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Abstract
[bookmark: _Hlk75354086][bookmark: _Hlk64887351]With one of the largest watersheds in Europe draining complex geological terrains within the Alps, Bohemian Massif, Carpathians, Dinarides, and the Balkan Mountains, the Danube River valley has long been linked to the formation of thick loess deposits, particularly within the Middle and Lower Danube basins. However, uncertainty over the provenance of loess-palaeosol sequences along the Danube impacts our understanding of sediment generation mechanisms and hinders interpretation of paleoenvironmental proxies preserved in loess. To date, most of the studies investigating loess provenance in Europe have not attempted a standardised characterisation and synthesis of loess deposits with potential source rocks. Further, despite clear links identified between loess and rivers in Asia and Europe, detrital zircons have not yet been used systematically to investigate the relationship between loess and the fluvial sediments of the Danube and its tributaries. Finally, in European loess research, provenance fingerprinting has often been conducted using indirect approaches or bulk sample geochemical analyses, which have been shown to have a limited application in well mixed sedimentary bodies such as loess. 
[bookmark: _Hlk64894349][bookmark: _Hlk64894566][bookmark: _Hlk75353937][bookmark: _Hlk75353987][bookmark: _Hlk64894900][bookmark: _Hlk75354026][bookmark: _Hlk64895386][bookmark: _Hlk75354064]This provenance study of loess along the Danube River integrates existing zircon U-Pb ages and Hf datasets for loess, rivers, and bedrock, with new loess zircon U-Pb and Hf results from loess sequences in Croatia, Serbia and Bulgaria. The results show that all surrounding mountain belts drained by the Danube (i.e., the Alps, Bohemian Massif, Carpathians, Dinarides Alps, and Balkan Mountains) contribute primary sediment to loess deposits in the Danube valley via its modern tributary network. Critically sedimentary sources remain relatively homogenous along the river, with no apparent major change in source with tributary confluence, further highlighting the role of fluvial transport in homogenising sediment prior to final aeolian deposition. Whilst some small site variations can be observed, they are likely explained by contributions restricted to very local rock outcrops. Moreover, geomorphological results support floodplain sediments as the proximal sediment source and suggest that short-distance aeolian transport dominates sediment delivery to loess sequences, challenging distant sources hypotheses such as major Saharan sources. The identification of sediment sourced from lower elevation regions such as the Bohemian Massif, Dinarides, and Balkans, which did not support ice-caps, suggests that the role of glacial action in silt-size sediment production has been previously exaggerated. Therefore, the glacial and desert loess division inadequately separates and describes sediment generation processes. This research supports and furthers previous work, which suggests “mountain sourced and transported by-rivers” as a more appropriate term for the particles forming loess, at least in the Danube basin. 
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1. Introduction
[bookmark: _Hlk64896794]Loess deposits along the Danube river have been accumulating since at least the mid-Quaternary (Jordanova et al., 2008; Marković et al., 2011) and preserve some of the longest terrestrial records of palaeoenvironmental and palaeoclimatic changes in Central and Southeastern Europe (Marković et al., 2015). The primary sources of the silt-sized particles forming the majority of the Danubian loess in previously ice-covered mountainous regions (Buggle et al., 2008; Jipa, 2014; Lehmkuhl et al., 2021; Schatz et al., 2015; Smalley and Leach, 1978; Újvári et al., 2008; Újvári and Klötzli, 2015) are still debated, which impacts our understanding of sediment generation mechanisms and its regional dispersal by fluvial activity and other processes (Matenco et al., 2013). Additionally a lack of consensus over the dynamics of the secondary, geomorphological sediment storage pools (temporary holding areas), e.g. deflation from river terraces, floodplains, periglacial environments, or glacially derived deposits (Badura et al., 2013; Mahaney and Andres, 1991; Muhs, 2013a; Smalley, 1966), further hinders efforts to reliably constrain the sediment transport mechanisms and pathways of mineral particles (mainly silt-sized) forming loess deposits. Together these suppositions limit the application of loess studies to furthering our understanding of atmospheric dust activity and impedes interpretation of certain loess environmental proxies such as grain-size. 
[bookmark: _Hlk64896964]While debate still persists in the literature, glacial grinding and cold-climate weathering processes are widely thought to be the primary processes generating the fine particles that form loess, especially in high latitudes and mountain environments (Bullard, 2013; Mahaney and Andres, 1991; Muhs, 2013b; Smalley, 1966). Consequently, glacial grinding under the Fennoscandian Ice-Sheet was seen as capable of generating large quantities of silt size sediment. As a result, the Scandinavian Mountains and Shield were proposed as an important source area of Danubian loess (Smalley and Leach, 1978), with sediment delivered by glacial meltwater into the Danube River catchment area via the Moravian depression. However, based on loess bulk sample geochemistry, Buggle et al. (2008) excluded contributions from Scandinavian proto-sources, at least for loess investigated in Serbia. 
[bookmark: _Hlk64898690][bookmark: _Hlk64897118][bookmark: _Hlk75349023]The Alps and Carpathians have also been suggested to be the primary source regions for Danube loess, based on conceptual models (Smalley et al., 2009; Smalley and Leach, 1978), bulk sample elemental composition of loess from Serbia (Buggle et al., 2008) and Hungary (Újvári et al., 2008), and loess bulk sample Sr-Nd isotopes and detrital zircon U-Pb ages (Újvári et al., 2012). Some researchers have since advocated for the importance of smaller, more proximal, mountainous regions as sediment producers, such as the Bohemian Massif (Újvári et al., 2013; Újvári and Klötzli, 2015), Transdanubian Central Range (Thamó-Bozsó et al., 2014), Slavonian Mountains (Banak et al., 2012), and Balkan Mountains (Jipa, 2014). While the Alps were covered by an ice-cap, which was able to generate large volumes of fine gained sediment, the extent to which the Carpathian and Balkan Mountains or Bohemian Massif supported features larger than unconnected glacier lobes during glacial periods is debated (Engel et al., 2017; Hughes and Woodward, 2017; Kłapyta et al., 2021; Mentlík et al., 2013; Urdea et al., 2011), and by implication it is unclear whether they could have generated the large quantities of silt size sediment sufficient to form the extensive Danube loess deposits. If areas without large ice sheets are also confirmed as source regions for the Danube loess deposits, then the postulated need for extensive glacial activity in silt production and ultimately loess formation may have been previously exaggerated.
[bookmark: _Hlk64898906]Alluvium has often been emphasised as a major immediate, geomorphological source of loess deposits (Lehmkuhl et al., 2021, 2016; Smalley et al., 2009). The Danube’s floodplains have been identified as loess sources by numerous researchers (Jipa, 2014; Pötter et al., 2021; Thamó-Bozsó et al., 2014; Újvári et al., 2014; Varga et al., 2013) implying they temporarily store sediment derived from the Alpine or Carpathian regions. These source signatures were noted in Danubian alluvium in Serbia (Buggle et al., 2008) and Hungary (Újvári et al., 2008), which was subsequently considered as a proximal loess source at both localities. Other larger tributaries (e.g. Tisza, Drava, Sava, Olt, or Jiu) are seen as delivery routes for sediment from additional smaller source regions (Bösken et al., 2019; Jipa, 2014; Pötter et al., 2021; Schatz et al., 2015), however their isotopic source signatures have not been compared with the Danubian loess deposits and therefore little is known about their contributions. 
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[bookmark: _Hlk64899873]Figure 1. A) Location of loess profiles, modern rivers, fluvial sediment and the catchments of the Danube and its main tributaries mentioned in the text. B) Location of primary source rocks, modern rivers, fluvial sediment and loess profiles mentioned in the text. Loess and fluvial sites analysed in this study are in bold. Capital letters refer to loess profiles A - Stratzing and Krems, B- Wels, C - Basaharc, D - Mende, E - Paks, F - Zmajevac, G - Erdut, H – Surduk 2, I - Slivata. Numbers refer to river sites: 1- Basaharc fluvial sands, 2- Tisza, 3- Danita puszta fluvial sands, 4- Drava, 5- Tisza, 6- Sebeșel, 7- Jiu, 8- Olt, 9- Turnu, 10- Tulcea, 11- Siret, 12- Braila. The black square marks the location of the Tauern Window. For source metadata see Supplementary Table S1 and S2. (DEM Source: ©JAXA).
Lastly, distal sediment holding areas, such as the Sahara Desert, have also been suggested based on analysis of particle size and modern dust sources (Stuut et al., 2009; Varga et al., 2013), past contributions to palaeosols (Varga et al., 2016), and dust flux and elemental composition in Carpathian peat bogs (Longman et al., 2017). The increased frequency and magnitude of dust storms originating from Africa during the glacial period are thought to be the mechanism behind any additional sediment delivery from the Sahara (Goudie and Middleton, 2001). However, so far Saharan geochemical signatures cannot definitively be confirmed in Danubian loess deposits due to the absence of indicator minerals (Újvári et al., 2012). 
[bookmark: _Hlk64901143]Potential variation of loess source material across the Pannonian Basin has only been briefly touched on in previous research, despite its relevance to understanding dust and sediment transport pathways. In a theoretical analysis, Smalley and Leach (1978) argued shifts in loess source likely occurred where new tributaries entered the Danube’s system, e.g. the Moravian gate or Tisza confluence. Similarly Nemecz et al. (2000) compared the dolomite to calcite ratio in Hungarian and Serbian loess and argued that one of the tributaries (the Drava or Tisza) delivers more calcite to loess in Serbia, diluting the dolomite to calcite ratio, or that loess in Hungary receives larger inputs of dolomite than loess in Serbia (Kostić and Protić, 2000). In Croatian loess the potential importance of tributaries in shifting the loess provenance signal was demonstrated, where proximity to the Sava’s alluvium and regionally exposed bedrock likely caused slights shifts in loess mineral assemblages (Banak et al., 2013). Buggle et al. (2008) compared bulk sample elemental composition between loess in the Dobrogea (Romania) and Pannonian Basin (Serbia) and argued for source variability, attributing the differences in the Dobrogea loess to inputs from other large glaciofluvial sources in Ukraine. This result was further corroborated by Jipa's (2014) Lower Danube sediment transport model, which indicated that despite similarities, source variation between sites in Bulgaria and Romania could be observed and attributed to inputs from different tributaries and therefore laterally changing geologies. Recent bulk sample XRF analysis of the Lower Danubian loess by Pötter et al. (2021) showed that while local contributions can be discerned in loess records further from the Danube, the majority of the loess geochemical signal follows a consistent pattern corresponding to the Danube alluvium. 
[bookmark: _Hlk64901845][bookmark: _Hlk75354335][bookmark: _Hlk75354369][bookmark: _Hlk64902123]Consequently, source homogeneity across a region as large as the entire Danube Basin would suggest that either there is one dominant sediment source contributing to the region and supressing other signatures, or large scale sediment mixing is taking place, which provides an “averaged” homogenous provenance signal in all deposits. Újvári et al. (2008) supported this latter idea, showing bulk sample geochemical uniformity between numerous loess-palaeosol profiles across southwestern Hungary. Schatz et al. (2015) also argued for sediment homogeneity of loess in Tokaj, Hungary (Pannonian Basin) and Grub, Austria (Vienna Basin) based on bulk sediment elemental and isotopic composition. However, as the former is located in the foothills of the North Hungarian Mountains (West Carpathians) and the latter in the foothills of the Alps, it is unlikely that these sites share primary sources, but rather that their respective source rocks have similar compositions, which bulk sample geochemistry is not able to separate. Additionally, the hypothesis of multiple sources implies there could be numerous end-members for each given site that either contribute equally or are found on a mixing line. Loess bulk sample geochemistry may therefore not be an appropriate methodological approach for identifying sources of sediments that are typically well mixed as discussed by, e.g. Stevens et al. (2010), based on the analysis of loess from the Chinese Loess Plateau. 
[bookmark: _Hlk64903066][bookmark: _Hlk51159277][bookmark: _Hlk64962005][bookmark: _Hlk74137980]U-Pb isotope analysis of zircon represents a powerful and widely used technique to analyse multiple single grains and assign multiple sediment sources to sediments, overcoming many of the limitations of bulk geochemical analyses (Stevens et al., 2010). While extensively used in Chinese loess (Bird et al., 2015; Che and Li, 2013; Fenn et al., 2018; Licht et al., 2016; Nie et al., 2015; Stevens et al., 2010; Zhang et al., 2021), to date only a handful of zircon U-Pb loess provenance studies have been conducted in Europe (Baykal et al., 2021; Pańczyk et al., 2020) with two on Danube (Újvári et al., 2012; Újvári and Klötzli, 2015) and only one of them presenting results of zircon Hf isotope analysis. The majority of studies use bulk sample elemental composition (Buggle et al., 2008; Obreht et al., 2015; Pötter et al., 2021; Újvári et al., 2008), or indirect approaches (such as geomorphological and mineralogical mapping (Jipa, 2014), theoretical approaches (Smalley et al., 2009; Smalley and Leach, 1978), or particle size (Bokhorst et al., 2011)), and do not carry out comparisons with source rocks, or previous geochemical studies. Therefore, they do not consider the full implications for palaeoclimate and sediment production on a broader sedimentary basin scale. Critically, while Ducea et al. (2018) have examined Lower Danube detrital zircon signatures within river sediments, no detailed synthesis or analysis of river sediment provenance from the entire Danube and tributaries currently exists. The study of sediment provenance in major rivers in loess areas has been shown to be critical in resolving questions over sediment routing in the Chinese Loess Plateau (Nie et al., 2015; Stevens et al., 2013). To overcome these limitations and systematically investigate the provenance of Danube River and associated loess sediments, this study presents new detrital zircon U-Pb (3453 grains) results from 31 loess, palaeosol, and fluvial samples complemented by 210 existing loess, fluvial, and potential primary source rock datasets to constrain the source regions for loess material along the Danube River (Figure 1) and explore spatial variability between sites. To overcome potential homogeneity of detrital zircon U-Pb ages between source regions, in addition to U-Pb dating, analysis of zircon Hf isotopes (3089 grains) is also conducted. The results of Hf isotope analysis are further compared to 57 published loess and primary source rock datasets. 
2. [bookmark: _Hlk64962457]Geologic setting
[bookmark: _Hlk75353754]Central and Eastern Europe (Figure 2) has a very complex geological history and is broadly composed of twelve tectonic units (Schmid et al., 2008).. The region was shaped by several continental collisions, rifting, and mountain building events, which  culminated with the collision of Africa and Eurasia, the closure of the Tethys Ocean, and associated Alpine Orogeny (2.5-65 Ma) responsible for the uplift of the Alps, Carpathians, Dinaric Alps and Balkan Mountains that now surround the Pannonian Basin (Schmid et al., 2020, 2008; van Hinsbergen et al., 2020). Whilst this tectonic activity is responsible for the present-day continental geography, many of the terranes were subject to multiple cycles of continental and oceanic pre-Alpine crustal and sedimentary reworking (Abbo et al., 2018; Avigad et al., 2017; Kroner and Romer, 2013; Meert, 2012; Meinhold et al., 2013, 2010; Spencer et al., 2013; Stampfli and Borel, 2002). 
Of particular importance is the tectonic evolution since the assembly of Gondwana (750 Ma), since many crustal segments have been incorporated and now outcrop throughout Central Europe. The initial island arc formation throughout the Cryogenian and into the early Ediacaran resulted from the breakup of Rodinia and development of the Mozambique Ocean, with continental collision forming the East African Orogen (Johnson et al., 2011; Stern, 1994). The final consolidation of the Gondwana supercontinent occurred between 650 and 550 Ma, and is associated with spatially varied Pan-African orogenic mountain building events, volcanism and magmatism (Cawood and Buchan, 2007; Hefferan et al., 2014; Küster and Harms, 1998; Meert, 2003; Nance et al., 2008; Squire et al., 2006; Veevers, 2007, 2003). During the late Neoproterozoic at Gondwana’s northern active margins, a series of detached basement blocks (peri-Gondwana terranes) began to develop (von Raumer et al., 2003; Zeh and Gerdes, 2010), and were eventually separated from the supercontinent by the opening of the Rheic ocean ~485-465 Ma (Nance et al., 2012; Stampfli et al., 2013; Stampfli and Borel, 2002; von Raumer et al., 2015). The widespread Pan-African uplift events translated into enhanced erosion and weathering, recycling and subsequent deposition of sediment on the peri-Gondwanian shelf by a complex fluvial and fan system (Abbo et al., 2018; Avigad et al., 2017; Hefferan et al., 2014; Iizuka et al., 2013; Meinhold et al., 2013; Wang et al., 2019).
At the western margins of Gondwana rifting events during the Cambrian and Early Ordovician, that led to the development of the Rheic Ocean, resulted in the detachment of Avalonia (Burda et al., 2021; Linnemann et al., 2012; Nance et al., 2012; von Raumer et al., 2003). The movement of Avalonia north-eastwards, progressively closing off the Tornquist Sea, culminated in the collision with Baltica by the late Ordovician and early Silurian (Oliver et al., 1993; Trench and Torsvik, 1992). The amalgamation of these two continental fragments resulted in the development of the Trans-European Suture Zone (Torsvik and Rehnström, 2003; Walczak and Belka, 2017), which was further reactivated during the Variscan and Alpine orogenies. 
Further rifting from early Ordovician (~490 Ma) at the northern margin of Gondwana separated Cadomian terranes and led to the development of Palaeo-Tethys (Stampfli et al., 2002; Stampfli and Borel, 2002; von Raumer et al., 2015, 2003). Both the Rheic and Palaeo-Tethys continued to operate, separated by Cadomia, until the closure of the Rheic Ocean ~280 Ma (Abbo et al., 2020; Nance et al., 2010) by the collision of Laurussia and Gondwana, which resulted in the Variscan Orogeny, and assembly of Pangea (Edel et al., 2018; Kroner and Romer, 2013; Stampfli et al., 2013; Stephan et al., 2019). The first phase of Pangea’s break up begun in the Triassic, however most reconstructions place the main stages of rifting in early to middle Jurassic, when the Tethys system began to open up (Rosenbaum and Lister, 2005; Schmid et al., 2020, 2008; Stampfli and Borel, 2002; van Hinsbergen et al., 2020). The gradual and complex events led to the separation of the Gondwana remnants, the closure of Tethys, concluding with the collision the African and European plates, the Alpine orogeny, and the modern-day distribution rocks seen in Figure 2. 
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Figure 2. Simplified geological map of the study region (adapted from Pawlewicz et al. (2002) and Persits et al. (1999)) . White squares - location of U-Pb supporting datasets; black circles – location of the Hf isotope supporting datasets as outlined in Figure 1. To aid clarity some periods have been combined based on the relevance to this research (e.g. Palaeogene, Neogene, and Quaternary).
3. Methods 
3.1. Sample collection and preparation
Approximately 2 kg of bulk sediment was collected from each sampling point at the Erdut (Croatia), Surduk 2 (Serbia), and Slivata (Bulgaria) loess-palaeosol profiles (Figure 1). The stratigraphic position, lithology, and sample numbers are presented in Supplementary Table S2. The loess-palaeosol unit nomenclature is based on previous chronological studies at each site; Erdut (Fenn et al., 2020a), Surduk 2 (Fenn et al., 2020b), and Slivata (Fenn et al., 2021). The samples span two glacial-interglacial cycles, from the Holocene soil (S0) to the MIS 7 interglacial palaeosol (S2). Additionally, modern river sediment from the exposed sandy-silty alluvium was sampled from the Drava and Tisza Rivers (Figure 1, points 4 and 5 respectively).
[bookmark: _Hlk82679499][bookmark: _Hlk80886633]Loess is typically poorly sorted with a wide range of particle sizes, a larger proportion of clay in palaeosols and coarser silt and sands in loess units (Pye, 1995). The mean, median, and mode are all used to describe loess average grain size, which may lead to difficulties in grain size comparison. Nonetheless, typical loess in the Pannonian Basin has a mode in the range of 25 - 40 µm (Fenn et al., 2020a; Marković et al., 2006; Vandenberghe et al., 2014; Varga et al., 2019), a mean of 15 - 45 µm (Újvári et al., 2016; Varga et al., 2019), and a median of 15 - 40 µm (Újvári et al., 2016). Grain sizes below 20 µm are typically associated with palaeosols and do not contribute more than 20 % to the particle size distribution (Antoine et al., 2019, 2009; Marković et al., 2008; Novothny et al., 2011). To achieve a balance between targeting the dominant fraction in loess sediment, ability to distinguish and avoid grains with complex internal structures or obvious metamorphic overgrowths, and isotope fractionation during the laser ablation ICP-MS, a 20 μm laser spot was used for U-Pb and a 25 μm spot for the Hf isotopes. Therefore all grains analysed were larger than 20 μm. 
[bookmark: _Hlk80886510][bookmark: _Hlk82679847]Sample preparation and analysis was carried out at the Geochronology and Tracers Facility of the British Geological Survey. First, 1 kg of sediment was subject to Stoke’s settling to remove clay (<4 μm) from the bulk sediment. The remaining sediment was processed through a super-panner to concentrate heavy minerals and dried overnight in a drying cabinet. Next, heavy minerals were separated from the concentrate using heavy liquid (di-iodomethane; 3.3 g cm-3) and zircons enriched fractions extracted through magnetic separation by Frantz Isodynamic Separator. Zircon-enriched separates were mounted on epoxy disks (without picking, to avoid size and identification bias), and polished to reveal majority of grain centres. All grains were imaged using cathodoluminescence (Quanta FEI scanning electron microscope) prior to U-Pb and Hf analysis to create a stub map and help identify grains for measurement.
3.2. Detrital zircon U-Pb age analysis
[bookmark: _Hlk71538994]To obtain U-Pb ages, imaged grains were analysed using two mass spectrometer systems: a Nu Instruments AttoM single-collector inductively coupled plasma mass spectrometer (SC-ICP-MS); and a Nu Plasma HR multi-collector mass spectrometer (MC-ICP-MS). All samples were analysed using a 20 μm laser spot, with a 20 second laser warmup/sample washout, and a 30 second laser ablation dwell time (full analysis parameters can be found in Supplementary Table S4). Between two and four measurements of each of the reference materials (Plešovice zircon (Sláma et al., 2008), 91500 (Wiedenbeck et al., 1995), and GJ-1 (Horstwood et al., 2016)) were conducted every ~30 grains to correct the instrument mass bias and depth dependent inter-element fractionation of U, Pb, and Th. All data were processed using a combination of Iolite data reduction software (Paton et al., 2011) and IsoplotR (Vermeesch, 2018a). For grains <1.2 Ga, the 206Pb/238U age was used, whereas for older grains, the 207Pb/206Pb age was chosen. Ages were rejected if the discordance exceeded ±10%. All raw data for samples and standards including element concentrations, ratios, and ages can be found in Supplementary Table S5.
3.3. Detrital zircon Hf isotope analysis
[bookmark: _Hlk64965121][bookmark: _Hlk74208889][bookmark: _Hlk71541355]Following the U-Pb age analysis each grain was re-analysed for the Lu-Hf isotopic composition, targeting the same spot used for the U-Pb analysis. Isotope analyses were carried out at the British Geological Survey using a Thermo Scientific Neptune Plus MC-ICP-MS coupled to a New Wave Research UP193UC Excimer laser ablation system. Helium was used as the carrier gas through the ablation cell with Ar make-up gas being connected via a T-piece and sourced from a Cetac Aridus II desolvating nebulizer. 0.01 l/min of nitrogen were introduced via the nebulizer in addition to Ar in order to minimise oxide formation. Lutetium (175Lu), Ytterbium (172Yb, 173Yb), and Hafnium (176Hf, 178Hf, 179Hf and 180Hf) isotopes were measured simultaneously during static 30 second ablation analyses. The spot size used was 25 µm; fluence = 8 J cm2. 
[bookmark: _Hlk75350184]Hf reference solution JMC475 was analysed during the analytical session and sample 176Hf/177Hf ratios are reported relative to a value of 0.282160 for this standard. Reported ratios are relative to 179Hf/177Hf = 0.7325. Correction for 176Yb on the 176Hf peak was made using reverse-mass-bias correction of the 176Yb/173Yb ratio empirically derived using Hf mass bias corrected Yb-doped JMC475 solutions (Nowell and Parrish, 2001). 176Lu interference on the 176Hf peak was corrected by using the measured 175Lu and assuming 176Lu/175Lu = 0.02653. Three zircon reference materials (91500 (Blichert-Toft, 2008), Mud Tank (Woodhead and Hergt, 2005), and GJ1) were analysed throughout the analytical session at regular intervals (typically after every 40-50 unknowns). The 91500 zircon reference material was used as the primary standard in Iolite, and was used to normalise the 176Lu/177Hf ratio assuming a value of 0.000311 (Woodhead and Hergt, 2005). Weighted mean 176Hf/177Hf values for the analysed standards are as follows: 91500, 0.282307 ± 0.000003 (2s), MSWD = 0.87, n = 304; GJ-1, 0.282017 ± 0.000003, MSWD = 0.74, n = 286; Mud Tank, 0.282509 ± 0.000003, MSWD = 0.82, n = 285. See Supplementary Table S6 for more detail.
Analytical uncertainties for unknowns were propagated by quadratic addition to include the standard error of the mean of the analysis and the reproducibility of the 91500 reference material. εHf values were calculated using a 176Lu decay constant of 1.867 x 10-11y-1 (Söderlund et al., 2004), the present-day chondritic 176Lu/177Hf value of 0.0336, and a 176Hf/177Hf ratio of 0.282785 (Bouvier et al., 2008). Hf-isotope data was processed using the Iolite data reduction package (Paton et al., 2011). All raw data for samples and standards including element concentrations, ratios, and ages can be found in Supplementary Table S7.
Hafnium isotope compositions are presented as εHf values, and represent the time-integrated deviation of a zircon’s hafnium isotope composition in parts per 10,000 from the Chondritic Uniform Reservoir (CHUR) at the time of crystallisation (as determined by the measured U-Pb age).
3.4. Supporting datasets
[bookmark: _Hlk80886871]To investigate the primary sources of the material for loess deposits, 160 U-Pb and 60 Hf isotope datasets for zircon were collected from published literature, which amounts to 10507 and 648 grains respectively. The collected datasets comprise a range of sources including various sedimentary settings (loess, fluvial, alluvial, desert) and bedrock. Most of the datasets are located within the modern drainage of the Danube River (Figure 1), however some of the potential source regions either lack data for comparison or data are very sparse. This is particularly evident for the Eastern Carpathians, and the full extent of the Balkan Mountains and Dinaric Mountains. However, to overcome this challenge datasets from rocks of same age (Figure 2) are included as a proxy for the rocks within modern Danube Basin. It also has to be considered that while these rocks are presently not within the Danube drainage basin, little is known about the extent of palaeodrainage. Further zircon recycling and temporary storage in sedimentary bodies over geological timescales could mean that a small fraction of grains from rocks presently not found within the Danube drainage basin could still contribute to loess deposits.
Collected zircon U-Pb and Hf datasets were all recalculated and scrutinised following the methodology applied to the newly collected datasets. Published data were discarded based on the U-Pb discordance (outside the applied ±10%), a mismatch between the U-Pb and Hf data, and in cases where discordant U-Pb data was used in the εHf calculation. 
3.5. Data analysis and visualisation
[bookmark: _Hlk5029835][bookmark: _Hlk21602594]The resulting 31 new datasets (29 loess-palaeosol and 2 fluvial) comprise 3453 zircon U-Pb ages and 3089 zircon Hf isotopic compositions. Zircon U-Pb ages were visualised through Kernel Density Estimation (KDE; Vermeesch, 2012) using the detzrcr R package (Kristoffersen et al., 2016). The datasets were compared with published loess, river, and source rock datasets through the multi-dimensional scaling statistical approach (MDS; Vermeesch, 2013). Related to Principal Component Analysis, MDS, aims to statistically simplify datasets by reducing them into two-dimensional ‘maps’, where similar data points are plotted in clusters and dissimilar ones are mapped far apart. The distance between points approximates distance in a mathematical sense (Vermeesch, 2018a, 2018b) and is calculated using a Kolmogorov-Smirnov (KS) statistic (Vermeesch, 2013). The “non-metric” algorithm, which ranks rather than approximates dissimilarities, was used for all MDS configurations. The results are plotted on the dimensionless MDS plot and range from -1 to 1. Zircon Hf isotope–time evolution was plotted using the detzrcr R package (Kristoffersen et al., 2016). The Hf isotopic age data were further re-calculated to create a “heat map”, using a version of Kernel Density Estimation analysis modified for R (Botev et al., 2010). 
To focus on identifying the main primary sources of loess material in the Carpathian Basin and provide an overview of loess composition in the Danube catchment, the loess zircon U-Pb analysis from this work and previously published studies were combined to create an Average Danube Loess sample (ADL; 3566 data points). We note that this is an artificial sample and needs to be treated as such but by removing any potential inter-site variability this procedure provides a basis for investigating the overall characteristics of the main dataset and to fingerprint the dominant sources. In the second step focused on investigating geographical variability in source contributions along the Danube, U-Pb ages from loess and palaeosol units at each site were combined to create a site average. Importantly, the combined datasets for the sites investigated in this study (Erdut, Surduk 2, Slivata 1, and Slivata 2), are almost an order of magnitude larger than other loess datasets available in Europe. Therefore, in line with the suggestions of Vermeesch (2004) care must be taken when comparison is made to these relatively low grain number samples as populations <5% might be absent due to the number of grains analysed. 
4. Detrital zircon geochronology and Hf isotopic composition
[bookmark: _Hlk80707488][bookmark: _Hlk80708273][bookmark: _Hlk73610487][bookmark: _Hlk74209371][bookmark: _Hlk73718488][bookmark: _Hlk73611708][bookmark: _Hlk75350488][bookmark: _Hlk73612089][bookmark: _Hlk73614359]The ADL’s KDE plot shows a continuous spread of zircon U-Pb ages (Figures 3 and 4), with three dominant age populations of similar abundances at ~330 Ma (12.1 %), ~450 Ma (11.1 %), and 600 Ma (10.4 %). These are more or less replicated in all loess samples from sites located near the Danube River, although the smaller proportion of grains in some of the populations at other sites are likely an artefact of smaller sample size. Grains with Carboniferous ages are common in all samples (11-20%) and in terms of a proto-source relate to the Variscan orogeny and associated magmatic events, as would be expected given the regional geology (Stephan et al., 2019). An alternative source for these grains could be (meta-) sedimentary rocks of Mesozoic-Cenozoic age, in which case they would represent zircon recycling. A Cambro-early Ordovician age peak appears in most samples, though in most cases it forms the smallest population (3-11%). These ages encompass a series of ocean floor spreading and closures, island arcs, and subduction zones that developed during collisions that produced proto-Europe (Kroner and Romer, 2013; Linnemann et al., 2014; Stampfli et al., 2013; von Raumer et al., 2003). Whilst samples from the loess profiles at Basaharc, Mende, Paks and Zmajevac contain a population of 400-450 Ma grains this population is younger and rather relates to late Ordovician-Silurian events. Finally, the ~600 Ma population associated with Gondwana-derived sources (Fielding et al., 2017; Zeh and Gerdes, 2010) consistently provides a large proportion of grains in all samples, though at the Paks and Zmajevac loess profiles the age peaks are centred around 550 Ma. All sites have a long Tonian tail (700-1000 Ma) and some smaller populations around 2000 Ma and 2500 Ma. Only 1.6% of zircon grains in the ADL are older than 2.5 Ga, and at individual sites this varies between 1% (Slivata 2) and 9.7% (Zmajevac), with Mende containing no such grains at all. A small change in the young grain age spectra is also observed, with <100 Ma almost absent at Erdut (0.3 %), 1.9% at Surduk 2, 1.8% at Slivata 1, and 1.3% at Slivata 2 (Figures 3, 4, and Supplementary Figure S1). Crucially the relative proportion of grains represented by each peak shows only minor inter-site variability (Figure 4).
[image: Diagram

Description automatically generated]
[bookmark: _Hlk64962760][bookmark: _Hlk64975779]Figure 3. Zircon U-Pb Kernel Density Estimator (KDE) diagram for the Average Danube Loess (ADL) sample and loess-palaeosol profiles (ordered from upstream to downstream) marked in Figure 1 (A- Stratzing and Krems, B- Basaharc, C- Mende, D- Paks, E- Zmajevac, F- Erdut, G- Surduk 2, H- Slivata). 25 Ma bandwidth, 50 Ma binwidth, and Gaussian kernel was used for all diagrams. Grey shading marks the three dominant populations seen in ADL. Results from this study are marked in bold. For each loess site datasets from various units were combined. The chronostratigraphic position of each unit is indicated in brackets; S0 – Holocene soil, L1- last glacial loess, S1 – last interglacial palaeosol, L2 – penultimate glacial loess, S2 – penultimate interglacial palaeosol. Dataset sources: Paks, Mende, Basaharc, Zmajevac (Újvári et al., 2012), and Stratzing combines Stratzing and Krems datasets (Újvári and Klötzli, 2015). See Supplementary Figure S1 for the plot focused on 0 – 1000 Ma. 
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Figure 4. Zircon U-Pb age proportions by geologic period (ages in Ma in parentheses) for samples shown in Figure 3. Percentage values are given for periods that account for the three dominant populations in ADL (grey shading in Figure 3).  
[bookmark: _Hlk74210052][bookmark: _Hlk79668411][bookmark: _Hlk79669229]Zircon U-Pb ages are combined with in situ obtained hafnium isotope data, where the initial εHf value from each grain at the time of its crystallisation is plotted against its age (Figure 5). Depleted mantle rocks have 176Lu/177Hf values higher than CHUR, so develop positive εHf compositions through time. The depleted mantle (DM) evolution line in Figure 5 is derived using present-day values of 176Hf/177Hf = 0.28325 and 176Lu/177Hf = 0.0384 (Griffin et al., 2006). Crustal rocks in general have low 176Lu/177Hf, so evolve negative εHf compositions. Zircon grains with positive εHf values (between the CHUR and DM lines) are interpreted as sourced from juvenile magmas while negative values (below the CHUR) indicate zircons crystallised from re-melted crust. Granites formed in subduction-related, or collisional / post-collisional settings typically show a range in hafnium isotope compositions reflecting mixing between depleted mantle sources and melts derived from ancient crust. In the case of the Danubian loess detrital zircon hafnium compositions mostly fall between the depleted mantle evolution line, and the evolution trend of 3500 Ma crust. This range of compositions is similar to that shown by Gondwana-derived sedimentary sequences (e.g. Fielding et al. 2017). However, the great majority (~80%) of the zircons in the loess have only mildly negative εHf (0 to -10), indicative of remelting of relatively juvenile crust, or a relatively small contribution of non-radiogenic hafnium from more ancient crust. However contributions from Palaeoproterozoic or older crust are minor as within each major age population only a small proportion (~2.6 %) of grains have εHf lower than -20.
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[bookmark: _Hlk73540556][bookmark: _Hlk74210133]Figure 5. Probability density plot showing Hf isotope–time evolution of Average Danube Loess (ADL) plotted together with U-Pb zircon ages. Panels: A) All datapoints; B) 0-1200 Ma interval. To illustrate the origins of zircon grains, the 3500 Ma crust evolution line and shading denoting supercontinent existence (blue shading) and Tornquist Sea closure (TSc; orange shading) are added. 
[bookmark: _Hlk79670641][bookmark: _Hlk73615421][bookmark: _Hlk79675208]In detail, the Hf isotope–time evolution for the ADL (including only samples analysed in this study) (Figure 5) shows three fairly well-defined peaks and three maxima in ɛHf–age space. Variations in the dominant age peaks are mostly attributed to differences in the proportions of juvenile and mature crust grains for the same age population. The highest concentration of grains is found for the 330 Ma population, though the cluster is not well defined, with the majority of values found between 0 (upper quartiles) and -5 (lower quartiles). The 450 Ma peak is represented by very similar cluster of slightly negative ɛHf values (-0.35 to -5, upper and lower quartile respectively), with a nominally more defined concentration in comparison to the 330 Ma population cluster. The 600 Ma population shows the widest discontinuity between density “hotspots” for the age grouping, with both juvenile εHf (+3<) as well as crustal contributions (<-5), suggesting at least two different sources contributing to this age peak. Both 330 and 450 Ma populations may reflect zircon growth in magmas derived by melting of Neoproterozoic mafic crust. However to explain the strongly negative values shown by some data points at c. 600 Ma some involvement of melts derived from Palaeoproterozoic or older crust is required. These grains plot along the evolution line for the 3000-3500 Ma North African crust (Fielding et al., 2017). Lastly some variability can be observed in the young age spectra at ~50 and 100 Ma and a continuous ɛHf spread from +5 to -10, indicating mixing between depleted mantle-derived and more mature crustal hafnium and potentially volcanic arc setting. 
[image: Calendar

Description automatically generated]
[bookmark: _Hlk75354674][bookmark: _Hlk51083794]Figure 6. Zircon U-Pb Kernel Density Estimator (KDE) diagram for potential dust sources shown in Figure 1 (colour coded): rivers (dark blue), the Alps (white), Bohemian Massif (brown), Moldanubian Zone (blue), West Carpathians (yellow), Bükk Mountains (black), South Carpathians (light blue), Dinaric Alps (ochre), Balkan Mountains (light turquoise), Sahara Desert (dark red), and Scandinavia (light green). Fluvial sands sample comprise Basaharc and Danitz puszta fluvial sands (Figure 1 points 2 and 5), Tisza includes two samples shown in Figure 1 (2 and 5), and Lower Danube combines three datasets (Figure 1 points 9, 10, 12). Grey shaded areas represent the three dominant populations seen in ADL. A 25 Ma bandwidth, 50 Ma binwidth, and Gaussian kernel were used for all diagrams. See Supplementary Table S1 for source metadata details and Supplementary Figure S1 for higher resolution KDEs. 
5. Discussion
[bookmark: _Hlk82680040]U-Pb zircon datasets, for individual sites and for the ADL, were compared with 10,507 zircon grains from 160 published datasets from rivers, deserts, exposed outcrops, and mountain belts (Figures 3 and 6), encompassing a variety of potential Central European source terranes. Bedrock and fluvial datasets were combined where possible (e.g. when reflecting the same geological units and ages) to reduce dataset complexity prior to MDS analysis (Figure 7). Potential source area KDE plots (Figure 6) show that to some degree most source samples contain the dominant populations represented in the ADL (grey area) and individual loess samples, demonstrating that any combination of these locations could be contributing to the loess deposits along the Danube, and emphasising the geological complexity of Central and Southeastern Europe. This is also reflected on the MDS map (Figure 7) as most of the source datasets plot in one main group, comprising bedrock samples clustering around the loess and rivers, as discussed in section 5.2. The remaining bedrock samples from the Balkan, Dinarides, and Carpathian Mountains are spread to the side. 
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Figure 7. Multi-dimensional scaling (MDS) diagram based on zircon data in Figures 3 and 6, showing the average loess-palaeosol sample and potential dust sources. Insert - the enlarged loess data cluster (pink square). Abbreviations: B - Basaharc, M - Mende, P - Paks, Z - Zmajevac, Danube (L) - Lower Danube. See Supplementary Table S1 for source metadata.
5.1. Primary sources of Danube loess deposits
5.1.1. 600 Ma
[bookmark: _Hlk81127561][bookmark: _Hlk81296034]The dominant c. 600 Ma age population corresponds to the Precambrian and Palaeozoic-Precambrian source rocks that can be found across Central and Southern Europe. These rocks represent fragments of peri-Gondwanan terranes that coalesced over several orogenic cycles and culminated in subduction-accommodating convergence since the Jurassic (Antić et al., 2016; van Hinsbergen et al., 2020; Zlatkin et al., 2018). These fragments may also preserve reworked Gondwana-derived sedimentary rocks with zircons of a distinctive Gondwanian age distribution (Meinhold et al., 2013). Moreover Gondwanian sources comprise Neoproterozoic arc terranes, syncollisional granites formed between 1000 and 600 Ma (Da Silva et al., 2005; Meira et al., 2015), and relicts of the Archaean and Palaeoproterozoic orogenies (Kouamelan et al., 2018; Meert, 2012). Zeh and Gerdes (2010) showed that Gondwana-derived sedimentary and igneous rocks can be found as far north as the Mid-German crystalline rise. A similar pattern was reported in a detrital zircon study of the Nile catchment sources (NE Africa) by Fielding et al. (2017). Similarities in the tectonic origin and distribution of peri-Gondwanian terranes in Central and Southern Europe results in the abundance of a ~600 Ma population in source samples from most of the surrounding mountainous terrains (Figure 6 and Figure S1), which also translates to the large source rock cluster on the MDS (Figure 7). Whilst a sample from the upper reaches of the Danube is unavailable, the presence of the 600 Ma populations in the Stratzing and Basaharc loess profiles (Újvári et al., 2012; Újvári and Klötzli, 2015) (Figures 1 and 3) suggests that the Danube already carries grains of that age from its source. The 600 Ma population is further replenished by the River Inn (from the Alps) and smaller tributaries with headways in the Bohemian Massif. These signatures are continuously replenished by the other tributaries (e.g. Drava and Tisza) along the way. The abundance of the 600 Ma grains in most source regions, and the large drainage area of the Danube River system which provides a constant supply of recycled Gondwanian material, means that these U-Pb ages cannot be used to distinguish source regions. 
[bookmark: _Hlk74212198][bookmark: _Hlk65068930][bookmark: _Hlk65069293][bookmark: _Hlk65069687][bookmark: _Hlk75355245]To investigate loess source further the Hf isotope time evolution for the ADL is plotted as a probability density plot with potential source data (Figure 8). The Austroalpine Basement sample has two Neoproterozoic zircons age populations at ~600 Ma and 950 Ma that overlap well with the ADL dataset. Both distributions have a broad range of εHf values at these ages extending to negative values indicative of zircons formed in melts of Archaean crust. A similarity in the Neoproterozoic εHf isotope pattern can be seen in both the Drava River and the Austroalpine Basement samples (Figures 8 and S3). As the Austroalpine Basement samples falls within the Drava drainage area (Figure 1), the Drava River likely delivers these grains to the Danubian loess. Siegesmund et al. (2018) showed that these signatures are derived from Western Gondwana, which is in line with the typical Phanerozoic age of sediments in North Africa formed by erosion of the Pan-African orogen described by Fielding et al. (2017) and Fielding et al. (2018). Neoproterozoic outcrops of Gondwanian affinity are generally restricted in the Danube River basin, which is also supported by the lack of these εHf isotopic values in the grains from the Tisza River (Figures 8 and S3). Therefore the good match between the loess and the Austroalpine Basement south of the Tauern Window (black square in the Figure 1B) supported by the Drava signatures, suggests the Austroalpine basement (or an as yet unidentified source with near-identical provenance) is a good candidate for a potentially large source of the 600 and 1000 Ma zircons for the Middle Danube’s loess. Samples from the Dinarides and Hellenides (Vernon Massif) also have zircons with a positive εHf (1.5-8), plotting as a decreasing trend from 500 to 800 Ma and together with 300 Ma samples from the Vorass Massif suggest an ~1370 Ma crust evolution line. However, while the 500-800 Ma Vernon Massif samples plot over the ADL distribution they do not contribute to the observed hotspots at 600 Ma (Figures 5 and 8), but rather to smaller populations. Nonetheless this suggests that the Dinarides and Hellenides are also a plausible source of zircons to the Danubian loess. 
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[bookmark: _Hlk73872937][bookmark: _Hlk74212875][bookmark: _Hlk80175641][bookmark: _Hlk73540799][bookmark: _Hlk28869601]Figure 8. Probability density plot showing Hf isotope–time evolution of the averaged Danubian loess, top panel shows all datapoints, whereas bottom panel shows 0-1200 Ma interval. The density of the data distribution is calculated using a modified version of the Kernel Density Estimation (Botev et al., 2010) analysis modified for R. εHf evolution lines for the 1370 Ma and 3500 Ma crust are added. The potential source Hf data are superimposed, see Supplementary Table S2 for the Hf metadata and Figure S3 for overlap of individual potential sources. 
5.1.2. 450 Ma
[bookmark: _Hlk75355092]The second of the dominant ADL loess zircon populations is centred around ~450 Ma (Figure 3), and the KDEs (Figure 6) show that grains of these ages are also abundant in rocks across Central and Southern Europe (Balintoni et al., 2014), e.g. the Bohemian Massif (WBM and SBM), Western Carpathians (SGU2), Bϋkk Mountains (BK), Southern Carpathians (BF and SLT), and Drava and Tisza rivers. The abundance of 450 Ma ages in Tisza sample and their presence in only some Southern and Western Carpathian samples could suggest that the Eastern Carpathians are one of the sources of the grains with these ages. However the limited number of source samples with εHf isotope data (Figure 8) available precludes investigation of the ADL’s 450 Ma population source. There are hints of similarities with the Piemonte Zone, Schladming Complex, and especially the Serbo-Macedonian Massif, but no bedrock datasets explain the range of values seen, nor do they exactly overlap the 450 Ma εHf “hot spot”. 
[bookmark: _Hlk81296100][bookmark: _Hlk81129548][bookmark: _Hlk79571845][bookmark: _Hlk75355165]In some loess profiles (Stratzing, Erdut, Surduk 2, and Slivata) this peak is slightly older (~460-480 Ma) whereas at Basaharc, Mende, Paks and Zmajevac it sits ~430 Ma. This could be an artefact of smaller samples at the latter sites, or it could be linked to several events: two different phases of the events relating to the collision of the Avalonia and Cadomia terranes with the East European and North American Cratons and their multiple subduction zones (Kroner and Romer, 2013; Stampfli et al., 2013; von Raumer et al., 2003); Paleothethys opening (Haas et al., 2020); continental rifting related events (von Raumer et al., 2013); early Ordovician orogeny (Zurbriggen, 2017, 2015); Tornquist Sea related subduction as a part of Baltica and Avalonia collision (Oliver et al., 1993; Zurbriggen, 2015). Zircon Hf isotopes (Figure 5) show a spread typically associated with volcanic arcs, with some relatively young magmas, a mixture of remelting of relatively juvenile crust, and mixing between depleted mantle sources and melts derived from ancient crust. The only overlap with the ADL’s 450 Ma population (Figure 8 and Supplementary Figure S3) is provided by the Tisza sample, suggesting a source within Tisza’s drainage. Additionally, the Tisza zircons show a decreasing trend between 450 and 330 Ma ages, from -3 to -5 respectively, which creates a crustal evolution line of ~1450-1500 Ma (Supplementary Figures S3). Crust of that age has a non-Gondwanian affinity, and points to a Baltica origin (Bogdanova et al., 2008, 2006; Gee et al., 2014; Roberts et al., 2013). These grains could be linked to the final closure of the Tornquist Sea, and progressive spreading and subduction of the Rheic Ocean (Kroner and Romer, 2013; Nance et al., 2012; Oliver et al., 1993). At present these regions do not have a connection to the Danube’s catchment, but these grains likely have been recycled and preserved within the drainage of Tisza. 
[bookmark: _Hlk81296135][bookmark: _Hlk80960199][bookmark: _Hlk82156097][bookmark: _Hlk80971248][bookmark: _Hlk73717194]Some similarities between ADL and the Balkan region are noted in both zircon U-Pb ages (Rhodopes Mountains; VT, RB, and PT) and Hf isotopes (Serbo-Macedonian Massif) in the 450 Ma range. At present these regions do not have a connection with modern Danube system and neither of them can be a direct source of sediment for loess. However these source rocks can be taken as broadly representative of ages expected in the Balkan region, with some areas potentially providing small contributions via the Morava, Iskar, and other smaller tributaries. Moreover, some of the Balkan sources could have previously been connected to the Danube catchment as the present configuration is a relatively recent development (Matenco et al., 2013). Zircons could have been supplied to sedimentary rocks which are found within the Danube catchment at present, through cycles of erosion and deposition. Crucially Balkan region sources can only be considered as contributors to southern Serbian, Bulgarian, and Romanian loess. For the upper reaches of the Danube, the Bohemian Massif, West Carpathians, Bϋkk Mountains (Figure 6), Black Forest Mountain’s, where Danube has its headwaters (Chen et al., 2003; Fukum, 2002), and Alps (Haas et al., 2020; Huang et al., 2021; Loth et al., 2001; Schaltegger et al., 2003) are likely sources. 
5.1.3. 330 Ma
[bookmark: _Hlk73717943][bookmark: _Hlk82680360][bookmark: _Hlk74217718][bookmark: _Hlk75355423][bookmark: _Hlk73872904][bookmark: _Hlk65082370]The youngest (300-350 Ma) of the three loess zircon populations represents the Variscan orogenesis and Pangea building events that are preserved in rocks across Central Europe (Stephan et al., 2019). Figure 6 shows these Carboniferous populations in the Alps (CTW and TW), Bohemian Massif (WBM, SBM, and BP), Moldanubian Zone (MZGU and MZMU), West Carpathians (SGU, NGU, HF), South Carpathians (SLT), Dinaric Alps (MG and JM) and Rhodope Mountains (RMC). These sources all plot relatively near the ADL and individual loess sites on the MDS diagram (Figure 7), therefore any of these terrains could be a source for these grains. Hf isotopes (Figure 5) show fairly typical subduction and/or collision related ranges of values, with some showing relatively negative εHf, representing mixing between juvenile mantle sources and re-melted Paleoproterozoic-Archean crust. The highest concentration of source εHf data overlaps the ADL’s 300 Ma population (Figure 8), which is not surprising given the abundance of Mesozoic source rocks around the Pannonian Basin. Possible contributions come from various Alpine, Moldanubian, Bohemian, and Dinaric sources. A substantial overlap both with “the hotspot” and the range of values created by the South Bohemia Massif and Alps (e.g. Piemonte Zone) samples, implies that the regions draining directly into the upper reaches of the Danube (above the Inn confluence) are likely contributors of sediment for the ADL. Therefore, a significant quantity of sediment for loess deposits could be transported via the Danube before the river enters the Pannonian Basin. Additionally, the ADL’s young zircon (<100 Ma) εHf clusters overlap with datasets from the Dinarides and Balkan Mountains. The analysis of U-Pb ages and Hf isotopes consistently points to the Dinaric and Balkan Mountains as sources of sediment for the loess deposits along the Lower Danube (past the Drava confluence), suggesting that these regions are much more important sediment sources than previously thought. 
5.1.4. Scandinavia
To test for contributions from the Scandinavian sources a large “artificial” sample comprising Scandian nappes (Gee et al., 2014), Transscandinavian Igneous Belt (Lorentzen et al., 2018), and Southwest Scandinavian Domain (Roberts et al., 2013) was created (Figure 6). This encompasses typical Scandinavian signatures that could be expected in the Danubian loess if the glacial outwash sediment was delivered via the Moravian Gate as proposed by (Smalley and Leach, 1978). The Scandinavian sample comprise three zircon age populations, two Mesoproterozoic (1000-1200 and 1450-1550 Ma) and Paleoproterozoic (1600-1700 Ma). Whilst a very minor Proterozoic tail is present in Danubian loess (Figures 3 and 4) it is mostly comprised of Neoproterozoic grains and Mesoproterozoic signatures that are not very abundant and there is a general absence of the Paleoproterozoic ages. Therefore the comparison of the KDEs fairly robustly discounts Scandinavian sources and the glaciofluvial delivery route. 
5.1.5. Primary sources
[bookmark: _Hlk75352910][bookmark: _Hlk74148492]Zircon ages and hafnium isotopes show that several sources contribute to the Danube sediment and loess-palaeosol sequences in the Danube valley, i.e. there is no dominant source. However, it is not possible to discount the possibility of a more “dominant” source which is obscured by the similarity observed in the U-Pb age distributions between several sources. Further the fluvial mixing during sediment transport prior to the final aeolian deposition also complicates source identification. Thus, U-Pb zircon ages alone are unable to differentiate between source rocks in a complex geological setting and therefore multi-proxy approaches are necessary to resolve the source question. This multi-proxy analysis approach demonstrates that the ADL does not have a single lithological source, supporting findings of e.g. Jipa (2014), Schatz et al. (2015), Újvári et al. (2012), and Pötter et al. (2021). It also shows that to some extent all of the surrounding mountain belts (the Alps, Bohemian Massif, Carpathians, Dinarides, and Balkan Mountains) are primary sources of loess. However, the Hf isotope provides a strong additional tool that not only identifies new sources in the Dinaric and Balkan Mountains, but also identifies specific areas within mountain belts, i.e. Austroalpine Basement south of the Tauern Window in the Alps as large contributor of grains of 600-1000 Ma age especially to loess below Drava confluence. 
5.2. Geomorphological source(s) of loess deposits
5.2.1. Fluvial link
[bookmark: _Hlk64989669]River datasets are of particular interest as a catchment proxy, especially where published primary source zircon datasets from a potential source region might be largely missing e.g. Eastern Carpathians. This is particularly evident through the example of Siret River which mainly drains the Outer Carpathian Palaeozoic flysh system producing the similar three peak pattern but also has a large Proterozoic-Archean tail (absent in ADL) indicating old cratonic contributions likely from the Ukrainian shield.
[bookmark: _Hlk73621698][bookmark: _Hlk80957736][bookmark: _Hlk82680137]The Lower Danube distribution (Figure 6), representing the most averaged Danube signal having received sediment from its largest tributaries, has the most similar distribution to the ADL. Of the Danube’s tributaries, the Drava and Tisza also have the three-peak distribution seen in the loess and Danube samples, despite draining different source regions (Alps for the Drava, and Carpathians for the Tisza). However, the dominance of these peaks is somewhat reversed, e.g. the 600 Ma population, dominant in the Drava by is by contrast relatively small in the Tisza, and the Tisza’s dominant 300 Ma population is less abundant in the Drava. The dominance of the 300 Ma population as seen in the Tisza is also evident in the Olt River, with both rivers draining the Eastern and Southern Carpathians (Figure 1A), suggesting an abundance of zircons of this age in this source region. However the geological variability of the region even over short distances, is also demonstrated by the dominance of Neoproterozoic grains in the Jiu River, which varies significantly from the Olt and drains a particularly old crustal segment of the Southern Carpathians (Dragsan Terrane and Lainici Păiuş; Figure 6). Further, the insert in Figure 7 shows that rivers with 300 and 600 Ma dominant distributions plot on opposite sides of the Danube samples. Two conclusions can be drawn from this. Firstly, some tributaries deliver the full spread of zircon ages to the ADL and loess samples, whilst others contribute only to a single but still dominant peak. Importantly they all likely contribute material to loess deposits. Second, sediment mixing from the surrounding sources occurs in the tributaries and the Danube, and the averaged signal is preserved in fluvial sediment, and in the alluvial plains. 
The similar distributions between rivers and loess seen on the KDE plots (Figures 3 and 6) also translate to proximity on the MDS plots (Figure 7). The MDS plot shows that the ADL and all individual loess samples plot in the centre of the source cluster surrounded by river samples. Most source samples form a large cluster, which surrounds the river data but does not plot close to loess. This pattern suggests loess-forming sediment is first eroded, transported, homogenised, and deposited by the rivers prior to the final aeolian transport and deposition, rather than transported directly from the primary sources with mixing in the air or via various multi-step processes. The mixed source terrane signals in the loess and Danube sediments (Figures 3 and 6), supported by the different clustering between loess, rivers, and bedrock (Figure 7), indicate that the proximal, geomorphological source of loess deposits along the Danube River is the Danube’s alluvium, previously suggested as a source of silt to individual loess sites on the basis of theoretical, geomorphological, zircon U-Pb, and bulk sample geochemical investigations (Basarin et al., 2011; Buggle et al., 2008; Jipa, 2014; Pötter et al., 2021; Újvári et al., 2012). 
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Figure 9. Distribution of the Quaternary deposits in the Pannonian Basin and the location of the loess and fluvial sites. Capital letters refer to loess profiles B- Basaharc, C- Mende, D- Paks, E- Zmajevac, F- Erdut, G- Surduk 2. Numbers refer to river sites: 1- Basaharc fluvial sands, 2- Tisza, 3- Danita puszta fluvial sands, 4- Drava, 5- Tisza. Sedimentary cover geodata source Lehmkuhl et al. (2018).
[bookmark: _Hlk73693276]Figure 9 shows that loess deposits are typically located within 20 km (in most cases <10 km) of river channels and floodplains. Therefore by extension this suggests that at least during glacial periods short-distance aeolian transport dominates sediment delivery into loess deposits, whereas any long-distance transport contributions (>1000’s km) (Lehmkuhl et al., 2016; Obreht et al., 2015; Rousseau et al., 2011; Varga et al., 2016, 2013) may be a feature predominant during warm phases. Further the relationship between river and bedrock datasets (Figure 7) suggests that sediment mixing occurs during fluvial transport (and cycles of redeposition and erosion) rather than in the air during aeolian transport. This therefore demonstrates that aeolian processes play only a secondary role in Danube basin loess genesis; the primary function is played by fluvial processes as previously suggested by Smalley et al. (2009), Újvári et al. (2013), and Újvári and Klötzli (2015). The importance of a fluvial link was also established by the provenance researches on the Chinese Loess Plateau, where Yellow River was ascertained to play a key role in sediment delivery prior to the aeolian re-distribution (Bird et al., 2020; Licht et al., 2016; Nie et al., 2015; Stevens et al., 2013). Therefore whilst discussion over silt production mechanisms and loess transport modes persists in the literature, there is growing evidence, including this study, that supports the integral role river transport plays in the loess source-to-sink models generally (e.g. Lehmkuhl et al., 2016; Li et al., 2020).
5.2.2. Sahara Desert
[bookmark: _Hlk82679648]A note on the long debated Saharan Desert source (Stuut et al., 2009; Újvári et al., 2012; Varga et al., 2016). The sample from the Western Desert, Egypt (WD) is located within the main data cluster on the MDS map (Figure 7) and the detrital zircon U-Pb age distributions signatures (Figure 6) highlight its 600 Ma Gondwanian signatures, suggesting possible Saharan contributions to grains in that age range. However, a large Saharan contribution would require mixing with material from other sources to produce the three peak distribution observed, as the Saharan sample does not contain the 330 and 450 Ma populations seen in the loess. Given that samples within the mountain belts surrounding the Danube basin also contain 600 Ma populations, as well as the Palaeozoic ones (Figure 6), mixing of Sarahan dust with local material would be required to yield all three populations in the loess. Indeed, if this was the case, a dominant 600 Ma peak could be expected at all sites, which is not seen in the data, suggesting that the 600 Ma grain contribution is more easily explained via Danube River sediment sources. Furthermore, factors beyond just the zircon U-Pb ages also need to be considered, including the impact of grain size and particle density on long-range aeolian transport capacity. Particle size (and the proportion of coarser grains) generally decreases with the distance away from source(s) under aeolian transport (Bagnold, 1941; Derbyshire et al., 1998; Lawrence and Neff, 2009; Mahowald et al., 2014). A shift in modal grain size away from coast of Sahara has been reported in several studies (Guerzoni et al., 1997; Skonieczny et al., 2013; Van Der Does et al., 2016), with Friese et al. (2017) showing over 66% reduction in mode within 500 km. Further modern studies of Saharan dust transport suggest that deposition of 60-90% grains above 30 µm occurs within 12h of entrainment (Ryder et al., 2013). Whilst some have reported long-distance transport (3500 km) of particles above 100 µm (Middleton et al., 2001; Van Der Does et al., 2018; Varga et al., 2021), these represent modern, interglacial setting transport and in most cases tend to comprise small contributions in terms of volume. Consideration also has to be given to the hydraulic sorting as a result of particle density. Aarons et al. (2013) showed that 30 µm zircon dominated fractions will be only transported for 500 km under 11 km h-1 winds, and would require wind velocities of 29 km h-1 and 43 km h-1 to travel 1000 km and 2000 km, respectively. These values are also approximate calculations of Tsoar and Pye (1987) which also suggested a need for hurricane strength winds to transport large proportion of grains larger than 20 µm over 1000 km. Given that zircons analysed in this study are larger than 20-25 µm and the distance between Pannonian Basin and the north African coast is 1400-1600 km, it is extremely unlikely that far-travelled North African material is a meaningful source of zircons for the Danubian loess. Especially as this research demonstrated that a number of local sources were active during the last glacial period, and would have overwhelmed any long-range coarse particle contributions. However this dataset cannot resolve potential Saharan contributions of grains <20 µm and lighter mineral fractions to Quaternary archives in the Pannonian Basin and vicinity, such as palaeosols (Varga et al., 2016, 2013) and peat bogs (Longman et al., 2017), and a Saharan dust source to this sediment fraction remains plausible. Overall though the simplest explanation for the source of medium and coarse silt size zircons in loess is the drainage area of the Danube River.
5.3. Spatial variability of provenance signal along the Danube
In addition to constraining the distributions of source regions, the MDS map (Figure 7) outlines the relationship between individual loess sites. The proximity of all loess sites to the Lower Danube River sample (Figure 1, points 9, 10, and 12) and its tributaries further supports the conclusion that loess profiles inherit U-Pb age signatures of the adjacent river material. The MDS plot inset shows small differences in provenance between loess sites, however any variability noted is smaller than that between rivers, and much smaller than that of sources, suggesting no substantial source change between sites. 
[bookmark: _Hlk80006645][bookmark: _Hlk74217971]Nonetheless, the Figure 7 inset shows some possible very small-scale differences between sites. The partition of Basaharc, Paks, Mende, and Zmajevac from the sites investigated in this study is likely an artefact of sample size differences, which could suggest that they actually belong to a single group. These four sites are located before any major tributary confluences (Figure 1) and have a reduced zircon U-Pb 600 Ma population in comparison to e.g. Erdut (Figure 3), which is located downstream of the confluence of the Drava with the Danube. These sites, especially Erdut and Zmajevac, are separated by the confluence of the Drava with the Danube. The relatively large 600 Ma peak in a Drava sample (Figure 6) could point to the importance of the Drava in refreshing the contributions of Proterozoic age grains in the Danubian sediments. 
The separation of two Bulgarian sites, Slivata 1 and Slivata 2, on the MDS plot (Figure 7), is noteworthy. While the two profiles do not cover the same time interval, the differences seen are linked to increased proportions of grains in the 300-350 Ma, 500 Ma, and 600-650 Ma populations at Slivata 2, whereas larger contributions of Neoproterozoic and Mesoproterozoic grains are seen at Slivata 1 (Figure 3). Despite this, it is important to stress that for the most part distributions are very similar suggesting a dominant common source. However the differences could indicate local sources are periodically being activated (reflecting for example the impact of rapid hydroclimate variability) and/or diluting the dominant with the Danubian signal. Although Neoproterozoic and Cambrian outcrops are relatively sparse in the lower Danube, Haydoutov, (1989) and Haydoutov and Yanev (1997) describe Cambrian island-arcs in the Balkan Mountains (the Dacia mega-unit) that are dated to 563±5 Ma (Savov et al., 2001) and 527±18 Ma (Plissart et al., 2012). Sediments derived from these areas are likely delivered via smaller tributaries draining the Balkan Mountains (Figure 1) and delivering sediment to the vicinity of the loess profiles bordering the Danube River valley.
[bookmark: _Hlk74153032][bookmark: _Hlk82679232][bookmark: _Hlk80016058]Plotting the ɛHf isotopic for each individual site (Supplementary Figure S4) and combining it with source data (Figure 10) suggests only very subtle differences between datasets, e.g. a wide spread of 600 Ma εHf values is observed for both Slivata profiles; Slivata 2 (Marine Isotope Stage (MIS) 3-5) has a larger positive ɛHf cluster whereas at Slivata 1 (MIS 1-2) the dominant hot spot is negative. This could potentially be attributed to dilution of the Danubian signal (and sediment sourced from upstream of the Iron Gates) by contributions from the local rocks as described above. However without further research and complementary provenance techniques it is not possible to resolve these small differences and identify the driver of the difference between Slivata 1 and Slivata 2. 
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[bookmark: _Hlk79572372][bookmark: _Hlk79572332]Figure 10. Probability density plot showing Hf isotope–time evolution for each site for 0-1200 Ma period. Source regions are grouped geographically. The density of the data distribution is calculated using a modified version of the Kernel Density Estimation (Botev et al., 2010) analysis amended for R. εHf evolution lines for the 1370 Ma and 3500 Ma crust are added. The source of Hf isotope data are superimposed. See Table 2 for the Hf isotope metadata.
[bookmark: _Hlk80266141]Surduk 2 loess profile shows a population of young zircons (<100 Ma; Figure 3) which overlaps with the Central Srednogorie (Balkan), and a range of Dinaric datasets (Figure 10). These datasets are also contiguous with small populations in both Slivata datasets, e.g. Dinarides and Srednogorie with Slivata 2. Whilst Srednogorie cannot be the source of sediment for Surduk 2, given its geographical location, it was part of the magmatic arc that stretched from the modern Balkan Mountains into the Southern Carpathians (including parts of the Apuseni, Banat, Timok, and Srednogorie Mountains (Gallhofer et al., 2015)). Hf isotope data are not available for the whole arc, but the timing and magmatic conditions were consistent, and therefore Srednogorie could be a proxy for the whole arc. Consequently, the young zircon grains in Surduk 2 and Slivata could have originated from this arc, and been delivered via Tisza and small tributaries draining the Balkan Mountains, towards the southern Pannonian Basin. 
[bookmark: _Hlk80008757][bookmark: _Hlk82679342]There is generally limited evidence for significant spatial source variability between loess-palaeosol sites along the Danube River, and mixed sources provide sediment to the wider Pannonian Basin. Further, the main sources remain the same along the Danube River, and therefore support a homogeneous source across the Pannonian Basin model in line with results from studies of bulk sample elemental composition (Buggle et al., 2008; Újvári et al., 2008) and isotopic variation (Schatz et al., 2015). However, small but fairly distinct deviations can be noted in both proxies that indicate variations in source rocks, as previously observed by Újvári and Klötzli (2015) in Austria, and by Újvári et al. (2010) in Hungary and Serbia (Pannonian Basin). These small source changes do not appear to be influenced by gradual additions from the Danube’s large tributaries, but most likely result from contributions of smaller sources and local geologies via much shorter pathways, either fluvial or aeolian, that may not be fully captured by the collected datasets. However, as demonstrated, source rocks along the Danube have very similar source signatures and it may not be possible to detect “a step change” with each tributary. 
5.4. Implications for loess genesis
[bookmark: _Hlk82679752]A debate on the production mechanism and genesis of loess has long persisted in the literature, and resulted in the primary division of mechanisms into “glacial”/”cold” loess, and “desert”/”warm” loess (Crouvi et al., 2010; Lancaster, 2020; Muhs and Bettis, 2003; Obruchev, 1945; Smalley, 1966; Smalley and Vita-Finzi, 1968; Smith et al., 1991; Tsoar and Pye, 1987; Wright, 2001). Additionally terms such as “mountain” loess also appear in the literature (Jipa, 2014; Smalley, 2008; Smalley et al., 2019; Smalley and Derbyshire, 1990; Xia et al., 2020), especially in relation to desert loess. However, in many cases glacial loess is also ultimately sourced from mountain areas and when production mechanisms (rather than geomorphic areas) are scrutinised the divisions between these categories become rather blurred (Figure 11).
Glacial grinding has been suggested to be critical for the generation of large quantities of silt-size sediment for loess (Adamson et al., 2014; Herman et al., 2013; Herman and Champagnac, 2016; Mahaney and Andres, 1991; Wright, 2001, 1995), owing to the fact that loess is typically investigated in the context of glacial periods and Quaternary. However, some researchers have shown that loess can form in the absence of glaciers (Iriondo, 1999; Iriondo and Kröhling, 2007; Soreghan et al., 2008). In the case of Danubian loess, this study demonstrates an absence of a single dominant source supplying sediment to the loess-palaeosol profiles. Instead a number of loess detrital zircon age populations are sourced from an amalgamation of the different geological units along the Danube and surrounding the Pannonian Basin, including the Alps, Carpathians, Dinarides, and Balkan Mountains. During the LGM only the Alps were covered by an ice-cap (Hughes and Woodward, 2017), whilst the other areas supported only smaller, often disconnected, glacier lobes (Engel et al., 2017; Hughes et al., 2011; Kłapyta et al., 2021; Sarıkaya et al., 2020; Urdea et al., 2011). This indicates that either the small glaciers are as efficient sediment generator as ice-caps and/or other, mechanisms in mountainous regions such as comminution (fluvial and colluvial), aeolian abrasion, and weathering (physical and chemical), are as important, at least in the Danube region.
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Figure 11. Schematic illustrating key silt generation mechanisms. Numbers on the schematic refer to the sediment generation processes 1. Glacial grinding; 2. Aeolian abrasion; 3. Frost shattering; 4. Colluvial processes (including grinding and comminution); 5. Fluvial comminution; 6. Salt weathering; 7. Chemical weathering. Please note that the position of loess deposits is purely illustrative and not indicating association with particular features of rivers, alluvial fans, deserts, etc. 
Particle comminution during fluvial and colluvial processes has long been suggested as an effective silt generation mechanism (Peng et al., 2016; Smith et al., 2002; Soreghan et al., 2016; Sun, 2002; Wolf et al., 2019; Wright, 2001; Wright et al., 1998). Particle breakdown during fluvial transport will be most effective in cases of high energy systems with a high volume of sediment (Smith et al., 2002) and therefore not tied to hot or cold environments. However, it has been argued that in some cases comminution may not be an effective method of silt production, e.g. Wright and Smith (1993) or Pfeifer et al. (2020), and therefore to be locality and bedrock dependent. Further, rivers can easily erode, transport, and deposit material from sedimentary units and colluvial deposits (Wright, 1995) in a series of cycles. For example, Scherler et al. (2015) demonstrated that periglacial weathering and periodic release of hillslope sediments into the fluvial system was sufficient for river aggradation. Therefore, fluvial reworking of alluvial and colluvial material could be an important source of silt size sediment.
Frost shattering and salt weathering are thought to be two of the most effective physical weathering mechanisms of silt generation, though insolation and stress related weathering can also contribute to silt-size particles (Wright, 2007). Whilst frost shattering can occur in a of range environments, sediment generation will be more pronounced when it is acting in combination with glaciers and permafrost, and therefore the process will be most effective in the high mountain and periglacial environments (Derbyshire and Owen, 2018; Rengers et al., 2020; Wright et al., 1998). In fact, Lehmann et al. (2020) recently showed that in previously glaciated Alpine valleys, postglacial erosion, through processes such as frost shattering, can potentially generate relatively large quantities of material. Salt weathering will be the dominant process of mechanical rock breakdown in hot and arid environments (Cilek, 2001; Pavelić et al., 2016; Pye and Sperling, 1983; Smith et al., 2002), though it can still contribute silt-size grains in mountain environments (Sun, 2002). Whilst not typically associated with silt-size particle generation, e.g. (Wright, 2007) and Zan et al. (2020) argued that in cool to temperate climates, weathering profiles can also be an effective production mechanisms. This is further evidenced by Strømsøe and Paasche (2011) who showed chemical weathering is important in the production of grains smaller than 32 µm even in high latitudes. 
Comminution and abrasion during aeolian transport are the most contested in terms of their potential for silt-size particle generation, with many arguing that this is an inefficient mechanism. Still, recent laboratory experiments (Bristow and Moller, 2018) show that (mineralogy dependent) auto-abrasion can be sufficient to produce dust material in deserts. Importantly, these processes are unlikely to be operating alone or in isolation, and is likely that the importance of each production mechanism varies along the transport pathway, depending on the type of geomorphic agent, underlying substrate, maturity of sediment, mineralogy, topography, climate, stage of weathering, etc.
The results of the zircon U-Pb and Hf isotope analyses presented here provide additional field evidence that the two models of cold versus warm loessare unnecessary and only result a in false dichotomy. Most silt-generation processes can operate in desert/glacial regions and silt size sediment is likely to be produced and transported by various mechanisms simultaneously. Consequently the authors support the growing body of literature that advocates for the use of the following terminology in relation to loess genesis; continental glacier provenance-river transport, mountain provenance-river transport, and mountain provenance-river transport-desert transition (Li et al., 2020).
5.5. Approaches to loess provenance
[bookmark: _Hlk80871421]A number of loess provenance studies (e.g. Licht et al., 2016; Pullen et al., 2014) have been published over the last few years that rely exclusively on zircon U-Pb data and argue that by increasing the number of grains analysed, specific sources can be identified. While this approach can be powerful in some loess provenance settings, if two different sources are contributing grains of the same age (as seen in this research), then increasing the number of analyses will not aid in distinguishing between two similar-age signals. Several authors have shown (Bird et al., 2015; Fenn et al., 2018; Stevens et al., 2013) that relying on zircon U-Pb ages alone cannot resolve sources for loess sedimentary settings with complex source rock relationships, and call for more multi-proxy provenance approaches. This study showcases Hf isotopic composition of zircons as a powerful tool for understanding loess provenance in a case where several sources have similar ages. Investigating Hf isotopes in zircons seems a natural next step as grains used for U-Pb analysis can be re-analysed, saving time on sample preparation and grain extraction and allowing two provenance indicators to be derived from one grain. However, more work is needed by loess provenance researchers to combine single grain analyses with bulk sample, petrographic and other single minerals grain approaches, as seen in some other sedimentary provenance communities (e.g. Fielding et al., 2018, 2017; Pastore et al., 2021; Vermeesch and Garzanti, 2015; Zhang et al., 2019). Whilst some attempts already have been made by loess researchers e.g. bulk sample Nd, Sr, and Hf analyses (Bird et al., 2020; Újvári et al., 2012), rutile geochemistry (Újvári et al., 2013), mineral assemblages (Nie et al., 2015; Stevens et al., 2013), and garnet analysis (Fenn et al., 2018), these need to become the norm. A first step should be focused on combining single grain studies with the wealth of bulk sample elemental composition data that is available for loess profiles (Bosq et al., 2020; Buggle et al., 2008; Hao et al., 2010; Skurzyński et al., 2020; Újvári et al., 2014; Varga et al., 2011).
6. Conclusions
[bookmark: _Hlk80007893]This study presents the findings of the provenance investigation, using zircon U-Pb dating and Hf isotopes, of loess-palaeosol deposits along the middle and lower reaches of the Danube River. Loess in the region does not have a single dominant origin but is rather sourced from different areas (the Alps, the Bohemian Massif, the Carpathians, the Dinarides, and the Balkan Mountains) along the Danube valley, and is well mixed in the Danube itself. The first detailed application of zircon Hf isotopes in loess deposits suggests that metasedimentary rocks of the Austroalpine basement in the Alps may represent a large sediment contributor. The Dinaric and Balkan regions, which have not been investigated in the past as a sediment source, were also shown to be an active supplier of zircons to loess deposits along the Danube River. This has implications for our understanding of loess generation as these latter regions were not extensively glaciated during the last glacial period and therefore other sediment generation mechanisms should be investigated. Moreover, in terms of the proximal, geomorphological source, the data point to the Danube’s alluvium as the main dust contributor, showing that sediment is mixed during fluvial transport (deposition and recycling) and experiences predominantly short-distance aeolian transport prior to deposition. Lastly, provenance remains mostly unchanged for loess sequences along the Danube and across the Pannonian Basin. However, small additions from other, most likely proximal geologies, can be seen at some sites. 
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