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Abstract

:

At a former uranium mill site where tailings have been removed, prior work has determined several potential ongoing secondary uranium sources. These include locations with uranium sorbed to organic carbon, uranium in the unsaturated zone, and uranium associated with the presence of gypsum. To better understand uranium mobility controls at the site, four single-well push–pull tests (with a drift phase) were completed with the goal of deriving aquifer flow and contaminant transport parameters for inclusion in a future sitewide reactive transport model. This goes beyond the traditional use of a constant sorption distribution coefficient (Kd) and allows for the evaluation of alternative remedial injection fluids, which can produce variable Kd values. Dispersion was first removed from the resulting data to determine possible reactions before conducting reactive transport simulations. These initial analyses indicated the potential need to include cation exchange, uranium sorption, and gypsum dissolution. A reactive transport model using multiple layers to account for partially penetrating wells was completed using the PHT-USG reactive transport modeling code and calibrated using PEST. The model results quantify the hydraulic conductivity and dispersion parameters using the injected tracer concentrations. Uranium sorption, cation exchange, and gypsum dissolution parameters were quantified by comparing the simulated versus observed geochemistry. All simulations required some cation exchange and calcite equilibrium, and one simulation required gypsum dissolution to improve the model fit for calcium and sulfate. Uranium sorption parameters were not strongly influenced by the other parameter values but were highly influenced by uranium concentrations during the drift phase, with possible kinetic rate limitations. Thus, a future recommendation for such push–pull tests is to collect more geochemical data during the drift phase. The final uranium sorption parameters were within the range of values determined from prior column testing. The flow and transport parameters derived from these single-well push–pull tests will provide initial parameters for any future sitewide reactive transport model.
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1. Introduction


Single-well push–pull tests (PPTs) are performed to quantify in situ aquifer reactions after the introduction of water with a different chemistry than the existing groundwater. In the push phase, a selected solution (with or without added tracers) is injected into the aquifer via a single well [1]. During the pull phase, prior injection water mixed with native groundwater is pumped from the same well, and water samples are taken for chemical analyses. Compared to laboratory batch or column experiments, PPTs investigate a larger aquifer volume without the direct removal of the aquifer solids, which can expose the solid-phase material to a different environment (i.e., atmospheric conditions) than the in situ aquifer state.



Istok [2] provides an overview of how to complete and interpret PPTs for site characterization. In addition to physical parameters (hydraulic conductivity and dispersion), more complex characterization can include analyses for sorption and retardation [3] microbial activity [4], redox reactions [5], biodegradation [6,7], and reaction rates [8,9]. Until recently, these analyses were generally completed using analytical models [3,4,8,10,11] or numerical models [12,13] that provide individual-process reactions (e.g., sorption or mineral dissolution or redox reactions) with reaction rates as constant values based on model fits to the PPT data.



Individual-process analytical or numerical models do not provide for coupled processes such as sorption–desorption, mineral dissolution–precipitation, multicomponent speciation, cation exchange, and reaction rates that can all occur at the same time. Fully coupled processes are included in more recent multicomponent geochemical reactive transport models (RTMs). Kruisdijk and van Breukelen [1] used RTMs with PPT data to evaluate nutrient fate and redox processes related to an aquifer storage and recovery system, which is the first use of a fully coupled RTM with PPT data to the authors’ knowledge.



In our study, we applied the PPT-RTM approach to evaluate uranium fate and transport in a contaminated aquifer that can experience an influx of nearby river water. The unique focus of this study is the determination of generic uranium sorption parameters that are empirically based and are independent of any specific mineral associations (e.g., iron oxyhydroxides or clays). These uranium sorption parameters were derived using the PPT-RTM approach and compare reasonably well to prior work using column tests on the same sediments. These parameters are specific to the site sediments and are required input data for future predictive RTMs that incorporate fully coupled reactive rock/water interactions. Future site-scale RTMs will allow for the determination of uranium mobility under various remedial scenarios. Thus, potential remedial fluids can be tested with modeling before implementing costly, larger-scale field efforts.




2. Site Description and Prior Analyses


A goal of the U.S. Department of Energy Office of Legacy Management (LM) Applied Studies and Technology Program (https://www.energy.gov/lm/services/applied-studies-and-technology-ast (accessed on 8 November 2022) is to evaluate various groundwater characterization techniques for use at multiple LM sites. Multiple tracer testing techniques were completed at a former uranium mill site (Grand Junction, CO, USA) to better quantify uranium dispersion parameters and mobility controls. This testing included single-well, multiple-well, and infiltration tracer testing coupled with groundwater quality analyses. This paper describes the single-well push–pull tracer testing with geochemical analyses for determining small-scale (10 m (m) or less) reactive transport parameters and builds upon the initial interpretations from Paradis et al. [14] along with column testing on sediments from the same area [15]. Ultimately, field-scale reactive transport parameters can be used in a sitewide RTM to evaluate various remedial options.



The Grand Junction, Colorado, Site (GJO) (https://www.energy.gov/lm/grand-junction-colorado-site (accessed on 8 November 2022)) is one of several legacy uranium mill sites overseen by LM for long-term surveillance and maintenance (https://www.energy.gov/lm/sites/lm-sites (accessed on 8 November 2022)). The GJO site had several uranium pilot mills operated by the U.S. Army Corps of Engineers Manhattan Engineer District from 1943 to 1958 [16]. These pilot mills were used to develop uranium extraction methods to provide uranium for the first nuclear weapons produced in the United States. Uranium tailings were deposited in low-lying areas near the pilot mills along the Gunnison River [17] (Figure 1). These tailings were present for several decades before being removed to a disposal cell [16], with excavation of contaminated material to depths that met radiological standards (radium levels below 5 picocuries per gram (pCi/g) (plus background) in the top 15 cm of sediment and below 15 pCi/g (plus background) in deeper sediment). Even though radiological standards were met, some solid-phase uranium concentrations above background were left behind [18]. Solid-phase sediments collected at multiple coring locations underneath a former tailings area in 2013 (Figure 1) identified zones with elevated uranium concentrations [15,19]. Three focus locations were used for tracer testing (Figure 1 and Figure 2), including four wells for single-well push–pull tracer tests (Figure 2) [14]. All PPTs used traced Gunnison River water as the injection solution.



Johnson et al. [20] provides mineralogic data for uranium associations in the solid phase for some of the coring locations, and Johnson et al. [15] provides reactive transport parameters derived from column tests. The GJO site does not have a distinct groundwater uranium plume due to the changing groundwater flow directions controlled by the Gunnison River stage and the spotty nature of uranium tailings distributed in low spots across the site [21]. Recent groundwater uranium concentrations (1996 to 2021) in the area of interest (Figure 1, well 8-4S) have ranged from 0.097 to 0.73 milligrams per liter (mg/L). The GJO site is on a sand and gravel aquifer that is essentially a point bar deposit along the Gunnison River (Figure 1) with a depth of approximately 6.5 m to bedrock [19] and a typical groundwater table depth close to 3.5 m below ground surface (bgs) [15]. Groundwater flow is generally to the north–northeast and is controlled by the stage of the Gunnison River. At higher stages, groundwater flow is directly into the point-bar aquifer which reverses toward the Gunnison River at lower river stages. The groundwater table can rise up to 2.5 m at high river stages, and some groundwater inflow from the east is likely.



Paradis et al. [14] and Johnson et al. [15,20] discuss the unique uranium geochemistry on the solid phase near GJAST-14, GJAST-15, and GJAST-20 (Figure 1 and Figure 2). GJAST-14 has greater solid-phase uranium concentrations in the unsaturated zone that may be associated with evaporite mineralization. GJAST-15 has greater solid-phase uranium concentrations at and just below the water table, associated with higher organic carbon content. GJAST-20 has greater solid-phase uranium concentrations above and below the water table with column sediments indicating a consistent release of calcium and sulfate, likely associated with gypsum [15]. Single-well push–pull tracer testing was completed at well 0106 in the GJAST-15 area, at well 0110 in the GJAST-14 area, and wells 0120 and 0121 in the GJAST-20 area (Figure 2). All additional wells shown in Figure 2 were used only as monitoring wells.




3. Methods


3.1. Well Installation


All tracer testing monitoring wells and PPT wells in Figure 2 were installed with a direct-push drilling rig. Cores were collected at a few locations (wells 106, 107, 108, 116, 117, and 118) to compliment the prior coring at GJAST-14, GJAST-15, and GJAST-20. Coring could not be completed at wells 0120 or 0121 due to a dry, cemented layer at the surface that only allowed well completion. All wells were installed inside a hollow drill stem with a disposable drive point at the end. Well screens had a prepacked filter, and the formation sands and gravels collapsed around this filter up to the water table as the drill stem was withdrawn. Final annulus completion included additional silica sand followed by a bentonite seal and cement at the surface. All tracer-testing-related well completion details and boring logs are provided in Supplemental Data Folder S1. Boring logs for other GJAST locations (Figure 1) not directly discussed in this paper are provided in DOE 2018 [19].



Wells were completed in two phases. The first phase installed wells 0100 through 0105 and wells 0110 through 0115, with planned PPTs at wells 0100 and 0110 surrounded by a semicircle of monitoring wells (Figure 2). After these initial installations, fluorescein dye tracer testing was completed in wells 0100 and 0110 with monitoring in the semicircle wells to confirm the groundwater flow directions (toward wells 0102 and 0112, respectively) and quantify aquifer properties [14]. Subsequently, wells 0106, 0107, 0108, 0116, and 0118 were installed in alignment with the groundwater flow direction for use in cross-hole tracer testing. During the initial testing, it was determined that a small confining layer was creating upward flow in well 0100 [14]. Thus, wells 0106 and 0107 were installed with screens above and below this confining layer, and well 0106 was used for the PPT instead of well 0100, as originally planned. A semicircle of wells around well 0120 could not be completed due to drilling refusal and well 0121 was the nearest well that could be installed.



The 110-series wells (area with elevated solid-phase uranium in the unsaturated zone) were screened in the saturated zone at a depth of 4.0 to 5.5 m bgs. The 100-series wells (area with elevated solid-phase uranium near the water table with organic material) were screened in the saturated zone at a depth of 3.5 to 5.0 m bgs, except for well 0106 (deeper) and well 0107 (shallower) with screens at 4.7 to 5.0 and 3.8 to 4.1 m, respectively. Wells 0120 and 0121 (area with elevated solid-phase uranium across the water table and associated with gypsum) were screened within and slightly above the saturated zone at about 2.9 to 4.4 m bgs. Before the start of any PPTs, the depths to water in wells 0106, 0110, 0120, and 0121 were 3.6, 3.5, 3.4, and 3.2 m bgs, respectively. All tracer testing wells were partially penetrating in the alluvial aquifer based on well logs for GJAST-14 (110-series wells), GJAST-15 (100-series wells), and GJAST-20 (wells 0120 and 0121), where the depths to bedrock were 6.6, 6.2, and 6.3 m bgs, respectively.




3.2. Tracer Testing Procedures


PPTs in wells 0106, 0110, 0120, and 0121 (Figure 2) were completed as push–chase–drift–pull tests (Figure 3), with the injection and pumping rates and times listed in Table 1 along with the drift time. Lower rates and volumes with a greater drift time for well 0120 (Table 1) are due to the much lower injection rate that could be achieved in this well without significant water level increases (to avoid any leaching of the unsaturated zone during PPTs). The injection solution consisted of Gunnison River water with the addition of sodium iodide and sodium 2,3,4,5,6 pentafluoro benzoate (PFB). These two tracers are considered nonreactive (conservative transport) [14] and were added to provide injection water concentrations of nearly 35 mg/L (Supplemental Data Folder S2). Iodide has a higher diffusivity than PFB [14], so the two were used together to test any aquifer dual-porosity characteristics (differential diffusion into less mobile pore spaces). In addition, chloride concentrations in the aquifer were greater than in the river water; thus, chloride could be used as a naturally occurring, conservative tracer [14].



Injection of the traced river water (push phase) was followed by an injection of river water with no tracer addition (chase phase). River water injection was followed by a drift period under natural gradient conditions (drift phase). Pumping (pull phase) started just before the traced water arrived at the PPT well, which was calculated with prior groundwater flow velocity estimates and confirmed with sampling. The injected river water (traced and untraced) was pumped out until geochemical conditions returned to preinjection quality or appeared to be stable. Figure 3 conceptually shows each of the push–chase–drift–pull steps. Injection and extraction were performed using high-volume peristaltic pumps. Injection water was recirculated throughout the well screen until the injection was complete. Extraction was performed at the middle of the well screen or at the middle of the saturated interval if the water table was below the top of the well screen.




3.3. Sampling and Analyses


Injection water, prepumping groundwater, drift phase, and postpumping samples were collected at the PPT wells and monitoring wells using a peristaltic pump and dedicated plastic tubing for direct sampling. Wells 0108 and 0118 were only sampled before the push–pull testing. During pumping, 60 mL samples were continuously collected with an autosampler via a split pumping line for hourly samples. Field analyses of temperature, specific conductance, pH, oxidation–reduction potential (ORP), and dissolved oxygen (DO) were taken from the peristaltic pump line or the split pumping line (performed at least once a day, not hourly) with a field multimeter and probe (YSI 556MPS) connected to a flow-through cell. Alkalinity analyses were completed via titration. Fe2+ analyses (select nonpumping samples only) were completed with reagents added in the field and color changes measured with a spectrophotometer (Hach method 8146).



Well sampling was generally carried out from the middle of the screened interval. All samples were passed through a 0.45 micrometer filter and then split into two aliquots. One aliquot was kept at 4 °C for subsequent analyses of anions by ion chromatography (ThermoFisher Aquion ThermoFisher Scientific, Waltham, MA, USA), dissolved organic carbon (DOC) (Shimadzu TOC-L, Shimadzu, Columbia, MD, USA), iodide, and PFB by high-performance liquid chromatography (ThermoFisher Ultimate 3000, ThermoFisher Scientific, Waltham, MA, USA). The other aliquot was acidified to pH < 2 with trace-metal-grade nitric acid and subsequently analyzed for cations and metals via inductively coupled plasma–optical emission spectroscopy (ICP–OES) (Perkin Elmer DV7000, Perkin Elmer, Waltham, MA, USA) and for uranium via kinetic phosphorescence (KPA) (Chemchek KPA-11, Chemchek Instruments, Inc., Richland, WA, USA). Uranium results from the KPA were considered more accurate than uranium results from the ICP–OES analyses, and ICP–OES results for uranium below 0.1 mg/L were not used in any interpretations, albeit still considered above method detection limits. Analytical procedures followed the LM Grand Junction Environmental Sciences Laboratory (ESL) procedure manual [22].



Selected acidified samples were split for analyses at the Los Alamos National Laboratory (LANL) on an inductively coupled plasma–mass spectrometer (Perkin-Elmer NexION) with analyses for trace metals (Mo, Mn, U, Se, Sr, Li, and V). Li was included as baseline measurements for cross-hole tracer tests using LiBr (not included in this paper). The final full analyte list includes pH, temperature, specific conductance, alkalinity, DOC, Cl, NO3, SO4, I, PFB, Ca, Mg, Na, K, Fe2+, Fe, Mn, Se, U, Mo, SiO2, Sr, Li, and V. All final water quality data are provided in Supplemental Data Folder S2 in tabular and graphical formats.




3.4. Analyses for Removal of Dispersion


Paradis et al. [14] use the difference in chloride concentrations between the ambient groundwater and injected Gunnison River water as a natural, conservative tracer. This approach uses the chloride concentration differences to remove any dispersion influences for other analytes during the drift and pumping stages. Equation 1 and the graphical techniques in Paradis et al. [14] were adapted to a spreadsheet approach. This approach still uses chloride as a conservative aquifer tracer to calculate the ratio of aquifer fluids to injection fluids (e.g., a chloride concentration halfway between the aquifer and injection concentrations is 0.5, or half aquifer and half injection) that inherently accounts for dispersion. Applying this same ratio with any reactive constituent and then comparing to the chloride ratio provides a valuable method for determining possible reactions by investigating gains or losses of individual constituents (e.g., if the constituent ratio is 0.6 and chloride ratio is 0.5, then the constituent has a 0.1 or 10% gain in concentration compared to chloride). A constituent gain is removal from the solid phase to the water phase (i.e., dissolution or desorption), and a loss is a constituent transfer from the water phase to the solid phase (i.e., precipitation or sorption) with dilution influence being removed based on chloride.



Equation (1) from Paradis et al. [14] was applied to the drift portion of the PPTs at the PPT wells and surrounding ring wells as an initial step to evaluate which analytes may have undergone any chemical reactions. Using preinjection chloride concentrations and evaluating only the drift phase avoids any geochemical heterogeneities in the aquifer fluids that might be encountered during the pumping phase. This gain–loss step preceded any inverse geochemical modeling (Section 3.5 and Section 4.2.2) and, in fact, helped to inform this subsequent modeling effort.




3.5. Geochemical Modeling


Geochemical modeling was completed using PHREEQC [23] when pH, alkalinity, and all major cation and anion data were available. Using these data, plus trace metal data from the ESL or LANL, mineral saturation indices (SIs) were calculated for an extensive mineral list using the minteq.v4.dat database (available with the PHREEQC program download). PHREEQC files are provided in Supplemental Data Folder S3. Tabular and graphical results for CO2 concentrations, likely controlling minerals (calcite, gypsum, dolomite, rhodochrosite, and magnesite) and possible minerals that could control Mo, U, and V (CaMoO4, uraninite, carnotite, tyuyamunite, and Fe[VO3]2) are included in Supplemental Data Folder S2 with the water quality results. Saturation indices less than zero indicate possible mineral dissolution if that mineral exists, and SIs greater than zero indicate possible mineral precipitation. SIs near zero are considered an indicator of mineral equilibrium between the water and solid phase, within an error bound of approximately ±0.3 to account for possible analytical variability.



For all other PHREEQC modeling, an updated database (Supplemental Data Folder S4) that includes the most recent uranium thermodynamics and uranium complexation species was used [24,25]. Prior work has indicated that the use of this updated database decreases the SIs of carnotite and tyuyamunite due to the addition of calcium and magnesium uranyl carbonate complexes that keep uranium in solution [26]. Similar results occurred with the data herein by using PHREEQC with the ESL data and the updated database (Supplemental Data Folder S2 for wells 0120 and 0121; the only two wells with significant vanadium concentrations).



The inverse modeling feature of PHREEQC was used to evaluate the drift phase of the PPTs before using an RTM (Section 3.6). The inverse modeling feature in PHREEQC uses a constituent mass balance difference of final minus initial waters (i.e., postinjection drift-phase water minus preinjection groundwater) with an accounting of the differences by potential reactions provided by the user [23]. PHREEQC also allows for some analytical error which can be adjusted by the user, and pH is accounted for as a final charge balance check. The inverse modeling feature in PHREEQC can help in quantifying mineral and gas reactions along with cation exchange. However, it does not include capabilities for quantifying sorption–desorption processes.



Uranium sorption-desorption was evaluated using the generalized surface complexation modeling (GSCM) approach of Davis et al. [27]. However, the three sorption site density parameters (weak, strong, and super strong) of Davis et al. [27] were reduced to two sorption surfaces (strong (GC_s) and super strong (GC_ss)) for simplicity. The GSCM approach was used because sorption to individual components, such as iron oxides or clays, was not known or measured. The GSCM approach allows for independent variation in the sorption equilibrium constants and the sorption surface site densities. However, to avoid parameter correlation issues between the site densities and the equilibrium constants [28], only the two site densities were varied. The two site densities were consistently tied together by an order-of-magnitude difference, and the sorption equilibrium constants were held constant (5.817 and 6.798 for GC_s and GC_ss, respectively). The use of one site density parameter (GC_s) was also tested.



The PHREEQC program includes a 1D reactive transport mode [23]. However, flow velocities cannot be changed along a simulated 1D “column”. With the PPTs, flow velocities decline with expanding radial flow away from the injection wells. Thus, additional evaluations of geochemical parameters were completed using the 3D-capable reactive transport modeling approach discussed in the next section.




3.6. Reactive Transport Modeling


The reactive transport code PHT-USG was used to simulate each of the four PPTs [29]. PHT-USG couples MODFLOW-USG [30] for groundwater flow and USG-Transport [31] for contaminant transport with PHREEQC for geochemical reaction modeling capabilities. Calibration of the simulation output to the observed data used the PEST suite of software [32,33]. The graphical input/output software, Groundwater Vistas Version 8, was used for efficient model setup, simulations, calibration, and output visualization for PHT-USG and PEST. The same updated database used in the PHREEQC modeling was used in the PHT-USG modeling.



Individual RTMs were set up for each PPT. Initial groundwater flow gradients were computed using monitoring wells in the area from the time just before the tracer testing. These conditions were applied as constant head boundaries to produce the same gradient in an area around each PPT well. Cells corresponding to the test well were used to inject and pump the traced and untraced river water with the appropriate tracer concentrations and river water quality. The first calibration step used the iodide and PFB tracer data from the PPT well to estimate hydraulic conductivity and dispersivity (vertical hydraulic conductivity was tied to horizontal hydraulic conductivity at a 1:10 ratio, and transverse dispersivity was tied to longitudinal dispersivity at a 1:10 ratio). The two nonreactive tracers (iodide and PFB) had similar normalized concentrations throughout the tracer testing at all PPT wells, so dual domain issues do not look likely [14]. Both iodide and PFB were used for model calibration.



The second calibration step used U, pH, alkalinity, Ca, K, Mg, Na, and Sr data from the PPT well to estimate the uranium strong sorption site density (GC_s), calcite SI, and cation exchange capacity. Sorption sites and cation exchange sites were initialized at equilibrium with the initial groundwater chemistry. The superstrong sorption site density (GC_ss) was tied to GC_s at a 1:10 ratio, and alkalinity was entered into PHT-USG as an equivalent carbon species (C4+). Additional simulations were completed to (1) use only the strong sorption site density to simplify the parameterization and test the need for two sorption site density parameters and (2) test calibration improvement with the addition of gypsum dissolution for two wells (0120 and 0121) that had higher calcium and sulfate concentrations.



Chloride, sulfate, and silica were used in the simulations but were not used for calibration. There was some uncertainty in the ambient chloride concentrations, so the added tracers were better for calibrating the physical transport parameters. In addition, PHT-USG required the use of sulfate to charge-balance the water data in PHREEQC. For simulations that included gypsum dissolution, chloride was used to charge-balance the water data. Silica was not included in any reactions and was generally near equilibrium or slightly supersaturated with respect to chalcedony (Supplemental Data Folder S3).



Two RTMs (a 2D model and a 3D model) were created for each PPT well to test the parameter estimation differences with model layering complexity. One model assumed a single layer (fully penetrating well) and another, more representative model used multiple layers (partially penetrating well). Run times for the multilayer models were generally 40 to 50 times longer.





4. Results


4.1. Initial Groundwater and Surface Water Geochemistry


Groundwater quality for all four PPT wells was measured in triplicate just before injection occurred (Supplemental Data Folder S2). Well 0121 also had a sample taken 12 days before injection. The data in Table 2 are averages of water quality from the number of samples indicated. PPT wells 0110, 0120, and 0121 were also sampled in triplicate 1 month before injection occurred (Supplemental Data Folder S2). The differences in groundwater quality between February 2018 and March 2018 samples are minimal, except for lower iron concentrations in wells 0120 and 0121 and lower manganese concentrations in well 0110 in March 2018 (Table 2). Because PPT well 0106 was installed later than the other wells, it could not be sampled in February 2018. However, nearby wells 0100 through 0105 (Figure 2) were sampled in February 2018 (Supplemental Data Folder S2), which all show slightly greater concentrations of dissolved constituents at that time (albeit close to the limits of analytical error of around ±5%). These data indicate the potential for spatial heterogeneity in uranium and other dissolved constituents near the PPT wells. Of the four PPT wells, well 0106 appears more likely than the other PPT wells to have had a slightly different groundwater quality downgradient of the well, based on nearby sampling the month before the PPT was completed, with greater uranium, chloride, and sulfate values in wells 0100 through 0105 (Supplemental Data Folder S2; Table 2 for well 0103 as an example). The Gunnison River water that was sampled just before use as an injection fluid shows minimal differences in water quality between uses (Supplemental Data Folder S2; Table 2), and it has significantly better water quality than the groundwater, which provides a good contrast in chemistry between the groundwater and the river water (Table 2).



The overall geochemistry of the groundwater in each of the four PPTs wells is significantly different, especially for uranium concentrations (Table 2). As discussed in Paradis et al. [14], these differences correspond to solid-phase uranium being found in an organic-rich zone (well 0106), the vadose zone (well 0110), and a gypsum-rich zone (wells 0120 and 0121). These interpretations also correspond with column test results (15). The preinjection water quality and geochemical conditions near the PPT wells can be summarized as follows, based on the data in Table 2, data in Supplemental Data Folder S2, and information in Paradis et al. [14] and Johnson et al. [15]:



Wells 0106 and 0110 and all surrounding wells:



	
Near equilibrium to slightly supersaturated with respect to calcite (SIs typically between 0.0 and 0.15).



	
Typical groundwater carbon dioxide concentrations (near −1.7 log atm), which is about 2 orders of magnitude greater than the river water (near −3.5 log atm).



	
Anoxic (DO typically less than 1 mg/L) to slightly reducing, measurable Mn but typically with Fe at or below detection limits. Wells 0116 and 0118 (Figure 2) are more reducing with lower ORP values and higher Mn and Fe (Supplemental Data Folder S2), possibly indicating an upgradient zone with higher organic content.



	
Possible maximum solubility control on manganese by rhodochrosite in wells 0116 and 0118, with SIs of −0.17 and −0.21, respectively.



	
No apparent major cation–anion control by minerals except for calcite.



	
No apparent uranium mineral control (uraninite is always undersaturated) (Supplemental Data Folder S2).



	
Dissolved V is generally below detection limits (0.040 mg/L).






Wells 0120 and 0121:



	
Slightly supersaturated with respect to calcite (SIs typically between 0.15 and 0.30).



	
Typical groundwater carbon dioxide concentrations (−1.9 to −1.7 log atm).



	
Anoxic to slightly reducing (low DO and measurable Fe and Mn), and overall more reducing than wells 0106 and 0110 with more Fe and Mn and lower ORP values, but similar to wells 0116 and 0118.



	
No apparent major cation–anion control by minerals except for calcite and possibly gypsum. Gypsum gets close to equilibrium saturation with an SI of −0.3 in well 0120, which corresponds to higher calcium and sulfate concentrations.



	
Possible maximum solubility control on manganese by rhodochrosite, which has an SI of −0.06 for well 0120 and −0.03 for 0121.



	
Higher uranium concentrations than wells 0106 and 0110 with no apparent mineral control (uraninite is always undersaturated). Likely sorption–desorption control with the possibility of uranium within the gypsum [15].



	
No detectable V in well 0120 before PPT but detected during and after pumping; detectable V in well 0121 before, during, and after PPT (albeit lower V concentrations after the PPT).






Uranium mineral control by uraninite (reduced uranium mineral) was evaluated in wells 0120 and 0121 (highest uranium concentrations) using Fe2+/Fe3+ concentrations in PHREEQC (Supplemental Data Folder S3) with the updated database (Supplemental Data Folder S4). This resulted in the lowest pE being 1.6 with an associated greatest uraninite SI of −3.5 (still quite undersaturated). Using the lowest measured ORP value gives the same results and thus uraninite precipitation appears unlikely. Uranium control by carnotite and tyuyamunite was evaluated for wells 0120 and 0121 (no vanadium was detected in the other PPT wells), which resulted in SI values greater than zero for both minerals in well 0121 using the minteq.v4 database. However, using the updated database (Supplemental Data Folder S4), SI values for both carnotite and tyuyamunite in both wells are consistently less than −2.0 (Supplemental Data Folder S3). Thus, geochemical and reactive transport simulations only considered uranium concentrations that are being controlled by sorption–desorption processes. Possible uranium control by release from gypsum dissolution [15] is beyond the scope of this paper and will require additional research.



SIs for a ferrous iron vanadate mineral using both minteq.v4 and the updated database are greater than zero for well 0121. These results are similar to those at a former uranium mill site in Monticello, Utah, with elevated uranium and vanadium concentrations in the shallow groundwater [26]. At that site, vanadium appears to have a mineral (iron vanadate) and sorption control, with uranium just being sorption-controlled. At the GJO site, an excess of vanadium during pumping [14] is consistent with an iron vanadate dissolution upon oxidation. The focus of this paper is on uranium sorption parameters, but the data provided in Supplemental Data Folder S2 could be used to evaluate the controls on other site contaminants, such as vanadium and molybdenum.




4.2. Potential Reactions during PPTs


4.2.1. Analyte Gain–Loss Calculations with Dispersion Removed


Drift phase data for the PPT wells and the 100-series and 110-series semicircle ring wells (Figure 2) were evaluated using the approach discussed in Section 3.4 for the removal of dispersion (Supplemental Data Folder S5). Data for the PPT wells are provided for a specific sampling date, and the ring well data are averaged for each area (Table 3). Given potential analytical error up to 10%, a gain or loss less than 0.1 is likely not significant. Uranium shows an apparent increase, likely due to desorption from the solid phase. Silica also shows an increase compared to chloride as river water equilibrates with the aquifer solids. Nitrate behaves similarly to chloride as a conservative tracer when it is above detection limits. The ring wells have a greater loss of Ca, Mg, and Sr; a greater decrease in pH; and a greater increase in Na and K than in PPT wells 0106 and 0110 (Table 3). Compared to wells 0106 and 0110, wells 0120 and 0121 show a greater increase in calcium and sulfate, which corresponds with prior information on the possibility of gypsum in the area. Gypsum does not reach equilibrium saturation in any wells but does reach an SI of −0.8 during the drift phase in well 0120 (preinjection SI at well 0120 is −0.3).



The chase water provides a useful marker to determine how much total injection water has reached a particular well. As expected, the PPT wells during the drift phase have low chloride and low iodide concentrations (chase river water), whereas the ring wells have low chloride and high iodide concentrations (traced river water). Thus, the solid phase at the PPT wells has experienced contact with river water for a longer time than the ring wells. As a result, reactions that happen quickly and reach equilibrium are more likely to have occurred already at wells 0106 and 0110 during the drift phase than the surrounding ring wells. Thus, based on Table 3, silica and uranium continue to be added to the water phase at wells 0106 and 0110 during the drift phase (likely a kinetic rate limitation), but the loss of Ca, Mg, and Sr with a gain in Na and K only occurs in the 100- and 110-series ring wells (reactions with these elements can reach equilibrium relatively quickly).




4.2.2. Quantifying Reactions with PHREEQC


The data analyses in Section 4.2.1 give quantitative gains or losses for individual constituents but do not provide specific reaction information. Thus, the inverse modeling capabilities in PHREEQC were used to quantify reactions in the drift phase, which included mineral and gas reactions and cation exchange (Supplemental Data Folder S3). Gunnison River water was the initial water and a well sample at a specific time was the final water. Chloride was used with the mixing feature in the PHREEQC inverse modeling to account for the ratio of original groundwater to river water (similar to Section 4.2.1 but performed within PHREEQC as a chloride mass balance) before evaluating any reactions.



PHREEQC inverse modeling can be very nonunique when too many constituent sources are added [23]. For example, the transfer of calcium from the solid phase to the water phase could come from cation exchange, calcite dissolution, or gypsum dissolution (likewise for Mg and Sr cation exchange and associated carbonates). Since Ca, Mg, and Sr in the 100- and 110-series ring wells have concentration losses without an associated loss of alkalinity (Table 3), carbonate mineral reactions were not included.



The final potential reaction list tested included gypsum and chalcedony mineral dissolution/precipitation, carbon dioxide speciation, and cation exchange for Na, K, Ca, Mg, and Sr. Within analytical error bounds of 5% to 10%, a mass balance was achieved with: (1) just cation exchange reactions (Ca, Mg, and Sr loss to the solid phase with a release of Na and K to the water phase) and chalcedony dissolution in the ring wells, (2) no added reactions for PPT wells 0106 and 0110, and (3) the same reactions as (1) with the addition of gypsum dissolution for PPT wells 0120 and 0121. No direct addition or loss of carbon dioxide was required, and the pH value changes for the drift-phase water was achieved by the charge balance adjustments associated with the cation exchange. For wells 0120 and 0121, Sr mass balance was achieved by cation exchange (Sr increase; Table 3), but it is suspected that Sr may also be a trace element associated with gypsum dissolution because it often substitutes for Ca. These results are consistent with the gain–loss data evaluations in Section 4.2.1 and provide a guide for specific reactions to be used in the reactive transport modeling. The identification of reactions is a necessary first step before evaluating uranium sorption parameters because uranium mobility can be highly influenced by pH along with Ca, Mg, and carbonate complexes [24].



Johnson et al. [15,20] also indicate the potential for dissolution of gypsum and silica-rich minerals, similar to the PHREEQC inverse modeling results. These previous papers suggest the potential for uranium to be associated with these gypsum and silica-rich areas (especially at well 0120) as mineral coatings. For this paper, the major uranium mobility control is considered a sorption–desorption reaction. Additional research will be required to quantify any uranium release from the dissolution of mineral coatings.





4.3. Reactive Transport Parameters Using PHT-USG


4.3.1. Results


RTM grid specifications, layering, initial conditions, boundary conditions, and time stepping details are provided in Supplemental Data Folder S6. Final calibrated model files are provided in Supplemental Data Folder S7, and the results are provided in Supplemental Data Folder S8 in a graphical format for the observed versus simulated geochemistry (iodide, PFB, Cl, SO4, U, pH, alkalinity, SiO2, Ca, K, Mg, Na, and Sr). Graphical results are presented with horizontal lines for the aquifer (dashed red) and the traced, injected river water (dashed orange) concentrations (noting that these concentrations were used in the model, which includes adjustments for charge balance in some cases for Cl and SO4). Solid black circles indicate the measured concentrations. An additional horizontal line is provided for the chase water constituent concentrations (dotted green), although they are generally the same as those of the traced water, except with no tracer concentrations. The blue solid curve lines indicate the simulated results, and a thin, pink solid curve provides the concentrations of each constituent if it behaved conservatively with no reactions. A summary of the calibrated simulation results for the estimated parameters is provided in Table 4, which are discussed in Section 4.3.2 and Section 4.3.3. Because uranium mobility can be influenced by overall water geochemistry, including pH, alkalinity, and Ca that produce various uranium complexes in solution [24], Section 4.3.4 and Section 4.3.5 discuss modeling results for constituents besides uranium first. A summary focused on the final selection of the most reasonable generic uranium sorption parameter values is provided as a separate discussion section (Section 5).



Although the actual wells are partially penetrating, the use of a single layer was evaluated to see if a simpler modeling approach with faster run times was adequate. The resulting hydraulic conductivity values for the multilayer approach are up to 2.9 times greater than the single-layer model (Table 4) but are still within prior estimates of hydraulic conductivity for the site. Prior hydraulic conductivity estimates at the GJO site range from 0.30 to 10 m per day (m/d) (0.98 to 33 feet per day (ft/d)) based on monitoring well bail testing and 12 m/d (40 ft/d) from an aquifer pumping test [17]. Dispersivity estimates for the single layer are slightly different than estimates from the multilayer approach (Table 4). No prior groundwater contaminant dispersivity estimates for the GJO site are available to the authors’ knowledge.



The single-layer approach does provide a faster calibration procedure with reasonable results for hydraulic conductivity and dispersion. However, given the differences in the uranium sorption parameters and the fact that the PPT wells are partially penetrating, the following discussions focus on the multilayer results (single layer graphical results are available in Supplemental Data Folder S8).




4.3.2. Estimated Parameter Values


The calibrated calcite SI is always positive for all models with a range from 0.10 to 0.27 (Table 4). Before the PPTs, the calcite SI ranged from −0.034 to 0.30 for all wells. Thus, the aquifer appears to have a consistent condition of being near equilibrium to slightly supersaturated with respect to calcite. During the drift phase, PHREEQC-calculated calcite SIs are larger in the PPT wells (up to 0.77), which indicates the potential for calcite to precipitate immediately after the river water injection (which had a calcite SI of up to 1.0). Currently, PHT-USG only allows for a constant mineral SI in time and space, but the gypsum SI for the injection-drift and extraction phases was varied by restarting the simulation. Estimated gypsum SIs remained negative. The cation exchange (X) parameter was comparatively low for most simulations with some variance (Table 4). For comparison, the cation exchange parameter for the saturated zone column tests at GJO ranged from 0.15 to 0.25 [15]. The uranium sorption parameters (GC_s and GC_ss) show a larger difference, especially for PPT wells 0110 and 0121 (Table 4, simulations 2 and 4, respectively). Prior estimates of these parameters at the GJO site from column testing range from 1.0 × 10−3 to 3.5 × 10−3 moles/kg-water for GC_s and 9.5 × 10−5 to 2.9 × 10−4 moles/kg-water for GC_ss [15]. These prior estimates are similar to the multilayer results with the sorption parameter range of 1.5 to 3.5 × 10−3 moles/kg-water for GC_s and 1.5 to 3.5 × 10−4 moles/kg-water for GC_ss for PPT wells 0106, 0110, and 0120 (Table 4, simulations 1, 2, and 3, respectively). For the well 0121 multilayer, with the inclusion of gypsum dissolution, the sorption parameters are an order of magnitude less (Table 4, simulation 4G).



A virtually identical model fit was obtained using a single sorption parameter as opposed to having two that differ by an order of magnitude (Supplemental Data Folder S8). The calibrated single sorption parameter compensates for the loss of the GC_ss parameter by increasing the GC_s parameter (Table 4, simulations 1B, 2B, 3B, and 4B).




4.3.3. Iodide Model Fit


The model fit for observed versus simulated iodide concentrations for PPT wells 0106, 0110, and 0121 is very good (Figure 4). Thus, we consider the physical parameter estimates for hydraulic conductivity and dispersivity to be reasonable (Table 4). For PPT well 0120, the model fit is not as good, which is likely due to physical heterogeneity surrounding this well; this is immediately apparent because of increasing iodide seen in the drift phase (Figure 4). Such physical heterogeneity violates the model configuration of constant, surrounding hydraulic conductivity values. Larger water level responses were measured in well 0120 during pumping and injection compared to the other PPT wells, and well 0120 could not maintain the higher flow rates of the other wells (Table 1). Thus, it is likely that the bulk hydraulic conductivity around this well is lower than simulated.




4.3.4. Model Fit for Constituents except for Uranium


Because other constituents (especially pH and alkalinity) can influence uranium complexation, and thus the resulting sorption of uranium to the solid phase, these were examined first. PPT well 0110 shows a very good observed versus simulated fit for all constituents (Figure 5; Supplemental Data Folder S8). In Figure 5, the chase water shows a slightly different geochemistry than the traced water for calcium and sodium, which is due to one data point for the major cations in the traced water quality that may include some analytical error (Supplemental Data Folder S2). There is a small offset between the simulated and measured sulfate concentrations because sulfate was adjusted to achieve the charge balance of the solution compositions that were input to the model.



As discussed in Section 4.1, geochemical heterogeneity around PPT well 0106 can result in simulated constituent concentrations remaining lower than the observed values after pumping begins (Figure 6; for uranium, chloride, and strontium in Supplemental Data Folder S8). In addition, one of the four preinjection samples may have had low calcium, magnesium, and sodium concentration values due to analytical error that could not be reconciled (Supplemental Data Folder S2). Again, offset between the simulated and measured sulfate concentrations occurs because sulfate was adjusted to achieve the charge balance of the solution compositions that were input to the model. Although the model configuration fails to account for the surrounding geochemical heterogeneity, pH and alkalinity (the main geochemical controls on uranium) appear to have a reasonable model fit (Figure 6), with the exception that pH may have some reaction rate delays at simulation days 1 and 2.




4.3.5. Model Fit for Calcium and Sulfate with and without Gypsum Addition for Wells 0120 and 0121


As previously mentioned, the area around wells 0120 and 0121 was identified as an area with the possible presence of gypsum. Thus, these two wells were evaluated with two models, one without the use of gypsum dissolution and one with gypsum dissolution. For well 0120 without the addition of gypsum, there are reasonable model fits to other constituents (Supplemental Data Folder S8) except for calcium, sulfate, and strontium (likely a trace element substituting for calcium within gypsum). For these constituents, the observed concentrations are higher than the simulated concentrations during the drift phase, which is then reversed during the pumping phase (Figure 7 for calcium, Figure 8 for sulfate, and Supplemental Data Folder S8 for strontium). For well 0120, the addition of gypsum to a calibrated SI of −0.80 during the injection and drift phases and −0.64 during the pumping phase dramatically improves the model fit (Figure 7 and Figure 8).



For well 0121, the same trends as for well 0120 occurred, albeit not as large a difference between observed and simulated concentrations (Figure 7 for calcium, Figure 8 for sulfate, and Supplemental Data Folder S8 for strontium). As a result, the addition of gypsum to a calibrated SI of −0.97 during the injection and drift phases and −0.77 during the pumping phases does not produce the improvement in model fit seen for well 0120 (Figure 7 and Figure 8). However, the increased calcium and sulfate for well 0121 during the drift phase and the lower values during pumping compared to the original aquifer concentrations indicate that some gypsum dissolution might be occurring.



The addition of gypsum for well 0120 results in a calibrated decrease in the cation exchange parameter (X) and a slight increase in the uranium sorption parameter. For well 0121, the addition of gypsum slightly increases both the cation exchange and uranium sorption parameter values (Table 4).






5. Discussion of Model Fit for Uranium and Sensitivity Analyses


In the results section above, simulated versus measured iodide concentrations provide good model fits (Figure 4) with reasonable hydraulic conductivity and dispersion parameters (Table 4). For other constituents, each PPT well has geochemical variations that can be accounted for through the consideration of mineral dissolution/precipitation (calcite and gypsum), cation exchange, and uranium sorption/desorption (Section 4 and Table 4). This results in a good fit for the simulated versus observed uranium concentrations during the pumping phase for all of the simulations (Figure 9 and Supplemental Data Folder S8). However, the final calibrated uranium sorption parameters can vary significantly between wells based on the model fit during the drift phase, with especially low uranium sorption parameter values for well 0121 (Figure 9). To test the variation in uranium sorption parameters when fitting the concentrations during the drift phase, a sensitivity analysis was completed by fitting the model to the highest and lowest uranium concentration during the drift phase (Figure 9).



Sensitivity analyses show the importance of the drift phase data in determining the uranium sorption parameters (Figure 9). For the pumping phase, the sensitivity analyses produce no change in the simulated pumping phase concentrations for wells 0110 and 0120, a change in the final aquifer concentration for well 0106, and slight curve shape differences for well 0121 (Figure 9). Relatively few data points were collected during the drift phase compared with the pumping phase, so the calibration software placed significantly more weight on matching the pumping phase data. However, a more similar sorption parameter for all the PPT wells suggests that placing more emphasis on matching the drift phase might produce more precise sorption parameter estimates. The results of the sensitivity analyses are summarized for each well simulation as follows, based on Figure 9:




	
Well 0106: The drift phase is only matching two data points. Matching the lower uranium concentration in the drift phase alters the simulation to fit the aquifer uranium concentrations prior to pumping instead of the final pumping concentration (due to heterogeneity, prior discussions). Thus, the original calibration provides the most reasonable uranium sorption parameter value.



	
Well 0110: There is only one data point during the middle of the drift phase and two data points just before pumping starts. It is unclear if there is some analytical error in the last two drift phase data points. The original calibration creates a fit in between the drift phase concentrations. With the sensitivity analyses, a fit to the early drift phase data creates a better fit to the early-time pumping uranium concentrations and is deemed the best simulation for deriving the most reasonable uranium sorption parameter value.



	
Well 0120 without gypsum: The drift phase for this well has more data points than any other well. Thus, sensitivity analyses show only a slight change in uranium sorption parameter values. The original calibration is taken as the most reasonable uranium sorption parameter value.



	
Well 0120 with gypsum: Same sensitivity results as well 0120 without gypsum, but the gypsum addition in the original calibration provides a better fit for uranium concentration during the pumping phase. The original calibration is taken as the most reasonable uranium sorption parameter value.



	
Well 0121 without gypsum: The drift phase has four data points with steadily increasing uranium concentrations that cannot be simulated by the model. As such, fitting the lowest uranium concentration in the drift phase during sensitivity analyses (similar to the original calibration) likely underestimates the overall uranium sorption parameter value. Thus, fitting the larger uranium concentration in the drift phase just before pumping is selected as the best simulation for determining the most reasonable uranium sorption parameter value.



	
Well 0121 with gypsum: The difference in model fit is minimal with the addition of gypsum, and the discussion is the same as the above for well 0121 without gypsum.








Although the data for wells 0106, 0110, and 0121 are limited, increasing uranium concentrations during the drift phase are not adequately simulated. This is likely due to uranium desorption kinetics that are not included in the modeling effort. The highest uranium concentrations occur at the end of the drift phase for these three wells, which does not occur in well 0120 with a much slower groundwater velocity. Although it is not typical to consider noncalibrated parameter values as the most reasonable values, possible kinetic influences that are not included in the simulations lead to a selection of uranium sorption parameter values for wells 0110 and 0121 that are not the final calibrated values (Figure 9). The difference is only a factor of 3.5 for well 0110, but it is close to an order-of-magnitude difference for well 0121. With this final selection of uranium sorption parameter values, the results are a tight range of values for GC_s from 1.0 × 10−3 to 2.0 × 10−3 moles/kg-water (GC_ss values are tied to GC_s as an order of magnitude less). These values are within the range of prior values from column testing on the same aquifer material (1.0 × 10−3 to 3.5 × 10−3 moles/kg-water for GC_s and 9.5 × 10−5 to 2.9 × 10−4 moles/kg-water for GC_ss [15]. Apparently, the inclusion of gypsum as a mineral phase has a minimal influence on the selected best uranium sorption parameter value (Figure 9), albeit that inclusion does improve model fits for calcium and sulfate, especially for well 0120 (Figure 7 and Figure 8).




6. Conclusions


Single-well push–pull tracer testing and the subsequent analyses provide a way to quantitatively determine in situ reactions in an aquifer impacted by legacy uranium mining. At the GJO site, the major reactions of cation exchange, uranium desorption, and gypsum dissolution were initially hypothesized based on constituent geochemistry after the removal of dispersion influences using chloride. These reactions were confirmed and quantified using a multilayer RTM for each of the four PPT wells.



While there are geochemical differences between the four wells in the groundwater, the final uranium sorption parameter values were similar for all four wells. This likely reflects inherent sediment similarity with respect to uranium sorption and the successful removal of any influences by groundwater geochemical differences on the inherent sorption parameter. As a result, the reactive transport modeling discussed herein can simulate the correct groundwater uranium concentrations after the existing geochemical conditions are changed. This includes perturbation of the system with the injection of river water. Final uranium sorption parameter values were also very similar to prior values derived from column testing [15]. Thus, the in situ versus ex situ testing environments and scale differences do not appear to significantly influence the uranium sorption parameter values for the GJO site. This scale independence may not occur if there are significant geochemical differences between the field and the laboratory scales (e.g., redox conditions).



Reactive transport modeling determined that the uranium sorption parameter values are more sensitive to model fitting of uranium concentrations during the drift phase than the pumping phase. Thus, a recommendation for any similar PPTs in the future is to collect more drift phase data.



The resulting reactions and quantitative parameter values from both the prior laboratory work and the field work reported herein provide input parameters that can be used in a sitewide RTM. The derivation of uranium sorption parameters for use in PHREEQC and PHT-USG provide a technique that goes beyond the traditional sorption distribution coefficient (Kd) approach, which uses a constant sorption value that does not vary with different geochemical conditions. Thus, future predictive models using PHT-USG (or another reactive transport modeling code) can adequately test remedial scenarios with various injection fluids.
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Figure 1. GJO site with the extent of former surface contamination, former tailings area, former mill buildings, coring locations, existing wells, and three focus areas. The river is flowing northward, and the side channel is an irrigation ditch. Figure modified from Johnson et al. [15]. 
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Figure 2. GJO site around focus areas with wells installed for tracer testing. The four single-well push–pull tracer testing wells (0106, 0110, 0120, and 0121) are highlighted purple, and all other wells were used for monitoring only. Figure modified from Johnson et al. [15]. 






Figure 2. GJO site around focus areas with wells installed for tracer testing. The four single-well push–pull tracer testing wells (0106, 0110, 0120, and 0121) are highlighted purple, and all other wells were used for monitoring only. Figure modified from Johnson et al. [15].
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Figure 3. Conceptual diagram of the push–chase–drift–pull approach to the PPTs. Red indicates the contaminated aquifer, blue indicates the traced Gunnison River water, and white indicates the untraced Gunnison River water. The color variation between each main color represents dispersion. The arrows highlight the injection and pumping directions with the PPT well casing (solid white) and well screen (black horizontal lines) shown in the center of each diagram. This figure follows the formatting of Kruisdijk and van Breukelen [1]. 
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Figure 4. Model fit for iodide in all four PPT wells with a multilayer approach. Phases are: (1) traced river water injection, (2) untraced river water injection (chase), (3) drift phase, and (4) pumping phase. 
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Figure 5. Model fit for various constituents in well 0110 with a multilayer approach. Phases are: (1) traced river water injection, (2) untraced river water injection (chase), (3) drift phase, and (4) pumping phase. 
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Figure 6. Model fit for various constituents in well 0106 with a multilayer approach. Phases are: (1) traced river water injection, (2) untraced river water injection (chase), (3) drift phase, and (4) pumping phase. 
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Figure 7. Model fit for calcium with a multilayer approach. Phases are: (1) traced river water injection, (2) untraced river water injection (chase), (3) drift phase, and (4) pumping phase. 
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Figure 8. Model fit for sulfate with a multilayer approach. Phases are: (1) traced river water injection, (2) untraced river water injection (chase), (3) drift phase, and (4) pumping phase. 
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Figure 9. Model fit for uranium in all PPT wells, with and without gypsum addition for wells 0120 and 0121. Phases are: (1) traced river water injection, (2) untraced river water injection (chase), (3) drift phase, and (4) pumping phase. Posted values are the GC_s uranium sorption parameter values (moles/kg-water) for the upper and lower sensitivity testing (gray dashed curve) and the calibrated value from Table 4 (solid blue curve). GC_s values in bold italics indicate the authors’ picks for the best final values. 
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Table 1. Push–Chase–Drift–Pull Testing Summary.
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	Location
	Start Date
	Traced Injection (L)
	Traced

Injection Time (h)
	Traced Injection Rate (L/min)
	Untraced Chase

Injection (L)
	Untraced Chase

Injection Time (h)
	Untraced Chase

Injection Rate (L/min)
	Drift Time (h)
	Pumped Volume (L)
	Pumping Time (h)
	Pumping Rate (L/min)





	Well 0106
	3/7/2018
	1100
	19.9
	0.95
	380
	5.20
	1.2
	41.0
	5700
	95.5
	1.2



	Well 0110
	3/6/2018
	1100
	21.0
	0.90
	380
	6.60
	0.95
	47.0
	7200
	113
	1.0



	Well 0120
	3/5/2018
	110
	18.9
	0.10
	38
	6.30
	0.10
	191
	640
	73.2
	0.15



	Well 0121
	3/20/2018
	1100
	17.2
	1.1
	380
	5.70
	1.1
	70.1
	3800
	70.1
	1.0
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Table 2. Initial Geochemistry Before Tracer Injection.






Table 2. Initial Geochemistry Before Tracer Injection.





	Location
	No. of Samples
	Sample Dates
	ORP (mV)
	pH
	SC (µS/cm)
	Alkalinity (mg/L as CaCO3)
	U (mg/L)
	Cl (mg/L)
	NO3 (mg/L)
	SO4 (mg/L)
	Mg (mg/L)
	Ca (mg/L)
	Na (mg/L)
	K (mg/L)
	SiO2 (mg/L)
	Mo (mg/L)
	Fe (mg/L)
	Mn (mg/L)
	V (mg/L)
	Sr (mg/L)





	Well 0103 a
	2
	2/1/2018 and 2/2/2018
	160
	7.2
	1700
	300
	0.28
	40
	18
	560
	48
	130
	210
	6.8
	26
	<0.020
	<0.020
	0.19
	<0.040
	1.5



	Well 0106
	3
	3/7/2018
	170
	7.3
	1660
	260
	0.18
	34
	18
	510
	44
	120
	180
	5.7
	21
	<0.020
	0.052
	0.21
	<0.040
	1.1



	Well 0110
	3
	2/1/2018 and 2/2/2018
	120
	7.2
	1950
	380
	0.36
	50
	15
	660
	59
	150
	230
	7.6
	26
	<0.020
	0.033
	0.34
	<0.040
	1.5



	Well 0110
	3
	3/6/2018
	NA
	7.3
	1980
	NA
	0.38
	50
	16
	650
	63
	150
	230
	6.5
	23
	0.027
	<0.020
	0.17
	<0.040
	1.4



	Well 0120
	3
	2/2/2018
	1.3
	7.2
	2920
	310
	1.1
	75
	<5.0
	1300
	54
	280
	390
	9.6
	17
	0.54
	0.28
	1.6
	<0.040
	2.6



	Well 0120
	3
	3/5/2018
	NA
	7.1
	3000
	NA
	0.97
	77
	<2.5
	1200
	50
	320
	380
	8.0
	15
	0.54
	<0.020
	1.5
	<0.040
	3.0



	Well 0121
	3
	2/1/2018 and 2/2/2018
	12
	7.2
	2000
	260
	0.65
	40
	<5.0
	850
	30
	220
	230
	6.3
	15
	0.33
	0.21
	1.7
	0.40
	2.4



	Well 0121
	4
	3/8/2018 and 3/20/2018
	75
	7.2
	2080
	250
	0.67
	45
	<1.0
	790
	36
	220
	250
	6.2
	16
	0.32
	0.088
	1.7
	0.41
	1.9



	Gunnison River b
	6
	3/5/2018–7/2018
	NA
	8.5
	760
	120
	0.0065
	7.7
	2.3
	230
	27
	76
	47
	2.6
	9.6
	<0.020
	<0.020
	0.039
	<0.040
	0.71



	Gunnison River c
	3
	3/20/2018
	150
	8.6
	700
	110
	0.0084
	7.7
	1.4
	230
	29
	74
	49
	2.9
	8.2
	<0.020
	<0.020
	0.020
	<0.040
	0.75







Notes: a February 2018 data are included for well 0103 because well 0106 was not completed at that time. b Gunnison River 3/5/2018–7/2018 was used for PPTs in wells 0106, 0110, and 0120. c Gunnison River 3/20/2018 was used for PPT in well 0121. Abbreviations: < = below detection limit, µS/cm = microsiemens per centimeter, mV = millivolts, NA = not available, SC = specific conductance. 
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Table 3. Gain or Loss of Constituents to Groundwater During the Drift Phase of the PPTs Based on Chloride as a Conservative Element.
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Well

	
Date

	
Gain–Loss by Constituent




	
pH

	
Alkalinity

	
U

	
NO3

	
SO4

	
Mg

	
Ca

	
Na

	
K

	
SiO2

	
Mn

	
Sr

	
V






	
0106

	
3/9/2018

	
0.34

	
0.14

	
0.15

	
0.00

	
0.02

	
−0.04

	
−0.03

	
0.09

	
0.08

	
0.27

	
−0.09

	
−0.01

	




	
100-series ring wells

	
Average

	
0.51

	
0.07

	
0.18

	
−0.01

	
0.09

	
−0.16

	
−0.15

	
0.36

	
0.18

	
0.42

	

	
−0.23

	




	
0110

	
3/9/2018

	
0.46

	
0.03

	
0.17

	
−0.04

	
0.01

	
0.00

	
0.03

	
0.06

	
0.09

	
0.20

	
−0.09

	
−0.02

	




	
110-series ring wells

	
Average

	
0.61

	
0.05

	
0.25

	
−0.02

	
0.03

	
−0.11

	
−0.17

	
0.26

	
0.16

	
0.30

	

	
−0.18

	




	
0120

	
3/10/2018

	
0.48

	
0.10

	
0.18

	

	
0.19

	
0.02

	
0.25

	
0.16

	
0.23

	
0.31

	
0.06

	
0.32

	




	
0121

	
3/24/2018

	
0.45

	
0.02

	
0.07

	

	
0.15

	
−0.09

	
0.15

	
0.08

	
0.14

	
0.21

	
0.04

	
0.25

	
0.11








Notes: Blank cells indicate concentrations near or below detection limits. Positive pH values indicate an increase in H+ with a decrease in pH.
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Table 4. Estimated Parameters for Each Push–Pull Tracer Testing Well Using Single-Layer and Multilayer Modeling Approaches.
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Layering

	
Simulation No.

	
Well

	
Kh

(m/d)

	
Kv

(m/d)

	
aL

(m)

	
At

(m)

	
Calcite SI

	
Gypsum SI (Injection and Drift Phases)

	
Gypsum SI (Extraction Phase)

	
X (moles/kg-water)

	
GC_s (moles/kg-water)

	
GC_ss (moles/kg-water)






	
Single Layer

	
1

	
0106

	
1.4

	
NA

	
0.31

	
0.031

	
0.15

	
NA

	
NA

	
0.20

	
1.2 × 10−4

	
1.2 × 10−5




	
2

	
0110

	
1.8

	
NA

	
0.17

	
0.017

	
0.27

	
NA

	
NA

	
0.19

	
9.2 × 10−4

	
9.2 × 10−5




	
3

	
0120

	
2.4

	
NA

	
0.030

	
0.0030

	
0.15

	
NA

	
NA

	
0.62

	
1.2 × 10−3

	
1.2 × 10−4




	
3G

	
0120

	
2.4

	
NA

	
0.030

	
0.0030

	
0.11

	
−0.85

	
−0.64

	
0.023

	
4.8 × 10−3

	
4.8 × 10−4




	
4

	
0121

	
1.7

	
NA

	
0.14

	
0.014

	
0.11

	
NA

	
NA

	
0.41

	
3.9 × 10−4

	
3.9 × 10−5




	
4G

	
0121

	
1.7

	
NA

	
0.14

	
0.014

	
0.10

	
−1.0

	
−0.82

	
0.0030

	
4.8 × 10−4

	
4.8 × 10−5




	
Multilayer

	
1

	
0106

	
3.0

	
0.30

	
0.20

	
0.020

	
0.13

	
NA

	
NA

	
0.36

	
1.5 × 10−3

	
1.5 × 10−4




	
1B

	
0106

	
3.0

	
0.30

	
0.20

	
0.020

	
0.13

	
NA

	
NA

	
0.36

	
2.6 × 10−3

	
NA




	
2

	
0110

	
4.7

	
0.47

	
0.10

	
0.010

	
0.27

	
NA

	
NA

	
0.11

	
3.5 × 10−3

	
3.5 × 10−4




	
2B

	
0110

	
4.7

	
0.47

	
0.10

	
0.010

	
0.27

	
NA

	
NA

	
0.11

	
6.7 × 10−3

	
NA




	
3

	
0120

	
4.1

	
0.41

	
0.055

	
0.0055

	
0.12

	
NA

	
NA

	
1.5

	
1.7 × 10−3

	
1.7 × 10−4




	
3B

	
0120

	
4.1

	
0.41

	
0.055

	
0.0055

	
0.12

	
NA

	
NA

	
1.5

	
2.4 × 10−3

	
NA




	
3G

	
0120

	
4.1

	
0.41

	
0.055

	
0.0055

	
0.10

	
−0.80

	
−0.64

	
0.016

	
2.0 × 10−3

	
2.0 × 10−4




	
4

	
0121

	
4.8

	
0.48

	
0.095

	
0.0095

	
0.11

	
NA

	
NA

	
0.32

	
8.6 × 10−5

	
8.6 × 10−6




	
4B

	
0121

	
4.8

	
0.48

	
0.095

	
0.0095

	
0.11

	
NA

	
NA

	
0.32

	
1.3 × 10−4

	
NA




	
4G

	
0121

	
4.8

	
0.48

	
0.095

	
0.0095

	
0.12

	
−0.97

	
−0.77

	
0.52

	
1.9 × 10−4

	
1.9 × 10−5








Abbreviations: aL = longitudinal dispersivity, at = transverse dispersivity, B = only one sorption surface included (GC_s), G = addition of gypsum as a mineral phase, Kh = horizontal hydraulic conductivity, Kv = vertical hydraulic conductivity, m/d = meters per day, NA = not applicable, X = cation exchange parameter. Notes: coloring corresponds to simulations using the same well data for model calibration. 
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