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Li and U Isotopes as a Potential Tool for Monitoring Active Layer Deepening in Permafrost Dominated Catchments
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Permafrost in the Arctic is decreasing in extent and the depth of the seasonally thawed layer, the active layer, is increasing. Increased exposure to water is increasing fluxes of organic and inorganic solutes with potential impacts for the global carbon cycle and downstream ecosystems. Understanding the relationship between solute release and active layer depth will be critical for modeling environmental impact, especially in inaccessible regions where there is a lack of data. In this study, we focus on the potential for the isotopes of lithium (Li) and uranium (U) to track active layer extent in two permafrost-dominated catchments in Svalbard: one glaciated and one unglaciated. These isotope systems can be measured to a much higher precision than concentration measurements and act as sensitive tracers of environmental change. The extent of Li isotope fractionation provides information on the balance between dissolution of primary phases and formation of secondary phases, such as clay minerals and oxides. The U activity ratio provides information on water-rock interaction times and physical properties. We observe contrasting behavior between the two catchments. The highest U activity ratios and Li isotope values (those most distinct from bedrock) are observed in summer in the unglaciated catchment, when the active layer depth is expected to be at its maximum extent, whereas negligible seasonal variation and the lowest values are observed in the glaciated catchment. We therefore propose that the extent of solute acquisition is directly linked to the active layer depth, which is restricted in the glaciated catchment due to a layer of “dead ice” underneath the glacial outwash plain, and could therefore provide a valuable tool to assess changes in active layer depth at catchment scales.
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1. INTRODUCTION

The Arctic is currently experiencing a marked warming trend in comparison to other regions of the world, with average temperatures now more than 1.5°C warmer than the 1971–2000 average (Overland et al., 2013). Permafrost (soil that has remained frozen for at least 2 consecutive years) is a key feature of northern ecosystems and one consequence of increased temperatures has been a decrease in the extent of continuous permafrost (Chadburn et al., 2017) and an increase in the depth of the active-layer (the seasonally thawed upper-layer of permafrost) (Frey and McClelland, 2009; Schaefer et al., 2011). Increases in the active layer depth and degradation of permafrost will increase water-rock/soil interaction (Bring et al., 2016) and could lead to increased fluxes of organic and inorganic elements. Long-term measurements indicate that annual chemical fluxes of major elements are increasing in several large Arctic rivers (Frey et al., 2007; Frey and McClelland, 2009; Tank et al., 2016; Toohey et al., 2016). In the Mackenzie and Yukon rivers, an increase in sulfate flux has been linked to the exposure of previously frozen and unweathered material to water and the atmosphere, leading to an increase in the chemical weathering of sulfide minerals (Tank et al., 2016; Toohey et al., 2016). Similarly, a decrease in the radiogenic strontium isotopic composition of a stream in Alaska was attributed to an increase in the weathering of carbonate minerals exposed as a result of active-layer deepening (Keller et al., 2010). Other studies have pointed to the role of flushing during spring melt, which removes previously frozen solutes that became concentrated due to solute exclusion during freezing, contributing to seasonal variations (Kokelj and Burn, 2005; Lamhonwah et al., 2017; Lehn et al., 2017). Trace metal concentrations (Barker et al., 2014) and several metal isotope systems (Sr, U, Ca, Mg, Si, Keller et al., 2010; Bagard et al., 2011, 2013; Pokrovsky et al., 2013; Mavromatis et al., 2016; Lehn et al., 2017) have also been used as tracers of chemical weathering during the seasonal cycle of active-layer thaw and re-freeze. However, not all studies have found evidence for increased chemical weathering with an increase in active layer depth (Dean et al., 2016). The use of major elements to gain information on the changing conditions of the active-layer is complicated by their varied sources (e.g., different minerals) and processes (e.g., plant uptake and secondary mineral formation) in catchments, which contributes to uncertainty in their application. Therefore, there is a pressing need to develop new tracers of how biogeochemical processes are affected by permafrost thaw. Isotope tracers may provide a more robust tool as they can be measured to high precision, permitting source effects to be separated from processes. In this study we explore the utility of two different isotope systems (lithium and uranium), which are widely used in chemical weathering studies (e.g., Bourdon et al., 2003; Tomascak et al., 2016), to track the extent of chemical weathering in permafrost catchments as a proxy for the depth of the active layer.

Lithium has two isotopes (6Li and 7Li) and their ratio relative to a standard is expressed as δ7Li. The primary mechanism causing fractionation of lithium isotopes in natural systems is thought to be secondary mineral formation and/or adsorption onto particles (e.g., Huh et al., 2001; Pistiner and Henderson, 2003; Vigier et al., 2008). Other processes such as biological uptake appear to have a minimal effect on δ7Li values (Lemarchand et al., 2010; Clergue et al., 2015; Pogge von Strandmann et al., 2016). It is therefore hypothesized that the Li isotopic composition of rivers provides information on the balance between dissolution of primary minerals and secondary mineral formation occurring in a catchment (e.g., Kisakürek et al., 2005; Vigier et al., 2009; Millot et al., 2010; Dellinger et al., 2015; Pogge von Strandmann et al., 2017b). The balance between dissolution and precipitation processes varies depending on the weathering regime (Millot et al., 2010), which has been characterized by the weathering intensity: the ratio of chemical silicate weathering (W) to total denudation rate (D) (Bouchez et al., 2013). A study on the Amazon catchment, including data from other rivers, found that the relationship between the apparent fractionation factor ΔLisolution−rock and weathering intensity has a parabolic shape whereby ΔLisolution−rock increases with increasing weathering intensity to around 25‰ and then decreases as weathering intensity continues to increase (Dellinger et al., 2015). This is related to the relative supply of primary minerals by erosion that are available for dissolution relative to the scavenging of Li by secondary minerals, and eventual dissolution of these secondary phases when supply of material via erosion is low. One difficulty highlighted by Dellinger et al. (2015) is that spatial heterogeneity of δ7Li in rocks can hinder the interpretation of processes. One solution is to keep lithology constant by making multiple measurements throughout the year of the same river. There are currently no published δ7Li time-series measurements for rivers draining permafrost catchments, but three studies have spot-sampled several rivers draining areas containing permafrost in Canada, Greenland, and Tibet (Millot et al., 2010; Wimpenny et al., 2010b; Weynell et al., 2017).

Uranium isotopes are radioactive: 238U (half-life = 4.47 x 109 y) decays to 234U via 234Th and 234Pa, and 234U (half-life = 2.45 x 105 y) decays, via intermediate nuclides, to 206Pb (Bourdon et al., 2003). The 234U/238U ratio is commonly expressed as an activity ratio (234U/238U) where an activity ratio of one indicates that the decay chain is in secular equilibrium i.e., the rate of production and decay of a given nuclide is equal. Activity ratios higher than one are commonly observed in water samples and have been attributed to two process caused by alpha recoil: the displacement of a nuclide caused by the energetic release of an alpha particle. The first process is direct alpha recoil which, if it occurs within about 30 nm of a grain boundary, ejects 234Th from the mineral into solution which subsequently decays to 234U (Fleischer, 1980; Vigier and Bourdon, 2011). This process is enhanced if sediment grains are small (larger surface area). Elevated 234U in solution is also observed where sediments have been in contact with water for a long time, enhancing accumulation of 234U (Chabaux et al., 2003). The second process is preferential leaching of 234U from mineral lattice sites damaged by alpha recoil (Chabaux et al., 2003; Andersen et al., 2013). Uranium-series nuclides have been used to model a range of processes including physical erosion timescales (e.g., Vigier et al., 2006; DePaolo et al., 2012), soil formation rates (e.g., Dosseto et al., 2008; Ma et al., 2013), and water residence times (e.g., Maher et al., 2006; Schaffhauser et al., 2014). In permafrost environments U isotopes have been applied to understanding the seasonal evolution of water flow paths (Bagard et al., 2011; Koch et al., 2013) and the residence time of ice in permafrost (Ewing et al., 2015, 2016). The lithium and uranium isotope systems have previously been combined with the aim of providing coupled information on physical and chemical erosion (Pogge von Strandmann et al., 2006, 2010; Pogge von Strandmann and Henderson, 2015).

In this study we measured a time-series of water samples for δ7Li and (234U/238U) values from two adjacent catchments located in Svalbard and underlain by permafrost: one glaciated and one unglaciated. Both catchments have been well-characterized by previous studies (Hindshaw et al., 2016a, 2018) and therefore provide an ideal location to interpret the Li and U isotope measurements as the weathering sources and overall chemical weathering processes in each catchment are known. Small catchment studies such as this, where sources and processes can be more readily constrained, are a pre-requisite to understanding biogeochemical processes occurring in large catchments. We find that Li and U isotopes define a positive trend which we interpret to reflect mean water-rock residence time and may therefore be a suitable proxy for a catchment-wide measurement of active-layer depth at this fieldsite. Further research would be required to assess whether this promising relationship holds for larger permafrost-dominated catchments.

2. FIELD SITE

Svalbard is located in the Arctic Ocean and has an Arctic climate. In 2012 (the year samples were collected) the mean temperature was −2.0 °C and precipitation was 268 mm, as recorded at Longyearbyen Airport (Nordli et al., 2014). The two studied catchments are situated next to each other (Figure 1) in the Paleogene sedimentary Central Basin of Svalbard. The sedimentary formations exposed in the catchments are from the Van Mijenfjorden group, which is Paleocene to Eocene in age (66–33.9 Ma) and contain sandstones, siltstones, and shale (Major et al., 2000). There is negligible soil formation in either catchment and the surface is dominated by moraine material and glacial sediment in the glaciated catchment and by frost-shattered shale in the unglaciated catchment (Figure 1).
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FIGURE 1. Panoramic view of the two study catchments. Dryadbreen is on the left and Fardalen on the right. The red dashed line demarcates the catchment boundaries. Water sampling locations are indicated as follows: red circle, Dryadbreen; blue circle, Fardalen; green circle, valley stream; yellow circle, supraglacial sample. Note the large end moraine and sandur in the glaciated catchment. The red dot in the map on the left shows the location of the study area (Latitude, 78°08′ N; Longitude, 15°30′ E) in relation to the rest of Svalbard. Reprinted from Hindshaw et al. (2016a), Copyright (2015), with permission from Elsevier.



Permafrost is continuous throughout the islands (Humlum et al., 2003) and in situ measurements document its ongoing degradation (Isaksen et al., 2007a,b). Active layer measurements are not available for the two catchments studied. However, temperature data is available for the Gruvefjellet borehole situated approximately 5 km north of the catchments at an altitude of 464 m.a.s.l. (Christiansen et al., 2010). In 2012, the temperature at the surface of this borehole first went above 0°C on 15 June (NORPERM database, Juliussen et al., 2010), implying that during the spring sampling campaign, which concluded on 18 June, the presence of an active layer in either catchment is unlikely. At Gruvefjellet the active layer depth reaches a maximum depth of about 1 m (Etzelmüller et al., 2011) and a similar temporal evolution of active layer depth is expected in the unglaciated catchment; from 0 m depth during the spring sampling to ~1 m when the summer samples were collected.

One set of samples was collected from a permafrost-affected valley Fardalen (Figure 1), which is likely to have been unglaciated for at least the last 10 kyr (Svendsen and Mangerud, 1997). The whole catchment has a south-easterly aspect that contributes to the absence of present-day glaciation. The catchment area is 3.4 km2 and ranges in elevation from 250 to 1025 m.a.s.l. The second set of samples was collected from a catchment containing the glacier Dryadbreen. The thermal regime of the glacier is expected to be cold-based with temperate patches, based on similar sized glaciers in the same area (Etzelmüller et al., 2000; Etzelmüller and Hagen, 2005). Between 1936 and 2006 the area of the glacier decreased from 2.59 to 0.91 km2 leaving large terminal and lateral ice-cored moraines and a sandur in front of the glacier (Ziaja and Pipała, 2007). The sandur surface lowered 14 m between 2001 and 2006 due to the melting of dead ice (Ziaja and Pipała, 2007). The uppermost part of the catchment faces north-north-east and the valley then curves around such that at lower elevations (<500 m) the catchment faces south-east. The catchment area is 4.8 km2 and ranges in elevation from 250 to 1031 m.a.s.l.

3. METHODS

3.1. Water Sampling

Water samples were collected from the streams draining the two catchments just before their confluence with a larger river in the Fardalen valley (Figure 1). For Dryadbreen this was approximately 1 km from the front of the glacier. The main valley river was sampled after the confluence with the stream from Fardalen, but before the confluence with the stream from Dryadbreen. A supra-glacial water sample was collected from the glacier surface near the toe of the glacier. The Dryadbreen and Fardalen streams were sampled twice a day from 14 to 18th June 2012 and from 25th July to 3rd August 2012. Temperature and pH were measured in situ (Hanna HI 98160 pH meter).

The water sampling procedures for major ion chemistry are described in Hindshaw et al. (2016a). For lithium isotopes, a 1 L, 0.2 μm filtered water sample was collected from each catchment every other day. This water sample was acidified to pH 2 with single-distilled concentrated HNO3. Water samples for uranium isotope analysis were collected following the procedure outlined in Arendt et al. (2015). A pre-cleaned 15 L plastic water carrier was filled with 0.2 μm filtered water (filtered using a polycarbonate vacuum filtration unit connected to a hand pump), then 7 mL 9M HCl was added to the water followed by 3 mL of a pre-cleaned iron solution (FeCl3.6H2O in 3M HCl), resulting in an Fe concentration of 15 mg/L. The mixture was shaken and after 10 min, 10 mL 25% NH4OH was added, raising the pH to approximately 8–9 and inducing iron precipitation. After 48 h of settling, the bulk of the supernatant was gently poured off and the remaining solution was transferred to a 1 L bottle for transport from the field. The remaining liquid from the bottle containing the uranium co-precipitate was removed by centrifugation in the laboratory and the solid was digested in 1 mL 9M HCl, dried down and taken up in 10 mL 12 M HCl.

3.2. Solid Sampling

Stream suspended sediment (>0.2 μm) was retrieved from nylon filter papers during water sample collection by washing the filter paper with deionized water and then freeze drying the sample. Part of each stream suspended sediment sample was treated with 5% HCl to remove carbonates. A range of solid samples, including sedimentary rocks, bedload sediments, and glacial sediment, were also collected from the catchments. The sedimentary rock samples were first crushed (jaw crusher) and were subsequently ground to fine powders (rotary disc mill and planetary ball mill). For the sediment samples, only the latter step was required. A <2 μm size-fraction was separated from the fine powders by repeatedly rinsing and re-suspending the sample in de-ionized water with sodium phosphate as a dispersal agent, followed by sonication and centrifugation (Moore and Reynolds, 1997). For all solid samples, approximately 100 mg of material was ashed at 950°C for 120 min. The sample was then digested in a mixture of concentrated hydrofluoric and nitric acids and repeatedly dried down and re-dissolved in 6M HCl. In the final step the dried down sample was re-dissolved in 2% HNO3 for storage.

A leaching procedure designed to target authigenic phases was applied to five samples. Approximately 8 g of sediment was added to a 50 mL centrifuge tube and about 25 mL of 0.47 M acetic acid buffered with 1 M sodium acetate (AA) was was added. Samples were shaken overnight, centrifuged, and the supernatant removed. The residual sediment was washed with MQe water (18.2 Ω) and then about 25 mL of a 0.005 M hydroxylamine hydrochloride −2.6 M acetic acid mixture (HH) was added. This reagent is more dilute than commonly used (e.g., Piotrowski et al., 2004) in order to avoid leaching clay minerals (Haley et al., 2008; Chen et al., 2012). Samples were shaken for 1 h, centrifuged and the supernatant removed. The supernatant samples were centrifuged again and the top portion transferred to teflon beakers to dry down. The dried leachate was then digested in concentrated HNO3 and then taken up in 2% HNO3 in preparation for analysis.

3.3. Ionic Strength

Ionic strength (I) is a measure of concentration of a solution which takes into account the molar concentration (c) and charge (z) of all the ions in solution. This parameter was calculated in PhreeqC and is a more accurate measure of chemical behavior in non-ideal solutions as compared to the total charge of major cations (Stumm and Morgan, 1996).
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3.4. Lithium and Uranium Concentrations and Isotopes

Trace element concentrations in solid and leachate samples were measured at the University of Cambridge by quadrupole inductively-coupled plasma mass spectrometry (Q-ICP-MS, Perkin Elmer Nexion 350D). The Li and U concentrations of several USGS rock standards (BCR-2, BHVO-2, AGV-2, and BIR-1) reproduced within 4% of certified values.

Lithium and uranium concentrations in water samples were determined on an Element ICP-MS (University of Cambridge) and a Thermo X series ICP-MS (University of St. Andrews). The average of these two measurements is reported. The water standard TM-25.4 (Environment Canada) was measured giving 27.9 ± 2.3 ppb (2SD, n = 8) for U and 26.4 ± 0.4 ppb (2SD, n = 8) for Li in St. Andrews, and 32.7 ± 0.6 ppb (2SD, n = 4) for U and 25.0 ± 0.2 ppb (2SD, n = 4) for Li in Cambridge. The certified values are 27.3 ± 2.1 ppb (U) and 23.7 ± 2.3 ppb (Li).

In order to separate uranium from a stream water sample matrix the 2-column procedure described in Arendt et al. (2015) was used. Uranium isotopes (234U/238U) were measured at the University of Wyoming using a Neptune PLUS (Arendt et al., 2015). Samples were run at 40 ppb in a nitric acid matrix and were bracketed with reference solution U010. Measurements were obtained in ten cycles of 5 s integrations after 30 s of baseline measurements. Repeat measurements of NIST SRM 960 (equivalent to NBL CRM-112A) and seawater gave values of 0.9637 ± 10 (2SD, n = 58) and 1.1447 ± 12 (2SD, n = 8) respectively, in agreement with the accepted values of 0.9631 ± 5 and 1.1450 ± 15 (Cheng et al., 2000; Chutcharavan et al., 2018).

Lithium was separated from other elements using a column procedure based on James and Palmer (2000). Savillex columns with an internal diameter of 6.4 mm were filled to give to resin height of 9.3 cm (3 mL resin). The resin was Bio-Rad AG 50W-X12 200-400 mesh, the elution was performed with 0.2 M HCl and the sample load was 15–20 ng. Lithium isotope ratios were measured on a Neptune multi-collector ICP-MS using an APEX IR sample introduction system and H cones. 7Li/6Li ratios were normalized to L-SVEC (NIST RM 8545) standard solution using standard-sample bracketing. Analyses were performed on 5 ppb solutions using a 1013 Ω resistor on the pre-amplifier for 6Li. The typical beam-size for samples was around 1 V on 7Li and the background was typically between 5 and 20 mV. Accuracy and precision were monitored using 6Li-N and 7Li-N solutions which gave values of −8.1 ± 0.9‰ (2SD, n = 59) and 30.2 ± 0.9‰ (2SD, n = 50), respectively. These values are in agreement with previously published values for these standards (7Li-N = 30.2‰ and 6Li-N = −8.0 to −8.3‰, Carignan et al., 2007; Millot et al., 2010). Long-term reproducibility of L-SVEC was 0.1± 0.5‰ (2SD, n = 72). Two measurements of IRMM-016 gave a δ7Li value of 0.3± 0.3‰ (2SD), within error of L-SVEC. To ensure there was no fractionation induced during chemical separation, either seawater or a rock standard was processed with every batch of 5 samples. Our value for seawater (OSIL IAPSO batch P157) is 30.8± 1.1‰ (2SD, 45 measurements of 34 discrete samples processed through column chemistry) in agreement with the compiled values of 31.1‰(Carignan et al., 2004) and 30.8‰(Rosner et al., 2007). We will apply the long-term external reproducibility of seawater to the samples measured in this study (1.1‰), as this value is greater than the 2SD of individual sample measurements.

As the solid samples in this study are shales we measured two USGS shale reference materials: SGR-1b and SCo-1 (Table 1). We measured 4.9 ± 1.9‰ (2SD, n = 10) for SGR-1b, in agreement with previously published values of 4.7 ± 0.7‰ (2SD, n = 3, Phan et al., 2016), 3.6 ± 0.4‰ (2SD, n = 3, Pogge von Strandmann et al., 2017b) and 5.0 ± 0.6‰ (2SD, n = 6, Bohlin et al., 2018). For SCo-1, we measured 0.4 ± 1.1‰ (2SD, n = 13), which is lower than the only other published value of 5.2 ± 1.5‰ (2SD, n = 3, James and Palmer, 2000). In order to investigate whether this offset indicated a problem with our method we sent an aliquot of SCo-1 powder to the University of Southampton. They measured a value 0.7 ± 0.3‰ (2SD, n = 3), providing us with confidence that the difference between our value and the value published by James and Palmer (2000) was not method related and was perhaps due to sample heterogeneity. The method was also validated using a standard addition technique (Tipper et al., 2008). Mixtures containing variable proportions of Li derived from seawater and SGR-1b were processed through column chemistry and measured (Table 1). The measured isotopic compositions of the mixtures can then be used to calculate the δ7Li values of the end-members (Tipper et al., 2008). The calculated values of 31.0 ± 0.4‰ for seawater and 5.0 ± 0.3‰ for SGR-1b are in excellent agreement with our long-term measurements of these standards (30.8 ± 1.1 and 4.9 ± 1.9‰, respectively).


Table 1. Comparison of Li isotope values of USGS sedimentary rock standards measured in this study with literature values and measurements of seawater-SGR-1b mixtures from a standard addition test.
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4. RESULTS

4.1. Summary of Stream Water Chemistry

The chemistry of the streams was discussed in Hindshaw et al. (2016a) and a brief summary is provided here for context. The total dissolved load of the unglaciated catchment (53 ± 7 mgL−1, 1SD) was approximately double that of glaciated catchment (25 ± 4 mgL−1, 1SD) and the pH of both streams was circum-neutral (pH 6–7.5). The abundances of the major cations Ca and Mg were very similar in both catchments but in the unglaciated catchment Mg was consistently more abundant compared to the glaciated catchment where Ca was most abundant. In terms of major anions, sulfate comprised 72–86 and 35–45% of the summer anion budget (in meq) in the unglaciated and glaciated catchments respectively which, together with δ34S isotope measurements, revealed that sulfuric acid generated from pyrite weathering was a significant weathering agent in both catchments. Based on the relative proportions of cations, sulfate and bicarbonate it was proposed that the stream water chemistry of the unglaciated catchment was consistent with a sulfide oxidation coupled to silicate dissolution weathering process whereas in the glaciated catchment both carbonates and silicates weathered via both sulfuric and carbonic acids.

4.2. Uranium

Uranium concentrations ranged from 9 to 84 pmol/L in the water samples (Table 2) and there was no systematic difference in concentrations either between the catchments or between the spring and summer samples. 5 pmol/L U was measured in the supraglacial water sample. All water samples had activity ratios greater than 1, which is typical for rivers (Chabaux et al., 2003). The (234U/238U) values vary from 1.55 to 1.87, with the lowest value from the main stream (MS) and the highest value from the Fardalen stream in summer (Figure 2B, Table 2). Activity ratios were higher in Fardalen in summer compared to spring but the reverse was true in Dryadbreen. The activity ratios are similar to those observed in other high-latitude catchments (~1.6, Andersen et al., 2007) and thaw waters from permafrost (1.2–1.9, Ewing et al., 2016).


Table 2. Ionic strength and Li and U concentration and isotopic data.
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FIGURE 2. (A) The variation in δ7Li values within the water samples. The suspended sediments are shown for comparison and represent the isotopic composition of the initial Li released during chemical weathering. (B) The variation in (234U/238U) values within the water samples. The dashed line indicates where the solids would be if they were in secular equilibrium i.e., when (234U/238U) = 1.



4.3. Lithium

Lithium concentrations were higher in the unglaciated catchment (1037 ± 394 nmol/L, 2SD) compared to the glaciated catchment (335 ± 125 nmol/L, 2SD). The supraglacial water sample had 47 nmol/L Li (Table 2). These concentrations are comparable to those measured in the Madeira (Amazon) and Mackenzie rivers, which also drain shale (50–1670 nmol/L, Millot et al., 2010; Dellinger et al., 2015). Li isotope values in the glaciated catchment ranged from 7.7 to 10.5‰ with no seasonal variation (Figure 2A, Table 2). In contrast, whilst the spring δ7Li values in the unglaciated catchment (10.8 ± 0.7‰, 2SD) were comparable to the glaciated catchment (10.0 ± 1.8‰, 2SD), the values measured in summer were 3 to 4‰ higher with an average of 14.0‰ (Figure 2A, Table 2). Interestingly, despite the very different lithological and glaciological setting, Wimpenny et al. (2010b) also found a 4‰ difference between glaciated and unglaciated catchments in West Greenland. The supraglacial water sample had a lower Li isotopic composition (5.4‰) compared to both streams.

The average Li concentrations of the bulk solid samples (77 mg/kg) are in the range typical for shale rocks (e.g., Dellinger et al., 2014; Phan et al., 2016) and they are enriched in 6Li (−4.1 to 0.3‰) compared to the water samples (5.4 to 14.3‰, Tables 2, 3). In comparison, stream suspended sediments have higher average Li concentrations (97 mg/kg) and clay samples have the highest average Li concentrations (107 mg/kg). Stream suspended sediment samples were acid treated to remove carbonates, but as Li is not concentrated in carbonates, this leaching step had no effect, within error, on their isotopic composition and a negligible fraction of Li was leached (Table 3). The mean δ7Li value for the stream suspended sediments (leached and unleached) was −2.8 ± 1.5‰ (2SD, n = 9). The δ7Li values of solid samples varied from 0.3‰ in stream sediment (sample O) from the glaciated catchment to −4.1‰ in a shale (sample G). The average value of the solid samples was −2.2± 3.4‰ (2SD, n = 8) in agreement with the average of the stream suspended sediments. The δ7Li values of the clay-sized fraction of bulk samples was 1.8 to 5.7‰ lower than the parent sample in agreement with the known uptake preference for 6Li over 7Li during clay mineral formation (Vigier et al., 2008) and observed in separated clay-size fractions from sediments (Dosseto et al., 2015). The Li isotopic composition of the 0.47 M acetic acid (AA) leach was within error of the bulk rock composition apart from sample G (shale pieces) which was 3.1‰ lower than bulk. In contrast, the Li isotopic composition of the 0.005 M hydroxylamine hydrochloride (HH) leach was markedly lower than the bulk sample, ranging from −7.2 to −14.5‰. The AA leach had higher Li concentrations than the HH leach and the combined fraction of Li leached in the two leaching steps was less than 1.8% of that contained in the bulk.


Table 3. Li concentration and isotope data for solid samples.
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5. DISCUSSION

5.1. Uranium Activity Ratios in Solution

The rocks in the study area have depositional ages older than 1 Ma (33.9–66 Ma) and are therefore expected to be in secular equilibrium with a (234U/238U) value of 1 (Vigier and Bourdon, 2011). All the water samples measured have (234U/238U) values greater than this (Figure 2, Table 2). There are a number of scenarios which can lead to high U activity ratios in solution: (1) increased physical erosion which decreases the average particle size, increasing the likelihood 234U will be ejected, (2) rapid chemical weathering of lattice-damaged minerals, releasing 234U, and (3) increased water residence time, which increases the time in which 234U can build up in the surrounding solution. We note that these processes are not mutually exclusive and the measured (234U/238U) will reflect the balance between multiple processes.

Physical erosion is greater in glaciated catchments compared to unglaciated catchments (Hallet et al., 1996), resulting in increased (234U/238U) ratios in solution. Exceptions occur in glaciated areas containing volcanic phases which weather rapidly, minimizing disequilibrium (Vigier et al., 2006; Lee et al., 2013). As there are no volcanic rocks present in these catchments, we would expect to measure higher (234U/238U) in Dryadbreen as a result of physical erosion creating small particles, enhancing alpha recoil (Robinson et al., 2004; Andersen et al., 2013). As we do not observe the highest (234U/238U) values in the glaciated catchment, this counts against a direct link between particle size and enhanced release of 234U in these catchments. This may be because the thermal regime of the glacier is either polythermal or cold-based (based on those of similar-sized glaciers in the area, Etzelmüller et al., 2000; Etzelmüller and Hagen, 2005) and, being frozen to the bed, is not actively eroding. Additionally, it is possible that physical erosion in the past could have an impact on the modern U activity ratios measured in the streams. The modern day sediments in the glaciated catchment moraines may have been pre-weathered during earlier times e.g., when the glacier was warm-based, resulting in U activity ratios less than 1 (Vigier et al., 2001). If the sediments in the glaciated catchment have lower U activity ratios than the unglaciated catchment, then this may account for the correspondingly lower (234U/238U) ratios measured in the water samples. Measurements of (234U/238U) values in suspended sediments would be needed in order to test this hypothesis.

Glacial erosion could promote the exposure of fresh mineral surfaces and lead to preferential weathering of trace mineral phases (Tranter, 2003). Carbonates contain high U concentrations and are expected to dissolve rapidly and therefore congruently, with (234U/238U) close to 1 (Andersson et al., 1995; Chabaux et al., 2001; Vigier et al., 2005). Therefore, the weathering of carbonate, which is more abundant in the glaciated catchment (Hindshaw et al., 2016a), could account for the lower (234U/238U) values in the glaciated compared to the unglaciated catchment, despite the higher erosion rate.

Variations in (234U/238U) have been explained by variations in residence time, whereby longer water residence times (e.g., deeper/longer flowpaths) lead to higher (234U/238U)(Riotte and Chabaux, 1999; Riotte et al., 2003; Bagard et al., 2011; Koch et al., 2013; Schaffhauser et al., 2014; Lidman et al., 2016). Water which has had a long residence time (e.g., groundwater) is expected to be more concentrated than water which has had a short residence time. In permafrost, U activity ratios are affected not just by the residence time of the modern water, but by the residence time of the ice itself. The frozen material can accumulate 234U, and this is only released when that material thaws (Tokarev et al., 2005). This process can explain observations of higher (234U/238U) ratios in thaw waters from older permafrost compared to younger permafrost (Ewing et al., 2015). In a reactive transport model, the solute concentration of an initially dilute solution will increase along a flow-path until the solution reaches saturation and secondary phases begin to precipitate (Maher, 2010, 2011). In this scenario, ionic strength, representing the accumulation of solutes, may be used as a proxy for mean water residence time up to the point where the system reaches steady state with respect to concentration. At this point further increases in residence time have only a minor impact on chemical concentrations (Maher, 2011). Freezing will also concentrate solutes and thereby increase ionic strength, but as these pockets of water are unlikely to contribute to the stream chemistry until they are flushed out during spring thaw (Kokelj and Burn, 2005; Lamhonwah et al., 2017; Lehn et al., 2017), they can also be considered to have a long residence time. Consistent with the reactive transport model predictions for dilute waters (Maher, 2011), we observe a positive correlation between ionic strength and (234U/238U) (Figure 3A). This trend implies that the water samples from the unglaciated catchment have the greatest mean water residence times, resulting in the highest ionic strength and (234U/238U) ratios.


[image: image]

FIGURE 3. Significant positive trends are observed between ionic strength, a proxy for the amount of chemical weathering, and both (234U/238U) (A) and δ7Li ratios (B).



In the unglaciated catchment, summer (234U/238U) values are greater than in spring (Figure 2B), consistent with seasonal variations observed in the permafrost-affected Kulingdakan stream, Siberia (Bagard et al., 2011). In non-permafrost catchments, seasonal changes in (234U/238U) have been ascribed to a change in the mixing proportion of waters with different residence times (Andersson et al., 1995; Riotte and Chabaux, 1999; Huckle et al., 2016; Arendt et al., 2017). A residence time control would be consistent with the greater depth of the active layer in summer, enabling water to access deeper flowpaths (Koch et al., 2013). Similar to the interpretation of U behavior in an Alaskan permafrost catchment (Koch et al., 2013), the stream water from both catchments can be explained by a mixture of U derived from at least three pools with different residence times (Figure 4). The lower relative proportion of the “long-residence time” end-member (Figure 4), lower ionic strength, lower (234U/238U) ratios and negligible seasonal variation observed in the glaciated catchment (Figures 2B, 3A) can be explained by the layer of dead ice underneath the sandur (glacial outwash plain, Figure 1, Ziaja and Pipała, 2007), which restricts water to the surface and limits water residence time (Figure 5). A similar “blocking” effect was observed in a Canadian high Arctic catchment where ground ice and ice-rich soil prevented active layer deepening and resulted in lower than expected solute fluxes (Lamhonwah et al., 2017).
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FIGURE 4. A plot of (234U/238U) vs. 1/U. U concentrations and activity ratios can be explained by mixing between at least three end-members. One end-member (A) has relatively high U concentrations and high activity ratios and is inferred to derive from water with a long residence time. The other two end-members represent short water residence time sources. One is consistent with ice melt with low uranium concentrations represented by the supraglacial sample (SG) and the other (B) has high uranium concentrations and may derive from a mineral source such as carbonate. U from snow or dust contained within snow is an additional end-member and could be important for the spring samples which were collected during snow-melt. We do not have direct measurements of the latter three end-members and plot them using the U activity ratio of 1.3 measured in Siberian snow (Bagard et al., 2011). The lower activity ratio of snow compared to the stream water samples is consistent with short water residence times expected for snow and ice melt (Koch et al., 2013).
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FIGURE 5. Schematic of the landscape controls on δ7Li and (234U/238U) ratios. Unglaciated: Typical permafrost profile with a seasonal active layer which deepens from spring to summer. Water-rock reaction is low in spring and increases as the melt season progresses. Active layer depths are taken from the Gruvefjellet borehole situated 5 km from this catchment at comparable altitude (Etzelmüller et al., 2011). Glaciated: In contrast to the unglaciated catchment, the dead ice prevents downward expansion of the thawed layer and only a a thin layer of sediment is exposed to weathering. Water-rock reaction time remains low and relatively constant throughout the melt season.



5.2. Li Isotopic Composition of Solid Samples

Previous work in these catchments highlighted the systematic variation of Sr and Nd isotope compositions of rocks and sediments, primarily due to the mixing of sediment populations derived from two different sources (Hindshaw et al., 2018). For Li, the stream suspended sediments from both catchments are, within experimental error, identical despite the differing mineralogy of each catchment. Nevertheless, there is a 4.4‰ variation in δ7Li values in the bulk sedimentary rock and stream sediment samples (Table 3). The bedrock in both catchments is dominantly shale, containing 30–65% clay minerals (Hindshaw et al., 2016a). The δ7Li of the bulk solid samples co-varies with the bulk clay content (Figure 6A) consistent with the preferentially incorporation of 6Li into the clay mineral structure (Vigier et al., 2008). To investigate whether variation in δ7Li values was dependent on the type of clay minerals present, we compared the δ7Li isotope values of the clay-sized fraction with the relative proportions of clay minerals present. For the bulk samples there is an inverse relationship between I/S (an illite-smectite mixed layer phase) and illite (Hindshaw et al., 2018), but the changing relative proportions of these two clay minerals, which have contrasting structures, did not have an obvious effect on δ7Li values (Figure 6B). This finding supports field and modeling studies suggesting that δ7Li ratios in rocks do not show a strong dependence on clay mineralogy, implying that the apparent fractionation factors (Δ7Liclay−water) for different clay minerals are similar (Pogge von Strandmann et al., 2017a; Dupuis et al., 2017).
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FIGURE 6. (A) Plot of δ7Libulk vs. the relative proportion of clay minerals in the bulk sample. The proportion of clay minerals was calculated by summing the relative abundances of chlorite, illite/mica, kaolinite and illite/smectite obtained by XRD (Hindshaw et al., 2016a). Higher relative clay mineral abundances are associated with lower δ7Li values. (B) Plot of δ7Liclay vs. the relative proportion of illite in the clay-sized separate (<2 μm). There is no relationship between the relative abundance of illite and δ7Li. (C) Plot of δ7Li vs. Fe concentrations in the HH leachate. The more Fe (assumed to be a proxy for Fe-Mn oxyhydroxide content), the higher the δ7Li value, and presumably a greater fraction of Li removed from solution. Sample R03, which contained 1707 mg kg−1 Fe, was not included in the line fitting. This sample likely has other iron sources in addition to Fe-Mn oxyhydroxides (Hindshaw et al., 2018).



The AA and HH leaching procedure was applied to bulk samples in order to isolate authigenic phases. The AA leach targets carbonates but will also leach out exchangeable and adsorbed ions. As Li is not expected to be concentrated in carbonates (Dellinger et al., 2015), the Li in this leach likely represents exchanged/loosely-bound Li. Being the most readily mobilized fraction of the bulk, it is also expected to represent the isotopic composition of the weathering input to the streams. We note that the Li isotopic composition of this fraction is within uncertainty of the bulk (Table 3) consistent with there being negligible fractionation of Li during the release of Li into water from rock. Similar observations have been made in laboratory dissolution experiments (Pistiner and Henderson, 2003; Wimpenny et al., 2010a), though in the field setting we cannot exclude fractionation into the exchangeable/adsorbed reservoir. The HH leach targets authigenic Fe-Mn oxyhydroxides and the δ7Li isotopic compositions of the HH leaches are low (Table 3). This could be due to adsorption of Li onto Fe-Mn oxyhydroxide surfaces, consistent with previous studies which found that 6Li was preferentially adsorbed onto various Fe and Mn oxides (Pistiner and Henderson, 2003; Chan and Hein, 2007) and the low δ7Li values measured in leachates from a procedure designed to target these phases in river sediments (Wimpenny et al., 2010b). The δ7Li values of the HH leach increase with increasing Fe concentration (Figure 6C), which would be consistent with a greater fraction of Li adsorbing from the initial solution when more Fe-Mn oxyhxdroxides are present.

5.3. Lithium Isotopic Composition of the Dissolved Phase

The dissolved δ7Li values are all greater than those of the stream suspended sediment, consistent with fractionation during secondary mineral formation and/or adsorption (e.g., Huh et al., 2001; Pistiner and Henderson, 2003; Vigier et al., 2008). Element ratios normalize the effect of dilution, allowing samples collected under different discharge conditions to be compared, providing information on sources and processes affecting water chemistry (e.g., Gíslason et al., 1996; Hindshaw et al., 2011). If the normalizing element, X, is fluid mobile and unaffected by secondary processes, then changes in the Li/X ratio between samples reflects the relative amount of Li lost to secondary processes. Often Na is used as the mobile reference element (Millot et al., 2010), but in these catchments Na is predominantly derived from snow-melt and we do not have enough data to be able to accurately calculate the percentage of Na derived from this source. The rocks in these catchments are shales, which contain clay minerals with a high cation exchange capacity compared to silicate minerals contained in granite and basalt, where Na/Li and Mg/Li ratios have been used to calculate the fraction of Li loss (e.g., Dellinger et al., 2015). Adsorption of major cations is likely where clays are present (Huang et al., 2012; Ockert et al., 2013) and these elements may not be fully fluid mobile. As an alternative, we use SO4 as the mobile reference element, as it is less likely than cations to be affected by ion exchange processes due to the predominant negative charge of clay surfaces at the pH of the stream water (6–7.5, Meunier, 2005). Additionally, sulfate forms a major part (up to 86%) of the anion budget (in meq) of the water samples (Hindshaw et al., 2016a) and it is strongly correlated with ionic strength (R2 = 0.99). Li covaries relative to SO4, but with two different slopes (Figure 7A). Assuming SO4 is fully conservative, this implies a process is affecting Li concentrations, resulting in a relative loss of Li from the summer unglaciated catchment samples despite high Li concentrations and ionic strength (Figure 7B). This interpretation is consistent with the isotope data: the samples inferred to have the greatest relative loss of Li also exhibit the greatest δ7Li values (Figure 7B).
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FIGURE 7. (A) Plot of Li vs. SO4 concentrations highlighting the relative loss of Li from the summer samples collected from Fardalen (unglaciated catchment) compared to all the other samples. (B) Plot of δ7Li vs. SO4/Li. The greater the Li loss from solution relative to SO4, the greater the δ7Li value of the water, consistent with preferential loss of 6Li during removal processes such as adsorption onto Fe-Mn oxyhydroxides.



Whether the loss of Li and associated isotope fractionation is due to adsorption or secondary mineral formation is unclear. Given the high dissolved organic carbon content of the streams (up to 2000 μmol C/L Hindshaw et al., 2016b), lithium may adsorb onto organic molecules. However, work on lithium uptake into plants and phytoplankton suggests that lithium isotope fractionation during complexation with organic molecules is likely to be negligible (Lemarchand et al., 2010; Clergue et al., 2015; Pogge von Strandmann et al., 2016). Small amounts of new clay minerals could be forming but two previous studies on Li isotopes conducted in glaciated and permafrost-dominated catchments (Millot et al., 2010; Wimpenny et al., 2010b) concluded that fractionation was due to adsorption onto particulate Fe/Mn oxyhydroxides. In the Mackenzie Basin, Li isotopes (Millot et al., 2010) could also be consistent with secondary clay formation (Tipper et al., 2012). In contrast to Wimpenny et al. (2010b), who found 60% of Li was released during a 2 M HCl leach of stream suspended sediments, our 5% (~1.4 M) HCl leach of stream suspended sediments did not remove a significant amount of Li (Table 3). Nevertheless, Fe/Mn oxyhydroxides are present in the catchment rocks and sediments and 0.2–0.5% of Li contained in the bulk solids was extracted during the HH leach designed to target these phases. Importantly, these leachates had low δ7Li values compared to bulk samples (−14.5 to −7.2‰, Table 3), supporting the hypothesis that adsorption of Li onto Fe/Mn hydroxides could lead to water enriched in 7Li. Bacterial populations involved in Fe and S cycling were identified in these catchments (Hindshaw et al., 2016a) indicating that a similar reaction mechanism to that observed in Greenland, of sulfide oxidation as a source of Fe-particles to which Li could adsorb (Wimpenny et al., 2010b), could be occurring here. As sulfide weathering increases (higher SO4 concentrations and ionic strength), more Fe oxyhydroxides are likely to form, preferentially removing 6Li from solution via adsorption, increasing stream δ7Li values (Figure 7).

Studies on the seasonal evolution of δ7Li values at a single location invoke mean water residence time as a key parameter. In dilute systems, increased water residence times, as a result of increased ground water contribution or increased water transit time, results in an increased proportion of Li removed into secondary minerals (Lemarchand et al., 2009, 2010; Manaka et al., 2017). Conversely, short water residence times favor greater amounts of dissolution relative to precipitation because the waters are under-saturated, inhibiting 6Li uptake into secondary minerals (Manaka et al., 2017). In permafrost catchments, concentrated solutes (long-residence time) may also be derived from two further processes. On a seasonal timescale, freezing of the active layer during winter results in pockets of water concentrated in solutes, which are flushed out during subsequent thaw (Kokelj and Burn, 2005; Lamhonwah et al., 2017). The highest element concentrations are observed in autumn when the active layer depth is greatest (Lamhonwah et al., 2017). On longer timescales, near-surface permafrost (permafrost immediately below the bottom of the active layer) has been shown to be enriched with solutes, due to the removal of solutes from the active layer by advection and convection along thermal gradients (Kokelj and Burn, 2003, 2005). As for U activity ratios, we suggest that the positive relationship between ionic strength and δ7Li (Figure 3B) arises from a residence time control based on reactive transport models that predict increasing δ7Li with increasing subsurface residence time (Wanner et al., 2014). Compared to spring, the deeper active layer in summer would enable a longer water residence time, promoting increased dissolution (higher ionic load) and increased removal of Li (greater fraction of Li lost). In addition, the summer samples will have a contribution of solutes from the previous season and, if the active layer depth was greater than previous years, then solutes from the near-surface permafrost would also be released. Both of these pools are likely depleted in 6Li due to their long residence time. Combined, these processes result in the greater Li isotope fractionation observed in the unglaciated catchment in summer compared to spring. Like (234U/238U), the δ7Li values for Dryadbreen are remarkably constant and show no seasonal variation. We attribute the lack of variation to the dead-ice underlying the sandur plain which restricts the water to shallow, superficial flow paths (Figure 5).

In summary, the variations in both δ7Li and (234U/238U) values in the two catchments are consistent with residence time control and as a result co-vary with each other (Figure 8A).
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FIGURE 8. (A) Plot of (234U/238U) vs. δ7Li for Svalbard (this study). The dashed line indicates the overall trend in the data. The positive trend would be consistent with a residence time control. (B) Plot of (234U/238U) vs. δ7Li. Data from New Zealand (Pogge von Strandmann and Henderson, 2015), Iceland (Pogge von Strandmann et al., 2006; Vigier et al., 2006, 2009), Azores (Pogge von Strandmann et al., 2010) and Svalbard (this study). There is no global relationship between (234U/238U) and δ7Li. Relationships are specific to each catchment and are dependent on local environmental conditions and are indicated by the colored arrows.



5.4. Combining Uranium and Lithium

The combination of U and Li isotopes has been proposed as a means to gain simultaneous information on physical and chemical erosion (Pogge von Strandmann and Henderson, 2015) based on the observation of a positive relationship between the two isotope systems, similar to our observations from Svalbard (Figure 8, Pogge von Strandmann et al., 2006; Vigier et al., 2006, 2009; Pogge von Strandmann et al., 2010; Pogge von Strandmann and Henderson, 2015). In the mono-lithological shale catchments investigated in this study we interpret the positive trend to arise from a water residence time control on both δ7Li and U activity ratios. Indeed, the clearest relationships between δ7Li and (234U/238U) occur within single catchments or relatively homogenous areas such as Iceland (a large part of the Iceland data is from a single river catchment, Hvítá), where the positive relationship was interpreted to indicate decreased chemical weathering intensity at high erosion rates (Pogge von Strandmann et al., 2006). Nevertheless on a global scale no overall trend is observed (Figure 8B), but coherency between δ7Li and (234U/238U) is not expected at this scale due to the wide variety of processes which can impact on (234U/238U) (e.g., physical erosion, water residence time, balance between alpha recoil and dissolution, Chabaux et al., 2003) and δ7Li (e.g., weathering intensity, Dellinger et al., 2015) ratios. Both isotope systems also exhibit a range of bedrock compositions precluding coherent relationships over large spatial scales (Riotte and Chabaux, 1999; Chabaux et al., 2001; Teng et al., 2004; Penniston-Dorland et al., 2017). We anticipate that within catchments where the dominant control on water chemistry is residence time, and other factors such as heterogenous lithology and erosion exert a minor influence, then a positive relationship between δ7Li and (234U/238U) specific to that catchment will be observed that would reflect active layer depth in those catchments underlain by continuous permafrost.

5.5. Conclusions and Outlook

We found that both the uranium activity ratio and the Li isotope ratio of stream water samples in two High Arctic catchments were positively related to ionic strength. We interpret this to reflect a key control of mean water (and ice for U) residence time on these two isotope systems in agreement with previous studies (Riotte and Chabaux, 1999; Lemarchand et al., 2010). Increased water residence time, results in increased accumulation of 234U (derived from direct alpha recoil) and an increased proportion of Li removed from solution, either through secondary mineral formation or adsorption.

Time series measurements from the two catchments are consistent with changing water residence times. In the unglaciated, permafrost catchment an increase in both (234U/238U) and δ7Li was observed from spring to summer, consistent with the increase in active layer depth, allowing deeper flowpaths and increased water-rock interaction. Deep thawing of the active layer can additionally release pockets of liquid concentrated in solutes, resulting from solute exclusion during freezing, and melt old ice, which can be enriched in 234U. The lack of seasonal variation in the glaciated catchment is likely due to a layer of dead ice under the sandur, which restricts water flow to a shallow surface layer.

During deglaciation, as glaciers retreat, they are likely to change from a temperate state with bed-wide melting through polythermal to cold-based where limited meltwater reaches the base of the glacier. This transition, which is currently being observed in Svalbard (Nowak and Hodson, 2014), could mean that in high-latitude areas during deglaciation, a decrease in (234U/238U) from glaciated areas due to decreasing physical erosion could be compensated for by increased (234U/238U) from a deepening active layer in unglaciated permafrost areas. Both effects should be considered when calculating how riverine (234U/238U) changes over time.

Measurements of active layer depth are critical for calculating carbon storage and documenting changes at high latitudes (AMAP, 2017). Active layer depth is currently determined by ground-based measurements, which are precise but limited in spatial extent (Brown et al., 2000). Regional mapping can be conducted by extrapolating between ground-based measurements, and there have been recent tests of remote sensing technology to achieve this goal (Liu et al., 2012; Gangodagamage et al., 2014). This study highlights the potential of Li and U isotopes, in combination with standard water chemistry measurements, to provide a complementary method that would enable monitoring of seasonal and inter-annual changes in active layer depth at the catchment-scale. Future research is required to address how, and if, these findings from a small catchment can be scaled up to larger river basins.
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