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Long-term glacial and fluvial system coupling in southern Greece and evidence for glaciation during Marine Isotope Stage 16
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Abstract
Pleistocene glacial activity was a major influence on runoff and sediment supply in many river systems across the Mediterranean. The geomorphological impacts of changes in sediment transfer between glaciated headwater terrains and downstream depocentres spanning several glacial cycles are, however, poorly understood.  By applying uranium-series and optically stimulated luminescence dating to fluvial and glacial sediments preserved on Mount Chelmos (2355 m) in southern Greece, we show how changes in the long-term coupling between glacial and fluvial systems are preserved within a major glaciofluvial outwash fan system that functioned during multiple cold stages. We also present evidence in the form of a cemented till unit, stratigraphically below younger glacial deposits, yielding a U-series age close to the limit of the technique, indicating glaciation during Marine Isotope Stage (MIS) 16 - one of the most severe glacial intervals recorded in the Mediterranean. This is the first time such early glaciation has been directly recorded in Greece and the wider Balkans and is defined here as the Valvousian Stage based on glacial deposits on Mount Chelmos. Geomorphological and geochronological data point to the formation of a more extensive, plateau ice field over Chelmos during MIS 12, another severe glacial period in the Balkans that corresponds with the Skamnellian Stage glaciation of Northern Greece. During this phase, very strong coupling of glacial and fluvial systems led to meltwater events transferring large volumes of sediment to lower valley zones culminating in the formation of an extensive glaciofluvial  outwash fan complex and glaciofluvial terraces. A smaller plateau ice field during MIS 6 and localised valley glaciers between MIS 5d to 5c correlate with the Vlasian and early Tymphian Stage glaciations in Greece, respectively. The delivery of much less meltwater and sediment through a single valley during MIS 6 and MIS 5b to MIS 4 signalled the transition to progressively weaker glacial and fluvial system coupling. After MIS 4 the uncoupling of depositional zones from sediment sources in glaciated catchments led to the fluvial incision of glaciofluvial outwash deposits in several valleys. Despite this incision, the glaciofluvial outwash fans preserve a detailed record of glacial and fluvial system interactions during the Middle Pleistocene and early stages of the late Pleistocene.   

1. Introduction

In the last two decades, a clearer understanding of the complex glacial histories of Mediterranean mountain ranges has emerged in response to the systematic field mapping of landform assemblages and development of robust glacial geochronologies (Hughes and Woodward, 2017; Allard et al., 2020). Dating methods including uranium series (U-series), optically stimulated luminescence (OSL), and terrestrial cosmogenic nuclide (TCN) indicate that glacial activity occurred across most mountain areas of the Mediterranean during the Middle and Late Pleistocene (Allard et al., 2021a and references therein).  TCN dating of moraine deposits and transported boulders has successfully constrained the timing of glacier maxima to Marine Isotope Stage (MIS) 3 and early in MIS 2 for mountain ranges in Greece (Allard et al., 2020; Leontaritis et al., 2022), Turkey, (Dede et al., 2017; Sarikaya and Çiner, 2017), and Northern Spain (Cordier et al., 2017 and references therein). Over longer timeframes, OSL dating of sand-sized quartz grains has generated maximum ages that constrain the formation of moraines to MIS 5b on Mount Chelmos, southern Greece (Pavlopoulos et al., 2018) and MIS 5a/b, 4 and 3 in the Cinca and Gállego river valleys of the southern central Pyrenees (Lewis et al., 2009). By comparison, U-series analysis of secondary carbonate cements has linked moraines in the Dinaric Alps of Montenegro and Pindus Mountains of  northwest Greece to three cold stages known as the Skamnellian (MIS 12), Vlasian (MIS 6) and Tymphian (MIS 5d-2) Stages (Woodward et al., 2004; Hughes et al., 2006a,b; 2007; 2010; 2011; Woodward and Hughes, 2011; Adamson et al., 2014, 2016; Marjanac and Marjanac, 2016; Leontaritis et al., 2020). 

The emergence of robust glacial chronologies has shown that montane glaciers across the Mediterranean were highly sensitive to changing precipitation and temperature regimes (Allard et al. 2021b) with changes in glacier mass balance radically altering catchment hydrology (Woodward et al., 2008; Lewis et al., 2009; Adamson et al., 2014). Interglacials coincided with increased forest cover and a net decrease in fluvial sediment loads that forced trunk streams to incise their valleys (Lewin et al. 1991; Woodward et al., 2008), whereas enhanced sediment from headwater and hillslope zones produced significant aggradation in downstream channel networks during the termination of glacial cycles (Macklin et al. 2002; Vandenberghe, 2015; Cordier et al., 2017 and references therein). In catchments draining the southern Pyrenees, OSL dating has linked the development of glaciofluvial terraces with major aggradation events towards the end of MIS 8, 6, and 4 (Sancho et al., 2004; Lewis et al., 2009; Stange et al., 2013). In comparison, U-series dating of thick glaciofluvial outwash sediments in the lower Voidomatis river basin, northwest Greece, has linked enhanced sediment transfer and fluvial terrace formation primarily to Middle Pleistocene glacial activity during MIS 12 and 6 with phases of reworking and incision in the late Pleistocene and Holocene (Woodward et al., 2008). The transfer of glacial sediment through confined valleys to glacial-fluvial transition areas within the mountain front often led to the formation of extensive glaciofluvial outwash fan complexes. Around Mount Orjen, southwest Montenegro, U-series dating of glaciofluvial sediments indicates that alluvial fans and karst poljes became important depocentres in response to well-coupled glacial and fluvial systems during MIS 12 (Adamson et al., 2014). Radiocarbon (14C) ages from alluvial megafan complexes have linked major aggradation on the Venetian-Friulian Plain of northern Italy with strongly coupled glacial and fluvial systems during the Last Glacial Maximum (24 to 15 ka cal BP) (Fontana et al., 2008; Fontana et al., 2014).

[bookmark: _Hlk53506862]The formation of fan complexes in the Sparta basin, southern Greece (Dufaure, 1977) and Sphakia piedmont, southwest Crete (Nemec and Postma, 1993) has been tentatively linked with Pleistocene glacial activity. However, in the absence of geochronological control, the proposed morphostratigraphical relationships between moraines and glaciofluvial outwash preserved within fan complexes in these areas remain controversial (Hempel, 1991; Pope, 1995), while doubt exists over whether meltwaters from very small glaciers were able to mobilise sufficient volumes of sediment to drive major phases of fluvial aggradation (Pope et al., 2008; Pope, 2013). These uncertainties highlight our still limited understanding of glacial and fluvial dynamics in the most southerly Mediterranean catchments and how glacial and fluvial system coupling may have changed over multiple glacial-interglacial cycles. To address these questions around the geomorphological significance of glaciers lying close to their viability in southern Europe we have undertaken U-series and OSL dating and systematic mapping of moraines and proglacial fan systems on and around Mount Chelmos in the Peloponnese, Greece. This paper has three principal aims: (1) to set out the geomorphology and sedimentary characteristics of moraines and a glaciofluvial outwash fan, (2) to present a new multi-method geochronological framework linking glacial activity and the deposition of glaciofluvial outwash, and (3) to assess the significance of the changing role of glaciofluvial outwash fans in terms of the glacial and fluvial system coupling in the Mediterranean during the Middle and Late Pleistocene. 

2. Study Area

 Located just south of 38°N, Mount Chelmos (2355 m a.s.l) is the highest of several summits forming a distinctive massif (c. 125 km2) that represents one of the southernmost glaciated areas of Europe (Pope et al., 2017) (Fig. 1). The mountain range forms part of the frontal arc of the Hellenide orogeny and is composed of three Alpine tectonic units (IGME, 1978, 2005). The Pindos Unit is observed in the highest peaks and southern slopes of the mountain and represents a Mesozoic pelagic sequence of platy limestones, clastic rocks and radiolarites and Tertiary flysch. The Tripolis Unit constitutes the core of the mountain and represents a Mesozoic to Tertiary carbonate platform with an Oligocene flysch while a volcano-sedimentary sequence of Permian to Triassic age constitutes the base of the platform. The lower Phyllites-Quartzites Unit occupies the northwestern slopes of the massif and comprises high-pressure–low-temperature metamorphosed rocks (IGME, 1978, 2005; Skourtsos and Kranis, 2009). The formation and stacking of these units coincided with the Alpine orogeny in the Upper Eocene-Lower Miocene in response to the convergence of the African and Eurasian plates along the Aegean arc (Skourtsos and Kranis, 2009). The current structure of Mount Chelmos is the result of a series of post-Middle Miocene extensional episodes that culminated in the exhumation of deeply buried Phyllites-Quartzites Unit (Skourtsos and Kranis, 2009).
 
The southern and northern slopes of Mount Chelmos are bounded by E-W striking fault systems (Fig.1 in Gawthorpe et al., 2018). During the Upper Pliocene and Lower Pleistocene (c. 2.3 to 1.8 Ma), the Kalavryta and Demestika faults formed a single extensive (c.30 km long) E-W striking and N-dipping normal fault that defined the early southwestern margin of the Corinth rift system (Hemelsdaël et al., 2017; Gawthorpe et al., 2018). Uplift along the footwall of the Kalavryta-Demestika played an important role in elevating the palaeorelief of the Chelmos massif and controlling the transfer of sediment to the Corinth rift system (Hemelsdaël et al., 2017; Muravchik et al., 2020). On the Chelmos massif, groups of E-W striking faults cut across an older (Lower Pliocene) group of NNW-SSE striking faults, which subdivides the central and southern portions of the massif into a mosaic of discrete fault-bounded blocks (IGME, 1978, 2005; Pope, 1995). At the end of the Lower Pleistocene, the E-W striking group of faults became inactive as the southern active margin of the rift migrated northwards towards the coastline of the northern Peloponnese (Ford et al., 2016). Since the Lower Pleistocene, the southern margin of the rift has been uplifted by 1600m (Gawthorpe et al., 2017; Muravchik et al., 2021). By comparison, since the Middle Pleistocene, uplift across the central northern Peloponnese has ranged between c.1.0 and 1.3 mm yr-1 (Neil and Collier, 2004; Gobo et al., 2014; Hemelsdaël and Ford, 2016), whereas during the Holocene rates of 2.9 - 3.5 mm yr-1 have been recorded 20 km north of Mount Chelmos (Pirazzoli et al., 2004).
[bookmark: _Hlk127370657]The central portion of the Chelmos massif (2100 to 2200 m a.s.l) is dominated by an elevated narrow plateau known locally as Neraidhorachi (Mastronuzzi et al., 1994) (Fig. 1). Evidence for past glacial activity across the plateau is present in the form of ice-moulded bedrock, localised patches of gravel and cobble-dominated diamicton, and scattered glacially transported boulders (Pope et al., 2017). The margins of the plateau are bounded by the steep backwalls of cirques preserved at the head of network of glacially deepened valleys that link upland sediment source areas to the Ano Lousi polje, dolines, and gravel-dominated braided rivers systems (Maull, 1921; Mistardis, 1937; Pope et al., 2017). Despite the presence of  small glacio-karst cirque basins and the development of subterranean karst drainage systems (cf. Koutsi and Stournaras, 2011), the routing of meltwater floods and significant volumes of glacial sediment through the Spanolakos and Laghada valleys led to the infilling of the Ano Lousi polje by fine- and coarse-grained glaciofluvial outwash during the Late Pliocene and Early Pleistocene  (Tsofilis, 1976) and the formation of fan complexes on the western margins of the polje during the Middle Pleistocene (Pope et al., 2017).  The valley network preserves a suite of moraines that on the basis of altitude have been divided into four morphostratigraphical units.  Stratigraphic unit 1 comprises undated lower and middle valley moraines and tills that have been tentatively linked with glacial activity during the Middle Pleistocene (Pope et al., 2017; Leontaritis et al., 2020). A preliminary 36Cl TCN based geochronology has constrained the formation of valley moraines (Stratigraphic units 2 to 4) to glacial activity between 40 and 30 ka, 23 and 21 ka, and 13 and 10 ka (Pope et al., 2017). By comparison, OSL dating constrains the initial formation of a termino-lateral moraine to the early stages of the last glacial cycle (89 to 86 ka) (Pavlopoulos et al., 2018).  
No glaciers, permafrost, or permanent snow fields survive on Chelmos today. The modern climate is typically Mediterranean with cool-wet winters and hot-dry summers (Pope, 1995). Climate data from Kalavryta station (731 m asl) show a mean annual temperature of 13.6°C and mean annual precipitation is 996 mm (Koutsopulos and Sarlis, 2003). Based on the precipitation difference between Patras (3 m a.s.l.) and Kalavryta (731 m a.s.l.), precipitation in the highest mountain areas (>2000 m a.s.l) is estimated to be between1500 and 2000 mm (Pope et al., 2017). Most winter precipitation above 2000 m falls as snow and can persist in sheltered hollows below north-facing cliffs until July (Fig. 10 in Hughes 2018).

3. Field and Laboratory Methods

3.1 Geomorphological mapping and sedimentology 

[bookmark: _Hlk531608699]Building upon previous work (Pope et al., 2017; Pavlopoulos et al., 2018), geomorphological mapping focused upon the Middle Pleistocene moraines and glaciofluvial outwash fans using high-resolution Google Earth imagery, 1:5000 scale topographic maps, and regional 1:50,000 scale geological sheets from the Greek Institute for Geological and Mineral Exploration (IGME). Between 2018 and 2019, the locations of glacial and glaciofluvial landforms and sedimentary sections within the Spanolakos, and Xerokambos valleys were recorded using a handheld Garmin GPS. Sections were logged using the approach of Evans et al. (2010) documenting key sedimentary properties including clast fabric, shape and size in order to group units into lithofacies (Evans and Benn, 2004). 

3.2 Soil profile development

The degree of soil development on moraines and proglacial fans was assessed to determine the relative age of surfaces at different morphostratigraphical positions in valleys using the approach of Pope et al. (2003). Soil development was then quantified by generating a soil profile development index (PDI) following the measurement of nine standard soil properties described in Harden (1982) and Birkeland (1999). Similar approaches have been successfully employed on glaciofluvial terrace surfaces in northwest Greece (Woodward et al. 1994).

3. 3. Geochronology 

3.2.1. U-series analysis

U-series dating has been successfully applied to strongly cemented vadose-type calcite rinds and phreatic-type calcites to provide minimum limiting ages for glacial and alluvial sediments in the northern Pindus Mountains (Woodward et al., 2004; Hughes et al., 2006a) and on Mount Orjen in Montenegro (Adamson et al., 2014). Following these studies, both types of calcite were collected from moraine and glaciofluvial outwash deposits on Mount Chelmos for analysis at the National Environmental Isotope Facility, Geochronology and Tracers Facility (NEIF-GTF) at the British Geological Survey.  

Where discrete calcite layers were identified within individual samples, they were subsampled using a Dremel tool and diamond tipped cutter and micro-drill to obtain U-series ages. The number of subsamples ranged from 2 to 4 depending on the thickness and complexity of the calcite block. In total, 23 samples were analysed. Calcite dissolutions and U-Th separations were done in a class 100 HEPA filtered clean laboratory at NEIF-GTF. Reagents used included high purity Milli-Q water (resistivity = 18 MΩ), HCl and HNO3 prepared by double sub-boiling distillation in quartz, and high purity (Romil UK Ltd., UpA grade, triple Teflon distilled) concentrated ammonia, HF, and HClO4 Sample powders were covered in high purity water and dissolved by drop-wise addition of 15 M HNO3, followed by spiking with a mixed 229Th - 236U tracer. Complete sample dissolution, sample-spike equilibration, and oxidation were achieved using an HNO3-HClO4-HF dissolution in Savillex PFA Teflon vials using stepwise heating in an Analab Evapoclean device.  After complete dissolution and drying down the samples were re-dissolved in 1 M HCl, c. 5 mg Fe as FeCl was added, and U and Th pre-concentrated by Fe co-precipitation. 229Th - 236U tracer calibration and FeCl2 preparation is described in Douarin et al. (2013) and Smith et al. (2016).  U and Th separation methods followed Edwards et al. (1987) using Eichrom AG-1 x 8 anion resin in home-made 0.7 ml capacity ion exchange columns.

Sample analysis was undertaken on a Thermo Neptune Plus MC-ICP-MS at NEIF-GTF with methods and running conditions described by Smith et al. (2016). Raw isotope ratios were processed using an in-house Excel spreadsheet with an add-in MATLAB age calculation and uncertainty propagation engine written by Noah McLean based on McLean et al. (2011). Data correction for initial Th contributions and data plotting used Isoplot (Ludwig, 2003). An initial U-Th composition based on (232Th/238U) of 1.0 ± 0.5 and secular equilibrium in the 238U decay chain was used for corrections.  Age calculations used the decay constants of Cheng et al. (2013). Quoted ages are corrected to calendar years BP (1950) from the date of U series analysis (2015) and are considered minimum ages for the host moraines and glaciofluvial outwash deposits.  See Tables 1 and 2 for sample details. 

3.2.2 Optically stimulated luminescence sampling

A single sample was collected from a fluvially-reworked sandy diamicton unit using an aluminium tube (4 cm in diameter and 20 cm in length). Under laboratory conditions, a 2 cm thick layer was removed from the outer surface and 2 cm of potentially light exposed material removed from the top and bottom of the tube. The retained unbleached portions of each sample were gently crushed and then treated with 10% HCI and 33% H2O2 prior to sieving to extract grains that fell within the 180–250 μm fraction. After etching with 10% HF, the OSL signal from the quartz fraction was measured to obtain equivalent doses for small aliquots using the single aliquot regenerative dose (SAR) procedure (Murray and Wintle, 2000, 2003). The mean ratio of recovered doses to given doses (based on 24 aliquots) was 1.04 ± 0.02 which demonstrates the suitability of the SAR procedure for the sample analysed. The total dose rate (D) for each sample was estimated using high resolution gamma ray spectrometry with cosmic ray contributions estimated using the approach of Prescott and Hutton (1994). The equivalent dose rate (De) and age estimate are given in Table 3.

4. Results: geomorphology, sedimentology, and geochronology

4.1. Geomorphology and sedimentology of moraines: 
4.1.1. Xerokambos valley

[bookmark: _Hlk130976457]Immediately down-valley of a prominent (40 m high and 500 m wide) end moraine (1850 m a.s.l.), diamicton form two distinct moraine deposits (Fig. 1).  The upper moraine (c.1830 to c.1720 m a.s.l.) forms a 2 to 5 m thick fan-shaped landform that comprises discrete western and eastern segments. Prior to construction of the Kalavryta ski centre, the eastern segment is likely to have reached the southern edge of the Xeroloutsa valley (c.1700 m a.s.l.), whereas the western segment extends northwestwards forming a lateral wedge that mantles the lower slopes of the Avgho ridge. The strongly cemented diamicton of the upper moraine can be subdivided into four distinctive lithofacies (Fig. 2). The dominant lithofacies comprises massive clast- and matrix-supported sub-angular to sub-rounded gravels, cobbles and rare boulders that display subtle variation in matrix development and grain size down valley (Xk 1). Locally, the uppermost portion of this unit has undergone scouring to produce a discrete erosional contact with an overlying unit consisting of clast-supported sub-angular gravels (Xk 2). The latter are characterised by a highly distinctive collapse fabrics that result from the removal of the supporting matrix by downwards percolating meltwaters (cf. Evans et al., 2010). Locally, Xk 1 and Xk2 are draped by discontinuous wedges (c.20 cm in thickness) composed of cohesive fine to medium sands and fine granule lags (Xk 4). Locally, the uppermost portion of this unit has undergone scouring to produce a discrete erosional contact with an overlying gravel and cobble unit (Xk 3). These are distinguishable from gravel and cobbles that constitute Xk 1 on account of their crude stratification and the development of a more extensive fine sand-dominated matrix between clasts. 

Extending northwest wards from the lower slopes of the Avgho ridge (c.1700 to 1650 m. a.s.l.) into the Xeroloutsa valley, a lower moraine forms a small (c.0.8 km2), low relief lobate deposit. Meltwater channels incised into the surface of the moraine expose 2 to 3 m thick sections of clast- and matrix-supported sub-angular to sub-rounded gravel, cobbles, and occasional striated boulders. These sediments are strongly cemented and represent the distal extension of Xk 1 (Fig. 2). A subtle erosional contact divides the sequence into an upper unit and lower units. The boulders within the upper unit are aligned to the north-northwest, while boulders in the lower unit are characterised by a northwest alignment. Field mapping suggests that the down-valley limits of the moraine coincides with a subdued ridge (c.1640 to 1636 m a.s.l.) that is partially mantled by subrounded boulders and blocks of cemented diamicton. Nevertheless, the basal unit (Xk 1) of the lower moraine is also exposed in a road cutting (1445 m a. s. l.) (logged exposure 5 in Fig. 2), indicating that strongly cemented moraine deposits extend as far west as the Valvousi valley (cf. Pavlopoulos et al., 2018).  

5.1.2. Spanolakos valley 

[bookmark: _Hlk7962970][bookmark: _Hlk6469191]Within the upper valley, crudely stratified coarse sands, angular gravels and occasional cobbles form a discrete terrace that is buried by a prominent (250 m wide and 16 to 48 m high) termino-lateral moraine ridge (c.1885 to 1975 m asl). The basal unit of the moraine comprises sands, sub-angular gravels, cobbles and rare boulders (Sl 1) that are weakly cemented by fine-grained calcite and silt (Fig. 3). Isolated diamicton blocks of well-cemented angular gravels and cobbles, and boulders derived from the valley head zone are a distinctive feature of this unit. Overlying the basal unit, massive cohesive granular sands, crudely stratified angular to sub-rounded gravels, cobbles and striated boulders (Sl 2) form the bulk of the termino-lateral moraine ridge. The outer toe of the ridge extends some 150 m down valley forming a thinning wedge of clast-supported sub-angular gravels with cobbles (Sl 3) and sub-angular to sub-rounded gravels inset within partially stratified cohesive sands (Sl 4). Further down valley, deep channel cuts (c.1650 to 1750 to m asl) indicate that Sl 3 conformably overlies a diamicton unit that subdivides into two distinctive lithofacies. The basal sediments are draped over steeply dipping ice-moulded limestone bedrock and comprise coarse sands and fine granules cemented by fine-grained calcite (Sl 9). The top of this unit has undergone significant scour culminating in a clear erosional contact with the overlying gravel unit (Sl 5). The latter consists of crudely stratified clast- and matrix-supported sub-angular to sub-rounded gravels that have been cemented by fine-grained calcite and silt. 

5.2. Geomorphology and sedimentology of glaciofluvial outwash fans:  

Fan complexes occupy prominent positions in the Laghada and Spanolakos valleys (Fig. 1). The Laghada fan represents a local depocentre for small catchments draining Strogilolaka valley and the glacio-karst basin at Kato Kambos (Pope et al., 2017). The adjacent Spanolakos fan is the most extensive depocentre on Chelmos and in terms of the volume of stored sediment (3.80 x 107 m3) is one of the largest glaciofluvial outwash fans in the Peloponnese (Pope, 1995). In geomorphological terms, the Spanolakos fan comprises distinct upper and lower segments. The upper segment is a low gradient (6 to 10°) wedge located between two bedrock ridges (c.1700 to 1850 m asl). The fan surface is incised by a single prominent channel that exposes 3 to 4 m thick sections consisting of sub-angular to sub-rounded matrix-supported gravels that exhibit increased normal grading downfan (Sl 6). Locally, these units are separated by discontinuous wedges (c. 25 cm in thickness) comprising angular to sub-angular gravels, granules, and coarse sand (Sl 8) (Fig. 3)

The boundary between the upper and lower fan segment coincides with a gradual change in surface gradient between c. 1520 and 1480 m asl. The lower fan consists of low gradient (9 to 16°) segments that extend westwards for a distance of 2.0 km before ending abruptly as a clearly defined step along the north-eastern margin of Ano Lousi polje (Fig. 1). Incision of the fan surface has exposed 3 to 6 m thick sections of sands, gravels, cobbles and rare boulders strongly cemented by fine-grained calcite (Fig. 3). The bulk of the fan consists of sub-angular to sub-rounded gravels (Sl 7) that display progressively greater levels of normal grading, clast imbrication and matrix-support down-fan (clast density 70 to 30 %). Along the distal fan margin, an erosional boundary separates the basal gravels and cobbles from a 4 to 6 m thick fine-grained unit of partially stratified to massive coarse silt and fine sand (Sl 10). The latter unit is also well-preserved below the distal sediments of the adjacent Laghada fan and extends southwards into the lower Laghada valley forming an extensive deposit above a 25 to 30 m thick unit comprising glacio-fluvial sands and boulders and diamicton composed of gravels, cobbles and boulders. Pavlopoulos et al. (2018) and Leontaritis et al. (2020) mapped these as moraines, although a glaciofluvial origin, i.e. an alluvial fan fed by an outlet glacier in the upper catchment, is still more likely given the wider glacial geomorphological evidence observed upstream (see Figure 4). Nevertheless, if these deposits are glacial in origin, they could correlate with the Valvousian Stage deposits below the Xerokambos valley. However, given the doubt, in this study we consider the lower glacial limits to have occurred at c.1400 m a.s.l. between the Laghada and Strogilolaka areas (Fig. 1).

5. 3. Geochronology and soil development: 

5.3.1. U-series analysis

Five samples (1B-A and C, and 4A-C) were characterised by high detrital contamination with (230Th/232Th) ratios of 2.7 to 5.8 and (230Th/238U) ratios > secular equilibrium, the latter indicating open system behaviour, and thus they did not provide any age constraints (note that brackets denote activity ratios, as opposed to isotope ratios). The remaining 18 samples had detrital Th-corrected isotope ratios plotting in the permissible region in (230Th/238U) – (234U/238U) space.  All data are reported in Table 1. It is important to note that U-series ages on calcites in these contexts represent minimum ages for the host sediments (Woodward et al. 2004; Hughes et al. 2006a). 

5.3.2. Xerokambos valley

Eleven U-series ages were generated for the upper moraine (Table 2 and Fig. 2). At logged exposure 3, a subtle erosional contact divides crudely stratified diamicton into discrete lower and upper units. Two samples from the lower unit (5B-B and 5B-C) yielded uncorrected ages of 600.1 ± 94.0 and 486.0 ± 27.3 ka, respectively. These samples had (230Th/232Th) ratios of 17.5 and 14.6, respectively, and the corrected ages are within the error of the uncorrected ages at 594.6 ± 89.8 and 479.8 ± 26.1 ka, respectively. While the older age is close to the limit of the U-series technique and has a large error, it is considered a ‘real’ age and not infinite, and provides a limiting age for the oldest Pleistocene glacial sediments preserved in the valley.  Four samples collected from the upper unit (6B-A, 6A-C, 6A-B, and 6A-A) yielded uncorrected ages of 299.9 ± 5.5, 279.9 ± 4.5, 268.9 ± 3.6, and 96.8 ± 0.8 ka, respectively. Sample 6A-C had a (230Th/232Th) ratio of 7.1 and the corrected age is 267.8 ± 9.9, the large uncertainty reflecting the magnitude of the detrital Th correction. The remaining samples had (230Th/232Th) ³18.4 and detrital Th corrected ages within uncertainty of the uncorrected ages at 295.3 ± 6.2, 268.5 ± 3.6, and 96.7 ± 0.8 ka, respectively. Given the close stratigraphic position of these samples, it is very likely that the youngest age represents more recent calcite formation within sediments deposited prior to c. 268.5 ka. On the moraine surface an 8-cm thick granular soil produced a profile development index (PDI) value of 14.8.

At logged exposure 2, a sample from the lower unit (7-A) yielded an uncorrected age of 448.2 ± 18.5 ka. This sample had a (230Th/232Th) ratio of 18.1, and the corrected age is within the error of the uncorrected age at 443.2 ± 18.0 ka. Two samples collected from a middle unit (7-B and 7-C) had (230Th/232Th) ratios of  ³40.0 and yielded detrital Th-corrected ages of 302.5 ± 4.8 and 256.0 ± 2.9 ka, respectively, within uncertainty of the uncorrected ages. A discrete erosional contact between the lower and middle unit indicates that each unit represents a separate depositional phase with the first emplacement phase occurring c. 443.2 ka  and the second between 302.5 and 256.0 ka. At logged exposure 1, the middle and upper units (8-C and 8-A) yielded uncorrected ages of 215.9 ± 3.1 and 191.0 ± 1.8 ka, respectively. These samples had 230Th/232Th ratios of  >128.0 and the correct ages are within the error of the uncorrected ages at 215.3 ± 3.1 and 190.5 ± 1.8 ka, respectively. Given the ages generated for the middle unit at exposures 2 and 3, the age generated for the same unit at exposure 1 is very likely to reflect a later phase of calcite formation within pre-existing sediments. In contrast, the age generated for the upper unit represents the earliest phase of calcite formation following the initial deposition of diamicton c.190 ka. At logged exposures 1 and 2, a 42-cm thick, dark reddish brown (5YR) soil formed on the moraine surface generated a PDI value of 22.8.  

5.3.3. Spanolakos valley

Within a mid-valley moraine, diamicton comprising gravels and cobbles (logged exposure 7) yielded detrital Th-corrected ages of 121.8 ± 1.9 ka (3-B) and 116.8 ± 2.4 ka (3-C), respectively. These samples had (230Th/232Th) ratios >18 (Table 2 and Fig. 3). A discrete erosional contact subdivides the diamicton into an upper and lower unit. The age of the underlying unit represents a phase of calcite formation within pre-existing glacial deposits, whereas the age generated for the upper unit represents a phase of calcite formation immediately following the deposition of glacial sediments c. 116.8 ka. On the moraine surface, a laterally discontinuous 13-cm thick brown (7.5YR) silty soil generated a PDI value of 11.2.  

[bookmark: _Hlk108453586][bookmark: _Hlk108453918]Five U-series ages were generated for the glaciofluvial outwash fan (Table 2 and Fig. 3). Within the upper fan a gravel and cobble unit and overlying pebble unit (logged exposure 9) yielded uncorrected ages of 123.7 ± 0.7 ka (12-A) and 101.7 ± 0.4 ka, respectively. These samples had (230Th/232Th) ratios of 5.8 and 4.3, and although this imposed moderate propagated uncertainties on the detrital-Th corrected ages of 108.6 ± 11.4 ka and 91.8 ± 7.2 ka, respectively, these are nevertheless useful for the purposes of this study in placing age constraints on both units. At this section, thin calcites benches are present towards the base of individual gravel and cobble units that have been unconformably overlain by partially reworked fine gravels. Given this stratigraphic context, the age of each unit represents the earliest calcite formation phase following the deposition of glaciofluvial outwash at c. 108.6 ka and c. 91.8 ka, respectively (cf. Hamlin, 2000). On the fan surface, a laterally discontinuous 10-cm thick brown (7.5YR) soil yielded a PDI value of 7.7.  
Within the lower fan (logged exposure 10), the basal gravel unit yielded an uncorrected age of 429.1 ± 17.9 ka (13 -C). This sample had a (230Th/232Th) ratio of 20.8 and the correct age is within the error of the uncorrected age at 424.8 ± 17.4 ka. By comparison, the middle and upper gravel units, generated detrital Th-corrected ages of 332.6 ± 6.8 ka (13-A, (230Th/232Th) =121.4) and 306.7 ± 5.2 ka (13-B, (230Th/232Th) =34.1), respectively. Subtle unconformities separate each of the three units and suggest deposition occurred in two discrete phases. The initial phase started c.424.8 ka and provides a limiting age for the oldest glaciofluvial outwash sediments preserved in the valley. Following this phase, the basal sediments were subjected to minor reworking prior to a further period of significant glaciofluvial outwash deposition between 332.6 and 306.7 ka. Long-term stability of the surface is evidenced by the formation of a 38 cm thick reddish brown (5 YR) soil that produced a PDI value of 33.4.

5.4. OSL analysis

[bookmark: _Hlk82850572]A single OSL age was generated from the upper Spanolakos valley (Table 3). Fine- to medium-grained sands that form an extensive supporting matrix around crudely stratified gravels (logged exposure 7) yielded a maximum age of 67 ± 6 ka (072406) for fluvially reworked diamicton (Fig. 3). 

5. 5. 1. Glacial geochronology and chronostratigraphy

[bookmark: _Hlk78296695]Combining U-series and OSL age estimates (and soil PDI values as a relative-age indicator) provides the geochronological basis for assigning deposits to specific glacial morphostratigraphical units (Table 4). This allows for these morphostratigraphical units to be correlated with wider regional and global chronostratigraphical units. In Greece, correlations can be made with the glacial chronostratigraphical sequence established in northern Greece (Hughes et al. 2006a), which has been correlated via the parasequence at lake Ioannina with the marine isotope record (Tzedakis 1994; Tzedakis et al. 2002; Hughes et al. 2005). This has established three glacial chronostratigraphical units in the Greek startigraphy: the Skamnellian Stage (MIS 12), the Vlasian Stage (MIS 6), and the Tymphian Stage (MIS 5d-2). Stages so far undefined in the Greek terrestrial glacial sequence include those intervals correlating with pre-MIS 12, MIS 10 and 8.   

The earliest moraine is represented by the Valvousi Member. This is limited to the Xerocambos valley where a single U-series age (594.6 .2 ka ± 89.8 ka) tentatively links the formation of a lower diamiction unit with glacial activity during MIS 16 (621 to 690 ka) or less likely MIS 14 (533 to 563 ka). MIS 16 was characterised globally by a more intense glaciation than MIS 14 (Hughes et al. 2020) and at Lake Ohrid in Macedonia/Albania MIS 16 is recorded as one of the most severe glaciations of the past 637 ka whereas somewhat warmer temperatures can be inferred for MIS 14 (Francke et al., 2016).  The presence of glacial deposits correlating with MIS 16 represents a new finding in Greece and these deposits can be used as the type site for a new chronostratigraphical cold stage. As the glacial record is inherently fragmentary a parasequence is required to correlate with wider global climate sequences such as the marine isotope record. As Lake Ioannina (which was used as a parasequence to define the existing glacial chronostratigraphy in Greece) does not extend beyond MIS 12, an alternative continuous sequence is needed. The Lake Ohrid record (Francke et al. 2016) could represent a suitable parasequence, or other potential long sequences such as that at Tengahi Philippon (Tzedakis et al., 2006; Pross et al., 2015) can be used to anchor the glacial sequence to, and then allow wider correlations with the marine isotope record. A suitable provisional suggestion for naming the oldest glacial deposits recognised on Mount Chelmos would be the Valvousian Stage (= MIS 16 as recorded in the Lake Ohrid and Tenaghi Philippon sequences), after the Valvousian Member deposits. This provisional suggestion requires further development and comparison with these potential long continuous parasequences in order to establish a formal chronostratigraphical definition. Nevertheless, we make the initial proposal for the definition of the Valvousian Stage here based on the evidence from Mount Chelmos.  

The Kentria Member correlates with the Skamnellian Stage (MIS 12) glaciation of Northern Greece (Hughes et al., 2006a; 2007) and is represented by a lower diamicton unit within the Xerocambos valley. U-series ages from this unit indicate that the bulk of the diamicton was deposited between c. 479.8 and 443.2 ka. In the Xeroloutsa valley, meltwater floods eroded the surface of diamicton unit and removed the original soil cover, although locally, an 8 cm thick granular soil (PDI value of 12.2) has formed in shallow surface depressions.  The granular soil is also present on the partially eroded surface of a moraine located in the lower valley at Chaliki (PDI value of 12.9) and Mesoroughi (PDI value of 12.5), suggesting the Kentria Member has been subjected to several phases of erosion. 

Glacial activity during MIS 10 and 8 is represented by the Xentria Member and specifically the middle diamicton unit in Xerocambos valley that yielded U-series ages between 302.4 ± 4.8 and 256.0 ± 2.9 ka. Although these ages were derived calcites immediately above the lower diamicton unit, both units are separated by an erosional contact and are very likely to represent separate depositional phases. This is the first time glacial deposits dating to the cold stage between the Vlasian and Skamnellian Stages have been found in Greece. The Xentria Member deposits could therefore define chronostratigraphical cold stages that correlate with MIS 10 and 8. A continous terrestrial record comparable in time to the Xentria Member desposits is that from Tenaghi Philippon presented by Fletcher et al. (2013). A provisional proposal is to define these cold stages as the Xentrian Stage complex. However, further work is needed to establish a formal stratigraphical framework for these intervals. 

The Kontorachia Member is well-preserved within the Xerocambos and Spanolakos valleys where U-series ages constrain the formation of an upper diamicton unit to between 190.4 ±1.7 ka and 121.7 ka ± 2.4 ka, during the Vlasian Stage (MIS 6) glaciation of northwest Greece (Hughes et al., 2006a). Soil PDI values reflect better soil development on the upper moraine at Xerocambos (PDI of 22.8) compared to Spanolakos (PDI of 11.2) indicating that the stability of moraine surfaces and the duration of soil development varied significantly between valleys. The Profitis Ilias Member is limited to upper valley locations. At Spanolakos, OSL dating constrains the deposition of diamicton to the period 98 ka to 79 ka (MIS 5c to 5a) (Pavlopoulos et al., 2018), and the earliest phase of the Tymphian Stage glaciation of Northern Greece (Hughes et al., 2006a, b). A partially eroded granular soil formed on the surface of this moraine (PDI of 7.4) exhibits similar weathering characteristics to soil on a moraine preserved in the upper Chaliki valley (PDI of 6.8). The relative immaturity of the profile development suggests that both moraine surfaces are likely to represent the last glacier advance during the later Tymphian Stage glaciation (MIS 2), which overrode deposits associated with the preceding advance dated to MIS 5c and 5a at Spanolakos. 



5. 5. 2. Glaciofluvial geochronology and chronostratigraphy 

The earliest and most extensive glaciofluvial outwash deposits we have observed are represented by the Ano Lousi Member. In the Spanolakos valley, U-series dating constrains the deposition of the lower glaciofluvial unit to 424.8 ka ± 17.4, and the Skamnellian Stage (MIS 12) glaciation of northern Greece (Hughes et al., 2006a, 2007). This unit underwent minor reworking prior to their subsequent burial by glaciofluvial outwash of the Kato Lousi Member. U-series dating constrains the deposition of gravels to the period 332.5± 6.7 to 306.6 ± 5.1 ka and provide evidence for glacial activity during MIS 10 and 8 when glaciers were often smaller extent (and their superficial remnants obscured) compared with the later Pleistocene glaciations (Hughes et al., 2020; Allard et al. 2021a). Following this depositional phase, long-term stability of the surfaces of Spanolakos fan and Laghada fan complexes is indicated by well-developed soils that produced PDI values of 30.4 and 29.8, respectively. 

Glaciofluvial outwash dating to Vlasian Stage (MIS 6) is represented by the Kastraki Member. In the upper Spanolakos valley, U-series dating and sedimentary evidence suggests that gravel-dominated moraine of the Kontorachia member was reworked by meltwater floods and redeposited to form the basal deposits of a glaciofluvial outwash fan during the MIS 6/MIS 5e transition. In comparison, U-series ages of 108.7 ± 11.5 ka and 91.9 ± 2.4 ka suggest that the upper units of the glaciofluvial outwash fan formed between MIS 5e and MIS 5a, and correlate with the early phases of the Tymphian Stage glaciation of northwest Greece (Hughes et al., 2006a, b).  The partially eroded brown (7.5YR) soil formed on the surface of the fan (PDI of 7.7) is better preserved on a glaciofluvial outwash terrace located in a middle valley setting at Chaliki (PDI of 8.6) suggesting that deposition occurred in the latter valley during the during the MIS 6/MIS 5e transition. 
5.6. Glacial phases and maximum limits

The geochronological data presented in this study (Table 2 and Table 3) constrains the formation of moraines to glacial phases that span the period from the newly defined Valvousian Stage (MIS 16) to the early part Tymphian Stage (MIS 5d-2). Furthermore, our remapping of glacial sediments suggests that glaciers extended beyond the maximum limits proposed by Pope et al. (2017) (Fig. 4). Glacial activity during the Valvousian Stage (MIS 16 and potentially, though less likely, in MIS 14) is preserved in the Xerocambos valley where a single U-series age and morphostratigraphical evidence suggests the presence of an outlet glacier that may have extended into the Xeroloutsa valley. An ice field and outlet glaciers covered a total area of 12.9 km2 during MIS 12 (Table 5). Ice breached the main watershed divide forming five outlet glaciers that extended some 1.6 to 3.2 km from a central ice dome located in the centre of the Neraidhorachi plateau.  Evidence of glacial activity during MIS 10 and MIS 8, correlating with a potential Xentrian Stage complex, has not been preserved on the plateau or within the larger and deeper valleys. Nevertheless, U-series ages and morphostratigraphical evidence from Xerocambos valley suggests that during MIS 8 an outlet glacier potentially terminated 0.6 km south of the maximum down-valley limited reached by an outlet glacier during MIS 12. However, as the U-series ages are minimum ages for the host deposits, the moraines may still be older and could in fact be MIS 10 or 12 in age. Thus, the proposed Xentrian Stage complex described above must be considered provisional until further work has been done to fully establish the links between the glacial record and the environmental changes recorded in long sediment sequences from sites such as Tenaghi Philippon.
During the Skamnellian Stage (MIS 6) the ice field was restricted to the central, eastern and southern portions of the Neraidhorachi plateau. The total area of the ice mass decreased to ~6.2 km2 and outlet glaciers retreated 0.5 to 1.3 km up-valley compared to their maximum limits during MIS 12. A significant proportion (>83%) of the Neraidhorachi plateau was ice free during the earliest stage of the Tymphian Stage glaciation (MIS 5d). Total ice cover decreased to ~2.1 km2 and outlet glaciers were restricted to upper valley settings and terminated at an altitude of 1840 to 1900 m asl. No ice field existed on Neraidhorachi plateau during the latter stages of the Tymphian Stage glaciation, although a re-analysis of the distribution of 36Cl TCN dated moraines confirms the view that MIS 3 and 2 glaciers were confined to the highest cirques (2100 to 2200 m a.s.l) (Pope et al., 2017).  

[bookmark: _Hlk21886021]6. Discussion 

Moraine and glaciofluvial outwash records preserved on Mount Chelmos provide new insights into patterns of glacial and fluvial system coupling in one of the most tectonically active areas of the Mediterranean and build upon existing research in glaciated catchments within the Mediterranean (e.g. Woodward et al., 1995, 2008; Lewis et al., 2009: Benito et al., 2010; Adamson et al. 2014; Cordier et al., 2017; Giraudi and Giaccio, 2017). 

Regional tectonic processes are undoubtedly an important control on landscape and river system development (see Gawthorpe et al., 2018 and references therein). Nevertheless, regional scale faulting and uplift exert only limited influence on glacial and fluvial system coupling on Mount Chelmos. The deep valleys and drainage channels formed on the Chelmos massif are inherited landforms that pre-date the earliest stage of rifting in the Gulf of Corinth (Pope, 1995). Consequently, their spacing and orientation was strongly controlled by structural and lithological heterogeneities in the pre-rift Hellenide units and there is no obvious alignment with the dominant strike pattern of Upper Pliocene to Lower Pleistocene fault systems on Mount Chelmos (IGME, 1978, 2005). Regional uplift has increased the overall elevation of the Chelmos massif and instigated multiple phases of fluvial and glacial incision within the valley network. Since the Middle Pleistocene, glacial downcutting has produced over-steepened backwalls in valley head cirques, moderately steep channel gradients in the narrow upper valleys, and less steep channel gradients in the lower reaches of the larger valley systems (Brocklehurst and Whipple, 2007; Pope et al., 2017). 

U-series dating and morphostratigraphical evidence suggests that Mount Chelmos was glaciated during the Voulousian Stage which can be correlated via the long terrestrial sequences at Lake Ohrid with MIS 16, one of the most severe glacial periods recorded in the Balkans (Francke et al. 2016). The absence of glaciofluvial outwash deposits dating to this period prevents any in-depth exploration of very early glacial-fluvial system dynamics. Nevertheless, morphostratigraphic evidence tentatively links undated well-cemented conglomerates in the Valvousi valley (cf. Tsoflias, 1976) with the U-series dated lowermost diamicton unit in Xerocambos valley which strongly hints at some glacial and fluvial system coupling prior to the extensive MIS 12 glaciation. The fact that the Valvousian (MIS 16) deposits are strongly cemented is an important factor in their preservation and such old glacial deposits are rarely found in much of western Europe, although it was the most extensive glaciation of the southern Russian Plain, with an ice lobe reaching into the Don Valley between Moscow and Volgograd (Hughes and Gibbard 2018).

During the Skamnellian Stage (MIS 12) a plateau ice field covered Mount Chelmos while extensive outlet glaciers fed directly into the valley network producing strongly coupled glacial and fluvial systems (sensu Harvey, 2002) (Fig. 5A). The efficient transfer of coarse-grained outwash between glaciers on the Neraidhorachi plateau and the deeply incised lower valley environments at Chaliki and Mesoroughi is evidenced by (now) fragmented glaciofluvial terraces that sit at elevations of about 8 to 10 m above the modern river channel (Pope et al., 2017). By comparison, efficient source to sink transfer of coarse-grained glaciofluvial sediments in the steep Spanolakos and upper Laghada valleys led to the formation of distinctive fan complexes. During this period, the Spanolakos valley emerged as the primary conduit for meltwater and sediment transfer to regional lowland depocentres on the western flanks of Mount Chelmos. The sustained delivery of silts, sands, gravels and cobbles to the lower valley zone led to the initial growth of a glaciofluvial outwash fan. Moreover, as sediment storage in the lower valley reached capacity, the fan complex advanced across the mountain front zone and initiated significant change in the landscape through the reworking and then burial of pre-existing (potentially MIS 16 and 14) glacial and glaciofluvial deposits preserved within the easternmost portion of Ano Lousi polje. Elsewhere in the Mediterranean, strong coupling between glacial and fluvial systems is also recorded Mount Orjen, Montenegro, during the Middle Pleistocene where sediment and meltwater from an extensive plateau ice cap produced a major phase of aggradation in alluvial fan systems and lowland poljes during MIS 12 (Adamson et al., 2014; Adamson et al., 2017). 

In the cold stages after the Skamnellian Stage (MIS 12) uncertainty exists regarding the dynamics of glacial-fluvial system coupling. Whilst deposition occurred on the Spanolakos fan between MIS 10a and 9b, the apparent absence of moraines dating to MIS 10 and the presence of a single MIS 8 moraine (which may in fact be older) is indicative of much more limited glacial activity. These may represent new cold stages represented by glacial deposits in Greece as the Xentrian Stage complex, although further work is needed to establish the wider terrestrial stratigraphical record for these intervals in Greece. The transition towards weaker glacial-fluvial system coupling reflects weaker glacial cycles between 373 to 245 ka, which led to reductions in both ice cover and meltwater discharge in mid-latitude mountain ranges (Hughes et al., 2020). The impact of these glacial cycles on catchments across the Mediterranean is generally poorly preserved in alluvial records (cf. Cordier et al., 2017). Nevertheless, gravel-dominated glaciofluvial outwash deposits (U-series age of 300 ± 21 ka) preserved in the Sphakia fan complex, southwest Crete (Pope et al., 2016) and a glaciofluvial outwash terrace (OSL age of 263 ± 21 ka) within the Aragón Subordán River, central-western Pyrenees (García-Ruiz et al., 2013), provides evidence of potentially weakly coupled glacial-fluvial systems between MIS 9d and 8a.

[bookmark: _Hlk77874515]Reduced ice cover across Mount Chelmos during the Vlasian Stage (MIS 6) signalled a phase of weaker glacial-fluvial system coupling that culminated in a reduction in the volumes of coarse sediment delivered to the downstream valley network. Morphosedimentary evidence and PDI values of soils formed on the surface of a terrace fragment hints at minor deposition in the mid-valley settings (Fig. 5B and Table 6), although as noted in valley networks in other Mediterranean catchments (cf. Lewin and Macklin, 2003; Stange et al., 2013), the lack of robust dating control and poor preservation of valley floor sediments can make it difficult to get a clear sense of the timing and scale of aggradation. In comparison, glaciofluvial outwash deposition on the Laghada fan effectively ceased as meltwater and sediment continued to be preferentially routed through the Spanolakos valley. The reduced delivery of sediment to the lower valley environment at Spanolakos caused the locus of deposition to shift to the proximal fan margins and subsequently the lower and middle valley environments creating new accommodation space for the formation of an upper fan complex and new depocentre. This created a buffer zone (sensu Harvey, 1997), which prevented glaciofluvial sediment from reaching the lower valley and, more importantly, culminated in the progressive uncoupling of the lower fan complex from sediment source areas on the Neraidhorachi plateau. The transition towards weaker system coupling was driven by changes in sediment transfer combined with the preferential routing of glaciofluvial sediment through a single valley. Weaker glacial and fluvial system coupling was also recorded in Mount Orjen, although this reflected the preferential transfer of sediment and meltwater through subsurface karst networks and increased sediment storage in upland karst depressions (Adamson et al., 2014). Elsewhere in the Mediterranean, strong glacial and fluvial system coupling in catchments was linked to routing of meltwater and sediment through a single valley system such as in the Vikos Canyon on the southern slopes of Mount Tymphi in Northern Greece (Woodward et al. 2008; Allard et al. 2020). In the southern Pyrenees, OSL dates from the Cinca river (178 ± 21 ka) and Gállego river (151 ± 11 ka) basins (Lewis et al., 2009), and a 10Be TCN exposure age (138.8 +4.76/-22.8 ka) from the Segre river (Stange et al., 2013) link major phases of aggradation to glacial activity during the middle and later phases of the Vlasian Stage (MIS 6). This cold stage also witnessed significant aggradation in non-glaciated catchments across the Mediterranean (Macklin et al., 2002) with significant volumes of sediment delivered to valley floor areas in response to reduced forest cover, increased denudation rates, stronger hillslope-river channel coupling, and more frequent flood events (e.g. Fuller et al., 1998; Rowan et al., 2000; Pope et al., 2008; Macklin and Woodward, 2009).   

The retreat of ice from the Neraidhorachi plateau at the start of the last cold stage (early Tymphian Stage; MIS 5d to 4) coincided with the transition to very weak coupling. Apart from the Spanolakos valley, deposition events within the valley network cannot be differentiated on morphological grounds with sediments very likely to have been reworked by later flood events (Pope et al. 1995; Woodward et al., 2008) (Fig. 5C). In the Spanolakos valley, the warming that accompanied the Eemian Stage interglacial resulted in the partial reworking of a moraine of MIS 6 age and concomitant fine-grained deposition on the upper fan complex. This was followed by the deposition of gravels and colluvium on the upper fan during MIS 5d and MIS 5b, and minor deposition of sands and gravels downstream of a latero-terminal moraine during MIS 4. These events represent the paraglacial redistribution of glacially prepared sediments (Ballantyne, 2002) and demonstrate the importance of the big Middle Pleistocene glaciations in delivering sediment to catchment headwaters and reaches further downstream (Woodward et al., 2008). The weak system coupling and dominance of paraglacial aggradation in gorge systems draining Chelmos provides a stark contrast to the behaviour of southern Pyrenean rivers during MIS 5. Thermoluminescence and OSL dates from the Le Formosa river (106 ± 12 ka) (Peña et al., 2004), Segre river (104.4 ka) (Tura Michels and Peña, 2006), and a 10Be TCN exposure age (99.6 +31.1/-19.0 ka) from the Segre river (Stange et al., 2013) demonstrate strong glacial and fluvial system coupling with major aggradation during MIS 5e to 5c.

After MIS 4 sediment delivery to the whole valley network around Chelmos become increasingly sporadic and may reflect exhaustion of paraglacial sediment stores such as the valley head and interfluve zones (Ballantyne, 2002; Pope and Wilkinson, 2005). Alternatively, meltwater from high altitude cirque glaciers and seasonal snowmelt could have transferred sediment into small upland karstic basins exposed by the ice retreat (Adamson et al., 2014; Pope et al., 2017). The sporadic and localised nature of deposition in the valley system indicate that sediment source areas and depocentres within the valley network had become uncoupled during the early stages of the last glacial (c.67 ka). While flood events have largely erased long-term records of alluviation in mid valley systems, the alluvial sequences within the Spanolakos fan have been well preserved and now form a sensitive regionally important record of glacial and fluvial system interactions between the Skamnellian Stage (MIS 12) and the early Tymphian Stage (MIS 4). 

8. Conclusions

[bookmark: _Int_qNaKaF6e]Detailed field investigation and U-series dating of moraines and glaciofluvial outwash on Mount Chelmos provide valuable new insight into the glacial history of southern Greece and the wider central Mediterranean (Allard et al. 2021a). These records show how glacial activity moderates fluvial system behaviour over multiple glacial-interglacial cycles. For the first time in the Balkans, we report direct evidence for glaciation pre-dating the Skamnellian Stage (MIS 12). These oldest glacial deposits on Mount Chelmos define the Valvousian Stage and correlates with MIS 16, which was one of the most severe glacial periods recorded in long proxy-climate records such as at Lake Ohrid (Francke et al., 2016). During the later Skamnellian Stage (MIS 12), Mount Chelmos was covered by a more extensive plateau ice field and valley glaciers, representing the most extensive Pleistocene glaciation so far documented in Greece. This was followed in the Vlasian Stage (MIS 6) by the development of a smaller plateau ice field and less extensive valley glaciers. Additionally, U-series dating of a single moraine confirms glacial activity during the period between the Skamnellian and Vlasian Stages (MIS 12 and 6, respectively) during MIS 9b to 8a, although the extent of the ice field and valley glaciers during this cold stage remains uncertain. This could potentially define the Xentrian Stage coild stage complex in Greece, although further work is required to establish a formal stratigraphical framework for this interval. By comparison, during the early phase of the last Tymphian Stage glaciation (MIS 5d to 5a), glaciers were limited to cirques and upper valley locations. During the Middle and Late Pleistocene, major changes in the location and volume of ice shifted the boundary conditions for fluvial activity and modified the coupling between glacial and fluvial systems. During Skamnellian Stage (MIS 12) very strong glacial-fluvial system coupling facilitated the efficient delivery of coarse-grained glaciofluvial sediment to the lower valleys. The emergence of Spanolakos valley as the primary conduit for transferring meltwater and glaciofluvial sediment to the western margin of Chelmos culminated in the formation of an extensive fan complex that evolved into the primary depocentre during the Skamnellian Stage. The sustained delivery of meltwater and sediment to this fan complex maintained its role as the key depocentre during the Vlasian Stage (MIS 6). This period marked the transition towards weaker glacial-fluvial system coupling with reduced sediment fluxes from a diminishing plateau ice field. During this cold stage, the locus of deposition shifted up valley forming an upper fan complex. The deposition of paraglacial sediments in the upper depocentre in Spanolakos during the early Tymphian Stage (MIS 5 and 4) heralded the complete uncoupling of valley network from largely unglaciated sediment source areas occurring during the mid-stage of MIS 4.  

The development of Pleistocene glaciofluvial deposits on Mount Chelmos reflects the concentration of sediment fluxes by surface flows through a single valley during periods of glacial activity between the Skamnellina Stage (MIS 12) and the early part of the Tymphian Stage (MIS 4). The record emerging from Chelmos suggests that between the Middle Pleistocene and early stages of the Late Pleistocene a progressive weaking in glacial and fluvial system coupling and less efficient sediment transfer as the magnitude of ice masses decreased. One important consequence of the uncoupling of the valley network from sediment source areas during MIS 4 is that the glaciofluvial outwash record at Chelmos provides no insight into the dynamics of glacial and fluvial system interactions during the latter part of the Tymphian Stage (MIS 3-2). This means that glaciofluvial records are absent on Mount Chelmos from MIS 2, including from the Last Glacial Maximum and Late-glacial intervals, despite there being clear cirque moraines dating to these periods. 
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Figures

Figure 1. Glacial geomorphology and glaciofluvial outwash fans on Mount Chelmos, southern Greece. The locations of U-series and OSL sampling sites indicated. The maximum extent of glacial during MIS 12 (Skamnellian Stage) is adapted and updated from Pope et al. (2017).

Figure 2. Vertical profile logs for moraine and till sequences in Xerocambos valley. The location of each section is shown on Figure 1. U-series ages are based upon data presented in Table 1. The lithofacies codes are adapted from Benn and Evans (2010). Note that the OSL ages of 89±9 ka and 86±7 ka are taken from Pavlopoulos et al. (2018).

Figure 3: Vertical profile logs for moraine and glacial glaciofluvial outwash sequences in Spanolakos valley. The location of each section is shown on Figure 1. The U-series and OSL ages are based upon data presented in Table 1 and 2. See Figure 2 for the lithofacies codes.  

Figure 4. Proposed glacial phases on Mount Chelmos. 

Figure 5. Schematic diagram of the glacial and fluvial system coupling during the Skamnellian Stage (MIS 12), Vlasian Stage (MIS 6), and Tymphian Stage (MIS 5d to 2). 
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Sensitivity: Internal

Table 1. U-series isotopic data. Note that: 1 – denotes measured activity ratios corrected for tracer composition, mass bias, hydride formation, and tailing of 238U on lighter masses. 2 – denotes activity ratios that, in addition to the corrections listed above were also corrected for the presence of detrital initial Th.

	[bookmark: _Hlk132394383]Sample Name
	U ppm
	232Th ppm
	(230Th/232Th)1 
	±2 s (%)
	(230Th/238U)1
	±2 s (%)
	(230Th/238U)1
	±2 s (%)
	(234U/238U)
	±2 s (%)
	(230Th/238U)2
	±2 s (%)
	(234U/238U)2 
	±2 s (%)
	Date
uncorr (ka)
	±2 s (abs)
	Date
corr (ka BP)
	

±2 s (abs)
	

Initial (234U/238U) 
	±2 s (abs)

	1B-A
	0.0535
	0.031
	5.8
	0.2
	0.1912
	0.05
	1.116
	0.29
	1.032
	0.15
	
	 
	
	 
	
	
	
	
	
	 

	1B-C
	0.1089
	0.106
	4.1
	0.1
	0.3206
	0.04
	1.301
	0.23
	1.02
	0.12
	
	 
	
	 
	
	
	
	
	
	 

	3-B
	0.1018
	0.012
	18.6
	0.1
	0.03805
	0.04
	0.7086
	0.24
	1.053
	0.12
	0.6991
	2
	1.055
	1.1
	120.0
	0.6
	116.8
	2.4
	1.0767
	±0.017

	3-C
	0.1021
	0.009
	25.7
	0.2
	0.02816
	0.05
	0.7239
	0.28
	1.056
	0.14
	0.7173
	1.4
	1.057
	0.82
	124.2
	0.8
	121.8
	1.9
	1.0808
	±0.012

	4-A
	0.0271
	0.029
	3.4
	4
	0.3497
	1.2
	1.199
	3.8
	0.8978
	0.19
	
	 
	
	 
	
	
	
	
	
	 

	4-B
	0.0419
	0.043
	2.7
	0.5
	0.3338
	0.08
	0.9073
	0.55
	0.8161
	0.24
	
	
	
	
	
	
	
	
	
	

	4-C
	0.0349
	0.034
	3.3
	6.1
	0.3199
	3.9
	1.046
	4.7
	0.8696
	0.23
	
	 
	
	 
	
	
	
	
	
	 

	8-A
	0.1402
	0.003
	128.6
	0.4
	0.006801
	0.14
	0.8748
	0.44
	1.012
	0.12
	0.8741
	0.49
	1.012
	0.2
	215.9
	3.1
	215.3
	3.1
	1.0222
	±0.004

	8-C
	0.0987
	0.002
	151.2
	0.2
	0.00555
	0.08
	0.8394
	0.31
	1.0127
	0.12
	0.8386
	0.37
	1.013
	0.18
	191.0
	1.8
	190.5
	1.8
	1.0218
	±0.003

	6A-A
	0.0781
	0
	649.1
	0.5
	0.000938
	0.16
	0.6089
	0.47
	1.031
	0.15
	0.6086
	0.47
	1.031
	0.15
	96.8
	0.8
	96.7
	0.8
	1.0407
	±0.002

	6A-B
	0.1791
	0.029
	18.4
	0.3
	0.052479
	0.12
	0.9674
	0.3
	1.0255
	0.11
	0.9659
	1.4
	1.027
	0.98
	299.9
	5.5
	295.3
	6.2
	1.0612
	±0.023

	6A-C
	0.0706
	0.029
	7.1
	0.2
	0.1337
	0.05
	0.9531
	0.25
	1.0248
	0.15
	0.9472
	4
	1.028
	2.9
	280.0
	4.5
	267.8
	9.9
	1.0595
	±0.063

	6B-A
	0.0419
	0.001
	179.3
	0.2
	0.005335
	0.05
	0.9567
	0.27
	1.0352
	0.13
	0.9565
	0.3
	1.035
	0.16
	269.0
	3.6
	268.5
	3.6
	1.0753
	±0.003

	5B-B
	0.0463
	0.008
	17.5
	0.2
	0.05794
	0.07
	1.013
	0.3
	1.0119
	0.13
	1.013
	0.74
	1.012
	0.49
	600.1
	94.0
	594.6
	89.8
	1.0667
	±0.029

	5B-C
	0.0451
	0.009
	14.6
	0.1
	0.06873
	0.05
	1.004
	0.23
	1.0112
	0.12
	1.004
	1.12
	1.012
	0.79
	486.0
	27.3
	479.8
	26.1
	1.0458
	±0.031

	7-A
	0.0804
	0.014
	18.1
	0.1
	0.05521
	0.04
	1.002
	0.23
	1.0135
	0.12
	1.002
	0.99
	1.014
	0.69
	448.2
	18.5
	443.2
	18.0
	1.0493
	±0.025

	7-B
	0.0717
	0.003
	80.5
	0.1
	0.0115
	0.04
	0.9257
	0.22
	1.0175
	0.12
	0.9249
	0.4
	1.018
	0.26
	257.0
	2.8
	256.0
	2.9
	1.0364
	±0.005

	7-C
	0.0697
	0.005
	40
	0.1
	0.02401
	0.05
	0.9605
	0.22
	1.0176
	0.13
	0.9597
	0.64
	1.018
	0.45
	304.6
	4.7
	302.5
	4.8
	1.0421
	±0.011

	12-A
	0.0953
	0.047
	4.3
	0.1
	0.1636
	0.04
	0.7095
	0.23
	1.0394
	0.12
	0.6637
	10.1
	1.046
	5.6
	123.8
	0.7
	108.7
	11.5
	1.0619
	±0.080

	12-B
	0.0845
	0.028
	5.8
	0.1
	0.1102
	0.04
	0.6421
	0.23
	1.0515
	0.12
	0.6058
	7.4
	1.057
	3.7
	101.8
	0.5
	91.9
	7.3
	1.0735
	±0.051

	13-A
	0.063
	0.006
	34.1
	0.1
	0.02871
	0.05
	0.98
	0.25
	1.0207
	0.13
	0.9795
	0.7
	1.021
	0.49
	335.1
	6.7
	332.6
	6.8
	1.0541
	±0.013

	13-B
	0.0704
	0.002
	121.4
	0.2
	0.007985
	0.05
	0.9697
	0.25
	1.0237
	0.14
	0.9695
	0.32
	1.024
	0.19
	307.4
	5.2
	306.7
	5.2
	1.0566
	±0.004

	13-C
	0.0645
	0.01
	20.8
	0.2
	0.04866
	0.05
	1.014
	0.27
	1.0246
	0.14
	1.014
	0.91
	1.026
	0.64
	429.1
	17.8
	424.8
	17.4
	1.0851
	±0.022


















Table 2. U-series sample characteristics, associated ages and correlations with the marine isotopic record. Climate conditions are inferred from the pollen record at Tenaghi Philippon (Tzedakis et al., 2006). The MIS chronology is taken from Hughes et al. (2020).
	Location and geomorphological setting
	Latitude
Longitude
	Sample
Number
	Corrected
mid-point age* 
(ka BP)
	MIS
	Climatic
conditions

	Xerocambos: Calcite formed in diamicton (altitude 1835 m). Section located 324m west of arcuate moraine.

	38.0029 N
22.1908 E
	7-B
7-C
7-A

	190.5
215.3



	7a/6 boundary
7c
	Cool – glacial inception
Mild - Interstadial

	Xerocambos: Calcite formed in diamicton (altitude 1824 m). Section located 304 m west of arcuate moraine.

	38.0030 N
22.1911 E
	7-B
7-C
7-A


	256.0
302.5
443.2


	8c
9b
12
	Cool-stadial
Cool-stadial 
Cold-glacial

	Xerocambos: calcite formed in diamicton (altitude 1747 m). Section located 400m southwest of arcuate moraine.
	38.0050 N
22.1934 E
	6A-A
6A-B
6A-C
6B-A
5B-C
5B-B
	96.7
268.5
267.8
295.3
479.8
594.6

	5c
8c
8c
9b
12
15c
	Warm-interstadial
Cold-glacial
Cold-glacial
Cool-stadial
Cold-glacial
Mild-interstadial

	Spanolakos: calcite formed in 
mid-valley glacial sediments (altitude 1750 to 1650 m). 
	37.9909 N
22.1780 E
	3-C
3-B
	116.8
121.8


	5e
5e
	Warm-interglacial
Warm-interglacial

	Spanolakos: calcite formed in glacial glaciofluvial sediments (altitude 1650 to 1550 m).
	37.9915 N
22.1750 E

	12-B
12-A
	91.9
108.7


	5c
5c
	Warm-interstadial
Warm-interstadial

	Spanolakos: calcite formed in glacial outwash sediments (altitude 1152 m).
	37.9944 N
22.1455 E
	13-B
13-A
13-C
	306.7
332.6
424.8
	9b
9e
12
	Cool-stadial
Warm-interstadial
Cold-glacial


*Corrected mid-point age excludes the error
Table 3. OSL determinations for the 180–250 μm quartz fraction from Spanolakos valley 

	Risø code
	Log/Unit

	Depth from surface (m)
	De (Gy/ka)
	Aliquot
No
	De (Gy)
	Water content (%)*
	Age (ka)

	072406
	Ut2
	0.45
	2.20 ± 0.09
	28
	148 ± 15
	16
	67 ± 6

	
	
	
	
	
	
	
	


*The moisture content of the samples varied overtime in response to surface and groundwater fluctuations resulting from changes in humidity, and base level. Water content (%) is essentially an average of the present-day and saturated water content values and represent the closest approximation of water content throughout the burial history. 


Table 4. Glacial and glaciofluvial outwash geochronology and associated chronostratigraphies of Mount Chelmos. The U-series ages represent minimum ages for the host cemented sediment units. MIS correlations are for the moraine member units.
	Glacial


	Morphostratigraphic unit
	Member (Chronostratigraphy)
	Site 
	Soil 
PDI
	U-series and OSL* ages
 (ka)
	MIS of glacial unit 

	1
	Valvousi (Valvousian Stage)
	Xerocambos
	-
	594.6 ± 89.8
	16


	2
	Kentria (Skamnellian Stage)
	Xerocambos

Xerocambos
Chaliki
Mesoroughi
	-
-
12.2
12.9 
12.5

	479.8 ± 26.1
443.2 ± 18.0
-
-
	12
12
12
12
12

	3


	Xentria (Xentrian Stage complex)
	Xerocambos  
	22.8



	302.5 ± 4.8
295.3 ± 6.2
268.5 ± 3.6
267.8 ± 9.9
256.0 ± 2.9
215.3 ± 3.1
96.7 ± 0.8

	10 to 8



	4
	Kontorachia (Vlasian Stage)
	Xerocambos
Spanolakos

	14.8
11.2
	190.5 ± 1.8
121.8 ± 1.9
116.8 ± 2.4
	6

	
	
	
	
	
	

	5
	Profits Illias (early Tymphian Stage)
	Spanolakos
	7.4
	89 ± 9*
86 ± 7*
	5c to 5b

	Glaciofluvial


	Morphostratigraphic unit
	Member
	Site 
	 Soil 
 PDI
	U-series and OSL* ages
 (ka)
	MIS of glaciofluvial
unit

	2
	Ano Lousi (Skamnellian Stage)
	Spanolakos
	-
	424.8 ± 17.4

	12 

	3
	Kato Lousi (Xentrian Stage complex)
	Spanolakos
	30.4
	332.6 ± 6.8
306.7 ± 5.2
	10a to 9b

	
	
	Laghada
	29.8
	-
	


	4
	Kastraki (Vlasian 
to early Tymphian Stages)
	Chaliki

Spanolakos
	8.6

7.7

	-

108.7 ± 11.5
91.9 ± 7.3

	6 
5e to 5b


	5
	
	Spanolakos
	-
	67 ± 6*

	4




Table 5. Glacial reconstruction data. Note that term meters above sea level (m.a.s.l) refers to current sea-level.

	
	Neraidhorachi
& Mesoroughi
	Spanolakos
	Xerocambos
	Laghada &
Kato Kambos
	Chalki
	Total area
(km2)

	MIS  12
	
	
	
	
	
	

	Area (km2)
	3.67
	1.93
	2.74
	1.48
	2.08
	12.90

	Length (km)
	2.95
	3.10
	2.75
	2.55
	3.15
	

	Termination
(m a.s.l)
	1260
	1400
	1650
	1400
	1150
	

	
MIS 10-8
	
	
	
	
	
	

	Area (km2)
	
	
	1.50
	
	
	

	Length (km)
	
	
	1.65
	
	
	

	Termination 
(m a.s.l)
	
	
	1700
	
	
	

	
MIS 6
	
	
	
	
	
	

	Area (km2)
	1.66
	1.11
	1.18
	1.35
	0.88
	6.18

	Length (km)
	1.11
	2.15
	1.48
	2.19
	1.77
	

	Termination 
(m a.s.l)
	1520
	1660
	1800
	1700
	1500
	

	
MIS 5e
	
	
	
	
	
	

	Area (km2)
	0.21
	0.66
	0.20
	0.46
	0.53
	2.06

	Length (km)
	
	1.12
	
	1.37
	1.22
	

	Termination 
(m a.s.l)
	2050
	1820
	2050
	2000
	1700
	




