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Abstract

:

We investigated geochemical processes controlling uranium release in neutral-pH (pH ≥ 6) rock drainage (NRD) at a prospective gold deposit hosted in granite, schist, and gneiss. Although uranium is not an economic target at this deposit, it is present in the host rock at a median abundance of 3.7 µg/g, i.e., above the average uranium content of the Earth’s crust. Field bin and column waste-rock weathering experiments using gneiss and schist mine waste rock produced circumneutral-pH (7.6 to 8.4) and high-alkalinity (41 to 499 mg/L as CaCO3) drainage, while granite produced drainage with lower pH (pH 4.7 to >8) and lower alkalinity (<10 to 210 mg/L as CaCO3). In all instances, U release was associated with calcium release and formation of weakly sorbing calcium-carbonato-uranyl aqueous complexes. This process accounted for the higher release of uranium from carbonate-bearing gneiss and schist than from granite despite the latter’s higher solid-phase uranium content. In addition, unweathered carbonate-bearing rocks having a higher sulfide-mineral content released more uranium than their oxidized counterparts because sulfuric acid produced during sulfide-mineral oxidation promoted dissolution of carbonate minerals, release of calcium, and formation of calcium-carbonato-uranyl aqueous complexes. Substantial uranium attenuation occurred during a sequencing experiment involving application of uranium-rich gneiss drainage into columns containing Fe-oxide rich schist. Geochemical modeling indicated that uranium attenuation in the sequencing experiment could be explained through surface complexation and that this process is highly sensitive to dissolved calcium concentrations and pCO2 under NRD conditions.
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1. Introduction


Uranium contamination in water is a global concern due to this element’s chemical toxicity towards humans and other living organisms [1]. Water-quality guidelines for U in Canada are 20 µg/L for drinking water and 15 µg/L for the protection of aquatic life (long-term exposure) [2,3]. Contamination of water by U frequently involves U mining and milling [4,5,6] but can also arise through natural weathering of rocks enriched in U through magmatic differentiation, such as granites and rhyolites [7,8,9,10,11].



Uranium(aq) mobility is controlled by pH, redox conditions, aqueous complexation, interactions with mineral surfaces, and dissolution/precipitation of minerals [12,13,14]. The two dominant oxidation states of U are U(VI) and U(IV), with U(IV) being generally insoluble pH > 3 [14]. Under reducing conditions, U(VI) is converted to U(IV) via microbial and abiotic reduction [14,15]. Uranium(VI) forms the uranyl aquo cation (UO22+), which is soluble at a wider pH range but can be attenuated via sorption onto clays, organic matter, and hydrous ferric oxides (HFO) [13,16,17,18,19,20,21,22]. Hydrous ferric oxides are a particularly important uranyl sorbent in mine wastes [23]. Recent work suggests that HFO sequesters uranyl via a bidentate inner-sphere uranyl complex at pH 3 to pH 9 [20]. From pH 7 to pH 9 and in waters containing dissolved inorganic carbon (DIC), uranyl dicarbonate UO2(CO3)22−] also sorbs onto HFO via outer-sphere complexation [20]. However, uranyl sorption is considerably weakened by formation of the calcium-carbonato-uranyl aqueous complexes Ca2UO2(CO3)3 and CaUO2(CO3)32− (henceforth referred to as CCU) under neutral to alkaline-pH conditions, where U mobility can present a concern [18,24,25]. Analogous Mg-uranyl-carbonate species also exist [25], although their influence on U mobility is less-studied.



Under oxidizing conditions in mine wastes, U mobility depends upon a series of geochemical reactions involving dissolution of sulfide and carbonate minerals after the exposure of waste rock or tailings to oxygen and water. These reactions ultimately govern solution pH, redox, aqueous U complexation, and sorption site availability. First, sulfide minerals in the presence of atmospheric O2 and water undergo oxidation, which produces HFO and sulfuric acid (Reaction (1)). Second, in the presence of carbonate minerals, acidity is buffered via carbonate-mineral dissolution (Reaction (2)) [23]:



(1) pyrite oxidation


4FeS2 pyrite + 15O2(aq) + 14H2O → 4Fe(OH)3 ferrihydrite + 8SO42−(aq) + 16H+(aq)



(1)







(2) carbonate-mineral dissolution by acid attack


CaCO3 calcite + 2H+(aq) ⇌ Ca2+(aq) + H2CO3(aq)



(2)







Dissolved inorganic carbon (DIC) and Ca released in Reaction (2) can become available to complex uranyl and increase its mobility through Reaction (3), below [18]. Calcium release could also theoretically increase U mobility by competing for HFO sorption sites, although experimental evidence suggests this effect is negligible [26].


U(VI)O22+(aq) + x Ca2+(aq) + 3 HCO3−(aq) ⇌ CaxU(VI)O2(CO3)32x−4 + 3 H+(aq); (x = 1 or 2)



(3)







Conversely, generation of HFO from sulfide-mineral oxidation might decrease U mobility by increasing sorption-site availability (Reaction (1)) [16,17,27].



The interplay of Reactions (1) to (3) has important ramifications for U behavior in sulfide- and carbonate-bearing mine wastes, yet their cumulative outcome on net U mobility is uncertain. Although there are many studies of U geochemistry in mine wastes, these have predominantly focused on acidic drainage (pH < 6) where CCU complexation is negligible [12,18,19,27,28,29,30,31,32,33,34,35,36,37]. Neutral-rock drainage (NRD) (e.g., pH ≥ 6 [38]) is typically characterized by high alkalinity (hundreds of mg/L as CaCO3) and dissolved Ca reaching hundreds of mg/L, i.e., orders-of-magnitude above typical fresh groundwaters [39,40,41,42,43,44]. Under these conditions, CCU complexation (Reaction (3)) might exacerbate U release. The role of Ca in mobilizing U has only received attention since the relatively recent discoveries of the importance of CCU in controlling U sorption [15,18,25] but this process has not yet been considered in NRD despite its Ca-rich characteristics.



Additionally, past studies on U behavior in a mining context have largely focused on wastes derived from U mining [12,28,30,36,45,46,47], yet magmatically differentiated rocks hosting a wide variety of ores (e.g., REE, Li) can also contain elevated U that could be mobilized through mine-waste weathering [48]. Thus, NRD-producing magmatically differentiated rocks may be particularly susceptible to U leaching due to the combination of a solid-phase source of U and leachate chemistry that enhances CCU complexation.



The objective of this work is, therefore, to evaluate the geochemical processes that control U mobility in Ca-rich NRD resulting from weathering of granitic and metamorphic rocks enriched in U. A combination of geochemical data gathered from exploration drill-core and kinetic leaching tests on a proposed mine’s waste rock are analyzed to assess the outcomes of Reactions (1) through (3) above on U release in this setting.




2. Study Site and Geological Setting


The study site is located at the Coffee gold deposit in subarctic Yukon, northwest Canada (Figure 1). This deposit formed ca. 97 million years ago through interaction of Au-As-Sb-S bearing fluid with metamorphic and granitic country rock along structurally controlled faults and fractures [49,50]. The deposit is located in the Dawson Range, wherein plutonic and metamorphic rocks are regionally enriched in U relative to typical crustal rocks [51]. Weathering of these rocks produces baseline U concentrations that can exceed 500 µg/L in groundwater and 300 µg/L in surface water, i.e., an order of magnitude above water-quality guidelines, making U an element of regional environmental concern [51]. The dominant local geological units are the Permian-aged Sulphur Creek orthogneiss, Klondike schist, and Snowcap schist, which were intruded by the Cretaceous-aged Coffee Creek biotite granite [49]. Minor expressions of marble and younger dykes are also present. Extensively weathered bedrock and the absence of Pleistocene glaciation has produced a deep oxidation front in the deposit, reaching depths of up to 300 m.



The extent of oxidation in drill-core samples at the Coffee deposit is used to categorize rocks into three weathering facies: the “oxide” facies corresponds to rocks with >95% of surfaces showing visible oxidation and the presence characteristic limonite/hematite stains or cubic vugs that remain after pyrite oxidation; the “transition” facies corresponds to 5% to 50% of surface with visible oxidation on pyrite grains, and the “fresh facies” is defined by samples where <5% of surfaces are oxidized and there is only minor joint-controlled oxidation that does not extend into adjacent rock.




3. Methods


3.1. Drill-Core Characterization


Geochemical characteristics of the rock types and weathering facies were established using a dataset of 479 drill-core samples collected at the Coffee deposit. All samples were classified by field exploration geologists based on rock type (gneiss, schist, or granite) and weathering facies (oxide, transition, or fresh). In the laboratory, samples were pulverized for geochemical analyses of elemental abundances using an aqua regia digestion followed by analysis via inductively coupled plasma mass spectrometry (ICP-MS), total inorganic carbon (TIC), and total sulfur. Analyses were either conducted at a commercial lab (ALS, North Vancouver, BC, Canada), or at the Pacific Centre for Isotopic and Geochemical Research (University of British Columbia, Vancouver, BC, Canada).



The acid-neutralization potential ratio (NPR), which is a standard parameter used to assess the likelihood that mine wastes produce acidic-rock drainage [38], was calculated from TIC and total sulfur results. In this calculation, the acid-generation potential is calculated from total sulfur assuming that all S can be released as H2SO4, which consumes 1 mol of CaCO3 per mol H2SO4. Acid-neutralization potential is calculated from TIC assuming that all TIC is CaCO3. The NPR reflects the ratio of acid-neutralization potential to acid-generation potential, both expressed as kg CaCO3 per ton rock as per the NPR equation [38]:


   NPR =     TIC   [ wt   . %   C ]  ×  83.3     total   S   [ wt   . %   S ]  ×  31.25     



(4)







Rocks with a NPR < 1 are classified as potentially acid generating (PAG), rocks with a NPR >> 1 are classified as non-acid generating (NAG), and rocks with a NPR near or slightly above 1 (e.g., 1 < NPR < 2) are classified as uncertain [38].



The oxidation state of U in select rock samples representing each major lithology (gneiss, schist, and granite) and weathering facies (oxide, transition, fresh) was determined by X-ray absorption near-edge spectroscopy (XANES). Data were collected on the Hard X-ray Micro-Analysis beamline (HXMA, 061D-1) at the Canadian Light Source (CLS, Saskatoon, SK, Canada). The X-ray beam was calibrated to a Y foil at the first inflection point of the Y K-edge (17,038 eV) and U spectra were collected at the L3 edge (17,166 eV) over 5 energy regions: −200 eV to −160 eV, 10 eV steps; −160 eV to −100 eV, 0.5 eV steps (covering the yttrium foil calibration standard); −100 eV to −30 eV, 10 eV steps; −30 eV to +40 eV (U L3 edge), 0.5 eV steps; and +40 eV to 14.2 K, 0.05 K steps. The dwell time was 1 s per step. Data were collected in fluorescence mode with a 32-element Ge detector. Multiple spectra were collected for each sample and to correct for potential beam drift. Each analysis featured a Y-foil calibration measurement. We also collected XANES spectra of uranyl nitrate and uraninite standards using the same beamline settings as samples. To estimate the relative proportion of U redox species in each sample, linear combination fitting was conducted using the ATHENA software suite (Demeter v. 0.9.22) [52] and the uranyl nitrate and uraninite as standards.




3.2. Rock-Weathering Experiments


3.2.1. Experimental Design


Relationships between lithological characteristics, aqueous geochemistry, and U release were assessed with rock weathering experiments that included “field bins” and columns wherein rock was exposed to water and oxygen and the resulting leachate was characterized. These experiments were conducted under water-unsaturated conditions to mimic field waste-rock weathering conditions where fluid exchange with atmospheric oxygen leads to the oxidation of sulfide minerals as per Reaction (1). Field-bin experiments have a longer water residence time and lower water/rock ratio than columns, which leads to better representation of secondary sorption and mineral precipitation reactions that occur in full-scale waste-rock weathering environments in comparison with columns. Composite rock samples representing the various lithologies (granite, gneiss, schist) and weathering facies (oxide, transition, fresh) were prepared for these experiments (Supplementary Table S1).



The field bins consisted of 119 L HDPE barrels that were filled with approximately 200 kg of dry crushed rock, sieved to a grain size < 6 mm, and exposed from 2013 to 2018 to outdoor temperature and precipitation conditions in Whitehorse, Yukon, Canada (Supplementary Figure S1) [53,54]. Field bins were initially irrigated with 28 L of de-ionized water, after which atmospheric precipitation was the only source of water. Leachates were collected into closed plastic containers that were sampled approximately monthly for geochemical analyses.



The column experiments involved application of 400 mL of Nanopure™ water purified through distillation and de-ionization (DDI water) onto to Plexiglas® reactors containing 10 kg of crushed and sieved (<6 mm) waste rock every 14 days. Columns were 21 cm in inner diameter and 20.5 cm tall and were operated at a lab temperature of 4 °C to reflect the subarctic climate of the field site. A nylon mesh overlying a perforated Plexiglas® disk at the base of the columns was used to retain the rock in the columns.



Three “Phases” of column experiments were performed. Phase 1 involved application of DDI water to the columns every 2 weeks between 2014 and 2018, with the leachate collected for chemical analysis. During a 6-month period in Phase 1 and beginning in May 2015, the effluent from the base of the columns was collected and then re-applied to the top columns once. Upon the second pass of water through the column, samples were withdrawn for chemical analyses. This recirculation procedure was included to increase the water contact time with the rock such that it is closer to field conditions in waste-rock storage facilities (WRSF). After January 2016, chemical concentrations stabilized and thus the recirculation procedure was removed: thereafter, DDI water was applied as influent once and the resulting leachate collected for analysis without recirculation.



Phases 2 and 3 were designed to investigate U mobility controls during interaction of leachate produced by one rock type with another rock’s solids. In Phase 2, leachate from high-alkalinity and U-poor schist-bearing columns was used as influent for U-rich gneiss-bearing columns, which was hypothesized to drive U desorption via CCU complexation. In Phase 3, this order was reversed, to assess whether the Fe-rich schist could attenuate U from gneiss leachate via sorption. Phases 2 and 3 were conducted using gneiss and schist pairings, with one experimental set devoted to oxide-facies rocks and another to transition-facies rocks (Supplementary Table S1).




3.2.2. Geochemical Analyses


Column and field bin leachates were sampled for pH, alkalinity, anions, and metals analyses at SGS Canada Inc. (Burnaby, BC, Canada). Alkalinity and anions were determined on filtered (0.45 µm) sample aliquots using titration with H2SO4 and ion chromatography, respectively. Metals were analyzed on filtered (0.45 µm) and acidified (HNO3 to pH < 2) sample aliquots using inductively coupled plasma mass spectrometry. Each water-sample batch was accompanied by a method blank, a duplicate sample analysis to monitor precision, and a matrix spike to monitor accuracy. Lab QA/QC criteria at SGS include matrix spike recoveries better than 70% for metals and 75% for anions, and reproducibility between duplicate samples better than 20%.



The grain-size distribution and geochemical composition of rocks used in weathering experiments was also determined by SGS Canada. Metals were analyzed by ICP-MS after aqua-regia digestion of pulverized samples. Analyses of duplicate and reference materials (OREAS 260 and OREAS502B, Melbourne Australia) yielded ICP-MS reproducibility and accuracy were ≤5%. Total inorganic carbon (TIC) was measured by treating rock sample powders with HClO4 to convert C to CO2, which was measured by coulometry. Rock total sulfur content was determined by Leco combustion analysis. Sulfide was measured by first leaching sulfate with NaCO3 and analyzing the residual sample with the Leco analyzer. Shake-flask extractions were conducted by SGS on rock samples using distilled de-ionized water at a 3:1 water:rock ratio shaken for 24 h, with the leachate analyzed for U content by ICP-MS.



Mineralogical abundances were quantified by powder X-ray diffraction (XRD) at the CLS (analytical details in Section S.1. of the Supplementary Materials) or by SGS Canada Inc (Burnaby, BC, Canada). Quantitative evaluation of materials by scanning electron microscopy (QEMSCAN) analysis was used at SGS to quantify the proportions of Fe-minerals found as oxides, and of S-minerals as sulfides, respectively. QEMSCAN analyses were conducted on samples pulverized to 80% passing <106 µm and then graphite-impregnated into polished thin sections.



At the end of column experiments, residues were also characterized for elemental abundances (ICP-MS) and shake-flask extractable U as described above. Sequential chemical extractions (SCEs) were conducted on the residues from the two schist columns (C3-ScO and C4-ScT) using a 5-step protocol based on the method of Tessier et al. [55] (procedural details in Section S.2. of the Supplementary Materials).





3.3. Geochemical Modeling


The geochemical code PHREEQC [56] was used to calculate aqueous speciation and mineral saturation indices (SI) on field-bin and column effluents. We also conducted a series of simulations in PHREEQC to investigate U sorption during Phase 3 of the column experiments. A detailed explanation of the modeling approach is given in the Supplementary Materials (Section S.4). Briefly, U sorption was assumed to be dominated by surface complexation and it was modeled using a 2-step approach. In the first step, HFO availability was calibrated for the schist columns using Phase 1 major-ion chemistry data, the rock/water ratio, QEMSCAN quantification of Fe-oxides, and U solid-phase abundance data from aqua regia and sequential chemical extractions. These calibrated HFO compositions for the schist were then used in simulations of Phase 3, which involved batch reactions with gneiss influent solution and residual porewater in the schist column in the presence of HFO, calcite, and H2SO4 (assumed to be sourced from sulfide-mineral oxidation). Changes in major-ion chemistry (pH, alkalinity, Ca, sulfate) were considered by allowing dissolution/precipitation of calcite, dissolution/exsolution of CO2, and addition of H2SO4 along with surface complexation with HFO (full details in Supplementary Materials Section S.4.2).



PHREEQC simulations were conducted using the wateq4f.dat database, which was amended with association constants for the Ca-carbonato-uranyl and Mg-carbonato-uranyl aqueous complexes from Dong and Brooks [24] and the surface complexation constants for HFO-uranyl and HFO-carbonate species as per Mahoney et al. [18,57] (Supplementary Table S2). Surface complexation was modeled using the Dzombak–Morel diffuse-double layer with a 50:1 ratio of strong and weak sorption sites [57,58].





4. Results and Discussion


4.1. Uranium, Sulfur, and Carbonate Content of the Coffee Deposit


Drill-core geochemical analyses indicate that rock at the Coffee deposit is generally NAG owing to excess of TIC over sulfur, which average 0.5 wt.% and <0.07 wt.%, respectively. 97.5% of samples are classified as NAG with NPR > 1 (Supplementary Figure S2). Rock types can generally be characterized as follows: schist is typically the most enriched in sulfur and TIC, granite has low sulfur and low TIC, and gneiss has intermediate sulfur and TIC content (Figure 2). Sulfide contents are minimal in oxide-facies samples of all rock types: median values are 0.005 wt.% in granite-oxide and gneiss-oxide, and 0.01 wt.% for schist-oxide. Gneiss-oxide and especially granite-oxide rocks are also depleted in TIC relative to their less-weathered counterparts, with median TIC values of 0.2 wt.% and 0.1 wt.%, respectively, although they generally are NAG (Supplementary Figure S2). Weathering of the deposit over geological timescales has therefore created an oxidized zone that is depleted in sulfide minerals yet has maintained excess TIC to create NAG rock.



Rocks at the Coffee deposit are modestly enriched in U relative to typical crustal rocks, with a median abundance of 3.7 µg/g and a maximum of 144 µg/g (Table 1), both above the 2.7 µg/g average of Earth’s upper crust [59]. The deposit is also enriched in U in comparison with regional country rocks: Sulphur Creek suite orthogneiss and Whitehorse suite granite samples collected outside the Coffee deposit have median abundances of 3.3 and 3.2 µg/g, respectively [51]. The lack of clear relationships between U and hydrothermally sourced elements As, S, and Sb in fresh-facies rocks in the deposit suggests that its U was not sourced from the hydrothermal system (Supplementary Figure S3).



The strongest enrichment in U is found the oxide facies of each major lithology (granite, gneiss and schist; Table 1), where median values are 8.9, 7.6, and 2.2 µg/g, respectively (Supplementary Table S1). This enrichment of oxide-facies rocks in U may indicate of retention of U transported by the groundwater flow system. This hypothesis is supported by significantly higher U/Ti in the oxide facies (p < 0.05, Mann–Wilcox test) in comparison with the fresh facies across all lithologies (Figure 2) because Ti is relatively immobile in groundwater but not U.



Uranium redox speciation of select gneiss and schist samples determined by linear combination fitting (LCF) of the XANES spectra show that samples from all weathering facies have an appreciable U(VI) content, with proportionally more U(VI) in oxide-facies rocks than in transition- and fresh-facies rocks (Figure 3 and Supplementary Table S3). These results suggest the presence of U(IV) phases in unoxidized portions of the deposit, while rock oxidation has liberated U that was transported and re-deposited as U(VI) in oxide-facies rocks.




4.2. Rock Weathering Experiments


Fresh-facies rocks for a given rock type used in kinetic tests contained the highest sulfide and carbonate mineral content, while oxide-facies rocks were depleted in sulfide and carbonate minerals, reflecting observations from the larger drill-core dataset (Figure 4). All rocks used in kinetic tests were NAG, with NPRs ranging from 6.5 to 81, except the granite-transition which had an NPR of 0.7 (Supplementary Table S1). Carbonate minerals included calcite, dolomite, and ankerite, the sum of which varied in the order schist > gneiss > granite (Supplementary Table S1). Carbonates comprised 9.7 to 24 wt.% in schist and ranged from below XRD detection limits to 4.3 wt.% in gneiss, while no carbonates were detected in granite (Supplementary Tables S1 and S4). Pyrite and arsenopyrite were the dominant sulfide minerals observed by XRD and QEMSCAN analyses with abundances below 1 wt.%. The Fe-oxide content determined by QEMSCAN was notably higher in the schist-oxide at 2.0 wt.% in comparison with other rocks which had 0.20 to 0.56 wt.% Fe-oxide (Supplementary Table S1). Fe-oxide abundance was generally greater in oxide-facies rocks for a given lithology than in their transition-facies and fresh-facies counterparts. No U minerals were identified by XRD. The initial solid-phase U content was higher in the gneiss and granite (5.5 to 7.6 µg/g) than in the schist (2.6 to 3.2 µg/g) (Figure 4).



Leachate pH and alkalinity were distinctly lower in granite weathering experiments in comparison with gneiss and schist experiments (Figure 5), owing to the minimal carbonate content in the granite. Granite-transition rock produced leachate pH ca. 7.5 in the column, and pH < 6 in the field bin, with alkalinity concentrations being close to detection limits. In contrast, the carbonate-rich gneiss and schist produced drainage in the pH 7.6 to 8.4 range, and several hundred mg/L of alkalinity (as CaCO3) (Figure 5). Geochemical modeling indicated that leachates were near calcite saturation in all column experiments, with mineral saturation indices (SI) typically ranging between −0.25 and +0.50, except the granite-transition column where calcite was undersaturated (SI −1 to −3). All columns were undersaturated with respect to gypsum (SI < −0.8). Thus, gneiss and schist drainage can generally be described as high-alkalinity NRD, while granite drainage is circum-neutral to moderately acidic with low alkalinity.



Within a given weathering facies, U concentrations followed the order gneiss > schist > granite (Figure 5). Leachates in the gneiss and schist field bins contained tens to hundreds of µg/L U, while all granite U concentrations remained <10 µg/L. This lithological control was also observed in column experiments: in the gneiss-transition and schist-transition columns, U concentrations stabilized between ca. 180 µg/L and ca. 30 µg/L respectively, while they rapidly declined below 1 µg/L in the granite columns (Figure 5). Comparable lithological controls and U concentration ranges occur in groundwater around the Coffee deposit, where monitoring wells screened in gneiss can produce water containing several hundred µg/L U while those in schist and granite typically have lower concentrations that range from ca. 30 to 80 µg/L, and ca. 4 to 75 µg/L, respectively [60]. There was an additional effect of weathering facies, with oxide-facies rocks releasing the least U. In gneiss-oxide and schist-oxide field bins, U concentrations were <10 µg/L, while they ranged from 23 to 750 µg/L in the transition- and fresh-facies experiments (Figure 5).



Uranium, Ca, and sulfate release rates in field bins also correlated with rock weathering facies, with the highest rates produced in the least oxidized rocks (Figure 6). This was not the case for alkalinity, which was released at the lowest rate in the fresh facies for each rock type (Figure 6). Lower alkalinity release rates in fresh-facies rocks can be explained by their higher sulfide-mineral content, which led to sulfide-mineral oxidation, sulfuric acid (and sulfate) generation, and alkalinity consumption. (Figure 6). Calcium release rates followed sulfate release rates because Ca was released from carbonate-mineral dissolution reactions that buffered H2SO4 (Figure 6). While there is longstanding knowledge of the relationship between alkalinity and U release due to aqueous complexation of U by bicarbonate [13], the lack of correlation between alkalinity and U release rates in our experiments indicate that alkalinity was not a limiting factor in forming mobilizing U. Rather, greater U release from fresh-facies rocks may be explained by their higher Ca release that promoted formation of weakly sorbing CCU complexes (Reaction (3)) [18]. This hypothesis is supported by the higher proportion of U associated with CCU complexes in fresh- and transition-facies field bins in comparison with their oxide-facies counterparts (Supplementary Figure S4).



Uranium release rates were also decoupled from solid-phase U content: despite granite-transition and granite-fresh rock having the highest U abundances, they released substantially less U than their gneiss and schist counterparts (Figure 6). For the granite-transition field bin, the disproportionally low U release rate relative to the U abundance can be explained by its pH (ca. 5) and low alkalinity (<10 mg/L as CaCO3). Under these conditions, speciation calculations in PHREEQC suggest that a substantial proportion of U was present as UO22+ and UO2OH+, which can effectively sorb onto HFO through inner-sphere complexation [20] (Supplementary Figure S4). In the granite-fresh experiment, the concentration of these species was negligible but between 1% and 27% of U(aq) was in the form of uranyl carbonates, predominantly as UO2(CO3)22−, which also sorbs onto HFO through outer-sphere complexation [20]. In contrast, in the higher-alkalinity schist and gneiss field bins, 91% to 99% of U(aq) was speciated as CCU, which are essentially unavailable for U sorption [18,20], while only a minor proportion of more sorption-reactive UO22+, UO2OH+, and uranyl carbonate species were present, promoting higher U release rates (Supplementary Figure S4).



4.2.1. Controls on U Surface Complexation during Column Sequencing Experiments


Upon application of leachate from the schist-transition column to the gneiss-transition column in Phase 2, a pronounced increase in U concentrations in gneiss effluent was observed, reaching up to 272 µg/L (Figure 7). In the transition-facies columns and prior to Phase 2 and 3 sequencing experiments, drainage from the schist-transition column had produced considerably higher major-ion concentrations, including dissolved Ca and sulfate, than the gneiss-transition column (Figure 7). Alkalinity concentrations were slightly lower for the schist than for the gneiss. Uranium concentrations were notably higher for the gneiss—ca. 150 µg/L—in comparison with values of approximately 30 µg/L for the schist. Given the lower alkalinity in the schist-transition leachate, alkalinity was not responsible for driving the U released during the schist-to-gneiss sequencing experiment. The increase in U concentrations during Phase 2 is instead hypothesized to be attributed to elevated Ca in the schist effluent that promoted CCU formation and U desorption after this effluent was circulated through the gneiss column.



In the analogous oxide-facies columns, circulation of leachate from the schist-oxide column through the U-rich gneiss-oxide column also produced an increase in U concentrations in the gneiss-oxide effluent, albeit more modest than in the transition-facies column, from ca. 80 µg/L prior to the sequencing experiment up to 93 µg/L in the first two cycles of Phase 2. A greater Fe-oxide content in the oxide-facies gneiss might explain the more muted release of U observed in comparison with the gneiss-transition column during Phase 2 of the sequencing experiment (Supplementary Table S1).



Upon reversal of the order of flow in Phase 3, marked U attenuation from the U-rich gneiss column was observed in both transition-facies and oxide-facies sequencing experiments (Figure 7). In the transition-facies experiment, despite application of gneiss leachate with U concentrations of >100 µg/L into the schist column, schist U effluent steadily remained in the 30 to 40 µg/L range (i.e., similar to concentrations prior to sequencing experiments) with no sign of elevated U breakthrough. Although it is impossible to explicitly discriminate between U mass release within the schist and U sourced from the gneiss feed solution, mass-balance calculations show that at least 83% of the U originating from the gneiss solution was retained if U inputs from the schist are assumed to be zero. If the per-cycle U release rate from within the schist is assumed to have remained unchanged during Phase 3 relative to the rate observed at the end of Phase 1 (cycles 90 to 99, when U concentrations were stable), this estimate increases to >100%. As U retention cannot in fact exceed 100%, these calculations suggest that the 30 to 40 µg/L U in schist effluent reflected an equilibrium control threshold concentration that was maintained even after application of the U-rich gneiss leachate to the schist column.



In the oxide-facies Phase 3 sequencing experiment, U attenuation was even greater: U concentrations in the U-rich gneiss-oxide effluent declined from ca. 80 µg/L to ca. 5 µg/L after circulation through the schist-oxide column (Figure 7). Schist-oxide effluent U concentrations were also unchanged during Phase 2 in comparison with the stable concentrations observed toward the end of Phase 1 in that column, similar to the transition-series Phase 3 result (Figure 7). Mass-balance calculations give a lower limit of 94% U retention within the schist-oxide column during Phase 3; this estimate increases to 99% if per-cycle U release from schist solids is assumed to have remained unchanged relative to the rate observed at the end of Phase 1 (cycles 90–99). Additional net U release within the schist during Phase 3 of the oxide sequencing experiment was, therefore, likely negligible. The lack of U breakthrough from the schist-oxide is consistent with its exceptionally high Fe-oxide content relative to other rocks, making it capable of retaining U through sorption despite elevated porewater Ca and alkalinity (Supplementary Table S1).



Shake-flask and SCE of schist-transition and schist-oxide column residues at the end of the sequencing experiments provided an indication of U attenuation via sorption processes. Shake-flask extractable U increased from < 0.014 µg/g prior to column experiments to values ranging from 0.29 to 0.49 µg/g (Supplementary Figure S5). Residue SCE analyses indicated that between 16% and 24% of the U at the end of the experiments was soluble in the chemical reagents MgCl2, Na-acetate, and hydroxylamine-hydrochloride which nominally target weakly sorbed, carbonate-bound and exchangeable, and crystalline phases [55]. In both columns, U contents recovered in the MgCl2 and Na-acetate extractions were highest in the upper 10 cm of column residues and decreased in deeper intervals of the columns, suggesting limited downward transport of U in the column after it received gneiss-oxide U-rich leachate (Supplementary Figures S5 and S6).




4.2.2. Modeling Sorption during the Application of U-Rich Gneiss Effluent to Schist Columns


The role of sorption on U attenuation during Phase 3 of column-sequencing experiments was further investigated with geochemical models. In these models, the HFO composition of schist-oxide and schist-transition rocks were calibrated from QEMSCAN Fe-oxide results, scaled to reproduce Phase 1 U concentration data (calibration details in Supplementary Materials Section S.4 and presented visually in Supplementary Figures S7 and S8), and yielded 21 g/L HFO and 4.7 g/L HFO, respectively. These HFO abundances correspond to the Fe-oxide content determined by QEMSCAN in these rocks multiplied by a calibration factor of 0.08 and 0.15, respectively (Supplementary Materials Section S.4.1) and they are consistent with the expectation of more HFO in more oxidized rock facies (Supplementary Table S1).



To simulate aqueous geochemistry of the schist-oxide sequencing experiment during Phase 3, the calibrated HFO concentration in the schist was allowed to interact with a mixture of influent gneiss-oxide leachate and residual porewater in the schist, the proportions of which were estimated from water mass balance. This solution-HFO mixture was forced to match the pCO2 and calcite SI observed in schist effluent at each cycle in batch reactions by allowing calcite dissolution/precipitation and CO2 dissolution/exsolution. These reactions ensured that the measured pH, Ca, and alkalinity concentrations were reproduced in the model (Supplementary Materials Section S.4.2). These simulations indicated that the marked U attenuation observed in Phase 3 of the schist-oxide experiment could be explained through a surface-complexation model that provided a reasonable fit of observed major ion, pH and U concentrations [root-mean square error (RMSE) 0.0011 for U measured vs. U modeled] (Figure 7).



A similar modeling approach was used to examine U attenuation during Phase 3 of transition-facies experiment, except that this model also required consideration of processes related to sulfide-mineral oxidation. Sulfate concentrations were approximately one order of magnitude higher in the schist-transition column experiment in comparison with its schist-oxide counterpart (Figure 1). Sulfate concentrations also showed a steady increase after cycle 60 (Figure 1 and Supplementary Figure S9). These trends in sulfate concentration, along with the higher initial sulfide-mineral content of the schist-transition rock as seen in QEMSCAN analyses (Supplementary Table S1), suggested that sulfide-mineral oxidation was occurring in the schist-transition column as the experiment progressed. Calcium concentrations from the schist-transition effluent were also consistently above those of the gneiss-transition feed solution during Phase 3, suggesting that sulfide-mineral oxidation may have driven calcite dissolution within the schist after the application of gneiss leachate, because of H2SO4 production associated with sulfide oxidation (Figure 7). Therefore, we accounted for calcite dissolution and sulfide-mineral oxidation in a model wherein gneiss influent solution and residual schist porewater were mixed in the presence of HFO, while any excess sulfate in schist-transition effluent above that expected from conservative mixing was attributed to H2SO4 gained from pyrite oxidation (full details in Supplementary Materials Section S.3.2). The HFO-solution-H2SO4 system was forced to match schist effluent calcite saturation indices and pCO2 by allowing calcite dissolution-precipitation and CO2 dissolution-exsolution.



Similar to the schist-oxide modeling results, these simulations closely reproduced effluent pH, alkalinity, Ca, and sulfate concentrations in the schist-transition experiment (Figure 7). The decrease in U concentrations observed between column influent (gneiss-transition leachate) and effluent was also reproduced in this model, substantiating the hypothesis that sorption was driving U attenuation during the experiment. However, U concentrations in the model were on average 35% above measured effluent concentrations, and the model fit (RMSE = 0.012) was poorer than in the schist-oxide experiment.



We considered an additional series of simulations to assess whether the oxidation of sulfide minerals in the schist-transition column could have led to growth in HFO over time (as per Reaction (1)), and thus increased U sorption capacity during the experiment. Quantifying HFO growth as pyrite oxidation progresses is highly complex given the evolution in surface area/volume and the possible Fe-oxide phase transformation and recrystallization reactions that occur with ageing [61]. Growth in HFO was modeled by assuming that the rise in sulfate concentrations in the schist-transition column between cycles 60 and 99, which was highly linear (Supplementary Figure S9), translated to proportional and linear growth in HFO availability over time. By applying an HFO growth rate that was 1/100th the rate of per-cycle sulfate concentration increase between cycles 60 and 99, and assuming that this growth rate remained constant during Phase 3, the PHREEQC model provided a better match to experimental U data (RMSE = 0.012) (Figure 7). These simulations suggest that addition of Fe(III)-(oxyhydr)oxides during oxidation of this rock might have led to increasing U sorption capacity, while this effect was unlikely in the schist-oxide experiment where the lack of sulfide-mineral weathering precluded HFO genesis.





4.3. Simulating the Effect of Pyrite-Oxidation/Calcite-Dissolution Reactions on U Concentrations in Neutral-Rock Drainage (NRD)


Column experiments produced leachate with lower dissolved Ca and sulfate concentrations and pCO2 than those which commonly occur in full-scale waste-rock storage facilities (WRSF) that contain carbonate and sulfide minerals. Higher rock/water ratios and longer water residence times in NRD-producing WRSFs can yield Ca and sulfate concentrations in the hundreds and thousands of mg/L, respectively [23,39,40,41,42,43]. Under these conditions, gypsum (CaSO4∙2H2O) precipitation can limit the concentrations of Ca. Additionally, pCO2 can reach up to two orders of magnitude above atmospheric pCO2 in WRSFs because of carbonate-mineral dissolution and limitations on gas exchange with the atmosphere [44,62,63,64,65,66]. Given the dependence of U sorption on Ca concentrations and pCO2 [16,19,20,67], we assessed how a U-HFO system would respond in hypothetical scenarios wherein pyrite oxidation and carbonate-mineral dissolution reactions progressed to a higher degree, i.e., to the point at which Ca concentrations became controled by gypsum mineral saturation.



These scenarios correspond to a theoretical sulfide- and carbonate-rich oxidative weathering setting without any effects of transport (e.g., mixing, dilution), reaction kinetics, or other site-specific considerations (temperature, hydrology, geochemical heterogeneity, particle size or facility construction and design). Simulations were run in PHREEQC in a series of batch reactions in which a U-HFO system was titrated by incremental steps of FeS2 oxidation with infinite access to atmospheric O2 and carbonate-mineral dissolution until Ca(aq) concentrations became limited by gypsum saturation. The HFO used in these simulations and initial U(VI) abundance was that of the the gneiss-transition column because this rock released the most U in column experiments (Figure 5). The HFO of this rock was calibrated in the same way as described above for the schist sorption model (HFO calibration results in Supplementary Materials Section S.4.1). The HFO-U system was equilibrated with leachate chemistry representative of steady-state concentrations in the gneiss-transiton column (i.e., at cycle 89 of the experiment) prior to pyrite and calcite titration simulations.



Four simulations are presented (Table 2). The base case (Case 1) involved pyrite oxidation in the presence of U(VI) and HFO under atmospheric pCO2 conditions (10−3 atm) and with calcite as the carbonate mineral. In Cases 2A and 2B, we replaced calcite with a hypothetical Mg-bearing calcite of the same solubility constant as calcite (log K = −8.48) to investigate whether Mg-uranyl-carbonate complexes could sustain elevated aqueous U after Ca concentrations become controlled by gypsum saturation. In Case 2A the Ca/Mg molar ratio of the Mg-bearing calcite was fixed at 9:1, and in Case 2B this ratio was decreased to 1.5:1 to match the Ca/Mg ratios observed in the gneiss-transition leachates. In Case 4C, the effect of CO2 buildup was investigated by fixing the pCO2 to 10−2.7 atm (ca. 2000 ppm).



Progressive pyrite oxidation and carbonate-mineral disolution in these simulations produced NRD conditions (pH 8.15 to pH 7.75) with Ca(aq) reaching >580 mg/L before gypsum saturation was attained (Figure 8). Alkalinity concentrations rose in all simulations to several hundred mg/L (as CaCO3), yet this rise was decoupled from U(VI) desorption. Instead, U desorption directly followed Ca(aq) concentrations, which increased until gypsum saturation was reached (Figure 8). The relationship between Ca and U release corresponds with observations and sorption modeling of the column and field-bin experiments. Reactive-transport processes in actual WRSFs tend to yield effluent with higher sulfate/Ca ratios and lower alkalinity than is presented in these models owing to the more conservative behavior of sulfate over alkalinity and Ca(aq). Nevertheless, under oxidizing conditions and in the concentration ranges of 100 to 580 mg/L Ca and 100 to 400 mg/L alkalinity (as CaCO3), these simulation highlight the role of Ca(aq) in driving U(VI) release through desorption, consistent with kinetic experiments as well as previous laboratory studies of U mobility aqueous environments [18,19,68].



Modeled aqueous U speciation in all simulations was overwhelmingly dominated by CCU complexes (>97%). Cases 2A and 2B (with Mg-carbonate) further demonstrated that when Ca(aq) was controlled by gypsum saturation, U desorption was not exacerbated by Mg2+ release and formation of Mg-uranyl-carbonate complexes. These complexes constituted <1% of aqueous U while CCU complexes overwhelmingly dominated U speciation even after Ca(aq) concentrations were controlled by gypsum precipitation. Rather than increasing U mobility through Mg-uranyl-carbonate complexation, replacing calcite with a Mg-calcite had the opposite effect of decreasing U mobility because of lower Ca(aq) concentrations than in Case 1 in which pure (Mg-free) calcite was used (Figure 8).



Case 4 shows that at higher pCO2, U mobilization is also dependent on Ca(aq) until the point of gypsum saturation and that U sorption is subsantially weaker at higher pCO2. This result is consistent with laboratory studies that show a narrowing of the uranyl-HFO sorption envelope under elevated pCO2 and neutral pH conditions (pH ca. 7 to 8.5) [16,19,20,67].



Overall, these models emphasized the role of Ca(aq) and pCO2 on U mobility under well-buffered and oxidizing conditions.





5. Conclusions and Implications for U mobility in NRD


Weathering experiments on granite, schist, and gneiss mine wastes indicated that waste rock containing µg/g levels of U can present a source for U release, in particular under NRD conditions. Weathering experiments and geochemical simulations suggested that U release in NRD was more sensitive to dissolved Ca concentrations than to alkalinity. The combined effects of sulfide-mineral oxidation, H2SO4 generation, and carbonate-mineral dissolution generated circumneutral to alkaline-pH drainage and released Ca that promoted formation of weakly sorbing calcium-carbonato-uranyl complexes. So long as the carbonate mineral dissolution rate matches the rate of acid generation, CCU complexation and U mobilization can be sustained. Thus, fresh (unweathered) rocks sustained higher U release rates when exposed to oxidizing conditions because they released more Ca and thus enhanced CCU complexation while also having lower sorption-site availability. Conversely, oxidized rocks effectively attenuated U because of a combination of higher sorption-site availability and lower carbonate and sulfide-mineral abundances. Sequencing experiments indicated that U concentrations could, therefore, be decreased by circulating U-rich NRD into HFO-rich oxidized rocks. Overall, these results indicate that the availability of carbonate and sulfide minerals and HFO can better predict U release than solid-phase U abundances alone. Future studies of U in NRD should also consider the potential for U desorption under higher pCO2 conditions, such as those often found in full-scale WRSFs.
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Figure 1. Geological map showing the bedrock geology underlying the Coffee deposit and the proposed mine pit locations. Bedrock geology from ref. [50]. 
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Figure 2. Sulfur, total inorganic carbon (TIC), U, and U/Ti by rock type and by weathering facies in Coffee drill-core samples. Red stars indicate median U or U/Ti is significantly higher (p < 0.05); or TIC and sulfur content is significantly lower (p < 0.05) in transition or oxide facies than in fresh facies for a given rock type (Mann–Wilcox Test). 
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Figure 3. Uranium redox speciation in select Coffee drill-core samples determined by XANES-LCF. Solid fill = U(VI); hatched fill = U(IV); green = gneiss; purple = schist. Full LCF model results and quality of LCF fits (R-factor) are presented in Supplementary Table S3. The LCF error is estimated at ±10%. 
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Figure 4. Solid-phase composition of rocks used in kinetic tests: total inorganic carbon (TIC), uranium, sum of sulfide minerals (from quantitative evaluation of materials by scanning electron microscopy, QEMSCAN), and neutralization potential ratio (NPR) as a function of rock type and weathering facies. Error bars on U abundance are ±5%. 
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Figure 5. Column (left panel) and field bin (right panel) leachate pH, alkalinity, sulfate, Ca, and U. For column tests, only cycles representing Phase 1, i.e., prior to the sequencing experiments, are shown (i.e., cycles 1 to 99). Note differences in y-axis scale between left and right panels. Symbol shape indicates weathering facies: triangles = fresh; squares = transition; circles = oxide. Color indicates lithology: green = gneiss; red = granite; purple = schist. 
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Figure 6. Cumulative U release rate in field-bin experiments against release rates of alkalinity (left), sulfate (middle) and calcium (right). Arrows indicate trend from oxide to transition to fresh weathering facies in each rock type. 
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Figure 7. Column leachate composition during the sequencing experiments for transition (square symbols) and oxide (circular symbols) gneiss and schist columns. Sequencing experiments are described in Supplementary Table S1. Lines represent modeled concentrations: dotted lines = schist-oxide model; solid lines = schist-transition model with hydrous ferric oxides (HFO) growth; dashed line = schist-transition model with a fixed HFO composition. Light and dark line colors differentiate Phase 1 and Phase 3 model outputs. 
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Figure 8. Modeled alkalinity (top left), Ca and Mg (top right), and U (bottom left) concentrations, and sorbed species (bottom right) onto HFO in hypothetical batch reactions involving FeS2 oxidation in the presence of excess carbonate. Arrows indicate approximately when gypsum mineral saturation index reaches 0. The different modeling scenarios are presented in Table 2. The HFO composition that are shown at bottom right are the respective millimolar sums of all U, DIC, Mg, and Ca species that are sorbed in each simulation. 
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Table 1. Uranium abundance at the Coffee deposit by rock type and weathering facies (all units µg/g).
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All Rocks

	
Granite

	
Gneiss

	
Schist




	
Facies

	

	
All

	
Fresh

	
Transition

	
Oxide

	
All

	
Fresh

	
Transition

	
Oxide

	
All

	
Fresh

	
Transition

	
Oxide






	
n

	
479

	
97

	
31

	
52

	
14

	
232

	
59

	
127

	
46

	
111

	
36

	
50

	
25




	
median

	
3.7

	
6.5

	
6.5

	
6.5

	
8.9

	
3.8

	
2.5

	
3.9

	
7.6

	
2.0

	
1.3

	
1.9

	
2.2




	
mean

	
6.1

	
10

	
7.5

	
10

	
16

	
6.5

	
3.8

	
5.5

	
12

	
2.2

	
1.9

	
2.1

	
2.9




	
2SD

	
18

	
20

	
10

	
21

	
28

	
21

	
8.0

	
9.0

	
42

	
3.0

	
3.0

	
1.7

	
4.2




	
max

	
140

	
53

	
29

	
53

	
52

	
140

	
20

	
22

	
140

	
10

	
6.2

	
4.3

	
10




	
min

	
0.20

	
1.8

	
1.9

	
2.4

	
1.8

	
0.27

	
0.27

	
0.29

	
1.3

	
0.34

	
0.34

	
0.81

	
0.63
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Table 2. Hypothetical PHREEQC models examining U sorption behavior as a function of pyrite oxidation in a pyrite-carbonate-HFO system initially containing 0.077 mmol of U(VI) and 3.29 g/L HFO (surface area 600 m2/g, 40:1 ratio of weak:strong sorption sites).






Table 2. Hypothetical PHREEQC models examining U sorption behavior as a function of pyrite oxidation in a pyrite-carbonate-HFO system initially containing 0.077 mmol of U(VI) and 3.29 g/L HFO (surface area 600 m2/g, 40:1 ratio of weak:strong sorption sites).





	Case
	Carbonate Phase
	pCO2 (atm)





	1. Base Case
	CaCO3 ⇌ Ca2+ + CO32−, log K = −8.48
	10−3.5



	2A. CaMg system, high Ca/Mg
	Ca0.9Mg0.1CO3 * ⇌ 0.9Ca2+ 0.1Mg2+ + CO32−, log K = −8.48
	10−3.5



	2B. CaMg system, low Ca/Mg
	Ca0.6Mg0.4CO3 * ⇌ 0.6Ca2+ 0.4Mg2+ + CO32−, log K = −8.48
	10−3.5



	4C. High pCO2
	CaCO3 ⇌ Ca2+ + CO32−, log K = −8.48
	10−2.7







* Hypothetical phase used to examine effect of dissolution of Mg-bearing mineral on U mobility.
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