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Development of robust reclamation designs would require understanding the relative effects of climate change on the water budget of reclaimed Athabasca oil sands landforms (Alberta, Canada). A surplus water budget is critical to sustain pit lakes and periodically freshen localized surface water ponds within the closure landscape. In this study, four hypothetical future climate scenarios were developed from statistically downscaled RCP2.6 and RCP8.5 climate projections and used in a hydrological model to investigate the potential effects of climate change on the water budget of an in-pit reclaimed oil sands mine landform. The four scenarios allowed the assessment of climate change effects for endpoints that bracket a range of future climate conditions on the water balance of the landform. Surface water and groundwater flow and chloride transport were simulated for the 2024–2100 period using daily climate forcing and the results were compared with equivalent responses under historical climate (1944–2020). The results suggest that the hydrological behavior under historical and RCP2.6 scenarios is similar. The climatic water deficit (potential evapotranspiration exceeding precipitation) will rise significantly under the RCP8.5 scenario. However, the modeling suggests that the water budget of the landform will not be too different from the early 21st century prolonged dry climate period. The chloride released from the landform under the different projected and historical climate scenarios also remained similar. Although evapotranspiration increases and leads to relatively drier conditions, a modest increase in precipitation helps maintain a surplus water budget in most years. The results demonstrate that incorporating future climate projections into water balance analyses is crucial to understand the potential reductions in runoff depths.
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1 INTRODUCTION
The oil sands are the third-largest proven oil reserve in the world (NRCAN 2022). Open-pit mining in the Athabasca Oil Sands Region (AOSR) involves large-scale excavation of oil sands located near the surface (NRCAN 2022). During mining, the surficial materials from the large open pits are stockpiled in overburden dumps, while the fluid and fine tailings are stored in external and in-pit tailings facilities. As per regulations of the Alberta Energy Regulator (AER), oil sands mine leases are to be reclaimed to a land capability that is equivalent to pre-mining conditions (AER 2022). This is being achieved by creating hydrologically functional landforms that will integrate into the regional boreal setting (Ketcheson et al., 2017; Nagare et al., 2018; Biagi et al., 2021; Nagare et al., 2022). The open pits may be backfilled either with tailings capped with soil and vegetation covers to create terrestrial closure landforms or create pit lakes (in-pit). Fluids are removed from the external tailings facilities at closure to create terrestrial closure landforms (out-of-pit). The overburden dumps typically have some re-contouring applied at closure and are also considered terrestrial closure landforms. Reclaiming of in-pit and out-of-pit terrestrial tailings landforms includes the construction of upland hummocks that drain into low-lying areas where wetlands may or may not form. Following closure re-contouring, the landform is covered with reclamation soil and revegetated. This type of construction mimics the natural boreal systems creating closely coupled surface water and groundwater systems.
The AOSR is located in the boreal region wherein the landscape is made up of treed (deciduous and coniferous) uplands surrounded by wetlands. Water movement in the boreal region is characterized by tight surface water and groundwater coupling (Hayashi et al., 1998; Devito et al., 2012; Ketcheson et al., 2017; Nagare et al., 2022). The climate in the boreal systems is characterized by water deficit and pronounced annual and decadal cycles of water availability wherein potential evapotranspiration (PET) exceeds precipitation on an annual time scale (Devito et al., 2005; Devito et al., 2012). The functioning of the hydrologic system in the Boreal Plains has evolved to store and redistribute water during dry climate cycles and transmit large amounts of water in wet climate periods (Devito et al., 2005; Devito et al., 2012). Such functioning ensures water availability during the prolonged decadal scales of dry periods making ecosystems resilient to the water deficit climate. Field measurements of total annual runoff in the Boreal Plains in Alberta ranges from 0 mm to 90 mm under dry climate conditions and 50 mm–269 mm under wet climate conditions (Devito et al., 2012). Successful reclamation of oil sands landforms would require maintaining of a positive water balance to create hydrologically functional landforms that will integrate into the regional boreal setting. Therefore, it is critical to understand the water budget of reclaimed landforms under future climate including the effects of climate change to develop robust mine reclamation designs.
Future climate change scenarios are described by four “Representative Concentration Pathways (RCP)” developed in the lead-up to the IPCC (2014) report (Moss et al., 2010; Hausfather and Peters 2020)1. The scenarios describe the broad range of greenhouse gases and other radiative forcings in 2,100 (2.6, 4.5, 6.0, and 8.5 W per meter squared). Climate models use these forcings to predict increases in global and regional (through downscaling) temperature and precipitation trends. The RCP2.6 scenario assumes that global warming is mitigated with robust policies and that global temperature rise is kept well below 2°C relative to pre-industrial temperatures (Riahi et al., 2011; van Vuuren et al., 2011). The RCP8.5 scenario assumes that the world will carry on with intensive fossil-fuel use and excludes any climate mitigation policies leading to nearly 5°C of warming by the end of the century (Riahi et al., 2011; van Vuuren et al., 2011). Downscaling of the RCP2.6 and RCP8.5 climate scenarios by Zhang et al. (2019) suggests that the Canadian Prairies, which includes the AOSR, will experience on the order of 1.9°C and 6.5°C and 5.9% and 15.3% increases to annual temperature and precipitation relative to 1986–2005 period, respectively. Although neither of the scenarios2 is likely to occur (Hausfather and Peters 2020; Sognnaes et al., 2021), they provide valid endpoints that bracket a range of future climate conditions for impact analysis. Such endpoints are particularly helpful in probing hydrological responses of local watersheds and for testing the potential water stress for vegetation and water quality within them under changing climate.
All three types of terrestrial closure landforms (in-pit tailings landforms, external tailings landforms, and overburden dumps) may have reclamation soils sourced from active reclamation soil stripping face, stockpiles, or a combination of both. Closure landforms constructed using tailings present unique initial and interim water quality challenges for revegetation and water discharge from the final reclaimed landscape versus overburden closure landforms. For example, tailings sand is used to construct in-pit tailings landforms and the hydraulically placed sand initially has 100% oil sands process affected water (OSPW) which contains elevated levels of salts and other constituents of interest (COIs) (Nagare et al., 2018; Syncrude 2020; Biagi et al., 2021). Understanding the flushing and mobility characteristics of these COIs by meteoric water during wet climate cycles and water availability for vegetation and end pit lakes during dry climate cycles is critical to the long-term success of the oil sands mine reclamation (Ketcheson et al., 2017; Nagare et al., 2018; Nagare et al., 2022).
Syncrude Canada Ltd.’s East-In-Pit (EIP) tailings facility is the first mine-scale in-pit terrestrial closure landform that is currently being constructed to its final closure topography. A relatively smaller portion of the EIP facility, called Sandhill Fen, has been constructed to final closure topographic design and reclaimed since 2012 as a long-term reclamation research site. Meteoric water falling on the reclaimed landform will recharge the uplands and flush the near-surface tailings sand cap over time leading to freshening of the vegetation root zone. This water, along with the dissolved COIs will discharge into the lowland/wetland areas of the landform and eventually flow through the closure drainage channel that connects the EIP landform to another in-pit mine that is being reclaimed as an end-pit lake (Base Mine Lake). Water stress due to dry climate cycles or climate change could reduce the efficiency of the flushing mechanism, lead to evapoconcentration of salts in the landform, and could contribute to water shortage/water quality issues in the end pit lake. Syncrude has consistently evaluated the hydrological and engineering performance of the EIP landform during its construction and made necessary adjustments to ensure the meeting of the reclamation objectives (e.g., Nagare et al., 2022). Alam et al. (2018): Alam et al. (2020) studied the effects of climate change on the hydrology of reclamation soil covers using one-dimensional hydrological models. However, the relative effects of climate change on the hydrology of the oil sands reclaimed tailings landforms as a whole have not yet been investigated. As the EIP is now close to being fully constructed, it provides a first-of-its-kind study case example to evaluate the effects of climate change.
In this study, we used Environment and Climate Change Canada’s (ECCC) statistically downscaled RCP2.6 and RCP8.5 temperature and precipitation projections to investigate the effects of climate change on the total outflow, groundwater levels, and solute mass release from the EIP landform. For this, we modeled three-dimensional (3D) surface water flow, groundwater flow, and solute transport in the EIP for a period of 77 years (2024–2100) following final reclamation using daily climate forcing and compared the results with equivalent response under historical climate (1944–2020). Specifically, we investigated the effects of significant warming, and therefore significantly higher PET, on the water budget, i.e., if the substantially increased climatic water deficit (the difference between cumulative precipitation and PET for a given period when PET exceeds precipitation) in the future adversely affects the hydrological functioning of the closure landform. The objective was to assess the extent of water stress caused by a warming climate on water availability as it relates to the flushing of solutes during the wet climate cycle and the effects of a prolonged dry climate cycle on the water budget of the reclaimed landform and water quality of the end-pit lake. Finally, already downscaled climate projections were used because 1) the primary objective of the study was to understand the effects of climate change on the water budget of the reclaimed landform, 2) the downscaled ECCC climate dataset is accepted by the AER as a reference dataset, and 3) using widely accepted downscaled climate forcings will allow for consistency in comparison between current and future studies in the region for climate change impacts mitigation policy development.
2 METHODS
The study case example and modeling methods are described in detail by Nagare et al. (2018) and Nagare et al. (2022). Parts of the description and additional details are provided below.
2.1 Study case example
Syncrude mine site is located 40 km north of Fort McMurray, Alberta, Canada. The study area is shown in Figure 1. The area of the reclaimed watershed modeled in this study is 8.4 km2. The closure design was progressively completed, and the landform was revegetated over multiple years in the past decade. The original mine pit was initially backfilled to varying elevations with composite tailings (CT), a mixture of fluid fine tailings, sand tailings, and gypsum (Syncrude, 2020). Hydraulically placed tailings sand was deposited concurrently with CT in several locations and was also utilized as the capping material. A conceptual cross-section through EIP is shown in Figure 2. To create upland/wetland systems typical of natural systems in boreal forests, cell construction is used to create a series of upland sand hummocks. The areas between hummocks form swales/valleys and the hummock/swale system are sloped towards a flat low-lying area connected to the landform outlet. The low-lying areas are generally intended to evolve into a series of wetlands supporting native wetland vegetation species. The elevated sand tailings hummocks are intended to support treed vegetation and drain into the low-lying wetland areas. At final closure, the outlet of the EIP closure landform will be connected to the Base Mine Lake by a bioengineered closure channel. The hummocks and the low-lying areas between them and throughout the landform are being covered with 0.5 m thick reclamation soil and revegetated based on modeled ecosite type. The soil cover design is generally comprised of salvaged peat overlying a layer of salvaged glacial clay of the same thicknesses (Dobchuk et al., 2012; Nagare et al., 2018). The exact vegetation prescription is still being planned and it is anticipated that typical boreal vegetation will be established. As already introduced, the tailings (sands and CT) are constructed primarily by hydraulically transporting in OSPW and contain elevated levels of salts in pore-fluid initially following their placement.
[image: Figure 1]FIGURE 1 | Location map.
[image: Figure 2]FIGURE 2 | Conceptual cross-section showing post reclamation setting and key hydrological components.
2.2 Hydrological model
We used HydroGeoSphere (HGS) (Brunner and Simmons 2011; Aquanty Inc, 2018) to model the surface water and groundwater flow and chloride transport within the landform using daily climate forcing. The model has been successfully used to assess the impacts of climate change on water resources and hydrological changes at the watershed scale (e.g., Pascal et al., 2011; Erler et al., 2019). Irregular triangular prism elements were used to construct the 3D model grid. Each model slice of the surface and subsurface domains was discretized using 78,271 nodes and 155,640 triangular elements of different sizes. The typical hummock dimensions are 150–400 m (width) by 500–1,250 m (length). The node spacing of 20 m or smaller was used to construct the grid. The model was discretized into 13 subsurface numerical layers of varying thicknesses. The surface and subsurface domains were separated by a coupling length of 0.001 m.
Model topography was based on aerial topographic data. Model bottom elevation was based on surveyed mine bottom elevations. The model layers represent the in-pit geometry (pit floor, pit walls, overburden embankments), and include tailings infilling materials and reclamation soils. The base of the mine pit was excavated into McMurray Formation which is a bitumen-filled low permeability geological unit. Therefore, no significant subsurface fluxes are expected to leave the reclaimed landform through the McMurray Formation. Subsurface water transfer will be limited to the shallow subsurface through the tailings sand hummocks. Water input to the landform will be from rain and snow and water transfer out of the landform will be by evapotranspiration (ET) and overland flow at the landform outlet flowing into the closure drainage channel. The ET is controlled by the vegetation distribution over the landform. The uplands (hummocks) were assumed to be vegetated by treed species and the valley invert and other low-lying areas by shrubs and wetland species. The precipitation is assumed to be equally distributed over the entire landform (i.e., no spatial variation). Net percolation is expected to result in flushing of the upper portion of the hummocks prior to seeping into adjacent swales and low-lying wetland areas where it mixes with the overland flow (Nagare et al., 2018).
Daily time-varying fluxes to represent precipitation and potential evapotranspiration boundary conditions were applied to the entire top of the model. Critical depth boundary condition was applied at the top boundary nodes corresponding to the watershed outlets to allow outflow when surface water depth exceeds ground elevation at these locations. Elsewhere, a zero gradient boundary condition was used in both the surface and subsurface domains. Details of mathematical descriptions of the boundary conditions can be found in Aquanty Inc (2018). Model parameters are summarized in Table 1. The parameters were based on model verification and previous studies (e.g., Nagare et al., 2022). The tailings layers were subdivided based on the sand to fines ratios determined from cone penetration tests. Other model parameters are based on laboratory and field investigations completed by Syncrude over the years and literature values (McKenna, 2002; Shurniak and Barbour, 2002; Huang et al., 2018; Lukenbach et al., 2019; Biagi and Carey, 2020; Biagi et al., 2021; Nagare et al., 2022).
TABLE 1 | Model parameters.
[image: Table 1]Actual evapotranspiration (AET) is calculated in HGS using PET, calculated soil moisture, leaf area index (LAI), rooting depth, and soil moisture limiting parameters, and is based on Kristensen and Jensen’s (1975) formulation (Aquanty Inc 2018). The LAI was modeled as a seasonally varying function with values varying between 0 in winter and peaking in summer. The vegetation was modeled as immature (early stage) in the first 10 years of simulation with peak LAI values reaching 2.1 (wetlands) and 2.6 (uplands). For the remaining 67 years, the mature vegetation LAI peak values of 3.3 (wetlands) and 4.1 (uplands) were used (Barr et al., 2004; Nagler et al., 2004; Bonneville et al., 2008; Huang et al., 2018). Rooting depths of 0.25 m for wetlands and 1 m for uplands were used with quadratic distribution with depth. Soil moisture limiting parameters were based on Huang et al. (2015). It is acknowledged that climate change will also lead to regional changes in vegetation (e.g., Schneider 2013). However, such changes were not considered, and vegetation characteristics were assumed to be based on vegetation as currently planned. Generally, if vegetation is impacted by water availability, it is speculated that AET will decrease and further water conservation would occur (i.e., drier conditions will lead to a shift in vegetation communities that take up less water). Therefore, assuming AET properties for the current vegetation communities is a conservative assumption when assessing the impacts of climate change on the water budget of a reclaimed landform (i.e., drought conditions).
2.3 Climate data
Precipitation and PET time series from historical (1944–2020) and projected (2024–2100) time periods were used as inputs to the hydrological model. Historical daily temperature and precipitation data measured at Fort McMurray Airport climate station was downloaded from the ECCC’s website (ECCC 2022). The daily PET input time series was calculated using Hamon’s (1961) method and calibrated to local published data (Alberta Government 2013). Snowmelt was modeled using the Degree-Day Melt model (Dingman 2002; Carrera-Hernández et al., 2011) and the calculated snowmelt water equivalent was added to the daily precipitation time series. The historical precipitation data shows two distinct prolonged wet (1966–1978) and dry (2006–2017) climate cycles (Figure 3). These types of climate cycles play a key role in boreal hydrology as described by Devito et al. (2012).
[image: Figure 3]FIGURE 3 | 1944–2020 annual precipitation and PET at fort mcmurray airport climate station. The dashed lines show the average value for the wet and dry periods.
Statistically downscaled multi-model ensembles of modeled climate time series for historical simulations and different climate change scenarios at a 10 km grid resolution, are available from ECCC (ECCC 2021). These datasets have been developed by downscaling outputs from 24 global climate models using the Bias Correction/Constructed Analogues with Quantile mapping version 2 (BCCAQv2) algorithm (Werner and Cannon 2016; ECCC 2021). The median (50 percentile) monthly total precipitation and mean air temperature (the highest resolution of the downscaled climate projection) at the grid point of Fort McMurray Airport for the period of 1951–2100 were used for generating projected climate data time series. The precipitation (%) and temperature (°C) anomalies for the 2024–2100 period were calculated with reference to the 1986–2005 period consistent with the methodology used by Zhang et al. (2019). The standard meteorological seasons were used, i.e., March to May (spring), June to August (summer), September to November (fall), and December to February (winter). Anomalies represent the difference between the value of a climate variable for a season in a given year and the average value of the reference period (Charron 2016). The historical data shows strong seasonal precipitation patterns, while precipitation increases in the downscaled climate projection data are concentrated in the winter months. This leads to differences in the long-term, annual, and seasonal trends in the anomalies. Therefore, seasonal linear trends were developed from the calculated monthly anomaly datasets to account for the seasonal trends in the historical and climate projection data (Figure 4). The projected (2024–2100) climate time series were developed by adding the seasonal monthly anomalies derived from the linear trends to the historical daily precipitation and temperature time series. Linear trends were used because the daily historical precipitation and temperature data already include daily, seasonal, and annual variations. Note that the 1944–2020 daily historical temperature time series was detrended before using it to develop the future climate time series.
[image: Figure 4]FIGURE 4 | Seasonal temperature (top) and precipitation (bottom) anomalies for climate change scenarios relative to 1986–2005.
The wettest and driest periods (with respect to the overall historical precipitation average) in the historic climate time series are from 1966 to 1978 and 2006–2020, respectively (Figure 3). Therefore, four daily climate series were constructed to represent dry and wet conditions at the end of the century for the RCP2.6 and RCP8.5 scenarios. The two dry condition time series were constructed by adding the RCP2.6 and RCP8.5 anomalies from linear trends to the historic daily precipitation and temperature data. The wet climate condition time series were constructed by adding the linear RCP2.6 and RCP8.5 anomaly trends to a rearranged 1979–2020 to 1944–1978 sequence of historic daily climate time series (Table 2). Using the four climate time series as described above allows for the assessment of the effects of the climate change endpoints that bracket a range of future climate conditions (i.e., precipitation and temperature increase at the end of the century) to be overlain by the historical wet and dry cycles. Thus, including the historic climate scenario, a total of five climate scenarios were developed (Table 2; Figure 5).
TABLE 2 | Modeled climate scenario description.
[image: Table 2][image: Figure 5]FIGURE 5 | Projected precipitation and PET for RCP2.6 and RCP8.5 dry (top) and wet (bottom) climate scenarios.
Based on the calculated seasonal anomalies (Figure 4), winter precipitation increases of 9.5% and 17.6% for RCP2.6 and RCP8.5, respectively, are projected by the end of the century relative to the 1986–2005 period. This increase in winter precipitation however does not lead to a significant annual increase (Table 3; Figure 5 and Figure 6A) because most precipitation in the Fort McMurray area falls in summer as convective storms of high intensity and short durations (Devito et al., 2005). In contrast, the increase in PET due to 1.9°C and 6.5°C change for RCP2.6 and RCP8.5 scenarios is substantial (Table 3; Figure 5 and Figure 6B). The annual PET for the last decade of the century exceeds precipitation by on the order of 251, 468, 138, and 347 mm for RCP2.6 and RCP8.5 dry and wet scenarios, respectively. In comparison, the climatic water deficit for the 1986–2005 reference period was 160 mm.
TABLE 3 | Annual averages—precipitation and potential evapotranspiration (PET) and modeled outflow and actual evapotranspiration (AET).
[image: Table 3][image: Figure 6]FIGURE 6 | Annual (A) precipitation and (B) potential evapotranspiration (PET)—historical measured versus projected for RCP2.6 and RCP8.5 dry climate scenarios.
3 RESULTS AND DISCUSSION
3.1 Three-dimensional HydroGeoSphere model verification
Model verification is described in detail by Nagare et al. (2022) and is briefly reproduced here. Full model calibration of the 3D transient HGS model was not possible as the closure landform is not yet fully built, and the long-term monitoring dataset is not available. Therefore, the model performance was verified for available data from within the partially built landform and based on data from regional natural and reclaimed watersheds. Transient modeling was used because the hydrological responses are transient in nature and there is no true or pseudo-steady-state that can describe the long-term evolution of the water balance of the boreal region (Devito et al., 2005; Carrera-Hernández et al., 2011; Devito et al., 2012). Although steady-state models could be useful in certain circumstances such as deriving initial conditions (Lamontagne-Hallé et al., 2020), transient modeling of coupled flow and transport processes driven by climate forcings, and near-surface interactions provides better insights as compared to steady-state models (e.g., Carrera-Hernández et al., 2011; Lamontagne-Hallé et al., 2020; Langford et al., 2020).
Groundwater elevations in an adjoining research plot and other areas within the partially built landform are available for a limited time period. The measured and simulated groundwater table elevations matched within 2 m for the period of measurements. Seepage flux measurements from toe drains within the dykes of the partially built landform were also available. The modeled seepage rate of 6.4 L/s agrees reasonably with the measured seepage rate of 5.3 L/s. Measured actual evapotranspiration (AET) data from an adjoining reclaimed overburden dump is available for the 2003–2015 period (Huang et al., 2018). The two landforms are different in characteristics and therefore not directly comparable. The simulated AET from the EIP landform of 354 mm–400 mm is fairly comparable to the measured 370 mm–450 mm range from the adjoining landform.
3.2 Model simulations
Results of the 3D coupled water flow and chloride transport simulations for the different climate change scenarios were compared with the historical climate simulations based on annual water balance, groundwater elevations in representative upland and lowland areas, and chloride mass release at the landform outlet.
3.2.1 Water outflow, actual evapotranspiration, and groundwater table elevations
The model simulations for the different climate scenarios were conducted using daily input time steps as discussed in Sections 2.2, 2.3. The differences in the long-term annual averages of the outflow between the scenarios are predominantly from the effects of increased AET (Table 3). However, the long-term annual averages do not provide the complete picture or are less meaningful in describing the effects of climate change on the hydrological functioning of EIP. The modeled annual average outflow and AET from the landform under the historical climate and under the climate change scenarios show great variability (Figure 7). The variability is predominantly a result of the effects of the prolonged interannual climate cycles. This climate variability drives the storage and slow-release processes from the landform and therefore modulates the amount of overland runoff. The annual averages for the wet and dry cycles within the different climate scenarios provide an improved picture of the effect of climate change from the landform designed and built with the intention to support the natural hydrological functions of the natural boreal systems. The significant increase in climatic water deficit does not translate into the same magnitude of change to the outflow from the reclaimed landform. The dry and wet cycle outflow results for historic and RCP2.6 scenarios are identical. The outflow during 2091–2100 for the RCP8.6 wet climate scenario is reduced by on the order of 29 mm, which is a 27% decrease compared to the historic wet period. This is a direct result of the substantial increase in PET leading to increased AET (378.8 vs. 491.4 mm). However, the moderately higher precipitation and the negative feedback from shutting down of evapotranspiration in the wetland areas as well as the storage during the different climate cycles regulates the effects of climatic water deficit. This leads to outflow from the system even during the anticipated very dry conditions of the RCP8.5 dry climate scenario (Table 3; Figure 7). The simulated runoff depths under the different climate scenarios (Table 3) compare well with the measured runoff in the Boreal Plains, which ranges from 0–90 mm per year under dry climate conditions to 50–269 mm under wet climate conditions (Devito et al., 2012).
[image: Figure 7]FIGURE 7 | Precipitation, outflow, actual evapotranspiration (AET) and chloride mass loading for the five model simulations.
The storage mechanisms of the reclaimed landform built to replicate the natural boreal systems also ensure the dampening of the effects of warming on groundwater table elevations (Figure 8). Other than the variability during the different prolonged climate cycles, groundwater table elevations both in upland and wetland areas show similar behavior during all the simulations. The groundwater table for the RCP8.5 scenario drops by less than 0.5 m in the upland and less than 0.1 m in the wetlands areas as compared to the historic climate scenario. This is primarily because of the storage and slow-release mechanism from the landform driven by the long interannual wet and dry climate cycles. In short, more water is stored during the dry periods due to the shutting down of evapotranspiration, which is the major water export mechanism, and the system transmits large amounts of water during the wet climate cycles. The model results suggest that the system shows resiliency during the RCP8.5 dry climate scenario primarily by reducing the outflow while maintaining the subsurface storage.
[image: Figure 8]FIGURE 8 | Groundwater table elevations in upland and wetlands areas of the reclaimed landform for the different climate scenario simulations.
3.2.2 Chloride mass release
The chloride mass release in the outflow is indicative of the flushing characteristics of the reclaimed landform. The model results suggest that the landform would shed on the order of 12 × 106 kg (kg) chloride mass for the historic climate scenario (Figure 7). As described in Nagare et al. (2022), the reclaimed landforms will store solute mass during dry periods and discharge this load during the wet climate cycles. A similar effect is seen in Figure 7. The solute mass release is identical for the historic climate scenario and the RCP2.6 dry climate scenario. The modeled chloride mass release for the RCP8.5 dry climate scenario is on the order of 1 × 106 kg lower than the historic and RCP2.6 dry climate scenario model results. The approximately 8% less efficient flushing occurs after 2075, before which the cumulative mass release is identical to the historic and RCP2.6 dry climate scenarios. This lesser efficiency is directly a result of the reduction in the outflow for the RCP8.5 dry climate scenario (15.7 mm average) compared to 29.6 mm and 31 mm annual average outflows for historical and RCP2.6 climate scenarios for the 2075–2100 period. In comparison, the total mass released from the landform at the end of the century for the RCP2.6 scenario is 0.5 × 106 kg greater than the historical climate scenario and identical to the historical climate scenario for the RCP8.5 scenario.
The model results of the RCP2.6 and RCP8.5 wet climate scenarios, for which the dry climate cycle is assumed to occur in the early part of the century, highlight the effects of the storage characteristics of the landform on chloride mass release. The mass is stored during the dry cycle between 2050 and 2075 and rapidly released with increased outflow in response to the wetter climate towards the end of the century (Figure 7 and Figure 9). Approximately 4 × 106 kg chloride mass is released during the last 25 years in these scenarios as compared to 2.3, 2.5, and 1.8 × 106 kg chloride mass during the historic, and RCP2.6 and RCP8.5 dry climate scenarios. The different release rates during the different periods (Figure 9) of the next century clearly highlight the effects of the interannual climate variability, specifically the prolonged wet and dry cycles, and the storage and slow-release mechanisms of the boreal systems during dry periods and ability to move large amounts of water during wet climate cycles.
[image: Figure 9]FIGURE 9 | Cumulative (by period) chloride release mass for the different climate scenarios.
4 CONCLUSION
The relative effects of climate change on the water balance of the oil sands reclaimed tailings landforms as a whole have not yet been investigated. Syncrude’s EIP landform is close to being fully constructed and vegetated in the next few years and provides a first-of-its-kind study case example to evaluate the effects of climate change. We used ECCC’s downscaled RCP2.6 and RCP8.5 scenarios for the 2024–2100 period to develop four temperature and precipitation time series by perturbing the measured 1944–2020 historic time series with the projected temperature and precipitation anomalies. The resulting data series provided climate endpoints that bracket a range of future climate conditions. The climate time series were used in a hydrological model to investigate the effects of climate change on the hydrological responses of the landform. Surface water and groundwater flow and solute transport was simulated within the landform for the 2024–2100 period under daily climate forcings for four climate change scenarios and compared the results with equivalent responses under historical climate.
The comparison of the modeled and measured runoff depths suggests that the reductions in runoff due to climate change do not translate into disturbing the water balance of the reclaimed closure landform beyond the range of historical natural variability of Alberta’s Boreal Plains.
This is primarily because of the apparent success in the creation of a closure landform that uses reclamation soil and revegetation establishment to effectively recreate the hydrology of the natural boreal systems, which themselves have developed in a way that generally mitigates the effects of the prolonged climate cycles. The negative feedback from shutting down of AET, and storage and slow release during dry periods lead to maintaining the effectivity of the hydrological and flushing mechanisms of the landform even during the extremely dry conditions of the RCP8.5 dry climate scenario. Modeling suggests that the hydrological functioning of the landform under future climate would mobilize solutes equivalent to historical levels during the wet periods and provide water for sustaining vegetation and end pit lakes during dry climate cycles. However, the engineers and planners need to consider the reductions under extreme dry climate for pit lake water balance (RCP8.5 dry climate) and understand the capacity of the pit lakes to accommodate the rapid solute mass release during wet periods (RCP2.6 and RCP8.5 wet climate). Overall, these are important insights for the decision-makers working on the reclamation and closure of oil sands in-pit landforms, which will make up most of the landforms in the final reclaimed mine sites. The results of the different modeling scenarios also provide a long-term dataset for the engineers to make decisions on adjusting the mine reclamation designs for similar landforms throughout the oil sands industry.
This study was comprehensive in including all the important hydrological processes. The future hydrology of the EIP landform is modeled with a large degree of uncertainty in climate data and thus the results should be regarded as a first approximation until further research addresses the limitations. Uncertainty analysis was not completed because the previous modeling of the EIP landform has shown that the uncertainty from climate forcings exceeds the parametric uncertainty (Nagare et al., 2022). In addition, because the landform is not yet fully built, the data for testing of conceptual structural uncertainties such as boundary conditions are not yet available. The study assumes the patterns of precipitation for the climate change scenarios to be equal to the historical ones, however, the changes to precipitation magnitude were considered based on calculated anomalies in RCP scenarios. The modeling also does not consider the potential changes to the vegetation due to climate change (e.g., Schneider 2013; Rooney et al., 2015) and the associated changes to the hydrological feedback mechanisms. It is recommended that future studies targeted at evaluating the effects of climate change on the hydrology of reclaimed oil sands landforms investigate the effects of changes to precipitation patterns and vegetation (e.g., Yu et al., 2021).
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FOOTNOTES
1It should be noted that Shared Socioeconomic Pathways (SSPs) were also developed in parallel to RCPs (Riahi et al., 2017). The RCPs set pathways for greenhouse gas concentrations and, effectively, the amount of warming that could occur by the end of the century. Whereas the SSPs set the stage on which reductions in emissions will—or will not—be achieved. Downscaling of SSPs has not been yet completed for the AOSR and the objective of this study was to use available climate scenarios to understand the impacts on the water balance of reclaimed landforms. Therefore, the discussion is limited to RCPs and the use of projected increases in temperature and precipitation for the downscaled RCP2.6 and 8.5 climate scenarios.
2The RCP2.6 scenario is not likely to occur in the future because it is occurring in the present. It is likely based on the current emission trajectory that the RCP2.6 scenario will be exceeded. However, climate mitigation policies and future commitments will likely reduce the rate of GHG emissions to a level that potentially will fall below the RCP8.5 scenario.
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Soil cover—peat 18 x10° 10 0.05 060 005 6.00 141
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K, and K,—horizontal and vertical components of hydraulic conductivity, 6, —saturated water content, 6,—residual water content, a and n—van Genuchten (1980) curve-fitting
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