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PREFACE 

The Nova S c o t i a  Department of Mines initiated i n  1964 an extensive 
program to evaluate the groundwater resources of the Province of Nova Scotia. 
The first detailed field investigation i n  this program was conducted i n  the An- 
napolis-Cornwallisvalley, and the results were publishedas Department ofMines 
Memoir 6. As part of this investigation, several piezometer nests were installed 
near Berwick to obtain data on the groundwater flow system and fluctuations i n  
groundwater levels. The project was expanded in  1967 with the installation of 
more piezometers, and water-level measurements were continued until the end 
of October 1968. The results of this project, which are described i n  this report, 
are an important contribution to the understanding of the groundwater hydrology 
of the Annapolis-Cornwallis Valley. The author points out, however, that sew 
era1 facets of this project deserve additional study. 

h’.ost of  the f i e I d work for this project was supported as a joint under- 
taking between the Canada Department of Forestry and Rural Development and 
the Province of Nova Scotia (ARDA project No. 22042). Recently the admin: 
istration of the ARDA Act was transferred to the Canada Department of Regional 
Economic Expansion. Use of Dalhousie University’s IBM/360 Model 50 computer 
was secured through the cooperation of the Geology Department. 

John F.  Jones 
Chief, Groundwater Section 
Nova Scotia Department of Mines 

Halifax, April 1, 1970 
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PIEZOMETER NESTS AND THE GROUNDWATER FLOW SYSTEM 
NEAR BERWICK, KINGS COUNTY, NOVA SCOTIA 

ABSTRACT 

Four piezometer nests were instal led near Berwick i n  the A n n a p o I i s- 
CornwaIlis'Valley to monitor annual fluctuations i n  groundwater levels and to 
determine the variation i n  hydraulic head with depth at selected locations i n  the 
regional groundwater flow system. Groundwater levels i n  the f I o o d  plain ad- 
jacent to the Cornwallis River closely followed changes i n  the river stage. Ex- 
cept for periods of rising stage and flood crests, the river i s  e f f I u e n t. Away 
from the river, the hydrographs of groundwater r e c e s s i o n  during the growing 
seasons of 1966-68 were similar each year. The water I e v e  I at the end of the 
recession was a function of the date the recession started and the water level at 
the start of the recession. Groundwater recharge b e g a n  in  October and con- 
tinued intermittently during the late fall, winter and spring. 

Of the four piezometer nests, one i s  located i n  and another adjacent to 
an outwash-filled, glacial discharge channel i n  the recharge area and the other 
two are located i n  the regional discharge area which extends about 3,000 feet 
south of  the Cornwallis River. The groundwater flow patterns predicted by the 
two-dimensional, steady-state digital models of the flow system are i n  general 
agreement with f i e I d observations. Groundwater samples collected from some 
of the piezometers installed i n  the bedrock contained more hardness and t o t o  I 
dissolved solids with distance from the recharge area. In addition,the temper- 
ature of groundwater samples from the discharge area was 5OF greater t h a n the 
temperature of groundwater samples from the recharge area. Both the chemical 
and p h ys i c a  I properties of groundwater, therefore, may be useful i n  mapping 
groundwater flow systems in  Nova Scotia. 



INTRODUCTION 

Purpose and Scope of the Investigation 

In June 1966 four piezometer nests were installed n e a r  Berwick, Kings 

draulic head1 with depth. The in i t ia l  piezometer r e c o r d s  to April 1967 were 
presented and discussed by the w r i  t e r  i n  an earlier publication (see Trescott, 
1968). In October 1967, several more piezometers were instal led i n  t h r e e  of 
the nests with the objective of determining the hydraulic head at  two points i n  
the surficial deposits and at  two or more points i n  the underlying bedrock. In 
one nest two piezometers were constructed at the same d e p t h  by two different 
methods to see i f  the groundwater levels measured would be identical. Near the 
end of the period of record (June 1966 to October 31, 1968), 'slug' tests were 
conducted to determine formation transmissivity and piezometer response time, 
andgroundwater samples were collected to see i f  the water's physical andchem- 
ical  properties are related to i t s  location i n  the f I ow  system. In addition, the 
observed potential pattern i s  compared with that predicted by two-dimensional, 
steady-state digital models of the flow system. 

I County, N o v a  Scotia to monitor water-level fluctuations and variation i n  hy- 

General Description of the Area 

Location and Access 

The piezometer nests are located n e a r  west longitude 64O42' and north 
latitude 45'03' betweenBerwick and Waterville i n  Kings County (Fig. 1). Each 
of  the nests islocated within 40 feetof a good secondary road to facil i tatedaily 
water level measurements. 

Physiography and Drainage 

The piezometer nests are located i n  the Triassic lowland - a linear, sub- 
sequent valley formedon easily erodedsandstonesandshales of the Wolfville and 
Blomidon Formations. The lowland i s  flanked on the south by the northern scarp 
of the South Mountain highland which i s  formed on erosion-resistant early Pale- 

' The hydraulic head (the potential function used in  this report) i s  the hydraulic 
potential (Hubbert, 1940) divided by the acceleration due to gravity; at any 
point i n  the saturated zone, the hydraulic h e a d  i s  equal to the elevation of 
the point above mean sea level (elevation head) plus the pressure head meas- 
ured i n  a piezometer installed at that point. 
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ozoic slates and quartzites and D e v o n  i a n granite. The northern flank of the 
low land i s  the scarp-slope of the North M o u n t o  i n cuesta which i s  capped by 
Triassic basalts. 

Preglacial bedrock topography in the low land consists of a series of ridges 
and depressions paralleling the northeasterly strike of  the bedrock. This topo- 
graphy .was modified by Pleistocene glacial erosion and, i n  the area where the 
p i e z o m e t e r s  are located, by deposition of  outwash deposits and ice-contact 
stratified drift (Trescott, 1968) .: 

l 
I 

Piezometer nest 76 i s  located on the Cornwallis River flood plain at  an 
elevation above mean sea level of  76 feet (see Fig. 1). Nest 77 i s  located one- 
half mile south of  the Cornwallis River a t  an e I e v a  t i o n  of 103 feet on gently 
sloping land. The two piezometers of nest 78 are locatedat an elevation of  186 
feet on the top of  an elongate kame one mile south of  the C o r n w a  I I i s  River. 
Nest 79 i s  located at  an e I e v a  t i o n  of 153 feet nearly 1.5 miles south of the 
Cornwallis River i n  an outwash-filled, glacial discharge channel (outwash val- 
ley) adjacent to the South Mountain highland (Fig. 2). N o t e  i n  figure 1 that 
nest 79 i s  i n  a section of the outwash Val ley that does not have a surface stream. 

The pre-Pleistocene surface drainage o f  the area, as noted previously by 
the writer (Trescott, 1967), was altered by the glacial deposits. The headwaters 
of  the Cornwallis River probably were'the preglacial headwatersof the Annapolis 
River, and the outwash valley, now containing the headwaters of the Annapolis 
River was probablythe site of the preglacial headwaters of the Cornwallis River. 
The preglacial Cornwallis River watershed, therefore, most l ikely included the 
sites of  a l l  four piezometer riests. Now, however, only nests 76 and 77 are i n  
the Cornwallis River watershed; nest 78 i s  on the divide between watersheds, and 
nest 79 i s  i n  the Annapolis River watershed. 

Climate 

Nova Scotia has a humid, temperate, continental climate modified by 
the Atlantic Ocean, which a I m os t completely surrounds the province, and by 
the Gulf  Stream w h i c h runs northeasterly parallel to the Atlantic coast. The 
proximity of the ocean tends to prevent extreme temperatures i n  the summer and 
winter and minimizes the number of severe atmospheric storms (N. S. Dept. of 
Trade and Industry, 1965). 

The nearest climatic records are those for Garland on N o r t h  Mountain 
northof Berwick. Although farther away, the records for Kentville 11 miles east 
of the piezometers and those for CFB Greenwood 12miles westgf the piezometers 
are more representative of  climatic conditions i n  the Triassic lowland. Precip- 
ithtion records from t h e s e two stations, therefore, have been averaged for in- 
clusion on the piezometer hydrographs i n  Appendix A. 
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The 50-year weather records for Kentville, the station with the longest 
records i n  the area, give an indication of g e n e r a l  climatic conditions i n  the 
lowland. Mean annual precipitation i s  42 inches. Total snowfall for the winter 
months averages 85 inches. Precipitation i s  fairly well distributed d u r  i n g  the 
year with s I i g h t I y greater precipitation occurring during the f a  I I and winter 
months than during the spring and summer months. The mean annual temperature i s  
43.6OF; the mean temperature of the coldest month (February) i s  21. l0F, andof 
the warmest month (July) i s  66.2OF. The average frost-free period at Kentville 
i s  126 days (Canada Dept. of Agriculture, Research Station. Kentvil le. 1961). 

FIGURE 2. Piezometer nest 79 i n  the outwash valley. 
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Field Work 

Most of the piezometers were instal led i n  separate 4-inch diameterbore- 
. holes dri l led with a rotary r ig except for three multiple completions - piezom- 
eters 76 c and d, 77 c, d and e, and 78 a and b. The f i r s t  piezometers were 
made of flexible, 1-inch diameter plastic pipe perforated i n  the bottom 3 f e e t  

. with l/&inch diameter holes. Although flexible pipe i s  easier to work with i n  
some respects, i t s  tendency to bend and kink made installation diff icult. Fur- 
thermore, piezometers made of f l e x i  b l e pipe tend to pinch off at the kinks i f  
water pressure outside the piezometer i s  greater than that inside, making i t  dif- 
ficult, if not impossible, to measure water levels, obtain water samples or con- 
duct permeability tests. A l l  later piezometers, therefore, were constructed of 
rigid 1-inch diameter plastic or black iron pipe. 

After placing a piezometer i n  a borehole, water was pumped through i t  
to clean out siltand fine sand that may have accumulated i n  the perforatedsec- 
tion. The flow'of water out of  the b o r e  h o 1 e around the piezometer also kept 
fine-grained material from settling around the 'screen' while a gravel pack was 
placed. A cement seal was placed a b o v e  the gravel pack by pumping cement 
grout down the hole through a grout pipe. During placement of the g r o u t  and 
while the grout set, the piezometer was kept t ightly capped to prevent cement 
from filtering through the gravel pack and into the piezometer. (This w i l l  hap- 
pan only i f  the cement can displace water i n  the piezometer.) 

Depending on circumstances, the cement seal was continued to the sur- 
face, to the I e v e  I of the next piezometer i n  the case of multiple completions, 
or for about 10 feet with the remainder of  the hole being f i l led w i t h  dr i l l  cut- 
tings. Dr i l l  cuttings were used exclusively to backf i l l  some of the first piezom- 
eters. To see whether the lack of cement seals affected water I e v e  I s  i n  these 
piezometers, piezometer 79 e (with c e m e n t seal) was constructed at the same 
depth as 79 c (no cement seal). The differences i n  the hydrographs of these two 
piezometers are discussed in  another section of this report. 

During October 1968, 'slug' tests were conducted on a l l  of the piezom- 
eters to determine the sensitivity of the p i  e z o m  e t e  rs and apparent formation 
transmissivity. Most of the slug tests were init iated by pouring a known volume 
ofwater into a piezometer. The water level decline was measured withan elec- 
tric tape thatwas marked with water-soluble ink at a convenient measuring point 
and atsuitable t ime intervals (as short as 5 seconds i n  formations with high trans- 
missivity). After performing the slug tests, stagnant water was flushed out and 
water samples for chemical analysis were collected from most of the piezometers. 

Acknow ledgments 

The writer i s  indebted to Mr. J .  L. Robinson of Berwick who measured 
the piezometer water levels once every day for a p e r i o d  of  two and one-half 
years exceptduring extremely bad weather. Dr. G. F. Pinder assisted the writer 
with the slug tests and collection of water samples. 
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GEOLOGY 

The Triassic Wolfvi I le  Formation consists of interbeddedand lensing clean 
and silty sandstones, arenaceous siltstones, and claystones of continental origin. 
These beds dip gently tothe northwest at 5 to 10 degrees andare overlain at the 
sites of a l l  piezometer nests by unconsolidated surficial deposits (see logs, Ap- 
pendix B). Along the Cornwallis River near ne'st 76, surficial deposits are com- 
posed of a few feet of coarse g I a c i a I outwash overlain- by sandy alluvium that 
contains some lenses of s i l t ,  clay and organic matter. Stratified drift at the site 
of nest 77 consists mostly of interbedded sand, gravel and a few s i l t  beds. The 
kame at  the site of nest 78 was deposited on a low bedrock ridge and cons  i s t s 
mostly of a c o b  b I e gravel with some interbedded fine gravel and coarse sand. 
Stratified drift i n  the outwash Val ley i s  composed of interbedded coarse sand and 
fine gravel except for a zone from 9 to 15 feet that i s  composed of interbedded 
clay, s i l t ,  fine sand and gravel. 

I 
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HYDROLOGY 

Permeability Tests and Piezometer Response Time 

Data from the slug tests were used to plotgraphs of  H/Ho versus t where 
H i s  the head a t  any time, t, afterlinitiation of the slug test and Ho i s  the ini- 
t ia l  head (see Fig. 3). These graphs can be matched to type curves to determine 
formation transmissivity (Cooper, Bredehoeft and Papadopulos, 1967) and t h e y  ~ 

0.' 

0.t 
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0 2 

0 .i 

0. I 

* \  
I 

-Type curve for a =  
( s e e  Cooper ,  et a/ . ,  1967, F ig .  3 \ 
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t T =  
/ 

D a t a  f r o m  test 
on p i e z o m e t e r  7 9 c  

9 

10 IO0 
t (seconds) 

FIGURE 3. Determination of  formation transmissivity and piezometer 
response time from slug-test data. 

I.000 
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can also be used to determine the basic time lag, a measure of piezometer sen- 
sit ivity (Hvorslev, 1951). The calculated transmissivity would be the true forma- 
tion transmissivity i f  the piezometer screen were efficient. Perforated plastic 
pipe i s  not an efficient screen although i t  i s  generally a d e q u a t e  for the main 
purpose of the piezometers - measuring the pressure head'at a point. Conse- 
quently a transmissivity value c a  I c u I a t  e d by the method shown i n  figure 3 i s  
considered to be equal to or less than the true formation transmissivity (assuming 
the proper type curve has been used) and i s  termed apparent formation transmis- 
sivity i n  this report. 

When the pressure head i n  a piezometer i s  different from the formation 
water pressure, water flows into or out of the piezometer to equalize the pres- 
sure. The rate of flow depends on the dimensions of the piezometer, the nature 
of the piezometer screen, the formation permeability and the pressure difference. 
The b o  s i  c time lag i s  defined as the time required for the pressure to equalize 
when the original rate of flow i s  mqintained (Hvorslev, 1951, p. 10). Since the 
rate of flow decreases exponentially with time, the basic time lag ofa piezom- 
eter i s  equal to a headratio (H/Ho) of  0.37 (see examplein Fig. 3). The time 
required for the head ratio to decrease to 0.10 i s  equal to 2.3 times the b o  s i c 
t i  me lag and i s  a practical objective for f ie ld operations (Hvorslev, 1951, p. 

37). 

Most of the piezometers near Berwick'hove basic time lags of only a few 
seconds or minutes (see Table 1). These piezometers, therefore, respond rapidly 
to any change i n  hydraulic head. Two piezometers i n  nest 77 h a v e  basic time 
lags between 1 and 2 hours. Except for periods of rapid change i n  groundwater 
levels, the pressure h e a d  measured in these piezometers was probably within a 
few hundredths of  a foot of the formation water pressure. Even the t h r e  e pie- 
zometers with basic time lags between 5 and 22 hours seemed to respond as rap- 
id ly  as other piezometers i n  the same nest to changes i n  hydraulic head. Asmall 
source of error i n  measuring those piezometers with O basic time lag of  more than 
a few seconds i s  the volume ofwater displaced by the lead weight on the end of 
the steel tape (in 1-inch diameter piezometers, this weight raises the water level 
in i t ia l ly  by 0.08 foot). 

Annual Groundwater- Leve I FI uc tuations 

Groundwater levels i n  the flood plain adjacent to the Cornwallis River 
respond rapidly to c h o n  ges i n  the river stage (see Fig. 4 for identification of  
the piezometers i n  nest 76). Compare, for example, the groundwater hydrographs 
and the river-stage hydrograph i n  Appendix A for those periods w h e  n the river 
stage was measured2. The time lag between a change i n  river stage and a corre- 

A yurdstick was used temporarily to measure the r i v e r  stage from November 
1966 to February 1967; after October 1967 the river stage was measured i n  an 
iron pipe that was directly connected to the river. 



Table 1. Information on the Piezometers 'I 
d 

0 

Depth, in  feet, Type of Pipe Basic time lag Apparent 
below ground level P = flexible s = seconds, formation 
to center of perforated Diameter plastic Cement Completed m = minutes, transmissivity 

Piezometer section of pipe in inches I = black iron grouted in  h = hours ft2/sec 

76 
o 
b 

d 

a 
b 

d 
e 

a 
b 

o 
b 

d 
e 
f 

C 

77 

C 

78 

79 

C 

8 
26 
20 
57 

8 
32 
17 
50 
85 

47 
67 

8 
21 
44 

144 
43 
58 

1 
1 
1 
1 

1 
1 
1 
1 
1 

1 
1 

1.25 
1 
1 
1 
1 
1 

P 
P 
I 
I 

P 
P 
I 
P 
P 

P 
P 

I 
P 
P 
P 
I 
I 

a I I uvium 
bedrock 
alluvium 
bedrock 

stratified dr i f t  
bedrock 

stratified dr i f t  
bedrock 
bedrock 

stratified dr i f t  
bedrock 

outwash 
outwash 
bedrock 
bedrock 
bedrock 
bedrock 

3.2 s 7 . 2 ~  
3.5 s 5 . 0 ~  
1.8m 2 . 7 ~  

22 h 5.4 x 10-8 

1.2 h 7 . 2 ~  10-7 

2.5 m 2 .2x  10-5 
12.2 h 1 .O 10-7 
1.4h 8 . 6 ~  

5.3 h 2 . 6 ~  
3 s  1.1 10-3 

25 s 1.9 x 10-4 

l m  7.9x 10-5 
12 h I. 1 10-7 



FIGURE 4. Piezometer nest 76 with the Cornwallis River i n  the background. 

sponding change i n  groundwater levels i n  adjacent alluvial deposits depends on 
aquifer diffusivity (Pinder, Bredehoeft and Cooper, 1969). Although the diffu- 
sivityof the sandyalluvium i n  the Cornwallis Riverfloodplain maybe an orderof 
magnitude less than that of the. glaciofluvial aquifer analyzed by P i n d e r , g e .  
(1969), i t  seems r e a s o n a b l e  to assume from their observations (Pinderetd. ,  
1969, p. 853) that the lag .time within 12 feet of  the Cornwallis River i s  only a 
few minutes. 

The nearly instantaneous change i n  hydraulic head i n  the underlying ar- 
tesian aquifers wi th change i n  river stage i s  a pressure response (see Harsh, 1969, 
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for a similar example). The area affected by the variable load in  the river in- 
creases with depth, and c o n v e r s e  I y, the relative change i n  pressure for any 
c h a n g e  in  river stage decreases with depth. This i s  illustrated by the hydro- 
graphs for the storm of May 19-21, 1968 (Appendix A). During this storm, the 
hydrograph of piezometer 76 b (installed at  a d e p t h  of 26 feet just below the 
bedrock surface) i s  similar to t h o s e  of piezometers 76 a and c (installed i n  the 
alluvium). During the same storm, the water level i n  piezometer 76 d (installed 
57 feet below the surface) rose only half as much. It could be argued that this 
was due to the relative insensitivity of piezometer 76 d (see Table l), but the 
response of this piezometer during s e v e r a  I storms in  June 1968 when i t s  water 
level rose as much as w a t e r  levels i n  the shallower piezometers i s  evidence to 
the contrary. The increased response of piezometer 76 d during the June storms 
can be explained by noting that groundwater levels throughout thearea increased 
much more during the June storms than duringthe storm i n  May (e.g. see hydro- 
graphs for piezometer nest 79). During the June storms, therefore, piezometer 
76 d responded to the general increase i n  groundwater storage as well as to the 
changing stage of the Cornwallis River. 

The hydrographs of the piezometers i n  nests 77 and 79 show the nature of  
groundwater recession and recovery during three years i n  which the precipitation 
distribution was different. The hydrographs of groundwater recession i n  the sur- 
f ic ia l  deposits during the dry summers of 1966 and 1968 are similar. The reces- 
sion i n  1968, h o w  e v e r ,  started a month later due to unusually heavy rains i n  
June that raised groundwater levels by 2 feet. As a consequence, the I o w e s t  
water levels i n  1968 were nearly a foot above those i n  1966. In 1967 the low- 
est water I e v e  I s were about 2 feet above those i n  1966 because of the greater' 
groundwater s t o r a g e a t  the end of  May 1967. The 1967 recession hydrograph 
was more irregular due to relatively frequent precipitation but i n  general was 
similar to those of  1966 and 1968. 

In a l l  three years of record, significant groundwater recharge occurred 
only after several heavy rains i n  October at  the end of  the growing season. The 
growing season i s  normally terminated by the first fall frosts that occur from the 
middle of September to the m i dd  I e of October (Canada Dept. of Agriculture, 
Research Station, Kentville, 1961). During the growing season, particularly 
July, August and September, a soil moisture deficit of 2 inches or more i s  com- 
mon. Most of  the 2.1 inches of rain that fe l l  on September 1-3, 1967, for ex- 
ample, went to satisfy the soil moisture deficiency because the rains had l i t t le  
effect on groundwater levels. 

Groundwater recharge from rain and melting snow continued intermit- 
tently throughout the late fall, winter and spring. Haupt (1967) observed that 
soil frost thatdevelops during the winter may not reduce,the permeability of the 
soil; i n  fact, some types of soil frost actually increase the s o i  I infi l tration ca- 
pacity. i t i s  apparent from the hydrographs of piezometer nests 77 and 79 that 
soil frost d id not prevent groundwater recharge during the winter. The formation 
of soi I frost from near-surface groundwater, however, may have caused some of 
the sharp declines i n  the water table during the winter months. 
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The recession of hydraulic head in  the bedrock at the site ofpiezometer 
nest 77 was only about half as g r e a t  as the recession of the water table i n  the 
overlying surficial deposits during the summer of  1968. Similarly, i n  the outwash 
valley, the hydrograph ofpiezometer 79 d shows that the long-term fluctuations 
in the hydraulic head at a depth of 144 feet below the surface are not as great 
as they are closer to the surface. The decline i n  hydraulic head in  piezometer 
79 d generally began a month after the start of the summer water-table recession, 
and recovery of the hydraulic head in  the fa l l  was much more gradual than re- 
covery of the water table. Although a satisfadtory slug test was not performed 
on this piezometer, the large, short-term fluctuations w h i c h were recorded at 
various times suggest that thispiezometer i s  as sensitive as others installed i n  the 
bedrock i n  this nest. 

Poor records and interference from n e a  r b y construction resulted i n  the 
termination of the measurement of piezometer n e s t  78 at the end of July 1967. 
As documented i n  Trescott (1968), piezometer 78 a was completed i n  sand  and 
gravel at a point about midway between the annual high and low elevations of 
the water table. Thus i t  was dry about half the time. In 1966 a l l  that was re- 
corded in  this piezometer was the rapid decay of the water table .following re- 
charge from October rains. 

The hydraulic headat an elevation of 119 feet i n  the bedrockwas meas- 
ured i n  piezometer 78 b. The large, short-term fluctuations of the water level 
i n  this piezometer during the summer and fall of 1966 when the hydraulic head 
at  the w a t e r table was apparently greater than that i n  the underlying bedrock 
were probably a result of the rapid rise and decay of the water table i n  the sur- 
f icial deposits. This hypothesis i s  supported by the relatively smooth hydrograph 
of piezometer 78 b i n  the spring of 1967 when the hydraulic head i n  the bedrock 
was greater than that i n  the overlying surficial deposits. Note that the increase 
in  hydraulic h e a d  of 9 feet from the summer of 1966 to the following spring i n  
piezometer 78 b was greater than that recorded in  any of the other piezometers. 
This i s  probably related tothe relatively steep regional slope at the site of pie- 
zometer nest 78. A t  the site of piezometer nest 77 where the slope i s  less (about 
70 feet per mile), the maximum range of the water table was 8 feet, and i n  the 
outwash valley where the slope i s  about 18 feet per mile, the maximum range of 
the water table was only 7 feet. 

Variation i n  Hydraulic Head with Depth 

The hydrographs of the piezometers i n  nest 76 show that the hydraulic 
head i n  the Cornwallis River flood plain increases with depth most of the time - 
a condition normally expected i n  a regional discharge area. Only during the 
rising stage and at the c r e s t  of a flood did the gradient temporarily reverse as 
river water flowed into bank storage. 
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The vertical component of groundwaterflow i s  upward at  the si te ofnest 
77 because the hydraulic head increases with depth during most of the year (cf. 
the hydrographs for the summer recession of  1968). The pattern of groundwater 
flow i n  the upper zone of the bedrock, however, seems to change with the sea- 
son of the year since the hydraulic head at  an elevation of 53 feet i n  the bed- 
rock was nearly the same and sometimes less than that i n  the overlying surficial 
deposits during the winter and spring. In contrast, the direction of groundwater 
flow i n  the upper zone of the bedrock at  the site o f  p i  e z om e t e r nest 78 was . .  
downward during the summer and fal l  of  1966 but was upward during the spring 
of  1967. 

FIGURE 5. Piezometer nest 77 (note the extension used on 77 e when the water 
level i s  above the top of the barrel). 
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The water levels measured i n  piezometers 77 a and c i n  the surficial de- 
posits may have been affected by the proximity of the road drainage ditch. The 
piezometers o r i  g i n o  I I y were located at the edge of  an orchard about 15 feet 
from a shallow drainage d i t c h. In November 1967 the road was reconstructed 
and the bottom of the ditch was moved within 6 feet of the piezometer nest and 
deepened, increasing the period during which the ditch receives direct ground- 
water discharge (see Fig. 5) .  The observed increase in  h y d r a  u I i c head with 
depth, however, apparently was not art i f ic ia l ly  created because the water level 
i n  piezometer 77 c remainedgreater than that in.piezometer 77-0 during the late 
summer when the water table was several feet below the bottom of the ditch. 

With the exception of short periods, p a r t  i c u I a r I y during the winter 
months, the hydraulic h e a d  at  the site of piezometer nest 79 in  the main body 
of outwash (from 15 to 31 feet below the surface) was less than the head above 
the surficial s i l t  and clay beds and also less than the head i n  the upper zone of 
the bedrock. The main body of outwash, therefore, i s  a groundwater drain with 
flow predominantly westward d o w n  the outwash valley. I t  i s  evident from the 
hydrographs of piezometers 79 d, e and f, however, that the influence of the 
outwash valley on the flow pattern diminishes b e  I ow an elevation of 110 feet 
and that the flow pattern i n  the bedrock varies with the season of the year and 
from year to year. 

Piezometer 79 e, which had a cement seal, was instal led i n  0 c t o b e r 
1967 about 8 feet from piezometer 79 c, w h i c h was backfilled with sand and 
gravel, to see i f  their water levels would be identical (see Fig. 2). The two pi- 
ezometers are setatan elevation differing by 1 foot, but their perforations over- 
lap the same zone. For the first month after piezometer 79 e was installed, the 
water levels of  the two piezometers w e r e  nearly identical, ,but later the water 
levels differed significantly, particularly during the summer groundwater reces- 
sion i n  1968 when the water levels diverged and at the end of September w e r e  
nearly a foot apart. The probably explanation for the different water levels i s  
thata good hydraulic connection along the borehole of piezometer 79 c permit- 
ted m os t of the head d i f f e r e n c e between the outwash and the bottom of the 
borehole to be dissipated by vertical flow. Indeed, bridging of the sand a n d  
gravel, which was not tamped into place, may have prevented complete back- 
f i l l ing of the borehole. The c I ose agreement of the hydrograph of piezometer 
79 b (in the 0utwash)with that of  79 c, and the similarity of the chemical anal- 
yses of water samples from these piezometers (discussed in  the next section) sup- 
port this hypothesis. From this experience, i t  i s  concluded that p i e z om e t e r 
boreholes should be backfilled wi th material having a permeability equal to or 
less thanthat of the formation. In fine-grained formations, cement seals or sand 
and bentonite seals described by Casagrande (1 949) are recommended. Piezom- 
eters 78 b and 79 c are the only ones i n  which relatively p e r m e a b  l e  backfi l l  
material has permitted significant vertical flow along the borehole,resulting i n  
inaccurate measurements of formation water pressure. The relative water levels 
observed i n  the other piezometers are reasonable when the stratigraphy and the 
location of the piezometers i n  the flow system are considered. 
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Digital Models of the Flow System 

Introduction 

The groundwater flow system from South Mountain to the Co . rnwa  I I i s  
River and along the outwash valley was studied by constructing two-dimensional, 
steady-state digital models. The models are based on theoretical work by Freeze 
and Witherspoon (1966) who used an explicit iterative technique to s o l v e  the 
finite-difference approximation.of the flow equation on a digital computer. The 
computer program was written by Freeze (1967) and was modified by the writer 
for use on the IBM 360/50 computer a t  Dalhousie University, Halifax. 

To determine the groundwater flow p a t t e r n  along any vertical section 
through an inhomogeneous, anisotropic groundwater basin, the following con- 
ditions are assumed (see Freeze, 1967, p. 2): 

(1) Groundwater flow i n  a b a s  i n can be represented by a two-dimen- 
sional cross-section taken perpendicular to the strike of the water- 
table surface. 

(2) The vertical section i s  chosen to include the flow paths o fa l l  groun6 
water recharged and d i s c h a  r g e d along this section (i .e. no flow 
occurs across the lateral boundariesof the section which are located 
a t  the principal groundwater divide and at the center of  the principal 
discharge area, and no flow occurs across a horizontal impermeable 
basement). 

(3) A l l  formations above the impermeable basement have some f i n i t e 
permeability, and permeabi Iitycontrasts between adjacent formations 
can be estimated. 

(4) The upper boundary of the flow system i s  the water table which does 
not fluctuate with time. 

Freeze and Witherspoon (1966, pp. 642-643) discussed these assumptions. 

Input data for the digital m o d e  I include the dimensions of the vertical 
section, the vertical and horizontal s p a c i n g  of  the finite set of nodes used to 
represent the section, the location and relative permeability of the various geo- 
logic units; the water-table configuration, the in i t ia l  estimated values of hy- 
draulic head from which a solution i s  oktained by iteration, and the p 1 o t t i n g  
parameters. The program computes the value of  the hydraulic head at  each node 
anda plotting subroutine, modified for use with the Calcomp565 plotter a t  Dol- 
housie University, produces a plot of  equipotential lines. 
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Regional Groundwater Flow Model 

To study the regional groundwater flow near the piezometer nests, a ver- 
t ical section extending from the crest of South Mountain to the Cornwallis River 
perpendicular to the strike of  the Annapolis-CornwallisValley was chosen. The 
Annapolis-Cornwallis Val ley was assumed to be the regional discharge area be- 
cause North Mountain, a groundwater divide of the same order of magnitude as 
South Mountain, prevents underflow from the Valley to the Bay of Fundy along 
the more permeable Triassic sandstones. For the purpose of the model, the im- 
p e r m e a b  I e basement was assumed to be at an e levation of  1,100 f e e t below 
mean sea level, the estimated elevation of the Paleozoic-Triassic boundary be- 
neath the Cornwallis River. Although groundwater flow undoubtedly occurs i n  
the Paleozoic rocks below an elevation of - 1 , 100 feet, t h e  potential pattern 
would be changed l i t t le  by extending the model to include more of these rocks, 
particularly since the fracture permeabilitydecreases with depth (see Freeze and 
Witherspoon, 1967, p. 628). The section chosen violates the assumptions of the 
mathematical model where i t  i s  not perpendicular tothe strike of  the watertable. 
This i s  true i n  the outwash valley where the water table slopes more to the west 
than to the north. Flow along the outwash valley i s  considered i n  the s e c o n d  
mode I . 

The horizontal distance of 19,000 feet i n  the field was represented i n  the 
model by 26 nodes, and the vertical dimension of the section, extending from an 
elevation of - 1,100 feet to 750 feet, was represented by 74 nodes. The strati- 
graphy, which i s  complex and unknown in  detail over most of the section, was 
of necessity simplified for the model. The distribution of geologic units in the 
model and the relative hydraulic conductivity v a  I u e  s assigned to them on the 
basis of previous investigations (Trescott, 1968 and 19690) are shown in  figure 6. 
The elevation of the water table was determined from direct observation for the 
section from the Cornwallis River to the outwash valley. It was assumed to be 
close to the surface from the outwash valley to the crest of South Mountain. 

The numerical problem was f irst solved assuming that a l l  formations are 
isotropic, but as Freeze and Witherspoon (1966and 1968) found in  modeling their 
f ield e x a m p  I es, the resulting potential pattern i s  not i n  good agreement with 
field observations. Anisotropy was introduced by v a r y  i n g the ratio of Kh: KV 
where Kh and Kv are, respectively, the horizontal and vertical hydraulic con- 
ductivity. The axes of anisotropy were assumed to be coincident w i t  h the co- 
ordinate directions even though the axes of a n i s  o t r o p  y are probably slightly 
skewed (e.g. parallel and perpendicular to the dip of the Triassic strata). The 
potential pattern obtained when Kh was made equal to 25 Kv was f o u n d  to be 
reasonable and i s  illustrated i n  f i g u r e  6. The vertical exaggeration of 5 1  i n  
figure 6 transforms the section to an equivalent isotropic medium in which flow 
lines can be drawn orthogonal to equipotential lines (see M o a s  I and, 1957 or 
Freeze and Witherspoon 1967, p. 631). 





The flow lines shown 
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n figure 6 we  r e  inserted to illustrate the general 
pattern of flow and are not intended to be used for quantitative calculations. The 
four formations used to represent the Triassic strata are only a small fraction of 
the actual number of  beds of varying hydraulic conductivity i n  the section, but 
they serve to show the effect of these beds on the flow system. Note i n  particular 
the refraction of  groundwater flow along the relatively permeable Triassic sand- 
stone strata. 

I 

In the model, as i n  the f i e Id, the outwash valley, i s  a groundwater re- 
charge area. The model, however, does not show the complex variation i n  hy- 
draulic head with depth i n  the bedrock because of the assumptions of simplified 
stratigraphyand flow only i n  the plane of the diagram. A t  the si te of piezometer 
nest 78, the actual variation i n  hydraulic head with depth i n  the bedrock i s  not 
known because only one piezometer was installed below the b e d r o c k surface, 
but that predicted by the model appears to be reasonable. 

The groundwater discharge area in the model i s  limited to a zone within 
3,000 feet of the Cornwallis River. The m o d e l ,  therefore, correctly predicts 
the upward component of  the hydraulic gradient observed at the sites of piezom- 
eter nests 76 and 77 (nest 77 i s  about 2,600 feet from the Cornwallis River). The' 
actual variation in hydraulic head with depth, of course, i s  different from that 
observed i n  the field because of the simplified stratigraphy used i n  the model. 

Groundwater Flow i n  the Outwash Valley 

The water table slopes a b o u t  18 feet per mile to the west-southwest i n  

flow i n  that direction i s  restricted by a low bedrock ridge. To model the com- 
ponent of groundwater flow along the outwash valley, a section 5,000 feet long 
and 70 feet deep was chosen. Nodal spacing was 500 feet i n  the horizontal di- 
mension and 5 feet i n  the vertical dimension. Since the outwashvalley parallels 
thestrike of the Triassic rocks, the stratigraphy was assumed tobe horizontal (see 
Fig. 7). 

I the outwash valley(Trescott, 1968, p. 77). Although i t  also slopes to the north, 

The eastern termination of the section i s  probably close to the ground- 
water divide between drainage westward to Rockland Brook and drainage east- 
ward to Rochford Brook (Fig. 1). The western termination of the section i s  ar- 
bitrary because the outwash valley c o n t i n u e s  several miles to the west. The 
lower boundary of the s e c t  i o n  i s  at an elevation of 80 feet i n  a shale bed as- 
signed a relative p e r m e a b i  I i  t y  of 1. Although this i s  not the lower l i m i t  of 
groundwater flow, i t  i s  a suitable l imit for the purpose of this model. 

As i n  the model of regional groundwater flow, the potential pattern i n  
this model was not reasonable until Kh was made greater than Kv. The loss of 
hydraulic head across the s i l t  and clay beds i n  the model i s  similar to that ob- 
served i n  the f ie ld at the site of piezometer nest 79 for a ratio of Kh: K, = 25: 1 . 
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FIGURE 7. Groundwater flow pattern in the outwash valley. 
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The resulting flow pattern i s  shown i n  figure 7 a t a  vertical exaggeration of 5: 1 .  
Flow lines are included to show the direction of groundwater flow andare drawn 
orthogonal to the equipotential lines. 

Figure 7 illustrates thatgroundwater flow i s  concentrated i n  the sandand 
gravel aquifers. In the part of the section from 3,250 to 5,000 feet, including 
the site of piezometer nest 79, groundwater flows downward from the upper sand 
and gravel aquifer across the siltand clay bedsto the lower aquifer. From about 
1,000 feet  west of  p i  e z o m  e t e  r nest 79 to the western terminus of the model, 
groundwaterdischarges upward across the s i l t  and clay beds into the upper aqui- 
fer. The discharge area i n  the model therefore, i s  the same as that i n  the field 
because this section of the outwash valley contains Rockland Brook (see Fig. 1 ) .  
The potential pattern i n  the bedrock, however, i s  not depicted correctlybecause 
only a few of the Triassic beds are included in  the model and the model does not 
consider the potential pattern north and south of  the outwash valley. Ground- 
water flow i n  this area could be studied best by constructing three-dimensional 
models such as the one i n  Freeze and Witherspoon (1966). Such a model would 
show, for example, that the outwash valley i s  a local discharge area westof pi- 
ezometer nest 79 due to a groundwater divide on the north side of the v a  I I e y 
west of piezometer nest 78. 
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CHEMICAL QUALITY OF GROUNDWATER 

Sampling Procedure and Reliability of Samples 

One of  the objectives of this study was to determine i f  there i s  any re- 
lation between the chemical and physical quality of groundwater and itslocation 
i n  the groundwater flow system. Water samples were obtained from most of the 
piezometers wi th an air pump run by the compression of an automobile e n g i n e  
(see Trescott and Pinder, 1970, and Fig. 8) .  Although air pressure was used to 
obtain the sample shown i n  figure 8, most o f  the samples were obtained by the 
air-l i ft method. Consequently the dissolved gas content of the groundwater was 
altered i n  the process ofobtaining the samples. Dissolved gases were not deter- 
mined in  the chemical analyses, but they affect o t h e r  aspects of the chemical 
quality such as the pH and the amount of  calcium bicarbonate i n  solution. 

Shallow groundwaters near the Cornwallis River (from piezometers 76 a 
and c) are calciumbicarbonate i n  composition (see Fig. 9 andAppendix C). The 
distinguishing aspect of  these samples i s  their relatively high content of dissolved 
iron (0.36 pprn i n  the sample from piezometer 76 a and 2.54 ppm i n  the sample 
from piezometer 76 c) and the 50 ppm sulphate i n  the sam p I e from piezometer 
76 a. It i s  possible that these aspects of the chemical quality were introduced 
during floods by infiltrating river water because the river receives the effluent 
from the Berwick sewage-disposal lagoon. It seems more likely, however, that 
the sulphate and iron are related to the decomposition of organic matter buried 
i n  the al  tuvial deposits. 

FIGURE 8. Pumping water from piezometer 76 d with a i r  pressure. 
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The sa m p I e from piezometer 76 d i s  probably not representative o f  the 
groundwater a t  a depth of 57 feet because i t  was not possible to flush out a l l  of 
the stagnant water i n  this piezometerbefore taking a sample. The field pH value 
of lo+, for example, indicates that the sample was probably contaminated due 
to reaction of  the cement seal with the surrounding groundwater. Water from the 
bedrock i n  this area should have a composition mare l ike that from piezometers 
76 b and 77 e. 

The sample from piezometer 77 c i n  glacial outwash i s  a softwater con- 
taining few dissolvedsolids and i s  typical of the quality ofgroundwater found i n  
shallow sand and gravel d e p o s i t s  i n  the Valley (Trescott, 1968). The sample 
from piezometer 77 d probably has been contaminated by solution of  the cement 
seal because of  the high pH and the unusually large amount ofdissolvedcalcium 
carbonate and bicarbonate. 



AppendixC and figure 9, i t canbe noted that the chemical quality ofwaterfrom 
piezometer 79 c i s  nearly identical to that from piezometer 79 b but i s  signifi- 
cantly different from the quality ofwater from piezometer 79 e. This lends strong 
support to the contention that there i s  a good hydraulic c o n  n ec t i o n  (perhaps 
throughan open hole) between the outwash and the bottom of the borehole con- 4 

Compared to the samples from piezometers 79 d and e, the sample from 
piezometer 79 f contains a,relatively large amount of calcium sulphate and has 
a high pH. This may be a n o t h e r  case of  contamination from the cement seal. 
The other possibility, however, i s  that the calcium sulphate has come from solu- 
tion of a gypsum lens although gypsum lenses i n  Triassic rocks are normally con- 
fined to the Blomidon Formation (see Trescott, 19690, p. 29). 

Relation of Groundwater Quality to the Flow System 

O f  the good (uncontaminated) samples of w a  t e r from the bedrock, the 
two i n  the recharge area (from piezometers 79 d and e) contained about half the 
dissolved solids and hardness found i n  water samples from piezometers 77 e and 
76 b in thedischarge area. This i s  reasonable because groundwater i n  discharge 
areas has travelled a greater distance and has had more time to dissolve minerals 
from the porous media through which i t  has passed. The chemistry of many more 
groundwater samplesfrom various parts of the flow system should be examined to 
determine whether this i s  a general relationship. Additional study i s  also neces- 
sary to establish whetherthere i s  a significantchange i n  relative chemical com- 
position (such as predicted by Chevotarev, 1955) with distance from the recharge 
area. The writer (Trescott, 1968 and 19690) has shown that the chemical com- 
position of g r o u n d w a  t e r  i n  this area i s  related tothe hydrostratigraph unit i n  
which i t  isfound. Consequently, such studies should be confined to areas where 
the groundwater flow system i s  i n  one hydrostratigraphic unit to eliminate vari- 
ation due to different hydrostratigraphic units. 

I 

t 

1 

The most consistent difference i n  quality between samples f r o m  the re- 
charge area and t h os e from the discharge area i s  their temperature. The tem- 
perature ofsamples from the outwashvalley recharge area was 47OF, 3OF greater 
than the mean annual air temperature but 5OF less than the temperature ofwaters 
from piezometer nests 76 and 77 i n  the discharge area. The increase in  w a t e r  
temperature i s  p r o b a b  I y an indication of the depth of circulation of the flow 
system. The possibility of mapping recharge and discharge areas by measuring 
the tempemture of groundwater deserves further study. 
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SUMMARY, RECOMMENDATIONS AND CONCLUSIONS 

F r o m  the experience i n  installing and measuring the piezometers n e a  r 
Berwick, i t  i s  recommended that a piezometer be constructed of r ig id pipe and 
that the screen be a commercial well point i f  one of the objectives of the study 
i s  to measure formation transmissivity. An efficient screen also improves pie- 
zometer sensitivity. Although more difficult, i t  i s  recommended that a l l  of the 
piezometers i n  a nest be installed i n  the same borehole b e c a u s e  (1) a l l  of  the 
water levels can be measured from a common m e a su r i n g point, (2) the job of 
measuring the piezometers i n  the winter i s  made easier, and (3) the piezometers 
can be better protected from vandalism. Piezometers should be isolated i n  the 
zone where the pressure i s  being measured by sealing the borehole above the pi- 
ezometer screen. Cement provides a good seal but may reactwith the surround- 
ing groundwater and contaminate samples of water pumped from the piezometer 
for chemical analysis. If water s a m p l e s  are to be collected, a sand and clay 
seal i s  probably better. 

The hydrographs of the piezometers i I lustrate groundwater depletion and 
recharge during three years, each ofwhich had precipitation distribution signif- 
icantly different from the others. The shape of the groundwater recession, curve 
each year was similar, but the low water level a t  the end of the recession 'de- 
pended (1) on the amount of groundwater i n  storage at the start of the recession 
(cf. 1966 and 1967), and (2) on the time when the final recession started (June 
in  1966 and 1967, but July i n  1968). Heavy rains i n  September had l i t t le effect 
on groundwater levels because of a soil moisture deficit of two or more inches 
during that month. Groundwater recharge each year began in  October after frosts 
had terminated the growing season and rains had satisfied the soi I moisture deficit. 
It continued intermittentlyduring the winter (even when the soil was frozen) and 
spring. 

The maximum range i n  the water table during the period of record was 8 
feet i n  outwash deposits at the si te ofpiezometer nest 77where theslope i s  about 
70 feet per mi le,  7 feet i n  the outwash valley where the slope i s  about 18 feet 
per mile, and 6 feet i n  the alluvium adjacent to theCornwaIlis River. The max- 
imum annual change i n  hydraulic head i n  the Triassic r o c k s  was generally less 
than the fluctuation of the water table i n  the overlying surficial deposits at the 
sites of piezometer nests 77 and 79. A t  the site ofpiezometer nest 78 where the 
slope of  the water table i s  relatively steep, the hydraulic h e a d  i n  the bedrock 
increased 9 feet f r o m  the summer of  1966 to the spring of 1967. At  the site of 
piezometer nest 76, the change i n  hydraulic h e a d  i n  the bedrock relative to a 
change in  river stage decreases with depth. 

Groundwater flow from South Mountain to the Cornwallis River andalong 
the outwash valley was investigated with two-dimensional, steady- state digital 
models. The location ofrecharge and discharge areas i n  the models i s  i n  general 
agreement with field observations, but the actual variation i n  hydraulic h e a d  
with depth i s  not predicted by the models because of the simplified stratigraphy 
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and permeability distribution assumed i n  the models. Groundwater flow in  the 
vicinity of the piezometer nests would be depicted best with a three-dimensional 
model because of the component of groundwater flow along the outwash valley 
at right angles to the regional flow system. The flow pattern i s  further compli- 
cated by the fact that the outwash valley i s  a recharge area at the site of pie- 
zometer nest 79, but i s  a local discharge area to the west. 

For larger ondmoredetailedmodels of the flow system, i t  isrecommended 
that the digital model developed by Pinder and Bredehoeft (1968) be used tode- 
termine the potential distribution because (1) more detailed stratigraphy can be 
inserted i n  their model, (2) the hydraulic head v a  I ues can be stored as single 
precision variables i n  their model, and (3) for large models, the numerical meth- 
od they used requires less computer time than the one F r e e z e  (1967) used (see 
Douglas and Peaceman, 1955). 

The hardness and dissolved so I i d s content of groundwater samples col- 
lected from piezometers i n  Triassic rocks increases with distance f r o m  the re- 
c h a r g e  area. In addition, the groundwater seems to have acquired a signifi- 
cant amount of heat i.n i t s  passage through the r e g  i o n  a I flow system since the 
temperature of  waters i n  the discharge area was 5OF greater than the temperature 
of  waters i n  the recharge area. Both the change i n  water chemistry (including 
possible changes in  dominant ions) and the change in  temperature as groundwater 
passes through the flow system need further investigation, 

1 
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