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Polluted groundwater discharge at a chlorinated solvent contaminated site in Hagfors, Sweden, is affecting a nearby stream flowing through a sparsely populated area. Because of difficulties related to source zone remediation, decision makers recently changed the short-term site management objective to mitigating discharge of polluted groundwater to the stream. To help formulating targeted remediation strategies pertaining to the new objective, we developed a groundwater numerical decision-support model. To facilitate reproducibility, the modelling workflow was scripted. The model was designed to quantify and reduce the uncertainty of surface water-groundwater (SW-GW) exchange fluxes for the studied period (2016–2020) through the use of history-matching. In addition to classical observations, thermal anomalies detected in fiber optic distributed temperature sensing (FO-DTS) measurements were used to inform the model of groundwater discharge. After assessing SW-GW exchange fluxes, we used measurements of surface water chemistry to provide a probabilistic estimation of mass influx and spatio-temporal distributions of contaminated groundwater discharge. Results show 1) SW-GW exchange fluxes are likely to be significantly larger than previously estimated, and 2) prior estimations of mass influx are located near the center of the posterior probability distribution. Based on this, we recommend decision makers to focus remediation action on specific segments of the stream.
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1 INTRODUCTION
High quality freshwater is not an endless resource, and for that reason, we have a responsibility to limit the effects of past and current human actions on future water quality and quantity. Old sins of industrial malpractice and alike lurk in the underground and contaminated sites constitutes a global problem at a local scale (Schmoll et al., 2006).
As groundwater move through the subsurface, nearby surface waters are at risk of contamination through transport and discharge of polluted groundwater, ultimately putting public health at risk through exposure. Exploring surface water-groundwater (SW-GW) exchange behavior at these sites is essential to discover locations of polluted discharge and formulate targeted remediation strategies to ensure good enough water quality for future needs at a reasonable cost.
There are several methods available for estimating SW-GW exchange flux, and their suitability typically vary depending on the scale of the investigation. For small scale estimations, direct measurements using seepage meters can be utilized (e.g., Rosenberry, 2008). For larger scales, groundwater and surface-water stage monitoring networks can be interpreted to estimate SW-GW exchange using Darcy’s Law (Woessner, 2020). Indirect methods for inferring exchange fluxes include inference from temperature measurements (Andersson, 2005), and other geophysical and geochemical tracers, such as electrical conductivity (EC) and stable and radioactive isotopes (Cook, 2013). For characterization in high detail at small to medium scale (up to 30 km of cable length), fiber optic distributed temperature sensing (FO-DTS) (Selker et al., 2006) has shown to be a promising method (Briggs et al., 2012).
Numerical models can be used in a variety of contexts where SW-GW exchange affect a prediction of interest. Lately, the use of groundwater numerical models as a means to quantify SW-GW exchange fluxes has gained prominence (Ntona et al., 2022). However, to be useful in a decision-making context, models should be able to quantify (and ideally reduce) the uncertainty of simulated predictions (Caers, 2011). This is typically done by assimilating measurements of field data (also known as observations), such as hydraulic head and streamflow rates, into the model in a process known as history-matching (Doherty and Simmons, 2013). In a review of the different types of observations frequently occurring in groundwater and surface-water modelling literature, Schilling et al. (2019) found that including at least one unconventional observation type is typically beneficial in terms of reducing predictive uncertainty. This is because classical observations can sometimes be poor in information pertaining to SW-GW exchange behavior (Schilling et al., 2019). Doherty and Moore (2020) recommend developers of decision support models to focus on the ability of a model to provide receptacles for decision critical information, rather than on its ability to simulate environmental processes. This can typically be achieved by adopting a highly parameterized approach to modelling (White et al., 2020). Wöhling et al. (2018) and Partington et al. (2020) constitute recent examples where highly parameterized models were used to assimilate unconventional observation types for assessing SW-GW exchange fluxes. Wöhling et al. (2018) found that integrating field observations with “soft” information in site-specific expert knowledge could enhance the plausibility of the calibrated model. Partington et al. (2020) examined the worth of classical and unconventional observation data (Radon-222, Carbon-14 and EC) in terms of reducing SW-GW exchange flux predictive uncertainty, and found Radon-222 and EC to be of particular value during low- and regular streamflow conditions.
Tetrachloroethylene (also known as perchloroethylene, henceforth referred to as PCE) is a chlorinated solvent (a volatile organic compound, VOC) primarily used in dry cleaning and metal degreasing and exposure is highly suspected to cause cancer in humans (Guha et al., 2012; Barul et al., 2017). Chlorinated solvents are denser than water, and are often referred to as dense non-aqueous phase liquids (DNAPLs) and a common groundwater contaminant that typically form large plumes (up to several kilometers in length) when dissolved in flowing groundwater (Pankow and Cherry, 1996). Methods for estimating mass flux and discharge of VOCs from groundwater to surface water typically rely on some variation of control plane (i.e., cross section multi-level sampling orthogonal to the direction of groundwater flow), where plume discharge is defined as the amount of contaminant mass migrating through the control plane per unit of time (Pankow and Cherry., 1996; Guilbeault et al., 2005; Chapman et al., 2007). In a recent study, Nickels et al. (2023) used point-scale streambed measurements of hydraulic parameters and VOC concentration to quantify VOC discharge from groundwater to surface water in high detail at small scale.
In this study, we develop a highly parameterized groundwater numerical model to characterize and assess the SW-GW exchange fluxes of an ecologically sensitive stream, affected by PCE-polluted groundwater outflowing from a nearby chlorinated solvent contaminated site. The aim is to locate and quantify the amount and seasonal variation of groundwater discharge that occur adjacent and downstream of the site. Using surface-water chemistry samples, we then calculate probabilistic estimates of PCE mass influx to the stream, thereby providing decision makers with suggestions for targeted remediation. In order to reduce and quantify predictive uncertainties, we assimilate a combination of classical and unconventional observation types, including FO-DTS thermal anomalies and site-specific knowledge during history-matching. To increase transparency and facilitate reproducibility, model development is performed and documented using open source tools and environments.
2 THE HAGFORS CONTAMINATED SITE
Hagfors is a town in Värmland Province, southwestern Sweden. South of the town center, an industrial scale dry-cleaning facility (Figure 1) was in operation from the 1970s to the early 1990s, providing dry-cleaning services for the Swedish Armed Forces (Nilsen and Jepsen, 2005; SEPA, 2007). During this period, a large but unknown amount (estimated to 50 tonnes or perhaps more) of PCE was spilled and leaked into the ground, forming at least two point sources (Nilsen, 2013). Because the former dry-cleaning facility (the site) was operating on behalf of the Swedish state, responsibility for remediating the contamination was first designated to the county administrative board and later transferred to the Geological Survey of Sweden (SGU).
[image: Figure 1]FIGURE 1 | Map of the study area showing contamination source zone locations, creek Örbäcken and the extent of the model domain (units are in meters according to the Swedish national reference system, SWEREF99TM). The general direction of groundwater flow (and the direction of flow in the creek) is from the northeast towards the southwest.
The site is situated on Geijersholmsåsen, a glaciofluvial deposit superposing crystalline bedrock extending in the NE-SW direction. It mainly consists of sand and varies between 10 and 30 m in thickness (Gustafsson, 2017). Depth to the water table varies from approximately 12 m near the source zones, to less than 1 m south of the site where a ravine cuts through the sediment. The aquifer is considered unconfined in the study area and transitioning into partially confined near Lake Värmullen where silt and clay covers coarser sediment. Creek Örbäcken, approximately 4 m wide and half a meter deep, flows through a drainage canal around the site from the north to east, before flowing into the ravine south of the site. Here, in the transition zone between two vertically stacked hydrogeological units, a natural degradation zone is located (Åkesson et al., 2021). The creek eventually feeds into Lake Värmullen c. one and a half kilometers west of the site. Earlier investigations have shown PCE concentrations exceeding Swedish drinking water guidelines values (of 10 μg/L, Swedish National Food Agency, 2001) in samples collected from the creek adjacent to the site and down towards the mouth of the lake (Nilsen, 2013).
Since the contaminant was discovered in the 1990s, multiple remediation campaigns of different scale have been undertaken. In 1996, the site was treated using soil vapor extraction, resulting in the removal of 1.5–2 tonnes of PCE from the primary source zone (Nilsen, 2003). Between 2003 and 2004, the site was treated using thermal remediation (steam injection treatment), resulting in the removal of an additional 5 tonnes of PCE from the primary source zone (Nilsen, 2003; Nilsen and Jepsen, 2005). Although large quantities had by then been removed, Nilsen (2013) estimated that there still remained between 20 and 30 tonnes of PCE in the primary source zone, and an additional 10 tonnes of PCE in the secondary source zone.
Creek Örbäcken (the creek) is the primary source of exposure to PCE for people in the area, as it flows through a sparsely populated area. It is also a conduit for rapid transport of PCE to Lake Värmullen. No drinking water wells are known within the area. In 2015, SGU changed the strategic objective from primary source zone treatment to mitigating influx of PCE to the creek (Larsson, 2020a). Yearly PCE mass influx to the creek has previously been estimated to 130 kg using control plane based calculation (Nilsen, 2013) and to 121 kg by computing the arithmetic mean of surface water concentrations multiplied by streamflow rates sampled and measured from December 2018 to February 2020 (Larsson, 2020b). In 2018 and 2019, in situ pilot nano zero-valent iron (nZVI) injection tests were performed in the plume emanating from the primary source zone, approximately 300 m southwest of its source (Larsson, 2021). The purpose was to evaluate the potential of a permeable reactive barrier solution for mitigating groundwater influx to the stream. Unfortunately, results of the campaign indicated no reduction of PCE.
2.1 Previous modelling work of the site
Prior to the remediation efforts presented above, a number of site investigations were performed. As part of the investigative work, to date three different environmental models have been developed.
Andersson (2012), developed a three-dimensional steady-state model in order to ‘study flow patterns within different parts of the groundwater reservoir and to get a better idea of flows and transport times to the surface water recipient’ (creek Örbäcken). The model was developed using Visual Modflow 2011.1, a graphical user interface (GUI) to MODFLOW, and consisted of thirteen hydraulic conductivity (K) zones across four layers. The river (RIV) package was used to calculate SW-GW exchange fluxes in seven zones along the creek, and particle tracking was used to estimate advective transport times from both source zones to the creek. The results indicated a loss of c. 262 m3 per day in groundwater recharge in the upstream section of the creek, and a gain of c. 879 m3 per day in groundwater discharge in the downstream section. Transport times were estimated to between 250–400 days from the primary source zone and c. 60 days from the secondary source zone. The model was history matched using manual regularization (i.e., “trial and error”) by means of adjusting K in the thirteen zones. However, at least five history-matching targets were omitted due to poor fit with field-data in locations of complex geology (Andersson, 2012). Andersson (2012) noted that the model suffered from numerical instability and suggested that a smaller model with higher resolution could improve the fit to data around the area of complex geology. Predictive uncertainties were not explored.
Havn (2018) developed two steady-state MODFLOW models of the site; a ‘homogenous’ and a ‘heterogeneous’ version, using the GMS 10.3 GUI. The reason for developing a homogeneous model was to ‘understand the overall picture of the catchment’ (Havn, 2018). To facilitate visualization in three dimensions, it was constructed using eight homogenous layers. The heterogeneous model consisted of sixteen layers and was developed to ‘simulate and estimate pollution’ from the site. It consisted of five adjustable parameters, including hydraulic conductivity (assigned on a layer-by-layer basis) and stream conductance. Both versions of the model were subject to history matching using two approaches; manual regularization and ‘automated calibration’ (Havn, 2018) using the PEST software. Both approaches, however, lead to large residuals (hydraulic head error exceeding 1.5 m) considering the size of the study area and density of available data. Nevertheless, a solute transport model was developed to run using results from the flow model. Havn (2018) concluded that the model was not able to quantify the scale of pollution and suggested that a higher model resolution could lead to improvements in model capability. A parameter sensitivity analysis was conducted, but predictive uncertainties were not explored.
Korsgaard (2018) developed a 2-dimensional steady-state model using the GUI Visual Modflow Premium 4.6 Classic. The numerical model was discretized as a 100-m-long cross section along the plume emanating from the secondary source zone, reaching across the creek. The primary purpose of the model was to test different remediation scenarios for reducing flux of contaminated groundwater into the creek, including “dig-and-dump” and “pump-and-treat”. A secondary purpose was to estimate the daily volume of contaminated groundwater expected to be collected for remediation treatment. The model consisted of 26 layers with local refinement near the creek. The layers were divided into five K-zones subject to manual parameter adjustment. Seven remediation scenarios were evaluated using groundwater flow-, particle tracking and solute transport simulation. However, no history-matching was performed, and predictive uncertainties were not explored.
3 MODEL SCOPE
To provide decision makers with information relevant to the current CSM-objective (mitigation of contaminated discharge to the creek), a numerical model was developed to explore SW-GW exchange behavior in the study area (Figure 1). After considering available observation data and computing power, a subjective decision was made to limit the studied period to between the years 2016–2020. To capture seasonal variability in SW-GW exchange fluxes, we choose to history-match field data and simulate SW-GW exchange fluxes under transient conditions. To provide decision makers with as much detail as the selected approach is capable of delivering, the prediction of interest is cell-by-cell SW-GW exchange fluxes on a weekly temporal resolution during the studied period. To increase data assimilation capability, and to reduce risk of numerical instability, we opt for a single-layer model designed around parametrical complexity rather than around structural complexity. This way, parametrical heterogeneity may form as needed, and the model run-time is kept low, which is desirable in a history-matching context (Doherty and Moore, 2020; Hugman and Doherty, 2021). To reduce and quantify predictive uncertainties, we leverage tools of the PEST (Doherty, 2020a) and PEST++ (White, 2018) software suites.
The model architecture and workflow is described in further detail below.
4 MATERIALS AND METHODS
The data used in this study was collected on site as well as downloaded from Swedish authority databases. Streamflow measurements, stream stage measurements, fiber-optic distributed temperature sensing (FO-DTS) and the bulk of hydraulic head measurements were collected by environmental consultant firms Nirás AB (Sebök, 2016; Larsson, 2017; Larsson, 2020b) and Sweco AB (Nilsen, 2013) and supplied to the MIRACHL research group on behalf of SGU. Complementary measurements were collected by the MIRACHL research group during two fieldwork campaigns in the springs of 2017 (see Åkesson et al., 2021) and 2019. Where needed, previously georeferenced data was converted to conform to the Swedish national reference system SWEREF99TM.
Preprocessing of data and model development was performed using the Jupyter Notebook interactive computing platform (Kluyver et al., 2016), following a recent example by White et al. (2020b) on facilitating model reproducibility. The notebooks, which include the work up until the point of history-matching, can be accessed from a Github repository (see Data Availability Statement).
The datasets used in the study are now presented below, followed by a description of the model architecture, model development and history-matching process.
4.1 Datasets and data preparation
Geospatial point cloud data of two types; Lidar and borehole logs, were used to define the spatial extent and topography of the upper and lower model boundary. Because the Lidar data (Lantmäteriet, 2016) was sampled using a relatively high resolution (2x2 m cell size), the dataset was curated to avoid propagating misleading altitudes at bridge crossings before being interpolated to the model grid.
Borehole data collected at the site (Nilsen, 2013; Larsson, 2017) with confirmed or assumed contact with crystalline bedrock, as well as regional borehole data downloaded from the SGU Wells Archive (SGU, 2015) was used to interpolate the extent of the lower model surface.
Daily precipitation data for the Gustavsfors A weather station, located approximately 15 km northeast of Hagfors, was downloaded from the SMHI Open Data Database (SMHI, 2021). Monthly computed evapotranspiration was downloaded for SMHI catchment area 64808 (eastern Hagfors) using the S-HYPE application (Strömqvist et al., 2012), and curated into mean daily evapotranspiration.
Hydraulic head measurements were collected from 63 single- and multilevel wells across the site using both piezometers and manual level meters (Larsson, 2020b). Measurements sampled using piezometers were typically recorded every fourth hour and was resampled into daily averages.
Stream stage, as well as the difference between groundwater head and stream stage (head-stage differences), were measured at five locations along the creek. Measurements were collected using a dual piezometer system where a primary piezometer was installed inside a monitoring well recording the groundwater level, and a secondary piezometer was installed on the outside of the monitoring well recording surface water hydraulic pressure (Larsson, 2017; Larsson, 2020b).
Streamflow was recorded in two different gages located approximately 40 m apart. Data collected with Gage-1 spans the full studied period (2016–2020). However, because streamflow recorded by Gage-1 was suspected to be affected by uncertainties inherent in the sampling methodology, a second gage (Gage-2) was installed in 2018 (Larsson, 2020b).
Fiber-optic distributed temperature sensing (FO-DTS) was used to measure surface water temperatures along three sections of the creek in December 2015 (Sebök, 2016). The discrepancy between surface water-groundwater temperatures were approximately 5 °C, and three warm-water anomalies were detected, indicating influx of groundwater at these positions.
Locations were hydraulic head, stream stage, streamflow and FO-DTS measurements were collected are shown on Figure 2.
[image: Figure 2]FIGURE 2 | Map showing numerical model grid and type and location of history-matching targets. The model grid is refined near monitoring wells and the creek (units are in meters according to the Swedish national reference system, SWEREF99TM).
4.2 Model architecture and development
The model employed in this study is a composite model (the model), consisting of preprocessing software, numerical solvers and postprocessing software open to the public domain. In addition, complementary preprocessing scripts were developed (see 4.2.1) in order to improve site-specific history-matching capability. Model settings, input files and scripts were written and prepared using the Jupyter Notebook environment.
Groundwater flow is simulated with MODFLOW6 (MF6) (Langevin et al., 2022). The MF6 model has a single layer with local refinement around streams and monitoring wells. The model has two stress periods. The first stress period is a steady-state period implemented to acquire representative heads, stream stages and streamflow rates for the beginning of the second stress period; a transient period ranging from December 2015 to December 2019. General head boundaries (GHB) are placed along the boundary of the model domain representing inflows (NW), outflows (SW) and lateral boundaries (SE and NW) of the glaciofluvial aquifer (Figure 3). The Streamflow Routing (SFR) package of MF6 was used to simulate streamflow, stream stage and surface water-groundwater exchange flux in the creek. Setup and configuration of MF6 and its input packages was performed using the python package Flopy (Bakker et al., 2016).
[image: Figure 3]FIGURE 3 | Maps showing pilot-point locations of (A) the general head boundaries (GHB) and hydraulic conductivity (HK) and (B), parameters associated with the streamflow routing (SFR) package, specific yield (SY) and groundwater recharge (RCH) multiplier. Units are in meters according to the Swedish national reference system, SWEREF99TM.
Five instances of the lumped parameter recharge model, LUMPREM2 (Doherty J., 2021), were prepared using the python package Lumpyrem (Hugman, 2021), based on daily rainfall and evapotranspiration data presented above (4.1). One instance was used to compute groundwater recharge for use as input by the MF6 Recharge package (RCH). The remaining instances were used to compute time-varying boundary head elevation to the GHBs.
The model architecture is illustrated in Figure 4.
[image: Figure 4]FIGURE 4 | Flowchart showing the composite model architecture and flow of information during history-matching (* and uncertainty quantification using PESTPP-IES). The acronyms GHB, SFR, NPF, RCH and STO refer to the MF6 packages General-Head Boundary, Streamflow Routing, Node Property Flow, Recharge, and Storage.
4.2.1 Model parameterization
The model is parameterized using 1709 adjustable parameter values. Pilot points were used to allow spatial variation of physical parameters (Figure 3), including hydraulic conductivity, specific yield, boundary conductance, and spatial variables of the SFR package representing the creek. Hydraulic conductivity pilot points were placed with higher density near the creek and around monitoring wells where the model grid is refined. Covariance matrices taking pilot point density into consideration were created using the PPCOV_SVA and MKPPSTAT utilities (Doherty, 2020b) of the PEST suite. They were applied to constrain parameter covariance and encourage PEST to spread parameter heterogeneity. A temporal covariance matrix was also created for constraining upstream inflow into the starting cell of the SFR package.
During history-matching, writing of parameter values to model input files was done using the model preprocessing software PLPROC (Doherty, 2021c) and three scripts written in the Python language. The three scripts (PP-Scripts in Figure 4) were developed to complement functionality difficult to implement through PLPROC for writing parameter values to the SFR and GHB package of MF6.
4.2.2 Observation targets and feature engineering
History-matching targets include measurements of hydraulic head, streamflow and stream stage collected during the studied period. OLPROC (Doherty, 2021b) was used to time-interpolate model outputs to field measurement time. In addition, OLPROC was also used to feature-engineer existing datasets into datasets of temporal measurement differences for use as observations. Inequality observations (also known as “one-way observations”) (Doherty, 2020a; White et al., 2020a) were used in this study to inform PEST of groundwater influx into the creek at four locations indicated by thermal anomalies in FO-DTS data. Inequality observations were also used to inform PEST that all cells belonging to the SFR-package (which is used to represent the creek) should have an outflow between each cell and its downstream neighbor cell (i.e., the creek should never dry out).
In total 172,059 observations, divided into 15 groups, were used as history-matching targets. Weights were assigned with equal importance to each type of observation during calibration with PEST_HP (Doherty, 2020a). For uncertainty quantification with PESTPP-IES (White, 2018), realizations of measurement noise were generated by changing observation weights to reflect the inverse of the standard deviation of measurement noise for each observation group.
4.2.3 History-matching and uncertainty quantification
History-matching was performed in a three-stage process. First, a standalone instance of the LUMPREM2 model was matched against historical groundwater measurements in a single monitoring well (NI15-O48) using PEST (Doherty, 2018) with Tikhonov (preferred value) regularization. The parameter values that emerged through this process was selected as the initial parameter values of the five LUMPREM2 instances used in the composite model. Secondly, the composite model was history-matched using PEST_HP on Lunarc Aurora, Lund University’s high performance computing (HPC) cluster. After eight iterations PEST_HP was terminated using early stopping to reduce risk of overfitting. Finally, the model was redeployed to the HPC to undergo history-matching and uncertainty quantification using PESTPP-IES. The available computing power allowed for a large ensemble (500 realizations) to be generated and used in the uncertainty quantification process. After five iterations no further meaningful reduction of the objective function was recorded. To reduce risk of underestimating predictive uncertainty, model output obtained from the third iteration of history-matching and uncertainty quantification are presented as the results of this study.
4.3 Estimating groundwater PCE discharge
Because the model is instructed to compute streamflow in addition to SW-GW exchange fluxes, we can use measurements of surface water chemistry collected during the studied period to provide estimations of contaminant mass (PCE) influx. In order to estimate the PCE mass influx required for a given sample, we make the following assumptions; 1) groundwater discharge in the study area is the only source of measured PCE in the creek, 2) the difference in streamflow at the sample location between the sample date and model output date is negligible (the temporal discrepancy between model output dates and sample dates vary between 0–4 days), 3) there is no intra-day variability in PCE concentration at the sample location (i.e., the measured concentration is representative for the full sample date), and 4) the sampled surface water in a cell, from which we obtain measurements of concentration, will be composed of an unknown ratio of groundwater discharge to surface water from upstream of the sample location.
Streamflow through a model cell representing a sample location in the creek can be described as:
[image: image]
where [image: image] is the total streamflow, [image: image] is streamflow fed by groundwater discharge and [image: image] is non-groundwater fed streamflow (all flows are in [m3/d]). Upstream groundwater discharge contributing to the total streamflow through a cell can be calculated as:
[image: image]
where [image: image] is the number of upstream cells and [image: image] is groundwater discharge [m3/d] in upstream cells with positive discharge. The index begins at zero to include discharge occurring in the cell representing the sample location. The ratio of groundwater discharge to total streamflow is given by:
[image: image]
As groundwater is discharged into the creek, the groundwater PCE concentrations are diluted by surface water. Using the ratio of groundwater discharge to total streamflow ([image: image]), we can infer the concentration of PCE in upstream groundwater discharge required for a given surface water sample:
[image: image]
where [image: image] is the concentration of the upstream groundwater discharge and [image: image] is the measured concentration of the water sample (concentrations are in [kg/m3]). Using the concentration of the upstream groundwater discharge ([image: image]), we can infer the mass of PCE [kg] discharged into the stream for a given surface water sample:
[image: image]
By calculating [image: image] for each member of the model ensemble, the prior and posterior uncertainty in streamflow and SW-GW exchange fluxes is taken into consideration and a probabilistic estimation of the PCE influx is provided. There are 631 surface water chemistry samples collected from different locations in the creek during the studied period for which a PCE-influx estimation is provided.
5 RESULTS
5.1 Simulated SW-GW exchange fluxes
The model was instructed to calculate SW-GW exchange fluxes once per week during the studied period (2016–2020). Of the 500 initial realizations, 485 realizations resulted in convergence. History-matching reduced uncertainties in simulated SW-GW exchange fluxes in all sections of the creek. Upon inspecting a posteriori model results, we have divided the creek into twelve reaches (segments), based on their SW-GW exchange behavior, as shown in Figure 5. Predictive uncertainties remain fairly high in the first reach, but decrease significantly in the second reach, which is located adjacent to monitoring wells from which data was included as history-matching targets. Predictive uncertainties also remain fairly high in reaches eight and nine, which represents the final part of a small meander bend.
[image: Figure 5]FIGURE 5 | Prior and posterior SW-GW exchange flux uncertainty. The creek is divided into reaches (segments) based on SW-GW exchange behavior. Map units are in meters according to the Swedish national reference system, SWEREF99TM.
In general, the creek is contributing to groundwater recharge in the first four reaches. Mean simulated recharge in this section is calculated to c. 7204 m3/d but is associated with a considerable variability during the studied period (σ ≈ 3070 m3/d). Reaches five through seven represent three segments where groundwater is discharged to the creek. Mean simulated discharge in this section is calculated to c. 3102 m3/d (σ ≈ 1679 m3/d). In reaches seven through nine, which represent a relatively small meandering section of the creek, the posterior uncertainty remain relatively high. Considered at the mean of the posterior ensemble, this section contribute with a slight mean groundwater discharge of c. 224 m3/d (σ ≈ 608 m3/d). Simulated SW-GW exchange behavior in reach ten is considered neutral with a very small mean groundwater recharge of c. 5 m3/d (σ ≈ 427 m3/d). The final two reaches, reach eleven and twelve, contribute with a mean groundwater discharge of c. 5328 m3/d (σ ≈ 2574 m3/d).
Temporal variability in simulated SW-GW exchange fluxes is shown in Figure 6. Locations where groundwater is recharged from the creek is described as losing conditions, and vice versa. As shown, temporal variability in SW-GW exchange behavior remain fairly static for the studied period. The most pronounced variability can be observed during the months of April and May of 2018 and 2019 in reaches five through twelve, indicating less discharge to the creek compared to the same period of the two preceding years. This is also, in general, the periods where predictive uncertainties pertaining to temporal variability are the highest.
[image: Figure 6]FIGURE 6 | Heatmaps showing temporal variability in SW-GW exchange flux during the studied period in weekly output. The upper row (colorized) show mean of the posterior ensemble and the lower (grayscale) row show posterior ensemble standard deviation of the mean.
5.2 PCE mass influx estimation
Using equations 1 to 4, measured concentrations of surface-water PCE was used to infer the groundwater discharge PCE concentrations, for each of the 631 samples. Eq. (5) was then used to compute PCE mass influx by multiplying simulated groundwater discharge with inferred groundwater PCE concentrations. This was done for each member of the model ensembles, resulting in 293,789 computations of prior and posterior daily PCE mass influx estimations respectively. The results are shown in Figure 7, and is color coded by surface water flow regime, which we categorized as low flow (<25th percentile), regular flow (between 25th and 75th percentile) and high flow (>75th percentile). In general, computed upstream PCE influx increase in the downstream direction and is highest during periods of high flow, which can be observed in the upper plot of Figure 7. Locations of influx (groundwater discharge) for the three flow regimes, and their respective uncertainty, is shown on the bottom plot. The computed upstream PCE influx follow a log-normal distribution, with a log10 geometric mean of c. 0.55 kg/d. Uncertainties in computed mass influx are described using the 5th and 95th percentiles and are based on posterior uncertainties in SW-GW exchange fluxes and streamflow, as well as laboratory measurement uncertainties pertaining to the chemistry samples.
[image: Figure 7]FIGURE 7 | Upper plot showing estimated PCE mass influx per sample under regular, high and low streamflow. The geometric mean is 0.55 kg/d. High peaks in mass influx tend to occur in areas characterized by groundwater discharge. Bottom plot showing upper and lower uncertainty bounds of posterior SW-GW exchange fluxes under different flow regimes. Notable differences in predictive uncertainty can be observed in reaches one, eight and nine.
6 DISCUSSION
6.1 Model workflow challenges and opportunities
Challenges arising during construction of the model were mainly associated with the SFR package of MF6. Implementing the SFR package in a history-matching context require extra careful consideration in comparison to many of the commonly used MODFLOW packages. This is because SFR does not allow a parameter known as reach streambed top elevation (rtp) to increase in the downstream direction. If this requirement is not met MODFLOW will return an error and history-matching will be terminated prematurely. In our case, which will likely also be the case for many others utilizing the SFR package, initial rtp values were obtained by sampling a digital elevation map (DEM). However, undulating topography in the DEM yielded invalid input for a portion of the SFR cells. Leaf et al. (2021) created SFRmaker, a Python package designed to automate the workflow of implementing the SFR package and curate valid input. However, at the time of writing this paper, SFRmaker only supports structured grids. Because the model in this study utilizes an unstructured grid, we implemented a solution inspired by SFRmaker to ensure that the requirement described above is met:
[image: image]
where [image: image] is the sampled elevation at the center point of the [image: image]-th cell of the SFR package.
Another potential issue related to the SFR package in the context of history-matching is the drying out of streamflow cells. During early iterations, we discovered that PEST_HP sought solutions of minimum error variance that included dry streamflow cells for small parts of the creek. Because we know from extensive site investigation, as well as from measured data, that the creek does not dry out, this presented a problem. In order to address this issue, we implemented inequality observations to instruct PEST_HP and PESTPP-IES to seek solutions where the streamflow between a cell and its downstream neighbor was positive.
Fiber-optic distributed temperature sensing (FO-DTS) data presents an interesting opportunity in terms of data assimilation. To the best of our knowledge, this is the first time FO-DTS thermal anomalies are used in the context of history-matching. In order for groundwater discharge to be detected as a thermal anomaly in FO-DTS data, groundwater and surface water must be of different temperatures. Because of this, usability of FO-DTS may vary according to site and season. In addition, length of the FO cable presents a practical constraint on its usability, making it better suited for use in models representing smaller sites. In this study, thermal anomalies were implemented in the form of inequality observations of groundwater discharge, meaning that PEST considers the residual of an observation as zero when discharge is greater than 0 m3/d. Future work where thermal anomalies are assimilated during history-matching could explore the use of less conservative inequality constraints, or, even the use of thermal anomalies as regular, numerical observations. Longer time series would also facilitate studies on data worth under a variety of predictions where SW-GW interaction play a role.
6.2 Simulated SW-GW exchange fluxes and estimations of PCE mass influx
Predictive uncertainties pertaining to SW-GW exchange fluxes were reduced significantly as a result of history-matching, enabling high resolution spatiotemporal characterization as shown in Figure 6. Predictive uncertainties remain relatively high in the first and last (12th) reach, as well as in reach eight and nine, located centrally in the study area. Uncertainties pertaining to the first and last reach can likely be explained by the absence of history-matching targets in these sections of the creek. Reaches eight and nine represent the final part of a small meander bend. As shown in the bottom plot of Figure 7, uncertainty in this section is particularly sensitive to variability in streamflow compared to other sections of the creek. One possible cause for this could be the model’s inability to allow for temporal variability of spatial parameters pertaining to the creek. For example, during times of heavy rains and melting snow (conditions that cause high streamflow rates), the stream width is expected to widen as water levels rise and progressively cover the point bar deposits. Although stream width is considered adjustable parameters in this study, it is not configured to allow for temporal variability.
Seasonal variability in SW-GW exchange fluxes is relatively low, with the exception of reaches five through eleven in April and May of 2018 and 2019 (Figure 6). In 2018, northern Europe was affected by an extreme drought that persisted into 2019 (Bakke et al., 2020). This is a plausible explanation for the anomalous behavior in SW-GW exchange fluxes observed in the creek during this period, which indicate greater groundwater recharge and lesser groundwater discharge than normal.
As shown in the upper plot of Figure 7, uncertainty in PCE mass influx is greater during times of low flow. This is because posterior uncertainties in streamflow are greater during periods of low flow (mean coefficient of variation, mCV ≈0.23), compared to periods of regular flow (mCV ≈0.15) or high flow (mCV ≈0.08).
The estimations of PCE mass influx were based on a list of assumptions (4.3). Although we can be fairly certain that the first assumption holds true (no alternative sources to measured PCE other than groundwater discharge in the studied area), the second and third assumptions require discussion. The second assumption, namely, that difference in streamflow between sample date and model output date (varying between zero to 4 days) is negligible is a simplified assumption, as, for example, bursts of heavy rainfall may momentarily impact streamflow rates and levels. The third assumption, that there is no intra-day variability in PCE concentration at the sample locations, also represent a simplified assumption. PCE is a dense non-aqueous phase liquid (DNAPL), a hydrophobic compound known to generate extensive variability in mass discharge (Guilbeault et al., 2005) not only temporally, but also spatially. Larsson (2020b) suggest that incomplete mixing of the surface water in the creek may lead to great variability in measured concentrations depending on whether the sample was collected centrally or near the banks. Both assumptions discussed above are associated with uncertainties that are unquantified pertaining to the mass influx estimations. However, because the samples on which the estimations are based, were collected during periods of varying streamflow, as well as spatially varying along both axes of the creek, it could be argued that the estimations of mass influx, when looked at as a distribution, take this uncertainty somewhat into consideration.
6.3 Earlier studies and new findings
As discussed earlier (2.1), three models were previously developed of this site. Because particle tracking and solute transport modelling was outside the scope of this study, direct comparisons with Havn (2018) and Korsgaard (2018) are difficult to make at this point.
Andersson (2012) discretized the creek into seven zones and calculated total SW-GW exchange fluxes for each zone. Anderson (2012) found that groundwater recharge was occurring in the first zone, and discharge was occurring in the remaining six zones. As we have shown (Figures 5–7), SW-GW exchange behavior in the creek is complex, especially in the meandering sections where spatiotemporal variations can be expected to be large. Therefore, we cannot exclude the possibility of groundwater recharge occurring further downstream if we are to consider the distribution of posterior uncertainty. By selecting a subsection of the creek overlapping the two studies, we found the section of upstream recharge to be significantly longer (c. 28 percent), and more importantly, that SW-GW exchange fluxes were significantly larger than previously estimated (Figure 8, upper row).
[image: Figure 8]FIGURE 8 | Comparisons between results in this study (represented as prior and posterior probability distributions in gray and blue) and results obtained in earlier studies of the Hagfors contaminated site. Upper row showing comparisons with results in Andersson (2012) of (A) simulated SW-GW exchange flux of the upstream section of the creek characterized by recharge (approximately corresponding to reaches two to four), and (B) SW-GW exchange flux of reaches five to eleven characterized by discharge. Bottom row showing comparisons with previous estimates of PCE mass influx where (C) show yearly PCE mass influx using a truncated x-axis to enhance visibility of the posterior probability distribution, and (D) yearly PCE mass influx with a logarithmic y-axis to highlight reduction of predictive uncertainty achieved during history-matching.
Unfortunately, the model was not equally successful in reducing predictive uncertainties pertaining to PCE mass influx. By multiplying results obtained through Equation (5) by 365, we can compare our estimates with prior estimations (Nilsen, 2013; Larsson, 2020b) of mass influx (Figure 8, bottom row) per year. As shown, both prior estimations are located near the center of the posterior probability distribution. Interestingly, we find two peaks in the posterior probability distribution. To determine whether the bimodal distribution was caused by the model or the chemistry input dataset, we tracked each realization (thereby also tracking each set of model parameters) contributing to the results of the left and right peak respectively. However, we found no meaningful variability in model contribution between the two peaks (i.e., all realizations contributed to both peaks). Measured concentrations in the creek, however, appear with a bimodal distribution, and is therefore the only logical contributing factor for the shape of the mass influx estimations as shown on Figure 8. As Larsson (2020b) suggested, incomplete mixing of surface water is a likely explanation for why the surface water chemistry dataset appear bimodal.
Uncertainty in PCE mass influx, as estimated in this study, can originate from uncertainty in streamflow, uncertainty in SW-GW exchange fluxes and in uncertainties related to surface water chemistry measurements. Uncertainties pertaining to the first two origins were reduced significantly during history-matching, but uncertainties related to surface water chemistry persist. Nevertheless, an uncertainty range has been quantified.
7 CONCLUSION
With the current CSM objective being set on mitigating influx of PCE to creek Örbäcken, a prediction relevant to the objective (characterization of SW-GW exchange fluxes) was selected for this study. The ensuing model workflow and architecture was designed to facilitate data assimilation of prediction pertinent information in historical measurements through history-matching. By adopting a single-layer approach with local refinement near the creek and around monitoring wells for which historical measurements were available, the model run time could be constrained. This was important, because history-matching requires many model runs. We used a highly parameterized model, which allowed for parametrical heterogeneity to evolve where needed during history-matching. In addition to classical types of observations, we also assimilated thermal anomalies in FO-DTS measurements as locations of groundwater discharge, through the use of inequality observations. Challenges pertaining to implementing the SFR package in a history-matching context and suggestions for how to overcome them was discussed. Predictive uncertainties were reduced and explored using the iterative ensemble smoother of the PEST++ suite.
As a result, we were able to characterize SW-GW exchange fluxes in the creek in high spatiotemporal resolution, showing locations of (and quantifying) contaminated groundwater discharge. Seasonal variability pertaining to SW-GW exchange fluxes was found to be low, with the exception of an unusual drought event that occurred during 2018–2019. We also found that SW-GW exchange fluxes are likely to be significantly larger than previously estimated. Using surface water chemistry measurements, we estimated PCE mass influx and found estimations in two earlier studies to be located near the center of the posterior probability distribution. The uncertainty pertaining to PCE mass influx was only reduced slightly, but has now been quantified.
Our recommendation for decision makers, with regards to the current CSM objective, is to focus remediation action toward reaches 5–7, 9, 11 and 12, according to modelling results.
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