t r y  of Environment o b s e r v a t i o n  wells on t h e  Upland. Observa t ion  wells were 

sampled w i t h  a t u b e  sampler  b u t  were n o t  purged before sampl ing .  Laboratory 

a n a l y s e s  were under taken  by t h e  Environmental  Labora tory  of t h e  M i n i s t r y  of 

Environment for  major i o n s / p a r a m e t e r s  ( S p e c i f i c  Conductance,  TDS, a l k a l i n i t y ,  

s u l p h a t e ,  chlor ide,  potass ium,  sodium and pH), n i t r o g e n  species (CNO,+NO,]-N,  

t o t a l  Kjeldahl-N, NH, -N,  N O 3 - N ,  NO,-N, ORC-N, t o t a l - N )  and t o t a l  and d i s s o l v e d  

phosphorous . 

R e s u l t s  (Kwong, 1986b) confirmed t h e  e x t e n t  of t h e  c o n t a m i n a t i o n  and 

i n d i c a t e d  t h a t  c o n c e n t r a t i o n s  a t  some sites were i n c r e a s i n g  w h i l e  l e v e l s  a t  o t h e r  

s i tes  were d e c r e a s i n g .  S i te  9023N f o r  example,  now e x h i b i t e d  a n  i n c r e a s i n g  t r e n d  

from 13 mg/L i n  1979 t o  19.8 mg/L i n  1986. These v a r i a b l e  temporal t r e n d s  were 

a t t r i b u t e d  t o  s e a s o n a l  v a r i a t i o n s  and p o s s i b l e  changes i n  l a n d  use  a c t i v i t i e s  i n  

t h e  area (Kwong, 1986b).  NO,-N c o n c e n t r a t i o n s  i n  t he  o b s e r v a t i o n  wells were 

anomalously low i n  t he  r a n g e  of <0.02 t o  0.26 mg/L wh i l e  ammonia-N c o n c e n t r a t i o n s  

were s u r p r i s i n g l y  h i g h  i n  t h e  r a n g e  of 1.25 t o  4.74 mg/L. Although a n a l y s e s  are 
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reported a s  ammonia ( N H , )  the most l ike ly  species i n  solution is ammonium (NHi’)  i n  

t h e  i n - s i t u  pH (7.5 t o  8.5) and temperature ranges (9.5 t o  1 1  degrees C) for 

groundwater. The absence of n i t r a t e  i n  groundwater from t h e  observation wells has 

been at t r ibuted t o  localized deni t r i f icat ion by microbial ac t iv i ty  i n  the immediate 

vicini ty  of the well and insuff ic ient  purg ing  of stagnant borehole water before 

sampling. Neighbouring production wells showed n i t r a t e  t o  be the dominant species 

present i n  the aquifer. 

I n  J u l y  1987, 16 domestic wells having h i g h  n i t r a t e s  were resampled f o r  more 

complete chemlcal ana lyses  inc luding  8 s i t e s  f o r  dissolved heavy metal 

detetyinations,  1 4  s i t e s  for trihalomethane scans, 4 sites for  b”N and t r i t i u m  

isotope analyses. Samples for metals were f le ld- f i l t e red  through a 0.45 micron 

cellulose acetate membrane f i l t e r  and acidif  led w i t h  concentrated n i t r i c  acid 

( 2  m l  per 500 m l  of sample). MaJor-ion, metals and trihalomethane analyses were 

undertaken by the Environmental Laboratory of the M i n i s t r y  of Environment i n  

Vancouver. Samples for  6”N analysis were f i e l d  f i l t e r e d ,  packed i n  a cooler 

chest wi th  ice  packs and sent by courier w i t h i n  24 hours  to  the Agriculture 

Canada, Research Station i n  Lethbridge, Alberta fo r  analysis.  Samples fo r  T r i t i u m  

analysis were forwarded t o  the Isotope Laboratory a t  the University of Waterloo. 

Results of the J u l y  1987 sampling, reported by Sather (19881, showed no 

anomalous heavy metal concentrations. The trihalomethane scans also showed 

negative r e su l t s  below the detectable l i m i t  of 0.001 mg/L suggesting that vo la t i le  

organic compounds were not prevalent i n  the groundwaters sampled. 615N 

determinations were i n  t h e  range of +3.9 t o  +9.8 indicative of l S N  enrichment and 

suggesting animal wastes and/or natural s o i l  nitrogen (Kre i t le r ,  1975) as  sources 

of n i t r a t e  contamination. Further discussion on the significance of 6”N is 
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provided i n  the following section on piezometer resu l t s .  T r i t i u m  r e su l t s  for w e l l s  

as  shallow as  10 m i n  depth and having NO,-N concentrations as h i g h  as  23 mg/L 

showed no s ignif icant  concentrations of t r i t i u m  suggesting a re la t ive ly  long 

his tory of n i t r a t e  contamination probably originating a f t e r  World War 11. More 

detailed s i te  investigations were warranted t o  ascertain n i t r a t e  variations w i t h  

depth and probable sources of contamination. 

Establishment of Control S i t e  w i t h  Piezometer Instal la t ions 

I n  March 1988, twelve, 50 mm (2-inch) internal  diameter standpipe piezometers 

were instal led sou th  of the Abbotsford Airpor t  (Figure 3)  i n  a tr iangular .array 

w i t h  each location ( A ,  B and C) of the array having four piezometers s e t  t o  

d i f f e r e n t  depths up t o  23 rn (75 f e e t )  below ground (Sather, 1989). Piezometers 

s e t t i n g s  and construction de ta i l s  are  shown i n  Figure 4. Screened i n t a k e s  were 

positioned a t  approximate depths of 23, 17, 1 1  m (75, 55, 35 f e e t )  and straddling 

t h e  water table  a t  5 t o  6 m (15 t o  20 f e e t )  below ground. Piezometers were 

instal led i n  1 5 0 m m  (6-inch) internal  diameter steel cased holes (2 per hole) 

d r i l l ed  by t h e  cable-tool method. Sand and gravel only was encountered a t  each of 

the s i t e s .  The piezometers were s e t  i n  place using the pull-back method where the 

s t ee l  casing is withdrawn towards the surface. Piezometers were constructed of 

PVC (Schedule 40) thermoplastic casing w i t h  flush-threaded j o i n t s  and a 0.9 m ( 3  

foot )  length section of s lo t ted  PVC 0.5 mm (20 s l o t )  screen connected t o  a 0.9 m 

( 3  foot )  blank t a i l  pipe w i t h  closed bottom. A 2.4 m (8 foot )  length of screen 

was ut i l ized i n  the shallowest piezometer a t  each s i t e  w i t h  the screen straddling 

the water table.  Screened portions were sand-packed w i t h  Monterey F9 s i l i c a  sand 

us ing  a tremie while the s t e e l  casing was being withdrawn. About 3 m (10 f e e t )  of 
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the s t e e l  casing was l e f t  i n  the ground t o  provide a surface sea l  and protective 

cap. The annulus between the piezometers and the s t e e l  casing was sealed w i t h  two 

t h i n  layers of bentonite and portland cement grout t o  surface. Each piezometer was 

developed for  approximately 30 minutes w i t h  a suction pump u n t i l  the water was 

clear .  The piezometers were then l e f t  undisturbed for  two months before water 

sampling was undertaken. 

Prior t o  sampling i n  June 1988, water levels  were measured i n  each of the 

piezometers us ing  t h e  wetted-tape method (U.S. Department of t h e  In t e r io r ,  1980). 

Groundwater samples for  laboratory analysis of major chemical parameters, metals 

and yitrogen isotopes were then taken us ing  a conventional gas-driven suction pump 

a f t e r  purg ing  each well for approximately 10 t o  20 minutes a t  ra tes  between 0.3 and 

0.6 Lps ( 5  and 10 USgpm) t o  remove approximately 380 L (100 U.S. gallons) before 

sampling. Samples were a l so  taken a t  the s t a r t  and end of the pumping for  f i e l d  

determinations of temperature, pH, spec i f ic  conductance and NO,-N concentration for  

comparative purposes. Samples for  dissolved metal determinations were taken 

following the previously described procedures. Major ion and metal analyses were 

undertaken a t  the Environmental Laboratory of the > M i n i s t r y  of Environment i n  

Vancouver. Samples for  6''N analysis were f i e l d  f i l t e r e d ,  packed i n  cooler chests 

w i t h  i ce  packs and sent  by courier w i t h i n  24 hours  t o  the Agriculture .Canada, 

Research Station i n  Lethbridge, Alberta for  analysis. 

Hydraulic head measurements from the piezometers i n  June, 1988 (F igu re  5) 

indicated a southwesterly groundwater flow direction under a horizontal hydraulic 

gradient of 0.001. Vertical hydraulic gradients i n  the range 0.001 t o  0.002 were 

a l so  measured indicating a downward component of flow a t  S i t e  A and B and an 

upward component of flow from the two deeper piezometers a t  S i t e  C.  Groundwater 

recharge conditions a t  a l l  s i t e s  were prevalent t o  a depth of 11  m (35 f e e t ) .  
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Results of analyses for  major chemical parameters, selected dissolved metals 

and b”N a r e  shown i n  Tables 1 and 2. Concentrations of a number of parameters 

were plotted against pizeometer intake depths t o  assess variations w i t h  depth. 

Depth p r o f i l e s  f o r  (N0,+N02)-N, Chlor ide ,  S p e c i f i c  Conductance, pH, 

Total Alkalinity,  Dissolved Calcium, Sulphate, Dissolved Phosphorous and 6’ ’N a r e  

shown i n  Figures 6, 7 and 8 .  Scatter plots  of (N0,+N02)-N versus a number of 

parameters were a l so  prepared, three of which (Chloride, Specific Conductance and 

6ISN) showed s ignif icant  correlations w i t h  (N03+N02)-N. These a re  shown in 

Figure 9. Following is a brief discussion of the apparent water quali ty trends 

w i t h  depth a t  the s i t e s  and observed parameter correlations.  

N i  t r a t  e-N 

As NO,-N concentrations i n  the area have generally been found not exceeding 

t h e  detectable l i m i t  of 0.005 mg/L, the reported values of (N03+NOz)-N were 

regarded t o  be equal t o  NO,-N. NO,-N concentrations (Figure 6 )  show a decreasing 

concentration w i t h  depth a t  S i tes  B and C from 20 t o  less than 5 m/L and a 

s l i g h t l y  increasing trend w i t h  depth a t  S i t e  A (Figure 6 ) .  Recharge conditions 

w i t h i n  the upper 1 1  m (35 f e e t )  and decreasing n i t r a t e  concentrations w i t h  depth 

suggest the downward movement of leachate and n i t r a t e  de r ived  from surface sources 

is actively taking place near S i t e s  B and C.  The highest l eve ls  of NO,-N a t  20.6 

mg/L were observed i n  the l l m  (35 foot )  deep piezometer a t  S i t e  C.  These trends 

suggest that  the n i t r a t e  is derived from surface sources upgradient of S i tes  B and 

C but  downgradient or t o  the eas t  of S i t e  A. Concentrations i n  a l l  piezometers 

were close t o  5 mg/L a t  a depth of 17 m (55 f e e t ) .  Decreasing n i t r a t e  

concentrations wi th  depth a l so  suggest that  deni t r i f ica t ion  processes may a l s o  be 

active.  Deni t r i f icat ion w i t h  depth has been observed elsewhere i n  sandy s o i l s  

(Gillham and Cherry ,  1978; Hendry e t  a l ,  1983). 
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)1 Chloride 

Chloride concentrations (Figure 6) a lso  exhibit a decreasing trend w i t h  

depth,from 12 t o  4 mg/L a t  Si tes  B and C w h i l e  showing a s l i gh t ly  increasing trend 

from 2 t o  5 mg/L a t  S i t e  A.  These r e su l t s  are similar t o  the n i t r a t e  trends 

suggesting a surface source possibly d e r i v e d  from animal wastes. A re la t ive ly  h igh  

correlation (Correlation coefficient = 0.82) exhibited between chloride and NO,-N 

concentrations (Figure 9) suggests a common source. Chloride is a major 

contaminant often associated wi th  animal wastes (Miller, 1980). 

Specific Conductance 

S p e c i f i c  conductance, (Figure 6 )  i n d i c a t i v e  of the t o t a l  d i sso lved  

mineralization i n  the groundwater a lso exhibits a decreasing trend w i t h  depth from 

280 t o  200 pS/cm a t  Si tes  B and C while an increasing t r e n d  from less  than  100 t o  

226 pS/cm occurs a t  S i t e  A.  T h i s  appears consistent w i t h  the NO3-N and chloride 

t r e n d s  indicative of a surface source of pollution s i tuated upgradient of Si tes  B 

and C and downgradient or t o  the eas t  of S i t e  A.  A re la t ive ly  h igh  correlation 

(Cor re l a t ion  c o e f f i c i e n t  - 0.64) between s p e c i f i c  conductance and NO3-N 

concentrations suggests a leachate source higher i n  dissolved mineralization 

( >  150 mg/L) than ambient groundwaters found a t  depth (23 m [75 feet]) a t  S i tes  B 

and C.  

Laboratory pH values a t  a l l  of the s i t e s  (F igu re  7) show an increasing t r e n d  

F i e l d  pH values (Table 1 )  f a l l  w i t h i n  a similar w i t h  dep th  from 6 t o  8 pH u n i t s ,  
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range. Field pH values for  samples taken nearest the watertable a re  s ignif idant ly  

higher than laboratory pH values for  the same samples. T h i s  suggests that  i n  s i t u  

pa r t i a l  pressures of CO, near the water tab le  probably occur under l e s s  than 1 atm. 

conditions. Following equilibium w i t h  C O z  i n  the atmosphere, pH of the samples 

would be expected t o  decrease. The increasing pH trend w i t h  depth may suggest that  

n i t r a t e  is derived from leachate sources more acidic  than the ambient groundwaters. 

Relatively ac id ic  groundwaters i n  a pH range from 4.2 t o  7.5 f o r  example have been 

a s soc ia t ed  w i t h  contamination from animal waste elsewhere ( R i t t e r  and 

Chirnside, 1984). Alternatively, increasing pH w i t h  depth may r e f l ec t  the 

dissolution of carbonate minerals (increasing a lka l in i ty  and dissolved calcium) a s  1 

groundwater moves downwards. 

Total Alkalinity 

Total a l k a l i n i t y  indicative of bicarbonate concentration shows an increasing 

Low trend w i t h  depth a t  a l l  of the s i t e s  (Figure 7 )  from l e s s  than 10 t o  70 mg/L. 

a lkal ini ty ,  groundwaters a t  shallow depth appears consistent w i t h  i n f i l t r a t i o n  of 

ac id ic  leachate derived from animal wastes. 

Dissolved Calcium 

Dissolved calcium generally shows an increasing concentration w i t h  depth a t  

S i t e s  A and B (Figure 7 )  from 10 t o  30 mg/L b u t  somewhat variable concentration 

w i t h  depth a t  S i t e  C i n  the range of 22 t o  32 mg/L. Higher concentrations 

associated w i t h  S i t e  C suggest that  n i t r a t e  sources a re  a l so  a source of dissolved 

cal  c i  um . 
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S u l p h a t e  

S u l p h a t e  c o n c e n t r a t i o n s  ( F i g u r e  8 )  show an i n c r e a s i n g  t r e n d  w i t h  dep th  a t  a l l  

sites from less t h a n  5 t o  22 mg/L s u g g e s t i n g  t h a t  s u r f a c e  s o u r c e s  of n i t r a t e  do n o t  

c o n t r i b u t e  appreciable amounts of s u l p h a t e  t o  groundwater .  C o n c e n t r a t i o n s  close t o  

20 mg/L probab ly  ref lect  ambient  groundwater  v a l u e s .  S i te  C having  t h e  h i g h e s t  

s u l p h a t e  shows some ev idence  of s u l p h a t e  r e d u c t i o n  o c c u r r i n g  below 1 1  m (35 f e e t ) .  

Di s so lved  Phosphorous 

Di s so lved  phosphorous c o n c e n t r a t i o n s  ( F i g u r e  8) show an  i n c r e a s i n g  t r e n d  w i t h  

d e p t h  a t  a l l  s i tes  from 0.003 t o  0.014 mg/L. The obse rved  t r e n d  may be related t o  

t h e  i n c r e a s i n g  pH which i n c r e a s e s  t he  s o l u b i l i t y  of phosphorous l i k e l y  p r e s e n t  i n  

t h e  sed imen t s .  T h i s  s u g g e s t s  t h a t  t h e  sources of N03-N are n o t  s i g n i f i c a n t  

s o u r c e s  of phosphorous or t h a t  a d s o r p t i o n  processes w i t h i n  t h e  u n s a t u r a t e d  zone 

s l g n t f i c a n t l y  a t t e n u a t e  phosphorous movement. 

6' 'N 

Nitrogen isotope r e s u l t s  are expres sed  as: 

15 1 4  15 1 4  

( N/ N) s t a n d a r d  
' 15N ( p p t )  - ( N/ N) sample - ( N/ N) s t a n d a r d  x 1000 

15 1 4  
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r e s u l t s  were o b t a i n e d  as % ” N  and c o n v e r t e d  t o  b l S N  u s i n g  ‘ “ N  s t a n d a r d  = 99.632% 

and l S N  s t a n d a r d  = 0.368% as reported by Kreitler (1975).  P o s i t i v e  v a l u e s  of 

6 lSN i n d i c a t e  samples  e n r i c h e d  i n  l S N  r e l a t i v e  t o  ‘ “ N  wh i l e  n e g a t i v e  v a l u e s  of b 1 5 N  

i n d i c a t e  samples  e n r i c h e d  i n  “N. 

6 ” N  v a l u e s  ( F i g u r e  8)  show an  i n c r e a s i n g  t r e n d  w i t h  d e p t h  a t  a l l  of t h e  

s i tes  i n  t h e  r a n g e  of +5.5 . t o  +23.7 p p t .  6 lSN v a l u e s  > +9.0 i n  groundwaters  

e l s e w h e r e  have been associated w i t h  animal waste leachates (Cormly and  S p a l d i n g ,  

1979) .  T h i s  i n c r e a s i n g  t r e n d  w i t h  d e p t h  is i n  o p p o s i t i o n  t o  t h e  d e c r e a s i n g  N 0 3 - N  

t r e n d .  A r e l a t i v e l y  h i g h  i n v e r s e  c o r r e l a t i o n  ( C o r r e l a t i o n  C o e f f i c i e n t  - -0.81 1 

e x i s t s  between N0, -N  and 6”N ( F i g u r e  9 ) .  T h i s  i n v e r s e  r e l a t i o n s h i p  suggests t h a t  

i sotopic  f r a c t i o n a t i o n  caused  by d e n i t r i f i c a t i o n  is most l i k e l y  a n  a c t i v e  p r o c e s s  

working a t  depth .  Similar r e s u l t s  i n  h i g h l y  permeable ,  c o a r s e - t e x t u r e d  d e p o s i t s  

have been observed  elsewhere (Cormly and S p a l d i n g ,  1979) .  T h i s  process l i k e l y  

i n v o l v e s  t h e  r e d u c t i o n  of n i t r a t e s  t o  ammonia, t o  n i t r o g e n  gas or t o  n i t r o u s  o x i d e  

by microbial a c t i v i t y .  There is, moreover ,  some e v i d e n c e  of n i t r o g e n  r e p o r t e d  as 

ammonia up t o  0.034 mg/L o c c u r r i n g  i n  some of the  deeper. p i e z o m e t e r s  ( T a b l e  1 )  

wh i l e  n e a r  detectable v a l u e s  (0.005’ - m g / L )  o n l y  occur  i n  t h e  . water-table 

p i e z o m e t e r s .  Deni trif i c a t i o n  by a n a e r o b i c  bacteria for  example would moreover 

release n i t r o g e n  gas e n r i c h e d  i n  t h e  l i g h t e r  isotope ’ “ N  l e a v i n g  n i t r a t e  i n  

s o l u t i o n  e n r i c h e d  i n  l S N  (Wellman e t  a l ,  1968).  Cormly and  S p a l d i n g  (1979)  report  

t h a t  f resh animal  wastes are n o t  i n i t i a l l y  e n r i c h e d  i n  1 5 N ,  b u t  f r a c t i o n a t i o n  of 

n i t r o g e n  isotopes appears to  commence soon after t h e  wastes are  depos i ted  o n  t h e  

ground. Such enr ichment  r e s u l t s  from t h e  v o l a t i l i z a t i o n  of NH,  produced by t h e  

decomposi t ion  of u r e a ,  a major component of animal  wastes (Kreitler, 19.75). T h i s  

would r e s u l t  i n  r e s i d u a l  aqueous ammonium i n  leachate b e i n g  e n r i c h e d  i n  l S N  

c r e a t i n g  a s o u r c e  of l S N  f o r  p o t e n t i a l  n i t r i f i c a t i o n  t o  n i t r a t e .  
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6"N values showing s l igh t  enrichment i n  ' 'N near t h e  water tab le  may al'so be 

indicative of natural s o i l  nitrogen sources (Krei t ler ,  1975). Lowering of the 

water tab le  by pumping and drainage schemes moreover, could be a contributing 

factor t o  n i t r a t e  formation i n  the region. Lowered water leve ls  for  example would 

promote ammonification of natural organic nitrogen sources, n i t r i f i c a t i o n  of 

ammonia and formation of n i t ra tes  which could be mobilized t o  the water tab le  by 

i n f i l t r a t i n g  waters or a seasonal r i s e  of the water table.  

Transport and transformation of nitrogen from animal wastes a t  the land 

surface t o  n i t r a t e  i n  groundwater involves a number of biological,  chemical .and 

physical processes including hydrolysis, ammonification, oxidation, n i t r i f i c a t i o n  

and leaching by percolat ing waters. Nitrogen i n  animal wastes principally occurs 

as organically-bound nitrogen (amino acids,  polypeptides and proteins) I n  feces and 

as urea (NH,CONH,) i n  urine. Under d r y  conditions nitrogen i n  urea can be 

transformed biologically t o  ammonium NH, + through hydrolysis of the enzyme urease 

(Robertson e t  a l ,  1974). NH4' can also be produced through mineralization of 

organic nitrogen (ammonification). I n  t h e  s o i l  zone NH,' is converted t o  NO3 by 

oxidation involving n i t r i f y i n g  bacteria (n i t r i f i ca t ion ) .  Ammonification and 

n i t r i f i c a t i o n  a re  processes that usually occur above the water tab le  where organic 

matter and oxygen are  abundant (Freeze and Cherry, 1979). Once formed, NO, can be 

readi ly  leached by percolating waters and transported s ignif icant  distances i n  

groundwaters under strongly oxidizing conditions. 

Other Metals 

Analyses of a number of additional dissolved metals including those l i s t e d  i n  

Table 2 and including cadmium, cobal t ,  chromium, copper, nickel,  lead,  and 
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vanadium showed no par t icular ly  anomalous values or discernable t r e n d s  wi th  depth. 

Ritter and Chlrnslde (1984) report  that  some metals such a s  copper may be a 

component of poultry feed. Reported concentrations of dissolved cadmium, chromium, 

copper and vanadium were a l l  l e s s  than the detectable l i m i t  of 0.01 mg/L. 

Concentrations of dissolved cobalt and lead were a l l  l e s s  than the detectable l i m i t  

of 0.1 mg/L and a l l  nickel values were below 0.05 mg/L. Trace quant i t ies  of boron, 

barium, zinc and molybdenum (Table 2) were reported i n  some of' the piezometers, b u t  

the s lgnif  icance of these concentrations is unknown. Concentrations of dissolved 

i ron In the range 0.01 to. 0.02 mg/L and dissolved manganese i n  the range 0.01 t o  

0.14 do not suggest par t icular ly  strong reducing conditions a t  depth. Low sodium 

concentrations i n  the range of 2.7 t o  6.9 mg/L, low potassium i n  the range of 0.6 

t o  5.2 mg/L and low magnesium concentrations in the range of 4.6 t o  6.1 mg/L do not 

show any discernable trends. 

Overall Groundwater Qual i ty  

I n  terms of overall  groundwater quali ty based on equivalents per mill ion as a 

percentage, groundwaters a t  S l t e  A can be c lass i f ied  a s  a calcium-bicarbonate 

type, while groundwaters a t  S i t e s  B and C contain approximately equal portions of 

bicarbonate, chloride,  n i t r a t e  and sulphate anions. Groundwaters a r e  generally low 

i n  overall  mineralization w i t h  TDS values i n  the range of 76 t o  270 mg/L. NO,-N 

concentrations up t o  20.6 mg/L or 92 mg/L as NO, can contribute a s ign i f icant  

portion (one t h i r d )  of the  dlssolved minerals. 

SUMMARY AND CONCLUSIONS 

A s lgnlf lcant  portion of the g lac ia l  f l uv ia l  sand and gravel deposits 
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comprising the Abbotsford Aquifer is contaminated by n i t r a t e s  exceeding’ the 

provincial d r i n k i n g  water quali ty standard of 10 mg/L as nitrate-nitrogen, Water 

quali ty data obtained from long-term monitoring of a number of s i t e s  over a 

15-year period indicate that  n i t r a t e  concentrations vary seasonally. Highest 

n i t r a t e  concentrations generally occur during the f a l l  and winter months when 

n i t r a t e  is leached t o  the water table  during recharge from i n f i l t r a t i n g  

precipitation and r i s i n g  water tab le  conditions. An increasing trend i n  n i t r a t e  

concentration is generally evident i n  groundwaters w i t h i n  the eastern discharge 

area where nitrate-nitrogen levels  have r isen a t  one s i t e  for  example from 1.2 

mg/L i n  1974 t o  8.3 mg/L i n  1984. Relatively h igh  levels  of ammonia-# i n  the 

range of 1.3 t o  4.7 mg/L have been found i n  unpurged observation wells indicative 

of microbial deni t r i f ica t ion  of groundwater i n  t h e  immediate v ic in i ty  of the well. 

Adequate purg ing  of monitor wells and determination of a l l  major dissolved 

nitrogen species is necessary for  interpret ing the significance of n i t r a t e  

concentrations i n  groundwaters. S i te  speclf i c  determinations of water quali ty 

w i t h  depth a t  a control s i t e  instrumented w i t h  12 standpipe piezometers indicate  

that  n i t r a t e  concentrations decrease w i t h  depth. Nitrates up t o  21 mg/L as 

nitrogen can contribute up t o  a t h i r d  o f ’ t h e  t o t a l  dissolved mineralizaton a t  some 

locations. Groundwater h igh  i n  n i t r a t e s  correlates s ign i f icant ly  wi th  increased 

concentrations of chloride and spec i f ic  conductance suggesting an organic source 

of contaminants such as  animal wastes. Absence of  t r i t i u m  i n  groundwater from 

domestic wells as shallow as 10 m i n  depth suggests a re la t ive ly  long his tory of 

n i t r a t e  contamination probably originating a f t e r  World War 11. 6”N isotope 

determinations indicate enrichment of ” N  w i t h  values of 6”N i n  the range of +5.5 

t o  t23.7 p p t .  indicative of nitrogen derived from organic sources such a s  s o i l  

humus and animal wastes. An inverse correlation between n i t r a t e  and 6”N 

indicates that  deni t r i fcat ion processes a re  active a t  depth reducing n i t r a t e  
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c o n c e n t r a t i o n s  and e n r i c h i n g  groundwaters  i n  ' 'N. These results and o b s e r v a t i o n s  

of l a n d  u s e  p rac t i ces  i n d i c a t e  t h a t  p o u l t r y  m a n u r e  wastes which  a r e  

i n a p p r o p r i a t e l y  stored, d i s p o s e d  of and app l i ed  t o  the  l a n d  are a p r i n c i p a l  s o u r c e  

of n i t r a t e  con tamina t ion  of groundwaters  i n  t h e  area. I 
Addi t iona l  s t u d i e s  which would p r o v i d e  f u r t h e r  ev idence  of n i t r o g e n  species 

t r a n s f o r m a t i o n ,  n i t r a t e  sources and movement might i n c l u d e  n i t r o g e n  a n a l y s e s  of 

soil samples, n i t r o g e n  a n a l y s e s  of p o u l t r y  l i t t e r  leachates,  water sampl ing  i n  t h e  

u n s a t u r a t e d  zone u s i n g  lysimeters, microbiological sampl ing  and  a n a l y s e s  i n  t h e  

u n s a t u r a t e d  zone and i n  groundwater  , measurements of Eh i n  groundwater  and more 

comprehensive isotope a n a l y s e s .  More f r e q u e n t  m o n i t o r i n g  (e.g. weekly) of n i t r a t e  

c o n c e n t r a t i o n s  d u r i n g  t h e  f a l l  and w i n t e r  recharge per iod would p r o v i d e  more 

d e f i n i t i v e  i n f o r m a t i o n  on  tempora l  v a r i a t i o n s .  
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TABLE 1 

Results of Major Chemical Parameter and N Isotope Analyses at  Piezometer Sites 

SiteIDepth Lab. Ffeld Spec. 

Feet NO,+NO,(N) NH,(N) 0rg.N Phos.Diss. Total Alk. pH pH Cond. TDS C1 SO,, 6N” 

A-25 4.55 <0.005 <0.01 .004 17.8 6.5 7.2 88 94 3.5 2.3 14.21 
A-35 3.5 <0.005 <0.01 .005 24.3 6.6 6.8 88 76 2.3 2.4 15.27 
A-55 5.2 .006 <0.01 .007 53.3 8.1 8.2 165 142 2.6 3.5 12.54 
A-75 5.5 .014 <O.Ol .008 65.6 8.3 8.6 226 166 5.4 16.6 19.11 

B-20 16.8 .008 <0.01 .003 8.7 6.9 7.7 220 228 10.3 9 5.46 
16.6 .005 <0.01 .003 14.1 7.3 7.2 217 240 8.4 8.9 7.28 B-35 

8-55 6.55 .034 -03 .008 52.9 7.6 7.8 196 160 4.5 9 13; 29 
B-75 2.3 <0.005 .04 .01 71.1 8.2 8.3 212 148 4.1 16.9 N/A 

I 

8.35 C-25 17.1 .005 03 <0.003 9.8 6 
c-35 20.6 .02 003 <0;003 13 6.3 6.9 283 270 12.1 16.3 7.31 

.02 <0.02 .007 50.8 7.3 7.7 184 140 4.6 11.3 23.66 c-55 4.9 
c-75 .58 ,008 ; 06 .014 64.8 8.1 8.3 210 146 7.9 21.5 N/A 

7.6 234 202 10.2 14.7 

Aver age : 8.68 -01 33 .OS8 .007 37.2 7.3 7.7 194 168 6.33 1 1  12.65 

Maximum 20.6 .034 .06 .014 71.1 I 8.3 8.6 283 270 12.1 21.5 23.66 

Minimum: .58 t0.005 <0.01 ~0.003 8.7 6 6.8 88 94 2.3 2.3 5.46 
. .  

A l l  analyses i n  mg/L except pH (relative units), Specific Conductance (pS/cm), and 6N” ( p p t ) .  

. *  

. 



TABLE 2 

Results of Selected Dissolved Metals Analyses at Piezometer Sites 

SiteIDepth Na K Ca Mg B Ea Fe Mn Zn Mb 

A-25 
A-35 
A-55 
A-75 

8-20 
B-35 
B-55 
B-7 5 

C-25 
c-35 
c-55 
c-75 

Aver age : 

Maximum: 

Minimum : 

2.7 .6 10.7 
2.9 .6 10.8 
3.4 1 20.3 
4.1 1.9 31.5 

4.1 5.2 22.7 
4.7 1.8 24.1 
4.4 1.4 22.1 
4.7 1.8 27.7 

5.5 1 24.9 
6.1 1.2 31.7 

6.9 1.6 26.2 
4.7 1.1 21.6 

6.9 5.2 31.7 

2.7 .6 10.7 

1.89 
1.95 
4.94 
5.78 

4.26 
4.69 
5.53 
4.89 

5.22 
6;07 
4.82 
4.82 

4.57 

6.07 

1.89 

<0.01 
<0.01 
<0.01 
<0.01 

<0.01 
<0.01 
<0;01 
<0.01 

.01 

.01 
<0.01 
<0.01 

< .01 

.01 

<.01 

<0.01 
<OD01 
<0;01 
(0.01 

.07 
<0.01 
<0;01 

.01 

-01 
<0.01 
<0.01 
<0.01 

03 

.07 

<0.01 

-02 
<0.01 
<0;01 
<0.01 

<0.01 
<0.01 
<0.01 
(0.01 

.01 
<0;01 

001 
<0.01 

.01 

.02 

< .01 

.02 
003 
0 03 
03 

.01 

.02 

.01 

.01 

.04 

. I 4  

.01 
03 

.032 

.14 

.01 

<0.01 
<0.01 
<0.01 
<0.01 

.01 
<0.01 
<0;01 
<0.01 

<0.01 
<0.01 
<0;01 
(0.01 

<0.01 

.01 

<0.01 

<0.01 
<0.01 

.01 

.01 

<0.01 
<0.01 
<0.01 
(0.01 

<0.01 
<0;01 
<0.01 
<0.01 

<0.01 

.01 

<0.01 

All analyses reported in mg/L. 



Figure 1. Location map. 
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Figure 2. Occurrence o f  nitrate-ni trogen i n  domestic wells,  Abbotsford Upland 
(after Kwona , 1986a) 
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Figure  3 .  DeDth t o  water and l o c a t i o n  o f  Diezometer s i t e s  A, B and C south of 
Abbotsford A i r p o r t  ( a f t e r  Kohut, 1987). 
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Figure 4. Piezometer settinas and constructlon details. 



Figure 5 .  G!ater table elevation contours, in f ee t  above sea 
level and inferred direction o f  flow between 
piezometer s i t e s ,  June 1988. 
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