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Chemical weathering contributes to the regulation of the global carbon cycle and biogeochemical cycles. Accordingly, the identification of the parameters that control weathering reactions and transport of weathering signals at the catchment scale is essential. The use of boron (B) isotopes have been shown to be a useful proxy in tracing weathering reactions due to large isotope fractionation during weathering processes. However, our knowledge of how boron isotopes record the weathering regime at the catchment scale and how that weathering signal is transported from source areas to the depositional environment remains limited. Here we characterize B isotope and major element behavior during chemical weathering and transport by analyzing the B isotopic (δ 11 B) and element compositions of riverine material (riverbank sands (< 63 µm), clay fractions (<2 µm) extracted from sands, and dissolved load) along the course of the Murrumbidgee River (NSW, Australia), its upstream tributaries, and monolithologic subcatchments.

In the Murrumbidgee, two distinct weathering regimes are present, one where mineral dissolution is associated with minimal neoformation at higher elevations and another where mineral neoformation dominates at lower elevations and in granitic lithologies. Significant B isotope difference between the clay fraction and the bedrock (∆ 11 Bclay-bedrock) is observed in most monolithological catchments at high mean elevation (excluding granites), which correlates with a large B depletion. Smaller isotope difference between the clay fraction and bedrock is observed in monolithological catchments at lower elevations as well as in granitic catchments at all elevations and is associated with limited B removal. These results suggest that lithology and catchment topography influence B mobility during weathering and the isotopic composition of weathering products. By mass balance calculation, the B isotope and chemical composition of the clay and sand fractions in the Murrumbidgee River can be explained as a mixture of the clays and sands produced throughout the catchment delivered to the main channel by the tributaries.

These results indicate that there is little or no chemical and isotopic modification of the river sediment during fluvial transport and that weathering signal produced in the sediment source areas is transferred to the depositional environment without significant modification. The boron content of the clay-sized fraction (~40 ppm) is several orders of magnitude greater than that of the dissolved load while B isotope compositions of the clay-sized fraction are isotopically much lighter (up to 40 ‰). Because a maximum isotopic difference of 30 ‰ between the dissolved and solid phases is expected during adsorption processes, the observed isotope compositions in the dissolved load and the sediment clay fraction cannot be explained by pH-driven B partitioning.

These observations suggest that clays are not directly precipitating from solutions compositionally similar to surface waters; deeper soil solutions are expected to play a significant role in clay formation.

This research highlights the potential of B isotopes in river sediments to describe the present and past weathering regimes at the catchment scale, including possible paleoenvironment reconstruction as the B isotope signature of riverine material records the conditions of its formation.

INTRODUCTION

Chemical weathering of silicate rocks shapes Earth's surface and landscapes, supplies essential nutrients to ecosystems, and is one of the main controls that regulate global climate over millennial timescales via the consumption of atmospheric CO2 and carbonate storage in the oceans [START_REF] Walker | A negative feedback mechanism for the longterm stabilization of Earth's surface temperature[END_REF]Berner and Berner, 1997;[START_REF] West | Tectonic and climatic controls on silicate weathering[END_REF]. To better understand the climate-silicate weathering relationship on the regional or even global scales, rivers are studied as they integrate weathering conditions at the catchment scale. Many studies in the last few decades have focused on deriving quantitative estimates of modern weathering rates and identifying controls on chemical weathering through the characterization of the riverine dissolved load and estimations of elemental and/or isotopic fluxes of the water-rock system in the weathering zone using a variety of modeling techniques (e.g. [START_REF] Bouchez | Modeling noval stable isotope ratios in the weathering zone[END_REF][START_REF] Brantley | Approaches to Modeling Weathered Regolith[END_REF][START_REF] Millot | The global control of silicate weathering rates and the coupling with physical erosion: New insights from rivers of the Canadian Shield[END_REF][START_REF] Galy | Higher erosion rates in the Himalaya: Geochemical constraints on riverine fluxes[END_REF][START_REF] Gaillardet | A global geochemical mass budget applied to the Congo basin rivers: Erosion rates and continental crust composition[END_REF]. The geochemistry of river sediments can also be used to provide estimates of silicate weathering and CO2 consumption (e.g. [START_REF] Bouchez | Floodplains of large rivers: Weathering reactors or simple silos?[END_REF][START_REF] Vital | Major and trace elements of stream sediments from the lowermost Amazon River[END_REF][START_REF] Gaillardet | Geochemistry of large river suspended sediments: silicate weathering or recycling tracer? Geochim[END_REF]. For instance, [START_REF] Gaillardet | Geochemistry of large river suspended sediments: silicate weathering or recycling tracer? Geochim[END_REF] reports depletions in major and trace element compositions of suspended sediments (relative to un-weathered continental crust), which were attributed to element mobility during continental weathering. In this study, low weathering intensity rates of suspended sediment were found to correlate with high rates of physical denudation. Silicate weathering rates and associated CO2 consumption were reported to be elevated in orogenic areas because sediment production are generally higher. However, to obtain robust information on weathering processes at the catchment scale from fluvial sediments, one needs to assess whether the weathering signal produced in the sediment source region is modified during fluvial transport. For instance, physical processes such as hydrological mineral sorting of river sediment during transport and deposition cause a bias in sediment compositions [START_REF] Garzanti | Chapter 20 Heavy Mineral Concentration in Modern Sands: Implications for Provenance Interpretation[END_REF][START_REF] Garzanti | Grain-size dependence of sediment composition and environmental bias in provenance studies[END_REF]. In addition to physical processes which may bias the composition of river sediments, sediment re-working and weathering during transport from source to sink have also been reported to influence the original composition of river sediment obtained during formation [START_REF] Bouchez | Floodplains of large rivers: Weathering reactors or simple silos?[END_REF][START_REF] Lupker | Predominant floodplain over mountain weathering of Himalayan sediments (Ganga basin)[END_REF]. For example, in the Amazon Basin, [START_REF] Bouchez | Floodplains of large rivers: Weathering reactors or simple silos?[END_REF] reported long sediment transfer times in active floodplains as a result of temporary storage and sediment reworking events; these processes ultimately lead to a significant degree of chemical weathering during transport from source areas to the final depositional environment.

Boron is mobile during water/rock interaction and is partitioned into the soluble and solid phases. It is released into the hydrosphere via the dissolution of primary minerals and can be incorporated into secondary phases such as clay minerals and amorphous iron oxyhydroxides.

Boron has two stable isotopes, 10 B and 11 B, that undergo large isotopic fractionation during Earth surface processes, particularly during low temperature water/rock interactions [START_REF] Schwarcz | Boron isotopic fractionation during clay adsorption from sea-water[END_REF]Spivack et al., 1987;[START_REF] Rose | Fractionation of boron isotopes during erosion processes: The example of Himalayan rivers[END_REF]Lemarchand et al., 2002a;[START_REF] Lemarchand | Boron isotopes in different grain size fractions: Exploring past and present water-rock interactions from two soil profiles (Strengbach, Vosges Mountains)[END_REF][START_REF] Gaillardet | Boron in the Weathering Environment[END_REF]. The boron isotope ratio, 11 B/ 10 B, is generally expressed as the δ 11 B notation (‰) quantifying the relative deviation from the standard NIST SRM 951 isotopic composition as follows: δ 11 B = (Rsample / RNIST SRM 951 -1) x 10 3 . In natural systems, δ 11 B values show a large range of variation from -40 ‰ in non-marine evaporitic and tourmaline minerals in the continental crust up to +60 ‰ in brines from salt lakes [START_REF] Palmer | Boron isotope geochemistry; an overview[END_REF]. Processes responsible for B isotope fractionation include adsorption of B onto clay and detrital particles [START_REF] Schwarcz | Boron isotopic fractionation during clay adsorption from sea-water[END_REF]Spivack et al., 1987), precipitation of B during neoformation of secondary phases [START_REF] Rose | Fractionation of boron isotopes during erosion processes: The example of Himalayan rivers[END_REF][START_REF] Williams | The influence of organic matter on the boron isotope geochemistry of the gulf coast sedimentary basin, USA[END_REF][START_REF] Cividini | From biological to lithological control of the B geochemical cycle in a forest watershed (Strengbach, Vosges)[END_REF][START_REF] Lemarchand | Boron isotopes in different grain size fractions: Exploring past and present water-rock interactions from two soil profiles (Strengbach, Vosges Mountains)[END_REF], hydrothermal alteration of clays, bedrock, and oceanic crust (Spivack and Edmond, 1987;[START_REF] Williams | The influence of organic matter on the boron isotope geochemistry of the gulf coast sedimentary basin, USA[END_REF][START_REF] Muttik | Boron isotope composition of secondary smectite in suevites at the Ries crater, Germany: Boron fractionation in weathering and hydrothermal processes[END_REF], evaporation and precipitation processes during B atmospheric cycle [START_REF] Xiao | Boron Volatilization and Its Isotope Fractionation during Evaporation of Boron Solution[END_REF][START_REF] Chetelat | Boron isotopes in precipitation: Experimental constraints and field evidence from French Guiana[END_REF][START_REF] Rose-Koga | Boron isotopic composition of atmospheric precipitations and liquid-vapour fractionations[END_REF], and cycling through vegetation [START_REF] Vanderpool | Boron isotope ratios in commercial produce and boron-10 foliar and hydroponic enriched plants[END_REF][START_REF] Wieser | Variations in the boron isotope composition of Coffea arabica beans[END_REF][START_REF] Cividini | From biological to lithological control of the B geochemical cycle in a forest watershed (Strengbach, Vosges)[END_REF]. Significant isotope fractionation occurs during secondary phase neoformation whereby the lighter isotope has a greater affinity for neo-formed solids becoming enriched in 10 B leaving the residual solution enriched in the heavier isotope [START_REF] Schwarcz | Boron isotopic fractionation during clay adsorption from sea-water[END_REF][START_REF] Palmer | Temperature and pH controls over isotopic fractionation during adsorption of boron on marine clay[END_REF][START_REF] Lemarchand | Boron isotopic fractionation related to boron sorption on humic acid and the structure of surface complexes formed[END_REF]. A wide range of boron isotope compositions in both the solid and dissolved phases of rivers has been reported, which was attributed to silicate weathering processes on the watershed scale. For instance, in the Himalaya, [START_REF] Rose | Fractionation of boron isotopes during erosion processes: The example of Himalayan rivers[END_REF] reported a 30 ‰ range in δ 11 B values in the dissolved load (-6 to +24 ‰) reflecting different conditions of silicate weathering; incongruent dissolution resulting in a greater isotope fractionation than congruent dissolution. Furthermore, they showed that the extent of isotopic fractionation during incongruent dissolution is inversely correlated to the pH of reacting fluids. In the Mackenzie Basin (Canada), δ 11 B compositions in the dissolved load of various rivers range from -2 to +30 ‰ and were modelled to show that they reflect an increase in shale weathering rates and/or B exchange between solutions and adsorbing surfaces, since deglaciation [START_REF] Lemarchand | Transient features of the erosion of shales in the Mackenzie basin (Canada), evidences from boron isotopes[END_REF]. In the Changjiang basin (China), δ 11 B compositions were reported for both the dissolved and suspended loads of various rivers with values from -3 to +9 ‰ and -11 to -6 ‰, respectively [START_REF] Chetelat | Boron isotopes geochemistry of the Changjiang basin rivers[END_REF]. The isotopic composition of both phases is controlled by the competition between dissolution and precipitation of secondary phases, where the former causes no apparent isotopic fractionation. In soil profiles in the Strengbach catchment (France), clay fractions have δ 11 B compositions ranging from -35 to -18 ‰ which were attributed to B exchange between secondary minerals and 11 B-rich soil solutions [START_REF] Lemarchand | Boron isotopes in different grain size fractions: Exploring past and present water-rock interactions from two soil profiles (Strengbach, Vosges Mountains)[END_REF]. Clay fractions of suevites at the Ries crater, Germany, display an average δ 11 B composition of approximately -25 ‰ which were significantly different from previously drilled crater suevites from the Nördlingen 1973 drill site which had an average δ 11 B composition of -4.1 ‰ [START_REF] Muttik | Boron isotope composition of secondary smectite in suevites at the Ries crater, Germany: Boron fractionation in weathering and hydrothermal processes[END_REF], demonstrating that temperature and pH of alteration can impart different isotopic compositions on clay fractions. These studies illustrate that B isotopes are a useful proxy for the study of silicate weathering processes. However, a clear understanding of the parameters that control B isotopes during the production of secondary products and subsequent transport throughout the watershed is still lacking.

In this study, river bank sediments and dissolved load samples were collected along the course of the Murrumbidgee River (NSW, Australia) and from its tributaries. Bedrock and river bank sediments from monolithological catchments at different elevations within the Murrumbidgee watershed were also collected in order to determine the chemical and isotopic compositions of source material in the catchment and to investigate how lithology and elevation influence weathering and the associated B isotope signal. The composition of sediments in monolithological catchments are also used to determine how the weathering signal is transported throughout the catchment. The aim is to better understand the factors that control the B isotope composition of weathering products and how the weathering signal is transported from source areas to the depositional environment. For sediments, this study focuses on the clay fraction (<2 µm) of bank sediments, because fine sediments contain a larger proportion of weathering products and are thus the most likely to carry the signature of the weathering regime (e.g. [START_REF] Bouchez | Floodplains of large rivers: Weathering reactors or simple silos?[END_REF][START_REF] Lemarchand | Boron isotopes in different grain size fractions: Exploring past and present water-rock interactions from two soil profiles (Strengbach, Vosges Mountains)[END_REF][START_REF] Dellinger | Lithium isotopes in large rivers reveal the cannibalistic nature of modern continental weathering and erosion[END_REF].

STUDY AREA

The Murrumbidgee River catchment covers approximately 84,000 km 2 in New South Wales, southeastern Australia [START_REF] Green | Water resources and management overview: Murrumbidgee catchment[END_REF] and is part of the Murray-Darling Basin. The Murrumbidgee River is approximately 1,600 km long. It forms on the Monaro Plains in the Snowy Mountains northwest of Australia's highest peak, Mt. Kosciusko (2,228m), and flows north through the Southern Highlands and westward across the Riverine Plain before joining the Murray River just south of Balranald (Fig. 1 inset). Three topographic regions can be identified within the drainage basin: the mountainous Southern Highlands east of Jugiong; the valley section westward until the town of Naranderra; and the Riverine Plain west of Naranderra (Fig. 1). The focus of this study is located predominately in the Southern Highlands, which itself can be subdivided into three distinct topographic units [START_REF] Schumm | River Adjustment to Altered Hydrologic Regimen-Murrumbidgee River and Paleochannels, Australia[END_REF]): the highest part of the catchment, and origin of the Murrumbidgee River, on the Kosciusko Plateau upstream of Cooma (average elevation: 1375 m); the section between Cooma and Canberra (average elevation: 930 m) and a lower sub-region between Canberra and Jugiong (average elevation: 500 m) . The river continues into the valley section westward towards Wagga Wagga, becoming progressively wider until it reaches Narrandera (average elevation: 150 m) where the valley ends. Then, the Murrumbidgee River flows onto the Riverine Plain where it becomes highly sinuous until converging with the Murray River nearly 1,500 km from its headwaters [START_REF] Schumm | River Adjustment to Altered Hydrologic Regimen-Murrumbidgee River and Paleochannels, Australia[END_REF][START_REF] Wallbrink | Determining sources and transit times of suspended sediment in the Murrumbidgee River, New South Wales, Australia, using fallout 137 Cs and 210 Pb[END_REF]. The topographic relief on the Riverine Plain is characterized by the modern river and a series of paleochannel systems with their levee systems and associated sand dunes.

Climate in the catchment is temperate in the Southern Highlands transitioning to semi-arid on the Riverine Plain (Murray-Darling Basin Authority, 2016). Alpine regions experience cold, wet winters (up to 1,500 mm of average annual rainfall), while the Riverine Plain is characterized by hot, dry summers (less than 300 mm of average annual rainfall). Annual rainfall increases by 250 mm for every 300 m rise in elevation (Murray-Darling Basin Authority, 2015). Evapotranspiration rates increases (1,200 to 1,600 mm of potential evapotranspiration) from upper to lower elevations due to the increasing temperature gradient and decrease in precipitation, resulting in a decrease in soil moisture in lower elevations (Murray-Darling Basin Authority, 2015).

Upstream of Gundagai, the Murrumbidgee River drains primarily sedimentary siliciclastic rocks (sandstones, shales, and limestones), igneous intrusive rocks (predominately granite, granodiorite, and gabbro) and igneous volcanic rock compositions [START_REF] Schumm | River Adjustment to Altered Hydrologic Regimen-Murrumbidgee River and Paleochannels, Australia[END_REF]. The source region of the Murrumbidgee is underlain by granite intrusives and sedimentary siliclastic rocks of Silurian and Middle Devonian ages, respectively [START_REF] David | The geology of the Commonwealth of Australia[END_REF]. As it follows a southeastward course towards Cooma, the catchment area drains shales, sandstones, and granites of Middle Devonian age (Fig. 1). The river then flows north for 80 km over predominately volcanic and sedimentary rocks of the Silurian age, east of the Murrumbidgee batholith.

Southeast of Yass, the river begins bending to the west and travels across north to south-oriented lithological units in the Southern Highlands. From east to west these lithologies include: sedimentary and volcanic formations of the Middle Devonian, granites of the Middle Devonian near Jugiong, shales, conglomerates, and volcanics of the Siluarian near Gundagai, and finally a mixture of limestone and sandstone of the Ordovician period near town of Wagga Wagga [START_REF] Schumm | River Adjustment to Altered Hydrologic Regimen-Murrumbidgee River and Paleochannels, Australia[END_REF]. Further west, the river flows on Quaternary alluvium with small outcrops of Middle Devonian granite and clastic rocks near Narrandera.

In this study, 18 sites along the course of the Murrumbidgee River were sampled for riverbank sediments and 12 sites for river water at the same locations. Additionally, eight major tributaries were sampled along their course and at their confluence with the Murrumbidgee. Using spatial data (see Methods below), monolithological catchments were identified in different parts of the Murrumbidgee River basin. Four catchments draining only granitic rocks were sampled for river sediments and bedrock, two of which were also sampled for river water. Four catchments draining only volcanic rocks were sampled for sediments, two of which were sampled for water and bedrock. Three catchments draining exclusively sedimentary rocks were sampled for sediments, two of which were also sampled for river water and bedrock. Bedrock, bank sediment, and dissolved load samples were also taken in a catchment draining carbonates. For sediments collected in monolithological catchments and tributaries, only the clay-sized fraction of the bank sediment was analyzed.

METHODS

Spatial Analysis

A 1-arc-second digital elevation model (DEM) (source: Geoscience Australia) was used in Esri ArcGIS™ 10.4 to determine catchment boundaries and average topographic (elevation and slope) values throughout the catchment. Monolithological catchments were identified using geological spatial data (source: Geological Survey of NSW, Australia) in combination with the DEM (location and type of lithological catchment shown in Fig. 1). Calculated catchment boundaries were also used in combination with geological spatial data (source: Geological Survey of NSW, Australia) to determine the proportions of each lithology drained at several sampling locations. Climatic data (annual mean rainfall and temperature) in each identified monolithological catchment was provided by the Australian Government, Bureau of Meteorology.

Sample collection and pre-treatment

Bedrock samples were collected from rock outcrops in monolithological catchments (Fig. 1).

Sediments were collected by sampling an area of approximately 1 m 2 on the river bank or a sandbar, and amalgamated. Sediment samples were dried at 60°C and sieved at 2 mm to remove gravels and debris. The <2 mm fraction was then wet sieved at 63 µm with deionized (DI) water.

Both the sand-sized (63 µm -2 mm; termed "sand fraction" hereafter) and silt-sized (<63 µm) fractions were kept. The silt-sized fraction was further processed by centrifugation to extract the clay-sized fraction (<2 µm; termed "clay fraction" hereafter) using the protocol established by [START_REF] Starkey | Sample preparation procedures for the analysis of clay minerals by X-ray diffraction[END_REF].

Preliminary experiments were performed on this protocol by repeated processing and analyses of the clay fraction and supernatant for B concentration and isotopes to verify if this procedure i) removes adsorbed B and/or ii) dissolves soluble B-bearing phases from the clay minerals. Results from these experiments indicate that the large volumes of DI and 18.2 mΩ water used in the protocol are efficient at removing adsorbed B from clay mineral surfaces and that the dissolution of B-bearing phases does not occur. After repeated processing of the same clay fraction, the B concentration in the supernatant was significantly less than that of the supernatant in the first analysis and nearly nil. This indicates that nearly all adsorbed B is exchanged with the water by using this protocol once to extract the clay fraction. Low B concentration in the supernatant of the once-processes clay fraction indicates that the adsorbed B represents approximately 1% of the total B analyzed; this is reasonable given the very high water-rock ratio and the diluted nature of B (~10 ng g -1 ) in rivers, which are not favorable to significant B adsorption. Boron Isotope analyses of the same clay fraction processed twice indicates the protocol does not induce a significant analytical B isotope bias (δ 11 Bclay = -15.3 ‰ and -15.7 ‰, on first and second protocol trials, respectively).

Bedrock samples were ground to a powder using a tungsten carbide mill while sediments samples were powdered in an agate mortar.

River water was collected from small streams in monolithological catchments and the Murrumbidgee River. Water samples were filtered in the field using a portable water filtration system with 0.2 µm Mixed Cellulose Ester (MCE) membrane filters. The pH and alkalinity were determined on the <0.2 µm fraction (termed "dissolved load" hereafter) following the method of [START_REF] Barnes | Field measurement of alkalinity and pH. USGS Water Supply Pap[END_REF].

Mineralogy

Mineralogy of bedrock and the clay fractions from monolithological catchments was determined by X-ray diffraction (XRD) using a Phillips 1130/90 diffractometer at the University of Wollongong. The Spellman DF3 generator was set to 35 kV and 28.8 mA which produced 1 kW of power. Samples were analyzed between 4 and 70° 2-theta at 2° per minute with a step size of 0.02. Following the protocol of Brindley (1980), an aliquot of the clay fraction was first mounted specifically to orient the clay minerals based on their principal reflection. Samples were then treated with ethylene glycol and processed a second time allowing better quantification of the expandable clay content Traces were produced through a GBC 122 control system and a semiquantitative analysis of the relative proportions of crystalline phases was performed using the Traces and SIROQUANT software. Quantification reproducibility was determined by repeated analyses of the once-prepared sample N. Booroorban and is: ±2% (biotite); 0% (chlorite); 1% (quartz); 4% (muscovite); 1% (orthoclase); 2% (albite); 3% (K-feldspar); 3% (kaolinite); 4% (mixed illite/smectite layer); 4% (kaolinite); and 11% (illite) (2 SD, n = 3).

Major element concentrations

For sediments, 100 mg of powder were digested in a mixture of 48% HF and 65% HNO3, followed by aqua regia, and then refluxed in 0.3 M HNO3. Water samples were dried down prior to analyses and also refluxed in 0.3 M HNO3. Major and trace element concentrations were measured on a Thermo iCAP-Q quadrupole inductively coupled plasma mass spectrometer (Q ICP-MS) at the Wollongong Isotope Geochronology Laboratory (WIGL), University of Wollongong.

Concentrations were quantified using a multi-element standard external calibration curve. A 1ppb multi-element solution was measured every 10 samples and used to correct for instrumental drift, assessed to be approximately ±1 %. Full procedure blanks were analyzed alongside samples and yielded total blank contribution of <1 % for major and trace elements. The accuracy of the entire procedure was determined by the measurement of geological reference materials: BCR-2 and GSP-2 (USGS; [START_REF] Raczek | High-precision trace element data for the USGS reference materials BCR-1, BCR-2, BHVO-1, BHVO-2, AGV-1, AGV-2, DTS-1, DTS-2, GSP-1 and GSP-2 by ID[END_REF]; JG-2 (Japanese Geological Survey; [START_REF] Korotev | A self-consistent compilation of elemental concentration data for 93 geochemical reference samples[END_REF]. Overall uncertainty on concentration measurements was determined by repeated analyses of individually processed aliquots of the geological refence material and was less than 10% (2 RSD, n = 5) for major and trace elements.

Sample preparation for B concentration and isotope analysis

Bedrock and sediment powders were digested by alkali fusion in Pt crucibles using potassium carbonate in a 5:1 flux to sample ratio. About 50 mg of powdered sample was mixed with 250 mg of ground K2CO3, loaded into the crucible and placed into a muffle furnace at 950°C for 40 min. The resulting fusion residue was cooled to room temperature. Approximately 4 mL of 1M HCl was added to the crucible causing immediate outgassing of CO2 and dissolution of carbonate phases. The sample was diluted to 35 mL with 18.2 MΩ water, ultrasonically shaken and centrifuged at 4000 rpm for 20 min. This procedure yields a solid residue; however it has been shown to not contain any boron [START_REF] Lemarchand | Boron isotopes in different grain size fractions: Exploring past and present water-rock interactions from two soil profiles (Strengbach, Vosges Mountains)[END_REF].

Boron was isolated from the supernatant by ion exchange chromatography performed under Class 100 cleanroom conditions at WIGL. This involved a two-step process following the method of [START_REF] Roux | A Rapid Method for Determining Boron Concentration (ID-ICP-MS) and δ 11 B (MC-ICP-MS) in Vegetation Samples after Microwave Digestion and Cation Exchange Chemical Purification[END_REF]. Typically, 5 mL of solution, corresponding to approximately 300 ng B, was weighed and loaded onto a column containing 1.5 mL of BIORAD AG50W-X8 cation exchange resin. This was done primarily to remove the large amount of potassium brought by the K2CO3 flux. Boron and other elements such as silicon, are not retained on the resin and eluted in 5 mL of 0.01 M HCl. The pH of the elution was then raised to 9 using NaOH. The NaOH used was purified from B by ion exchange chromatography using Amberlite IRA 743 resin immediately before use.

The sample was loaded onto a second column filled with 0.5 mL of Amberlite IRA 743 B-specific resin. Boron was eluted in 5 mL of 0.5 M HCl and ready for isotopic analysis. For dissolved load samples, a small amount of B-free NaOH was added to raise the pH to 9. This solution was then loaded onto the second column and B eluted in 5 mL of 0.5 M HCl.

Boron concentration analysis

Boron concentrations were determined by isotope dilution following the procedure described in [START_REF] Roux | A Rapid Method for Determining Boron Concentration (ID-ICP-MS) and δ 11 B (MC-ICP-MS) in Vegetation Samples after Microwave Digestion and Cation Exchange Chemical Purification[END_REF]. Measurements were performed by Q ICP-MS to prevent crosscontaminating of the multi-collector ICP-MS used for isotope ratio determination. Precision and accuracy were accessed by repeated analysis of USGS W-2a diabase reference material yielding a B concentration of 11.7 ± 0.4 ppm (2SD, n = 6) with a reported value of 12.0 ± 0.3 ppm (2SD, n = 10) [START_REF] Govindaraju | Compilation of working values and samples description for 383 geostandards[END_REF]. Precision on this reference material was 2% (2 RSD). The total procedural blank for sediment analysis was 34 ± 5 ng (2SD, n = 6) where the majority of the B contamination originates from the K2CO3 used as flux. The total procedural blank for water analysis was 2.5 ± 0.8 ng (2SD, n = 9). For water samples with B concentrations of approximately 5 ppb, 50 mL of sample (~250 ng of B) was processed. Using this protocol, the total contamination was <3 % for sediments and <1 % for waters.

Boron isotope analysis

Boron isotopic ratios were determined by multi-collector ICP-MS on a Thermo Neptune Plus at WIGL, using a protocol adapted from [START_REF] Roux | A Rapid Method for Determining Boron Concentration (ID-ICP-MS) and δ 11 B (MC-ICP-MS) in Vegetation Samples after Microwave Digestion and Cation Exchange Chemical Purification[END_REF]. Sample introduction system consisted of standard sample and skimmer cones, cyclonic spray chamber, and PFA nebulizer with a 100 µL min -1 flow rate. The instrument was tuned on mass 11 with a 50 ppb solution of NIST SRM 951.

A sensitivity for 11 B of 9 mV/ppb was typically obtained after tuning. The measured 11 B/ 10 B ratio was corrected for instrumental mass discrimination through external normalization by standard bracketing. Mass discrimination-corrected 11 B/ 10 B were expressed as δ 11 B (unit: ‰) by normalizing the ratio to that of NIST SRM 951 reference material. Between sample and standard analyses, rinsing was performed for 10 min with a 0.5 M HCl solution producing a baseline drift smaller than 0.15 mV.min -1 which corresponds to an analytical uncertainty below 0.16‰, which is deemed acceptable for this method [START_REF] Roux | A Rapid Method for Determining Boron Concentration (ID-ICP-MS) and δ 11 B (MC-ICP-MS) in Vegetation Samples after Microwave Digestion and Cation Exchange Chemical Purification[END_REF]. Accuracy and precision of isotopic measurements was assessed by replicate analyses of USGS rock standard W-2a diabase and boric acid standard solution ERM AE120, which yielded δ 11 B values of 12.2 ± 0.4 ‰ (2SD, n = 6) and -20.5 ± 0.4 ‰ (2SD, n = 7), respectively. These values were in good agreement with [START_REF] Gangjian | Measurement on high-precision boron isotope of silicate materials by a single column purification method and MC-ICP-MS[END_REF] and [START_REF] Vogl | Production and Certification of a Unique Set of Isotope and Delta Reference Materials for Boron Isotope Determination in Geochemical, Environmental and Industrial Materials[END_REF] who reported δ 11 B values of 12.2 ± 0.4 ‰ (2SD, n = 3) and -20.2 ± 0.6 ‰ (2SD), respectively.

RESULTS

Spatial analysis

Twelve monolithological catchments were identified (Fig. 1). Catchments areas vary: <10 km 2 , n = 4; 10 -150 km 2 , n = 6; and 500 -1000 km 2 , n = 2. A significant change in average landscape elevation occurs just at ~600 m above sea level (DEM and [START_REF] Olley | Changes in the flux of sediment in the Upper Murrumbidgee catchment, Southeastern Australia, since European settlement[END_REF]).

Monolithological catchments were therefore divided in two groups: higher elevation catchments (HEC) with a mean elevation >600 m above sea level (a.s.l.), and lower elevation catchments (LEC) with a mean elevation <600 m a.s.l. The mean elevations for the HEC and LEC groups are 1270 and 531 m a.s.l., respectively (Table 1). The mean annual temperature, mean annual rainfall, and mean slope for the HEC group are 9°, 1143 mm, and 13° respectively, while for the LEC group, they are 13°, 770 mm, and 7° respectively. Differences in mean annual temperature (p < 0.001), rainfall (p = 0.004), and slope (p = 0.004) are significant between the HEC and LEC groups (oneway ANOVA, α = 0.05).

Quantification of the proportions of lithologies drained by the Murrumbidgee River was performed at nine locations along the main channel where sediments were collected (Fig. 2). The proportion of felsic volcanics, hereafter referred to as 'volcanic', decreases from 70 to 20% downstream and that of felsic intrusives, hereafter referred to as 'granitic', increases up to approximately 30% (Fig. 2). The proportion of sedimentary siliclastic rocks, hereafter referred to as 'sedimentary', is relatively constant (~ 30%), apart from one location at 350 km downstream of the source, which show proportions as low as 10% (Fig. 2). The proportions of other compositions, mainly carbonate rocks, and regolith (alluvium) are relatively low (< 10%) and constant along the Murrumbidgee River.

Monolithological catchments

Bedrock

Bedrock samples taken from volcanic, granitic, and sedimentary monolithological catchments consist of biotite, chlorite, quartz, muscovite, orthoclase, K-feldspar, and albite; the identification of secondary minerals in the bedrock was also performed and yielded traces of kaolinite (Fig. 3; Table 2). The average composition (n = 2) of sedimentary bedrock is: biotite (7%); chlorite (5%); quartz (58%); muscovite (12%); orthoclase (7%); and K-feldspar (3%). Sedimentary bedrocks contained a small portion of the secondary mineral kaolinite (10%) which is inevitable due to their formation. The average composition (n = 2) of volcanic bedrock is: biotite (5%); chlorite (3%); quartz (36%); muscovite (7%); orthoclase (5%), and albite (39%). Volcanic rocks were determined to be dacite, a common quartz-bearing volcanic rock in the Lachlan Fold Belt.

The average composition (n = 3) of granitic bedrock is: biotite (14%); quartz (49%); muscovite (4%); orthoclase (6%) albite (20%); K-feldspar (5%); and trace amounts of kaolinite (3%).

Major elements (Al, K, Mg, Na) and B concentrations were determined on 7 bedrock samples in monolithological catchments (Table 3): sedimentary (n = 2); volcanic (n = 1); and granitic (n = 4); and carbonate (n = 1). In sedimentary catchments, B concentrations range from 36 to 38 µg.g - 1 ; Mg concentrations range from 7 to 12 mg.g -1 ; K concentrations range from 10 to 15 mg.g -1 ; and

Al concentrations range from 29 to 30 mg.g -1 . The volcanic bedrock sample has B, Mg, K, and Al concentrations of 28 µg.g -1 , 7 mg g -1 , 10 mg.g -1 , and 75 mg.g -1 respectively. Granitic bedrock samples have B, Mg, K, and Al concentrations ranging from 16 to 21 µg.g -1 , 4 to 14 mg.g -1 , 34 to 49 mg.g -1 , and 71 to 74 mg.g -1 respectively. The carbonate bedrock sample has the lowest concentrations of B, Mg, K, and Al with values of 15 µg.g -1 ; 16 mg g -1 , 10 mg.g -1 , and 14 mg.g -1 , respectively.

In sedimentary catchments, bedrock δ 11 B range from -10.6 to -12.5 ‰ (Table 3). In the volcanic catchments, bedrock shows higher values, between -8.3 and -10.3 ‰. In granitic catchments, bedrock δ 11 B compositions are even higher, although overlapping with values for volcanic catchments, ranging from -5.5 to -9.0 ‰ (Table 3). Considering these values and the proportion of different lithologies derived from spatial analysis, the average δ 11 B of the bedrock for the Murrumbidgee River catchment at Wagga Wagga (~450 km from the source) is -8.9 ± 4.4 ‰ (2SD, n = 8). In addition to having the lowest major and trace element concentrations, carbonate bedrock also has the lowest B isotope composition of -13.1 ‰.

Clay fraction

In monolithological catchments, the average mineral assemblage of the riverine clay fraction consists of kaolinite (ordered and disordered), phlogopite and lepidolite which are grouped as illites, and illite/smectite (I/S) mixed-layer clays (Table 2). The mixed-layer clays have regularly interstratified illite/smectite crystallite in a coherent stack of 2:1 layers composed of both illitic and smectitic interlayers [START_REF] Veblen | High-Resolution Transmission Electron Microscopy and Electron Diffraction of Mixed-Layer Illite/Smectite: Experimental Results[END_REF]. Since pure smectite or montmorillonite were not detected, the proportion of mixed-layer clays is the best estimate for that of expandable clays in the sample; although illite interlayers are non-expandable. The average mineral composition of the clay fraction in each of the three types of monolithological catchments is dominated by kaolinite (56 -60%), with lower abundances of mixed-layer clays (21 -26%) and illite (17 -18%).

Accordingly, the average clay composition of sediments for each type of lithology is very similar to one another (Table 3). Note that small amounts (< 10 %) of primary quartz was found in some clay-sized fractions and removed prior to final quantification. Therefore, in all our samples, the B budget in the clay-size fraction is controlled in secondary clay minerals and not primary minerals.

Boron concentrations in the clay fraction in sedimentary catchments ranges from 33.5 to 50.5 µg.g -1 ; Mg, K, and Al concentrations range from 24 to 29 mg.g -1 , 39 to 48 mg.g -1 , and 240 to 264 mg.g -1 respectively ( Boron content and δ 11 B of the clay fraction is dependent on those of the corresponding bedrock and the extent of B leaching and isotopic fractionation between the parent material and the neoformed weathered material. Boron content in the clay fraction is typically two or three times that of the parent material and the clay fraction typically has an isotopically lighter δ 11 B composition than the parent material (Fig. 7; Table 3). This lighter isotopic composition is explained as the clay fraction is primarily composed of weathered products which tend to incorporate 10 B during chemical weathering (e.g. [START_REF] Lemarchand | Boron isotopes in different grain size fractions: Exploring past and present water-rock interactions from two soil profiles (Strengbach, Vosges Mountains)[END_REF]Spivack et al., 1987;[START_REF] Schwarcz | Boron isotopic fractionation during clay adsorption from sea-water[END_REF]. In lower elevation catchments (LEC) and in granitic catchments, there is little difference between the B isotope composition of the clay fraction and that of the bedrock.

In higher elevation catchments, the clay fraction is enriched in 10 B (except for the granitic catchment) indicating significant isotope differences between the bedrock and clay fraction only occur in these catchments.

Murrumbidgee River and tributaries

Sand fraction

The sand fraction of bank sediments from the Murrumbidgee River main channel shows a narrow range of B isotopic composition, from -9.6 ‰ to -11.0 ‰ (Fig. 4, Table 4). The δ 11 B composition of the sand fraction at Wagga Wagga (-10.4 ± 1.0 ‰, 2SD, n = 6) is similar to the average value calculated for this location using bedrock distribution and B isotope compositions (-8.9 ± 4.4 ‰, 2SD, n = 8). These observations suggest that (i) B isotopes are not fractionated in the sand fraction, compared to the bedrock, (ii) the B isotope composition of the sand fraction is not modified during transport and (iii) it faithfully records the average composition of the bedrock drained. These hypotheses are discussed below.

Clay fraction

Boron concentrations range from 16 to 60 ppm (Table 4). B/Al, Mg/Al and K/Al ratios decrease downstream following the same trend in all the tributaries and the Murrumbidgee River samples (Fig. 5A-C). The relative decrease of B, Mg, and K concentrations with distance downstream suggests either a progressive loss of mobile elements during transport or a mixture of tributary sediments formed under different weathering conditions in the Murrumbidgee River.

These hypotheses are discussed below.

In contrast with the sand fraction, clay fractions of the Murrumbidgee River show more variable δ 11 B values and a systematic increase downstream (Fig. 4, Table 4). At locations with a mean elevation > 600 m (defined as the upper catchment), values range from -18.4 to -11.6 ‰.

At lower mean elevation, values range from -12.5 to -10.8 ‰. In the eight major tributaries, δ 11 B values range from -15 to -9.8 ‰. For six tributaries that were sampled along their channel, a downstream increase in δ 11 B values is also observed (Fig. 4, Table 4).

Dissolved load

In the Murrumbidgee River, the dissolved load shows a downstream increase in B concentrations (from 1.9 to 9.2 ng/mL) (Fig. 6A; Table 4). B/Na and B/Mg ratios show a sharp decrease downstream, between approximately 50 and 100 km from the source, and little variation further downstream (Fig. 6B and6C). Boron was compared to Na and Mg because they show a conservative behavior in the dissolved phase; downstream increase of B, Na, and Mg concentrations may indicate evaporation.

Boron isotope compositions range from 26 to 32 ‰ and do not show significant variations downstream (Fig. 6A; Table 4). These values are high compared to other rivers worldwide [START_REF] Lemarchand | The influence of rivers on marine boron isotopes and implications for reconstructing past ocean pH[END_REF][START_REF] Rose | Fractionation of boron isotopes during erosion processes: The example of Himalayan rivers[END_REF][START_REF] Lemarchand | Transient features of the erosion of shales in the Mackenzie basin (Canada), evidences from boron isotopes[END_REF][START_REF] Chetelat | Boron isotopes geochemistry of the Changjiang basin rivers[END_REF] and to the world average value inferred from largest rivers (+10 ‰; Lemarchand et al., 2002b). Such high values are also observed in the Niger River, Nigeria (35 ‰), the Maroni River, French Guyana (43 ‰) [START_REF] Lemarchand | The influence of rivers on marine boron isotopes and implications for reconstructing past ocean pH[END_REF] and in rivers of Guadeloupe, Lesser Antilles (from 39.1 to 44.8 ‰, [START_REF] Louvat | Boron isotope ratios of surface waters in Guadeloupe, Lesser Antilles[END_REF]).

DISCUSSION

Lithological and climatic controls on B isotope compositions

In monolithological catchments, the B isotope composition of clay fractions co-varies with that of their corresponding bedrock. The offset between the B isotope composition of bedrock and clay fraction (∆ 11 Bclay-bedrock) is nil or close to nil in LEC and granitic HEC, and up to 5.5 ‰ in the carbonate catchment (Fig. 7). Differences in B isotope compositions of clay fractions between HEC and LEC suggest that local climatic conditions and/or topography are controlling the B isotope composition of the clay fraction. The lack of isotope difference between the bedrock and clay fraction in granitic lithologies compared to other lithologies in HEC also suggests a lithological control on the B isotope composition of the clay fraction.

To quantitatively characterize B behavior during clay formation and investigate how this may relate to the weathering regime, the relative magnitude of the B transfer from the bedrock to the neoformed clay minerals (τ , ) is calculated using samples from monolithological catchments [START_REF] White | Chemical weathering rates of a soil chronosequence on granitic alluvium: III. Hydrochemical evolution and contemporary solute fluxes and rates[END_REF]:

, = [ ] [ ] × [ ] [ ] -1 (1) 
where brackets denote concentrations. Aluminum was chosen as the reference element as it is a major insoluble element during chemical weathering. Negative and positive τ , values indicate respectively loss and gain of B during clay formation (a value of -1 would indicate 100% loss, for instance). It is important to note that τ , values calculated here reflect the mass transfer of B from the bedrock to the clay-sized fraction only, not the bulk soil sample as reported in many other studies (e.g. [START_REF] White | Chemical weathering rates of a soil chronosequence on granitic alluvium: III. Hydrochemical evolution and contemporary solute fluxes and rates[END_REF][START_REF] White | Chemical weathering of a marine terrace chronosequence, Santa Cruz, California I: Interpreting rates and controls based on soil concentration-depth profiles[END_REF][START_REF] Noireaux | Boron Isotope Fractionation in Soils at Shale Hills CZO[END_REF].

In monolithological catchments, τ , values range from -0.27 to -0.93 (Fig. 7B). In sedimentary and carbonate catchments, τ , values are < -0.80 suggesting a large (>80%) loss of B. These catchments also show the largest difference between the B isotope composition of the clay fraction and the bedrock, ∆ 11 Bclay-bedrock (Fig. 7B). This suggests that the isotope difference is associated with a loss of B from the bedrock and low B re-incorporation into clays; while in granitic catchments and in LEC, the lack of isotope difference is associated with a reduced B loss from the bedrock and higher B re-incorporation into clays. Previous studies have shown that mineral/bedrock dissolution does not induce significant isotope fractionation, but instead isotope fractionation occurs during mineral neo-formation which is characterized by a 10 B enrichment in the weathering products [START_REF] Lemarchand | Boron isotopes in different grain size fractions: Exploring past and present water-rock interactions from two soil profiles (Strengbach, Vosges Mountains)[END_REF][START_REF] Lemarchand | Transient features of the erosion of shales in the Mackenzie basin (Canada), evidences from boron isotopes[END_REF][START_REF] Rose | Fractionation of boron isotopes during erosion processes: The example of Himalayan rivers[END_REF]. Isotope difference between the clay fraction and bedrock in this study is therefore assumed to be caused by precipitation of B into the clay fraction during mineral neoformation. The relationship between mass transfer coefficients and B isotope difference between the bedrock and the clay fraction is best explained by a competition between dissolution and precipitation rates where greater ∆ 11 Bclay-bedrock and lower τ , values are observed when little B from solution is re-incorporated into the clay fraction. Conversely, lower ∆ 11 Bclay-bedrock and higher τ , values are observed when the proportion of B involved in mineral neo-formation reactions is greater. This hypothesis assumes that (i) continual bedrock dissolution produces low δ 11 B soil solution values, and (ii) 10 B is preferentially uptaken by secondary phases leading to an 11 B enrichment in the complementary soil solution. The strength in this hypothesis lies in the fact that the B budget is mainly controlled by clay minerals and not crushed primary clay-sized minerals (Fig. 3). According to this hypothesis, as the amount of precipitation of B into secondary phases increases, the B isotopic composition of the soil solution and the clay fraction should increase. Assuming a constant isotopic difference between the soil solution and the neoformed clay fractions of -30 ‰ (e.g. [START_REF] Palmer | Temperature and pH controls over isotopic fractionation during adsorption of boron on marine clay[END_REF][START_REF] Roux | A Rapid Method for Determining Boron Concentration (ID-ICP-MS) and δ 11 B (MC-ICP-MS) in Vegetation Samples after Microwave Digestion and Cation Exchange Chemical Purification[END_REF], the observed In all LEC and granitic HEC, the weathering regime appears to be precipitation-dominated as both lower ∆ 11 Bclay-bedrock and higher τ , values are observed. In non-granitic HECs, clay minerals form in dissolution-dominated weathering regimes (greater ∆ 11 Bclay-bedrock and lower τ , values).

This would imply that in HEC, clay production rates are higher for granitic parent material compared to other lithologies. However, because granitic rocks show lower dissolution rates compared to sedimentary, volcanic, and carbonate lithologies (e.g. [START_REF] Meybeck | Composition des ruisseaux non pollués de France[END_REF], it is unlikely higher clay production rates in granitic lithologies are driven by lithology type. Therefore, local hydrological conditions such as increased water residence time or lower water/rock ratio may possibly explain the apparent lithologic control on δ 11 B in granitic clays produced in HEC. The B isotope composition of clays in granitic lithologies of HEC are similar to all lithologies in LEC, both characterized by increased water residence times and lower water/rock ratios which likely increase clay production and thereby produce isotopically heavier clays. However, the granitic lithologies in the HEC also appear to be driven by local catchment topography and hydrology. In non-granitic catchments, lower B precipitation rates in HEC compared to LEC could be attributed to steeper catchment slopes (average: 12° in HEC, compared to 7° in LEC), lower annual temperatures (average: 9°C, compared to 13°C in LEC), and higher annual rainfall (average: 1,052 mm, compared to 770 mm in LEC) in HEC. Prevailing conditions in HEC would therefore promote bedrock mobilization, little dissolution, and low precipitation rates because of the more active hydrologic regime. Shallower slopes and reduced rainfall in LEC could result in increased water residence time in soils (longer water-rock interactions), which coupled with increased annual temperatures, would favor more clay production and therefore a precipitation-dominated weathering regime (e.g. [START_REF] Van Breemen | Chapter 8 Chemical Equilibria and Soil Formation[END_REF].

Geochemistry and B isotope composition of Murrumbidgee River sediments -source mixing and fluvial transport

Using the proportion of each lithology drained at each sampling locations on the Murrumbidgee and the average δ 11 B composition of the bedrock for each lithology, we can calculate the theoretical δ 11 B composition of Murrumbidgee River sand fractions at a given location along the river. This calculation assumes that (i) there is no B isotopic fractionation between bedrock and sand fraction and (ii) all lithologies contribute to the sand fraction of the Murrumbidgee proportionally to their spatial distribution for the drainage area considered.

Results show that for all Murrumbidgee River sampling locations, there is generally a good agreement between calculated and observed δ 11 B compositions in the sand fraction (Fig. 8D).

This suggests that (i) the sand fraction represents the average bedrock composition drained, (ii) there is no isotopic fractionation during conversion of bedrock to sand and (iii) there is no modification of the B isotopic composition as the sand is transported downstream.

Murrumbidgee River clay fractions show increasing δ 11 B values (Fig. 4) and decreasing B/Al, Mg/Al and K/Al ratios (Fig. 5) for the first 200 km from the source, and then relatively constant values further downstream. This downstream evolution could reflect a mixing between clays from HEC with a low δ 11 B and high elemental ratios with clays from LEC with a high δ 11 B and low elemental ratios (Fig. 8A). We calculated the δ 11 B composition, B/Al and Mg/Al ratios of the clay fraction using the proportion of each lithology drained at each sampling locations on the Murrumbidgee (Fig. 2) and the average composition of the clay fraction for each lithology (using values from monolithological catchments shown in Fig. 7A). Results show a good agreement between calculated and measured δ 11 B values (Fig. 8A), as well as B/Al and Mg/Al ratios (Fig. 8C andD). This suggests that (i) the B isotope composition and Al-normalized elemental ratios of the Murrumbidgee River clay fraction faithfully represents a mixture of clays from the different catchments drained, (ii) all lithologies contribute to the Murrumbidgee clay fraction proportionally to their spatial distribution in the catchment and (ii) there is no modification of the B isotope ratio and Al-normalized elemental ratios during transport.

Overall, these observations suggest that the B isotope composition of the Murrumbidgee sediment load faithfully averages the composition of the different regions drained, with no modification during transport. The sand fraction records the composition of the bedrock drained, while the clay fraction reflects that of the clays across the catchment. It is interesting to note that these results also suggest that all lithologies contribute to the Murrumbidgee sediment load (both sand and clay fractions) proportionally to their spatial distribution (within the uncertainty of our calculations).

The relationship between B isotopes in clays and surface waters

The B isotope composition of the Murrumbidgee River dissolved load is much heavier than the world's mean value of 10 ‰ (Lemarchand et al., 2002b). Without massive production of secondary minerals removing most of the dissolved B (unlikely under southeastern Australia climate characterized as temperate to semi-arid with wet cool winters and dry hot summers, Murray-Darling Basin Authority, 2016), this possibly indicates that the dissolved B is heavily impacted by vegetation recycling and/or atmospheric inputs, as these sources are characterized by isotopically heavy δ 11 B compositions (e.g. vegetation: 35 ‰, [START_REF] Cividini | From biological to lithological control of the B geochemical cycle in a forest watershed (Strengbach, Vosges)[END_REF]atmosphere: 18 ‰, Roux et al., 2017). Previous studies that have reported high δ 11 B values of the dissolved load [START_REF] Lemarchand | The influence of rivers on marine boron isotopes and implications for reconstructing past ocean pH[END_REF]Lemarchand et al., 2002b;[START_REF] Louvat | Boron isotope ratios of surface waters in Guadeloupe, Lesser Antilles[END_REF] have also proposed that the B geochemical cycle be heavily impacted by biological activity and atmospheric inputs.

Increasing boron concentrations of the dissolved load downstream from the source possibly reflect increased evapotranspiration on the alluvial plain (Murray-Darling Basin Authority, 2016).

Our data shows higher B/Na and B/Mg values in the first 100 km from the source and then nearly constant B/Na and B/Mg ratios in the downstream portion of the river. This indicates that B behaves conservatively and similar to Na and Mg on the plain (all increasing in concentration from 100 km downstream) yet differently from Na and Mg in the headwaters. Due to high evapotranspiration on the alluvial plain, it is therefore likely that relatively constant B/Na and B/Mg ratios on the plain reflect this increase in evapotranspiration, while higher B/Na and B/Mg in the headwaters cannot be attributed to evapotranspiration as B does not behave conservatively or similar to Na and Mg.

For monolithological catchments, the average δ 11 B composition of the clay fraction is approximately -12 ‰ and that of the dissolved load is 34 ‰. Previous studies have shown that clay minerals have a δ 11 B composition at most about 30 ‰ lighter than that of the corresponding solution from which they precipitate (e.g. [START_REF] Rose | Fractionation of boron isotopes during erosion processes: The example of Himalayan rivers[END_REF][START_REF] Palmer | Temperature and pH controls over isotopic fractionation during adsorption of boron on marine clay[END_REF]Spivack and Edmond, 1987), and that isotopic fractionation is a function of pH. In the Murrumbidgee River, clay fractions and corresponding dissolved loads exhibit a B isotopic difference of >40 ‰. Such a difference, together with the observed relationship shown by B isotopes and B/Al ratios in clay fractions (Fig. 7B) can neither be defined as the result of B speciation between the clay fraction and dissolved load with changes in pH (as the observed relationship between pH of the river and δ 11 B clay fraction composition do not correspond with predicted values; see [START_REF] Palmer | Temperature and pH controls over isotopic fractionation during adsorption of boron on marine clay[END_REF] for review) nor as a result of a Rayleigh-like evolution of surface waters as reported in [START_REF] Rose | Fractionation of boron isotopes during erosion processes: The example of Himalayan rivers[END_REF]; δ 11 B composition of surface waters are isotopically much heavier than required to produce observed clay fraction compositions. Instead, these observations suggest that the clay fraction derives its B isotopic composition from exchange with a solution characterized by an isotopic composition lighter than that of the Murrumbidgee dissolved load. Such a solution is expected deeper in the soil profile below the influence of atmospherically and biologically-cycled boron.

Atmospheric inputs and biological processes impart high δ 11 B values to soil solutions, but their influence is limited to the near surface. While the influence of atmospheric inputs decreases with increasing depth, that of biological processes reach a maximum at depth, corresponding to the depth of maximum tree root density [START_REF] Cividini | From biological to lithological control of the B geochemical cycle in a forest watershed (Strengbach, Vosges)[END_REF]Fig 8) and then gradually decrease downward. The depth at which atmospheric and biological process imprint a heavy isotopic signature on the soil will be very different from one location to the next. In eastern France, [START_REF] Cividini | From biological to lithological control of the B geochemical cycle in a forest watershed (Strengbach, Vosges)[END_REF] showed that the composition of soil solutions is influenced by atmospheric inputs and biological processes down to a depth of ~2 m. At greater depths, soil solutions and sediments record only water-mineral interactions. Thus, in thin weathering profiles as found in the Murrumbidgee [START_REF] Olley | Changes in the flux of sediment in the Upper Murrumbidgee catchment, Southeastern Australia, since European settlement[END_REF], the proportion of the profile influenced by atmospheric inputs and biological processes is expected to be greater than for thick profiles such as those reported by [START_REF] Cividini | From biological to lithological control of the B geochemical cycle in a forest watershed (Strengbach, Vosges)[END_REF] in a wetter and more dense temperate forest. It is hypothesized that this proportion would be even smaller in thicker weathering profiles formed in wetter and warmer conditions and greater in the thin profiles formed in a more arid climate.

However, there are many unknown factors that could also affect this proportion such as local The large difference in δ 11 B compositions between clay fractions and dissolved load in the Murrumbidgee can thus be explained if clays were formed at depth in thick weathering profiles while the dissolved load derived its B mostly from surface runoff and shallow waters. A deep origin for clays does not imply deep erosion of weathering profiles (unlikely since mass wasting is rare in the Murrumbidgee), but rather that clay formation would take place dominantly near the base of the weathering profile. A shallow origin for the dissolved load is surprising since it was observed that solutes are generally derived from the base of the weathering profile where weathering rates are the highest [START_REF] White | Chemical weathering in a tropical watershed, Luquillo Mountains, Puerto Rico: I. Long-term versus short-term weathering fluxes[END_REF][START_REF] Buss | Weathering of the Rio Blanco quartz diorite, Luquillo Mountains, Puerto Rico: Coupling oxidation, dissolution, and fracturing[END_REF][START_REF] Pett-Ridge | Sr isotopes as a tracer of weathering processes and dust inputs in a tropical granitoid watershed, Luquillo Mountains, Puerto Rico[END_REF][START_REF] Kurtz | Germanium-silicon as a flow path tracer: Application to the Rio Icacos watershed[END_REF], including in southeastern Australia (Dosseto et al., 2014). This could indicate that (i) soil solutions in deeper parts of the weathering profile and (ii) groundwaters (which would also be characterized by low δ 11 B values) do not contribute significantly to the river dissolved load, which appears to be highly impacted by atmospheric B and vegetation cycling.

CONCLUSIONS

This study investigates how the B isotope composition of riverborne material records weathering regimes in the Murrumbidgee River catchment, and how this weathering "signal" is transported from source areas to the depositional environment. Two weathering regimes were identified in the catchment: (i) one where mineral dissolution is associated with minimal neoformation and (ii) another one where mineral neoformation dominates. The distribution of the two regimes is controlled by lithology, climate and topography. In low elevation catchments (mean elevation <600 m a.s.l.), the weathering regime is dominated by mineral neoformation and precipitation of B into clays, as a consequence of higher mean annual temperatures and shallower slopes allowing for longer water residence times. In high elevation catchments, granitic catchments show a similar weathering regime to lower catchments, while in non-granitic catchments, weathering is dominated by mineral dissolution, without a significant role of mineral neoformation. This difference in high elevation catchments is attributed to the role of lithology on water residence time, where water residence time could be greater in granitic environments compared to other lithologies.

The B isotope composition of sand fractions collected along the Murrumbidgee River shows that the sand fraction (i) can be used as a compositional proxy for the bedrock, (ii) faithfully reflects the lithologies eroded in the catchment and (iii) is not geochemically modified during fluvial transport. The B isotope composition of corresponding clay fractions also shows a conservative behavior; it represents a mixture of the clays produced from the different lithologies in the Murrumbidgee catchment and it is not modified during fluvial transport. The observed monotonous changes in B isotope composition of the clay fraction and other geochemical parameters reflect the transition from one weathering regime at higher elevation to the other one at lower elevation. These results imply that the chemical and B isotopic composition of river sediment reflects the conditions of its formation and can therefore be used as a proxy catchmentwide weathering regime.

For the Murrumbidgee River and for rivers from monolithological catchments, the clay fraction has a B isotope composition much lighter than predicted by equilibrium fractionation with the dissolved load. To explain this observation, we propose that clays have formed in equilibrium with a soil solution with a lighter B isotope composition than that of the river dissolved load. The difference in B isotope composition for the soil solution that produced clays and the river dissolved load can be accounted for by a variable influence of atmospheric inputs and vegetation cycling. This influence appears greater on the dissolved load compared to clayforming soil solutions, suggesting that the latter originates from greater depths in weathering profiles compared to the former. These results illustrate a geochemical disconnect between the origin of riverborne clays and solutes. This disconnect is not reflecting heterogeneity in catchment erosion distribution [START_REF] Gaillardet | A global geochemical mass budget applied to the Congo basin rivers: Erosion rates and continental crust composition[END_REF][START_REF] Gaillardet | Chemical and physical denudation in the Amazon River Basin[END_REF], different timescales of sediment and solute transport [START_REF] Dosseto | Weathering and transport of sediments in the Bolivian Andes: Time constraints from uranium-series 27 isotopes[END_REF], or biased sediment sampling (resolved in [START_REF] Dellinger | Testing the Steady State Assumption for the Earth's Surface Denudation Using Li Isotopes in the Amazon Basin[END_REF], but rather the locus of clay formation in weathering profiles. Both atmospheric and biological imprint decrease downward as solutions migrate and interact with soil minerals. In a thick weathering profile (A), the B isotope composition of clays and soil solutions would be dominated by water-rock interaction, less influenced by atmospheric inputs and biological processes since the proportion of the profile over which they exert an influence is smaller than for a thinner weathering profile (B). [START_REF] Cividini | From biological to lithological control of the B geochemical cycle in a forest watershed (Strengbach, Vosges)[END_REF] have shown that the typical depth at which vegetation and atmospheric influence the B isotope composition of the clay fraction is approximately 2 m, however this depth is likely to be highly variable. We hypothesize that in the Murrumbidgee, the dissolved load has a shallow origin, accounting for high δ 11 B; while the clay fraction is composed of clays which formed at greater depths, from a solution less influenced by atmospheric inputs and biological processes. 

δ

  11 B bulk clay fraction values between -5.6 and -18.6 ‰ would require a soil solution with a starting δ 11 B composition of approximately +10 ‰. Such value would derive from a mixture of bedrock dissolution (average δ 11 B bedrock in Murrumbidgee ≈ -9‰), B cycling through vegetation (e.g. +35 ‰,[START_REF] Cividini | From biological to lithological control of the B geochemical cycle in a forest watershed (Strengbach, Vosges)[END_REF], and atmospheric sources (e.g. +18 ‰ or higher,[START_REF] Roux | Boron Dissolved and Particulate Atmospheric Inputs to a Forest Ecosystem (Northeastern France)[END_REF]. In this model, the δ 11 B of composition of clay fractions approaches that of the parent material in precipitation-dominated weathering regimes while it would be lower in dissolution-dominated weathering regimes. For example, in Shale Hills Pennsylvania[START_REF] Noireaux | Boron Isotope Fractionation in Soils at Shale Hills CZO[END_REF] reports δ 11 B clay fraction composition similar but slightly lighter than parent material, while[START_REF] Lemarchand | Boron isotopes in different grain size fractions: Exploring past and present water-rock interactions from two soil profiles (Strengbach, Vosges Mountains)[END_REF] and[START_REF] Cividini | From biological to lithological control of the B geochemical cycle in a forest watershed (Strengbach, Vosges)[END_REF] report higher than bedrock values in the Strengbach watershed, where vegetation cycling and/or atmospheric inputs are major contributors to the biogeochemical cycle of boron.

  hydrology, residence time, and sediment and vegetation type. Consequently, clays formed in thin profiles and/or at shallow depths, are likely to preserve a record of atmospheric and biological influences, translated into high δ 11 B values. Conversely, clays formed at greater depths in thick profiles should be characterized by lower δ 11 B values since the soil solutions they interacted with show no imprint of atmospheric and biological processes. Despite thinner weathering profiles in the Murrumbidgee, the locus of clay formation appears to be deep within the profile and not influenced by atmospheric or biological processes.
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 123 Figure 1. Lithology and digital elevation map (DEM) of the upper Murrumbidgee River and tributaries displaying sampling points for sediments and water (black dots) and sampling points for sediment, water, and bedrock in monolithological catchments with respective drainage catchment areas (hashed areas). The red dashed curve separates the upper (elevation > 600 m above sea level) and lower (< 600 m) catchments. Inset map: southeastern Australia; red rectangle shows area displayed in the main panel. Source of DEM: Geoscience Australia; source of lithology map: NSW Government; Resources and Energy; source of inset map: Esri, USGS, NOAA

Figure 4 .

 4 Figure4. Boron isotope compositions in the clay (<2 µm) and sand fractions (63-2000 µm) of sediments from the Murrumbidgee River and its major tributaries. The x-axis represents the distance from the source of the Murrumbidgee River for main river samples. Tributary convergence samples are plotted at the point they convergence with the main channel. Upstream tributary samples are plotted relative to the tributary convergence sample. The δ 11 B composition of the clay fractions from the Murrumbidgee River increases from the headwaters to the lower catchment where it levels off on the alluvial plain. The δ 11 B composition of the sand fractions from the Murrumbidgee River remains relatively constant downstream reflecting a mixture of unfractionated bedrock material. The δ 11 B composition of the clay fractions from most tributaries show a similar trend as the main river with increasing compositions further downstream. Most tributary clay fraction samples taken at the convergence with the main river appear undistinguishable from those of the main river. Site variability was assessed by collecting multiple riverbank samples several meters apart along the Yass River and determined to be approximately 1.6 ‰ (2SD, n = 5). Analytical uncertainty of B isotope data was determined by repeated analyses of individually processed samples and is 0.4 ‰ (2SD) for all sample types.

Figure 5 .

 5 Figure 5. Major and trace elemental concentration ratios in clay fractions of the Murrumbidgee River and main tributaries. All concentrations show a relative decrease with the distance downstream from the Murrumbidgee source, suggesting a progressive loss of mobile elements such as B, Mg and K during transport or a mixture of tributary sediment delivered to the Murrumbidgee River formed under different weathering conditions in the catchment.

Figure 6 .

 6 Figure6. A) Boron concentrations and isotopic composition of the dissolved load of the Murrumbidgee River, as a function of the distance from the Murrumbidgee source. While the B concentration increases downstream, there is no significant change in isotopic composition. B) B/Mg and C) B/Na ratios of the dissolved load of the Murrumbidgee River, as a function of the distance from the Murrumbidgee source. These ratios are used as proxies to test for evaporation, as evaporation may increase both Na and Mg concentrations in the dissolved load, similar to the observed increase in B as a function of position downstream. No change in B/Mg and B/Na ratios, as observed in downstream samples, then indicates similar behavior among conservative elements in response to increasing evaporation in the lower catchment.

Figure 7 .

 7 Figure7. A) δ 11 B compositions of clay fractions and bedrocks for monolithological catchments. HEC: high elevation catchments (mean elevation > 600 m); LEC: low elevation catchments (mean elevation <600 m). B) Difference between δ 11 B compositions of clay fractions and bedrocks, Δ 11 Bclay-bedrock, for monolithological catchments, as a function of the mass transfer coefficient for B of clay fractions (τAl,B; see text for details). 'Bedrock' refers to catchment bedrock; 'Granitic', 'Volcanic', 'Sedimentary', and 'Carbonate' refer to catchment lithology types.

Figure 8 .

 8 Figure8. Calculated versus measured A) δ 11 B compositions, B) B/Al and C) Mg/Al for clay-sized fractions, and D) δ 11 B compositions for sand-sized fractions of sediments from the Murrumbidgee River. Calculated compositions are obtained by assuming that at each sample location, the clay fraction represents a mixture of clay fractions typical of each lithology. Endmember compositions are derived from those measured in clay fractions of sediments from monolithological catchments (sedimentary, volcanic and granitic). These calculations illustrate the conservative behavior of these elements during fluvial transport.

Figure 9 .

 9 Figure9. Schematic representation of the possible parameters controlling B isotopes in the clay fraction of soils and dissolved load. Both atmospheric and biological imprint decrease downward as solutions migrate and interact with soil minerals. In a thick weathering profile (A), the B isotope composition of clays and soil solutions would be dominated by water-rock interaction, less influenced by atmospheric inputs and biological processes since the proportion of the profile over which they exert an influence is smaller than for a thinner weathering profile (B).[START_REF] Cividini | From biological to lithological control of the B geochemical cycle in a forest watershed (Strengbach, Vosges)[END_REF] have shown that the typical depth at which vegetation and atmospheric influence the B isotope composition of the clay fraction is approximately 2 m, however this depth is likely to be highly variable. We hypothesize that in the Murrumbidgee, the dissolved load has a shallow origin, accounting for high δ 11 B; while the clay fraction is composed of clays which formed at greater depths, from a solution less influenced by atmospheric inputs and biological processes.

Table 3 )

 3 . In volcanic catchments, B concentrations of clay fractions range from 15.7 to 40.6 µg.g -1 ; Mg, K, and Al concentrations range from 22 to 24 mg.g -1 , 19 to 29 mg.g - 1 , and 183 to 211 mg.g -1 respectively. In granitic catchments, B concentrations of clay fractions show a large range of values from 34.1 to 60.6 and display the highest values. Concentration of major elements Mg, K, and Al have overlapping ranges for both sedimentary and volcanic clay fractions, with values ranging from 19 to 37 mg.g -1 , 31 to 41 mg.g -1 , and 226 to 255 mg.g -1 respectively. Similar to the carbonate bedrock, the carbonate clay fraction displays the lowest B concentration, with 15.7 µg.g -1 . Potassium and Al concentrations of carbonate clay fractions are also lower than other lithologies with values of 10 mg.g -1 and 192 mg.g -1 , respectively, while Mg concentrations are among the highest (44 mg.g -1 ). Boron isotope compositions of clay fraction in

	sedimentary, volcanic, and granitic lithologies range from -12.2 to -15.2 ‰, -9.7 to -13.6 ‰, and
	-5.6 to -9.3 ‰ respectively (Table 2). Accordingly, granitic lithologies have the heaviest B isotope
	composition. Conversely, carbonate clay fractions have the lowest B isotope composition of all
	lithologies with a value of -18.6 ‰.
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Mixed layer represents a mixed illite/smectite composition; kaolinite composition includes both ordered and disordered varieties; illite composition includes phlgopite and lepidolite minerals. Error on sample average calculation is 1 SD. External reproducibility of mineral quantification in bedrock and the clay fraction was determined by repeated analyses of the once-prepared sample N. Booroorban and determined to be: ±2% (biotite); 0% (chlorite); 1% (quartz); 4% (muscovite); 1% (orthoclase); 2% (albite); 3% (K-feldspar); 3% (kaolinite); 4% (mixed illite/smectite layer); 4% (kaolinite); and 11% (2 SD, n = 3). Abbreviations -clay: clay fraction (<2 µm); sand: sand fraction (63 µm -2,000 µm); diss.: dissolved load. Tributary samples with labels ending in A-C refer to replicate samples taken at the same site to assess site variability.