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ABSTRACT

The Clyburn Brook, in the Cape Breton Highlands National Park, is an important
source of freshwater. The brook overlies an unconfined aquifer that supplies potable
and irrigation water for the Ingonish area. The Clybum Brook is partially fed by
baseflow and is affected by withdrawal from the aquifer. This thesis examines the
physical characteristics of the lower reaches of the Clyburn Brook using seismic
techniques and finite difference numerical modelling.

In the area of study, the bedrock is the Ingonish River tonalite (555 £ Ma), which is
overlain by glaciofluvial sand and gravel of Quaternary age and modem fluvial
deposits. Refraction seismic data indicates a depth to bedrock of 7 to 9 m in the
‘bottleneck’ area of the Clybum Brook. Reflection seismic data indicates depths to
bedrock ranging from 15 to 47 m. Some of this data is used to generate lateral and
trough-like profiles of the canyon.

Finite difference numerical modelling of the canyon aids in the examination of
aquifer flow characteristics in different water level settings. Survey data prepared by
Dr. David Hansen, topographical and seismic data assist in the construction of two
models, one in plan view and the other in a cross-sectional view. The models are
connected to data tables that allow water level settings to be altered with ease. The
models are examined in relation to six scenarios, representing water table elevation
differences of 0, 0.05, 0.5, 1.0, 2.5 and 3.0 m between the stream and the canyon
walls. Based on topography, it is determined that 3 m represents the maximum water
level elevation difference. Using Darcy’s Law, the hydraulic head values obtained
are used to determine flow rates, which are subsequently examined in relation to
baseflow contribution to the stream. That is, the contribution to stream discharge
from groundwater seeping into the base of the stream. This study utilizes data from
previous baseflow recession work by Dr. Hansen, in which the declining rate of
discharge of the stream, when fed by baseflow only, was examined.

Using discharge and baseflow recession data, two volume calculations are made:
(1) a hydrograph recession-based volume calculation to determine the volume of
water lost from storage for each scenario, and (2) a geometric volume calculation for
the plan-view model, change in water table elevation of 2.5 m (scenario #5). The first
volume is then examined, using Darcy’s Law and baseflow recession formulae, to
determine the hydraulic conductivity value sufficient to produce a volume
comparable to the geometric volume calculation for scenario #5. A hydraulic
conductivity value of 0.6 to 0.7 m/d is produced, which is much lower than the 213.3
m/d value from a previous pump test. Finally, baseflow recession analyses are
compared to acceptable low flow rates for different species of fish. A figure of depth
versus recession time is generated and the impact on fish habitat and water quality is
assessed. Tt is determined that, after 90 to 96 days of recession, fish habitat
preferences are negatively impacted. When flow rates decline to 1.0 to 0.1 m>/s,
pumping could have a detrimental impact on the quantity of water in the brook and
the quality of salmonid habitat.
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porous media under steady state conditions is governed by a second order partial
differential equation known as the Laplace equation (Wang and Anderson, 1982).

This equation can be expressed in 2-D Cartesian coordinates as:

2 2
oh,Zhy 20]
ox~ oy
where h = scalar potential (hydraulic head in this case) (L)

x = horizontal distance (L)

y = vertical distance (L)
One way to solve eqn. 20 is through the finite difference method, in which continuous
hydraulic gradients are approximated by finite differences in head over finite lengths.

The finite difference solution to egn. 20 is (Wang and Anderson, 1982):
h, =%(h1 +h, +h, +h,) [21]

where h = hydraulic head (L)

h; = hydraulic head at neighbouring node i (see Figure 39)

h. = center node
The derivation of eqn. 21 is contained in Appendix C. Equation 21 applies if the
aquifer is homogeneous and isotropic (see Section 3.2.1.1).

According to Wang and Anderson (1982), a model is a too] designed to represent

a simplified version of reality, with mathematical modelling of groundwaler flow
having been performed since the late 1800°s. The finite difference (FD) method may
be set up in a spreadsheet (Olsthoorn, 1985). Each cell in the spreadsheet represents a
FD node and is given specific dimensions (see Figure 38). These dimensions are set
for a given FD model according to the desired resolution. For example, if the

geographical area of study is large, such as a province, A x and Ay in Figure 32

might be in kilometres, whereas if the geographical area of study is modest, such as a
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watershed, the dimensions represented by one node might be in metres. The porous
media must be discretized into many nodes if high-resolution results are needed
(Boonstra and de Ridder, 1981). The resolution of the model has implications for the
amount of output that is penerated and the accuracy that this output represents. The
nodal dimensions are, therefore, assigned on a case-by-case basis (Boonstra and de

Ridder, 1981).

T
ax
A

Fay

Figure 38. Definition of a finite difference node.

The arrangement of heads implied by eqn. 21 and Figure 39 is sometimes referred
to as a FD star (Freeze and Cherry, 1979). The FD star reflects the fact that eqn. 21
computes the head at any point in the porous medium as the average of the heads in

the nodes found above, below, and on each side of the central node (as in Figure 39).

Figure 39. Standard finite difference star, with neighboring cell designations
shown (Olsthoorn, 1985).
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The FD solution represented by eqn. 21 and Figure 39 must be modified in locations
next to impermeable boundaries. Such boundary conditions ‘constrain’ the problem.
This makes the solution of the equation unique to each situation (Wang and
Anderson, 1982). Two representations of impermeable boundaries are possible (if

Figure 33 represents the default FD star). The first is a flat impermeable boundary

beside node h; (Figure 40):
h,
h | h|h
S e

Figure 40, Finite difference star beside an impermeable boundary (Wang
and Anderson, 1982).

To calculate h, for the impermeable boundary shown in Figure 40, the following

equation is used:

h, =%(h, +2h, +h,) (22

The second type occurs when two impermeable boundaries exist beside node h, also

known as a comner boundary, as shown in Figure 41 (Wang and Anderson, 1982).
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Figure 41. Finite difference star beside two impermeable boundaries.

In this case, h; is determined using the following equation:
h, =i—(2h2 +2h,) 23]

The FD star results in a “circular referencing error’ in spreadsheet solutions. This
is easily overcome by specifying ‘iterative calculation mode’. Another special case
occurs when a FD star ‘intercepts’ a sloping boundary and becomes foreshortened, as
in Figure 42 (Kleiner, 1985). This is necessary in FD models that do not have a
sufficiently fine resolution. However, this can be overcome if the nodal size is

sufficiently small (Boonsira and de Ridder, 1981).
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- SLOPING BOUNDARY

l\
h

J | T

N

Figure 42. Foreshortened finite difference star intercepted by a sloping
boundary.

In this case, the head at the central node in Figure 42 is calculated using eqn. 24:
1 1
3+—h,=h,+—h,+h, +h, [24]
X X

where x = vertical length of foreshortened finite difference node, center of by
to sloping boundary (see Figure 38)

The final values of the interior nodes determined through iteration ultimately
depend on the imposed boundary conditions. Full ‘relaxation’ of the model occurs
when the nodal values stop changing by a predetermined tolerance. This tolerance is
set, for example, as the head in the third or fourth place behind the decimal. The
manner in which a nodal value changes leading up to complete relaxation is known as

CONnvergence.
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The rate of movement of water through porous media can be calculated using
Darcy’s Law:
Q =-KiA [25]
where Q = discharge (L*/T)
K = hydraulic conductivity (L/T)
i = hydraulic gradient (see eqn. 19)
A= area (L)

The negative sign indicates that flow is in the direction of decreasing hydraulic head

(Fetter, 1994) and is often dropped.

3.2.1.1 Dupuit Assumptions
The examination of groundwater flow in an unconfined aquifer is complicated by
the fact that the hydraulic gradient actually varies two-dimensionally. This can
sometimes be overcome using the Dupuit assumptions. These assumptions are as
follows (Fetter, 1994):
(N the hydraulic gradient is equal to the slope of the WT,
(2)  the streamlines are horizontal, and

(3)  the equipotential lines are vertical.

These assumptions are equivalent to the assumption that the flow is one-dimensional
and the pressure is hydrostatic through a given vertical. If the slope of the WT is
greater than about 0.1, the Dupuit assumptions become invalid because the flow is too

strongly two-dimensional.
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3.2.2 Finite Diflerence Method

For this geographic area of study, the flow of water through the unconfined
aquifer was modelled in a spreadsheet using the FD method. All modelling efforts
were based upon the survey data obtained by D. Hansen (see Section 2.3) and a
topographic map of the area. FD models were prepared to represent the Upstream
Reach of the brook mn plan view and a thin “bottleneck’ area (XS 1) in a cross-
sectional view.

For the plan-view modelling effort described herein, the FD grid was oriented
horizontally (Figure 43). This effort mvoked, and was therefore constrained by, the
Dupuit assumptions. This meant that at each node or cell, the hydraulic head and

other aquifer properties were assumed to be constant throughout each vertical (i.e.

depth) down to the bedrock.
8 Continuation of FD G N
I1s hZ |
E lne|m ! M E
T M -
canyonwalls |V h2 h2 Vicenyon v—"s
A h3 | he | M h3 | hc | Al
L hd h4 L,
u ¥
E ; E|
K Sl
ontinuation of FD Grid

Figure 43. Schematic of part of plan-view finite difference grid (not to
scale) (arrows approximete the direction of surface water flow and
groundwater flow into the brook).
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The plan-view model resembled the portion of the brook from the goif cart bridge
(XS 8) to the “bottleneck” (XS 1), known as the ‘Upstream Reach’ (see Figure 14).
The cross-sections from XS 8 to XS 1 formed the western and eastern boundaries,
respectively. The northern and southern boundaries of the model were determined by
the 10-metre elevation contour on the topographical map. This curved elevation
contour line was taken as the intersection of the WT with the canyon wall.

The FD method was utilized to examine theoretical hydraulic head values in a
variety of steady-state conditions (six scenarios). In each scenario, different
parameters were used for the boundary conditions to simulate a WT elevation
difference between the canyon walls and the brook. The nodes in the model were 5 m
x 5 m. This relatively fine resolution was necessary to achieve sufficient accuracy
and detail in the output. Within the model, nodes with known values (e.g. hydraulic
head), such as in the brook or along the canyon boundary, were linked to spreadsheet
tables containing WT elevation data. In this way, boundary conditions could be
conveniently specified and these nodal values were kept separate from the actual
model. In particular, the surveyed portions of the brook contained measured values
and the values for the remainder of the brook were interpolated, also using the FD
method. These brook calculations were performed in isolation from the rest of the
model. The canyon wall heads were calculated as the adjacent brook value plusa WT
super-elevation representative of the particular scenario under examination.

The plan-view model of the Upstream Reach was formatted for each of the six
scenarios by editing the data tables. For instance, a high WT could be represented by

a difference in WT elevation of 3 m between the brook and the canyon walls. In this
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case, the canyon-wall head values would be set to equal the adjacent stream head plus
an additional 3 m of head. The values of all other nodes were ascertained through
iteration, in which all FD stars interacted with each other and with the known nodal
values (the boundary conditions).

Iterations to ‘relax’ the grid (Southwell, 1946) were continued until all nodes
became fully relaxed. The convergence of a relatively central node in one of the
models was tracked and plotted to verify that full grid relaxation had indeed occurred

{Figure 44).

5598898802 — —
5598898800 - |
5.598898798 |
5.598898796 -
5.598898794 -
5.598898792 -
5.598898790 +——-- - —

0 5 10 15 20 25

(mCGD)

Hydraulic Head at Cell AM14

No. of iterations (10%)

Figure 44. Tracked convergence of one node in the FD model.

In this instance, the head was tracked until the ninth decimal place stopped changing.
It was found that about 2000 iterations were sufficient. This minimum number of
iterations was then used in all other modelling efforts.

Using the hydraulic head values obtained for the Upstream Reach of the Clybum
Brook and Darcy’s Law (eqn. 25), a discharge rate at the “bottleneck’ area (XS 1) was
obtained for each of the six scenarios (WT elevation differences of 0.0, 0.05, 0.5, 1.0,

2.5, and 3.0 m between the brook and the canyon walls). As mentioned in Section
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2.3, the hydraulic conductivity was determined by CBCL (1995) to be 213.3 m/d.
The cross-sectional area calculation was made using the depths to bedrock
ascertained from the seismic study (Section 3.1.4). In areas where the depth to
bedrock was unknown, a value was obtained through interpolation between known
values. The hydraulic gradient was calculated using adjacent nodal or cell values that
bordered the stream, that is, the value of head in the cell on the south (or north side)
of the stream minus the value of head in the stream. In this manner, discharge rates
were calculated for the south and north sides of the stream. These were added
cumulatively to determine a total discharge for the Upstream Reach of the Clyburn
Brook at the “bottlencck’.

In order to determine a total discharge rate at the ‘bottleneck’, an approximation
of the rate of discharge into the upstream limit of the Upstream Reach was required
(Figure 45). The discharge into the ‘top’ of the model was intended to represent the
flow received from farther upstream. To this end, the length of stream above the golf
cart bridge (i.e. beyond the modelled portion of the brook), comparable in topography
to the modelled portion, was approximated. The discharge rate was assumed to have

a linear relationship to stream length, that is:

Q_Q
L, L, 126]

1
where Q units = m’/s

L units=m
The length of stream above the golf cart bridge was assumed to have a similar

quantity of glaciofluvial material based on surficial geology and topography (see
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The survey data from the year 2000 and topographic data, upon which the models

were based, is summarized in Table 13. The width of the canyon was determined

using the 10 m contour on the topographic map as the boundary of the canyon.

Table 13 - Basic data for plan-view FD modelling

Cross-section | Water level |Hydraulic head | Width of surface water | Width of canyon
in brook (m CGD) in brook (m)
(m CGD) (m)
8.0 5.456 5.456 24.6 165.0
7.0 5.199 5.199 229 175.0
6.0 3.877 3.877 290 185.0
5.0 4.124 4.124 213 170.0
4.0 4.126 4.126 233 150.0
30 3.890 3.890 21.1 165.0
2.0 3.667 3.667 14.7 130.0
1.0 3.543 3.543 26.2 102.0

A finite difference model was created to represent the Upstream Reach of the

Clyburn Brook, as outlined in Section 3.2.2. The model represented an area of

roughly 685 m (east-west) by 220 m (north-south). One node in the FD grid

represented 5 m x 5 m. [Due to their size, the plan-view models are contained in

digital form as Appendix D (CD-ROM).]

This model was fine-tuned to simulate each of six scenarios, which reflected a

WT elevation difference of 0.0, 0.05, 0.5, 1.0, 2.5, and 3.0 m between the brook and

the canyon wall. The hydraulic head values obtained for each scenario were

examined in relation to discharge rate into the brook, using Darcy’s Law (egn. 25).

The results obtained are shown in Table 14.







Tahle 15 — Plan-view model discharge into ‘top’ of model and

total discharge calculations
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Total Q
QQ from upstream at bottleneck*

Scenario # (msfs) (msls)
1 0.433 0.475
2 0.554 0.608

3 9.433 10.356

4 19.299 21.187

5 48.896 53.681

6 58.762 64.512

*including contribution from upstream of Upstream Reach

A further examination of the plan-view model outcomes were undertaken in relation

to baseflow contribution (see Section 3.3.3).
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3.3.1 Theory
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Baseflow Contribution Study

The amount of groundwater seeping into a stream via its bed and banks, and

forming part of the total discharge of the stream, is known as baseflow (Fetter, 1994).

A plot of stream discharge versus time is known as a hydrograph. During the summer

or periods without precipitation (recharge), a stream drains water from the

surrounding aquifers and the WT falls, As the WT lowers, the baseflow contribution

declines. A stream hydrograph plotted on a semi-logarithmic scale is often used to

analyze the baseflow recession portion of a hydrograph. Such recession plots tend to

be straight lines {e.g. lines AB and CD in Figure 46).

100

o)

Stream discharge {m3s)

]

o

J

FMAMJ J A S O ND

Figure 46. Sample baseflow recession hydrograph (Freeze and Cherry,

1979).
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One equation that is used to describe these recessions is (Freeze and Cherry, 1979):

0=0.00] 1]

3

where Q = flow at some time t after recession started (L*/T)
(), = initial flow, at the beginning of the recession (L’ T)
t = time associated with a decline from Q, to Q (T)
t;= time of storage (T)

Another such equation is:
Q=QK [28]
where K = recession constant (dimensionless),
typically between 0.85 and 1.0

It is merely a matter of ‘taste’ as to whether one uses eqn. 27 or 28. Both t; and K.
are watershed dependent, and one uniquely defines the other. If the aquifer
generating the baseflow in a given watershed was found entirely in a loose
unconsolidated material, t; would be relatively short (perhaps only a few days) and
K. would be relatively small. Once a recession constant (either t; or K ) for a
stream has been determined, the baseflow after a given period of recession can be
ascertained.

The volume of water lost from the aquifer can be analytically determined using

the following equation (Fetter, 1994):
s=(Q, -Q), [29]

where S = volume of water lost (L?)
Qo, Q = discharge (L*/T), where T is in the same units as
(usually days).



96

3.3.1.1 Dupuit Assumptions
It was considered that it would also be interesting to analyze baseflow influx to
the Clyburn Brook using two-dimensions rather than one. In such case, the
streamnlines are not generally horizontal, but curved. Further, the equipotential lines
are not vertical. As stated previously, if the slope of the WT is greater than about 0.1,
the Dupuit assumptions become invalid because the flow will become too strongly
two-dimensional. The degree of this ‘two-dimensionality’ in the flow field was of

interest.

332 Method

Using the survey, topographical, and seismic data, a 2-D (or cross-sectional) FD
model of the ‘bottleneck’ area (XS 1) of the Clyburn Brook was developed. This was
a thin-section only 5 m in longitudinal (downstream) length. The ‘bottleneck’ area
was chosen to examine the effects of a changing WT on baseflow because the depth
to bedrock was ascertained with some certainty in the seismic study and, at this
location, the Clyburn Brook is more constricted than anywhere else along its length.

Known hydraulic head values from the survey data were set for the brook, The
canyon wall values were assigned the values used to simulate each of the six
scenarios. These setlings reflected WT elevation differences of 0.0, 0.05, 0.5, 1.0,
2.5, and 3.0 m between the brook and the canyon wall. Each node in the model
represented 0.5 m x 0.5 m, by 5 m of downstream length. The FD star in Figure 39
was used and appropriate boundary conditions were imposed. The remaining nodal

values were determined through iteration until the nodes became relaxed, as before.



97

For the modelling effort described herein, the FD grid was oriented vertically,
giving a cross-sectional view of a “slice” of the brook (Figure 47). This approach

was, therefore, not constrained or affected by the Dupuit assumptions (see Section

3.3.1.1).
S N
ground surtace  sirface
|__7_ "'_l_—l
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impemeble | he | W impermeable
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Figure 47. Schematic of cross-sectional view of finite difference grid (not to
scale).

As stated in Section 2.3, the hydraulic conductivity was determined to be 213.3
m/d by CBCL (1995). By applying Darcy’s Law to the fully-relaxed FD grid of
hydraulic heads, a discharge rate into the brook was obtained for the cross-sectional
mode] for each of the six scenarios. This discharge rate is per 5 m of downstream
length. The discharge rate for this “slice’ of the Clyburn Brook was then compared to
the discharge rate obtained from the ‘bottleneck area only’ in the plan-view model.

The time of storage (i) of the Clyburn Brook was estimated by Hansen ef al,

(unpublished) to be 8.35 days. Using this information in eqn. 27, the time increment
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multiplying it by the area of a node (5 x 5 m) to obtain a volume. The volumes of all
the nodes in the model were then added to obtain a total volume change represented
by the model (Figure 49). This calculation provided an estimate of the geometric

volume (Vo).

®

hrook

nearly flat WT )

®__

Condition *baseflowg from plan view FD modelling**

Condition @ *base ﬂuw@ from plan view FD modelling**

* rugt assume a K in Darcy's Law in order to get a flow
** done using fixed (temporally-invanant) boundary conditions

Figure 49. Geometric volume (¥ ) calculation made on the basis of

FD model data.
The Vg was then used to make a direct comparison to the Vpyg calculation for
scenano #5 (difference in WT elevation of 2.5 m) and to make an approximation of
the hydraulic conductivity (K). The V., must take the porosity of the sediments into
consideration. Fetter (1994) states the porosity range for glacial till as 10-20% and
mixed sand and gravel as 20-35%. The porosity of the glaciofluvial sediments in the
plan-view modelled area was, therefore, estimated to be 20-25%, since it is glacial till
that has most likely been reworked by the brook over time. The Vyyg depends on the

value of K assumed. Initially, a value of 213.3 m/d (CBCL, 1995) was used in the
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discharge calculations. This time, the value of K was adjusted until a volume
comparable to the Vg, was attained.

Finally, the discharge rates obtained through analysis of the FD modelling study
using Darcy’s Law were examined in relation to fish habitat quality. This
examination took into consideration information gathered by Hansen ef al.
(unpublished) on fish habitat preferences presented in Figure 20. In particular, the
depth versus flow at two cross-sections is presented and fish habitat preferences are
indicated thereon. This figure was re-analyzed, using baseflow recession eqn. 27, to
produce a graph of depth versus time. The discharge rates on the x-axis were
converted into time increments in relation to the known baseflow recession
parameters of the Clybumn Brook. For instance, the time of storage was known to be
8.35 days, The resuiting graph, presented in Section 3.3.3, was used as the basis for a

comparative analysis presented in Section 4.3.2.
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The survey, seismic, and topographical data used to build the cross-sectional

model is summarized in Table 16.

Table 16 - Basic data for FD modelling of Cross-section 1

Feature Elevation or Dimension
Water level in brook (m CGD) 3.543
Hydraulic head (m CGD) 3.543
South bank elevation (m CGD) 4.986
North bank elevation (m CGD) 5.385
Depth to bedrock (m) 8.0
Width of surface water in brook (m) 26.2
Width of canyon (m) 102.0

Again, the canyon walls were set at the 10 m elevation conlour on the 10pographic

map. The model represented an area of roughly 14.5 m (vertical) by 102 m
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(horizontal). One node in the FD grid represented 0.5 m x 0.5 m by 5 m of upstream

length. [Due to their size, the cross-sectional models are contained in digital form as

Appendix D (CD-ROM).]

This model was also fine-tuned to simulate each of six scenarios: WT elevation

differences of 0.0, 0.05, 0.5, 1.0, 2.5, and 3.0 m between the brook and the canyon

wall. A range of hydraulic head values was obtained in the FD grid after relaxation,

which reflect the variance of hydraulic potential underground. These were used to

determine the discharge rate into the brook using Darcy’s Law (egn. 25). This data
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was then used to analyze baseflow recession components of the brook, to determine
the volume of water lost from storage, and an appropriate hydraulic conductivity
value.

For the cross-sectional model, an examination of hydraulic head to obtain
discharge rate was conducted in a manner similar to that outlined in Section 3.2.2.

Using Darcy’s Law (eqn. 26), the results shown in Table 17 were produced.

Table 17 — Cross-sectional model discharge calculations

Difference* in WT
elevation QperSm
Scenario # (m) (L/s)**
1 0.0 (0.242
2 0.05 0.309
3 0.5 1.75
4 1.0 3.15
5 2.5 820
6 3.0 10.6

{Note: The flow value obtained for Scenario #1 is a numerical artifact
caused by the need of the model to discretize the system. It has no real
(physical) significance and can be taken as being equal to zero.]

* Difference in WT elevation means the difference between a canyon

wall nodal value and the adjacent stream value in the FD model.

** [ Lis=1x10° m/s
The cross-sectional discharge rates were used to make a direct comparison to the
plan-view model discharge rates (see Tables 18-22 below), and hydraulic head values
obtained in the cross-sectional model were analyzed with respect to the degree of

‘two-dimensionality’ in the flow field. This analysis involved drawing equipotential

lines and flowlines on a printed copy of the model. Equipotential lines describe lines
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of equal hydraulic potential and flowlines occur at right angles to equipotential lines.

These results are discussed in Section 4.3.1.

The cross-sectional discharge rates were compared to the discharge rate at the

‘bottleneck area only’ in the plan-view model. This produced the results shown in

Table 18.

Table 18 — Comparison of Plan-view model and Cross-sectional model
discharge calculations

Plan-view Model

Cross-sectional Model

Difference in WT Q at ‘bottleneck’ Q of ‘slice’
elevation only per 5 m per Sm
Scenario # (m) (L/s) (L/s)
1 0.0 0.675 0.242
2 0.05 0.932 0.309
3 0.5 3.25 1.75
4 1.0 5.82 3.15
5 2.5 13.5 8.20
6 3.0 16.1 10.6

For both the plan-view and the cross-sectional models, baseflow recession

analyses were performed, using eqn. 29, based on the discharge rate obtained for each

scenario. This analysis produced the results shown in Tables 19 and 20.
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Table 19 — Plan-view model haseflow recession calculations

Initial WT - Final | Initial Q — Final Q
WT elevation per S m elapsed time, t | elapsed time, t
(m) (m’/s) (10°s) (days)

0.05-0.0 0.608 — (-0.475) 0.178 2.1

0.5-0.05 10.356 — 0.608 2.05 23.7
1.0-0.05 21,187 - 0.608 2.56 29.7
2.5-0.05 53.681 — 0.608 3.23 374
3.0-0.05 64.512 - 0.608 3.36 39.0

Table 20 — Cross-sectional model baseflow recession calculations

Initial WT — Final | Initial Q - Final Q
WT elevation per S L elapsed time, t elapsed time, t
(m) (102 m%s) (10°s5) (days)
0.05-0.0 0.309 — 0.242 0.175 2.02
05-00 1.75 -0.242 1.42 16.5
1.0-0.0 3.15-0.242 1.85 21,4
25-00 8.20 - 0.242 2.54 29.4
3.0-0.0 10.6 — 0.242 2,73 31.6

[Note: The final flow value obtained is a numerical artifact caused by
the need of the model to discretize the system. It has no real (physical)
significance and can be taken as being equal to zero.]
For both the plan-view and cross-sectional models, the volume (S) lost from
storage (or hydrograph recession-based volume, Vy,,4) was calculated using egn. 29
and the discharge rates obtained using Darcy’s Law, eqn. 25. The volume

calculations involved the modelled portion only and produced the results shown in

Tables 21 and 22.
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Table 21 — Plan-view model volume lost from storage calculations

Initial WT - Final WT Initial Q — Final
- elevation perSm Volume, S
(m) (10° m*/d)* (10° m’)

0.05-0.0 4.68 - 3.66 0.0085
0.5-0.05 79.8 — 4.68 0.627
1.0-0.05 163 —4.68 1.32
2.5-0.05 413 -4.68 3.41
3.0-0.05 497 — 4.68 411

* 4.68 means 4.68 x 10° m*/d

Table 22 — Cross-sectional model volume lost from storage calculations

Initial Q - Final Q Yolume, S

Initial WT - Final WT perSm perSm

elevation (m) (m’/d) (10° m*)

0.05-0.0 26.7 - 20.95 0.0479
05-00 151 =20.95 1.08
1.0-0.0 272 —20.95 2.10
2.5-00 709 —20.95 5.74
3.0-00 016 — 20.95 7.48

For the plan-view model, a geometric volume (Vo) calculation for scenario #5

(difference in WT elevation of 2.5 m) was undertaken following the method

described in Section 3.3.2. This method of calculation produced a volume of 4.89 x

10* m’. However, the volume of water represented by this Vg, is 9.79 x 10° m® with

20% porosity and 12.2 x 10° m’ with 25% porosity. The porosity-based ¥ g, were

then used to make a direct comparison to the ¥y calculation for scenario #5

(difference in WT elevation of 2.5 m) and to make an approximation of the hydraulic
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conductivity (K). The examination of K in relation ta S (or Vy,q), outlined in Section

3.3.2, produced the results shown in Table 23.

Table 23 — Hydraulic conductivity as inferred from
baseflow and modelling efforts

WT elevation=2.5 m | WT elevation= 0,05 m
K value Q, Q S

(m/d) (m’/s) (m’/s) (m®)
100.0 2.243 0.025 1600153.9
50.0 1.122 0.013 800077.0
25.0 0.561 0.006 400399.2
20.0 0.449 0.005 3203194
10.0 0.224 0.003 159438.2
8.0 0.179 0.002 127694.9
5.0 0.112 0.0013 79863.4
1.0 0.022 0.0003 15655.2
0.765 0.0172 0.0002 12271.7
0.76 0.0170 0.00019 12127.4
0.7 0.0157 0.00018 11196.7
0.65 0.0146 0.00017 10410.4
0.62 0.0139 0.00016 9912.6
0.615 0.0138 0.00016 9840.4
0.61 0.0137 0.00016 9768.3
0.60 0.0135 0.00015 9631.2
0.5 0.0112 0.00013 7986.3

Note: Volume (S) is inferred from eqn. 29

A hydraulic conductivity (K) value of 0.61 m/d was required to obtain the 20%

porosity volume (9790 m’) and a value of 0.765 m/d to obtain the 25% porosity

volume (12 237 m*). This suggests much lower hydraulic conductivity values than

that reported by CBCL (1995) 0f 213.3 m/d. The lower K values were chosen

because they produced volumes (V,yq) for the model, which gave the most

comparable value to the porosity-based Vg, calculation. That is, the desired volumes
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[Figure 20. Depth versus flow for two riffle sections and some fish habitat
preferences. Cross-sections 3 and 7 were located in the Upstream Reach of
the Clybum Brook (Hansen ez ¢/., unpublished).]
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Figure 50. Depth versus time for two riffle sections and some fish habitat
preferences (using an initial flow rate of 10 m*/s and a final flow of 0.0001
m’/s). Cross-sections 3 and 7 were located in the Upstream Reach of the

Clyburn Brook.

In preparing the graph, information was obtained in relation to baseflow recession,

see Table 24, such as, it takes 88.5 days to recess from a flow of 4.0 to 0.0001 m’/s.

Table 24 - Baseflow recession information relating to fish habitat quality

Recession time Initial Q (m’/s) Final Q (m’/s)
(days)
88.5 4.0 0.0001
82.7 2.0 0.0001
76.9 1.0 0.0001
71.1 0.5 0.0001

Figure 50 will be used in the comparative analysis presented in Section 4.3.2.
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4 DISCUSSION OF RESULTS

4.1 Seismic Study

4.1.1 Refraction Results

The refraction seismic study produced apparent velocities ranging from 350 to
6500 m/s and a calculated V; ranging from 2000 to 5700 m/s. In Section 3.1.4.1, the
lower velocity range (350 to 500 m/s) was interpreted as dry till lying above the WT,
the median velocity range (1500 to <3000 m/s) as a layer of wet till below the WT,
and the higher velocity range (>3000 m/s) as bedrock (Figure 51). Depths to bedrock
ranged from 6.6 to 31.9 m, while the average depth of penetration was 8 m (Figure

52). The top of the WT was measured at 1.30 and 0.47 m on lines 86 and 87.

A
300-500 m/s dry till

/

1500-<3000 n/s et till

£
N

>3000 111/s bedrock

W e e e

Figure 51. Stratigraphic profile determined by refraction seismic study.
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The refraction seismic study conclusively identified bedrock in the area of the

‘bottleneck’, where the depth to bedrock was shallow. The results are summarized in

Table 25.

Table 25 - Refraction seismic depths and interpretation

Seismic Line

Depth to refractor (m)

Interpretation

55 6.6 downdip layer of wet till above

57 9.5 updip dipping bedrock

62 6.8 downdip layer of wet till above

64 8.8 updip dipping bedrock

82 12.8 downdip layer of wet till above

83 31.9 updip dipping bedrock

86 0.5 downdip layer of dry till above a
87 1.3 updip dipping surface of wet till

There was no return from the bedrock along lines 86 and 87. Through interpretation

of the last arrival time from line 87, the slope of a hypothetical bedrock line from this

starting point was extrapolated back to the y-axis to get an intercept time. The

intercept time was analyzed to produce a depth to bedrock. This exercise showed that

the bedrock must be deeper than 11.5 m (if Viedruck = 4000 m/s) to 14.6 m (if Veedrock

= 6000 m/s} through this section.

The successful refraction seismic lines were located in areas in close proximity to

the ‘bottleneck’ where the depth to bedrock was shallow. With increasing distance

from the ‘bottleneck’ area, the bedrock was found to be located at a greater depth, and

after a certain point the bedrock could no longer be reached with the geophone spread

that was availabie.
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4.1.2 Reflection Results

The reflection seismic study produced velocities ranging, on average, from 1500
to 3000 m/s. In Section 3.1.4.2, this velocity range was interpreted as being wet till
below the WT. Calculated depths of penetration ranged from 15 to 47 m. The
reflection seismic study was conducted mainly in the bed of the Clyburn Brook.

Reflection occurred from the top of layer 2 (see Figure 23) and, therefore,
velocities for layer 2 were not obtained in the reflection seismic study, However,
since the reflection study produced a high quality reflector (see Figure 34}, it is
believed that bedrock was encoumntered at these depths.

The reflection seismic study reached greater depths of penetration than the
refraction study. The results are summarized in Table 26.

Table 26 — Reflection seismic results
[all depths represent thickness of wet till layer}

Method of Interpretation | Seismic Line Depth to reflector (m)
Individual basis 125 39.8
(T? - X* method) 131 37.6

133 4.7

136 329

137 40.3

139 29.6

142 408

143 33.5
Common mid-point 116 379

118

119

126 317

127

128
Optimum offset 112 to 140 17.2t045.2

144 to 150 39,7 to 44.0
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producing useful results. The reflection study yielded an excellent hyperbola-shaped
reflector and the greater depths of penetration that had been hoped for. The results of
the optimum offset technique were plotted and a lateral profile of the canyon bottom
and a ‘trough-like’ profile were generated. The depths of penetration obtained for the
‘trough-like’ profile corresponded well with the depths obtained for the iateral profile.
The latera] profile of depth to bedrock was generally U-shaped, typical of a glaciated
valley.

Errors can occur in depth determinations during the interpretation of raw seismic
data. Since raw seismic data provides time and distance values, these are the only
two factors in which error can occur. Errors in distance are usually quite small and
are considered insignificant. However, errors in choosing the appropriate arrival
times from the raw scismic data can be the main source of error. For instance, when
looking at the raw seismic data for refraction line 55, an arrival time of 10.8 ms was
chosen for geophone 7 when in fact this arrival time could have been 10.7 or 10.9 ms.
The travel time uncertainty is, therefore, £ 0.1 ms. Since the travel times are plotted
and analyzed using a best-fit line, from which the slope and velocity are ascertained,
the best-fit line provides the largest source of error with refraction data. This could
lead to a velocity uncertainty of + 100 m/s (100/2000 = 5%) and a depth uncertainty
of = 1.0 m (4/5 = 8%). This means that a refraction depth could be S m+ 1 m. For
reflection seismic line 125, an arrival time of 44.2 ms was recorded for geophone 2
when in fact this arrival time could have been 44.3 ms. The travel time uncertainty

with reflection data is + 0.1 ms, which would lead to a velocity and depth uncertainty
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of + 0.12 m (or 12%). This means that a reflection depth of 40 m could be 40 m + 5
m.

The depths to bedrock ascertained in both the refraction and reflection seismic
studies were utilized in generating the boundary conditions for the FD models for

baseflow contribution analysis, as discussed in Section 3.3.
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4.2  Numerical Modelling
— 4.2.1 Results

The hydraulic heads obtained through finite difference modelling for the plan-
view model were used to examine rates of discharge for the Upstream Reach of the
Clyburmn Brook for each of the six scenarios. The examination of the rate of discharge
at XS 1, outlined in Section 3.2.3, produced the results in Table 14. These results are
discussed in Section 4.2.2 in relation to the baseflow recession hydrographs in
Section 2.3.3.1.

In Section 3.2.3, the rate of total discharge at the bottleneck was also examined
for each of the six scenarios. The total discharge included an estimated discharge rate
into the ‘top’ of the model, that is, from further upstream. This produced the results
in Table 15. These resulis are used in the baseflow recession calculations made in

Section 3.3.3 (Table 19) and are discussed in Section 4.3.2,

4.2.2 Discussion

The Upstream Reach section of the Clybum Brook was modelled to examine the
relationship between the elevation of the top of the unconfined aquifer (i.c. the WT)
and the resulting discharge rate into the brook.

It was of interest to compare these various baseflow scenarios in relation to the
Clyburn Brook hydrographs generated by Hansen et al. (unpublished), shown in
Figures 17, 18, and 19. In particular, Figure 18 displays several peek flow rates, with
a maximum being about 4.6 m’/s. The peaks appear to recess down to a flow rate of

about 0.5 m*/s at several points on the graph. If this lower flow rate is taken as a
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‘baseflow only’ discharge rate, a comparison can be made to the discharge rates
obtained in the finite difference modelling study.

Scenario #1 (no difference in WT elevation) produced a discharge rate of —0.042
m’/s for the unconfined aquifer. The negative flow rate occurred because the model
was attempting to discretize the system. The model was only a simplification of
reality and it would take an infinite amount of time for the discharge to recess down
to 0 m'/s. As stated below Table 14, this value has no real (physical) significance and
can be considered to equal zero. In any event, a flow of this magnitude (42 L/s)
wauld only appear as a trickle at XS 1.

Scenario #2 (difference in WT elevation of 0.05 m) produced a discharge rate of
0.054 m*/s for the unconfined aquifer. This discharge rate represented a slightly
elevated WT and the result is more in line with the ‘baseflow only’ discharge rate
observed in Figure 18.

Scenario #3 (difference in WT elevation of 0.5 m) produced a discharge rate of
0.923 m%/s for the unconfined aquifer. This discharge rate was slightly above the
average discharge rate in Figure 18. It, therefore, indicated a WT elevation that was
slightly above average.

Scenario #4 (difference in WT elevation of 1.0 m) produced a discharge rate of
1.889 m¥/s for the unconfined aquifer. This discharge rate is between the average
discharge and the flooding discharge rates shown in Figure 18.

Scenario #5 (difference in WT elevation of 2.5 m) produced a discharge rate of
4.785 m*/s for the unconfined aquifer. This discharge rate was more typical of the

flooding events noted on the hydrographs. Scenario #6 (difference in WT elevation
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of 3.0 m) produced a discharge rate of 5.750 m’/s for the unconfined aquifer. This
discharge rate was also more typical of the flooding events noted on the hydrographs.

Based on the above examination of discharge rates, it is surmised thata WT
difference of 3 in was likely to represent the upper limit of WT elevation that could
occur. Also, the WT at the canyon wall can only rise so much higher than the brook
before it would intersect the ground surface somewhere between the canyon wall and
the brook. With the survey data of the Clyburn Brook in mind, in particular, the
south and north bank elevations and the water level (W/L) elevations noted in Section
2.3.3.1, it would be logical to conclude that the difference between the water level
and the bank elevations would be close to the maximum difference in WT elevation.
This value ranged from 0.56 to 1.8 m.

Using the discharge rates obtained for the six scenarios, an examination of
baseflow recession components of the Clyburn Brook was also undertaken. Baseflow
recession, such as, the time increment to go from a high WT to a lower WT elevation
and the volume of water lost from storage as a result, forms part of the discussion
presented in Section 4.3.2. The discharge rates are also examined in relation to fish

habitat quality in Section 4.3.2.
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4.3  Baseflow Contribution Study
4.3.1 Results

The hydraulic heads obtained through finite difference modelling for the cross-
sectional model were used to examine rates of discharge of the “slice’ for each of the
six scenarios. The examination of the rate of discharge at XS 1, outlined in Section
3.2.3, produced the results in Table 17. The comparison of discharge rates obtained
in the cross-sectional model to that obtained in the ‘bottleneck area only’ of the plan-
view model produced the results in Table 18.

Analysis of the degree of ‘two-dimensionality’ in the flow fteld produced
equipotential lines that were generally vertical but curved slightly towards the brook
and streamlines that were also curved towards the brook, with some entering the base
of the brook, as expected.

Baseflow recession analysis of the plan-view model utilized the total discharge
value obtained (Upstream Reach plus flow into ‘top’ of model from further upstream)
and produced the results in Table 19. Baseflow recession analysis of the cross-
sectional model used the discharge rates obtained for the modelled area per 5 m of
stream length and produced the results in Table 20.

An examination of the volume of water lost from storage (S or Vpyq) for the
modelled portion only produced the results in Tables 21 and 22. The geometric
volume calculation for scenario #5 (difference in WT elevation of 2.5 m) for the plan-

view model produced a calculated Vg, of 4.89 x 10* m*, which represents volumes of

9.79 x 10° m* and 12.2 x 10* m® with 20% and 25% porosity, respectively.
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The examination of a hydraulic conductivity value, used in calculating Q and

Vhys, sufficient to obtain a volume comparable to the porosity-based Vg, calculation

for scenario #5 (difference in WT elevation of 2.5 m) produced the results shown in

Table 23

An examination of fish habitat data summarized by Hansen ef a/. (unpublished)

and shown in Figure 20, depth versus flow for riffle sections 3 and 7, was used to

prepare an associated figure of depth versus time. The flow information shown in

Figure 20 was used in combination with known baseflow components of the brook,

such as, the time of storage (8.35 days) and an initial flow rate of 10 m’/s and a final

flow rate of 0.0001 m*/s in eqn. 27, to compute the corresponding times associated

with the decline in flow. This analysis produced the following results:
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(Figure $0. Depth versus time for two riffle sections and some fish habitat
preferences (using an initial flow rate of 10 m*/s and a final flow of 0.0001
m’/s). Cross-sections 3 and 7 were located in the Upstream Reach of the

Clyburn Brook.]
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4.3.2 Discussion

A comparison of the discharge rates obtained for the cross-sectional model to the
hydrographs (Figures 17, 18 and 19) indicated that the magnitudes of the discharge
for all scenarios were reasonable. That is, all discharge rates obtained through FD
modelling were below the ‘baseflow only’ discharge rate of about 0.5 m>/s shown on
Figure 18, the July 2000 hydrograph. It was also found that the flow in the cross-
sectional model was indeed two-dimensional.

For given values of hydraulic conductivity and hydraulic gradient, the discharge
increases with the cross-sectional area through which flow is taking place. A
comparison was made between the discharge results for the cross-sectional model and
the discharge results of the ‘bottleneck area only’ in the plan-view mode (see Table
18). Even though these were both calculated to equal a discharge rate per 5 m of
downstream length, the results of the plan-view model were slightly higher than the
cross-sectional model study. The ‘bottleneck area’ of the plan-view model may have
been influenced by the higher heads of its nodal neighbors (upstream) and the larger
model size.

The baseflow recession analysis undertaken gave an indication of the time
interval that would pass while the unconfined aquifer recessed from one WT
elevation setting to a lower one. For the plan-view model, time intervals ranged from
23.7 to 39.0 days to recess from an initial WT elevation of 0.5 m and 3.0 m down to
0.05 m, respectively. For the cross-sectional model, time intervals ranged from 2.0 to
31.6 days to recess from an initial WT elevation of 0.05 m and 3.0 m down to about

0.0 m, respectively. This would indicate that, for a small increase in WT elevation (at



124

the canyon walls), precipitation would impact the unconfined aquifer in a relatively
short period of time. However, for a large increase in WT elevation (e.g. 3.0 m),
precipitation would probably cause a minor flooding event on the unconfined aquifer
and its effects were more likely to last longer (e.g. up to 40 days).

A variety of hydrograph recession-based volume estimates (values of Vy,,4} were
obtained for the modelled area of the Clybum Brook, using baseflow recession
equations. For the plan-view model, these volumes ranged from 6.96 x 10° m’ to
6.90 x 10° m® for WT elevations of 0.05 to 3 m, respectively. For the cross-sectional
model, volumes ranged from 28.9 to 5693.5 m’ for WT elevations of 0.05 to 3 m,
respectively. It should be noted that the cross-sectional model volumes represent a
WT recessing down to about a 0.0 m elevation point, whereas the plan-view model
volumes represent a WT recessing down to a .05 m elevation point.

To give an indication of the accuracy of the volume estimation, a geometric
volume (¥ g,) calculation was made for the plan-view model scenario #5 (difference
in WT elevation of 2.5 m). The Vg, obtained was 4.89 x 10* m3, whereas, the
hydrograph recession-based volume (¥4yg) obtained, using Darcy’s Law with K=
213.3 m/d and baseflow recession analysis, was 3.41 x 10°m’. The Vhya estimate
was made through baseflow recession analysis of a WT recessing from 2.5 to 0.05 m
elevation and was, therefore, representative of a nearly flat WT. Since the Vg, must
take the porosity of the sediments into consideration, the porosity-based Vg, for 20%
and 25% porosity were 9.79 x 10° m’ and 12.2 x 10° m’, respectively.

An examination of hydraulic conductivity for plan-view model scenario #5

(difference in WT elevation of 2.5 m) indicated that a value of 0.61 m/d (7.1 x 10
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cm/s) was required to produce a Vg similar to 20% of the Vg, and a value of 0.765
m/d (8.9 x 107 cm/s) was required to produce a Vhyda similar to 25% of the Vg,
These values differed greatly from the 213.3 m/d (2.5 x 10” em/s) value determined
by the CBCL (1995) pump test. The inferred K values are three orders of magnitude
lower than the CBCL (1995) value. One reason for the discrepancy could be that the
CBCL (1995) K value was based on the localized area affected by the pump test,
whereas the inferred K values were determined through FD modelling of a much
larger area.

According to Fetter (1994), a hydraulic conductivity value for glacial outwash can
range from 102 to 10™ cm/s. The CBCL (1995) value is slightly above the range and
the inferred K values appear to be below the range indicated by Fetter (1994).
According to Freeze and Cherry (1979), a hydraulic conductivity value for glacial till
is in the range of 1 0% t0 10™ cm/s. This range of hydraulic conductivity vatues could
be interpreted as representing poorly-sorted glacial material. In comparison to this
range, the CBCL (1995) value is well above the range, however, the inferred K values
fit well within this range. Based on the inferred K values, the sediments should be
classified as glacial till. Nevertheless, some of the sediments in the Clyburn Brook
canyon, which has been infilled as a result of glaciation, have been reworked by the
brook over time and, therefore, the hydraulic conductivity value probably varies
considerably throughout the canyon bottom.

The flow rates obtained as a result of the FD modelling and baseflow contribution
studies were analyzed in relation to fish habitat preferences (Figure 50). In general, it

was ascertained that fish habitat is negatively impacted after 90 to 96 days of
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recession when rates of flow range from 1.0 m*/s to 0.1 m’/s, respectively. In
particular, the impact on fish habitat at XS 7, ascertained from the graph, was that
after 90 days of recession, the Brook Trout Fry would have a less suitable habitat and
the water depth would fall below the minimum acceptable depth for this species after
94 or 95 days. After about 95.5 days of recession, the water depth would no longer
be suitable for the Alewife. Afier 95.8 days of recession, the water depth would fall
below the minimum acceptable depth for the Atlantic Salmon Fry and, therefore,
would no longer be a suitable habitat.

The impact on fish habitat at XS 3, ascertained from the graph, was that afier 93
days of recession, the Brook Trout Fry would have a less than suitable habitat and the
water depth would fall below its minimum acceptable depth afier about 95 days.
After 95.5 days of recession, the Atlantic Salmon Fry would be affected, but the
water depth would not fall below the minimum acceptable depth. After 96 days of
recession, conditions would no longer be suitable for Alewife.

During periods of high flow rates, a larger quantity of water would be present in
the aquifer and there would be more baseflow contribution to the stream. This would
occur because an elevated WT is associated with a steeper hydraulic gradient. During
periods of low flow, a smaller quantity of water would be present in the aquifer to

contribute baseflow to the stream.

4.3.2.1 Water Quantity Implications
The implications on water quantity may seem obvious. If the WT became very
low, the stream could become a losing stream rather than a gaining stream. Losing

streams contribute a portion of their discharge to the aquifer, and tend to dry up. In
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these situations, care should be taken to closely monitor the volume of groundwater
being pumped from the wells near the Clyburn Brook. Overpumping when the brook
is at a critical level could cause detrimental effects on the quantity of water in the

brook.

4.3.2.2 Water Quality Implications

During periods of low flow, shallow areas in the brook may form an algae layer
and the bacterial content of the water may increase due to stagnation (low
turbulence), warm temperatures, and the presence of organic material. Organic
material requires oxygen in order to be broken down. Algal material and
microorganisms require oxygen to grow and may use the organic material as an
energy source (Fetter, 1994). All of these processes lead to depletion of the dissolved
oxygen levels in the brook and, therefore, a net removal of oxygen from the water
could occur. Since a certain level of oxygenation is required to promote a healthy
environment for fish development and growth, low rates of flow for extended periods
of time often have a very negative impact on water quality and the quality of fish

habitat.
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S CONCLUSIONS

5.1  Conclusions

The seismic study confirmed depths to bedrock in the area of the bottleneck and
along the Upstream Reach portion of the Clyburn Brook, from the golf cart bridge to
XS 6. Depths to bedrock ranged from 6.6 to 47 m, demonstrating the vanability in
thickness and location of glaciofluvial material in the canyon bottom. The canyon
bottom appeared to be generally U-shaped, typical of glaciated valleys.

The FD modelling effort produced a variety of flow rates. These were examined
in relation to baseflow contribution, volume estimations, and fish habitat quality. It
was determined that the unconfined aquifer may have a hydraulic conductivity value
as low as 0.61 m/d and that, during periods of low flow (as indicated by depth), fish
habitat quality and water quality could be negatively impacted. These two

phenomenon tend to occur simultaneously.
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6 RECOMMENDATIONS FOR FURTHER WORK

6.1  Recommendations

With respect to mathematical modelling of the Clyburn Brook, the Upstream
Reach of the brook could be modelled in such a manner so that time can be
incorporated. This would involve the solution of the Boussinesq equation (Fetter,

1994).

i[h @] +£(h @J _ S_»[@] 30)
xox) aylay) K&

where h = saturated thickness of aquifer (L)

Sy = specific yield (dimensionless)

K = hydraulic conductivity (L/T)
A software package, such as MODFLOW, can handle the problem and could be used
to aid in visualizing changes in WT elevations with respect to time.

Simultaneous WT and low flow measurements could be taken to provide
additional information with respect to WT fluctuations in the lower reaches of the
Clyburn Brook canyon. This field information could then be applied in further finite
difference modelling efforts.

Further seismic studies could be conducted along the length of the Clyburn Brook
in reflection mode and interpreted to generate additional profile data. Using several

lateral profiles, a 3-D surface of the bedrock could be generated for the Upstream

Reach.
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APPENDIX A

Aquifer — Rock or sediment in a formation, group of formations, or part of a
formation that is saturated and sufficiently permeable to transmit economic quantities
of water to wells and springs.

Aquifer, confined — An aquifer that is overlain by a confining bed. The confining
bed has a significantly lower hydraulic conductivity than the aquifer.

Aquifer, unconfined — An aquifer in which there are no confining beds between the
zone of saturation and the surface. There will be a water table in an unconfined
aquifer (also referred to as a water-table aquifer).

Baseflow — That part of the stream discharge from groundwater seeping into the
stream.

Baseflow recession — The declimng rate of discharge of a stream fed only by
baseflow for an extended period. Typically, a baseflow recession will be an
exponential decay.

Baseflow recession hydrograph — A hydrograph that shows a baseflow-recession
curve,

Cold-based conditions — The conditions present when the basal ice of a cold, dry
glacier is frozen to the ground and most of the movements take place above the base
through plastic deformation (Grant, 1994).

Crag-and-tail — Rock hill with drift lodged on down-glacier side (Grant, 1988).

Discharge — The volume of water flowing in a stream or through an aquifer past a
specific point in a given period of time.

Discharge area — An area in which there are upward components of hydraulic head
in the aquifer. Ground water is flowing toward the surface in a discharge area and
may escape as a spring, seep, or baseflow or by evaporation and transpiration.

Downdip — In a seismic survey of a dipping reflector, it is the direction of raypath
travel when shooting down-gradient toward the receivers. Shooting downdip results
in an apparent velocity that is lower than the true velocity (Lillie, 1999).

Dupuit assumptions — Assumptions for flow in an unconfined aquifer that (1) the
hydraulic gradient is equal to the slope of the water table, (2) the streamlines are
horizontal, and (3) the equipotential lines are vertical [see Section 3.3.1.1].



Equipotential line — A line in a two-dimensional ground-water flow field such that
the hydraulic head is the same for all points along the line.

Finite-difference model — A method for solving partial differential equations that is
based on the discretization of space and/or time. The method determines the effects
of the boundary conditions on the particular section of space/time of interest by
iterative calculation.

Flow line — An imaginary line that traces the path that a particle of groundwater
would follow as it flows through an aquifer.

Groundwater — The water contained in interconnected pores located below the water
table in an unconfined aquifer or located in a confined aquifer.

Hydraulic conductivity — A coefficient of proportionality in Darcy’s Law describing
the ease with which water can move through a permeable medium. The density and
kinematic viscosity of the fluid must be considered in determining hydraulic
conductivity.

Hydraulic head — The sum of the elevation head and pressure head at a given point
in an aquifer.

Hydraulic gradient — The difference in hydraulic head with a change in distance in a
given direction. The directton is that which yields a maximum rate of decrease in
head.

Saturation zone — The zone in which the voids in the rock or soil are filled with
water at a pressure greater than atmospheric. The water table is the top of the
saturation zone in an unconfined aquifer.

Solifiuction — 1. The creep of soil saturated with water on top of a frozen layer of
soil. The thawed layer of soil becomes so saturated with water that it can carry rocks
and debris with it downslope. This movement only occurs in cold regions as a result
of alternative freezing and thawing. 2. The slow, downhill movement of soil or other
material in areas typically underlain by frozen ground.

Updip — In a seismic survey of a dipping reflector, it is the direction of raypath travel
when shooting up-gradient toward the receivers. Shooting updip results in an
apparent velocity that is higher than the true velocity (Lillie, 1999).

Water table — The surface in an unconfined aquifer or confining bed at which the
pore water pressure is atmospheric. It can be measured by installing shallow wells
extending one metre (a few feet) into the zone of saturation and then measuring the
water level in those wells.



APPENDIX C

Relevant Derivation

It can be shown that two-dimensional steady flow through a homogeneous and isotropic porous media is
governed by the following second-order linear elliptic partial differential equation:

o*h  #%h
7T S5
ox° Oy
where the derivatives represent the second-order change in hydraulic head # in the x and y directions,

respectively. The first-order rate of change in the first term in eqn [A1] can be approximated at node 1 in
Figure t by:

0 [A1]

s (h=h)
ox Ax Ax

We need a second-order rate of change in head. We therefore need the first-order rate of change for the first
term in eqn [A1] at another location:

[A2]

h, Ah_(h -h,)

S [A3]
ox Ax Ax
By substitution of [A2] & [A3] into [Al]:
ahl ahc (hl _hc) (hc _ha)
5 1 —
Oh, x ox . ax _ ax _(hi=2h.+h) Al
o’ ox Ax Ax?
Using the same procedure in the y-direction we may readily obtain:
(h, -h,) _ (h, —h,)
2 —
oh, by by (=2 +h) A
oy Ay Ay
Substituting {A4] and [AS] ite [Al] gives:
- —-2h_+h
(b =20, +hy)  (h; =2h +hy) (A6
Ax Ay
In our case Ax = Ay s0:
hczi(h|+h2+h3+h4) [A7]

For simple impermeable boundartes, eqn [A7] is modified by simply doubling the nodal head on the ‘mirror
image’ side of the impermeable boundary, leading to equation [2]:

h, =i~(h, +2h, +h;)

[Hansen (20{11), course notes]
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