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Fjord sediments are increasingly recognized as accurate recorders of past hydrological variability. Nonetheless, accurately interpreting fjord sediments in terms of changes in hydrology requires a comprehensive understanding of the variables that affect their accumulation, and their physical and chemical properties. Here, we conduct a spatial and temporal study at the head of Martínez Channel (Chilean Patagonia, 48°S), to improve our understanding of sediment transport and deposition processes linked to the hydrodynamics of Baker River; Chile's largest river in terms of mean annual discharge. This study focuses on particle size distribution and end-member modeling of: (i) suspended sediment samples from Baker River and its tributaries, (ii) surface sediment samples collected along a proximal-distal transect at the head of Martínez Channel, and (iii) samples collected at 15-day resolution in a sequential sediment trap over the course of two years (2017 -2019). End-member modeling results show that the grain size distributions of sediments transported in suspension in Baker River and its tributaries, and of those deposited at the head of Martínez Channel, are consistently composed of two subpopulations. The finest end member (EM1; mode of 4.03 μm) reflects the glacial meltwater contribution, which dominates in all but the winter season. By contrast, the coarser end member (EM2; mode of 18.7 μm) dominates in winter, when the meltwater contribution is reduced, and it is therefore associated to rainfall. We propose that log(EM1/EM2) can be used as a predictor of mean daily temperature in the lower Baker watershed (r = 0.81; n = 44, p < 0.001). We also show that the fluxes of EM1 and EM2 provide quantitative estimates of meltwater discharge (r = 0.82, p < 0.001) and rainfall-driven discharge (r = 0.90, p < 0.001), respectively. These results support the use of fjord sediments for quantitative reconstructions of hydrological changes in glacierized watersheds.

Introduction

The Patagonian Andes constitute one of the most vulnerable places to climate change on Earth. Between 2000 -2015, glacier elevation across Patagonia decreased at a rate of 1.00 ± 0.01 m yr -1 [START_REF] Braun | Constraining glacier elevation and mass changes in South America[END_REF][START_REF] Dussaillant | Two decades of glacier mass loss along the Andes[END_REF][START_REF] Hock | High Mountain Areas[END_REF]. Although this net ice mass loss has affected the temperate glaciers of Patagonia since at least 1870 [START_REF] Davies | Accelerating shrinkage of Patagonian glaciers from the Little Ice Age (~AD 1870) to 2011[END_REF], it has accelerated during the last c. 40 years in response to a drying trend caused by a southward shift of the westerly wind belt [START_REF] Garreaud | Large-scale control on the Patagonian climate[END_REF][START_REF] Rasmussen | Influence of upper air conditions on the Patagonia icefields[END_REF]. Patagonia thus offers a remarkable environment to assess the influence of climate variability on meltwater production, river discharge, and sediment transport capability [START_REF] Mark | The significance of mountain glaciers as sentinels of climate and environmental change[END_REF][START_REF] Sagredo | Climatology of Andean glaciers: A framework to understand glacier response to climate change[END_REF].

Amplified warming and disruption of the hydrological cycle are expected to persist in Patagonia [START_REF] Hock | High Mountain Areas[END_REF]. According to the RCP4.5, i.e., the scenario that stabilizes radiative forcing towards the end of century, an increase of 1.1 ± 0.2 °C in annual and summer temperature and a decrease of 2 ± 9 mm in annual precipitation are projected for the glaciated southern Andes [START_REF] Bliss | Global response of glacier runoff to twenty-first century climate change[END_REF]. This transfers to a projected decrease in total runoff of about 30% by 2100, which can be attributed to the effect of disappearing glacier area reaching a turning point after which shrinking glaciers can no longer sustain high discharge [START_REF] Bliss | Global response of glacier runoff to twenty-first century climate change[END_REF][START_REF] Frenierre | A review of methods for estimating the contribution of glacial meltwater to total watershed discharge[END_REF]). Yet, the short-time duration and scarcity of meteorological and hydrometric stations in Patagonian watersheds limit the ability to accurately describe regional climate trends and to provide robust tests to simulate (hydro)climate changes [START_REF] Dga | Water Budget of Chile[END_REF][START_REF] Harrison | Evaluation of CMIP5 palaeo-simulations to improve climate projections[END_REF]. Data obtained from natural hydrological archives can help tackle this challenge by evaluating model performance and reducing uncertainty in future climate projections [START_REF] Fischer | Palaeoclimate constraints on the impact of 2 °C anthropogenic warming and beyond[END_REF].

Patagonia is also one of the most extensive fjord regions in the world. Thanks to their particularly high sediment accumulation rates (several cm yr -1 ), fjord sediments are increasingly recognized as accurate and high-resolution recorders of past hydrological variability [START_REF] Bianchi | Fjords as Aquatic Critical Zones (ACZs)[END_REF]. Nevertheless, Patagonian fjord sediments remain relatively untapped as a paleohydroclimate archive, mostly due to logistical challenges and to the complex marine-terrestrial interactions that characterize the Chilean fjords. As a result, very few studies have taken advantage of this archive for past hydroclimate and glacier activity reconstructions (e.g., [START_REF] Bertrand | Precipitation as the main driver of Neoglacial fluctuations of Gualas glacier, Northern Patagonian Icefield[END_REF][START_REF] Bertrand | Late Holocene covariability of the southern westerlies and sea surface temperature in northern Chilean Patagonia[END_REF][START_REF] Bertrand | Postglacial fluctuations of Cordillera Darwin glaciers (southernmost Patagonia) reconstructed from Almirantazgo fjord sediments[END_REF][START_REF] Lamy | Holocene changes in the position and intensity of the southern westerly wind belt[END_REF][START_REF] Lamy | Holocene changes in the position and intensity of the southern westerly wind belt[END_REF][START_REF] Sepúlveda | Late Holocene sea-surface temperature and precipitation variability in northern Patagonia, Chile (Jacaf Fjord, 44°S)[END_REF]. These studies have consistently highlighted the need for a better understanding of the modern sedimentation processes taking place in these environments, with a particular focus on freshwater fluxes (e.g., [START_REF] Iriarte | Oceanographic processes in Chilean fjords of Patagonia: from small to large-scale studies[END_REF]. A comprehensive understanding of the variables that affect the amount and composition of sediments delivered to fjords is thus required to fully unlock the paleoclimate potential of fjord sediments.

Changes in the hydrodynamics of large glacial Chilean rivers, modulated by a high seasonal contrast in glacier meltwater contribution, have shown to significantly impact the physical, chemical and biological conditions of fjords and channels [START_REF] Vargas | Influence of glacier melting and river discharges on the nutrient distribution and DIC recycling in the Southern Chilean Patagonia[END_REF]. Along the terrestrial-oceanic continuum, Patagonian fjords and channels are host to strong proximal-distal gradients in salinity, density, and in the availability of organic and inorganic constituents, nutrient and light. All these parameters can play a significant role in modulating ocean productivity, phytoplankton biomass, and carbon fluxes along the coast of Chilean Patagonia [START_REF] Aracena | Latitudinal patterns of export production recorded in surface sediments of the Chilean Patagonian fjords (41-55°S) as a response to water column productivity[END_REF][START_REF] Dávila | Freshwater input into the coastal ocean and its relation with the salinity distribution off austral Chile (35-55°S)[END_REF][START_REF] Jacob | Springtime size-fractionated primary production across hydrographic and PAR-light gradients in Chilean Patagonia (41-50°S)[END_REF][START_REF] Quiroga | Seasonal benthic patterns in a glacial Patagonian fjord: the role of suspended sediment and terrestrial organic matter[END_REF]. However, the lack of mechanistic understanding of the quantity and properties of sediment that links river dynamics and Patagonian fjord systems limits the ability to transfer these impacts on longer timescales.

With this in mind, the main goal of this study is to understand how Patagonian hydroclimate is reflected in the composition of the Baker River sediments deposited at the head of Martínez Channel (48°S). We focus on Baker River, which is the largest river of Chile in terms of mean annual discharge, and drains the entire eastern side of the Northern Patagonian Icefield (NPI). The study site selection is also motivated by the recent increase in the frequency of Glacial Lake Outburst Floods (GLOFs) reported in the Baker River valley [START_REF] Jacquet | Hydrologic and geomorphic changes resulting from episodic glacial lake outburst floods: Rio Colonia, Patagonia, Chile[END_REF][START_REF] Wilson | Glacial lakes of the Central and Patagonian Andes[END_REF][START_REF] Ross | Glacial Lake Outburst Flood (GLOF) events and water response in a Patagonian fjord[END_REF], and by the disputed hydropower projects (e.g. [START_REF] Vince | Dams for Patagonia[END_REF]. The focus is placed on spatial and seasonal variations in the amount and grain size distribution of sediments transported by the river, and collected in a sediment trap at the head of Martínez Channel over the course of two years (2017 -2019). Besides aiming for a better sedimentation-process understanding, the results presented here also provide a prerequisite in view of generating accurate records of past hydroclimate conditions from fjord sediments.

Setting

Baker River originates at Lake Bertrand in the north, and flows into Martínez Channel near the town of Caleta Tortel after a 175-km long course (Fig. 1a). This course defines the lower Baker watershed with a surface area of 13,385 km 2 and glacier cover of 9.83% (Fig. 1a). Strong seasonal contrasts characterize Baker River hydrology, with mean discharge ranging from 647 m 3 s -1 in winter to 1305 m 3 s -1 in summer (Fig. 1b;2014-2019). These discharge levels illustrate a strong meltwater contribution in summer originating primarily from the NPI and, to a lesser extent, from the Monte San Lorenzo icefield [START_REF] Dussaillant | Hydrological regime of remote catchments with extreme gradients under accelerated change: the Baker basin in Patagonia[END_REF].

Martínez Channel is a relatively narrow, E-W oriented, and c. 100-km long channel connecting the Patagonian Andes to the Pacific Ocean (47.8°S -73.6°W; Fig. 1a). It is the northern branch of the Baker-Martinez fjord system, which formed during the deglaciation through the opening of a new drainage route between the Northern and Southern Patagonian Icefields [START_REF] Benito | Catastrophic glacial-lake outburst flooding of the Patagonian Ice Sheet[END_REF][START_REF] Bourgois | Geomorphic Records along the General Carrera (Chile)-Buenos Aires (Argentina) Glacial Lake (467-487S), Climate Inferences, and Glacial Rebound for the Past 7-9 ka[END_REF][START_REF] Thorndycraft | Glacial lake evolution and Atlantic-Pacific drainage reversals during deglaciation of the Patagonian Ice Sheet[END_REF]. Hydrographic conditions in Martínez Channel are closely tied to the high freshwater contributions from Baker River. At the head of the channel, Baker River forms a 14km 2 fan-shaped aerial delta, which propagates as a large subaquatic delta with depths that gradually increase towards a maximum of 266m (Fig. 1b; Vanderkerkhove et al., 2020). The subaquatic delta is shaped by deep (up to 26m) and sinuous channels that are still currently active. A few sinuous-shaped superficial scar features are also present in the non-channelized region of the subaquatic deltas, which were interpreted as abandoned paleochannels filled with fine-grained material (Vanderkerkhove et al., 2020).

The climate conditions in this part of Chilean Patagonia are governed by the Southern Westerly Winds (SWW), whose position and intensity is controlled by the strength and location of the low sub-polar front and the sub-tropical pacific anticyclone [START_REF] Garreaud | Large-scale control on the Patagonian climate[END_REF]. Temperatures within the lower Baker River watershed show a strong seasonality ranging from 0.1°C in winter to 10.2°C in summer (Worldclim v2.1 data; Fig. 1c). Most of the precipitation occurs in fall and winter with an average of 72 mm month -1 between March and August. Precipitation levels are lower during the rest of the year (53 mm month -1 ).

Material and methods

Fjord sediments

Mooring

A mooring composed of a sequential sediment trap with 24 bottles (Technicap PPS 4/3), and a turbidity logger (AQUAlogger 210TY, Aquatec Group Ltd) was deployed at the head of Martínez Channel to evaluate the temporal variability in fjord sediment properties. The mooring was installed 3.5 km off the Baker River mouth (47.79°S -73.63°W), at a relatively flat location away from the active channels to limit the potential influence of turbidity currents (Fig. 1b). The mooring was deployed in January 2017 and redeployed the following year to obtain two consecutive years of data.

The sediment trap was placed at 30 m above the fjord bottom with a sampling resolution of 15 days. Mass accumulation rates (in g m -2 d -1 ) were derived from freeze-dried sediment weights after removal of soluble sea salts following [START_REF] Loring | Manual for the geochemical analyses of marine sediments and suspended particulate matter[END_REF]. This procedure limits the potential bias introduced by sea salts on dry sample mass. Mass accumulation rates (MAR) were also converted to linear annual accumulation rate (in cm yr -1 ) by taking the collecting surface area of the trap into account [START_REF] Schiefer | Fluvial suspended sediment yields over hours to millennia in the High Arctic at proglacial Lake Linnévatnet, Svalbard[END_REF].

The turbidity logger acquired data hourly at 2 m below the water surface. Turbidity data (in FTU) were converted into suspended sediment concentration (in mg L -1 ) using filtered suspended sediment samples collected at the same depth (Fig. S1). For this calibration, water samples were collected using a Niskin bottle (10L) and filtered through 47mm Glass Fiber Filters (GF/F, pore size 0.7 μm). After filtration, the pre-weighed filters were dried and weighed to calculate suspended sediment concentration.

Surface sediment

Six surface sediment samples (GS17) were collected at the head of Martínez Channel to evaluate the influence of river proximity on fjord sediment grain size. These samples were collected using a Van Veen grab sampler from the non-channelized fjord-bottom along a proximal-distal transect, i.e., with increasing distance from the river mouth, in 2017 (Fig. 1b). The targeted grab sampling locations were chosen to: (i) assess variations in sediment composition at increasing distance from Baker River outflow; and (ii) understand the sediment deposition processes affecting the head of Martínez Channel.

River suspended sediments

The concentration of suspended sediments was measured in the Baker River watershed to evaluate the annual contribution of the main tributaries, especially those with suspended sediment of glacial origin (Fig. 2a). For this, water samples were collected at 15 locations in Baker River and its tributaries with a sampling resolution that consisted in four to seven points per year and per site, spread over 2008 -2010 (Table S1). The river water samples were filtered through 47mm GF/F filters until near saturation, and the suspended sediment concentration (SSC in mg L -1 ) was derived from the dry weight difference and the volume of filtered water. SSC data were averaged to be representative of annual mean suspended sediment concentrations.

In addition, four large water samples (3-9 L) were collected in three tributaries (Colonia, del Salto, and los Ñadis rivers), and at the mouth of Baker River, in January 2019 (Fig. 2). These four samples were filtered through large 90mm PES membranes (pore size 0.22 μm) to acquire enough material for grain size analysis.

Grain-size analysis and end-member modeling

Grain size analysis was performed on freeze-dried and homogenized sediment samples using a Malvern Mastersizer 3000 laser particle size analyzer at Ghent University (Belgium). The 44 sequential sediment trap samples, the six fjord surface sediment samples, and the four river suspended sediment samples were processed the same way. Prior to analysis, the terrigenous fraction was isolated by removing the organic fraction, calcium carbonate and biogenic silica through H2O2 (35%), HCl (10%), and NaOH (2N) chemical pre-treatment, respectively. Finally, a solution of sodium hexametaphosphate (NaPO3, 2%) was used to prevent clay flocculation before analysis. Grain-size distribution averages were obtained from three replicates, each measured for 12s under 10% sonication. Data were exported in 101 grain size classes and the geometric mean grain size was calculated using GRADISTAT v8 [START_REF] Blott | GRADISTAT: a grain size distribution and statistics package for the analysis of unconsolidated sediments[END_REF]. Geometric scaling adopts a lognormal grade scale that best defines grain-size classes and the differences within each class.

End-Member Analysis (EMA) was performed on the grain-size data to extract sediment subpopulations from the distribution curves. This approach allows drawing conclusions about provenance, transport, and sedimentation processes, which cannot be done using univariate grain-size parameters alone [START_REF] Weltje | End-member modeling of compositional data: numerical-statistical algorithms for solving the explicit mixing problem[END_REF][START_REF] Weltje | Muddled or mixed? Inferring palaeoclimate from size distributions of deep-sea clastics[END_REF]. The end-member modeling algorithm AnalySize was used for grain size unmixing [START_REF] Paterson | New methods for unmixing sediment grain size data[END_REF]. AnalySize has shown to yield the best results among different published algorithms, with accurate reproduction of artificial datasets for a wide range of grain-size fractions [START_REF] Van Hateren | On the genetically meaningful decomposition of grain-size distributions: A comparison of different end-member modelling algorithms[END_REF]. Normally distributed subpopulations were generated from a parametric log-normal distribution to account for heteroscedasticity [START_REF] Gustavsson | Regression Models for Log-Normal Data: Comparing Different Methods for Quantifying the Association between Abdominal Adiposity and Biomarkers of Inflammation and Insulin Resistance[END_REF]. The number of end members (EM) was chosen based on goodness-of-fit statistics (represented by R 2 values).

Fluxes of grain-size end members for the sediment trap samples were calculated as MAR x EM%. Sediment fluxes were log-transformed prior to correlations with the climate variables, and log-log linear regressions were used for the correlations between sediment fluxes and hydrological variables [START_REF] Syvitski | Estimating fluvial sediment transport: the rating parameters[END_REF]Warrick, 2013).

Hydrological and climate data

Daily Baker River discharge, air temperature, and precipitation data were acquired for the monitoring period 02.2017 -02.2019 (Fig. 1a). Daily discharge was obtained from the lowermost Baker River gauge station at Baker Bajo Ñadis (Chilean Water Authority, DGA). Daily temperature and precipitation data were extracted from the weather station of Caleta Tortel (47.79°S, 73.53°W; 40 m a.s.l.; DGA), and from the catchment-integrated meteorological dataset CAMELS-CL for the lower Baker watershed [START_REF] Alvarez-Garreton | The CAMELS-CL dataset: catchment attributes and meteorology for large sample studies -Chile dataset[END_REF]. These two different datasets were used to interpret data obtained on the sediment trap samples.

Cross-correlation functions (ccf) were computed between turbidity data at the mooring location and the different hydroclimate variables to assess the response time between each variable and the logged data at the mooring (Fig. S2). Daily hydrological and climate variables were then integrated over the 15-day resolution of the sequential sediment trap. The different lag times between turbidity and hydroclimate data were accounted for in this integration approach, thus ensuring correlation statistics to be consistently computed between all sedimentological, hydrological, and climate data.

Results

River suspended sediment

Suspended sediment concentrations obtained at different sites along Baker River and its tributaries show a strong sediment contribution from Colonia and Ventisquero rivers, i.e., those with a highly glaciated watershed (53% and 44% glacier cover, respectively; Fig. 2). Except for Chacabuco River, the highest annual mean suspended sediment concentrations are found in rivers located on the glaciated western side of the Baker River watershed. This is the case for Nef (65 mg L -1 ), Colonia (226 mg L -1 ), and Ventisquero (118 mg L -1 ), which contribute to the high values of 112 mg L -1 and 65 mg L -1 measured at the two most downstream locations in Baker River (Fig. 2a). The rivers with the highest SSC are also those with the highest discharge (Table S1).

Grain size EMA of the suspended sediment samples from Baker River and its tributaries reveals that samples are composed of a mixture of two end members (EM1 and EM2) with modes at 4.03 µm and 18.7 µm, respectively (goodness-of-fit statistics: R 2 = 0.95, n = 4; Fig. 2b). Suspended sediments from rivers draining glaciated watersheds exhibit the highest abundance of EM1 (e.g., Colonia; 53% glacier cover), while weakly-glaciated areas have greater abundance of the coarser EM2 (e.g., Los Ñadis and del Salto rivers, < 10% glaciated).

EMA on the sample from the mouth of Baker River evidences the mixing of the different tributaries, with relative contributions that are proportional to suspended sediment concentrations in summer (Fig. 2b). A high abundance of EM1 (93.2%) in the Baker River sample likely reflects the higher sediment contribution from glacial tributaries (e.g., Colonia River).

Sediment accumulation and hydroclimate time series

Fjord suspended sediment concentrations clearly mirror Baker River discharge (Fig. 3). Both show a strong seasonal variability, with higher values in summer (1363 m 3 s -1 ; 43.5 mg L -1 ) than in winter (715 m 3 s -1 ; 7.3 mg L -1 ). Although these variations closely follow air temperature at low frequency, river discharge and suspended sediment concentration also actively respond to short-term and relatively intense precipitation events occurring throughout the year (Fig. 3a,b). Sediment mass accumulation rates (MAR) also reveal a strong seasonal variability, with high values in summer (mean 75.4 g m -2 d -1 ), and low in winter (mean 17.2 g m -2 d -1 ; Fig. 3e). MAR also integrates major rainfall events, with for instance 180 g m -2 d -1 measured in response to the heavy rainfall conditions at the end of April 2017. A lack of battery power at the end of the 2018 -2019 sampling period stopped the rotation of the sequential sediment trap in November 2018, resulting in 2.5 months of sediment accumulating in the last bottle. Average discharge and precipitation values are used for comparison with the sequential sediment trap data (n = 44). Data from the sequential sediment trap also provide an average linear annual accumulation rate of 3.05 ± 0.22 cm yr -1 .

Grain-size time series

A systematic bimodal distribution characterizes the grain size distributions of sediments collected in the sequential trap (Fig. 4a). EMA indicates that two subpopulations explain 98% of the distributions (n = 44). EM1 and EM2 have grain size modes of 4.03 µm and 18.7 µm, which corresponds to the two modes identified in the suspended sediment samples from Baker River and its tributaries (Fig. 4b). The contribution of fine material dominates in summer, with average EM1 proportions of 68.6%, whereas the coarser EM2 end member is predominant in winter (58.3%; Fig. 4c).

Surface sediment properties at the head of Martínez Channel

Grain size from the surface sediment samples at the head of Martínez Channel shows a finning trend with increasing distance from the river mouth (Fig. 5). The highest geometric mean grainsize is found for the most proximal sample (16.1 µm), whereas the finest sample (7.1 µm) is the most distal (c. 4 km from the delta front).

The grain-size distributions of all surface sediment samples can be defined by a mixture of three subpopulations in different proportions (goodness-of-fit statistics: R 2 > 0.99, n = 6). The finest subpopulation EM1 has a mode of 4.03 µm, whereas the other two subpopulations EM2 and EM3 have grain size modes of 18.7 µm and 45.6 µm, respectively. EM1 is the most abundant in all surface sediment samples. The proportion of the coarsest end member EM3 decreases from 36% near the river mouth to 0% at the most distal site.

Discussion

Sediment transport processes

Suspended sediments

The sediments collected in Baker River and its tributaries (Fig. 2) and those from the sequential trap (Fig. 4) consistently display two grain-size subpopulations (EM1 and EM2), which are equal in size to the two finest subpopulations of the fjord surface sediment samples (Fig. 5). The consistent presence of the same two fine-grained end members in all samples argues for the occurrence of two main processes controlling the size of the suspended sediment load. Given their high temporal resolution, the sediment trap samples allow us to investigate the possible mechanisms responsible for the temporal variability in the proportions of EM1 and EM2.

Seasonal variations in the grain size of the sediment trap samples show that the greatest contribution of EM1 occurs during high discharge conditions in summer (Fig. 4). Based on the four suspended sediment samples collected in the rivers, which show higher EM1 proportions in the rivers draining glaciated watersheds (Ventisquero, Colonia, and Nef rivers, primarily; Fig. 2), we argue that EM1 (mode: 4.03µm) represents meltwater input from the highly-glaciated areas of the lower Baker River watershed. This interpretation is in agreement with the typical fine grain-size signature of glacial sediments associated to meltwater, generally referred to as silt-size glacial flour or glacial milk (e.g. Benn, 2009a, b;[START_REF] Karlén | Proglacial lacustrine sediments[END_REF]. It is additionally supported by the high correlation between EM1% and temperature in the lower Baker watershed (r = 0.82, p < 0.001; Table 1), as summer temperature is the predominant factor controlling the amount of surface melting of glaciers [START_REF] Oerlemans | Relating glacier mass balance to meteorological data by using a seasonal sensitivity characteristic[END_REF][START_REF] Kaser | Contribution potential of glaciers to water availability in different climate regimes[END_REF]. This is also illustrated by the increase in the EM1% -temperature correlations when using maximum daily temperature (Tmax; r = 0.85) as compared to mean daily temperature (Tmean; r = 0.82; Table 1), independently of the climate dataset (Table S2). In addition, the EM1% -Tmax relation is slightly higher when using temperatures over the western glaciated part of the lower Baker River watershed, compared to the eastern watershed (Table S2), which further supports the meltwater interpretation.

In contrast, EM2 (mode 18.7µm) dominates in winter when meltwater contribution is the weakest (Fig. 4). This coarser subpopulation is more abundant in the suspended sediment samples from the eastern side of the lower Baker watershed, which is weakly glaciated (Del Salto and Los Ñadis rivers; Fig. 2). As precipitation peaks during the winter months when meltwater contribution is limited (Fig. 3), precipitation-driven river discharge is most likely responsible for the presence of EM2, either directly as rainfall or indirectly through snowmelt and rain-on-snow [START_REF] Syvitski | Sedimentology and geomorphology of fjords[END_REF]. This is also consistent with the higher input of terrestrial particulate organic matter of vascular plant origin found during the winter season in Martínez Channel [START_REF] Quiroga | Seasonal benthic patterns in a glacial Patagonian fjord: the role of suspended sediment and terrestrial organic matter[END_REF], which is likely to be of rainfall origin. Although precipitation is not significantly correlated to EM2 abundance (Table 1), this most likely reflects the relative nature of end-member abundances (i.e., EM1 dilutes EM2 and vice versa), and the overall dominance of EM1.

Bedload

The major difference between the fjord surface sediment samples and the river suspended sediment and fjord sediment trap samples is the presence of an additional coarse end member (EM3; mode: 45.6 µm) in all but the most distal samples (Fig. 5). Its abundance in the river-proximal samples suggests a sedimentation process confined to the proximal part of the subaquatic delta, i.e., the rapid deposition of the bedload once the river enters the fjord. The absence of this coarser end member in the sediment trap samples supports the interpretation that EM3 represents river bedload.

The unconfined turbidity currents identified in the non-channelized region of the head of Martínez Channel by [START_REF] Vandekerkhove | Modern sedimentary processes at the heads of Martínez Channel and Steffen Fjord, Chilean Patagonia[END_REF], is the most likely process that transports the bedload to the near-shore delta slopes. This bedload often originates from the cascading-stepwise transport of river bed particles that are mobilized by repeated high discharge events such as floods, whether they are generated by intense rainfall or glacial lake outbursts [START_REF] Syvitski | Sedimentology and geomorphology of fjords[END_REF][START_REF] Syvitski | The prodelta environment of a fjord: suspended particle dynamics[END_REF]. Both mechanisms are plausible given the hydroclimate conditions and the frequent GLOFs reported in the Baker region over the last decade [START_REF] Dussaillant | Repeated glacial-lake outburst floods in Patagonia: an increasing hazard?[END_REF][START_REF] Jacquet | Hydrologic and geomorphic changes resulting from episodic glacial lake outburst floods: Rio Colonia, Patagonia, Chile[END_REF][START_REF] Ross | Glacial Lake Outburst Flood (GLOF) events and water response in a Patagonian fjord[END_REF]. Transport of coarse-silt to sand material is also favored by the high degree of braiding and sinuosity of Baker River, which correlates with the mean width of the river's active channel along its course from Lago Bertrand toward its entrance in Martínez Channel [START_REF] Ulloa | Morphological characterization of a highly-dynamic fluvial landscape: The River Baker (Chilean Patagonia)[END_REF].

Interestingly, EM3 disappears at a distance of c. 3.5 km from the river mouth. By contrast, EM1 (4.03 µm) and EM2 (18.7 µm) occur at all sites, with the relative proportion of EM1 increasing with distance from the river mouth (Fig. 5). These two grain-size subpopulations interpreted as the river wash load are transported in suspension to Martínez Channel and carried towards the Pacific Ocean in the buoyant plume [START_REF] Meerhoff | Spatial structure of the meroplankton community along a Patagonian fjord -The role of changing freshwater inputs[END_REF][START_REF] Ross | Semidiurnal internal tides in a Patagonian fjord[END_REF]. As plume velocity decreases and salinity increases with distance from the river mouth, suspended sediment settles gradually due to flocculation, agglomeration, and pellitisation of finer particles [START_REF] Bennett | Glacial Sedimentation in Water[END_REF][START_REF] Syvitski | The changing microfabric of suspended particulate matter -the fluvial to marine transition: flocculation, agglomeration, and palletization[END_REF][START_REF] Vandekerkhove | Modern sedimentary processes at the heads of Martínez Channel and Steffen Fjord, Chilean Patagonia[END_REF]. Using Acoustic Doppler Current Profiler data from the head of Martínez Channel, [START_REF] Ross | Glacial Lake Outburst Flood (GLOF) events and water response in a Patagonian fjord[END_REF] demonstrated that the strong westerly winds originating from the Pacific Ocean can also help significantly reduce the velocity of the surface freshwater plume, thus favoring sediment settling. Given that the presence of EM3 is limited to a distance of 3.5 km in front of the delta lip, our sediment trap observations should be directly applicable to sediment cores collected further than 3.5 km from the river mouth, and out of the influence of turbidity currents (e.g., prodelta area).

Sediment-climate relationships

Climate signal in sediment grain size

The predominant control of meltwater on the bulk sediment grain size distributions is reflected in the highly significant correlations (p < 0.001) between temperature and grain size mean (r = -0.73), mode (r = -0.78) and EM1% (r = 0.82; Table 1). The main mechanism behind these relations is that high temperatures lead to increased meltwater production, hence increased transport of fine material (EM1) to the fjord. The temporal variations in the grain size parameters mostly reflect the predominant source of water, i.e., precipitation in winter and meltwater during the rest of the year (Fig. 4,6a). However, the compositional nature of these parameters means that only the dominant process, i.e, meltwater input, can be reconstructed from bulk measurements.

Based on our interpretation of the origin of EM1 and EM2, we propose that log(EM1/EM2) can be used as a predictor for mean (r = 0.81, p < 0.001) or maximum temperature (r = 0.84, p < 0.001) in the lower Baker watershed (Fig. 6). Contrary to single parameters (e.g., EM1%) or ratios (e.g., EM1/EM2) that bias conventional statistics due to their compositional nature, log ratios result in normal distributions with symmetrical descriptors, and are preferred here [START_REF] Aitchison | The Statistical Analysis of Compositional Data[END_REF][START_REF] Aitchison | Logratios and natural laws in compositional data analysis[END_REF][START_REF] Weltje | Muddled or mixed? Inferring palaeoclimate from size distributions of deep-sea clastics[END_REF][START_REF] Zhou | The log-ratio approach to the classification of modern sediments and sedimentary environments in northern South China Sea[END_REF]. The relation between log(EM1/EM2) and temperature is significantly positive whether the temperature data is from the Tortel weather station, or integrated over the lower Baker River watershed (Table S2), reflecting the large spatial coherence and homogeneity in temperature across most of western Patagonia (Fig. S3). Although log(EM1/EM2) is also affected by precipitation, which controls the relative amount of EM2, temperature is the main climate variable influencing this ratio as most of the sediment is of glacial origin. For this same reason, the precipitation signal cannot be extracted from bulk grain size distributions and requires the calculation of fluxes.

Climate signal in sediment fluxes

Because the proportions of EM1 and EM2 are relative, linking each end-member to a specific climate variable requires the calculation of fluxes. The total sediment flux (i.e., MAR) was thus decomposed into EM1 flux and EM2 flux, which were then individually compared to climate and hydrological variables (Table 2). EM1 flux best correlates with mean temperature (r = 0.77, p < 0.001), whereas EM2 flux is most significantly correlated to precipitation (r = 0.67, p < 0.001). These correlations validate our interpretation of the origin of the two end members.

To assess how Baker River hydrology is reflected in sediment fluxes in more details, we separated the total Baker River hydrograph (QTotal) into two components following Singh (1992): (i) a meltwater discharge component (QMeltwater) defined as a baseline passing through the minimum values between discharge peaks, and (ii) a rainfall-driven discharge component (QRainfall) calculated by subtraction of the meltwater component from total discharge (Fig. 7a). The similarities between QRainfall and precipitation in the lower Baker River watershed validates the sub-division of total discharge into two components (Fig. 7a). The results show that the total flux of sediment is highly correlated to total river discharge (r = 0.93, p < 0.001; Table 2). Sediment MAR in the fjord can therefore be used to reconstruct total river discharge (Fig. 7c). QMeltwater and QRainfall, on the other hand, are best correlated with EM1 and EM2 flux, respectively (Table 2).

The high correlation between EM1 flux and QMeltwater (r = 0.82, p < 0.001) supports the temperatureinduced meltwater origin of the fine-grained EM1 sediments (Fig. 7; Table 2). However, EM1 flux show a better correlation with QTotal (r = 0.93) than with QMeltwater (r = 0.82; Table 2), which is explained by the ability of rainfall-triggered discharge peaks to remobilize fine material. This is especially the case in winter when Baker River discharge is minimum and material deposited in the river bed is the most vulnerable to erosion. This fine-grained material is likely transferred to the river-fjord system during periods of high-intensity rainfall and/or rain-on-snow events [START_REF] Drewry | Glaci-fluvial processes and sedimentation[END_REF][START_REF] Menzies | Ice flow and hydrology[END_REF][START_REF] Syvitski | Sedimentology and geomorphology of fjords[END_REF]. This allows for a fraction of EM1 to be remobilized and captured as total discharge, rather than meltwater discharge (e.g., April -May 2017; Fig. 7b,c). As rainfall events generate both coarse-(EM2) and fine-grained (EM1) sediment transport, the influence of rainfall on EM1% does not significantly affect the log(EM1/EM2)temperature relationship that was introduced in section 5.2.1 (Fig. 6b). For paleohydrological reconstructions, EM1 flux can therefore be used to reconstruct QMeltwater (Fig. 7c).

Likewise, the high correlation between EM2 flux and QRainfall (r = 0.90, p < 0.001; Table 2) further supports the rainfall-driven discharge origin of EM2. The higher correlation between EM2 flux and QRainfall (r = 0.90), compared to precipitation (r = 0.67), argues in favor of rainfall as the main mechanism to explain EM2 rather than total precipitation, which includes snow. To test the sensitivity of the catchment to this EM2 flux -rainfall relationship, we derived precipitation levels from the western and eastern lower Baker watersheds separately using the catchment-integrated CAMELS-CL dataset. This watershed distinction reveals that the correlation between EM2 flux and precipitation significantly improves for the weakly-glaciated regions to the East (r = 0.71, p < 0.001), compared to the glaciated western watershed (r = 0.59, p < 0.001; Table S2). This means that the coarse grains (EM2), which are mobilized primarily by rainfall, find their origin essentially from the eastern non-glaciated catchment. In addition to validating the use of EM2 flux to reconstruct rainfall-driven river discharge, this observation also has important implications for sediment provenance studies [START_REF] Liu | Provenance of northwestern Patagonian river sediments (44-48°S): A critical evaluation of mineralogical, geochemical and isotopic tracers[END_REF]. It suggests that Baker River sediments predominantly originate from the western glaciated watershed in summer, and from the eastern tributaries in winter.

Implications for paleohydrological reconstructions

The results of this study on modern sediments have significant implications for the use of fjord sediment archives to reconstruct hydroclimate variability in the Baker River region. To some extent, they also provide guidelines for the use of fjord and lake sediment archives in other glacierized watersheds across the world.

On the condition that sediments are collected sufficiently offshore (here, > 3.5 km from the river mouth) and at sites that are not influenced by turbidity currents, air temperature can be reconstructed by measuring grain size without the need to calculate sediment fluxes. This is a major advantage since sediment fluxes require sediment chronologies with higher-than-annual resolution, which is only possible in annually laminated (varved) basins. Future hydroclimate reconstructions in the Baker River area can directly make use of the grain-size end members defined in this study (available in the electronic supplement) to infer mean and/or maximum air temperature using the following equations: This specific relation between log(EM1/EM2) and temperature is bound to the current glacier cover and ice dynamics, and possibly to snow amounts. Whether this relation remains valid under different ice cover conditions in the past and under lower glacier extent in the future remains to be tested. It is likely that this relation remains valid for the past 5 kyrs, given the relatively similar glacier extent and hydrological connectivity in the Baker River watershed [START_REF] Davies | The evolution of the Patagonian Ice Sheet from 35 ka to the present day (PATICE)[END_REF]. We also anticipate that the relation between sediment grain size and temperature can hold under future ice loss conditions, at least until a threshold is reached whereby the ice mass can no longer sustain high discharge [START_REF] Bliss | Global response of glacier runoff to twenty-first century climate change[END_REF][START_REF] Braun | Consequences of climate change for runoff from Alpine regions[END_REF][START_REF] Frenierre | A review of methods for estimating the contribution of glacial meltwater to total watershed discharge[END_REF].

To reconstruct rainfall and/or total river discharge, sediment fluxes, and therefore high resolution MAR, are required. This is much more challenging since the temporal resolution of MAR from sediment cores are limited by the resolution of the age-depth models, which are generally obtained through radionuclides and/or radiocarbon dating. Varved-like sedimentation could potentially overcome this challenge but to date, annually laminated sediments have yet to be found in the Baker-Martinez fjord region.

Given the representativeness of the Baker region within western Patagonia in terms of climate and glaciology (Fig. S3), we believe that our approach can be generalized to most of southern Chile. This study also serves as a basis towards high-resolution hydrological and climate reconstructions from fjord and lake sediments in other glacierized regions of the world. Depending on factors such as glacier extent and climate conditions, our results could be used to assess past changes in precipitation, floods, and glacier mass balance (meltwater input). Although the two modes at 4.03 µm and 18.7 µm will very likely differ in other catchments due to differences in e.g., bedrock properties (e.g. [START_REF] Rosenbaum | Record of Late Pleistocene glaciation and deglaciation in the southern Cascade Range. II. Flux of glacial flour in a sediment core from Upper Klamath Lake, Oregon[END_REF][START_REF] Rosenbaum | Fingerprinting of glacial silt in lake sediments yields continuous records of alpine glaciation (35-15ka), western USA[END_REF], the principles put forward in this article should be transferrable to other sediment-based reconstructions.

Conclusions

The fjord sediments at the head of Martínez Channel are composed of three grain-size populations: (i) two fine end members (EM1 and EM2) corresponding to the suspended load of Baker River, and (ii) a coarse end member (EM3), which is limited to river-proximal environments and that represents the river bedload. EM1 has a mode of 4.03 µm. It represents sediments transported by meltwater, the amount of which is modulated by air temperature in the lower Baker River watershed. EM2 is coarser (mode of 18.7 µm), and represents sediment transported via rainfall-induced river discharge. The extraction of these two end members from fjord sediment grain-size distributions provides valuable information to reconstruct Baker River discharge, as well as temperature and precipitation in the lower Baker watershed. In particular, our results suggest that log(EM1/EM2) can be used to reconstruct mean and maximum air temperature, with the major advantage that it does not require to calculate sediment fluxes. In contrast, reconstructing precipitation and river discharge requires annual fluxes of sediments, and therefore seasonallyresolved sediment records. Although the general absence of varves in Patagonian fjord sediments limits their use to temperature reconstructions, we believe that our approach could help generate accurate hydroclimate reconstructions from lake and fjord sediments in glacierized watersheds worldwide.

Figure captions

Figure 1 Location of the study site in Chilean Patagonia. a. Baker River watershed and Martínez Channel located to the SE of the Northern Patagonian Icefield (NPI). b. Location of the mooring and surface sediment samples at the head of Martínez Channel on the bathymetric map of [START_REF] Vandekerkhove | Modern sedimentary processes at the heads of Martínez Channel and Steffen Fjord, Chilean Patagonia[END_REF]. c. Climate chart of the lower Baker river watershed derived from the WorldClim v. 2.0 gridded dataset (1970-2000;[START_REF] Fick | WorldClim 2: new 1-km spatial resolution climate surfaces for global land areas[END_REF], and monthly Baker River discharge averages (02.2017 -02.2019). Glaciers are presented according to the GLIMS dataset [START_REF] Raup | The GLIMS Geospatial Glacier Database: a New Tool for Studying Glacier Change[END_REF]. 

  Tmean = 10.35 * log(EM1/EM2) + 3.70 Tmax = 13.19 * log(EM1/EM2) + 8.49

Figure 2

 2 Figure 2 Suspended sediment concentrations and grain size in the lower Baker River watershed. a. Mean suspended sediment concentration (in mg L -1 ) of samples collected along Baker River (red dots) and its tributaries (yellow dots) for the sampling period 2008 -2010. b. Results of the grain size End-Member Analysis (EMA) performed on the four suspended sediment samples collected from Colonia, del Salto and los Ñadis rivers, and from the mouth of Baker River, in summer 2019.Glaciers are presented according to the GLIMS dataset[START_REF] Raup | The GLIMS Geospatial Glacier Database: a New Tool for Studying Glacier Change[END_REF].

Figure 3

 3 Figure 3 Comparison of hydroclimate data with Suspended Sediment Concentrations (SSC) and Mass Accumulation Rates (MAR) from the mooring installed in Martínez Channel over two consecutive years (2017-2019). a, b. Daily temperature (red), and precipitation (black) from the lower Baker River watershed (CAMELS-CL; Alvarez-Garreton et al., 2018). c. Daily discharge (blue) from the gauge station of Baker Bajo Ñadis (see Fig. 1 for location). d. SSC from the mooring turbidity sensor located 2m below the water surface. e. Bi-weekly MAR from the sequential sediment trap.

Figure 4

 4 Figure 4Grain size distribution and end-member modeling results of the sediments recovered from the sediment trap between 2017 -2019. a. Grain size distribution of all samples (light grey), and seasonal averages (colors). b. Results of the End-Member Analysis (EMA) on all samples, revealing two dominant end members (R² = 0.99, p < 0.001). c. Contribution of the two end members for each season.

Figure 5

 5 Figure 5Grain size properties of the surface sediment samples collected from the nonchannelized region at the head of Martínez Channel. a. Geometric mean grain size, b. End member abundance, and c. Grain-size distribution and end-member proportions of three representative samples along a proximal-distal transect.

Figure 6

 6 Figure 6Comparison between the grain size end-member analysis results from the sequential sediment trap and temperature over the 2-year monitoring period. a. Bi-weekly variations in the abundance of each grain size end member compared to daily mean (Tmean) and maximum (Tmax) temperature in the lower Baker River watershed (CAMELS-CL;[START_REF] Alvarez-Garreton | The CAMELS-CL dataset: catchment attributes and meteorology for large sample studies -Chile dataset[END_REF]. b. Scatterplot and linear fit between log(EM1/EM2) and temperature, for Tmax (upper panel) and Tmean (lower panel).

Figure 7

 7 Figure 7 Comparison between the different river discharge components, precipitation, and sediment fluxes. a. Total, meltwater, and rainfall-related river discharge (Q) calculated as QRainfall = QTotal -QMeltwater. b. Stack bars of the river discharge components and of the fluxes of the two grain-size end members integrated over the 15-day resolution of the sequential sediment trap. c. Scatterplots between measured QTotal, QMeltwater, and QRainfall, and those inferred from sediment fluxes, using linear log-log regressions.
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Tables

 Table 1Correlations between sediment accumulation rates (MAR) and grain size from the sequential sediment trap with hydroclimate variables integrated over the lower Baker watershed (CAMELS-CL dataset) over the 2-year monitoring period (2017-2019). * p < 0.01, ** p < 0.001. 

Discharge