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INTRODUCTION

L]
L}

. -L1.0 The prob]eq

&

Most of *the current th&ories for storm runoff generation
in streams relegate groundwater to a mibor role in the
production of storm runoff, They contend that as a result of

its inherent low subsurface velocities, groundwater is unable

to increase in discharge rapidly enough to participate greatﬁy-

ﬁﬁ\fhe_f?pid response of stream levels td Srecipitationi
However, récent studies hf Sklash et al (19%6), Sklash an?
Farvolden (1979), 0'Brien (1980) and others contend that 1n
many cases groundwater is the domind&t storm runoff component
The problem, then, is the inability of present rungff
generatiop theories to account for the large amounts of
groundwater that have been shown to éxist in storm runoff.
There 1s, therefore, a need to re-examine the existing
theories of runoff genera}ion in streams., and the ‘nature of
the ‘response of wate(sheds to stoém events in order to arrive
at a‘ﬁodel that will e*p]ain the apparent groundwatgr

“domination of storm runoff.

1.2.0 Significance of the Problem
The significafice of the groundwater domination of,storm
runoff 1ies not in the quantitative aspects of storm runoff:

which existing models can simulate but in the qualitatve

v
4

’

.

" a



- { foynd ‘that, present dilution models failed to account for the\f

. Y

aspects of storm runoff. For example Lynch and Ryan (1980)

P

v
5
5

[
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:

~

chemical behaviour observed,during storm runoff in a watershed

overall quality of stream flow should improve during storm
runoff as 'dissolved species in the stream'uater are diluted by

rainfall. v

. Seferal studies have de;onstreted that the oﬁlution of

stream'yagfi'chémistnyhauring storm runoff events is much less

than anticN ateq, suggesting th@ﬁ‘the baseflow contribution to

~ storm runoff, is greater than,itfwas previously thought to be
(Pinder and*Jongs,” 19693 Nakanura, 1971). A recent’ study by -
'Sklzsh et al (1978) showed'that nitrate concentratidhs in

, streams can 1ncrease during stormflow as a resﬁTt of an |
increase in the d1scharge of n1trate enrtched groundwater

The groundwater r1dg1ng theory (Sk]ash and Farvolden,

1979) js a new theory which may be able to explain these
obsenvat1ons. If the grouﬁdwater ridging theory 1s va11d} then
the quality of groundwater .in near-stream* areas will h;ve to

be assessed in order to predict potent1a1 effects on the*

L
.

qua11ty of streamf]ow.

1.3.0 ObJect1ve of, this study .

- The obJect1ve of this study is to moni tor the response of
. the near-stream groundwater tab]e to rain events in an attempt

to determine the va11d1ty of the groundwater ridging theory
proposed by Sklash and ‘Farvolden (1979). This thedry is an

in Vermont. They subscribe to the’general belief that the >



.. .

. .

e .

. T A .
- - - »

attempt to reconcile the la}gg grouﬁ&wqﬁer component observed p

during runoff events with thé phystcal response-of a watershed

to—storm—evepts,wHydrometnjchtechnjéuesdunrp used_to_collect

data on the physical response of the.groundwafer table in

relation to its.proximity to a discharge area. Details-on'ihe

- o

method of study can be found in Chapter 3.
L :
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» CHAPTER 2 -
A REVIEW OF PRESENT THEORIES FOR STORM RUNGFF GENERATIQN

L3

) 2.i.Q Introduction
"= The three basic theories of storm runoff gengration
according to Freeze (1974) are: . ) ‘e
1. partial area over]aqd flow
2, ¢ariab1e sou;ce area subsurface storm flow, and
3. variagle source- area overland flow.

These theories meet the two major requ{rements for
gene;ating’storm gunoff: rapid bonvet§inn of‘;ain to runoff in
the stream and a lgw yield of runoff from rainfail. In
addition to the'abqve theories are the : Hortonian overland
flow, ghannel interception,'grouﬁhwatér fléw and grqundwater_'

ridging theories of storm runoff generation.'All of these

theories will be reviewed briefly in the following sections.

1

2.2.0 Partial area ovérland-flow ) i
Linsley et al (1958) &éfine overland ?lgy as water-which

travels over the ground surface to a channel, The partial area
overland flow theory suggests that overland flow does not
.commonly occur throughout a watershed, but instead occurs oniy,
in small, fixed, i§olateq areas of the watershed whére_the
soil has become saturated from above by rainfall (Figure 2.1).
The partial areas regularly contribute overland flow to the

stream, whereas other areas seldom or neyer do (Freeze, 1974) .



“
£ . . ",
- L a
. N
——r - -
» ‘ -
¥ .
.
.
‘ >
.
‘-
-
.
L] . .
. '
.
0
R
. -
s -
H
’ .
* . *
\
.
) -
- ~
, .
-
b3
;
i1

-

Figure 2.1
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Black diag;am showing the partial area overland

f]qn concept.
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The partia{‘areas can be 1oca§ed anywhere in a watershed but

are ysually associated with spils that have & shallow A

horizon.

-“‘

- The partial area overland flow theory was first suggestéd
by Betson (1964). Studies by Ragan (1968), Betson et al
(1968), Betson and Marius (1969) and Weyman (1970} support the
partial area overland flow theory. These studies have
concTuded that Hortonian overland flow.is a rare occurrence in
pumid, vegetated basins and that storm runoff originates from
smail bqt consistent portions of the watershed that usually
make up 1-3% of the basin‘area (Freeze, 1974),
2.3.0 Variable sourcefarea §ubshrface storm flow

.Acc;rding to Hewlett and,Nutter (1970}, the variable
source area subsurface storm flow theory suggests a process by
which an expanding channel network reaches out to tap
subsurface flow systems that have exceeded thgir capacity to
transp1t subsurface flow (Figure 2.2). The expanding channel

allows relatively slowly moving subsurface flow to reach the

- channel in time to contribute to, and to sustain the storm

runoff. The subsurface flow occurs either as Darcian flow
through the soil matrix or as tLrbu]ent flow through soil
cracks, root channels and animal burrows (Gaiser, 1952), The
expanding channel concept of Hewlett and Nutter (1970) is
shown in Figure 2.3.

Studies by Hewlett (1961), Hewlett and Hibbert (1963,

s

A
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Figure 2.2 Block diagram showing the variable source area
. Subsurface flow concept.
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1967) ‘and Hewlett and Nutter (1970) have concluded that the
majority of Storm runoff in humid,' vegetated areas is the -

result of variable source area subsurface storm flow. However,

» i

there s st111 considerab]e doubt as to the ability of this
nechan1sm to generate suff1c1ent amounts of runoff quickly
enough to produce observed storm hydrographs Dunne and Black’
£1970a,b) stated that subsurface storm flow contributions were’
%oo sma]],,Foo late and too insensitive to fluctuations of
rainfall intensity to add s1gnifiqentlamounts of water to
storm flow.in the channel. This argument has‘been supported by
Freeze (1972a,b), Engman and Rogowski (1974) and Dunne et 51

(1975), ‘ ,

2.4.p Variable source area overland flow

Most of the recent studies on storm runoff generation,
such as Dunne and Black (1970a,5), Freeze (1972a,b), Freeze
(1974) and Dunne et al (1975), have concluded that variable
source area overland flow is the major source of storm runoff, .
According to the varieble source area overland fToe theory,
runoff 1s produced from areas that,have become seturateo from
below by a rising water table (Figure 2.4). These areas,
located adjacent to Fhe stream, expaod apd contract n
response to climatic conditions. Rain falling on these
saturated areas flows overland to the stream along with return
flow that is discharged at these areas. Return flow is

subsurface flow that has returned to the surfacé before
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reaching the stream channgl (Whipkey and Kirkby, 1978). The

proportions of rainfall and return flow in the overland flow

have not yet been firmly established.

i1
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2.5.0 Hortonian-overland flow

The Hortonian&overland flow concep? is based on the
theory that the infiltration rate at the ground surface will
decrease with time and eventually reach a steady state during
rain. If the amount of precipitation exceeds this steady state
of infiltration, overiand flow will occur as the soil becomes
saturated from above (Horton, 1933) (Figure 2.5), According to -
this theory, most storms produce overland flow and it 1s
assumed to be a widespread occurrence within the grainage
basin. Recent field studies have confirmed that Hortonian

A

overland flow 1s a rare occurrence in humid, vegetated basins

(Ragan, 1968; Betson et at, 1968; Weyman, 1970; Freeze, 1974).
r,;—Fréeze (1974) provides a detailed argunent to show that

.~Hortonian overland flow should be a rare occurrence,

DY
P

True Hortonian overland flow may occur in areas where
vegetation is sparse such as arid areas, or where frost or
permafrost create areas with low infi]tnatién capacities. —
Paved areas in urban centres provide the mo;t commonly seen

examples of Hortonian overland fiow.
. /7

2.6.0 Channel interception

Channel interception is generatly consgaered to be a

“»
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minor contributor to storm runoff duriﬁg most storm events
(Figure.2,6), It may be important diring brief storms

following periods of drought when other runoff gdneration

13

4

mechanisms are least likely to respond sfgnificantly (Sklash,
1978). '
2,7.0 Groundwater flow
. According to Freeze (1974), groundyater flow is the
portion of a stream's inflow that comes’ from water that entd’s
the permanent groundwater flow system and discharges into the
;tream chanqil. Groundwater can discharge directly into the
stream channel, through near-streaT springs or through seepage
faces along the stream bank (Figuée 2.7). A seepage face is
that portion of the stream bank which is above the water_ level
of the stream and below the point where the water table
intersects the stream‘bank.

Groundwater fiow has been thought to mainly sustain base
flow during periods between storms and contribute little to
storm runoff. The ?asef]ow response of & watershed wa;
discussed by Freeze (1971) who found that baseflow
contributions increased on]& aéter infiltration of the rain
had produced a widespread rise in the water table. Figure 2.8
shows Freeze's theoretical baseflow hydrograph. Freeze
(1972a,b) discussed the role of groundwater flow in generating

baseflow and storm runoff.
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Figure 2.6 Block diagram showing channel interception.



15

J

figure 2.7 Block diagram showing traditional grouydwater
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2.8.0 Groundwaier ridging theory

+ 2.8.1 Evidence of groundwater response to storm events
i

* _Evidence that groundwater_ discharge-may-be- anrqmgprtanu

I3

contributor to streamflow has been reported by D1ncer et al
.(1970), Martinec et al (1974), Martinec (197@?, Fritz et al
(1976), Skiash et al (1976), Sklash and Farvolden {1979) and
others. Using oxygen 1sotopes, pther isotopes and chem1oa1
techn1ques, these authors found that groundwater often '
domlnated both storm runoff and snowmelt hydrographs. Sklash
and FarvSIden i1979) alé?,observed rapid ing}eases in
groundwatei)]eve]g and hydraulic gradients near the stream
dur%ng most of.the storm’eﬁents they monitored.

L4

The chemical techniques used most often in runoff studies
are the analysis of total dissolved solids (TDST’and of .
electrical conductivity, binder and Jones (1969) used ana]yées
of total chemistry in the stream to determ;ne the groundwater
cémponent of runoff in three small watersheds in Nova Scotia.
Analyses of runoff using these methods showed that s, . ¢
conductivity and certain cﬁém1ca].species in the stream were
not diluted as much as would be expected if rain water flowing
.overland to the stream waé the major source of the storm .
runoff. The smaller than expectéd dilution values suggest fhat
grﬁundwater may be an important contributor to storm }unoff.

Isotopic evidence of the large groundwater component in

storm runoff has been based most common]y on the results of

oxXygen-18 (0 ) analyses, Analyses of deuterium (D) and



tritium (T) haye also been used with similar results. Isotopic

evidence is more reliable than the chemical parameters becausey

.

the—concentraEion*of~th94130t6p95 1s generally very uniform in
shallow ;rgundwater whereas the concentrations of the, chemicail
parameters‘caﬁ be'quite variable spatially (Freeze and Cherry,
1979). A]so environmental isotopes such as o' » Dand T are
congeﬁvative tracers because they do not uﬁdergo concentration
changes unless mixed with another mass that is’tsotopiéa11y
different (Frit; et al, 19761. Chemical tracers tend to change
concentration when i contact with sosl surfaces (Nakamura,
1971). ’

Separation of storm runoff h&drographs into groundwater
énd rain components can_ be made by determining the isotopic
values of the precipitation, the groundwater (or baseflow) and -
the total runoff in the stream duriﬁb’sto;m events (Sklash et
al, 1976). @n exampie of this type of analysis is given_in
Figure Z.é which shows a storm runoff hydrograph and SOH
values from a stream in Québec. Prestorm baseflow values of Sdg
were approximate]y_—lZ.Oo/oo. The %da value of the rain was
-8.30/00 and the SOB value of the stream at peak.discharge
was -10£80/00. Using the mass baladnce equations for the water |

fld& and isotopic content, thesefvalues indicate that

*

* groundvater contributed more than 65% of the peak discharge in

the stream (Sklash ang Farvoigen, 1979). ] ’i:)
Méhy authors have noted that the groundwate} table in

discharge areas often responds rapidly to rainfall and that

-
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" the increase in storm runoff can be often related to a water

20

table rise. Ragan (1968), in his studies of partial area )

contributions of a watershed in Vermont noticed "...a rapid

e

T

response of the gyoundwéten at some points along the channel
..and,.. the formation of a ridge in the groundwater table

along the length of.the channel..."(after Ragan, 1968). Moser

and Stichler (1975) thought tﬂ%t fhe rapid response of a river ’

" discharge in Ecuador to precipitation was the result of

. rainwater infiltrating and creating a "pressure wave" which

acted upon the groundwater to increase groundwater discharge

inte the stream. 0'Brien (1980) studied the role of

groundwater in stream discharge and found that there was a

. rapid rise in the groundwater tabie, following precipitation,

e

that was closely followed by a rise in stream levels.

2.8.2 The groundwater ridging theory

In an attempt to expaain the apparent discrepancy between
the existing theories of runoff generation which suggest that
groundwater flow is an insignificant contributor to storm
runoff in conflict with the observed large amounts of
groundwater in storm runoff dochented in tracer studies,

Skiash and Farvolden {1979} presented the groundwater ridging

" theory. The theory was stated by them as'folldﬁs:

" Along the perimeter of transient and perennial dis-

. charge areas, the water table and its associated

-y

capillary fringe lie very close to the surface. Soon

-

‘\~/—"—_
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after a rain or snowmelt event begins, infi]trating
water readily converts ‘the near-furface tension- -

saturated capi11§rylfringe into a pressure-saturated

21

zone or groundwater ridge (Ragan, 1968). This ground-
water ridge not only provides the early incféased
jmpetus for the displacement of groundwater already
in a discharge position, but/it also results in an
increase in the size of_the groundwater discharge '
area which is essential in producing large ground-
water contributions to the stream. The response of

. the upland area groundwater may become 1mportant at
later times in the runoff but has 11ttJe influence
in the early part of the runoff event.

The groundwater may discharge directly into the
stream through the stream bed or it may issue from
the growing near-stream and/or remote seep areas and
flow as overland flow to the stream {as in the vqrj-
able source area o&erland flow theory). Following [_
periods of drought during which the water table has
fallen far below the ground surface, intgnse storms
may result in.surface saturation from above and¢wrain-
like overland flow (partial area overland flow)

—pefore the water table can emerge."
Figure 2,10 is a block diag;am showing the groundwater ®

ridging conceptf

Mathematicq] simulations of the response of four
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v *

Figure 2.10 Block diagram showing
concept.

the groundwater ridging



hypothetical watersheds to precipitation were used by Sklash
and Farvolden (1979) to support their theory. The four

watersheds modelled had different near-stream relief and basin

23

width combinations. Figures 2.11 and 2.12 represent the
discharge and water table responses of one Pf the watersheds
to a rain event. The forqation of a groundwater ridge near the
stream can be seen, The groundﬁater ridge eventually -
disappears as the remainder of the basin responds to the rain
event,

. The groundwater ridging theory may be considered. to be a
‘refinement of the variable source area concept. The rise in
the water table levels ﬁsted{in the variable source area
concept can be explained by the formation of the groundwater
ridge. When the ridge reaches surface overland flow consisting
mainly of groundwater occurs. However, unlike the variable
source area concept, the groundwater ridging theory does not
necessarily requ%re that the water table emerge at ﬁhé ground
surface to produce overland flow during each storm event, The
%ormat1on of the groundwater ridge increases the discharge
area of’the groundwater table, a riigpnse similar to the
expanding _channel concept, thereby ‘allowing an increased
groundwater discharge to the stream.

The groundwater ridging concept meets both of the
constraints-placed on §torm runoff theories. It rapidly
discharges water into the stream after thé?%nset of rain,

although 1t is not a conversion of rain to runoff, and its
\

~
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yield.of runoff is low since only a small portion of the

watershed is involved in the process.

L]

< In “summation the groundwatgr'ridging theory offers aH

explanation of how_groundwater can dominate storm runoff

26

through the mechansism of increased dischérge arbas and

increased hydraulic gradients near the stream,

J

-



N CHAPTER 3
METHOD OF STUDY

3.1.0 Introduction

There are three major mechanisms that are thought to be
able to create a rapiq rise in the Tevel of the groundwater
table. Two of the mechanisms, the Lisse e%fect and the reverse
Wieringermeer effect were first noticed and presented by
Hooghoudt (1947) and were féter discussed by Meyboom (1967).
The third mechanism is the groun&water ridging theory. f

The Lisse effect explains the rapid rise of the
groundwater table noticed in some areas as the result of air
entrapment during infiltration due to rain. Infiltrating rain’
Creates a zone of inverse saturation in the soil which
effectively seals off the soil from atmospheric pressure., As
this wetting front moves down into the soil, pressure on the
water table is increased to above atmospheric levels. This
pressure increase results in the compressionlof the capiglary
fringe which releases ﬁater to the water table. The addipion
of water to the water table raises the level of the water
table (Figure 3.1). The water levels gradually decline as
entrapped air escapes laterally through the soil. "Optimum
conditions for the Lisse effect exist in 1ight soils where the
water table is less than i.2 metres below ground.

The reversed Wieringermeer effect occurs in areas where

the water tablé is so¢ close to surface that the capiilary

27
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fringe reaches surface. Rain produces an almost instantaneous
rise of the water table similar to the Lisse effect. The rapid

rise,’however is followed by an eqda]]y fast decline (Meyboom,

1967). Figure 3.2 shows an example of the reverse

Wieringenmqer effect.

*
»

The groundwater ridging theory explains the rapid rise of
the water/table as the instantaneous conversion of the ténsion
saturated zone to a pressure saturated zone. The rapid rise of
the water table is similar to that cauéed by the reverse
Wieringermeer effect but it is not followed by the rapid
decline of water levels. This conversion can be explained by
the position o% the tension saturated zone on the
.pressure-moisture cdntent relation of soils (Figure 3.3). The
capillary fringe is saturaééd unﬁer tengion or negative water
pressuré, The addition of smal] amounts of water to this
tension saturated zone will result in positive water pressure ““"
and the water table will rise to the top of the former
capiliary fringe as the capiltlary water is released. The
groundwater rnging effect should,be most noticeable in fine
s0ils where the capillary fringe can easily reach 30 em or
more. The time delay from the start of the rain event to the
groundwater ri&ging is related to the distance from the ground

surface to the top of the capillary fringe.

N ¢

3.2.0. Evidence of rapid water level increases \\“‘~&=--—

Field evidence of rapid water level increases fo]]owing'

t -

-
v

e
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» storm éQents has been shown by Ragan (1968), Sklash (1978),

. 0'Brien (1980) and others Computer simulations of watershed

32

ﬁﬁﬁnﬁvww___v“mﬁmeﬁwlesponsefto?ralnvevents byWSklash {1978)s-Sklash-and-Farvolden
(1979) and Babu (1980) also demonstrate the rapid rise of the
groundwater table in near-stream areas during rain events.
An actudl observation of the r&bid rise in the groundwater
{ =% tabfe was made by the author dut}ng a hydrogeological field
camp\run by the University of Waterloo, waterloo Ontario at
Canad]an Forces Base Borden, Ontario in Apr11 1980. A small
'dlameter well was placed in the centre of an approximately one
metre square depression in sandy soil where the water table
was approximately 0.8 metre below surface, The addition of
qbou% four litres of water to the depressed area produced a

rise of the water table of about 20 ¢m in one minute. The

change from tension to pressure saturation was shown by
%

a
-

tensiometers attached to.pressure transducers.

3.3.0 Experimental approach
To determine if a groun&water ridge actually forms in’the
near stream area,.it was decided to monitor the water table
and capillary fringe of a near stream area. To détect changes
" in the water table level, small diameter wells equipped with
automatic Tevel recérdens were uséd. Tensiaﬁeters; placed at
- depths Janying from below the water table to just below ground
\ . surface, were installed t& detect the change from a tension
- saturated zoné into a pressure saturated zone.
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The Ruisseau des Eaux Voléés’experimental basin in Québec '

(ChapteE 4), was-selected for stu&y since the basin is wel]

instrumented, the general responsé?of this basin to_rain L

. _;‘w"

events has been documented, and it rains often, Sklash and

o
" Farvolden (1979) concluded that groundwater dominated the '

stom rﬁnoff evenfs in the watershed. In addition, the site at
which the instrumentation was installed for this study,
resembled the conditions used by Skilash and Farvolden (1979)

in one of their computer models,

3.4.0 Instrumentationr

The water table weils were\Tadg from 25.4 mm 00/32 mm 1D
black steel pipe. Wells of this size were selected to optimize
response time to fluctuations insthe groundwater table. The

. ¥
wells were.driven into the ground-\W&ing a sledge hammer. Table

3.1 Tists'well data. Figure 3.4 is ection through the

instrumentation site showing the locations of the wells. One

well was placed in Ruisseau des Eaux Volees to act &s a stream

stage recorder (Photo 1). ) -
The design of the water level recorders (Photo 2) is

based on a design.by Aqﬁerson and Burt (1978). The level

recorders convert water level fluctuétions into electrical

signals using a float attached Eo a potentiometer. The float

was attached to monofilament fishing']ide and was

counterba]ance& using clamp-on’ lead ;ishing sinkers. The Iin;

waF looped around an aluminjum wheel ‘which was attached to a

¥



. WELL ELEV_ (mASL) _ELEV._(mASL)__LENGTH_(m)—FROM—STREAM

1

TOP

¥ 731,14
730.20
730.63
730.62
730.83
731.07
731.50
731.26
731.50
732.01
732.63

Table 3.1 Well data

GROUND

729.26
729.85
730.06
730.33
730.42
730.60

730.74

731.03
730.89
731.50
732.09

2.13
1.52
1.52
1.52
1.52
1.83
1.83
1.83
1.83
1,96
2,13,

e

DISTANCE

jmtstream
'1.83
3.66
6.611_ >
8.53

11.07 _ \\
14.33

16.76 \\
20.03 }

23,29 t
26.69 i
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Phote 2 Water level recorder
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\]ow-torque, 10-turn, 15~ohm potentiometer. As the float rises

the resistance of the potentiometer is changed. The change in

resistance changes the output voitage from the level recorder.

The-output—of-the waterlevel vecorders was measured and

recorded on a time-sharing, two channel chart recorder.The
electrical circuit of the level recorders is sho@n in Figure

3.5.

The fleats and water level recorders were constructed at
an average cost of $20 per unit. This is a considerable saving
over the commercially available water level recorders that can

cost more than forty times as much. The floats were 19 mm in

-

diameter to fit inside the small diameter wells used. Floats
of this size were not conmerciallélavai1able and had to be
“pecially designed. An installed water level recorder is shown
in Photo 3.

Tpe tensiometers were made from 16.7 mm 0D PVC pipe.
Porous ceramic cups {Soil Test Mo§e1 655X1-B1M1) were cemented
to the tubes after they had been cut to the desired length, ’
The tensiometers were connected in sequence to a Druck model
PDCR 26 pressure transduer by a 24 position scanivalve fluid
switch (Scanivalve Model W0602/1P-24T). The fluid ;Qitch had
the capability to be operated manually or automatically by a
stepping relay controlled b} the electronic timing circuit
designed by the author (Figure 3.6). In the automatic mode ok
operation the relay is actuated at 2 minute intervals. The

stepping relay also operated 1P-24T wafer switches that
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Figure 3.5 Circuit diagram of watéer level recorders
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Photo 3 Installed water level recorder

\
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controlled the output from the water level recorders. The
general layout of the monitoring system is shown schematically

jn Figure 3.7. The scanivalve system is shown in closeup in

42

PhQLQs_ﬂa_and_Ab,_and_jn-the—ﬁield—in—Photo 5-—A-bankof

bl

ténsiometers is shown in Photo 6. \

To record the output from the pressure transducer and the
water level recor&ers, a Rustrack Model 358/F137 two channel
strip chart reéorder was used. This recorder is equipped with
a-time sharing mechanism that allows four channels to be
recorded on pressure sensitive paper, The recorder and other
ihstrumen?s were powered by two 12 volt DC automobile .
batteries that ‘were recharged ever} second day. The batteries,

chart recorder and scanivalvg*yere protected from rain and

snow by the box shown in Photo 7.
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Scanivalve unit

top) |

(
Photo 4b (bottom} Scanivalve unit 4
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\ CHAPTER 4
RUISSEAU DES EAUX VOLEES STUDY AREA

-~

4.1.0 Location,access and history .

The Ruisseau des Eaux Voldes experimental watérshed ise
Tocated in Forft Montmorency which lies in Laurentide
Provincial Park in Québec (Figure 4.1). The basin is
approximately 80 km north of Quépec City: Québec and is most
easily reached by following Provincial Highway 175 north from
Québec City to koute 33 Rast. An all-weather gravel road,
themin du Belvedere, which runs approximately north-south
through the Ruisseau des Eaux VolSes basin, provides access
%rom Route 33, ; ‘ ' :

The Ruisseau des Eaux Volfes watershed was established
for research in 1965, during the International Hydrologic
Decade, as a coopefative project between Laval Uinersity and
the Québec Ministry of Natural Resources. Studies in ‘
meteorology, hydrology, water qqg]ityi ;orestrhydro1ogy and
hydrogeology have been initiated in the basin. The host
comprehesive hydrogeological report on the basin to date is an

M.Sc. thesis by Rochette (1971).

4.2.0 Physiography (Rochette, 1971; Plamondon and Naud, 1975)
For€t Montmorency is typical of the Laurentian Uplands of

the Canadian Shield. High hills with steep %iopei are-

separated by U-shaped valleys trending north-south and hanging

o ’
-
]

v
.

48
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Laurentides Ruisseou des Equx Volées
Provincial _./ Watershed
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Figure 4.1* Location of Ruisseau des Eatx Volées experimenta'l
basin (after Plamondon and*Naud, 1975)
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valleys trending east-west. The hangi-g valleys are generally
filled with glacial debris.

The Ruisseau des Eaux Volées watershed is a hanging

valley tributary of the Montmorency River. The watéfshgd

¥ |

covers an area of 9.2 kmx and ranges in elevation from 1000 m
at its sutmt to 550 m at its outlet (Figure 4.2). The
boundary of the watershed is formed by hills except at the
southeastern 1#it where glacial deposits form the divide and
at the western Timt éhere Lac Huppé occupies a shallow
depression in a coi near the divide. On rare occasions Lac
Huppe discharges into Ruisseau de Eaux Volées as the result of
beaver activities. :

. -. Four suH;Q%?ins have ?een'derin$d|with1n the wafershed' ‘
(ngqre 4.2). Sub-basins 7A and 7, which occupy 1.2 km' and
2.3 km® of fore;ted land respectively, contain Ruisseau des
AuTnaies which i§ a tributary of Ruisseau des Faux Volées.
Sub-basins 5 and 6, which occupy 1.7 ki and 3.9 km® of
forested land respectively, contain Ruisseau des Eaux Voldes,
The physiographic characteristics of the watershed are

@

summarized in Table 4,1,

4,3.0 Climate'(Rochetgef 1971; Plamondon and Naud, 1975)
The clwmate of For@t Montmorency is the coldest and
rainiest south of 50° North latitude in the province of
Quebec, It can be classified as cool microthermal with water f

surplus (Thormwaite classification), or as moist cold
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Figure 4.2 Topography of Ruisseiu des Eaux Vo]ees basin
-(after Rochette, 197
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SUB-BASIN AULNAIES ° AULNAIES EAUX.VOLEhS EAY LE&S

(78) Y 7) (6) (5)
Station No. 51004 51007 51002 1003
Area (kn?) 1.26 2.33 " 3,94 1.68
Mean Elev (m) 875 806 823 810
Land Slope (%) 14.4 * . 20.3 7.7 T 7.6
Drainage Density 2.16 1,85 1,71 2,42
. Channel Slope (%) 9.7 3.0 2.3 2.2
Length (m) o3 2940 2499 5090
Sinuosity 1.05 1fo4 1.01 118
‘Area Lake' (%) 0’ 0.15 0.03 0.04
Area Swamp (%) ‘ 0 ' 1.9 0 0.46
Area Forest (%) 100 98.0 99.97 '99.5.

4
T

Table 4.1 Physiographic characterisits of sub-basins
——

(Plamondon and Naud, 1975)

\
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temperate, without dry season and with short, cocl’ﬁ:;;;:
(Kpren classification).. The mean annual temperature is 0.2°C

with the mean -temperature of the coldest month (January) -14.9°

53

C‘and‘thé mean of the warmest month (July) 14.7°c, ]

The main meteorlogica}'?}ation-at For@t Montmorency has
been in operation since 1956..0bservations from 1966 through
to December 1974 ser;;.as thé basis for the following climatic
characteristics. The maximum and minimum values giyen may have
changed since 1974. Annual precipitation in the area avérages
1453 mm, ranging from 1157 mm 1in.1968 to 1661 mm in 1974. The
annual snowfail, which makes up approximately one-third of the
total precipitation, averages 600 cm. The largest snowfall .
recorded prior to }975 was 759 cm in 1973-73, On the average
snowfall is observed dur}ng 111 days of'the year, The mean
number of days with precipitation is 213, ranginé‘from 194 in
1967 to 232 in 1973 and 1974. The monthly averages for
preciptation and temperaiure are shown in Figure 4.3. During

the 1980 field season, snow was recorded on June 8 and 9.

“

i
t ¢

4.4.0 Vegetation (Plamondon and Naud, 1975)

Commercial forest covers 95% of the area and
non-commercial the remaining 5%, Approximately 70% of the
basin is covered by sécond-groﬁ h forest inder 50 years of
" age. Balsam fir, white birch and \white sprucé compose 80, 10 -
and 10% of the forest respectively. Some of the forest in

sub-basin 6 has béen logged-on an experimental basis.

PR
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Figure 4.3 Monthly averages for precipitaion and temperature

Rgisieau des Eaux Volées basin (after Rochette,
1971



4.5.0 Geology (Rochette, 1971)
The Ruisseau des Eaux Volées basin is underlain by

crystalline Precambrian rocks. Outcrops, which make up

55

approximately 20% of the basin area, occur mainly in the ‘
higher areas of the basin. The bedrock of the basin is
charnockitic gneiss. Vertical Joints that are up to 7 ¢m wide-
at surfacg and generally £illed w}th unconsolidated material,
trend north-south and east-west. Core recovered during well.
dr%]ling indicates that fractured rock is found at depths up
, to 45 m in some areas of the basin, The weathered zone of the
roc%{is geherally a few centimteres thick.

The surficial geology of the basin is shown in Figure
4.4, The surficial deposits in the basin are of mainly glacial
origin. These deposits cover approximately 80 % of the basin,
with depths ranging from 1 to 20 m, Figure 4,5 is an isopach
map of the surface deposits %ﬁ the basif,
4.5.1 Glacial deposits

The glacial deposits in_the basin are composed of ground
moraine, washe& till, contact drift annd shallow dr{ft over
bedrock. The ground moraine, ranging from 1 to 10 m in ‘
thickness, is the basal unit thoughout most of the basin: it
is predominantly sand and gravel with some ‘boulders, mostly of

i

granitic origin, with a compacted layer on top.

The washed till, ranging from 1,to 7 m in thickness, is
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—_— Bamn et i {

- Bedrock boundary

Figure 4.5

—30-  isopach (10foot interval)

Isopach map of.surface deposits, Ruisseau
des Eaox Voldes basin (afpér Rochette, 1971)
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found in bedrock‘depressions where it js either above or below

the ground moraine. It consists mainly of sand and gravel with ’ .

most of the fines removed by fluvial action. 25

A
fhe contact drift is a glacio-fluvial drift consisting of
8

sand and grave¥, sand with silt and silt with sand, all
coarsely stratified. The contact drift is found in a thin o
layetr near the outﬁet of sub-basin 6 and in sub-basin 6 near

the confluence of Ruisseau des Aulnaies and Ruisseay des Eaux :

r

Volges, where thicknesses up 0 5 m have been abserved.

The shaltfw drift unit consists of a sdndy tiTl with SR

boulders and is found close to outcrops on the topsaof hills, .

Except for the lack of the compacted top layer, it.is similar

in composition to the ground moraine. The thickness of this

‘wnit is generally less than 1 mi T
ot

4.5.2 Post-glacial deposits - .-

{ .

Post-g]acial depos1ts con51&t of colluyium, recent
nlluv1um gnd peat bOgs The co]luv1um is cémposed of loose
gravel and sand with angular boulders and is usually found at -
the base of slopes or cliffs. and at the basin outlet. The ot
recent alluvium, found in sub'baSIns 6, 7 and 7A, is composed 1§¥§" )
of sandy,and s11ty material with "Some well _sorted gravei )
lenses Th1ckness rangeejfran 1 to 8 m, In sub-basin 7, up to

6m of peat bog oyerl1es the recent alluvium.
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4.6.0 Hydrology (Plamondon and Naud, 1975)
. Streamflow in the drainage basin is measured at four

ggugfng stations located at the outlets of each of 'the four

sub-basins. Three-of the gauging stations { 5, 6, and 78) are
equipped with sharp-crested V-notch weirs. The fourth gauging
station‘(T)'has a control structure const;ucted from concrete
bags. All of the gauging statibns are equipped'with gas
bubbliég water leve} recorders.

Streamflow normaily peaks in May due Fo snowmelt and .in
June ana\August due fo rainfall. Lowest flows for the ;ear

" occur at the end of the winter in March or Apr11 Figyre 4.6

is a.typ1ca1 stream hydrograph for the bas1n.

-

4.7.0 Hydrogeology (Rbéhette; 1971) - -
The surfjcial deposits and the bedrock of the drainage
basin have been divided into four-hydrostratigraﬁhic'units on
the basis of similar water-bearing properties. Unit 1 is
usually composed of recent alluvium and contact drift, .

materials having a large amount of sang/aqd ‘i1t particles.

This material is fairly uniform and has an average composition

-

of 69% sand, 20% silt and 11% gravel. Unit 2 is predominantly
éround moraine. This unit is composed mostly o% sand and
grave], the average compos1t1on being 58% sand 29%:grave1 and
.12% silt. These first two hydrostrat1graph1c units are the
dominant surface materials. Unit 3 is composed ma1n]y of
washed till and colluvium. This material is poorly sorted and

& : !

.
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has an average composition of 57% gravel, 363 sand and 7%

silt. Unib\?our is the well jeinted bedrock. The surface cover®

of soil, ‘roots, braﬁche%, moss, etc., forms a Iayer that has a ]

L iy it

high—infi%tration-and—retention-EapaEity;—but—it‘iS“too—th1n =
-(gbnera]1y less than 1 m) to be considered as ‘a ) -
hydrostratigraphic unit. ~ )
Analysis of well and piezometer records indicate that the
groundwater system is unconfined and that the bedrock is
hydraulically connected tb the surficial deposits. The water

table is close to the surface even in areas of higher .

elevations. The shallow groundwater table ig indicated by the
presence of springs along streams and paths:and also by
saturated and swampy surfaces, Rochette's concept of the
groundwater flow system is shown in Figure 4.7,

The average hydraulic conductivitieg, for the basin range
from 1 x 107> to 1 x 107 cm/sec. These values were determined
by Rochette, using a steady state, finite difference,
groundwater flow model. . .

The TDS for the basin is approximately 24 ppm and the
electrical conductivity is 20.§Hs. These Tow values can be

expected with the type of geologic materials present.

ir
]

4.8.0 Field instrumentation for this study

The system to?monitor possibie groundwater ridging

o
[
a

consists of a network of small d{ameter wells, equipped with

-c

‘automatic water levei recorders, and'recording
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Ruisseau de$s
Eaux Volées

@ Hydrostratigraphic unit

—— Groundwater movement

A

— Unit boundary

Figure 4.7 Grogndwaté'r‘:. flow system, Ruisseau des Eaux
Volées basin (after Rochette, 1971) |
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tensiometers.The monitoring system §s located on the south

bank of Ruisseau des Eaux Vol€es a few metres upstream from

its confluence with Ruisseau des Aulnaies (Figure 4.8).

Standapd- rawn-gauges—were p]aced—at—the—1nstrumenta tion-site

and at gauging’stations G6 and GTA In add1t1dh to the -
instrumentation installed for this study, stream discharge °
.records for the basin and daily precipitation records from a
recording rain gauge at station GG were made ava{lable by the .
personel at Foret Montm;rency and,the Quebec Ministry of the

Environment., . «
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CHAPTER 5 ‘s
RESULTS AND DISCUSSION OF RESULTS

%.1.0 Introduction

o

The water table level data which was recorded on the '
strip charts at the instrumentation site was reduced to a
workable format by hand, using a HP-25 hana-held calculator.
This reduced data was tabulated to obtain time-water 1e%e1
vatues for each of the wells which were then plotted torshow

)

the time relationship between precipitation and water level

& 11

N

changes . )

The data'that was to be co]]ected'from the tensiometer

system was unavailable as the result of the failure of an

. amplifying unit that was supposed to amplify the output from

the pressure transducer,

Discharge data for Ruisseau des Eaux Volées measured at
gauging station G6 was unavailable for the period of study as
the resu]t of the faiilure of the monitoring equipment operated
by the Quebec Ministry of the Environment.

Stream ]eve]s were mea;ured at gauging station G6 when
possible ang.were used tg compute discharges for some of the
storms. The well %hat was placed in the streaé at the
instrumentat%on site yielded poor results as a result of its
small djameter float being pinned against the side of the well

by the current of the stream.

" For this study 5torms of high intensity and brief
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duration were desirable for they would yield simple water
taple hydrographs, During the lbsg\field season storms of this
. type occurred on May 31, June 8, Juhe 15, June 26, July 5,

July 11, and July 19. The May 31 storm occurred before all of

the menitoring equipmee;h::jJ?éEn installed and therefore no .
eata was available for.thiz“storm.. Data from the June 8 and
July 19 storms was lost as the result of the malfunction of

the strip chart recorder. Of the remaining storms the June 15,

July 5 and July 11 storms were selected for study.

5.2.0 June 15, 1980 stqrm event
l The storm on June~15, 1980 occurred after a period of
four days_ without p}ecipitation. The storm event was preceded
by a small amount of ;ain (lm?) between 13:15 and 15:06 hours
with the main storm beginning‘at approximately 16:15 hours.
The storm occurred in two parts, the first part occurring from
16:15 to 18:00 hours and the second part occurring between
18:15 and 21:00 hours. Between 16:15 amd 18:00 hours a total
~of 1;.3 mn of rain fell with the peak rainfall intensity
occurring between 16:30 and 16:45 hours when 3.3 mm of rain
feil, Between 18:15 and 21:00 hours a total of 8.8 m of ra1n
feill with the peak -rainfall 1ntens1ty occurring between 18:45
and 19:00 hours when 2.5 mm of rain fell. Total precipitation
for the storm event was 20.1 mn.’The distibution of the

rainfall is shown in Figure 5,],

.
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Figure 5.1 Groundwater levels during June 15, 1980 storm event
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5,2.1 Stream resanse
The response of the streams to the storm event given here
are based upon measurements taken at gauging‘étation G6 during

the storm event. The discharge was computed by measuring the

68

water levels with a staff gauge located at the weir and using
these levels to determine the discharge. i

Prior to the storm event of June 15, 1980 the streams in
the/study area were at baseflow conditions, After the
precipitation began the water levels in the streams began to
rise quickly. At qauging statién G6 the water level rose by
4.5 cm in a one hour period and 23 em in a five hours and
twenty five minute period. The increase in the discharge of
" the stFeqm at G6 was approximately Oill cubic metres per
_second frbm a flow rate of approximatley 0.01 cubic metres per

second at 14:40 hours to approximately 0.12 cubic metres per

second at 20:15 hours. Based on past records for the stream,

the peak flow prabably occurred between 21:00 and 22:00 hours.

Stream levels had dropped by 11.5 cm at 08:38 on June 16,
1980, . .
During the storm event very little overlaﬁa flow was
observed actually discharging into the stream. Overlanq flow
did 33scharge into the stream at points where the road was
adjacent to the stream and at bridge abutments. Most of the
observed oyer]and ffow was along the roads and appearéd to be

the result of precipitation falling on the roads and from

springs and seeps along the roads discharging,onto the iroads.

-
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This overland flow, once it ﬁad left the road surface, - .
i

A4 infiltratfquuickly into the ground.

5.2.2 Water table response

69

Groundwater levels prior to the storm-event ranged from

50 om below thg ground near the stream to 80m c¢m below éﬁe
ground in the wells located furthest from the streaﬁ. The
response gf the water table to the storm even§ is shown in
Figure 5.1. The response of the wells plotted are typicaliof
the changes observed in the wells during the storm event, The
data from wells #2 to-#6 showed electical interference and
therefore were not plotted.
storm event is can be seen that well #1 which is nearer to the
stream responded before well #8 which is further away- from
the stream. Figure 5.1 also shows tﬁat the main response, of

. the water table to the storm event occurred approximatley 30
minutes after the first peak of the storm. This delay is
probaby the result of the low water table prior to the storm
event. With low groundwater levels the precipitation’would
have to infiltrate a considerable thickness of dny,soi} to
cause the grouhdwater ridging effect, Following the initial

{

rapid rise of the water table, the groundwater levels

continued to rise at a steady rate until they peaked and then

began to fdll slowly as normal groundwater flow and’

consumption resumed.

From the plots of the response of the water table to the X
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The water levels rose by 20 to 30 cm overall during the

storm which involved only 20 mm of rain.

5.3.0 July 5, 19&9 storm event

70

The July 5, 1980 storm event occurred after a period of
three days without preqjhitation. The storm event began qt
approximately 18:30 ﬁours and occurred into two parts. The
first éart occurred between 18:30 and 21:30 hours and the
second part occurred between 21:45 and 00:15 hours on July 6,
"1980, Between 18:30 and 21:30 hours a total of 12.1 mm of rain
fell with the peak inpensity occurring between 19:30 and 19:45
hours when 2.7 mm of rain fell. Between 21:45 and bO:lS hours

-

a total of 6.9 mm of rain fell with the peak intensity

a

occurring between 21:15 and 21:30 hours when 1.8 mm of rain
fell, Total precipitation for the storm event was: 19.0 mm. The
distribution of the rainfall 1s shown in Figure 5.2, ¢ -

5.3.1 Stream response

Prior to the storm event the streams in the study area
were close to baseflow conditions. Stream level measurements

taken before and after the storm event showed a rise in the

stream level of 9.6 cm. Since the second mea%urement was taker

'

10 hours after»the storm event had ended peak stream levels

were likely higher than this measurement. Peak streamflow

'probab1y occurred betwqen 22:00 and 00:00 hours.

Since the stord occurred at ﬁight measurements of the

s
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. water 1eve]§ at_gauging station G6 were not taken'and

therefore the Hischarge of thie stream during the storp event

-

- could not be computed,

»
L]

1
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Priot to the storm, event groundwater levels ranged from

.

-

5 3. 2 Hater table response

* 40ecm below ground near the stream to 60 cm below ‘the ground
in the wel]s 30 m from the stream. The response of the water
table .to the s%Orm event is shown in Figure 5,2, The response,

of the water tab]e Jin the plotted wells are typ1ca] for.the

storm event.” - . . . '

w

From the plpts of* the resbohse‘gﬁ the grodndwater table
+ to the storm events:*it can be seen theb the near stream wells
responded before wells located further away from the streamt‘
The near stream wells began to -respond approx1mate1y 30 ﬁS
minutes after the first peak .in rainfall and also showed a
response to the secghd peak of the storm. The we]]s further
© away from the stream responded mainly to the,second_peak in -
rainfall. ThIS is also shmaa. in Figure 5,3 which shows the
"percentage of -total rise ig the'wells at several times during
the rain event The we]Ts nearer.to the stream ree:hed their
maximum ]evols before the wells further away ffrom the stream.
" The &EIay in response time is agaiu the result df the Tow
groundwater -jevels prior to the storm event, The response of
the near stream we]ls to the second peak of thJ storm event .

suggests that the capillary fringe was near or at surface at
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this time. The second part of the raiﬁ event resulted in the’

release of more water from the capillary fringe to the water

“table resulting in a second rise of the water table.

Grnundwaten_leveJs-rose—by—lz—to—eo—cm—during—the*storm

event which consisted of 19 M of }ain.

+5.4,0 July 11, 1980 storm event )
The July ‘11, 1980 storm event occurred after five days
during which little prec1p1tat1on fell. There was no ra1nfa11

recorded for July 6,7 and 8 and only 2.8 mm and 3.0 im of rain

~ — ——Teli on July 9 and 10-respectively,~Fhe stormgvent -began-at -

' approximately 14:30 hours and occurred in two parts, Yhe first
part occurred between 14:30 and 15:15 hours and the sekond
part occurred between 15:15 and 16:30 hours > Between Y430 and
15:15 hours 7.7 mm of rain fell wlth the peak intensity in the
ra1nfall occurring between 14:30 and 14:45 hours when 5.7 mm

of rain fell, Between 15:15 and 16:30 hours 11 mm of rain fell”

with the peak intensity in rainfall occurring between 15:45
and 16:00 hours when 5.5 mn of rain fell, Total precipitation

- ‘f.
for the storm event was 18.7-mm. The distribution of the

rainfall is shown in Figure 5.4, -
5.4.1 Stream response
The streams in the study area were at baseflow_prior to
the storm event. Water flevel measuredents taken before and
N ’- - - -
after ‘the storm event at gauging station G6 showed a rise of



T30
' 73032+

73028

73024+

73020

s T30I6 4

73012 4

730084

73004~ .

wille

73000

GROUNDWATER ELEVATIONS (mASL)

729 64

729 604

729 56

T2952

€.01
504
404.

304,

RAIN {mm)

1600

moo |
HOURS (EOT)

” i

1800

IQ:OO
- ¥

. W

r -

Figure 5:4 Groundwater levels during Ju'ly 11, 1980 st.orm évent.

[l
hd 1

. L]

’
-~

N



’ 76
8.8 cm. Since the second measurement was made 16 hours after

the end of the storn;evant peak water levels would have been
hlgher Peak streamflow probably occurred between ]6: 00 and
18:00 hours, ' .

/

\

’

Since no water level measurements were taken at gauging
station G6 during the storm event the discharge of the stream

during the storm event was not computed.
., - 4 : - ,- /
5.4.2 Water table response . JR . e

Groundwater levels ptior to the storm ranged from 30 cm

below ground'ngef_theastream to 60 cm below the ground inm

wells located furtheet from the stvehm. The response of the

water table to the storm event 1s shown in Figure 5.4, The

response of the piotted we11s is typical of the response for

+all of the‘wells.

’ ‘ ‘

. I .
Fi@ure 5.4 shows that the near-stream wells responded

first to the storm event There 1s a sTight delay in the
response of the water table:to. the f1fst part of the rain
event. uThe delay in response Was probab]y caUSed by the ]ow
groundwater leve]s prior to the storm The response to the
second peak of the storm’ 1s most eas11yfseen 1n well #8 where ,
We water table was approximat1ey 50 cm belpw the ground
before the rain eveqt The second peak response in the other
wells is m)nlmal .as the resu]t of ‘the water table having

reached almost max1mum levels before the second peak in

L]
4

rainfall occurred.



5.5.0 1981 Storm events

A second trip to the Ruisseau des Eaux Volees watershed

i
was made between July 27 and August 31, 1981. Before this trip

-

several modifikétion§ were made to the monifbging equipment to
improve the data cotlection, The maximum output of the water
level recorders was increased from & volts to 12 volts by
removing the Sla’ohm resistor. This change made it easier to
measure small changes in the water level. The second major
;hange was the rewiring of,the wafer switches controi]ing the
output from the gater“]eygl rgcogggrs lo increase "the length -
of time that a well wés connected to the chart recorder. In*
addition to these electrical changes , changes in the fie]d’
measurement procedures were made, Groundwatér Tevels were
measured at the instrumentation site in the morning and
‘evening with an electrical wél1 brébe to obtain-readings that
could be usgd to c9rrect for chart drift. Commercial water
level recorders were installed at the instrumentation site and
-at a point upstream from gauging *station G6 to record the
stream stage in case oé'failure of the governmqni equipment.
Three storms §uitab]e fop study occurred during the 1981
field season. These stormi occurreﬁ on August 6, 11 and 16.
The resg1ts for the‘August 6 storms were lost as a result of
the chart recorder m31functionipg. The precipitation records'

4

for the August 1t storm were not available and tﬁ;refqre this

N &
. storm was not studied. The- results from®the August 16 stomm

. -

. . . .
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are presented here,

5.6.0 August 16,1981 storm event

The August 16, 1981 storm event was a very intense storm

- p———e a0

-

.
—— i aw O

s

of brief duration. The storm lasted from 13:45 to 15:15 and
precipitation totaled 16.7 mm of which 11.8 mm fell in the
first 15 minutes of the storm. There had been 11.45 mmof

.

. ¥
precipitation on August 15 and early August 16 and no
precipitation before that éince August 11. The distibution of

the precipitation is shown in Figure 5.5.

1}
. - e - —— ——

5.3 1 Strean response L . -

* The respon§e of the stream to the storm event is shown in
Figure 5.6, The two small peaks prior to the main peak are the

~ result of the precipitation on August 15 and -early August 16,

jThe major peak is the result of the August 16 storm event. The

. stream level rose by 11.5 cm in approximately 1.5 hours
beginning at approximately 14:00 hours, The stream levels
{ L
peaked at approximately 15i30 hours and then fell until

another rain event occurred on August 17.

-
-
*

5.6.2 Hater table resppnsé
The response of the water table to Ehe\storm event is
shown in Figure 5.5. Groundwater levels before and‘after the .

storm are giveh in Table 5,1,

Figure 5.5 shows the’ the near-stream well respofided to

y -



PRE-STORM POST-STORM . GROUND‘ f

WELL—LEVEL (W) CEVEL (W) CHANGE {cm) ELEV (mASL)
2 729.505  729.610 10.5 729.85
3 729.665 729,790 12,5 730.06
4  729.795  729.945 1510 730,33
' 5 729.930 730,095 16.5 730.42
6  730.105°  730.285 18.0 730.60
LYSE '730.335  730.540 20,5 730.72
setm e~ 7 T73003057730.490 IS5 T YI0TET T T
. 8 730,35  .730.510 15.5 731.03
0 730,700 730.835 13.5 731.50
11 730.535 730,710 17.5 732.09

P5.1 729.970 730.140 . 1710 ————ae

»

"

Table 5.1 Groundwater levels Aigust 16, 1981
ol

7
Ruisseau des Eaux Volees, Quebec

I
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the storm event before the wells located further away from the
stream began to regpond. Well #2 began to respond at about '
13:48, well #3 at 13:50, well #4 at-13:55, well ﬁ? at 14:20
and well #7 at 14:00. The apparent delay in the response of

82

weiiﬁ#sﬁis—probabiy_the-rggult—of—tne—smai]“diametev‘fioat not
moging up until a rise of several centimetres in the water
level hgd occurred. Well #5 most likely began to respond at
appcoximéte]y 14:10 hours. Well #%fbegan to respond to.the
rain before well #5 as a result of the water table being _
closer to the surfacé at this point. Responses from wells #10
.and #11 did not show up on the chart recorder although the
water levels in theése wells roée by 13.5 an and 17.5 cm
respectively. The lack of response at weli #10 was the result’
, of the float not being ieplaced ié the well after measuring
the water Tevel in the morning. The small response of well #11
seen on the chart is most 1ikely the result ofﬁthé smgll
diameter float not moving until a change in water level of
‘sevEfg] centimetres had takgn place,’ '

The formation of the groun&water ridéé'at the
instrumentation site can be seen in Figure 5.7 which shows .
.groundwater profiles at severd different t{mes during the }/
storm event, The groundwqter levels at time T=30 minutes shows
that there is also a‘rapid response of the groundwater table,
'to the rain event approximately 12 metres from the stream.
This reponse can be explained by, the waté; table bging closer

to surface -at this point. The capillary fringe is closer to
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' surface céusi‘g/the quick response to the rain event. This y
respense is also shown in Figbre‘S.S which shows the perfent
of, the total rise of the water table at several times during

& the storm event. The near stream wells reached theéir maximum

TeveTs before the wells located further from the stream. The
reponse of well #2 lags behind well #3 because the water level

. in well #2 closely follows the stream level.

' \ 5.7.0 Summary of results

»

The results seen in the study of the fou storm events

L

are summar1zed below: ‘ /’ .

1. The groundwater table' near the streaﬁ appeared first
to the prec1p1tat1on followed later by wells located
further away from the stream. .

2. The areas where the groundwater table was close to

v surface responded before other areas, -
3. The rapid rise of the groundwater levels was foliowed .
by a more gradual rise of ihe water table as the rain
< continued or was followgd by peak groundwatef'levels.

4. Groundwater levels began to decline after peak grohnd-
A - . P

water levels were reached as normal usage of the

. groundwater, i.e. phreat&phyte consumption and dis«
' éharge to streams continued.
- 5. Stream levels fose quickly beginning ;hortly after
,ﬁ* - the well neare;t to the s;reaanegan to respond to

the rain event.

[}
]
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5.8.0 D1scuss1on of resu]ts

,

The resutts obta‘ined from the study of the groundwater
response to storm events support the groundwater ridging
theory proposed by Sklash-and Farvolden (1979) in the
fo}]ow1ng ways °

1. The groundwater table responded to prec1p1tat1oﬁ
first in near-stream areas followed later by areas .
tocated farther away from the streqm. . ﬁ;
" 2. The groundwater showed a rap1d increase in Ievels “in

- response to prec1p1tat1on .. ;

3. The groundwater response was contro]led by the depth
to the water table. ' ' - o

4, The water 1evels in the stream began to rise shortly
after the groundwater table near the.stream began to

. rise.” ‘

Thesg are four of the .five main points of the groundwater
ridging- theory. The fifth point which could‘nﬁt be »
substantiated by this study‘was the rapid conversion of the
tension:saturated‘portion of the capii]ary fringe into a zone
of pressure saturation. However, some evidence that this
cnange does occur was noted at a hydrogeological field camp
rnn by the Uniuersitykof WaterToo (see'Chapter 3 Section

+3.2.%). Tne groundwater ridging theory appears to be‘an
: acceptable mechanism- through which the'large groundwaten

. - -
component of storm runoff in streams can be explained..

= )



5.9.0 Sigﬁificance of the resilts h

.

*

The_significaqfe of the groundwater rlfging mechanism of
storm ru;off generation 1n streams affects mostly the
hual1tatz§e aspeéts of storm runoff and not the quantitétlye
aspects, . ’

5.9.1-Qualitative asgeck&{; .
The qualitative aspect that will be affected most by the
_groundwater riddiﬁg.theory will be the idea that water g
_chemistry in the 5t:!am should be.greatl& diluted during storm
runoff, The groundwater ridg%ng mechanism whén considered with

the results from severhl other recent studies, (see Chapter 2,,

* Section 2.8.1) means that the: quality of the runoff in the
L}

stream may become less desirable dur%ng stormm runoff events if
the éroundwater discharging into the stream duripé the storm
-event is polluted. Sklash et al (1978) presented a case Qhere

nitrate concentrations in a stream in southern Ontario

increased during storm runoff as nitrate enriched: groundwater
* [ ]

discharges_into the stream. This fact means that all areas of

: o

a8 watershed showid be ;iamined before the application of

fertilizer ;sz?: soil to defermine the groundwater fléw
t

patterns and) to (event the pollution of surface water bodies

N

durin noff @

en%§f Computer models” for dilution of strégm

chemistry dur tom runoff should be re-exémined in light

of the groundwater ridging concept, o
» ,

¥
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5.9.2 Quantitative aspects

.
,
.-

In most cases the quantity storm runoff can still be
predicted  using the current péedictionlmethods. Most of these
methods are based ¢n long term'dbservayions of Qatershed
response. These models should be examined to determine if the

-
groundwater ridging mechanism will alter them significantly, »

¥

~
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CHAPTER 6
CONCLUSIONS_gND RECOMMENDAT IONS

]
S
N
A

6.1.0 Conclusions
The groundwater ridging theory appears to be an

acceptable theory for the generation of storm: runoff 1n first
Frder streams tocated in humid, vegetated watersheds, Th1s

theory explains the domxnat1on of storm runoff by groundwater

" through the mechanlsm of the formation of a groundwater ridge ,f’

[}

near the stream.
+

6.2.0 Recommendations for future study
Future studies of groundwater ridging should concentrate

,

on the following 1tems
i '
1. The study of mﬁg'ggnsion saturated portion gf the
3

capillary fringe
The development of computer\models to determine the

‘2.

-

qualitative effects of groundwater ridging on storm

" runoff.
Instrumenﬁat1on of a watershed for the purpose of

3. i
long term studies of the groundwater ridging effect,
The study of the tension-saturated portion of the

capillary fringe should use an extensive network of
tensiyometers, both manually read and c;nnected éq pressure
transducers},and neutron access tubes to determine the
moisture content-soil preséﬁre re]ationshiﬁ in the capillary .



~

s 4 90
fringe during groundwater ridging. This could be combined with

the instrumentation of a watershed for the purpose of long

term studies.

Further st‘ y on the design of small diameter floats is
atso required. The floats used in this study usually moved in ..
a step-Tike fashion when the water levels rose but seemed to
function satisfactorily when the water levels fell. The
p%ob]em seems to Be té 6Btai; a float which is.heavy enoqgh to
move the water level recorders while still bei%g light erugh
to float. Problems with surface tension ‘of the water ﬁhl]ing
the floats to the sides of the well may ?e remediedrby .
desfgn1ng a float that will have a neutral bouyancy and:
maintain a constadt position in relation to the water level
several centimetres below the water surface.

Studies on the relationship between the Lisse effect,

which produces rapid water table rises similar to_the
~

. groundwater ridging theory, and the groundwater ridging theory

should also be carried out. A column that could be §ealed to
prevent the release of pressure to the atmosphere or that
could be opened to the atmosphere could be used for sucﬁ a’
study. This column would be filled with sandy soil, Ne}ls and

tensiometers placed in the column would monitor the changéﬁ in

" the capil]ary'fringe of the soil in the column as ‘water was

added at the top of the column. If a rapid rise in the water

*table occurs when the coluﬁn-is vented to atmosphere then the
= t

groundwater ridging concept would be t’e catise of the rise.
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