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explanation. Furthermore, the potential for perched conditions was addressed in
selecting the water level data (Section 8.5.1).

The persistent under-prediction of heads in the upper aquifer suggests a defi-
ciency in the conceptual model of the aquifer system. Figure (7.24) shows a very
pronounced outcrop for aquifer 1 in the Oro Moraine, extending considerably into
the Matheson Creek valley. Local water levels will to a large degree be determined
by the lowest elevation of the bottom of aquifer 1. Cross-sections 17, 18a and
26a show that the local interpretation of this contact is at best difficult to make
(Appendix A, refer to Figure 7.3 for a location of the cross-sections). Quaternary
geologic information supports this hypothesis as only localized outcrops of glacial
outwash material are found on the eastern flank of the Matheson Creek valley
[Burwasser and Boyd, 1974, refer to Section 7.7]. Future calibration efforts need to
consider the effect of locally raising the interpreted elevation of BAQL.

An inaccurate representation of the hydrostratigraphy may therefore very well
be the cause of the calibration discrepancy observed in the Oro Moraine. If the
western outcrop of Aquifer 1 is restricted to the higher reaches of this upland,
water levels may increase by the amount needed. A secondary effect would be to
limit outflow towards Matheson Creek, increasing groundwater discharge towards
the Willow Creek headwaters which currently is under-predicted (Table 8.12). It
was discussed earlier that the inferred northern-most extent of Aquitard 1 in the
Oro Moraine does not agree with deposits shown on Quaternary geologic maps
(Section 7.7). However, a removal of this cover will not likely resort in much effect
as its conductivity is such that local infiltration is not inhibited.

Station Baseflow Runoff (m3/s)
Observed  Simulated  Observed  Simulated
Nottawasaga River 1.800  2.216 (+17%) 4.610  5.203 (+13%)

Willow Cr. (LL-Midh.)  0.030  0.026 (-13%) 0.260 0.253 ( — 3%)
Willow Cr. headwaters  0.080  0.060 (-25%) 0.810  0.723 (-11%)

Table 8.12: Calibration statistics for streamflow data. -

Although attenuated, under-predicted water levels in the Oro Moraine and Snow
Valley upland areas appear to persist down to Aquifer 2 (Figure 8.22). Over-
predicted water levels in the northwest corner of the domain (AQFR3, Figure 8.24)
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Figure 8.19: Vertically averaged simulated water levels for AQFR1. Triangles indi-
cate data locations. White areas designate regions where the aquifer is predicted
to be unsaturated over its whole thickness or where this unit pinches out.
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Figure 8.20: Residuals for AQFR1. White values correspond to over-predicted
heads, black values designate under-predicted heads.
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Figure 8.21: Vertically averaged simulated water levels for AQFR2. Triangles indi-
cate data locations. White areas designate regions where the aquifer is predicted
to be unsaturated over its whole thickness or where this unit pinches out.
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Figure 8.22: Residuals for AQFR2. White values correspond to over-predicted
heads, black values designate under-predicted heads.
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Figure 8.23: Vertically averaged simulated water levels for AQFR3. Triangles indi-
cate data locations.
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Figure 8.24: Residuals for AQFR3. White values correspond to over-predicted
heads, black values designate under-predicted heads.
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Figure 8.25: Vertically averaged simulated water levels for AQFR4. Black triangles
indicate data derived from overburden wells; white triangles correspond to bedrock
wells.
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Figure 8.26: Residuals for AQFR4. White values correspond to over-predicted
heads, black values designate under-predicted heads.
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may indicate that the model boundary locally does not conform to groundwater
flow paths. Actual flow paths may be directed more towards Georgian Bay than
towards the Nottawasaga River. Water levels in Aquifers 2 and 3 near Barrie are
somewhat under-predicted.

Overall, the head calibration is satisfactory, certainly in the deeper aquifers.
The average error (bias) between the kriged water levels and the simulated heads is
small (Table 8.13) considering the approximately 100 m observed head drop between
the Oro Moraine and the Minesing Basin. The higher bias found for the point data
in the upper two aquifers results entirely from the under-predicted water levels in
the Oro Moraine (Figure 8.27). Note that calibration statistics for the kriged water
levels are limited to the saturated part of the domain, thus largely ignoring the Oro
Moraine upland in the case of aquifer 1.

Kriged Heads Point Heads
o avg(e) avgle o avg(e) avgle|
AQFR1 8.7 -~2.4 6.6 10.7 =70 8.2
AQFR2 10.8 -3.3 8.3 109 -—-4.7 8.4
AQFR3 9.4 0.3 7.2 8.9 1.2 6.7
AQFR4 6.6 1.0 5.3 6.0 =01 4.8
Bedrock 78 -23 64

Table 8.13: Calibration statistics for kriged and point water levels expressed as
standard deviation o, the average error avg(e) and the average absolute value of
error avgle|.

The remaining scatter between observed and simulated heads (Figure 8.27)
partly results from errors in the water level data, mainly those caused by unre-
liable information regarding the elevation of the boreholes. It is therefore crucial
that this elevation is accurately determined, either by using digital topographic
information or through a field survey of a number of key boreholes. Other causes of
the remaining scatter are the simplified representation of the true (hydro)geologic
complexity in the numerical model and errors in the calibrated model. The discus-
sion given in this section suggests that a re-examination of some of the geologic data
and boundary conditions should be a preamble in further refining the calibration
of the Oro Moraine model.
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Figure 8.27: Scatter-plot of observed and simulated hydraulic heads. Black squares
indicate overburden wells; white squares correspond to bedrock wells.
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Except for baseflow to the Willow Creek headwaters, all streamflow data are
matched within the assumed data error of 20 % (Table 8.12). The bias between the
total observed and model predicted fluxes to the Nottawasaga River is 0.9 m?/s.
This bias may be caused by errors in the model calibration. However, an equally
likely explanation may be found in the short data record for the Edenvale station
and the assumptions made in determining the contributions from the study domain
and the subwatersheds to the west of the Minesing Basin (Section 8.5.2).

8.6.7 Calibrated Conductivity Fields

The final calibrated conductivity distributions are shown in Figures (8.28-8.33). For
the aquifers, the vertical arithmetic average of K, is shown. For the aquitards,
the vertical harmonic average of K, was calculated. Notable are the high average
conductivity of aquitard 1 and the lateral differences in conductivity between the
individual uplands that comprise aquifer 1.

The addition of the pilot point results in local changes in the conductivity fields.
In some locations the pilot points appear to occur in clusters. This is certainly the
case for the Alliston aquifer complex in the northwest corner of the domain. The
clustering is a result of the non-optimal location of the pilot points in which the
effect of kriging is ignored. In KRIGMODE=2, no constraints are put on the
location of pilot points relative to one another. In other areas, the pilot points are
mostly located at different depths in a hydrostratigraphic unit. As a result of the
anisotropic nature of the conductivity correlation structure, the vertical influence
of a pilot point is limited. The placement of the pilot points is thus affected by this
correlation structure which is poorly constrained at best. A drawback of the pilot
point method is its dependence on the geostatistical parameters [e.g., Keidser and
Rosbjerg, 1991]. This drawback can to some degree be mitigated by locating the
pilot points optimally. The calibration of the Oro Moraine model indicates that
the methodology for automatically placing the pilot points needs to be refined in
future versions of the calibration code. '

An option for including the kriging effect in locating the pilot points needs
to be added to the inverse model. This will ensure that pilot points are located
optimally and some distance away from boreholes and one another. However, due to
computational requirements the kriging effect can only be accounted for in relatively
small domains (Chapter 5). Alternatives will therefore be explored to allow for user
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Figure 8.28: Average vertical conductivity distribution for AQTD1. Black triangles
indicate borehole locations, white triangles designate pilot points.
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Figure 8.29: Average horizontal conductivity distribution for AQFR1. Black trian-
gles indicate borehole locations, white triangles designate pilot points.
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Figure 8.30: Average vertical conductivity distribution for AQTD2. Black triangles

indicate borehole locations, white triangles designate pilot points.
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Figure 8.31: Average horizontal conductivity distribution for AQFR2. Black trian-
gles indicate borehole locations, white triangles designate pilot points.
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Figure 8.32: Average vertical conductivity distribution for AQTD3. Black triangles
indicate borehole locations, white triangles designate pilot points.
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Figure 8.33: Average horizontal conductivity distribution for the Alliston aquifer
complex. Black triangles indicate borehole locations, white trangles designate pilot
points.
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input if the existing (non-optimal) algorithm indicates that a pilot point should be
located near one or more boreholes. Constraints further need to be imposed on the
location of pilot points with respect to one another in order to avoid the clustering
that was observed here. In general, a drawback of automatically locating the pilot
points is that this does not incorporate any constraints from stratigraphic features
that may provide preferential pathways and barriers for flow. An option for the
user to manually position pilot points based on geologic information will therefore
also be included in the calibration code. In this manner, systematically located
pilot points can be used to delineate areas of preferential high or low conductivity
caused by geologic features.

Overall the model calibration was refined with relatively small modifications
to the intra-formational heterogeneity. Furthermore, except in the upper reaches
of the Willow Creek the system water mass balance, was not significantly altered
by the addition of the pilot points. Because this mass balance is the focus of the
remainder of this study, the present calibration was considered adequate.

8.7 Water Mass Balance

The WATFLOW code calculates a detailed water mass balance for the numerical
model (Table 8.14). Pumping accounts for a significant part of the water budget.
Simulated fluxes to Kempenfelt Bay are about half the anticipated value of 1.27
m3/s (Section 8.5.2). This is a result of the pumping activity in the Barrie area.
Pilot points were located between these wells and Kempenfelt Bay, facilitating
the capture of water derived from Lake Simcoe (Figure 8.33). Although the high
conductivity values assigned to the pilot points are realistic, given the local presence
of a2 Tunnel Valley aquifer, the municipal water wells are in reality thought to receive
their water from groundwater recharge in the upland areas. The addition of the
pilot points did reduce groundwater discharge to Kempenfelt Bay by only 0.12
m3/s, not enough to account for the discrepancy that is thought to exist based
on the rationale given in Section (8.5.2). Flow of groundwater from the upland
areas to the pumping wells should be facilitated in the numerical model. This
mechanism could be provided by the inclusion of the Barrie-Borden aquifer in the
hydrostratigraphic model. Due to a lack of data constraining its geometry, this
Tunnel Valley aquifer was not included in the present model. Increased flow from
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the Snow Valley and Innisfill Uplands towards the Barrie area would reduce fluxes
to the Minesing Basin. This to some degree affects the result that will be presented
in Chapter (9) regarding the water mass balance of the Minesing Swamp.

Baseflow accounts for only 8 % of the total fluxes to Bear Creek (Table 8.14).
Groundwater discharge is also relatively unimportant for the upper reaches of Wil-
low Creek (Section 8.5.2). The model predicts the baseflow component to increase
sharply where the Willow Creek enters the Simcoe Lowlands, downstream of Mid-
hurst. This agrees with the anticipated effect of topography on groundwater flow
patterns [e.g., Freeze and Witherspoon, 1967]. In general, baseflow quantities are
found to be highest in the Minesing Basin. The model predicts baseflow to be
important for the "cold water” Matheson Creek, with a 31 % contribution to the
total streamflow. Overall, the groundwater component accounts for 34 % of the
total water budget of the study area.

Groundwater Surface Runoff

m3/s gw/ws/tf m3/s sw/ws/tf
Pumping 0.88 31/10/ -
Bear Creek 0.04 2/1/ 8 0.45 8/ 5/92
Kempenfelt Bay 0.11 4/ 1/ - 0.55 10/ 6/ —
Marl Creek 0.29 10/ 3/31 0.65 12/ 8/69
Matheson Creek 0.37 13/ 4/31 0.82 15/10/69
Minesing Swamp 0.36 13/ 4/27 0.98 17/11/73
Nottawasaga River 0.35 12/ 4/29 0.85 15/10/71
Willow Creek 0.49 17/ 6/27 1.33 24/16/73
Total 2.88 100/34/ — 5.65 100/66/ —

Table 8.14: Simulated water mass balance as absolute values and as percentages of
the groundwater (gw) or surface water (sw) budget, water surplus (ws), and total
streamflow (tf). The water surplus is 8.53 m3/s.
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8.8 Uncertainty in Water Mass Balance

The variances in the water mass balance corresponding to uncertainty in the aver-
age conductivity of the hydrostratigraphic units (I) and uncertainty in the intra-
formational heterogeneity (II) were calculated using the first-order second-moment
method (Table 8.15). The former level of uncertainty (I) is determined using the full
covariance matrix (equation 5.20) corresponding to the confidence bounds given for
objective 3 (Table 8.10). In this case, the sensitivity coefficients in equation (6.3)
are lumped for each hydrostratigraphic unit as the average conductivities for these
units are of concern. The second level of uncertainty (II) is determined using equa-
tions (5.18) and (6.3), where the elemental sensitivity coefficients are now used
directly. '

The intra-formational uncertainty is most important. The resulting variances
are about an order of magnitude higher than those related to uncertainty in the
average conductivity of the hydrostratigraphic units. Confidence bounds given in
Table (8.10) suggest that this latter source of uncertainty would have been more
important if the point water levels had been used in the calibration. In calcu-
lating confidence bound for the average conductivity values, the uncertainty in
the interpolated head distribution was taken into account through the calibration
weights (5.6) that enter equation (5.20). Nevertheless, the kriged heads reduce
the uncertainty that exists as a result of the indirect nature of the conductivity
information. At least from this point of view, the need for direct measurements of
hydraulic conductivity is therefore reduced by this alternative calibration measure.

The confidence bounds on the average conductivities are tight (Table 8.10) and
the first-order second-moment method is adequate for the uncertainty analysis as
non-linearity with respect to conductivity perturbations is not expected to signifi-
cantly affect the calculations. Furthermore, the confidence bounds were determined
making use of the calibration statistics. The resulting model uncertainty therefore
is consistent with constraints imposed by the kriged heads and flow measurements.
The WATFLOW code presently has no check to ensure that the weighted calibra-
tion residuals are normally distributed (refer to Section 5.2.5). However, the small
bias between kriged and simulated heads (Table 8.13) and the point water level
scatterplot (Figure 8.27) suggest that this requirement is reasonably met. One
standard deviation (square root of values listed in Table 8.15) comprises 1-17 %
of the predicted baseflow quantities and 1-4 % of the simulated runoff values (Ta-
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Groundwater Surface Runoff
1 If I 11
Bear Creek 224-10-° 5.66-10~° 2.63-10-7 2.38.10-3
Kempenfelt Bay 3.42.10* 4.42.10°% 961-10%  7.41.10~*
Marl Creek 1.48-10~% 2.07-102 6.03-10~*  7.31.1073

Matheson Creek 1.86-10"3 1.67-1072 2.99-10~*  8.65-1073
Minesing Swamp 2.21-10-* 7.48-10~* 6.70-10%  3.34-1073
Nottawasaga River 1.67-10-% 1.20-10-* 3.78-10~* 8.99.10~*
Willow Creek 5.76.10~* 2.81-1072 249.10~® 8.48-.1073

Table 8.15: Variance in water mass balance due to uncertainty in (I) average con-
ductivity of hydrostratigraphic units and (II) intra-formational heterogeneity.

ble 8.14), intervals that compare favorably with the assumed measurement error in
the streamflow data of 20 %.

Issues related to non-linearity and constraints imposed by the calibration data
still need to be investigated for the case of the intra-formational heterogeneity. This
was done by a comparison with Monte Carlo simulations. Results are discussed for
aquifer 2 and aquitard 3. Only 100 realizations were used in each case. This
number is inadequate to determine the various moments of the model predicted
fluxes. However, it is sufficient for the discussion that will be given next.

Figure (8.34) gives histograms for the simulated baseflow to three creeks and the
Minesing Swamp calculated from the conditional realizations generated for aquitard
3. The mean and linear 95 % confidence bounds calculated using expression (6.4)
are also given (2g.g5 = 1.96). Because the variance in log conductivity for aquitard
3 is modest (Table 8.6), the predictions of the first order second moment method are
in reasonable agreement with the range of baseflows seen in the histograms, except
for Willow Creek. This agreement breaks down for aquifer 2 (Figure 8.35) which is
more heterogeneous. The effect of model non-linearity with respect to conductivity
variations becomes increasingly important. For the Bear and Matheson Creeks, the
mean values of the random realizations are significantly different from the baseflow
quantities found using the kriged conductivity field. The linear confidence bounds
are generally smaller than the baseflow variability seen in the histograms. The
disagreement between the first-order second-moment method and the Monte Carlo
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Figure 8.34: Baseflow histograms for a) Bear Creek, b) Minesing Swamp, ¢) Mathe-
son Creek and d) Willow Creek determined from a Monte Carlo analysis regarding
the intra-formational heterogeneity for AQTD3. The square and line designate
the mean value and 95 % confidence bounds calculated with the first order second

moment method.
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Figure 8.35: Baseflow histograms for a) Bear Creek, b) Minesing Swamp, c¢) Math-
eson Creek and d) Willow Creek determined from a Monte Carlo analysis regarding
the intra-formational heterogeneity for AQFR2. The square and line designate the
mean value and 95 % confidence bounds calculated with the first order second
moment method.
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Figure 8.36: Calibration measure histograms corresponding to the Monte Carlo runs
for AQTD3 and AQFR2. The vertical dashed lines designate the final calibrated
values for J, and Jy.
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simulations increases when heterogeneity is even more pronounced, as in the case
of the Alliston aquifer complex.

The baseflow variability seen in the histograms (Figures 8.34 and 8.35) suggest
that some of the random realizations are not necessarily consistent with the cali-
bration data. The random realizations result in large fluctuations in baseflow to
the upper reaches of Willow Creek, causing order of magnitude variations in J;
(Figure 8.36). For aquitard 3, the random realizations result in calibration mea-
sures that are more or less centered around the final calibrated values. However, for
aquifer 2 all realizations are characterized by calibration measures that are biased
towards higher values. None of these realizations are consistent with the calibration
data.

One possible means of incorporating the effect of the calibration data on model
uncertainty is to filter out those realizations that result in an objective function
that is significantly higher than that of the calibrated model. It is clear that for
aquifer 2, none of the realizations would pass such a test and a different approach
needs to be taken.

The calibration bias observed for aquifer 2 results from the greater conductivity
variability in the random fields, creating pathways and barriers for flow that are
not present in the kriged field. The average conductivity values determined in the
first phase of the model calibration are appropriate for this kriged field but not
for the random realizations. Each realization therefore needs to be calibrated to
remove the bias seen in Figure (8.36). This approach was used by RamaRao et al.
{1995]. However a large number of realizations is required to reliably determnine the
stochastic moments of some model output. When multiple hydrostratigraphic units
are considered this problem becomes even worse as all conductivity fields need to be
varied simultaneously. This requires and excessive amount of realizations. On the
other hand, the solution of the flow problem alone requires about 40 minutes on a
Pentium 266 machine, resulting in nearly 3 days of runtime for just 100 realizations.
The first phase of the calibration was observed to take anywhere from 1 day (for
the preferred parameterization and objective function) to 1 week of computer time.
The pilot point calibration requires about a week of CPU time. Thus, it is clear
that, even when using a more efficient sampling technique like Latin Hypercube, a
discrete sampling approach to determining model uncertainty is not feasible for the
Oro Moraine investigation.

The smaller confidence bounds predicted by the first-order second-moment method
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(Figures 8.34 and 8.35) may be in better agreement with the calibration data. How-
ever, uncertainty is still large. A comparison of Tables (8.14) and (8.15) shows that,
when expressed as one standard deviation, uncertainty in baseflow caused by the
intra-formational heterogeneity comprises anywhere from 24 % to greater than 100
% of the predicted fluxes. For surface runoff these intervals are 2-11 %. The ad-
dition of pilot points inadequately addresses the effect of the calibration data on
uncertainty in the conductivity fields. This problem is emphasized by the large
conductivity variations and the associated non-linearity of the stochastic process.
These problems hamper the first order second moment analysis. Other concerns
associated with the present analysis are: (1) the representation of the true conduc-
tivity distribution by a simple covariance model and (2) the nature and quality of
the conductivity information, where the geostatistical parameters are uncertain as
a result of the poorly defined experimental variograms. Although hard to quantify,
these problems are likely to be severe.

Neither of the two selected methods of uncertainty analysis did perform entirely
satisfactorily. The likelihood method of Vechia and Cooley [1987] has the potential
of providing a cost-effective alternative to address issues regarding non-linearity
and the role of the calibration data in model uncertainty. However, the use of
this method would require that the conductivity parameterization is modified to
a strictly zonation-based approach (Chapter 6). Such an approach is not favored
because in this complex aquifer system it is difficult to identify zones of similar
hydrogeologic properties in a lateral sense, as illustrated by Figures (8.28)-(8.33).
A poor zonation will lead to a poor representation of the true conductivity distri-
pution in the numerical model and thus to poor simulation results. This problem
was circumvented by using a combined zonation/geostatistical parameterization in
which kriging is used to interpolate hydraulic conductivity within each hydrostrati-
graphic unit. This parameterization should therefore be maintained even though it
does not allow for a detailed stochastic analysis.

8.9 Discussion

A numerical model of the study area was developed and calibrated in this chap-
ter. The calibrated model was found to provide a satisfactory match to measured
heads, and the baseflow and runoff component of observed streamflows. Some dis-
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crepancies remain. Predicted water levels are too low in the Oro Moraine upland
area. This was attributed to the pronounced outcrop of the uppermost aquifer
along the eastern slope of the Matheson Creek valley. In the northwest corner of
the study area, the model boundary may not accurately follow groundwater flow
paths. Groundwater fluxes to Kempenfelt Bay may be under-predicted due to the
absence of the Barrie-Borden aquifer in the model, forcing the Barrie municipal
wells to derive part of their water from Lake Simcoe. The Willow Creek Tunnel
Valley aquifer may also be important [Easton, 1998). Although the absence of this
aquifer did not result in significant calibration errors it may become more impor-
tant if the detailed identification of groundwater flow paths is of concern, such as
for capture zone delineation. Overall, the present hydrostratigraphic model already
provides a good representation of the aquifer system.

Thus, in refining the Oro Moraine model, a first step should be a re-evaluation
of some of the geologic data and model boundaries. Given the lack of high quality
deep borehole information constraining the geometry of the tunnel valley aquifers,
geophysical data would be useful. Seismic profiling is an excellent tool for delin-
eating the hydrostratigraphy of the (glacial) overburden as illustrated by the Oak
Ridges Moraine example [e.g., Hinton et al., 1997]. Thus, an indirect benefit of the
inverse model is the identification of deficiencies in the conceptual model and the
need for additional data.

A comparison of model zonation alternatives suggested that the lower-most
aquitard is not as continuous as was inferred in the hydrostratigraphic interpreta-
tion. The conceptual model of the aquifer system was therefore revised by lumping
the lower two aquifers into a single unit. The intermediate till layer is included
as discrete pockets of low-conductivity material. This unit is known from previous
investigations as the Alliston aquifer complex, which has been suggested to extend
from the Oak Ridges Moraine to Georgian Bay. The automated inversion enables
the user to objectively compare alternative conceptual model scenarios, as illus-
trated by the above example. Such a comparison should be a crucial part of any
calibration [e.g., Hill, 1998]. The implementation of an inverse algorithm in the
WATFLOW code has thus been one of the major advances made in this study.

Based on the experience gained in calibrating the Oro Moraine problem, sev-
eral improvements are suggested for the inverse algorithm. A plausibility criterion
limiting the difference between initial and final conductivities should be included.
The importance of using such a criterion in stabilizing the inversion and improving
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its plausibility was already shown by Neuman and Yakowitz [1979). It was not yet
used in the present inverse algorithm, arguing that the calibrated conductivity dis-
tribution does not necessarily need to be close to the initial estimate provided by
the lithologic descriptions (Chapter 5). However, in this chapter this criterion was
widely used to discriminate between alternative model options. The non-optimal
location of the pilot points was found to be a point of concern, in agreement with
conclusions drawn in previous investigations [e.g., RamaRao et al., 1995]. The krig-
ing effect should therefore be included in automatically locating the pilot points.
This will ensure that pilot points are located optimally and some distance away
from boreholes and one another. However, the use of this feature is only feasible
for relatively small domains. Alternatives therefore need to be explored to improve
the existing (non-optimal) algorithm. One option is to allow for user input if this
algorithm indicates that a pilot point should be located near any boreholes. Con-
straints further have to be imposed on the location of pilot points with respect to
one another. A drawback of automatically locating the pilot points is that this
does not incorporate any constraints from stratigraphic features that may provide
preferential pathways and barriers for flow. An option to manually locate pilot
points will therefore also be included in future versions of the calibration code.

The remaining scatter between observed and simulated heads partly results from
errors in the water level data, mainly those caused by unreliable information regard-
ing the elevation of the boreholes. It is therefore crucial that this elevation is more
accurately determined, either by using digital topographic information or through
a field survey of a number of key boreholes. The crucial role of the poorly resolved
geostatistical parameters of the conductivity distribution in the model calibration
was also found to be a point of concern. Presently, these geostatistical parameters
are solely based on the conductivity values assigned to the lithologic descriptions.
Although direct measurements from pumping and slug tests were used as con-
straints in determining appropriate K values for the individual lithofacies, these
measurements need to be directly used in calculating the geostatistical properties
of the conductivity fields. This implies that pumping tests need to be performed
at strategic locations in the aquifer system. A calibration of the model against
transient pumping test data will also put tighter bounds on the conductivity dis-
tribution, better constraining groundwater fluxes and reducing model uncertainty.

Model uncertainty related to the conductivity distribution was considered through
a first-order second-moment analysis. A comparison with Monte Carlo simulations
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revealed that the role of non-linearity and the calibration data in model uncer-
tainty was not adequately addressed. Furthermore, a simultaneous consideration
of all sources of model uncertainty was not possible as a result of limitations im-
posed by the conductivity parameterization. The model calibration illustrates that
the hydrostratigraphy plays a crucial role in the response of the multi-aquifer sys-
tem. The lack of information regarding the hydrostratigraphy is therefore perhaps
the most important factor governing model uncertainty. However, given the lim-
itations discussed in Chapter (6), this uncertainty could not be investigated in a
systematic fashion. For this complex system, uncertainty issues can therefore only
be addressed in a limited fashion by considering certain extreme model scenarios.
Such an approach was already taken by Martin and Frind [1998], where the effect
of the absence or presence of aquitard windows on the delineation of water well cap-
ture zones was determined. A more complete uncertainty analysis does not make
sense given the limitation discussed abave.

The calibration results suggest that despite its limitations, the numerical mod-
elling approach does result in an accurate simulation of steady state fluxes for both
the surface and subsurface flow systems. The water surplus was determined using
spatially variable precipitation data and a uniform evapotranspiration rate. No at-
tempt was made to define a spatially variable evapotranspiration as the effect of the
non-uniform water surplus on the model calibration was found to be subtle. The
recharge spreading layer conductivity was important in matching the flow data.
Two zonation options for this layer were considered. This zonation should be given
further consideration in future studies.

Pumping was found to comprise a significant part of the groundwater budget.
Water abstraction from private water wells is an important unknown factor in the
water mass balance of the Oro Moraine system. More detailed information on
pumping activity in the study area therefore needs to be collected.

The available streamflow measurements put limited constraints on details of the
water mass balance, such as contributions from individual streams to the observed
total accumulation for the Nottawasaga River. For example, model results indicate
that groundwater discharge to Bear Creek is highly uncertain. Unlike the Willow
Creek headwaters, this baseflow is not constrained by any observations. Discharge
information for the presently non-monitored streams is needed to resolve details
of the water mass balance, to validate the model predictions and to reduce un-
certainty in these predictions. The de-commissioning of the Willow Creek station
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at Little Lake in 1996 is unfortunate in this respect. Because the "cold water”
Matheson Creek is considered important as a fish habitat [NVCA, 1995] it would
be particularly useful to monitor this stream. From a numerical perspective, the
effect of the mesh discretization and the number of Dirichlet boundaries that are
included in the model on predicted fluxes may need to be addressed. In the present
steady-state analysis, the relative contribution of baseflow and runoff to the total
observed streamflows remains somewhat uncertain. Transient simulations of the
flow system are needed to determine the origin of seasonal variations in streamflow
generation and to better constrain the groundwater and surface water budgets.



Chapter 9

Impact of Urbanization

9.1 Introduction

The numerical model of the Oro Moraine aquifer system was developed with the
objective of providing the Nottawasaga Valley Conservation Authority with a tool
that can be used to manage the impact of urban development on the state of the
Minesing Swamp. This chapter provides the onset for this application and highlights
the associated limitations of the model.

Urban development leads to a loss of vegetative cover (forests, agricultural land)
and an increase in hardened surfaces (asphalt, gravel), altering the existing local
water budget. Impervious surfaces may comprise anywhere from 10 % of low den-
sity residential areas to 90 % of high density downtown business districts. The
fraction of the impervious surfaces that is directly connected to the stormwater
collection system largely determines the amount of precipitation that will be cap-
tured. Traditional systems served a single purpose: to convey runoff away from
a site and into the receiving body (stream or lake) as quickly as possible. More
recently, these systems have undergone improvements, mainly in response to their
detrimental effect on surface waters.

The capture of rainfall runoff in a stormwater collection system and its subse-
quent release into a water course typically leads to increased peak flow during storm
events, heightened flooding risks, river bank erosion and reduced water quality. Al-
though important, these issues cannot be addressed with the present model. Sur-
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face water models or coupled surface-subsurface models which include the stream
dynamics are needed for that purpose.

Stormwater detention ponds and artificial wetlands slow down the release of
runoff to the receiving body. Detention ponds may result in focused recharge to the
groundwater system. A modern stormwater system is presently being implemented
in a new development area on the west side of the City of Waterloo (Ontario). The
direct infiltration of rooftop runoff is facilitated. Rainfall that is being captured
along road sides is also allowed to infiltrate after undergoing a cleaning procedure.
Such a modern stormwater system has the potential to increase recharge compared
to natural conditions as evapotranspiration is decreased. This may lead to a higher
water table position with possible detrimental side effects. Groundwater quantity
related issues concerning the various aspects of stormwater collection systems can
be addressed with the WATFLOW code by an appropriate manipulation of bound-
ary conditions. This is the focus of an ongoing study of the Waterloo Westside
development project (T. Radcliffe, Department of Earth Sciences). In the present
study, only hypothetical examples will be given to illustrate how the model can be
manipulated to simulate the impact of urban development and to illuminate some
crucial characteristics of the Oro Moraine groundwater system.

Water quality is also of concern. Contaminants that enter stormwater collection
systems (e.g. road salt) impact both groundwater and surface water quality. Other
sources of contamination such as leaking gasoline storage tanks primarily affect
the groundwater system. Whether or not groundwater contamination becomes a
problem for surface water quality largely depends on the time of travel in the sub-
surface. The impact of urban development on groundwater quality cannot directly
be addressed by the present model although it does provide a basis for contaminant
transport simulations.

The capture of rainfall by a stormwater collection system more than often leads
to reduced recharge to the groundwater system, affecting the baseflow to streams
and wetlands. Fluxes that are lost as baseflow will instead enter these surface waters
as streamflow after their release as stormwater runoff. However, the groundwater
and surface water components of the hydrologic cycle play different roles in, for
example, the ecology of the Minesing Swamp. Streamflow is spatially focused and
subject to significant temporal variations. High flows and ice jams associated with
spring melt result in temporary flooding conditions along the fringes of the Not-
tawasaga River [e.g., Fleming, 1853]. Groundwater provides a relatively steady
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inflow of water over larger portions of the wetland. Subtle changes in baseflow and
hydraulic gradients may have a large impact on the distribution of vegetation as
this distribution is partially related to soil moisture conditions. The occurrence
of different plant species may also depend on the geochemical composition of the
groundwater. These issues are teing addressed in a detailed field study by Bradford
and Watt [1998).

Baseflow may also be crucial to the "cold water” Matheson Creek which is
considered important as a fish habitat [NVCA, 1995]. Groundwater provides a
steady inflow of water with a relatively constant temperature. The groundwater
geochemistry may be important for the occurrence of aquatic plant species which
provide a food supply for fish. In general, the quantity and quality of groundwater
and surface waters are important for maintaining this habitat.

A water mass balance for the Minesing Swamp is estimated. This mass balance
is needed to put the urbanization impact calculations into perspective. Critical
recharge areas for the Minesing Swamp and the Willow and Matheson Creeks are
identified. Selected areas in each of the three uplands are then used to illustrate
how the model can be used to assess the potential impact of urban development on
baseflow quantities and to provide insight into the behaviour of the aquifer system.

9.2 Minesing Swamp Water Mass Balance

The model-predicted fluxes (Table 8.14) and the measured and assumed streamflow
quantities (Section 8.5.2) can be used to obtain a rough estimate of the water mass
balance for the Minesing Swamp. The urbanization impact calculations that will
be presented later should be compared to this water mass balance.

The streamflow for the Nottawasaga River at the inflow end of the Minesing
Swamp is taken to be the total measured discharge at the Baxter station (8.87
m3/s) plus simulated fluxes (baseflow plus runoff) to Bear Creek (0.49 m3/s) and
estimated fluxes to the upstream end of the Nottawasaga River. This upstream
segment comprises about 25 % of the total length of the Nottawasaga River in the
study area. The model-predicted flux for this stream (1.2 m3/s) is therefore multi-
plied by 0.25 and then divided by 0.35 to account for the fact that the contribution
from the Oro Moraine system was assumed to represent only 35 % of the total
accumulation. This leads to an influx along the Nottawasaga River of 10.2 m?/s.
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The streamflow at the outflow end of the Minesing Swamp is calculated in a
similar fashion by taking the total measured flow at the Edenvale station (26.3
m?/s) and subtracting simulated fluxes to Marl Creek (0.94 m®/s) and estimated
fluxes to the downstream end of the Nottawasaga River (again taking this segment
to be 25 % of the total length of the river). This yields an outflow value of 24.5
m3/s.

The contribution of the subwatersheds to the west of the study area to the
total flow accumulation in the Nottawasaga River was assumed to be 11.5 m?/s
(Section 8.5.2). This value is corrected to account for baseflow and runoff directly
to the river (65/35 times the simulated flux of 1.2 m3/s), leaving 9.3 m?®/s to enter
the Nottawasaga River as streamflow through the Mad and Pine Rivers and Coates
Creek which originate at the Niagara Escarpment (Figure 7.2).

Direct precipitation on the swamp and groundwater discharge account for 1.34
m3/s (Table 8.14). The Nottawasaga River accumulates about 1.71 m3/s in the
wetland area (the remaining 50 % of 1.2 m3/s, divided by 0.35), leading to a total
local influx in the Minesing Basin of 3.1 m?/s.

The model predicted baseflow and runoff to the Matheson and Willow Creeks
amount to 3.01 m3/s. These fluxes enter the Minesing Swamp as streamflow. The
water mass balance is summarized in Figure (9.1). The discrepancy between the
estimated inflow and outflow is 1.1 m3/s. This error results from the remaining
bias in the calibrated model with respect to measured fluxes for the Nottawasaga
River (Table 8.12).

The assumptions made in the above calculations show that in order to better
constrain the water mass balance of the Minesing Swamp the subwatersheds to
the west of the Nottawasaga River should be included in any future study. The
quantity of flow from these subwatersheds and the pathways by which water enters
the Minesing Basin are uncertain factors in the calculations. It is well possible that
the higher contribution attributed to the western subwatersheds solely results from
streamflow. However, this extra complexity has been ignored as the main objective
of the calculations is to provide insight into the relative importance of fluxes from
the study area.

The calculations suggest that local fluxes (direct precipitation, runoff and base-
flow) to the Minesing Basin account for about 12 % of the total inflow. The con-
tribution of streamflow from the Willow and Matheson Creeks is nearly identical.
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Figure 9.1: Simplified water mass balance for Minesing Swamp. Values shown are
in m3/s.

Baseflow directly to the Minesing Swamp equals 0.36 m3/s (Table 8.14) or about
1.5 % of the total inflow. Groundwater discharge to the creeks amounts to 0.86
m?/s, or 4 % of the total inflow. Recharge areas for these contributions to the
water mass balance of the Minesing Swamp will be identified in the next section.

9.3 Recharge Areas

Figure (9.2) shows the steady-state hydraulic head distribution at the water table.
The Oro Moraine is the main recharge area for the groundwater system but the
Innisfill and Snow Valley Uplands are also important. Groundwater flow diverges
away from these uplands in a complex topography dominated pattern. This pattern
persists at depth where even in the lower aquifers the Snow Valley Upland acts as
a flow divide (Figures 8.19-8.25). Water entering the groundwater system in the
Oro Moraine therefore either flows towards Kempenfelt Bay or the Nottawasaga
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River downstream of the Minesing Swamp. Recharge at the Innisfill Uplands will
mostly discharge to the Nottawasaga River upstream of the swamp and towards
Kempenfelt Bay. These observations are important for understanding the relative
importance of the individual recharge areas for baseflow to the Minesing Swamp.

Similar to the hypothetical example given in Chapter (4), the importance of
recharge areas for baseflow is calculated using the adjoint method. The normalized
sensitivity of the baseflow F with respect to the local recharge rate R is determined:
dF./dR-R/F,. This derivative reflects the percent change in baseflow resulting from
a 1 % change in recharge over a unit area.

Figure (9.3) shows recharge areas for baseflow to the Minesing Swamp itself.
Because direct precipitation on this wetland never enters the (deeper) groundwater
system, it has no effect on the baseflow quantity. This is indicated by a negligible
magnitude of the sensitivity coefficients. Similarly, precipitation near other Dirich-
let boundaries will likely enter these streams as direct runoff through the recharge
spreading layer. The probability for a water particle to enter the groundwater sys-
tem generally increases towards the uplands. The sensitivity coefficients suggest
that the Snow Valley Upland is the most important recharge area for groundwater
discharge to the Minesing Swamp. The sensitivity of this baseflow to recharge from
the other Uplands is orders of magnitude lower. A detailed field study by Brad-
ford and Watt [1998] suggests that water entering the groundwater system in the
Snow Valley Upland discharges to the Minesing Swamp through the Lake Algonquin
beach bar deposits that comprise aquifer 2 along the eastern edge of the wetland
(Figure 7.24). Bradford further observes subtle downward hydraulic gradients in
the shallow peat layer that covers the lower-lying areas closer to the Nottawasaga
River. Groundwater should therefore contribute most to the water mass balance of
the eastern part of the Minesing Swamp.

Figure (9.4) illustrates recharge areas for baseflow to the Willow and Matheson
Creeks. The Oro Moraine is most important for these water courses, although
recharge from the Snow Valley Upland also provides a significant contribution.
The Innisfill Upland provides only a minor contribution to this baseflow.

The numerical model thus predicts the Innisfill Upland to be least important
for the groundwater contribution to the water balance of the Minesing Swamp.
However, the discussion given earlier indicates that this conclusion is quite depen-
dent on whether or not the Snow Valley Upland acts as a flow divide and thus on
water levels in the deeper aquifers under this upland. These water levels on the
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Figure 9.2: Hydraulic head distribution at the water table.
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Figure 9.3: Recharge areas for baseflow to Minesing Swamp.
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Figure 9.4: Recharge areas for baseflow to Matheson Creek and Willow Creek
upstream from Minesing Swamp.
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are poorly constrained by observations (Figures 8.7-8.9). A preliminary calibrated
model for which water levels under the Snow Valley Upland were lower, showed the
Innisfill Uplands to be more important for baseflow to the Minesing Swamp [Beck-
ers and Frind, 1998]. However, a significant bias between observed and simulated
hydraulic heads did remain for this earlier model. The present results are therefore
more accurate.

9.4 Urbanization Impact

Hypothetical examples will be given whereby recharge over selected areas of the
study domain is reduced uniformly by 10, 50 and 90 %. These values are taken
to be typical of low, medium and high density urban areas, the former type of
residential development being more typical for the study area. The objective of
these examples is to illustrate how the model can be manipulated to simulate the
impact of urban development and to illuminate some crucial characteristics of the
groundwater system.

The three uplands were found to play a distinct role in groundwater flow patterns
and the water mass balance of the Oro Moraine system. A target area was selected
in each upland to assess the potential impact that local urban development may
have on the water mass balance of the Minesing Swamp (Figure 9.5). In order to
facilitate comparison of the model predictions, the target areas were made equally
large, roughly comprising 7x4 km2. All finite elements whose centroids fall within
the rectangular areas are included in the analysis. Recharge is lowered over these
finite elements to simulate the impact of urbanization. A certain quantity of the
water surplus is thus completely removed. In reality this water would enter the
water courses after being released by the stormwater collection system. Because
the focus here is on the groundwater, the above approach is adequate.

Target area 1 in the Oro Moraine comprises 27 km? (2.8 % of whole domain).
Recharge over this area is 0.37 m3/s or 4.3 % of the total water surplus. Reduced
recharge in the Oro Moraine has little effect on direct groundwater discharge to
the Minesing Swamp (Table 9.1), consistent with the sensitivity analysis given in
the previous section. Recharge to the Willow and Matheson Creeks is significantly
affected. For the Willow Creek, contributions to the streams segments above and
below Midhurst were separated to illustrate that baseflow to the headwaters is most
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Figure 9.5: Target areas for urbanization impact calculations.
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dramatically impacted by the recharge perturbations. For very large reductions, the
upper reaches of Willow Creek start losing streamflow to the groundwater system.
The effect of the lowered recharge on groundwater fluxes to Matheson Creek and
the downstream end of Willow Creek is more subtle. Reduced fluxes to Marl Creek
and the downstream end of the Nottawasaga River constitute the remaining effect
of the lowered recharge.

AR/R
0% —10% —50% —90%
Bear Cr. 0.044 0.044 0% 0044 0% 0044 0%

Matheson Cr. 0.368 0364 -1% 0346 —-6% 0.327 -10%
Minesing Sw.  0.361 0.361 0% 0.361 0% 0.361 0%
Willow Cr. 0494 0482 -2% 0430 -13% 0377 —-24%
upstream 0.085 0.075 —-12% 0.036 -57% —0.005 -106%
downstream 0.409 0407 -1% 0394 -4% 0382 -7%

Table 9.1: Urbanization impact for target area 1 in Oro Moraine. Shown are
baseflow quantities (m®/s) and percent changes with respect to unperturbed base
case.

Target area 2 comprises 28 km? (2.9 % of whole domain). Recharge over this
area is 0.30 m3/s or 3.5 % of the total water surplus. As expected, local recharge
perturbations in the Snow Valley Upland do reduce baseflow to the Minesing Swamp
(Table 9.2). Groundwater discharge to Willow Creek is also lowered, again with
the largest impact on the headwaters of this streamn. Baseflow to Bear Creek is
significantly reduced as well whereas the Matheson Creek is not affected in this
case. Reduced fluxes to Kempenfelt Bay and the Nottawasaga River constitute the
remaining effect of the lowered recharge. Lowered hydraulic heads near the Barrie
pumping wells indicate that these wells derive part of their water from this upland.

Target area 3 comprises 28 km? (2.9 % of whole domain). Recharge over this
area is 0.17 m3/s or 2.0 % of the total water surplus. Infiltration losses in the
Innisfill Uplands have a negligible effect on the groundwater mass balance of the
Minesing Swamp (Table 9.3). However, local baseflow to Bear Creek is impacted
quite dramatically. Reduced fluxes to Kempenfelt Bay and the upstream end of the
Nottawasaga River constitute the remaining effect of the lowered recharge. Water
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AR/R
0% —10% —50% —90%
Bear Cr. 0.044 0044 -1% 0039 —10% 0.035 —19%
Matheson Cr.  0.368 0.368 0% 0.368 0% 0.368 0%
Minesing Sw.  0.361 0.350 —3% 0.306 -15% 0262 —27%
Willow Cr. 0494 0493 0% 0480 -3% 0469 —5%
upstream  0.085 0.084 —1% 0080 -6% 0.076 -11%
downstream 0.409 0.408 0% 0400 -2% 0393 —4%

Table 9.2: Urbanization impact for target area 2 in Snow Valley Upland. Shown
are baseflow quantities (m3/s) and percent changes with respect to unperturbed

base case.

levels near the Barrie pumping wells are also reduced.

AR/R
0% -10% -50% -90%

Bear Cr. 0.044 0.024 -44% -0.053 -220% -0.131 -397%
Matheson Cr. 0.368 0.368 0% 0.368 0%  0.368 0%
Minesing Sw. 0361 0361 -3% 0361 -15% 0.360 -1%
Willow Cr. 0494 0494 0% 0.494 0% 0494 0%
upstream 0.085 0.085 0%  0.085 0% 0.085 0%
downstream  0.409 0.409 0%  0.409 0% 0.409 0%

Table 9.3: Urbanization impact for target area 3 in Innisfill Uplands. Shown are
baseflow quantities (m®/s) and percent changes with respect to unperturbed base

case.

9.5 Discussion

The hypothetical urbanization calculations suggest that low to medium density
residential development will result in a modest impact on baseflow to the Minesing
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Swamp. These groundwater fluxes in turn make up a relatively small fraction of the
total inflow to the swamp. However, the groundwater and surface water components
of the hydrologic cycle play largely different roles in the wetland ecology. Streamflow
is spatially focused and subject to significant temporal variations. Groundwater
provides a relatively steady inflow of water over larger portions of the wetland
which may be important for nutrient cycling and for maintaining soil moisture
conditions. Subtle changes in baseflow and hydraulic gradients may therefore have
a large unforeseen impact on the ecology of the swamp.

The headwaters of the Willow and Bear Creek were found to be highly sensitive
to local changes in infiltration. This is explained by the nature of the flow sys-
tem. Part of the recharge to the uppermost aquifer leaves the groundwater system
through the exposed sides of this unit along the flanks of the uplands, feeding the
headwaters. The associated baseflow quantities are small and depend entirely on
this shallow flow system in the upper aquifer. The headwaters are therefore easily
affected by a local loss of recharge.

The Minesing Swamp, Matheson Creek and the downstream end of Willow
Creek are being fed by the deeper aquifer system. These surface waters are less
sensitive to local changes in infiltration because recharge is received from the other
uplands as well. Furthermore, baseflow quantities in the lowlands are consider-
ably higher and will therefore be impacted to a lesser degree by localized urban
development.

The numerical model thus provides valuable insight into the behaviour of the
aquifer systern. The examples further illustrate how the model can be used to as-
sess the potential impact of urban development on the groundwater system and
on baseflow quantities. The benefit of using improved but more costly stormwater
collection systems can be determined in a similar fashion by an appropriate ma-
nipulation of boundary conditions. In this manner, the impact of urbanization on
baseflows to wetlands and streams can be managed by addressing specific develop-
ment scenarios.



Chapter 10

Summary and Conclusions

The present study was initiated with a detailed investigation of the Oro Moraine
multi-aquifer system as the main objective. This investigation was undertaken
because the pervious sands of the Moraine are thought to be the main recharge area
for subsurface drainage towards the Minesing Swamp, a 7000 hectares reserve which
has been categorized as " a world class resource of international significance”, owing
to its diverse habitats and its numerous rare plant species. Many new subdivisions
are rapidly being built in the area. Any resulting change to the groundwater system
may have a detrimental impact on the Minesing Swamp. An important goal of this
study therefore was to investigate the role of groundwater in the water balance of
the swamp, to identify sensitive recharge areas for baseflow to this wetland, and
to determine the potential impact of urbanization on this baseflow. A numerical
model was established for that purpose.

The water mass balance of a wetland is characterized by both surface and sub-
surface contributions. Thus, another objective was to develop a modeling approach
with which the relative importance of these contributions can be determined. A
further important focus of this study was the implementation of an inverse algo-
rithm in the numerical model and the testing of this algorithm in the context of the
Oro Moraine study. Automated calibration is needed to obtain optimal conductiv-
ity estimates and to determine the best match to both water level and streamflow
measurements. A final goal was to quantify uncertainty in the model output to
determine the significance of the urbanization impact calculations. An important
constraint on the numerical aspects of this study was to keep the modeling frame-
work consistent with the methodology developed for the Waterloo Moraine study
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in order to incorporate concepts of automated calibration and uncertainty analysis
in the delineation of capture zones for the municipal wells of the Region.

The study area was chosen to encompass all subwatersheds that drain towards
the Minesing Swamp from the surrounding uplands to the east. The dominant
physiographic features within the study area have been formed by extensive glacial
activity. The Oro or Bass Lake Moraine, the Innisfill Uplands and the Ski Valley
area are part of the Simcoe Uplands. These broad rolling till plains are separated
by steep-sided stream valleys and are bordered to the west by the Minesing Basin
which is part of the Simcoe Lowlands. The Minesing Swamp is located within
this basin. Willow Creek is the largest water course within the study area. It
flows from the Oro Moraine towards the Nottawasaga River. Other streams are
the Matheson, Bear and Mar! Creeks. The southeast section of the study area is
bounded by Kempenfelt Bay (Lake Simcoe).

The geologic history of the study area is complex. The overburden deposits
rest on a bedrock surface that is mainly comprised of limestone. In the Simcoe
Uplands, the overburden is entirely comprised of materials of glacial origin. Some
of the steep-sloped valleys that are part of the Simcoe Lowlands are thought to have
been formed by a catastrophic release of glacial meltwater. Coarse grained high
conductivity materials are found at the bottom of these so-called Tunnel Valleys.
These materials are then overlain by post-glacial deposits related to ancient Lake
Algonquin. The makeup of the overburden in the Simcoe Uplands and Lowlands is
thus quite different.

The hydrostratigraphy of the aquifer system was interpreted making use of a
total of 619 boreholes and 64 cross-sections. The conceptual model of the overbur-
den that was used throughout this interpretation is a system of 4 aquifers and 4
aquitards, consistent with constraints from previous hydrogeologic investigations.
The bedrock surface shows a gradual SW — NE increase in elevation from the Mi-
nesing Basin towards the Oro Moraine. The hydrostratigraphic contacts generally
dip in the same direction, as a result of the dominant south-southwest direction of
ice movement. The predicted outcrop of the hydrostratigraphic units appears to
be in reasonable agreement with surficial materials shown on Quaternary geologic
maps. Aquitard 1 provides a surficial till cover in the uplands. Aquifer 1 also only
exists in the uplands but is very pronounced with a maximum thickness exceed-
ing 80 m. Aquitard 2 has been interpreted to cover most of the lowlands. The
semi-confined Aquifer 2 outcrops in the Matheson Creek valley and the Minesing
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Swamp, areas that are associated with the margins of Lake Algonquin. Geologic
information from outside the study area suggests that at greater depth there are
possibly 2 more layers of till. These older layers of till constitute the deeper 2 con-
fining units. Information regarding the makeup of these deeper units is limited to 6
boreholes drilled by the Ontario Geologic Survey. An important contribution of the
present study therefore is to provide valuable insight into the hydrostratigraphy.
Such knowledge was previously limited to selected locations in the study area.

When the surficial geology is strongly heterogeneous, as in the case of the Oro
Moraine, the recharge mechanism is complex. The physical processes above the wa-
ter table are ignored in the free-surface models that are typically used in watershed-
scale investigations. An alternative modeling approach was therefore used to ad-
dress these concerns and to provide a steady state simulation of both surface and
subsurface water fluxes. This latter aspect is important with regard to constraining
the water mass balance of the Minesing Swamp. This approach consists of coupling
a pseudo-unsaturated model with a so-called recharge spreading layer.

In the pseudo-unsaturated model, a simple exponential relationship is used to
describe the saturation of the porous medium in the vadose zone, and the relative
permeability is set equal to this pseudo-saturation. A hypothetical example of
a multi-aquifer system was used to show that under heterogeneous near-surface
conditions a pseudo-unsaturated model better predicts the recharge mechanism
than can be achieved with a free-surface model which ignores the vadose zone. The
pseudo-unsaturated model was also compared to a true variably saturated model.
Discrepancies between the two models mainly arise from the coarser mesh used in
the pseudo-unsaturated simulations. Differences in predicted flow regimes below the
water table, which are the focus of interest, are only minor. The pseudo-unsaturated
representation thus provides a viable modeling alternative, better representing the
recharge mechanism than free-surface models, while maintaining computational
efficiency as compared to variably saturated models.

The recharge spreading layer is used to simulate the process of rainfall runoff by
redistributing recharge atop the model domain. Although such a high conductivity
layer has been used in the past to simulate infiltration for fractured or heterogeneous
porous media, no constraints were imposed on the fluid fluxes in this layer. However,
the recharge spreading layer conductivity was found to be very important for the
model simulations. In the present study, the fluxes in this layer are therefore
compared to the runoff component of measured streamflows. The Oro Moraine
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model was calibrated using these runoff constraints as well as baseflow and water
level measurements.

The calibration was performed using an inverse algorithm that was developed
based on existing theory. The inverse model uses a minimization algorithm that
consists of an unconstrained Gauss-Newton iterative search with a subsequent im-
posing of upper and lower bounds on the estimated parameters. Hydraulic conduc-
tivity values presently are the only adjustable parameters. The parameterization of
the conductivity field may either consist of a zonation or a combined zonation/pilot
point approach. This appears to be the first application of such a joint parameteri-
zation. Kriging is used to calculate the effect of the pilot points on the conductivity
distribution in their zone of influence. The covariance of the zonal conductivity esti-
mates is computed using a standard first-order second-moment analysis, making use
of the final calibration statistics. The covariance of the kriged conductivity fields
is derived from the geostatistical parameters and the conductivity data through
conditional probability.

The zonation was derived from the hydrostratigraphic interpretation of the
multi-aquifer system. Adjustable parameters are either the average conductivities
of the hydrostratigraphic units or point conductivity values within these units. In
the first phase of the calibration, average conductivities were optimized to account
for any bias introduced as a result of using the lithologic descriptions to spatially
distribute conductivity. The pilot points were used to achieve local conductivity
updates within the hydrostratigraphic units to refine the model calibration.

Two new least-squares performance measures were introduced as part of the
development of the inverse model. The first is a measure based on kriged heads
rather than point water level observations. The second calibration measure uses
calculated fluxes to certain Dirichlet boundaries that are incorporated in the model
to simulate the presence of streams and other surface water bodies.

Kriged heads were found to better constrain the groundwater flow system and
put tighter bounds on the conductivity distribution, thus reducing model uncer-
tainty. This is achieved by filling in the missing head information between the
individual point water level data. Because hydraulic head variations tend to be
gradual, kriging can adequately represent this spatial variability. Furthermore, the
kriged heads are less susceptible to noise than the data values themselves as the
effect of random noise is to some degree eliminated in the interpolation.
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The head calibration was found to be satisfactory although some local discrep-
ancies remain. Simulated heads were found to under-predict observed water levels
in the Oro Moraine area. This was attributed to the pronounced outcrop of the
uppermost aquifer along the eastern slope of the Matheson Creek valley. Calibra-
tion results further suggest that the lowermost aquitard unit is less continuous than
was inferred in the hydrostratigraphic interpretation. The conceptual model of the
aquifer system was therefore revised by lumping the lower two aquifers into a single
unit. This unit is known from previous investigations as the Alliston aquifer com-
plex, which has been suggested to extend from the Oak Ridges Moraine to Georgian
Bay.

Observed baseflow and runoff provide crucial information on the distribution
of recharge between the surface and subsurface systems. Data from four stream
gauge stations located along the Nottawasaga River and in the upper reaches of
Willow Creek were obtained. Contributions to the streamflow accumulation in the
Nottawasaga River arrive from the Minesing Swamp as well as the Bear, Marl,
Matheson and Willow Creeks. The calibration results indicate that the numerical
model is able to accurately simulate observed steady state runoff and baseflow.
The relative contribution of baseflow and runoff to the total observed streamflows
remains somewhat uncertain in the present steady-state analysis. Transient simu-
lations of the flow system are needed to determine the origin of seasonal variations
in streamflow generation and to better constrain the relative importance of surface
and subsurface fluxes.

Baseflow from the Innisfill Uplands accounts for only 8 % of the total fluxes to
Bear Creek. Both model simulations and stream gauge data show that groundwater
also does not contribute significantly to the upper reaches of Willow Creek. The
model predicts the baseflow component to increase sharply where the Willow Creek
enters the Simcoe Lowlands, downstream of Midhurst. In general, baseflow quanti-
ties are found to be higher in the Minesing Basin. Groundwater is also important
for the "cold water” Matheson Creek which is considered an important fish habitat.

Overall, the groundwater component accounts for 34 % of the total water bud-
get. Recharge was calculated from spatially variable precipitation data while as-
suming a uniform evapotranspiration rate. No attempt was made to determine a
spatially variable evapotranspiration as the effect of the non-uniform water surplus
on the model calibration was found to be subtle. The water mass balance for the
calibrated model indicates that pumping accounts for about 10 % of the total water
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budget and for about 30 % of the groundwater component. Water abstraction from
private water wells is an important unknown factor in the water mass balance of
the Oro Moraine system. More detailed information on pumping activity in the
study area therefore needs to be collected.

Groundwater fluxes to Kempenfelt Bay are most likely under-predicted because
the model allows the Barrie municipal wells to derive part of their water from
lake Simcoe. Flow of groundwater from the surrounding upland areas to the these
pumping wells should be facilitated. This mechanism could be provided by the
inclusion of the Barrie-Borden aquifer in the conceptual model. Due to a lack
of data constraining its geometry, this Tunnel Valley aquifer was not included in
the present conceptual model. Increased flow towards the Barrie area would reduce
fluxes to the Minesing Basin. This calibration discrepancy therefore to some degree
affects the simulated water mass balance of the Minesing Swamp.

The model calibration and mass balance results illustrate that the hydrostratig-
raphy plays a crucial role in modeling the multi-aquifer system. These results
further suggest that in refining the numerical model a first step should be a re-
evaluation of some of the geologic data and a revision of the conceptual model
to account for the different geologic history of the Simcoe Lowlands. However, in
general the present hydrostratigraphic model already provides an adequate repre-
sentation of the multi-aquifer system.

The hypothetical urbanization calculations suggest that low to medium density
residential development will result in a modest impact in baseflow to the Minesing
Swamp. These direct groundwater fluxes in turn make up a relatively small fraction
of the total inflow to the swamp. However, the groundwater and surface water com-
ponents of the hydrologic cycle play different roles in wetland ecology. Streamflow
is spatially focused and subject to significant temporal variations. Groundwater
provides a relatively steady inflow of water over larger portions of the wetland
which may be important for nutrient cycling and for maintaining soil moisture con-
ditions. Subtle changes in baseflow and hydraulic gradients may therefore have a
large unforeseen impact on the ecology of the swamp.

The headwaters of the Willow and Bear Creek were found to be quite sensitive
to local changes in infiltration. The associated baseflow quantities are small and
depend entirely on this shallow flow system in the upper aquifer. The Minesing
Swamp, Matheson Creek and the downstream end of Willow Creek are being fed
by the deeper aquifer system. These surface waters are therefore less sensitive to
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local changes in recharge. The numerical model thus provides valuable insight into
the behaviour of the aquifer system.

The available streamflow measurements put limited constraints on details of the
water mass balance, such as contributions from individual streams to the observed
total accumulation for the Nottawasaga River. This limitation affects the reliability
of the water mass balance and the urbanization impact calculations. A preliminary
stochastic analysis suggests that these calculations are subject to considerable un-
certainty. More stream gauge measurements are therefore crucial in refining the
Oro Moraine model.

Uncertainty in the conductivity distribution was taken into consideration through
a first order second moment analysis. Through a comparison with Monte Carlo sim-
ulations it was shown that model non-linearity and the role of the calibration data
are not yet adequately addressed in the uncertainty analysis. Monte Carlo simu-
lations do not provide a viable alternative for a detailed stochastic analysis due to
the high computational cost associated with the need to calibrate every realization
of the conductivity fields. The calculation of true confidence intervals for the water
mass balance was not possible as a result of the combined zonation/kriging con-
ductivity parameterization. The likelihood method has the potential of providing
a cost-effective and accurate alternative but the use of this method would require
that the conductivity parameterization is modified to a strictly zonation-based ap-
proach. Such an approach is not favored because it is difficult to identify zones of
similar hydrogeologic properties in a lateral sense. This problem was circumvented
by using a combined zonation/geostatistical parameterization. This parameteriza-
tion should therefore be maintained even though it does not allow for a detailed
stochastic analysis.

Compared to the Waterloo Moraine study, several advances have been made
from a numerical perspective. A pseudo-unsaturated model was developed that
provides an appealing alternative to the mesh deformation that was previously used.
Because the coupling with the recharge spreading layer is now achieved at the land
surface, the runoff component of measured streamflows can be used to constrain
the distribution of fluxes in this layer. The pseudo-unsaturated model also allows
for a fixed mesh which is appealing in the context of the model calibration. The
manual trial-and-error calibration that was used for the Waterloo Moraine model
was replaced by an automated inversion. This ensures that optimum conductivity
values are determined. This enables the user to objectively compare alternative



CHAPTER 10. SUMMARY AND CONCLUSIONS 220

modeling scenarios, as illustrated by the Oro Moraine example. Such a comparison
is a crucial part of any model calibration. Optimal parameter estimates are also
important in the context of an uncertainty analysis. Although some progress was
made, this stochastic analysis was largely hampered by limitations imposed by the
model parameterization. However, the sensitivity of the model calibration to the
hydrostratigraphy suggests that the lack of information regarding the location of the
aquifer/aquitard contacts is the most important factor governing model uncertainty.
This source of uncertainty can be considered, although in a limited fashion, by
determining the effect of certain extreme model scenarios, such as the opening or
closing of aquitard windows. Such an approach was already taken as part of the
Waterloo Moraine investigation.

Insight was provided into data and other requirements to further refine the
Oro Moraine model. Information on the tunnel valley aquifer systems is needed.
Delineating these aquifers is important if the detailed identification of groundwater
flow paths is of concern, such as for the identification of water well capture zones.
Given the lack of high quality deep borehole information constraining the geometry
of the tunnel valley aquifers, geophysical data would be useful. Seismic profiling is
an excellent tool for delineating the hydrostratigraphy of the (glacial) overburden.

The poorly determined borehole elevations and the resulting uncertainty in the
water level measurements are important factors limiting the model reliability. It is
therefore crucial that the borehole elevations are more accurately determined, ei-
ther by using digital topographic information or through a field survey of a number
of key boreholes. The crucial role of the poorly resolved geostatistical parameters
of the conductivity distribution in the model calibration and uncertainty analysis
was found to be a point of concern. Direct measurements of hydraulic conductivity
from pumping or slug tests are needed to better constrain subsurface hydrogeologic
properties and to more precisely determine the geostatistical parameters. Addi-
tional information on water abstraction from municipal and private pumping wells
should also be collected to better constrain the system water mass balance. Ad-
ditional gauging data for presently non-monitored streams are required to provide
insight into details of this mass balance. Crucial dynamics of the aquifer system are
revealed by its response to pumping tests as well as by seasonal variations in wa-
ter levels and streamflow generation. A calibration of the model to such transient
data will put tighter limits on the conductivity distribution, better constraining
groundwater fluxes and reducing model uncertainty.
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The Oro Moraine model may in the future be used for groundwater quantity
related land use planning. Furthermore, the City of Barrie is presently considering
a groundwater resources investigation for new municipal wells in the Willow Creek
valley. Important issues are the optimal management of these wells, the delineation
of their capture zones and an investigation into the potential for interference with
baseflow to the sensitive Willow Creek headwaters. The hydrogeologic characteri-
zation of the study area and the resulting numerical model provide a valuable basis
for such applications.
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Appendix A

Cross-sections

Cross-sections used in the hydrostratigraphic interpretation (Figure 7.3) are shown
on the following pages. A legend for the geologic symbols used in the boreholes is
given in Table 7.1. UTM coordinates of the start and end points of the cross-sections
are shown in the bottom corners. The elevation given on the vertical axes are in
meters above sea level. Intersection points with other cross-sections are indicated
at the bottom axes. The MOEE identification numbers of the boreholes are plotted
above the wells. Aquifers are indicated by triangles and dots and are labeled Al
through A4, aquitard units are designated by the flex symbols. The geometry of
the aquifer/aquitard contacts results from kriging of the interpreted elevation of
these contacts at the boreholes. Where the interpolated contacts reach above the
ground surface or below the bedrock, they are constrained to follow these surfaces.
If the aquifer/aquitard contacts cross they are constrained to their mean elevation
and the corresponding unit pinches out.
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