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Abstract

:

The behaviour and fate of trace elements in surface waters are greatly affected by their chemical form in solution, but the aqueous speciation of dissolved trace elements in the North American Great Lakes has received relatively little attention. Here, we present results from geochemical equilibrium modelling with 2021 surface water quality data to examine the spatiotemporal dynamics of trace element speciation in the Great Lakes. The relative abundance of aqueous trace element species appeared consistent with variability in solution chemistry and followed basin-wide trends in pH, alkalinity, salinity, and nutrient levels. The speciation of alkali metals was dominated by free monovalent cations, and that of oxyanion-forming elements by oxoacids, whereas significant fractions (>1%) of other aqueous complexes were also evident for rare earth elements (e.g., Ce and Gd as carbonates), alkaline earth metals (e.g., Sr as sulfates), or transition metals (e.g., Zn as phosphates). Spatially, differences in the relative abundance of aqueous trace element species were <2 orders of magnitude, with the highest variation (~50-fold) occurring for select chloride-complexes, resulting from upstream-to-downstream salinity increases in the basin. Finally, simulations of various future water quality scenarios (e.g., decreasing P levels, increasing temperature and salinity) suggest that the speciation of most trace elements is robust temporally as well. This study demonstrates how considering aqueous speciation may help improve the understanding of trace element dynamics and support water quality management in the Great Lakes.
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1. Introduction


Sustainable management of surface water quality requires a quantitative understanding of the prevailing physicochemical conditions and biogeochemical processes that control the occurrence and behaviour of aqueous solutes, including nutrients, major ions, and trace elements, as well as potential pollutants. The different sources and processes affecting the occurrence and fate of these compounds render water quality monitoring efforts expensive, particularly in large-scale systems, and complicate long-term predictions of changing water quality as a result of anthropogenic emissions, policy implementation, or climate change [1,2]. The North American Great Lakes are a uniquely important but also complex environmental system, with sea-like physical characteristics due to their size, yet with a chemical composition typical of freshwaters [3,4]. The lakes have a long history of anthropogenic pollution, particularly in the so-called Areas of Concern, which has led to implementation of water quality monitoring programs to support management decisions to improve and protect water quality [5]. Important aspects of these monitoring efforts include the mapping of physical properties and concentrations of solutes, notably nutrients, major ions, and emerging contaminants [3,5,6,7]. While past programs have been successful in expanding our knowledge base on the underlying dynamics driving the Great Lakes water quality and informing subsequent policies to reduce environmental degradation, important knowledge gaps persist [8,9,10]. Among these is an understanding of the processes governing the spatial distribution and temporal variability in trace element concentrations [10,11,12].



Previous [13,14,15] as well as more recent studies [16,17,18] have investigated the trace element distribution patterns in the Great Lakes. These works have implicated various factors contributing to the observed trace element dynamics, including inputs from upstream connecting channels, riverine and surface runoff, and atmospheric deposition, as well as loss of certain solutes due to biological uptake and sedimentation. These controlling factors differ over time as well as across the basin [18], i.e., from the oligotrophic Lake Superior to mesotrophic waters in Western Lake Erie [19]. Yet, the role of aqueous speciation (i.e., the distribution of a chemical element amongst all its possible dissolved compounds) in explaining the spatiotemporal occurrence patterns of many trace elements remains unclear, even though the aqueous speciation may significantly impact the propensity of solutes to be biologically scavenged or to interact with, or adsorb to, settling particulates [20,21,22]. Because of its role in explaining the mobility and fate of trace elements, a quantitative understanding of the aqueous speciation of trace elements in the Great Lakes is thus important.



Geochemical equilibrium modelling presents a powerful tool to examine the aqueous partitioning of chemical elements among valence states, dissolved ions and neutral molecules, hydrolysis products, and aqueous complexes, as well as their occurrence as or association with pure minerals, solid solutions, gases, or surface complexes [23]. Modelling of elemental speciation is used for a wide variety of environmental and geological problems, e.g., mineral-fluid interactions and solute mobility in porous media and in groundwater, or in the unsaturated zone and surface water systems [24,25]. Geochemical equilibrium modelling software such as the Geochemist’s Workbench, MINEQL+ [26] and PHREEQC [27] is widely used in industry and academia alike. However, the efficacy of geochemical equilibrium modelling is dependent on many factors, particularly the choice of model database [28,29] and its elemental coverage of the required thermodynamic constants, and their properties and reactions of concern [30]. A persistent challenge is that robust thermodynamic data pertaining to the redox, hydrolysis and aqueous complexation reactions and surface interactions of trace elements remains scarce relative to those for major ions and nutrients [31]. Furthermore, the suitability of equilibrium simulations is limited for disequilibrium systems, where geochemical reactions may be kinetically controlled [32]. Therefore, equilibrium modelling is preferably applied to problems requiring analysis on time scales far exceeding those of the reactions considered (e.g., oxidation-reduction or mineral dissolution reactions). The fact that transport times in the Great Lakes are on the order of years to decades (hydraulic residence times range between 2 years for Lake Erie to 190 years for Lake Superior [33], and many trace metals have residence times of >10 days [13]) make this system suited for geochemical equilibrium modelling of aqueous speciation.



As such, we have applied geochemical equilibrium modelling to explore the aqueous speciation of select trace elements in surface waters in the Great Lakes basin. We leverage recent major and trace element concentration data for the Great Lakes [10] and an expanded thermodynamic database to understand spatial patterns and distribution trends of trace elements across the basin and to examine potential shifts in trace element speciation under various scenarios for water quality changes in the Great Lakes, including warming, salinification, and changes to nutrient loads.




2. Methods and Materials


2.1. Water Quality Data Selection


Surface water quality data for the five Great Lakes connecting channels (upstream-to-downstream: St. Mary’s River, St. Clair River, Detroit River, Niagara River, and St. Lawrence River) measured in 2021 were adopted from [10] for physicochemical parameters (temperature, pH, Eh, alkalinity, and specific conductance) and trace and major element concentrations, and from [3,6,34] for the long-term average concentration of additional major elements. All water quality data was collected from epilimnion and stream samples from <1 m depth and represent total dissolved concentrations (operationally defined as the fraction <0.22 μm or 0.45 μm by membrane filtration) and included data for individual aqueous species (total dissolved alkalinity/carbonate, sulfate, chloride, total dissolved phosphate) as well as total dissolved elemental concentrations. Concentrations of dissolved organic matter (DOM) were adopted from [35,36], while other aqueous solutes, including nitrogen and halogen elements other than Cl, were not considered.



All abovementioned water quality parameters and concentrations were arithmetically averaged across sampling locations within each connecting channel system for 2021 (applicable to data from [10]) or for the most recent annual monitoring cycle (applicable to data from [3,6,34]) to establish the aggregate ranges of water chemistry across the basin. For the data adopted from [10], measurements below their respective limits of detection were considered to be half of the respective detection limit. The final averages and ranges of the water quality parameters and concentrations that were adopted for further equilibrium modelling are summarized in Table S1 in the Supplementary Materials.




2.2. Geochemical Equilibrium Modelling Approach


The focus of this work is equilibrium modelling of aqueous trace element speciation, and therefore, the constructed simulations did not consider gaseous or solid phases (i.e., mineral precipitation, adsorption), transport, or (kinetically defined) biological processes. Estimates of total suspended solids (TSSs) in the Great Lakes indicate suspended particulate levels may be significant in certain (nearshore) areas but less in the connecting channels (rough ranges between 1 and 5 mg L−1; [6,35]) and certainly lower than the total dissolved solids (TDSs) levels (>100 mg L−1 for the former; [3]). While biological processing of aqueous solutes may strongly affect water chemistry, e.g., through nutrient uptake or changes in dissolved oxygen or pH, it was assumed that such effects on the trace element speciation are predominantly indirect, i.e., through changes in solution chemistry in terms of major ions and not active trace element uptake. Furthermore, it was reasoned that inclusion of explicit kinetic terms for biological uptake would introduce an unnecessary model complexity with associated challenges in parameterization (overfitting), despite the fact that the lack of biological controls may impact speciation dynamics.



The open-access software PHREEQC version 3.7.3-15968 [27] was used for geochemical equilibrium modelling. The MinteQ.v4 database, derived from MINTEQA2 version 4 [37] provided with PHREEQC, was used after the addition of select speciation definitions that were adopted from the LLNL database (thermo.com.V8.R6.230) and the BRGM (French Geological Survey, Orléans, France) Thermoddem databases (e.g., for Ge, Nb, Pt, and Rh; [38]). Dissolved organic matter (DOM) was approximated through stoichiometric conversion of dissolved organic carbon (DOC) as glucose using data adopted from both [35,36] that showed DOC ranges from 1000 to 2800 μg L−1 between the St. Marys and St. Lawrence Rivers, respectively. Because of the large number of aqueous parameters, and major and trace element concentrations (n > 50) considered in the geochemical models, the discussion of simulated trends in aqueous speciation is mostly focused on a selection of 8 trace elements: the alkaline earth metals Li and Rb, the oxyanion-forming transition metal V and non-metal Se, the transition metals Mn and Ni, and the rare earth elements Ce and Gd. These elements were selected because they could consistently be measured in all samples and span a range of possible aqueous complexation behaviour under the conditions studied. Table 1 summarizes the coverage of the aqueous speciation of these trace elements of interest achieved by the modified thermodynamic database. Additional settings for the surface water simulations included fixed pH, pe, and dissolved oxygen directly adopted from the in-situ field measurements (i.e., no fixed equilibrium with the atmospheric partial oxygen pressure), and default water pressure and density. For quality control, the ion charge balance for the simulated surface waters was investigated and contrasted to ionic strength, specific conductance and the analytical uncertainty associated with the adopted water quality parameters.




2.3. Sensitivity Analysis and Extrapolations


In addition to the equilibrium modelling aimed at resolving spatial trends in water chemistry across the Great Lakes, simulations were performed to assess the potential variability in trace element speciation under projected scenarios of future water quality extrapolated until 2100. The following scenarios were examined (the ranges of extrapolated parameter values are summarized in Table S2):




	
Temperature: Long-term average seasonal variability in surface water temperatures in the Great Lakes ranges from 0 °C to 16 °C in Lake Superior and from 0 °C to 24 °C in Lake Erie (https://coastwatch.glerl.noaa.gov/statistic/ (accessed on 1 December 2022). Surface waters in the Great Lakes are further expected to warm at a rate of ~0.5 °C per decade [39]. To reflect both seasonal and long-term variability, simulations were performed with connecting channel water temperatures up to 10 degrees below and above the average water temperatures recorded in 2021 (Table S1; [18]).



	
Salinity: All the Great Lakes are experiencing increasing salinification [3,40]. Previously assessed regression analysis on a long-term Cl concentration time-series for each of the Great Lakes presented in [41] were extrapolated to 2100 for their downstream connecting channels examined here, and the predicted Cl concentrations were adopted directly (Table S2).



	
Alkalinity: Previous longitudinal analysis of a carbonate alkalinity time-series for each of the Great Lakes between 1965–2005 revealed increasing levels in Lakes Superior and Huron yet decreasing levels in Lakes Erie and Ontario [3]. The average (linear) rates of change over that time period were extrapolated to 2100 and predicted alkalinity concentrations were adopted directly (Table S2).



	
Phosphate: Analysis of phosphorus (P) dynamics in the Great Lakes surface waters has revealed a large spatiotemporal variation of phosphate levels [19], well-beyond what was recorded in the connecting channel waters in 2021 (Table S1; [10]). In addition to performing simulations with the maximum dissolved phosphate concentrations measured in the Great Lakes (i.e., 15 μg L−1 in Western Lake Erie; [42]), additional simulations were performed with phosphate solution levels that were adjusted to phosphate targets set by the Great Lakes Water Quality Agreement (GLWQA; International Joint Commission (IJC); Table S2; [42,43]), which ranged between 5 and 15 μg L−1 for the upper Great Lakes versus Western Lake Erie, respectively.








All other solution variables were kept constant in the above simulations, according to a one-at-a-time sensitivity analysis, where the solution charge balance was used as a model performance indicator, as described above.





3. Results and Discussion


3.1. General Solution Chemistries and Model Charge Balance


Surface water compositions of the Great Lakes connecting channels were representative of their long-term freshwater chemistries [3], with alkalinity ranging only slightly between 41 and 133 mg L−1, the sum of Ca and Mg concentrations varying between 15 and 50 mg L−1 and those of Cl and SO4 varying more strongly, from <2 to >25 mg L−1, upstream-to-downstream across the basin (Table S1). The overall hydrogeochemical compositions suggest waters of the calcium/magnesium bicarbonate-type, albeit with increasing salinification upstream-to-downstream, as indicated in Figure 1. The pH of the connecting channel waters gradually increased from 7.2 ± 0.1 to 7.5 ± 0.1 (~40% decrease in proton activity), inversely correlated to carbonate alkalinity (15% increase) and the oxidation-reduction potential ranged from 393 ± 43 to 315 ± 70 mV (decreasing upstream-to-downstream), reflective of well-oxygenated, reasonably circumneutral freshwaters.



The simulated chemical compositions of connecting channel waters (Table S1) yielded relative charge balance errors of up to −12%, indicating excess net-negative charges in solution, particularly in the northernmost connecting channel, the St. Marys River (Figure 1). The charge imbalance decreased in the relative magnitude upstream-to-downstream and was <5% for all other channels. The residual relative charge imbalance reduces with increasing ionic strength and conductivity of the waters (Figure 1), suggesting a gradual over-imprinting of the aqueous electron imbalance with increasing salinification upstream-to-downstream. Probable causes underlying the observed charge imbalances include changes in pH and redox state within and between the averaged individual locations, or analytical uncertainty, i.e., underestimated cation concentrations, overestimated anion concentrations, or a combination of the above. For example, modulation of the pH predicted an increase of −0.1 pH units to achieve charge parity, which is within the uncertainty for the deployed field probes. Alternatively, variation of the aqueous Ca concentration, the most abundant doubly charged cation, predicted an increase in the simulated Ca molality of ~120%, which is within the range of variability of total Ca concentrations in connecting channel waters [6], yet above the analytical uncertainty for this parameter. Finally, even though additional charged ions or solutes (nitrogen compounds, halogens other than Cl) as well as suspended particulates if present, may have contributed to the residual charge imbalance, the obtained agreements suggest that the considered suite of aqueous parameters captures the general composition of the modeled surface waters.




3.2. Trends in Aqueous Trace Element Speciation across the Great Lakes


The simulated aqueous speciation of the studied major and trace elements in the studied waters suggests that for most elements, a single oxidation state was typically dominant by several orders of magnitude, including for redox-sensitive elements (e.g., As, Cu, V). Resulting from the relatively narrow range of simulated redox conditions (see pe in Table S1), this corroborated previous data on select redox couples measured in these Great Lakes connecting channel samples, i.e., the majority of total S being present as sulphate and no detectable Fe[+2] (at least 1000-times less abundant than Fe[+3]) [10,44]. Yet, there were select trace elements where more than one oxidation state was relevant to the overall aqueous species distribution, including Cr[+3] versus Cr[+6] or Se[+4] versus Se[+6] (see below).



The following discussion focuses on eight of the investigated trace elements: the alkaline earth metals Li and Rb, the transition metals Mn and Ni, the oxyanion-forming transition metal V and non-metal Se, and the rare earth elements Ce and Gd. The aqueous speciation of these trace elements appeared to be dominated by inorganic species (i.e., non-DOM-bound), namely monovalent cations for Li and Rb, oxyanionic species for V and Se, and carbonate and phosphate complexes for Ce and Gd (Figure 2), although aqueous complexes with Cl and SO4 were also present for other trace elements. Only the aqueous species at >0.01% abundance within each of the trace element distributions are discussed below; other species present at lower abundance were considered unlikely to exert significant control on trace element dynamics in the areas of interest. Overall, the aqueous speciation of trace elements did not vary significantly between species upstream-to-downstream, even though some of their absolute concentrations and that of ligating ions such as Cl and SO4 varied considerably (Table S1).



The dominance of monovalent alkali metal cations at >99.9% remained virtually constant across the basin, including for trace elements such as Li and Rb (Figure 2). Aqueous alkali metal complexes with sulfate and chloride as ligands occurred for the most downstream connecting channel (St. Lawrence) but only at relative abundances <0.03%. The aqueous speciation of the alkali trace metals Li and Rb thus appears to be similar to that of Na and K, existing predominantly as monovalent cations that only weakly interact with suspended mineral or organic matter [45,46,47] and may therefore be assumed to behave reasonably conservative in oxic surface waters, compared to the other trace elements discussed below [10].



In contrast to the uniform speciation of Li and Rb, the transition elements Mn and Ni speciated more diversely in the solution (Figure 2). While divalent cations were the dominant aqueous species for both elements in all connecting channels at >90% relative abundance, Ni also tended to speciate with sulfate complexes and Mn was distributed among carbonate, hydrate, sulfate, chloride, and phosphate species, all at abundances >0.03%. The relative importance of the complexed Mn and Ni species over their free cationic species increased upstream-to-downstream in the connecting channel samples, likely the result of the increasing ligand concentrations further downstream in the basin (Table S1). Overall, while the total concentrations of dissolved Mn and Ni between the connecting channels changed with a factor of nine and five, respectively, the dissolved fraction remained consistently dominated by divalent cations at >1 order of magnitude excess over the next abundant species.



The oxyanion-forming elements V and Se displayed a consistent distribution, existing as oxyanionic species with charges that varied with up to ~35% across the connecting channels and no other ligands predicted at >0.01% relative abundance (Figure 2). In contrast to the previously discussed trace elements, the most abundant V and Se oxyanions were less dominant than other species. For instance, the relative abundance of the two most abundant species of Se[+4], SeO3[−2] and HSeO3[−1], was close to ~50%, each (Figure 2), explained by the fact that the pH of the connecting channel waters was very close to the first protonation constant pKa1 of Se[+4] (7.28 in the LLNL database). Similarly, the pKa2 for HVO4[−1] is 7.09. Both dissolved V and Se species may thus be expected to deprotonate as a result of slightly increasing pH upstream-to-downstream across the basin, and these double-negatively charged oxyanions to gain prominence of single-negatively charged oxyanions. Such increases in the share of negatively charged V and Se anions will impact their propensity to adsorb to suspended particles in the water column and could be investigated in future research.



Finally, the geochemical simulations suggest aqueous complexation of the rare earth elements (REE) Ce and Gd with carbonate (>99%) and, to a lesser extent, phosphate (<0.5%). Carbonate and phosphate ions are typically the dominant inorganic ligands involved in freshwater REE complexation [48]. In the connecting channels, carbonate complexation dominates over phosphate in the percent share of species, as well as the preferential complexation by carbonates over bicarbonates at pH range of 7–8: extensive phosphate-complexation is not expected due to the high [HCO3−]/[HPO42−] ratio and circumneutral pH, as well as relatively high Ca and Mg abundance in the Great Lakes [48,49]. As such, the relatively consistent Ce and Gd speciations across the basin are likely the result of ditto general water quality (i.e., pH, alkalinity, and phosphate) upstream-to-downstream.



Overall, the simulated trace element speciation in the Great Lakes connecting channels appeared spatially similar, in line with reasonably consistent elemental concentrations and pHs (Table S1). In addition, variations in other major quality parameters, such as the potential ligands DOM, Cl, SO4, and alkalinity (Figure 2) appeared insufficient to affect trace element speciation significantly.




3.3. Stable Trace Element Speciation with Changing Great Lakes Water Quality


In addition to examining spatial patterns, geochemical equilibrium simulations were used to investigate the potential changes to aqueous trace element speciation under imposed changing water quality (see Section 2.3). Below, we discuss select elements from the trace elements discussed above in the various examined scenarios.



3.3.1. Temperature


Future changes to summer surface water temperatures in the Great Lakes are difficult to ascertain because of regional differences in climate and circulation dynamics, but depending on the climate projection chosen, have been estimated to range from roughly 1.5 to 6.5 degrees [50,51]. While other seasons may be several degrees cooler than the measured summer surface temperature, system sensitivity was assessed using a range of ±10 °C up to 2100 (Table S2).



The equilibrium modelling simulations show that V and Se were among the elements that displayed the most pronounced changes in speciation with increasing temperatures across the investigated trace elements. In the most upstream investigated connecting channel, the St. Mary’s River, the relative abundances of monovalent HSeO3[−1] and H2VO4[−1] are simulated to decrease by 6% and 10%, respectively, upon increasing temperature, while their divalent counterparts, SeO3[−2] and HVO4[−2], are simulated to increase by 7.6% and 4.1%, respectively (Figure 3). In the most downstream investigated connecting channel (St. Lawrence River), the relative abundances of monovalent HSeO3[−1] and H2VO4[−1] are similarly simulated to decrease by 7% and 12%, respectively, with higher water temperatures, while their divalent counterparts, SeO3[−2] and HVO4[−2], increase by 5.4% and 3.1%, respectively (Figure 3). For the investigated scenarios and solutions, the decrease in the charge balance agreement (−0.05%) was negligible (data not shown). The extrapolated conditions thus reveal that, with higher water temperatures, the prevalence of divalent V and Se oxyanions increases and thereby increases the net-negative charge on these oxyanionic trace element species.



The temperature dependence of the reaction equilibrium constants K in PHREEQC is calculated using Van ‘t Hoff’s equation that may be expressed as:


  l n    K 2     K 1    =   Δ  H o   R  −    1   T 1    −  1   T 2       



(1)




where ΔH is the standard reaction enthalpy, T is temperature and R is the ideal gas constant. According to the LLNL database, the enthalpy of reaction for the deprotonation of selenite (HSeO3− ⇌ SeO32− + H+) is 5.35 kJ/mol, from which it follows that the equilibrium constant for this reaction increases by a factor of 1.9 at the investigated 10 °C temperature increase. This factor exceeds the simulated by a <10% difference in individual species abundance discussed above, which is explained by temperature changes inducing the re-distribution of all considered equilibrium constants and charge solutes in solution. This demonstrates that while the simulated changes in trace element speciation as a function of temperature appear relatively minor, an understanding of temperature-induced shifts in solute speciation thus requires consideration of the full solution chemistry.




3.3.2. Salinity


Changes to salinity levels were extrapolated from previous assessments of the long-term trends of chloride concentrations in the Great Lakes by adopting linearized rates of change for each lake and, therefore, its preceding connecting channels [41]. Total dissolved chloride concentrations forecasted for 2050 and 2100 are expected to increase by up to 180 μg L−1 (St. Marys River, 2050) to >12,000 μg L−1 (East Lake Erie/Niagara River, 2100 projection; Table S2) relative to 2021 data, stemming from Lakes Erie and Ontario being subjected to more rapid rates of salinification.



As expected, the geochemical equilibrium simulations reveal that Cl remains present in the free monovalent anionic form (Cl[−1]), at up to 4 orders of magnitude above the next most abundant Cl-species, among the entire investigated salinity range (data not shown). Chloride that was added to the higher-salinity scenarios mostly speciated to major elements such as Ca (CaCl[+1]), Mg (MgCl[+1]), Na (NaCl), K (KCl) and Sr (SrCl[+1]), in line with the elemental abundance of these ions in the connecting channel waters. Consequently, only minor amounts of the introduced Cl ligated to scarcer trace elements, with shifts in the relative abundance of Cl-complexes within individual elemental speciation patterns in accordance with the imposed change in salinity. For instance, the relative abundance of Cl-complexes increased for Li, Mn, and Zn at rates of ~21% for the St. Mary’s River and ~71% for the St. Lawrence River at increasing salinities, albeit at low overall relative abundance (<0.1%) (Figure 4). These increases match to within a percent of the simulated increases in salinity for these connecting channels (21% and 72%, respectively; Table S2). For Ca, the relative abundance of Cl complexes slightly decreased at the highest simulated salinity scenario (Figure 4), potentially due to out-competing the other cations (Mg, Na, present at similar concentrations ranges), or the reduced solubility of carbon dioxide and Ca-carbonates due to increasing ionic strengths. The observed changes in the trace element speciation as a function of salinity (chloride exclusively) thus appear relatively minor, but further work is required to disentangle the potential influence of concurrent changes in other solutes that will affect the solution chemistry (Na or SO4; [3]).




3.3.3. Alkalinity


Like the performed simulations of increased salinity, simulated scenarios with alkalinity variations in the Great Lakes were derived from linearized trends adopted from long-term field observations [3]. Dissolved carbonate concentrations are therefore predicted to increase between 2050 and 2100, with larger rates of change observed for the lower lakes (e.g., from 580 μg L−1 in the St. Mary’s River by 2050 to >11,000 μg L−1 in East Lake Erie and the Niagara River by 2100; Table S2).



The simulated increases in alkalinity ranged from +4% in the St. Mary’s River to +13% in the Lawrence River and induced negligible changes in the relative abundance of dissolved HCO3− and CO32− throughout the basin (pH dependence of the carbonate equilibrium between pH 7.2–7.5). Further, higher alkalinity increased the proportion of the carbonate-complexed Ca and Mg, as well as that of Cu, Zn, Mn, and Fe-carbonates, but to different extents throughout the basin. For instance, the projected relative abundance of Mn-carbonates increased by only <0.1% in the St. Mary’s River but by >1% in the St. Lawrence River (Figure 5). Generally, the aqueous speciation of REEs was observed to move from mono- to di-carbonated complexes (REE-CO3 versus REE-(CO3)2), e.g., as observed with ~5% and ~1% increases in doubly complexed Ce and Gd in the St. Lawrence and St. Mary’s, respectively. However, total net increases in carbonate-complexed Ce and Gd species were low (<1%) because these elements were strongly ligated by carbonates initially (i.e., compared to the larger total change in Mn-carbonate complexation). Although shifts in aqueous trace element speciation were observed to be minor overall, the relative effects of increased alkalinity may be more pronounced in the upper lakes where alkalinity is lower [10] and warrant further investigation of the consequences, e.g., carbonate precipitation and adsorption.




3.3.4. Phosphate


Previous work has revealed gradually decreasing P concentrations in the Great Lakes’ surface waters [41]. As extrapolation of such P rates to 2050 and 2100 would effectively yield zero dissolved phosphorus, a minimum boundary of phosphate was established from the GLWQA concentration targets established for the Great Lakes [19,43]. Comparisons are thus drawn between the current (2021) baseline state and targeted long-term average concentrations.



Phosphorus speciated mostly as free anionic HPO4[−2] and H2PO4[−1], followed by monovalent and divalent Ca and Mg complexes, respectively. Phosphate complexes with Na, Zn, K, Sr, and Mn were also simulated, and, in line with their lower abundance, phosphate complexes with other trace elements as well (e.g., REE-phosphates at log activities below 10−11). Despite their low abundance, the activities of phosphate-complexed trace elements did change as a function of the dissolved phosphate concentration (see examples of REE in Figure 6). For instance, the singly phosphate-ligated REE-PO4[0] complexes were over an order of magnitude more abundant than the REE-HPO4[+1], REE-(PO4)2[−3], REE-(H2PO4)[+2], and REE-HPO4[−1] species under all simulated phosphate levels, yet they became more important at lower PO4-concentrations target by the GLWQA, at the expense of positively charged REE-PO4 complexes. Overall, decreasing phosphate levels led to a lower complexation of REE and therefore less negatively (or more positively) phosphate-bound REE fraction, as well as a lesser extent of PO4-ligated REE overall (Figure 6). Because the relative abundance of PO4-complexed REE is small relative to that of carbonate-ligated REE, the effect of reducing PO4 levels on the REE cycling may be expected to be minor. However, given the heterogeneous occurrence of the dissolved PO4 levels in the Great Lakes as a result of point- and non-point-sourced phosphate inputs and scavenging in the water column [19,52], the impact of such fluctuations on trace element dynamics, especially for elements such as the REE that display highly erratic spatial concentration patterns [10], warrants further investigation.






4. Conclusions


This study provided insights into the aqueous speciation of select trace elements in Great Lakes connecting channel water samples. From geochemical equilibrium modelling of averaged solute concentrations across surface water sampling locations throughout the basin, we conclude that:




	
The aqueous speciation of most trace elements appears relatively consistent across the basin, in line with a comparatively stable water quality (pH, alkalinity) upstream-to-downstream across the Great Lakes. Trace element complexation with ligands such as phosphate or chloride generally followed basin-wide trends in salinity or nutrient levels;



	
Alkali trace metals (Li, Rb) are dominantly speciated as free monovalent cations, oxyanion-forming elements (Se, V) as oxoacids, rare earth elements (La, Ce, Gd) as carbonates, and various other trace elements as complexes with sulfate or phosphate;



	
Simulations of aqueous trace element speciation under extrapolated future water quality scenarios (e.g., increased temperature, salinity, varying alkalinity, and phosphate) suggest that the speciation of most trace elements is robust, not only spatially, but temporally as well.








Our analysis was conducted with emphasis on the inorganic aqueous speciation, preventing us from assessing the biogeochemical fate of trace elements in the water column (e.g., partitioning of dissolved trace elements to suspended solids and sedimentation) or biological effects and feedbacks induced by changing nutrient levels, the increasing osmotic pressure from salinification, or the bioavailability of essential micronutrient trace elements. The inclusion of additional water quality data (nitrogen, organic matter) in geochemical equilibrium and kinetic modelling may be used when considering the above processes. Further monitoring of trace element dynamics in the Great Lakes is generally required to improve such models and to examine the role of speciation in trace element dynamics in other waters in the Great Lakes basin (e.g., in tributaries or at the nearshore-offshore interface). A refined understanding of the behaviours and fates of trace elements in the Great Lakes will help water quality managers predict and manage potential changes in this complex freshwater system.
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Figure 1. Top frame: major ion geochemistry of the connecting channel surface waters in a Piper Ternary diagram (%-meq L−1 for all axes), and, bottom frame: comparison of simulated charge balance (% error; left y-axis) to ionic strength and electric conductivity (right y-axes) across the simulated connecting channel surface waters. 
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Figure 2. Geochemical equilibrium modelling of the aqueous speciation of select trace elements in the connecting channels of the Great Lakes basin. Plotted is the share of major individual aqueous species per-total (molality basis), upstream-to-downstream for the connecting channels; additional species present at a <0.01% share are not shown. 
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Figure 3. Geochemical equilibrium modelling of the aqueous speciation of Se (top frame) and V (bottom frame) in the St. Marys and St. Lawrence rivers in the Great Lakes basin. Plotted is the share of select individual aqueous species per elemental-total (molality basis, note the two y-axes for bottom frame) as a function of temperature. 
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Figure 4. Geochemical equilibrium modelling of the relative abundance of select aqueous Cl-complexes of Mn, Zn, Li and Ca in the St. Marys (upstream, left panel) and St. Lawrence (downstream, right panel) rivers in the Great Lakes basin. Plotted is the share of select individual aqueous species per-total (molality basis, logarithmic y-axis) as a function of Cl concentration (intersected x-axis). 
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Figure 5. Geochemical equilibrium modelling of the relative abundance of aqueous carbonate complexes of Ce and Gd (left y-axis) and Mn (right y-axis) in the St. Marys (upstream, left panel) and St. Lawrence (downstream, right panel) rivers in the Great Lakes basin. Plotted is the combined share of all carbonate-complexed aqueous species per-total (molality basis) as a function of alkalinity (intersected x-axis). 
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Figure 6. Geochemical equilibrium modelling of the relative abundance of aqueous phosphate complexes of La, Ce and Gd in the various connecting channels in the Great Lakes basin. Plotted is the share of aqueous rare earth element phosphate species per-total (molality basis) as a function of the phosphate concentration (present versus IJC targets; x-axis). 
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Table 1. Aqueous speciation coverage in the modified database for select trace elements.
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	Redox States
	Carbonate Complexes
	Halogen Complexes
	Sulfate Complexes
	Phosphate Complexes
	Major

Cations
	Minor

Cations





	Li
	{1}
	N/A
	Cl
	Included
	N/A
	N/A
	N/A



	Rb
	{1}
	N/A
	Cl, Br, I
	Included
	N/A
	N/A
	N/A



	Mn
	{0, 2, 3, 6}
	Included
	F, Cl
	Included
	Included
	N/A
	N/A



	Ni
	{2}
	N/A
	Cl, Br
	Included
	Included
	N/A
	N/A



	V
	{2, 3, 4, 5}
	N/A
	F
	Included
	Included
	Fe, K, Ca, Mg
	Mn



	Se
	{−2, 4, 6}
	N/A
	N/A
	N/A
	N/A
	Ca, Cu, Fe, K, Mg, Na
	Cd, Co, Mn, Ni, Zn, Ba, Cd, Pb, Li, Mn, Ag, Sn, Sr, Th



	Gd
	{2, 3, 5}
	Included
	F, Cl
	Included
	Included
	N/A
	N/A



	Ce
	{2, 3, 4}
	Included
	F, Cl, Br, I
	Included
	Included
	N/A
	N/A
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