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Highlights
· Simulation streamflow depletion from pumping in the Dalmeny Aquifer under different scenarios.
· Determined pumping rate that would result in significant ecological damage to the North Saskatchewan River.
· Scenarios took into account varying streambed and aquifer composition as well as high flow and low flow seasons.

Abstract
In the Dalmeny Basin both ecosystems and people rely on local watercourses so it is important to determine how groundwater pumping could affect streamflow. As such, simulation of how streamflow would deplete under different scenarios was done using parameters within realistic ranges present in the area. From there the upper limit to the pumping rate before significant ecological damage would occur in the North Saskatchewan River, the region’s notable watercourse, was determined. The main method was the use of the R package called streamDepletr and its built in Glover, Hunt, and Hantush functions. One notable result is that a streambed with a weighted average composition resulted in the threshold before ecological damage being lower than if it were solely composed of the Upper floral unit. Additionally, the system is most sensitive to variations in storativity. In comparing the Glover, Hunt, and Hantush methods, it was also discovered that for identical scenarios, the Glover method predicts the most stream depletion while the Hantush method predicts the least. It was determined that to surpass the significant ecological damage threshold, the pumping rate from the Dalmeny Aquifer would have to surpass its recharge rate. Practically, reaching this point is unnecessary given the area’s current and historical groundwater usage, as well as unsustainable for the aquifer itself.
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1. Introduction
Streams are an important source of water, not just for the ecosystems in which they are present, but also for human use. In addition to streams and surface water, groundwater is also an important source of water for agricultural, industrial, and domestic uses. However, in systems where the groundwater and surface water are connected, groundwater pumping can contribute to the lowering of streamflow (Lackey et al., 2015). This process is called streamflow depletion (Zipper et al., 2022). As such, it is useful to know how much groundwater pumping will contribute to the reduction of streamflow for water management purposes. This allows for one to minimise potential environmental or economic damage that would result from a reduced amount of available stream water, by determining just how much pumping is possible before notable streamflow depletion occurs. As a general rule, a significant amount of ecological protection will remain if pumping depletes less than 10% of the natural streamflow present in the water body (Richter et al., 2012). This is not to say that there are no other ideas regarding the maximum amount of depletion that can occur before a stream undergoes significant ecological damage. Some suggest a streamflow depletion equal to 10% of the baseflow, while others suggest up to 50% stream depletion for certain organisms (Gleeson & Richter, 2018; Kennen et al., 2014). In scenarios where the original condition of the water body isn’t known, comparison can be made to untouched water bodies with similar geology, water width, and depth. The deviation from this reference point can then be used to determine its ecological status (Acreman & Ferguson, 2010). By pumping groundwater sustainably, one can reduce the damage done to streams, allowing for their continued ecological, economic and human use.
The area of interest is Dalmeny, which is located in southern Saskatchewan. Southern Saskatchewan is an area with significant agricultural activity where water scarcity and unpredictability have impeded the productivity of both natural ecosystems as well as human settlement (Thraves et al., 2007). The North Saskatchewan River is in the vicinity of the Dalmeny aquifer (Saskatchewan Watershed Authority, 2011), and may be impacted by pumping in the aquifer (Fig. 1). The Dalmeny aquifer (Fig. 2) sits below the town of Dalmeny and the area is mostly dominated by agricultural land, with most of the mixed forest and hardwood forest ecosystems located along the edges of the North Saskatchewan River (Fig. 1). As such, knowing how groundwater pumping from the Dalmeny aquifer would affect streamflow is important for responsibly managing the water resources that are available.
[image: ]Figure 1: Land use in the Saskatoon 73B area, with the approximate extent of the Dalmeny aquifer circled in red. Note the North Saskatchewan River on the western end. Modified from Saskatchewan Watershed Authority (2011).
[image: ]Figure 2: A cross section of the Dalmeny Aquifer and the surrounding geological units. Note how the thickness of these units varies across the area. Modified from Fortin et al. (1991)​.
Pertaining to the hydrogeology of Dalmeny, Fortin et al. (1991) have done research including the composition and thickness of the Dalmeny aquifer, as well as the clay and silt upper units in contact with the surface. Additionally, Thraves et al. (2007) have documented the effect changes in surface water availability can have on southern Saskatchewan’s ecosystems and people. A large amount of hydrogeological data is available from the Saskatchewan Watershed Authority (2011), which has maps showing the lateral extent of different geological units in and around Dalmeny, as well as cross sections indicating these units’ thicknesses. There are also a variety of values for transmissivity, storativity, and hydraulic conductivity for the Dalmeny aquifer as well as the overlying units available for use (Saskatchewan Watershed Authority, 2011). Cross sections created from boreholes on the sides of the North Saskatchewan River indicate that the Dalmeny Aquifer is overlain by mostly the Upper Floral Aquitard along with a thin, sometimes discontinuous Battleford Aquitard unit which are likely candidates for the resistant streambed (Saskatchewan Watershed Authority, 2011). The Government of Canada (2022) also keeps data on the streamflow and water levels of the North Saskatchewan River throughout the year, which is useful for evaluating some of the previously mentioned goals. It is from these sources that the data necessary for calculating streamflow depletion will be retrieved. In particular, they are useful in determining what ranges of values are reasonable to the area in and around Dalmeny which will then be used in simulating the streamflow depletion.
Numerical methods are often used for predicting streamflow depletion under different pumping scenarios, as are analytical methods. Examples of numerical methods used to determine streamflow depletion from groundwater pumping include Michigan’s Water Withdrawal Screening Tool and the MODFLOW model used specifically in the region of Kalamazoo (Reeves et al., 2009). The main advantage of numerical models is that they have the ability to simulate more complex systems than analytical models (Reeves et al., 2009). The reason that these kinds of methods were not considered for use in this project is its main drawback: numerical models require a large amount of site specific data and analysis (Reeves et al., 2009) and are complex to develop. Since obtaining very large quantities and varieties of data and analysing it all to make an accurate numerical model is out of the scope of this work, the use of analytical methods was chosen.
In the way of analytical solutions that account for a streambed, both Hunt (1999) and Hantush (1965) have presented analytical solutions that account for streambed resistance to stream depletion from groundwater pumping. The Glover method is another analytical method which assumes no streambed resistance (Reeves et al., 2009). Accurate estimates using analytical functions have also been demonstrated by Zipper et al. on multiple occasions (2019b; 2019c). Of note, analytical methods applied using StreamDepletr were used in a study of how groundwater pumping for cannabis cultivation affected ecosystems and contributed to changes in streamflow in northern California (Zipper et al., 2019c). For Canadian sites in particular, it was found that StreamDepletr was used to simulate stream depletion in the Assiniboine Delta (Tian, 2021). Both the Glover and Hunt methods had been used to simulate streamflow depletion in that study, but not the Hantush method (Tian, 2021). The main benefit of using analytical methods over numerical ones is that they require less site-specific data required to apply them (Reeves et al., 2009).
Previous research has used analytical methods to simulate streamflow depletion, but none of them are focused on Dalmeny (Tian, 2021; Zipper et al., 2019c). Studies have compared results between analytical solutions, often including the Glover (Glover & Balmer, 1954) and Hunt (Hunt, 1999) methods (Tian, 2021). Selecting an appropriate method is often hampered by uncertainty in how well the site meets the assumptions of each method. This poses a problem, since information detailing the potential effects of groundwater pumping on streamflow is an important part of ensuring that watercourses are preserved and continue to provide ecologic and economic benefits.

The major objective of this work is to determine how much water can be pumped from the Dalmeny Aquifer before dealing significant ecological damage. This objective will be met by simulating how streamflow would be depleted under various groundwater pumping scenarios in the Dalmeny aquifer, which is the largest and most prominent aquifer in the Dalmeny area (Saskatchewan Watershed Authority, 2011). Since the North Saskatchewan River is the only notable watercourse in the area (Fig. 1), this work will simulate this streamflow depletion from a river with similar characteristics. In doing this, the aim is also to determine how sensitive this system is to changes in well distance to stream, transmissivity, storativity and hydraulic conductivity as well as see which pumping scenarios don’t result in significant ecological damage.
The streamflow depletion scenarios will take into account seasonal variations in streamflow, differing pumping rates and the varying parameter values found in Dalmeny. In doing so, the aim is to also understand which parameters affect the scenarios the most, determine how much pumping can occur before dealing significant ecological damage, and see by how much the different analytical methods differ in their predictions.
The objective and its more minor goals will be met through gathering and applying information about the hydrogeology around Dalmeny as well as using an analytical solution to simulate streamflow depletion. The use of the streamDepletr package in R allows for the use of three different analytical solutions for stream depletion. These are the Glover, Hunt and Hantush methods.

2. Materials and methods
	2.1. Study Area
The most notable aquifer in Dalmeny is the aptly named Dalmeny Aquifer. Fortin et al. (1991) have collected data for the aquifer, including its composition and thickness, as well as the composition and thickness of the clay and silt upper units in contact with the surface. A large amount of hydrogeological data and cross sections showing the extent of the hydrogeological units in the area are also available (Saskatchewan Watershed Authority, 2011). The Dalmeny Aquifer itself is believed to be approximately 30m thick (Fortin et al., 1991), but tapering off towards the edges in an irregular shape (Fig. 2). The total groundwater recharge rate is understood to be approximately 1,200,000 m3 / year for the northern half of the aquifer alone, while current usage is thought to only be about 400,000 m3 / year (Fortin et al., 1991). No data could be found determining the recharge rate of the southern portion of the Dalmeny Aquifer, however it is noted that negligible discharge occurs in it towards the valley of the South Saskatchewan River (Fortin et al., 1991). As such, one could expect little effect on (or from) the South Saskatchewan River when pumping the Dalmeny Aquifer, be that the northern or southern portions. The overlying layers are most notably composed of the Upper Floral unit and the Battleford unit, and are much thinner on average. The Upper Floral unit varies the most, being anywhere from 3 to 35 m thick above the Dalmeny aquifer, but averaging in thickness at about 20m (Fortin et al., 1991). The Battleford unit is the thinnest of the units that are being considered, varying from 0 to 10m in thickness (Saskatchewan Watershed Authority, 2011). The North Saskatchewan River, which is the only river in the area, has a varying thickness, but is about 300 m wide at the point where it runs through the Dalmeny Aquifer (Google, n.d.). Nearby to the site on the North Saskatchewan River, the Government of Canada has a station recording streamflow data, showing large amounts of seasonal variation in discharge (2022). Much of the data is summarised in Table 1.
Table 1: Site parameters. Data from (Fortin et al., 1991; Saskatchewan Watershed Authority, 2011; Government of Canada, 2022).
	 
	Mean
	Minimum
	Maximum

	Dalmeny Aquifer1
	 
	 
	 

	Transmissivity
	432 m2/d
	130 m2/d
	708 m2/d

	Storativity
	7.3x10-4
	3.9x10-4
	1.6x10-3

	Hydraulic Conductivity
	2.1x10-4 m/s
	6.2x10-5 m/s
	3.7x10-4 m/s

	Upper Floral Aquitard2
	 
	 
	 

	Hydraulic Conductivity
	1.0x10-8 m/s
	N/A
	N/A

	Battleford Aquitard3
	 
	 
	 

	Hydraulic Conductivity
	1.0x10-7 m/s
	N/A
	N/A

	River streamflow (March - August)4
	285 m3/s
	68.5 m3/s
	848 m3/s

	River streamflow (September - February)4
	155 m3/s
	66.6 m3/s
	284 m3/s


1: Thickness: Up to 30 m (Fortin et al., 1991), average 20 m (Saskatchewan Watershed Authority, 2011).
2: Thickness: 3-35 m, average 20 m (Fortin et al., 1991)
3: Thickness: Discontinuous: ​0-2 m (Fortin et al., 1991) to ​0-10 m above Dalmeny Aquifer (Saskatchewan Watershed Authority, 2011).
4: North Saskatchewan River width: ~300 m (Google, n.d.)
	2.2. Modelling Assumptions
Different methods can be used to simulate stream depletion due to pumping, so there are many options one could choose when simulating streamflow depletion in Dalmeny. However, as described above, analytical methods were selected for this project. While both numerical models and analytical solutions could be used to simulate stream depletion, numerical models often require a wide variety of data that may not be available and often need significant investment of time and resources (Tian, 2021). As such it was determined to be more feasible to focus on analytical solutions as they require less data and are less time intensive. In exchange, assumptions are required to use these analytical models, including assuming the aquifer being homogenous, isotropic, and extending infinitely, the transmissivity and stream stage remaining constant, no streambank storage, vertical groundwater flow or recharge due to pumping occurs and that the streams are linear and go on to infinity (Zipper, 2020). Additionally, the aquifer in question must be assumed to either be a confined aquifer, or be unconfined as long as no change in hydraulic head occurs due to pumping (Zipper, 2020). The Glover method makes two additional assumptions, that the stream fully penetrates the aquifer and there is no streambed resistance (Zipper, 2020).
It has been shown that the overlying sediment consists of clay and silt which differs from the sand and gravel aquifer (Fortin et al., 1991). So, it makes sense to use models that can accommodate for differences between the streambed and aquifer, since units of different composition will have different hydrological properties. Additionally, it has been deemed reasonable to assume that a streambed will have a somewhat lower hydraulic conductivity than the aquifer that feeds it (Gunduz, 2007). This does not discount the use of the Glover method however, since it can serve as a point of reference for the maximum amount that streamflow could be depleted in the event that the streambed materials were not present and have negligible resistance.
	2.3. Analytical Methods: Glover, Hantush, and Hunt
In this work, the Glover, Hantush and Hunt methods will be applied using the StreamDepletr package in R and the difference in their predictions for streamflow depletion in each scenario will be compared. The three methods are described below:
Glover’s method (Glover & Balmer, 1954) is represented in the StreamDepletr package (Zipper, 2019a) by the following equation:
Qf = erfc ()                                                               	  equation (1)
Where:
Qf = streamflow depletion as a fraction of the pumping rate
t = time since pumping began (s)
S = specific yield or storativity (StreamDepletr allows for storativity to be substituted if the aquifer is confined)
d = distance from the pumped well to the stream bank (m)
Tr = transmissivity (m2/s)


Hantush’s method (Hantush, 1965) is represented in the StreamDepletr package (Zipper, 2019) by the following equation:
Qf = erfc ( - * erfc( + )                                       equation (2)
Where:
T = Kh * b (m2/s)
L = (Kh/Kriv) * briv (m)
Kh = aquifer hydraulic conductivity (m/s)
b = aquifer thickness (m)
Kriv = streambed hydraulic conductivity (m/s)
briv = streambed thickness (m)
Hunt’s method (Hunt, 1999) is represented in the StreamDepletr package (Zipper, 2019a) by the following equation:
Qf = erfc () -  * (erfc (+)                             equation (3)
Where:
C = conductance term = w * Kriv / briv
w = width of stream (m)
The StreamDepletr package allows for the use of three analytical solutions, notably those by Hantush, Glover and Hunt (Fig. 3). Glover’s model assumes the stream fully permeates the aquifer and that flow through the streambed faces no resistance (Glover & Balmer, 1954), while Hantush’s model doesn’t make this assumption and accommodates for a difference between the streambed and the aquifer (Hantush, 1965). Hunt’s model also takes into account the different streambed and aquifer materials, but handles it differently, such as requiring information on the stream’s width (Hunt, 1999). 

[image: ]Figure 3: Diagrams of the Glover (A), Hantush B), and Hunt (C) methods. Modified from (Reeves et al., 2009).

	2.5. Identifying parameters to change in pumping scenarios

In order to compare the sensitivity results from these methods, it follows that the different pumping scenarios chosen must change parameters that multiple methods have in common. The Hantush and Hunt methods share some parameters, but also have parameters that are unique to each of their methods. The Glover method on the other hand requires the least amount of variables, all of which are also either included in the Hantush and/or Hunt methods. The distance of the pumping well to the stream is one such parameter, and it is something humans have control over, so it makes sense to use pumping scenarios in which the well is at different distances from the stream. Other variables shared in common between these methods include data about the aquifer itself. Given that minimum, mean, and maximum values of things such as stream thickness, hydraulic conductivity, transmissivity, and storativity are available (Table 1), these can be used to produce different pumping scenarios within a reasonable range present in Dalmeny. Information about the measured range of the Dalmeny aquifer’s thickness are also available, which can further allow for parameters to be chosen which are accurate for the area of study (Fortin et al., 1991; Saskatchewan Watershed Authority, 2011).

	2.5.1. Streambed parameters
With the exception of the Glover method, these methods require information about the streambed, such as the streambed’s thickness and hydraulic conductivity. So changing those parameters within ranges reasonable to their composition in Dalmeny makes for a good comparison. Looking at hydrogeological data and cross sections of the area, one can see two candidates for the streambed layer, notably the Upper Floral and Battleford aquitard units (Fortin et al., 1991; Saskatchewan Watershed Authority, 2011). Since the Battleford unit is occasionally not present or hydrologically negligible (Fortin et al., 1991) yet at other places up to 10m thick (Saskatchewan Watershed Authority, 2011), 3 scenarios can be chosen. One choice would be to use only the Upper Floral aquitard data for the streambed component. This would account for the scenario in which pumping effects an area with little to no presence of the Battleford unit. The other scenario would be to average out the data values for the Upper Floral and Battleford units and use these new values for the streambed component. The third, less accurate scenario would be to assume no streambed via the Glover method, which would be included for completeness. Since the Hunt and Hantush methods only account for a single, uniform streambed unit, both units must be simplified into a single one for the model. Averaging out the hydraulic conductivities and presenting the paired Upper Floral and Battleford units as one thicker, homogenous unit would allow for one to account for the scenario in which there is a significant presence of both units in the streambed.
The second scenario is for a reasonable streambed accounting for both units, in which the thickness of both units will be added and a weighted average hydraulic conductivity will be assigned. Since different researchers have different ranges for the thickness of the Battleford unit, the largest value that is within both ranges will be selected. This is 2 m (Fortin et al., 1991; : The weighted average would be 1.81x10-8m/s, as shown below:

Upper Floral Aquitard:                 	Battleford Aquitard:
Thickness: 20 m                            	Thickness: 2 m
K = 1.0x10-8 m/s                           	K = 1.0x10-7 m/s
Thicknessweighted = 22m                                   	
2/(20+2) = ~0.09  	1-0.09 = 0.91
Kweighted = (1.0x10-8)*0.91 + (1.0x10-7)*0.09 = 1.81x10-8 m/s
	2.6. Accounting for seasonal variation in streamflow
In order to account for the seasonal differences in streamflow mentioned previously, seasonal data must be taken into account. Dividing available streamflow data into two “seasons”, March to August and September to February respectively, and calculating the average discharge for each will yield information that can be compared to the volumetric streamflow depletion that will be calculated from this project. The minimum and maximum values can also be determined (Table 1). If streamflow depletion is less than 10%, it follows that a good amount of ecological protection will be maintained (Richter et al., 2012).
	2.7. Accounting for distance from well to stream
As mentioned previously, the variables that are to be varied were chosen based on whether humans have control over them and if they are included in all or most of StreamDepletr’s prediction methods. In the case of human controlled variables, distance from well to stream and pumping rate can be varied. The shortest and farthest distance from well to stream can be determined by looking at the maps provided by the Saskatchewan Watershed Authority (2011). Consulting these maps, the furthest possible distance between a simulated well within the aquifer and the stream is 10 km. As such, different scenarios will involve increasing the distance from the river in 4 increments of 2500 m. Since the Dalmeny Aquifer’s far southern end has negligible interaction with the South Saskatchewan River (Fortin et al., 1991), the assumption has been made that if pumping occurs towards the end of the aquifer it will still directly affect only the North Saskatchewan River.

	2.8. Finding sensitivity of streamflow depletion to parameter change
In order to determine the sensitivity of streamflow depletion to the transmissivity, storativity and hydraulic conductivity of the Dalmeny aquifer, normalisation will be done. First, the mean, minimum, and maximum values for hydraulic conductivity, transmissivity, and storativity will be run through StreamDepletr to determine the streamflow depletion in each case as Qf, the capture fraction. In each scenario, only one variable will be changed. After this, these values and their outputs will be normalised so that the amount that these variables affect streamflow depletion can be directly compared. Using the hydraulic conductivity, K, as an example, the normalisation will be done in the following fashion:
 = Sensitivity of model to change in K

As mentioned previously, scenarios will occur during one of two half-year long “seasons”, so the simulations will be run for 178 days (approximately half a year). Since the analytical methods in StreamDepletr produce Qf values that increase and then plateau as time increases, the “Result” Qf values chosen will be the Qf at day 178, the maximum Qf value in the scenario where it is the closest it can possibly be to plateauing. That way, when determining the pumping rate that will keep the streamflow depletion under 10% of the streamflow, it will be a more conservative estimate. The normalised values from the scenarios ran with all three methods will then be compared, to determine which parameters had the most or least effect on streamflow depletion and whether different methods resulted in different parameters being more or less important.

	2.9. Comparing streamflow

Through StreamDepletr the Glover, Hunt and Hantush methods will be used to determine the streamflow depletion under different scenarios. StreamDepletr returns Qf, the capture fraction, which when multiplied by the pumping rate Qw yields the volumetric streamflow depletion (Zipper, 2020). Since volumetric streamflow data is readily available (Government of Canada, 2022), the volumetric streamflow depletion can be compared to the North Saskatchewan River’s streamflow data during different parts of the year. As mentioned previously, if the amount of streamflow depletion is not under 10% of a stream’s natural streamflow, significant ecological damage may result (Richter et al., 2012). As such, by dividing the minimum, mean, and maximum volumetric streamflow of the river in both seasons by 10, one can find the amount of streamflow depletion which would exceed this limit. By rearranging StreamDepletr’s formula for streamflow depletion, these values will be used to determine what threshold the pumping rates should be below in order to prevent significant ecological damage. An example is shown below:

volumetric streamflow depletion (VSD) = Qf * Qw

volumetric streamflow of river / 10 = VSD limit

VSD limit = Qf * Qw

Qw = VSD limit / Qf

Where:
Qw = pumping rate			Qf = capture fraction

3. Results and analysis

3.1. Qf for the Glover model

When keeping all other parameters at their mean values and varying the storativity by the Dalmeny Aquifer’s minimum, maximum, and mean values, it was found that Qf increased with decreasing storativity (Figure 4;Table 2). Qf quickly plateaus towards the end of the 178 day season. When varying the transmissivity by the Dalmeny Aquifer’s minimum, maximum, and mean values, it was found that Qf increased with increasing Transmissivity (Figure 5;Table 2). Qf begins to plateau towards the end of the 178 day season as well. Upon varying the distance of the well to the stream by increasing intervals of 2500 m up to 10000 m, it was found that Qf decreased with increasing distance (Figure 6;Table 2). Qf begins to plateau more quickly in scenarios with closer distances.
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Figure 4: Capture fraction of steam depletion using the minimum, maximum and mean storativity of the Dalmeny Aquifer
[image: ]
Figure 5: Capture fraction of steam depletion using the minimum, maximum and mean transmissivity of the Dalmeny Aquifer
[image: ]
Figure 6: Capture fraction of steam depletion using varying distance of the well to the stream

Table 2: Qf values at day 178 for each simulated scenario using the Glover model. Minimum, mean, and maximum values can be found in Table 1.
	S
	Tr
	d
	Qf

	minimum
	mean
	5000
	0.8012 

	maximum
	mean
	5000
	0.6100 

	mean
	mean
	5000
	0.7304

	mean
	minimum
	5000
	0.5300

	mean
	maximum
	5000
	0.7879

	mean
	mean
	2500
	0.8632

	mean
	mean
	5000
	0.7305

	mean
	mean
	7500
	0.6054

	mean
	mean
	10000
	0.4908



3.2. Qf for the Hunt model


When keeping all other parameters at their mean values and varying the storativity by the Dalmeny Aquifer’s minimum, maximum, and mean values, it was found that Qf increased with decreasing storativity for both streambed types (Figure 7; Figure 8;Table 3). Qf begins to plateau towards the end of the 178 day season with the minimum, maximum, and mean Storativity scenarios. in varying the transmissivity by the Dalmeny Aquifer’s minimum, maximum, and mean values, it was found that Qf increased with increasing transmissivity for both streambed types initially (Figure 9; Figure 10). However, by day 178, the lowest transmissivity scenarios had the highest Qf (Figure 9; Figure 10; Table 3). Changing the distance of the well to the stream by increasing intervals of 2500 m up to 10000 m, it was found that Qf decreased with increasing distance for both streambed types (Figure 11; Figure 12;Table 3). 
[image: ]
Figure 7: Capture fraction of steam depletion using the minimum, maximum and mean storativity of the Dalmeny Aquifer, assuming a streambed of upper floral unit composition
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Figure 8: Capture fraction of steam depletion using the minimum, maximum and mean storativity of the Dalmeny Aquifer, assuming a streambed of weighted composition
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Figure 9: Capture fraction of steam depletion using the minimum, maximum and mean transmissivity of the Dalmeny Aquifer, assuming a streambed of upper floral unit composition


[image: ]
Figure 10: Capture fraction of steam depletion using the minimum, maximum and mean transmissivity of the Dalmeny Aquifer, assuming a streambed of weighted composition
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Figure 11: Capture fraction of steam depletion using varying distance of the well to the stream assuming a streambed of upper floral unit composition
[image: ]
Figure 12: Capture fraction of steam depletion using varying distance of the well to the stream assuming a streambed of weighted composition

Table 3: Qf values at day 178 for each simulated scenario using the Hunt model. Minimum, mean, maximum and streambed values can be found in Table 1.
	Streambed
	S
	Tr
	d
	Qf

	Upper floral
	minimum
	mean
	5000
	0.1448 

	Upper floral
	maximum
	mean
	5000
	0.0531

	Upper floral
	mean
	mean
	5000
	0.0970

	Upper floral
	mean
	minimum
	5000
	0.1060

	Upper floral
	mean
	maximum
	5000
	0.0863

	Upper floral
	mean
	mean
	2500
	0.1227 

	Upper floral
	mean
	mean
	5000
	0.09697

	Upper floral
	mean
	mean
	7500
	0.0752

	Upper floral
	mean
	mean
	10000
	0.0571

	Weighted
	minimum
	mean
	5000
	0.2167 

	Weighted
	maximum
	mean
	5000
	0.0834

	Weighted
	mean
	mean
	5000
	0.1488

	Weighted
	mean
	minimum
	5000
	0.1567 

	Weighted
	mean
	maximum
	5000
	0.1341

	Weighted
	mean
	mean
	2500
	0.1876

	Weighted
	mean
	mean
	5000
	0.1488

	Weighted
	mean
	mean
	7500
	0.1157

	Weighted
	mean
	mean
	10000
	0.0882



3.3 Qf  for the Hantush model

When keeping all other parameters at their mean values and varying the storativity by the Dalmeny Aquifer’s minimum, maximum, and mean values, it was found that Qf increased with decreasing storativity for both streambed types (Figure 13; Figure 14; Table 4). Qf begins to plateau towards the end of the 178 day season, with the minimum, maximum, and mean storativity scenarios. While varying the hydraulic conductivity by the Dalmeny Aquifer’s minimum, maximum, and mean values, it was found that Qf increased with increasing hydraulic conductivity for both streambed types initially (Figure 15; Figure 16). However, by day 178, the lowest transmissivity scenarios had the highest Qf (Figure 15; Figure 16; Table 4). In increasing the distance of the well to the stream by increasing intervals of 2500 m up to 10000 m, it was found that Qf decreased with increasing distance for both streambed types (Figure 17; Figure 18; Table 4).
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Figure 13: Capture fraction of steam depletion using the minimum, maximum and mean storativity of the Dalmeny Aquifer, assuming a streambed of upper floral unit composition
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Figure 14: Capture fraction of steam depletion using the minimum, maximum and mean storativity of the Dalmeny Aquifer, assuming a streambed of weighted composition
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Figure 15: Capture fraction of steam depletion using the minimum, maximum and mean hydraulic conductivity of the Dalmeny Aquifer, assuming a streambed of upper floral unit composition
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Figure 16: Capture fraction of steam depletion using the minimum, maximum and mean hydraulic conductivity of the Dalmeny Aquifer, assuming a streambed of weighted composition
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Figure 17: Capture fraction of steam depletion using varying distance of the well to the stream assuming a streambed of upper floral unit composition
[image: ]
Figure 18: Capture fraction of steam depletion using varying distance of the well to the stream assuming a streambed of weighted composition

Table 4: Qf values at day 178 for each simulated scenario using the Hatnush model. Minimum, mean, maximum and streambed values can be found in Table 1.
	Streambed
	S
	K
	d
	Qf

	Upper floral
	minimum
	mean
	5000
	0.0234

	Upper floral
	maximum
	mean
	5000
	0.0077 

	Upper floral
	mean
	mean
	5000
	0.0149

	Upper floral
	mean
	minimum
	5000
	0.0164

	Upper floral
	mean
	maximum
	5000
	0.0129 

	Upper floral
	mean
	mean
	2500
	0.0194

	Upper floral
	mean
	mean
	5000
	0.0149

	Upper floral
	mean
	mean
	7500
	0.0111

	Upper floral
	mean
	mean
	10000
	0.0082

	Weighted
	minimum
	mean
	5000
	0.0379 

	Weighted
	maximum
	mean
	5000
	0.0125

	Weighted
	mean
	mean
	5000
	0.0242

	Weighted
	mean
	minimum
	5000
	0.0265

	Weighted
	mean
	maximum
	5000
	0.0210 

	Weighted
	mean
	mean
	2500
	0.0316

	Weighted
	mean
	mean
	5000
	0.0242

	Weighted
	mean
	mean
	7500
	0.0181

	Weighted
	mean
	mean
	10000
	0.0133



 	3.4. Normalisations of S, K, Tr, and d

The retrieved normalisation values for the parameters of storativity, transmissivity, hydraulic conductivity, and distance of the well to the stream differ depending on both the analytical method chosen and what characteristics the streambed is given (Table 2). For the Glover and Hunt methods, storativity has the highest normalisation values, followed by transmissivity and finally distance of the well to the stream. Using the Hantush method, storativity and distance of well to stream still have the highest and lowest normalisation values respectively. However, hydraulic conductivity as a parameter replaces transmissivity, leaving it’s value above distance of well to stream and below storativity. In both the Hantush and Hunt methods, when the Upper floral unit is used as the streambed the normalisation values are lower than if the streambed were to use the weighted average streambed instead. Additionally, for the parameters that both the Hunt and Hantush methods have in common, the storativity and distance of well to stream, the normalisation values were lower in the Hantush method than the Hunt method.

Table 2: Normalisations of the changes in S, K, Tr, and d at day 178
	
	Normalisation

	S (Glover)
	-157.97 (change in Qf / change in Storativity)

	Tr (Glover)
	4.4608x10-4 (change in Qf / m2/d)

	d (Glover)
	-4.9653x10-5 (change in Qf / m)

	S (Hunt, Upper floral bed)
	-75.77 (change in Qf / change in Storativity)


	Tr (Hunt, Upper floral bed)
	-3.4122x10-5 (change in Qf / m2/d)

	d (Hunt, Upper floral bed)
	-8.7478x10-6 (change in Qf / m)

	S (Hunt, Weighted bed)
	-110.19 (change in Qf / change in Storativity)


	Tr (Hunt, Weighted bed)
	-3.9011x10-5 (change in Qf / m2/d)

	d (Hunt, Weighted bed)
	-1.3243x10-5 (change in Qf / m)

	S (Hantush, Upper floral bed)
	-13.00 (change in Qf / change in Storativity)


	K (Hantush, Upper floral bed)
	-1.3334x10-4 (change in Qf / m/day)

	d (Hantush, Upper floral bed)
	-1.4992x10-6 (change in Qf / m)

	S (Hantush, Weighted bed)
	-20.97 (change in Qf / change in Storativity)


	K (Hantush, Weighted bed)
	-2.0796x10-4 (change in Qf / m/day)

	d (Hantush, Weighted bed)
	-2.4345x10-6 (change in Qf / m)






3.5. High flow season (March-August) scenarios

The Qw thresholds below represent the pumping rate that results in a 10% reduction in volumetric streamflow from the North Saskatchewan River. The Qw values start high and then decrease and plateau towards day 178 (Figure 19). Using the Qw value at day 178 as the threshold results in never taking more than 10% of the streamflow from the river at any point in time. In the high flow season scenarios, the Upper floral streambed  “maximum Qw” scenario had a threshold of 1219039474 m3/day. Its “minimum Qw” and “average Qw” scenarios were 2454187 m3/day and 25402527 m3/day respectively. The weighted streambed “maximum Qw” scenario had a threshold of 175047357 m3/day, while its “minimum Qw” had a threshold of 1740263 m3/day. The weighted streambed  “average Qw” scenario’s threshold was 16557103 m3/day. On the other hand, the no streambed scenarios had a threshold of 17215030 m3/day for the “maximum Qw”, 723093.6 m3/day for the “minimum Qw” threshold, and 3371862 m3/day for the “average Qw” threshold. In all cases, the Qw values start off very high, but quickly decreases and then stabilises towards day 178 of the season (Figure 19).
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Figure 19: No streambed, weighted streambed, and upperfloral streambed with their Qw thresholds using maximum, minimum, and mean parameters during high flow season

3.6. Low flow season (September-February) scenarios

The Qw thresholds below represent the pumping rate that results in a 10% reduction in volumetric streamflow from the North Saskatchewan River. The Qw values start high and then decrease and plateau towards day 178 (Figure 20). Using the Qw value at day 178 as the threshold results in never taking more than 10% of the streamflow from the river at any point in time. In the low flow season scenarios, the Upper floral streambed  “maximum Qw” scenario had a threshold of 408263220 m3/day. Its “minimum Qw” and “average Qw” scenarios were 2386114 m3/day and 13828526 m3/day respectively. The weighted streambed “maximum Qw” scenario had a threshold of 262181819 m3/day, while its “minimum Qw” had a threshold of 1691993 m3/day. The weighted streambed  “average Qw” scenario’s threshold was 9013290 m3/day. On the other hand, the no streambed scenarios had a threshold of 38963273 m3/day for the “maximum Qw”, 624332.8 m3/day for the “minimum Qw” threshold, and 1835561 m3/day for the “average Qw” threshold. In all cases, the Qw values start off very high, but quickly decreases and then stabilises towards day 178 of the season (Figure 20).
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Figure 20: No streambed, weighted streambed, and upperfloral streambed with their Qw thresholds using maximum, minimum, and mean parameters during low flow season

4. Discussion

4.1. Effect of varying parameters on the Qf values
 
As mentioned previously, the normalised values were determined for each of the parameters which were varied within a range of values reasonable to the Dalmeny Aquifer (Table 2). This allowed for one to determine how influential each parameter was on the change in Qf per change by one of each parameter’s unit. When using the Glover method, the normalised values indicate that the system is most sensitive to changes in storativity. On the other hand, the system was least sensitive to changes in the distance of the well to the stream, with a value relatively close to zero. Although also having a relatively low normalised value, changes in the transmissivity were still more influential on changes in Qf than the distance of the well to the stream.

When using the Hunt method, the normalised values and thus the amount of influence on Qf varied depending on whether the streambed was composed solely of the Upper floral unit, or as a weighted average unit consisting of both the Upper floral and Battleford units. In both cases, storativity remained the parameter that the system was most sensitive to. However, the scenarios using the weighted average had normalised values more than 30 greater than the Upper floral scenarios, implying that the weighted average scenarios were most sensitive to changes in storativity. In a similar manner, both cases showed that transmissivity had higher normalised values than distance to stream. The sensitivity of the system to both the transmissivity and distance of the well to the stream were also higher in the weighted average bed scenario as well, but not to the extent of storativity. While the weighted bed scenario’s storativity normalisation was more than 30 higher than the Upper floral bed scenario’s, its transmissivity and distance to stream normalised values had differences of less than 1. As such, the Hunt method sees little difference in sensitivity whether or not the Upper floral or weighted beds are used when considering transmissivity and distance to stream. On the other hand, the Hunt method is noticeably more sensitive to changes in storativity when using the weighted bed as opposed to the Upper floral unit bed. This may be because Hunt’s equation uses a conductance term which takes into account the hydraulic conductivity and thickness of the bed (equation 3). The weighted average bed has much greater thickness and slightly higher hydraulic conductivity than the Upper floral unit. As such, this value would be greater in weighted bed scenarios than in scenarios only using the Upper floral bed. Since the conductance term is greater in the weighted bed scenario, when it’s divided by the storativity in Hunt’s equation, a greater change is observed than when the conductance term was closer to zero in the Upper floral unit scenario. This is because dividing a small number by some set of numbers results in smaller differences than if one were to divide a large number by that same set.

Like the Hunt method, when using the Hantush method, the normalised values varied depending on whether solely the Upper floral unit or the weighted average streambed was used. Under the Hantush method, the normalised values were farther from zero when using the weighted bed as the streambed than when using the Upper floral unit as the streambed (Table 2). The values for the Hantush method however, were not as extreme as those observed from the Hunt method. As such, the storativity and distance of the well to the stream had less of an effect on Qf per unit change than with the Hunt method. This may be because of the L term present in the Hantush equation. The L term consists of the hydraulic conductivity and thickness of the streambed, as well as the width of the stream (equation 2). Since the weighted average streambed is thicker and has greater hydraulic conductivity than the Upper floral unit streambed, the weighted average streambed has a greater L value. This equation divides the parameters such as S and d by this term, meaning that the greater this value is, the smaller the result of the division of these parameters will be. This equation then subtracts these values from its first part, which has no L term but still uses the parameters for storativity, distance of well to stream and hydraulic conductivity of the aquifer. As such, the larger L is, the less there is to subtract from the first part of the equation. This means that the first part of the equation which includes the studied parameters can contribute to the resulting Qf value with less interference from the rest of the equation due to the higher L value.

	4.2. Effect of the Glover, Hunt, and Hantush methods on Qf
[image: ]
Figure 21: Comparison between Glover, Hunt, and Handush models using mean parameter values, with distance to stream from well = 5000m

When comparing the three analytical methods in scenarios with identical aquifer parameters and distance of the well to stream, it was found that the Glover model predicts noticeably more stream depletion than when using the Hunt model, which in turn predicts more stream depletion than the Hantush model. This is visible in Figure 21, where at the end of a 178 day season with aquifer parameters at mean values and a well distance of 5000m, the Glover model predicts a capture fraction of 0.86, while the Hunt and Hantush models using an upper floral streambed predict 0.12 and 0.019 respectively. It is important to note that the Glover model assumes no streambed resistance, or that the streambed is essentially the same as the aquifer (Reeves et al., 2009). This is likely the reason that it predicts so much more stream depletion than the other models. Without a streambed component that restricts the amount of water being taken to the well, the pumping from the well can more directly affect the stream. The Hantush model uses a streambed leakance term to “delay” the effect of the well on the stream and assumes a streambed that fully penetrates into the aquifer. As such, it’s likely that its values are so low compared to the Hunt and Glover models because the time it takes to reach peak/plateauing stream depletion is larger than the latest point in the 178 day season. This is similar to the comparisons made between the Hunt and Glover methods, where as the time since pumping has started increases, the Hunt model eventually becomes equal with the Glover method (Tian, 2021). So, by introducing a resistant streambed, it delays the amount of time it takes for each scenario to get larger stream capture fractions and plateau. As opposed to the Hantush model, the Hunt model simplifies the resistant streambed concept and assumes a partially penetrating streambed (Reeves et al, 2009). It is likely the fact that the resistant streambed only penetrates the aquifer partially leads to it contributing to the delay of the effect of the well to be less pronounced than in the fully penetrating Hantush model.

	4.3. Pumping rate thresholds before significant ecological damage

As established in Methods, significant ecological damage was defined as 10% of streamflow being depleted or higher, and data from the North Saskatchewan river was used to calculate the pumping rate that causes 10% streamflow depletion. A pumping program must be below this threshold to avoid significant ecological damage to the river.

The scenario that permitted the highest pumping rate was if the streambed were composed solely of the upper floral unit, with a well 10 km away, during high flow season with storativity at its highest and transmissivity at its lowest within the Dalmeny Aquifer’s range. The scenario that permitted the least amount of pumping assumed that there was no resistive streambed, the well was 2.5 km away, during low flow season. The storativity would be at its lowest and the transmissivity would be at its lowest within the Dalmeny Aquifer’s ranges of values. These pumping rates would be 1219039474 m3/day and 624332.8 m3/day respectively. It is important to note that the Dalmeny Aquifer’s recharge rate is only ~1200000 m3/year and the community only uses approximately 400000 m3/year (Fortin et al., 1991). As such, even in the most conservative of scenarios, the sustainability of the aquifer will become an issue before ecological damage to the stream by the aquifer’s depletion alone. Additionally, it is neither feasible nor reasonable to pump groundwater at levels near these scenarios due to how little utilisation has historically occurred.
[image: ]
Figure 22:  The pumping rate thresholds for no streambed, weighted streambed, and upperfloral streambed scenarios with parameters at their mean values, for Low and High flow seasons

If one were to consider the most likely aquifer/streambed scenarios, defined as an aquifer with the mean values of the Dalmeny Aquifer with a well at a distance of 5000 m, a consistent pattern is visible. When looking at each season individually, scenarios that assume an upper floral composed streambed have the highest thresholds, followed by the weighted average streambed and finally the scenario that assumes there is no resistive streambed with the lowest threshold. During the high flow season thresholds were higher than in the low flow season across all scenarios, with the exception of the no resistive streambed scenario (Figure 22). Since the Glover model predicts by a wide margin the most amount of stream depletion, it makes sense that even during high flow season, its threshold is lower than all of the scenarios that use a resistive streambed, even the low flow season ones. If one takes the more likely scenarios of there being a resistive streambed, and that this streambed is a mixture of the upper floral and weighted beds, during the high flow season the threshold is highest. This is because of the definition of significant ecological damage. Since it is calculated as 10% of streamflow, the higher the streamflow the higher the threshold will be.
[image: ]
Figure 23: As distance to well increases, it takes less time for the minimum Tr scenarios to have a greater capture fraction than the maximum Tr scenarios

As mentioned before, the scenarios that predict the highest and lowest pumping thresholds both use the Dalmeny Aquifer’s minimum transmissivity value. This was an unexpected result but by varying the transmissivity values and distance to form different scenarios, the relationship can be better demonstrated. It was found that the minimum transmissivity scenarios produce the greatest amount of depletion at later times, while the maximum transmissivity scenarios have the greatest amount of depletions at the very beginning of the simulation (Figure 23). Eventually, as the simulation goes on, the lower transmissivity scenarios “cross over” the mean and maximum transmissivity scenarios and have the greatest capture fraction. Scenarios that have the well farther from the stream have this “cross over” occur at later times, until it is not visible within the 178 day period (Figure 23). A possible explanation for why minimum transmissivity scenarios produce the highest and lowest resistive streambed scenarios may be the following. Since storativity is related to how much groundwater a space can hold, higher storativity means that a well’s pumping rate can be satisfied with a smaller cone of depression. Additionally, transmissivity is related to the rate at which groundwater flows through an aquifer, and higher transmissivity causes a wider cone of depression around the well. Due to this, the highest threshold scenario includes a high storativity, low transmissivity and maximum well distance from the stream. Since the well is so far from the stream and the storativity so high, the drawdown from the well may only very slightly reach the stream as most of the needed water is sourced from the aquifer.The low transmissivity means that the part of the cone that reaches the stream is very thin, further reducing the amount of depletion. The scenario with the lowest threshold has low storativity and low transmissivity while the well is the closest to the stream. Since the storativity is low, more of the water must be taken from the stream to satisfy the pumping rate. As the transmissivity is low, the drawdown reaches farther laterally and is not as deep as scenarios with higher transmissivity. Due to this, a large amount of water is taken from the stream instead of the aquifer.

5. Conclusions

This study aimed to simulate streamflow depletion from pumping in the Dalmeny Aquifer under different scenarios using the StreamDepletr package. From there, by normalising the results it was determined that the system was most sensitive to changes in storativity. Additionally, it was found that under identical scenarios, the Glover model predicts the most depletion while the Hantush model predicts the lowest. If the resistive streambed were composed solely of the upper floral unit, less streamflow depletion is predicted than when using a weighted bed that represents a mix of units overlying the Dalmeny Aquifer. Finally, all pumping thresholds determined in this study were significantly above the recharge rate of the Dalmeny Aquifer and the amount of groundwater usage by humans in the area. As such, threats to the sustainability of the aquifer would occur long before significant ecological damage would occur within the North Saskatchewan river due to the pumping of the Dalmeny Aquifer alone.

There are other avenues of research that can be considered. Most notably, more research into why transmissivity’s change causes such a variety of results as the distance of the well to stream also changes. Since this study focused on the most notable watercourse near the Dalmeny Aquifer, how groundwater pumping would affect smaller streams is logically another course of action. Additionally, since there are different thoughts on the point at which streamflow depletion causes significant ecological damage (Richter et al., 2012; Gleeson & Richter, 2018; Kennen et al., 2014), repeating these tests with a different definition of significant ecological damage may yield interesting results.
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