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Abstract 20 

Grain-size analysis of the sediments in borehole M0079A, which is located in the Corinth Rift, 21 
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was used to explore hydrodynamic conditions and provenance in the Late Pleistcene Corinth Rift. 22 

Grain-size populations that were sensitive to the sedimentary environments were characterized by 23 

frequency distribution, particle size-standard deviation, and probability cumulative curves. Our 24 

results indicate the grain-size population component in the range 0.15-0.25 μm may be used as a 25 

sensitive proxy for hyperpycnal flows, which have commonly been triggered by river floods from 26 

the southern margin of the rift since ca. 0.593-0.613 Ma. The high-density plumes derived from the 27 

longer rivers of the southern rift that were prevalent before ca. 0.593-0.613 Ma. When sediment is 28 

supplied as hemipelagic deposition, the proportion of the total grain-size population that is in the 29 

0.3-0.5 μm range becomes an index for suspension fall-out deposits. The core shows coarser 30 

sediments during the marine periods and this may be linked to the current circulation related to the 31 

Ishtmia Strait opening. The study thus illustrates how the establishment of interbasinal straits can 32 

influence the details of sedimentary hydrodynamics in the deep-water axis of an adjacent depocenter. 33 

Keywords: sensitivity population; strait opening/closure; event deposits; hemipelagic; 34 

hyperpycnal flows; sedimentary environments; 35 

 36 

Grain-size analysis provides information about transportation history, source and depositional 37 

conditions (Folk and Ward, 1957; Bui et al., 1990; Singh et al., 2007; Mir and Jeelani, 2015; Allen 38 

et al., 2016; Singh et al., 2020). Early contributions are largely the grade of grain-size by Udden 39 

(1898, 1914), Grabau (1904) and Wentworth (1922). Then, Trask (Woodford, 1933) and others 40 

(Krumbein and Pettijohn, 1938; Otto, 1939) applied various statistical coefficients to characterize 41 

the size-frequency distribution of clastic sediments (Sahu, 1964). In the 1950s and 1960s, grain-size 42 

analysis was widely used in the identification of hydrodynamic conditions and as the basis for facies 43 
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analysis (Passega, 1957; Mason and Folk, 1958; Fuller, 1961; Sahu, 1964; Friedman, 1967; Visher, 44 

1969). Grain-size analysis has come a long way in sedimentology, including here the McLaren (1985) 45 

method to predict sedimentary paths (transport directions). Since the 1990s, despite the 46 

representation and application of methods of grain-size analysis, data in geology have remained at 47 

the level of several decades ago, whilst some scholars still put forward new grain-size indexes and 48 

methods, such as particle size ratio (Ding et al., 1991), sensitive components (Xiao et al., 2006), 49 

fractal dimension (Tyler and Wheatcraft, 1992), particle size trend analysis (Gao and Collins, 1994) 50 

and so on, to restore transportation history, depositional conditions, provenances and transport 51 

dynamics, paleoenvironment and paleoclimate (Yuan et al., 2011; Lu et al, 2013; Mir and Jeelani, 52 

2015; Kanhaiya et al., 2016; Gamboa et al., 2017; Zhang et al., 2021). The method of using sediment 53 

grain-size populations to analyze the changes in sedimentary environments has been well applied in 54 

the study of oceanic shelf and continental sediments all over the world (Prins et al., 2000; Xiao et 55 

al., 2006; Mir and Jeelani, 2015; Singh et al., 2020), including the fine-grained fractions (silt and 56 

clay) of proximal strait-adjacent deposits indicate tide processes (Beelen et al., 2022), the grain-size 57 

distribution of Quaternary deep-sea sediment in the Sumba Strait is influential on organic material 58 

(Zulhikmah et al., 2020). 59 

Grain-size plays a fundamental role in determining the spatiotemporal scales over which 60 

internal dynamics of sedimentary systems operate (Ganti, Lamb, & McElroy, 2014; Watkins et al., 61 

2020). The accumulation of deposits under straits-controlled current amplification (Cavazza and 62 

Longhitano, 2022; Rossi et al., 2022) also contains grain-size information that reflects the dynamics 63 

of sedimentary systems. Moreover, McNeill et al. (2019) suggest that at the glacial-interglacial 64 
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timescale (100’s ka) climatic and environmental change strongly affects the nature and volume of 65 

sediment within the Corinth Basin (sediment fluxes, grain-size, lithostratigraphy, etc.), and infer 66 

that: "These orbital-timescale changes in rate and type of basin infill will likely influence early rift 67 

sedimentary and faulting processes, potentially including syn-rift stratigraphy, sediment burial rates, 68 

and organic carbon flux and preservation on deep continental margins worldwide."  69 

According to the onshore sedimentary records and offshore seismic stratigraphy, major 70 

evolution phases of the paleoenvironments in the Corinth Rift were recognized by geologists in 71 

recent years (Sachpazi et al., 2003; Ford et al., 2007; Nixon et al., 2016). The changing 72 

environmental conditions reflected by the microfossil assemblages were interpreted to arise from 73 

fluctuating eustatic sea levels with respect to the bounding sills (or straits) of the Gulf of Corinth 74 

(Bell et al., 2009; Taylor et al., 2011; Gawthorpe et al., 2018; McNeill et al., 2019). The cores 75 

recovered by IODP Expedition 381 also provide the first evidence of sea-level driven changes in 76 

paleoenvironments of an active deep-water rift basin over hundreds of thousands of years (0-750ka) 77 

(Shillington, D.J. et al., 2018). Recently, Gawthorpe et al. (2022) suggest that the height of rift 78 

segment boundaries of the Corinth Rift control the influx of marine waters from the global ocean, 79 

and discuss how the change of marine bioturbated, non-marine bedded and laminated packages are 80 

linked to the opening or closure of the basin to the open ocean. Further confirmation of the 81 

sedimentary processes/hydrodynamic changes in response to the open strait vs closed/non-strait 82 

state of the basin have been described previously (Collier et al., 2000; Scholz et al., 2007; Li et al., 83 

2018). However, detailed discussions of what impact fluctuations between highstand marine 84 

conditions and lowstand isolated/semi-isolated conditions will have on the grain-size of sediment 85 
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or what kind of grain-size populations can reflect the hydrodynamics and provenance of sediments 86 

in the Gulf of Corinth are rare (Pechlivanidou et al., 2018; Watkins et al., 2020; Gelder et al., 2021; 87 

Maffione and Herrero-Bervera, 2022).  88 

In this contribution, we present a study of the sediments of the Late Pleistocene in the 89 

depocenter ~20 km downstream from the paleo-strait connecting the Corinth Rift, and attempt to 90 

interpret differences in the sediment supply during the gulf when periodically sea-connected and 91 

when an isolated lake with intermittent marine incursions, from the variability of sensitive 92 

populations of grain size. This work is the results of extraction of grain-size populations sensitive 93 

to the sedimentary environments based on the frequency distribution curve, the particle size – 94 

standard deviation method, and the probability cumulative curve. We use these, together with the 95 

discussion of the implied hydrodynamic conditions and provenance, in our aim to: (i) characterize 96 

the grain-size populations of sediments under different flow processes/mechanisms; (ii) use 97 

variability of sensitive grain-size populations to identify the main hydrodynamic conditions and 98 

provenances within the Late Pleistocene active rift, and (iii) discuss the controls of close/open (non-99 

strait/strait) states on basin floor sedimentation and provenance evolution in the Corinth Rift. In 100 

other active rift basins that were controlled by straits with interacting processes in varying marine 101 

and non-marine environments (e.g., the Red Sea. Hussain et al., 2022), sedimentation and grain-size 102 

characteristics of sediment show similarly complicated features. This study will provide insights 103 

into the variability of hydrodynamics and provenance by analysis of sensitivity in grain-size 104 

populations. 105 
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Geological settings 106 

The Corinth active rift, geographically located in Greece in the north-eastern Mediterranean Sea 107 

(Fig. 1a), is one of Europe’s most seismically active areas, accompanied by rapid and local crustal 108 

stretching. Current extensional rates reach 10-15 mm/yr (Clarke et al., 1998; Briole et al., 2000; 109 

Bernard et al., 2006). Structurally, it is located between the North Anatolian Fault and the 110 

Kephalonia Fault/Greek subduction zone (Ford et al., 2016; Gawthorpe et al., 2018) (Fig. 1a). The 111 

Corinth Rift is also a ~100×30 km high-strain band in central Greece that experiences N-S extension 112 

(Bell et al., 2009), showing the structural features of a dustpan-shaped faulted depression or 113 

asymmetric graben (Fig. 1b).  114 

Nowadays, the eastern end of the Gulf of Corinth is connected by the Corinth Isthmus 115 

(currently a desolate highland with an altitude of 90 m (Fig. 1a) at the basin margins). The Corinth 116 

Isthmus, however, was periodically connected with the Corinth basin during periods of high sea 117 

level between 0.1-0.6 Ma (Gawthorpe et al., 2018). The western end of the Gulf of Corinth is 118 

connected to the Mediterranean Sea across the Rion Sill (60-70 m below sea level) (Fig. 1a). This 119 

sill is interpreted to have controlled the connection since at least 200 ka between the Ionian Sea and 120 

the Gulf of Corinth (Perissoratis et al., 2000; Bell et al., 2008). More recent studies show that the 121 

Rion Sill was filled by sediments of the Rodini fluvial system (see Gawthorpe et al., 2018, their 122 

figure 13b) before 0.8 Ma, and the huge delta blocked the connection between the western part of 123 

the Gulf of Corinth and the ocean. But the elimination of land barriers and the opening of a strait is 124 

interpreted to have occurred since 0.6 Ma at the western end (Gawthorpe et al., 2018). Meanwhile, 125 

due to the influence of glacial and interglacial periods, the fill of the Corinth Rift has experienced 126 
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continental, lacustrine and marine/lacustrine alternating phases in its evolution (Ford et al., 2013).  127 

The earliest known syn-rift sediments (ca. 3.6-4 Ma) within the Corinth Rift outcrop onshore 128 

(Collier and Dart, 1991; Collier and Thompson, 1991; Bell et al., 2009), while offshore basins 129 

equivalent to the early syn-rift deposits exposed in northern Peloponnesos were either not deposited 130 

or preserved as far north as the present rift, or they were thin and pinched out northwards at this 131 

period (Nixon et al., 2016). Nixon and others (Nixon et al., 2016) proposed ages for seismic 132 

stratigraphic Unit 1 (ca. 2-1.5 Ma to 0.6 Ma; see Fig. 1b) and Units 2 (ca. 0.6 Ma to present; see Fig. 133 

1b) that correspond with age estimates for the onshore Middle Group and Upper Group (Rohais et 134 

al., 2007; Leeder et al., 2012; Ford et al., 2013), respectively. Around 0.8 Ma, the overall migration 135 

of fault activity in the basin was northward, but major faults bounding the Corinth Basin (largely 136 

beneath the present-day Corinth Isthmus) were largely inactive in this period, creating local 137 

depocenters and highs (Collier and Dart, 1991; Collier and Thompson, 1991; Gawthorpe et al., 138 

2018), and the main depocenter of the Corinth Gulf continues to deepen to the west of the Isthmus. 139 

With the northward migration of the fault activity, N-dipping faults occupy a dominant position in 140 

controlling the basin subsidence (except in the western basin) (Nixon et al., 2016). By this time, the 141 

main rift depocenter has become narrower, forming the modern asymmetric graben or half-graben 142 

(Fig. 1b) (Bell et al., 2008; Gawthorpe et al., 2018).  143 

Site M0079A in the Gulf of Corinth, the focus of observations in this paper, is located between 144 

the Corinth Isthmus ~30 km to the southeast and the Rion Sill ~80 km to the northwest (Fig. 1a). 145 

The sediments recovered from site M0079A may be derived from southern fluvial systems, deltas, 146 

turbidity currents and hemipelagic suspension (Bell et al., 2008; Ford et al., 2016; Gawthorpe et al., 147 
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2018). Since 0.8 Ma, the water depth has seen a relative deepening trend (i.e., deepening events; 148 

Ford et al., 2016), due to the fluctuation of sea level relative to the boundary of the basin (Perissoratis 149 

et al., 2000), ongoing background hanging wall subsidence, and the apparently fortuitous elevation 150 

of horst blocks at basin margins (Piper et al., 1988), and migration of faults (Collier and Dart, 1991; 151 

Ford et al., 2016).  152 

Materials and chronological framework 153 

Data and methods 154 

Sediments sampling and grain-size measurements 155 

The research datasets come from the Corinth Active Rift Development IODP Expedition 381. This 156 

study focuses on the sampling of the 249-323 mbsf and 540-630 mbsf intervals of hole M0079A, a 157 

collection of 111 samples. Samples were extracted from the M0079A cores at the spacing of 0.5 to 158 

2 m, and the length of a single sample is 2 cm.  159 

The grain-size measurements were carried out on the Mastersizer 2000, which is made by 160 

Malvern Company of the United Kingdom. It measures in the range of 0.02-2000 μm and can 161 

provide the volume percentage content of each particle size component. The grading standard 162 

followed the Udden-Wentworth grade scale (Udden, 1914; Wentworth, 1922). Grain-sizes were 163 

represented by the φ value (Krumbein, 1934). Grain-size parameters (i.e., particle size, standard 164 

deviation and skewness; later in this article) were calculated using the formulas of McManus (1988). 165 

The detailed pre-processing of the grain-size analysis sample was as follows: (1) 10% H2O2  was 166 

added to remove organic matter and soluble salt (NaCl, KCl et al., in seawater) from the sediment; 167 

(2) 10% HCl, was added to remove carbonate cements, then distilled water is added and left for 168 

more than 12 hours; (3) 10% sodium hexametaphosphate was added and fully dispersed in an 169 
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ultrasonic oscillator; (4) the treated sediment was put into a beaker containing distilled water, and 170 

the sediment was pumped into the laser particle size analyzer through high-speed blades; (5) the 171 

particle size data were obtained on the computer connected to the laser particle size analyzer. 172 

Source of reference data 173 

The X-ray fluorescence (XRF) measurements were carried out on the XRF-scanner in MA174 

RUM (University of Bremen) and the data of XRF are new in this paper. Preliminary met175 

hods and results of the XRF data of IODP Expedition 381 are accessible on https://iodp.p176 

angaea.de/front_content.php?idcat=616&count=10&q=citation%3A%22X-Ray%20fluorescence%177 

20(XRF)%20scanning%22.  178 

In order to better use data of the XRF, all the key element intensities were calibrated against 179 

16 representative samples taken from the 249-323 mbsf and 540-630 mbsf intervals of hole M0079A. 180 

The LRCE-based calibration undertaken for the study section involved additive log transformation 181 

(alr) of intensity and concentration data following Weltje & Tjallingii (2008) and Hussain et al. 182 

(2020). The original data on element intensity and concentration were obtained during IODP 183 

Expedition 381. Regression analysis showed tight correlations between intensity and concentration 184 

for the majority of elements as indicated by high R2 values (typically >0.98; see calibration in Fig. 185 

2a). Based on the goodness-of-fit (highest R2 value with the maximum number of elements), Ca 186 

was selected as an optimum denominator for the calibrated log ratio data (see inset data table in Fig. 187 

2b, 2c, and 2d). 188 

Calcareous nannofossils, non-marine diatoms and benthic foraminifera were counted from core 189 

catcher samples offshore and examined at approximately 5-m intervals. Qualitative counts data of 190 

calcareous nannofossils and non-marine diatoms were from McNeill et al. (2019), which were based 191 

http://www.ecord.org/expedition381/
http://www.ecord.org/expedition381/
http://www.ecord.org/expedition381/
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on the Cascading Count Method (Styzen, 1997), with specific counting criteria available in the paper 192 

of McNeill et al. (2019).  193 

Grain-size populations 194 

To separate a single grain-size population from all frequency distribution curves, this paper 195 

uses the standard deviation-particle size method (Sun et al., 2002; Xiao et al., 2006), which is more 196 

sensitive to fine populations, and obtains the number and distribution range of sensitive grain-size 197 

populations. For each 100 particle size classes given by the Mastersizer 2000, the standard deviation 198 

of 111 samples was calculated, and the relationship between standard deviation and particle size is 199 

outlined in the section on sensitivity populations. 200 

In this paper, the probability accumulation curve was used for the first time for extracting the 201 

grain-size populations sensitive to environmental changes. The probability accumulation curve was 202 

drawn with reference to the standard probability curve plate of Visher (1969), in which the extended 203 

abscissa 4.5-8.5 φ segment was added to better reflect the grain-size characteristics of sediments in 204 

the study area. 205 

Age model 206 

The boundary age of the M0079A subunit in this study was obtained by Maffione and Herrero-207 

Bervera (2022), using magnetostratigraphic and relative paleointensity (RPI) constraints from 885 208 

discrete samples from International Ocean Discovery Program (IODP) Hole M0079A to generate 209 

an unprecedented high-resolution (~15 kyr) age model for the youngest part of the Corinth’s 210 

offshore syn-rift sequence.  211 



11 

 

Description of the drilled cores 212 

Intervals of 265.84-269.31 mbsf, 270.885-275.435 mbsf, 298.14-307.92 mbsf and 540-544 mbsf 213 

were interpreted as marine deposits, while intervals of 249-265.84 mbsf, 269.31-270.885 mbsf, 214 

275.435-298 mbsf, 307.92-323 mbsf and 544-558.29 mbsf were attributed to isolated/semi-isolated 215 

lake deposits. The interval of 558.29-630 mbsf was interpreted as intermittent marine incursion 216 

deposits. 217 

Isolated/semi-isolated sedimentary environments 218 

The bulk of the deposition within the isolated/semi-isolated sediment succession was composed of 219 

light grayish-green mud shale and gray-white calcareous argillaceous siltstone. The latter were 220 

intercalated in the transition zone between non-marine (i.e., isolated/semi-isolated) and marine 221 

formations (Fig. 3 and Fig. 4), indicating episodic confinement within a lacustrine system (Moretti 222 

et al., 2004). Gray-white calcareous argillaceous siltstone was interpreted as chemical deposition of 223 

aragonite in an oversaturated environment (Moretti et al., 2004; Lykousis et al., 2007). Non-marine 224 

diatoms that reflect the isolated/semi-isolated conditions (McNeill et al., 2019) occurred in intervals 225 

of 249-265.84 mbsf, 269.31-270.885 mbsf, 275.435-298 mbsf, 307.92-323 mbsf and 544-558.29 226 

mbsf, where trace fossils such as Teichichnus and Phycosiphon appear at the same time. Teichichnus 227 

(Fig. 5) commonly are found in lower shoreface to offshore environments associated with the 228 

Cruziana ichnofacies (Pemberton et al., 2009). Phycosiphon (Fig. 5) reflects isolated basins or semi-229 

enclosed lagoons and bays (Jiang, 2010).  230 

Among the geochemical indices, the enrichment of Sr is often related to the aragonite needles 231 

occurring more frequently within the (semi-)isolated interval than in the marine interval, especially 232 
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in the transition from marine to (semi-)isolated environments (McNeill et al., 2019; Gelder et al., 233 

2021). Sr was enriched at 265 mbsf, 269 mbsf, 271 mbsf, 276 mbsf, 298 mbsf, 307 mbsf, 542 mbsf, 234 

544 mbsf and 588-592 mbsf, and most of the sediments were gray-white calcareous argillaceous 235 

siltstone (Fig. 3 and Fig. 4). The gray-white calcareous argillaceous siltstone was interpreted as 236 

chemical precipitation in the water column of an evaporitic lake (Moretti et al., 2004). The Mg 237 

partition coefficient in calcite decreases with increasing salinity, and the partition coefficient of Sr 238 

in aragonite is unaffected by salinity variations ((Zhong and Mucci, 1989). The enrichment of Sr, 239 

thus, is an indicator of the end and early stage of marine or isolated/semi-isolated conditions. 240 

Ca and the Ca/Sr ratio show a consistent trend, presenting high values in the 249-265.84 mbsf, 241 

269.31-270.885 mbsf, 275.435-298 mbsf, 307.92-323 mbsf and 544-558.29 mbsf intervals (Fig. 3 242 

and Fig. 4; indicated by the black solid arrow), whereas Mn and Br show low values in the same 243 

intervals. Freshwater influx during the transitional stages of semi-isolated conditions induced 244 

salinity decrease of the water. Incorporating riverine Sr influx, precipitation rates of aragonite would 245 

increase significantly when salinity decreased (Zhong and Mucci, 1989; Bickle et al., 2005). 246 

Subsequently, decreasing atmospheric CO2 and an increase of carbonate erosion onshore (Nizou et 247 

al., 2010; Shillington et al., 2019, McNeill et al., 2019) during glacial periods drove supersaturation 248 

of dissolved CO3
2- and Ca2+ in the Corinth Rift, which resulted in the enrichment of Ca in the 249-249 

265.84 mbsf, 269.31-270.885 mbsf, 275.435-298 mbsf, 307.92-323 mbsf and 544-558.29 mbsf 250 

intervals (Fig. 3 and Fig. 4; indicated by the black solid arrow).  251 

Marine sedimentary environment 252 

The marine succession mostly consists of purplish-green siltstone with bioturbation. Between 253 
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265.84-269.31 mbsf, 270.885-275.435 mbsf, 298.14-307.92 mbsf and 540-544 mbsf, numerous 254 

calcareous nannofossils and benthic foraminifera (Fig. 3 and Fig. 4) indicated a fully marine 255 

environment (Heezen et al., 1966; McNeill et al., 2019), with some trace fossils (i.e., Phoebichnus, 256 

Fig. 5). Phoebichnus is a large, radiating trace fossil most commonly found in shallow marine 257 

siliciclastic deposits (Evans, 2016). 258 

Mn shows high-values in the 265.84-269.31 mbsf, 270.885-275.435 mbsf, 298.14-307.92 mbsf 259 

and 540-544 mbsf intervals, and the value of Br in the middle of these intervals is higher than on 260 

either side (Fig. 3 and Fig. 4; indicated by the black dashed arrow). The dissolved Mn is interpreted 261 

to have been oxidized into MnO2 by adequate oxygen and subsequently sedimented to the sea floor 262 

(Mangini et al., 1990, Shillington et al., 2019) in interglacial periods, inducing higher values of Mn 263 

in the 265.84-269.31 mbsf, 270.885-275.435 mbsf, 298.14-307.92 mbsf and 540-544 mbsf intervals. 264 

Br-containing organic compounds are mainly formed by macro- and microalgae (Quack and Wallace, 265 

2003). The high salinity and low temperatures could increase the production of micro-organisms 266 

(Abrahamsson et al., 2018), and contribute to forming the high concentrations of Br. The enrichment 267 

and concentration increase of Br indicates marine conditions and opening of the strait (Rion sill 268 

or/and Corinth Isthmus) (Malcolm and Price, 1984; Jiang, 2010; Caley et al., 2011).  269 

Intermittent marine incursions 270 

In the 558.29-630 mbsf interval, the lithofacies were mainly composed of light grayish-green 271 

mudstone, with alternations of purplish-green, grayish-white, gray-white calcareous argillaceous 272 

siltstone, light-yellow siltstone and brownish-brown gravel sandstones (Fig. 4). The intermittent 273 

occurrence of the trace fossil Phoebichnus (Fig. 5), in the intervals of 597-600 mbsf, 614-615 mbsf 274 
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and 626-627 mbsf was accompanied by sparse calcareous nannofossils (Fig. 4). The rarity of benthic 275 

foraminifera in the interval 558.29-630 mbsf points to chronically reduced salinity (Kontopoulos 276 

and Avramidis, 2003). Fe, Br, and the Mg/Ca ratio show a periodic fluctuation with a narrow range 277 

in the 558.29-630 mbsf interval (Fig. 4; indicated by the red arrow). Br high-concentrations are 278 

directly related to the marine conditions (Malcolm and Price, 1984). Trends of Br content were 279 

opposite to that of terrigenous elements (Fe) and Mg/Ca ratio (a decline reflecting the decrease of 280 

water temperature; a rise indicating interglacial periods and marine environments; Lea et al., 2000, 281 

Shillington et al., 2019, McNeill et al., 2019) in the 558.29-630 mbsf interval.  282 

Furthermore, according to the characteristics of the sediment in the Aliki lagoon (Gulf of 283 

Corinth) (Kontopoulos and Avramidis, 2003), we infer that the 558.29-630 mbsf interval was 284 

dominated by an isolated lake, with only intermittent marine incursions.  285 

Grain-size features 286 

This paper extracts the grain-size populations which may be sensitive to hydrodynamics and 287 

provenance under different environments (isolated/semi-isolated, marine and intermittent marine) 288 

of the Corinth Rift by three methods of grain-size analysis. The results show that the grain-size 289 

populations <3.9 μm (clay), 0.15-0.25 μm, 0.3-0.5 μm, <62.5 μm (clay and silt), 88.4-250.0 μm 290 

(very fine to fine sand) and 176.8-500.0 μm (fine to medium sand) were sensitive to the changes of 291 

sedimentary environments and hydrodynamic conditions in the Gulf of the Corinth. 292 

Frequency distribution curve 293 

The frequency distribution curves of sediments were mostly of trimodal or four peaks in the research 294 

interval of M0079A, and contain coarse and fine tails (Fig. 6b). The frequency distribution curves 295 
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of isolated/semi-isolated and marine environments cross each other, and are hard to distinguish, but 296 

the content of components of <3.9 μm is higher than that in marine environments (Fig. 6b). The 297 

multimodal character frequency distribution curve generally indicates changes of multiple 298 

provenance, transportation and dynamic conditions. From the skewness (Sk)-standard deviation (σφ) 299 

diagram (Fig. 6a), the sampling points of isolated/semi-isolated are in the range of -0.13 <Sk <0.83, 300 

2.49 <σφ <3.27, the sampling points of marine are in the range of -0.34 <Sk <0.48, 2.46 <σφ <3.54, 301 

the sampling points of intermittent marine are in the range of -0.27 <Sk <0.74, 2.34 <σφ <3.78, and 302 

the sorting is poor, nearly symmetrical and positive. The sorting and skewness of sampling points 303 

in marine and intermittent marine are similar, and nearly symmetrical, indicating that the sediment 304 

was mixed with many components, and the coarse-grained and fine-grained components are 305 

approximately equal. However, the sorting and skewness of sampling points are concentrated in 306 

isolated/semi-isolated, and positive is dominant, indicating that the coarse-grained components are 307 

dominant for sediment.  308 

In addition, all the frequency distribution curves have a partially similar trend (Fig. 6b). This 309 

trend was clay fraction (<3.9 μm), with two main peaks, which may reflect the influences of single 310 

provenance and multi-hydrodynamic conditions on clay fraction (for example, the trend may 311 

indicate a single provenance of a river, with high-density plume or hyperpycnal flows triggered by 312 

floods, and other transportation). However, the curve trend (>3.9 μm) was random with respect to 313 

the curve trend (<3.9 μm), which may indicate a more complex mix of sources and/or depositional 314 

processes. Therefore, this section only selects the clay fraction (<3.9 μm) as an index for the 315 

sensitivity population. 316 
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Sensitivity populations 317 

Several peaks and troughs were observed in Fig. 7. In three curves of standard deviation vs. particle 318 

size for core M0079A samples, the trimodal grain-size interval ranges with similar trends were 0.15-319 

0.25 μm, 0.6-0.9 μm and 3-5.5 μm, respectively (Fig. 7). They have higher standard deviations, 320 

especially in the range of 0.15-0.25 μm (Fig. 7), which represents a population of grains with the 321 

highest variability through time (Xiao et al., 2006). In contrast, two troughs, at 0.3-0.5 μm and 0.9-322 

1.5 μm particle size intervals (Fig. 7), have low standard deviations, which indicate that these ranges 323 

of the grain-size population do not change importantly in all the samples of sediment. In the 324 

sensitivity curves at particle sizes > 0.5 μm (Fig. 7), there are no visible differences between the 325 

peak and trough values. Therefore, grain-size populations of 0.15-0.25 μm and 0.3-0.5 μm were 326 

selected with reference to the maximum and minimum value of standard deviations in this paper.  327 

Probability cumulative curve  328 

The coarse and fine cut-off points reflect the significant change of the material size distribution in 329 

the two-section type (Fig. 8c) and three-section type (Fig. 8d) formula (Lin et al., 2005), and the 330 

zero-section type (Fig. 8a) content (<62.5 μm) was extracted into grain-size populations, these being 331 

sensitive to environmental changes and, specifically, to transport process as outlined below.  332 

The probability cumulative curve types of borehole M0079A were mainly divided into four 333 

types: zero-section type (i.e., with particle size less than suspension populations), one-section type 334 

(i.e., suspension populations), two-section type (i.e., saltation and suspension populations) and 335 

three-section type (i.e., traction, saltation and suspension populations), showing little discrimination 336 

for different environments in the study sections. The shape of the zero-section type probability 337 
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cumulative curve exceeds the standard probability cumulative curve chart (Fig. 8a), which shows 338 

all of the sediments represent a suspended load population. Similarly, the one-section type 339 

probability cumulative curve, like a straight line (Fig. 8b), indicates that almost all of them were 340 

suspension populations. The proportion of the suspended load population is about 98% in the two-341 

section type and is about 90% in the three-section type. The results show that the probability 342 

cumulative curve of all samples describes a mainly suspension population with a size of less than 343 

62.5 μm. 344 

The probability cumulative curve of the two-section type was also composed of a saltation 345 

population and a suspension population (Fig. 8c). Compared with the two-section type curve, the 346 

probability cumulative curve of the three-section type has more of a traction population (Fig. 8d). 347 

Whether it is two-section or three-section type, the range of the fine cut-off point is roughly between 348 

2.0-3.5 φ. This grain-size population represents the coarsest particles that can be suspended, 349 

indicating the transition between transportation modalities (i.e., the size of a sediment particle that 350 

maybe held in suspension is dependent upon turbulence), and reflects the change in the size 351 

distribution of the wash load or material transported dominantly in suspension (Lane, 1938; Visher, 352 

1969). In contrast, the range of the coarse cut-off point is between 1.0-2.5 φ in the three-section 353 

type, which represents the coarsest particle that can jump. This transition has been attributed by 354 

some workers as the junction between the Stokes and Impact Law formulae (Fuller, 1961; Visher, 355 

1969), and this might be interpreted as the size where inertial forces cause rolling or sliding of 356 

particles rather than saltation (Visher, 1969). However, saltation and traction populations are 357 

difficult to transport beyond the shoreface region unless there are vigorous bottom currents (e.g., 358 
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ocean-bottom currents, hyperpycnal flows, contour currents, etc.) or other trigger mechanisms (e.g., 359 

seismic, volcanic activity, tsunami wave, monsoon flooding, etc.). 360 

Discussion 361 

Interpretation of the grain-size populations  362 

Centimeter-thick sand layers and homogeneous mud (e.g., Fig. 10, 79A-9) were observed in the 363 

cores with variation in population content at <3.9 μm, 0.15-0.25 μm, 0.3-0.5 μm, <62.5 μm, 88.4-364 

250.0 μm and 176.8-500.0 μm (e.g., at 259.9 mbsf, 540.67mbsf and 565.23 mbsf). Origins and 365 

trigger mechanisms of these sedimentary events in the Gulf of Corinth may include seismically 366 

induced gravitational mass flows (Nomikou et al., 2011; Sergiou et al., 2016), earthquake-triggered 367 

tsunamis (Stefatos et al., 2006), gravitational collapse-initiated gravity flow in ancient deltas along 368 

the southern margin (Backert et al., 2010; Gawthorpe et al., 2017; Fig. 9, a-1 and a-2), and density 369 

flows in the modern submarine canyons (McNeill et al., 2005) of the Gulf of Corinth. These flows 370 

might be enhanced by fluxes of sediment from the strait (Collier and Thompson, 1991), contributing 371 

to the delivery of shallow sediments to the deep-water basin axis. Seismicity may be the primary 372 

controlling factor of these sedimentary events (Gelder et al., 2021; Gawthorpe et al., 2022), taking 373 

into account the Corinth Rift is one of Europe’s most seismically active areas (McNeill et al. 2019) 374 

and the characteristics of some sedimentary events have allowed the interpretation of earthquake-375 

induced deposits from cores in the central part of the Corinth Rift (Campos et al., 2013). In addition, 376 

the probability accumulation curves of the samples of event deposits (i.e., 79A-9, 79A-56, 79A-73; 377 

Fig. 10) are mainly three-section type types (Fig. 10), and the proportion of the total content of 378 

saltation and traction populations is more than 20% (Fig. 10), which need vigorous slope parallel 379 
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bottom currents to transport. The main characteristics of the event deposits were as follows (Fig. 380 

10): a peak in the 0.3-0.5 μm population component, a decrease of population content at 0.15-0.25 381 

μm, a relatively significant increase of population content at the coarse and fine cut-off points, and 382 

a visible decrease of the <3.9 μm and <62.5 μm population components.  383 

Sedimentary structures representing wave actions were not observed in the cores (e.g., at 384 

288.00 mbsf, 289.13 mbsf, 314.78 mbsf, 544.37 mbsf, 600.34 mbsf; Fig. 10) which suggests this 385 

site (Fig. 1a) was located at a depth beyond the reach of sea or lake waves during this period. The 386 

content of the grain-size population of 0.3-0.5 μm from the 249-323 mbsf section (Fig. 10) has only 387 

one larger peak at 259.9 mbsf and was stable at about 0.8% in the rest of the section. According to 388 

the known environmental background (see Fig. 3 and Fig. 4; Bell et al., 2009; Gawthorpe et al., 389 

2018), the results indicate that the change of the content of this population of 0.3-0.5 μm was almost 390 

unaffected by the alternation of marine and isolated/semi-isolated (i.e., continental) environments. 391 

Therefore, this content of the grain-size population from 0.3-0.5 μm was maintained at 0.8%, which 392 

was likely to represent the suspended deposits under extremely low-energy, perhaps as an indicator 393 

of hemipelagic deposit (provenance 1) as detailed in the next section.  394 

The population content of 0.15-0.25 μm grains was zero (Fig. 10) in some sections (e.g., 395 

between 275 mbsf and 290 mbsf), with the probability accumulation curves of samples mainly one-396 

section type and zero-section type (Fig. 10), and the proportion of the finer-grained particles (φ> 3) 397 

was more than 99% (Fig. 10). The core was dominated by massive mudstone without recognizable 398 

bedding near the sampling location (Fig. 10; see 79A-29, 79A-30, 79A-49, etc.). The population 399 

content of the coarse and fine cut-off points within these samples is also near zero (Fig. 10), implying 400 
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the sediments in this site (Fig. 1a) were deposited from suspension during this time. This is 401 

supported by modern sedimentation within the Gulf, where mud (silt and clay) dominates (>95%) 402 

the deeper water (> 100 m) parts of the northern continental shelf (Poulos et al., 1996). 403 

Weak and dilute flows generated by currents most likely deposited thin and fine-grained 404 

sediment layers (mm to <10 cm; e.g., 580.05 mbsf, 589.19 mbsf, 605.09 mbsf, 619.26 mbsf; Fig. 9, 405 

b-1 and b-2; Fig. 10). The content of the grain-size population in the range 0.3-0.5 μm from the 540-406 

630 mbsf section fluctuates greatly (except 540-573 mbsf section) compared with that of the 249-407 

323 mbsf section (Fig. 10). A peak (at 259.9 mbsf) in the proportion of 0.3-0.5 μm grains in the 249-408 

323 mbsf section was similar to observations at 540.67mbsf and 565.23 mbsf (Fig. 10), consistent 409 

with the grain-size characteristics of event deposits. The fluctuation in the 0.3-0.5 μm grain size 410 

component in the 573-630 mbsf section was different from the typical grain-size population of event 411 

deposits and from the grain-size population at 0.3-0.5 μm whose content is stable at 0.8% in the 412 

249-323 mbsf section. Therefore, the fluctuation of the 0.3-0.5 μm grain size component in the 573-413 

630 mbsf section is interpreted to have been caused by a high-density plume (hydrodynamics 1) 414 

derived from fluvial discharge (provenance 2) (as detailed in the next section).  415 

On the other hand, the proportion of the grain-size population in the range 0.15-0.25 μm was 416 

relatively stable at ca. 10% in the 573-630 mbsf section, while also occasionally reaching 10% in 417 

the 249-323 mbsf and 540-573 mbsf sections (the remaining interval content was zero) (Fig. 10). 418 

Simultaneously, the population content of the coarse and fine cut-off points show frequent small 419 

changes at the same core-depth locations (i.e., where the 0.15-0.25 μm content is at about 10%) (Fig. 420 

10). The probability accumulation curves of samples with variations in the 0.15-0.25 μm population 421 
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content (more than 10%) in the study section were calculated (e.g., 79A-11, 79A-38, 79A-58, 79A-422 

82, 79A-87, 79A-95, 79A-104; Fig. 10), mainly in three-section type and two- section type (Fig. 423 

10). The total content of saltation and traction populations accounts for <10% (Fig. 10), clearly 424 

distinguishable from the grain-size characteristics of event deposits (Fig. 10). From these results, 425 

we have inferred that hyperpycnal flows (hydrodynamics 2) existed in the study area, which derived 426 

from fluvial flood discharge (provenance 3) (as detailed in the next section). These inferred 427 

hyperpycnal flows may have provided the stable sediment supply in the 573-630 mbsf section, and 428 

the intermittent sediment supply in the 249-323 mbsf and 540-573 mbsf sections. The latter 429 

hyperpycnal flows from fluvial flood discharge might have been controlled by the current 430 

circulation related to the Ishtmia Strait opening. 431 

Hydrodynamics and sediment provenance change 432 

Fluxes and contributions of main sources to the Gulf of Corinth sediment were complex (e.g., Bell 433 

et al., 2009; Nixon et al., 2016; Gawthorpe et al., 2018). In source-to-sink studies for the Corinth 434 

rift, Pechlivanidou et al. (2019) argued that the deposited sediments are sands, silts, and clays 435 

generated by fluvial erosion of the rift margins for the past 130 ka. Several studies agreed (Collier 436 

and Thompson, 1991; Lykousis et al., 2007; Bell et al., 2008; Ford et al., 2016; Gawthorpe et al., 437 

2018) that the sediments may be derived from southern fluvial systems, deltas, gravity deposits, 438 

hemipelagic suspension and the flux of sediment from the strait. On the south of the Gulf of Corinth, 439 

conglomerate sheets and channel bodies within background sediments of mudstone, siltstone and 440 

sandstone are observed in outcrops which expose parts of the Corinth Rift Pleistocene stratigraphy 441 

(Gawthorpe et al., 2017). It is thus reasonable that the eastern (including Corinth Isthmus) and 442 
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central Gulf of Corinth catchments could provide material for the development of hyperpycnal flows 443 

and plumes.  444 

From Unit 2 onwards, nearly all sedimentation was concentrated in the Gulf and most probably 445 

consisted of predominantly fine-grained prodelta facies and hemipelagic deposits (Ford et al., 2016). 446 

Several rivers were reversed to a southward flow direction by rapid footwall uplift, starting early in 447 

the 700-400 ka time interval (Demoulin et al. 2015), such that the eastern rift is relatively sediment-448 

starved (sediment was supplied from the south by short, consequent rivers; Demoulin et al., 2015), 449 

with bathymetry increasing eastwards to over 800 m (Ford et al., 2016). Modern sedimentation 450 

within the Gulf is controlled by the input of terrigenous material (by ephemeral rivers and streams 451 

along the coastline (Poulos et al., 1996). Hemipelagic processes are associated with biogenic debris 452 

from the water column (Poulos et al., 1996) because the biogenic debris includes calcareous algae, 453 

benthic foraminifera, ostracods, gastropods, bivalves, dentalium, echinoids and planktonic 454 

foraminifera. At the site of M0079A, as can be inferred from the above studies (Fig. 10 and Fig. 11), 455 

a stable sediment supply of hemipelagics has operated for the past 700 ka, the suspended load grain-456 

size population tending to be stable, especially since the decrease of river sediment due to drainage 457 

reversal (Fig. 11). The hemipelagic deposits (i.e., provenance 1, Fig. 9, c-1 and c-2) are inferred 458 

where the 0.3-0.5 μm grain-size population is maintained at 0.8%, and so in the Corinth Rift we 459 

interpret this as an index that represents hemipelagic deposition.  460 

Cumulative seasonal erosion potential experiments (Leeder et al., 1998) predicted enhanced 461 

sediment yields for a cool, wet winter climate during full-glacial climate conditions, and reduced 462 

yields for a cool, dry winter climate during interglacial climates. Collier et al. (2000) reported latest 463 
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Quaternary highstand deposits are distinguished from lowstand Lake Corinth deposits on the basis 464 

of seismic reflection data and micropaleontological and palynological analyses of drop cores, and 465 

demonstrated enhanced seasonality during the glacial period, with cool, dry summer and wet winter 466 

conditions in the Gulf of Corinth. McNeill et al. (2019) reported that the significant increase in 467 

sediment fluxes of Lake Corinth during the glacial/isolated periods was confirmed by the IODP 468 

core-based sedimentation rates. The above illustrated that rivers maintained effective runoff values 469 

of a year during full-glacial conditions because of reduced summer evaporation and increased winter 470 

precipitation (Collier et al., 2000). Interglacial conditions were just the opposite. In the site of 471 

M0079A, however, little sediment is supplied from the north as no significant rivers flow into the 472 

Gulf from the northern coastline (Demoulin et al., 2015; Gawthorpe et al, 2018) and mainly fine-473 

grained sediment is supplied from the south by short, consequent rivers (Demoulin et al., 2015; Ford 474 

et al., 2016). It is interpreted that the eastern and central Gulf of Corinth had a stable higher fluvial 475 

sediment contribution before drainage reversal (when there were larger catchments in the rift 476 

footwall), and then the fluvial sediment flux decreased significantly.  477 

Along the southern margin of the Corinth rift, Poulos et al. (1996) suggested that gravity-driven 478 

mass flows are often generated often by high fluvial sediment contributions from seasonal rivers or 479 

freshwater flood events. Bates (1953) and others (Mulder and Syvitski, 1995; Mulder et al., 2003) 480 

indicated that the high-density plumes triggered by river floods generate hyperpycnal flows. Piper 481 

et al. (1988) also indicated that the fine sediment reaching the basin floor (Gulf of Corinth) appears 482 

derived mainly from muddy plumes during winter floods. These studies revealed that fluvial 483 

sediments could be transported to the basin floor during flood events. This was supported by recent 484 
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research within the Gulf (Maffione and Herrero-Bervera, 2022), recognizing that the variability in 485 

grain-size may have been related to the variable intensity of bottom currents in the rift basin.  486 

In addition, Ford et al. (2016) built a model of the westwards propagation and northwards 487 

migration of the rift since the Pleistocene, and a recent deepening event that occurred in the central 488 

Gulf of Corinth at approximately 400 ka. This deepening event was similar to the understanding of 489 

some workers (Lykousis et al., 2007) in which the present-day depth of the central Gulf of Corinth 490 

seafloor (870 m) could be the result of a continuous deepening of the basin during the last 500 ka. 491 

These show that the water depth of hole M0079A deepens since ca. 400-500 ka. 492 

The above studies imply a relatively sustained sediment supply from rivers (i.e., high-density 493 

plumes) during the interval 700 ka to circa 500-400 ka. Since circa 400-500 ka, fluvial sediments 494 

were transported to the study area during floods (i.e., as hyperpycnal flows) during the continuous 495 

deepening of the basin. The variation of sediment supply from rivers is denoted by the variation in 496 

the 0.15-0.25 μm population component (Fig. 11) (i.e., provenance 2, fluvial discharge; 497 

hydrodynamics 1, high-density plume in the 573-630 mbsf section; and provenance 3, fluvial flood 498 

discharge; hydrodynamics 2, hyperpycnal flows in the 249-323 mbsf and 540-573 mbsf section). 499 

The reasons for the significant changes in the content characteristics of the grain-size 500 

population at 0.15-0.25 μm and 0.3-0.5 μm in the section above and below 573 mbsf (ca. 593-613 501 

ka) were as follows: (1) several rivers were reversed by rapid uplift starting at the beginning of the 502 

700-400 ka interval (Demoulin et al. 2015), (2) fine-grained sediment was supplied from the south 503 

by short, consequent rivers since circa 500-400 ka (Demoulin et al., 2015; Ford et al., 2016), (3) the 504 

westwards propagation and northwards migration of the rift since the Pleistocene (Ford et al., 2016), 505 
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a continuous deepening of the basin during the last 500 ka (Lykousis et al., 2007), and (4) structural 506 

subsidence and opening of straits through the pre-existing land barriers at the eastern (Corinth 507 

Isthmus) and/or western (Rion Sill) end of the Corinth Rift since approximately 0.6 Ma (i.e., the 508 

"Great Breaching" of Gawthorpe et al, 2018). 509 

The main grain-size characteristics that allow provenance and hydrodynamic identification in 510 

this area were obtained by combining provenance, hydrodynamic analysis, probability accumulation 511 

curve and grain-size populations (Fig. 12). These may be distinguished as: (1) The probability 512 

accumulation curve of event deposits (possibly earthquake-triggered) has three-section type 513 

characteristics, with the proportion of coarse particles (<4.5 φ) close to or more than 50%, and the 514 

proportion of the total content of saltation and traction populations more than 20%. (2) The 515 

probability accumulation curve of hyperpycnal flows and high-density plumes has two-section type 516 

and three-section type characteristics, with the proportion of coarse particles (<4.5 φ) basically 517 

between 5% and 30%. The total content of saltation and traction populations accounts for <10% of 518 

the total population. (3) The probability accumulation curve of hemipelagic deposits has zero-519 

section type and one-section type characteristics, with the proportion of the finer-grained particles 520 

(>3 φ) being more than 99%. 521 

Central basin Late Pleistocene rift sediments recording the presence of straits 522 

We integrate our new hydrodynamic and provenance information from the site of M0079A with 523 

published sedimentological, hydrological and new age interpretations (Maffione and Herrero-524 

Bervera, 2022) to develop a model of the sediment supply to the site of M0079A in no-strait versus 525 

open strait states during the Late Pleistocene. The two main environmental phases of development 526 

correspond approximately to those recognized in the recent work in the central Gulf of Corinth 527 
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(Nixon et al., 2016; Gawthorpe et al., 2018, McNeil et al., 2019; Gawthorpe et al., 2022):  528 

An isolated lake with intermittent marine incursions existed from ca. 0.7 to 0.613-0.593 Ma. 529 

The main rivers of the southern catchments maintained a northward course (Fig. 1), and the site of 530 

M0079A had a stable high fluvial sediment contribution (Fig. 13b). Slumps, as isolated beds were 531 

observed in cores (Fig. 9 a-1 and a-2), indicating slopes around the site of M0079A were unstable 532 

(Fig. 13b). The deposits of high-density plumes were deposited here during this period, and 533 

accompanying slumps may have been earthquake-triggered (Sachpazi et al., 2003). At this time the 534 

presence of structural sills/land barriers at the eastern (Corinth Isthmus) and western (Rion Straits) 535 

ends of the main depocentre confined the lacustrine rift (Bell et al., 2008; Gawthorpe et al., 2018). 536 

The supply of suspended sediments was substantially derived from low-density plumes (including 537 

lofted plumes, Gawthorpe et al., 2022; Fig. 13b), with small amounts derived from hemipelagic 538 

suspension.  539 

The main Corinth Rift depocentre was periodically sea-connected from ca. 0.613-0.593 to 540 

0.168 Ma. The westwards propagation and northwards migration of the rift (Ford et al., 2016), cause 541 

the migration of the depocenter of the rift basin (with the deepest basin floor in the basin axis near 542 

the site of M0079A; Fig. 1; Fig. 13a). The main rivers were reversed (Fig. 1a), reducing fluvial 543 

sediment supply to the central and eastern parts of the rift. Slumps representing slope collapse 544 

deposits were not observed in cores, suggesting such deposits were trapped close to the rift margins 545 

(Fig. 13a). The deposits of this period commonly consisted of turbidites supplied by hyperpycnal 546 

flow during rivers flood events (Piper et al., 1988; Maffione and Herrero-Bervera, 2022), turbidity 547 

currents that may have been earthquake-triggered (Sachpazi et al., 2003), and the delivery of 548 
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sediment from cascading strait currents off the shelf (Collier and Thompson, 1991).  549 

Structural or erosional control of land barriers at the eastern (Corinth Isthmus) and/or western 550 

(Rion Sill) ends of the rift allowed initial marine incursion around 0.6 Ma (i.e., the "Great 551 

Breaching" of Gawthorpe et al, 2018). The sediments of shallow marine in the stratigraphic section 552 

exposed by the excavation of the Corinth Canal provide evidence for the episodic existence of a 553 

strait through much of the Late Pleistocene (Collier, 1990; Fig. 13c). Moreover, the distribution of 554 

transverse and linear dunes in the Corinth Basin suggest that a strait periodically existed across the 555 

Corinth Isthmus during the Late Pleistocene (Collier and Thompson, 1991). The oldest marine 556 

sediments exposed in the canal section occur above and then alternate with the white and grey 557 

Corinth Marls (Fig. 13c). The expression of fluctuating relative sea level on one coastline of the 558 

Isthmus strait during this time is exemplified by the prominent karstification of a marl surface, due 559 

to a relative base-level fall (Collier, 1990). The marl is capped by a beach/shoreface transgressive 560 

to progradational package associated with glacio-eustatic marine transgression at ca. 0.4 Ma. Fig. 561 

13d illustrates bidirectional ripples indicating tidal influence in this shallow marine environment. 562 

Tidal dune bedforms also developed within the strait during a younger glacio-eustatic transgression, 563 

as described by Collier & Thompson (1991). After each glacio-eustatic highstand, the Gulf of 564 

Corinth was cut off again from open marine conditions due to a relative base-level fall below the 565 

level of the Corinth Isthmus structural sill (Fig. 13c). Cycles of transgression and base-level fall, 566 

alternating between open and closed strait conditions, were repeated ca. every 100 ka until the 567 

Corinth Isthmus permanently emerged above sea-level (Collier, 1990), by which time marine 568 

connection during glacio-eustatic highstands was established at the western end of the rift 569 
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(Somerville et al., 2019; Gawthorpe et al., 2022).  570 

The core from the IODP borehole M0079A was collected some 10-20 km away from the 571 

Isthmia paleo-strait and associated strait currents that would have been focused through the strait 572 

during phases of relatively high sea level (Collier and Thompson, 1991). The “far field strait effect” 573 

formed by the Gulf of Corinth being periodically sea-connected might have led suspended sediments 574 

to have been mainly derived from hemipelagic suspension, from more distal the low-density plumes 575 

(Fig. 13a). However, our analysis of the deep-water core material shows the deposits got coarser 576 

during the connected (marine water) intervals (Figs. 3 and 4). This observation together with the 577 

reconstruction of the Isthmia area (Collier and Thompson, 1991) suggests that strait-related currents 578 

from the Isthmus strait likely promoted the transport of shallow water sediments into the main 579 

Corinth Rift axial depocenter from the shallower shelf. Collier and Thompson (1991) reconstructed 580 

a shallow platform in the SE part of the Gulf of Corinth basin where currents were large enough to 581 

form large bedforms. It was likely the strait currents were circulating in a clockwise pattern and 582 

were cascading off the shallow platform to deeper water, depositing coarser grained sediments and 583 

facilitating bioturbation (higher oxygen content waters). The water circulation through the 584 

structurally controlled strait and its connectivity with deep water (Fig. 13a) might explain the coarser 585 

grained deposits during accumulation of the marine deposits (Figs. 3 and 4).  586 

Conclusions 587 

The sedimentary environments of the Gulf of Corinth changed from an isolated lake, with 588 

intermittent marine incursions (before ca. 0.593-0.613 Ma, namely 570.51 mbsf to 577.00 mbsf), to 589 

a gulf periodically sea-connected (after ca. 0.593-0.613 Ma). In the 573-630 mbsf section, sediments 590 
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were mainly derived from long rivers on the southern margin of the Corinth Rift and the fluvial-591 

sourced sediments were transported by high-density plumes and intervening hemipelagic deposition 592 

by suspension settling. Due to drainage reversals at circa 0.593-0.613 Ma, in the 249-323 mbsf and 593 

540-573 mbsf section, the sediments were mainly derived from hemipelagic settling and 594 

hyperpycnal flows during river (short, consequent river) flood events. Many event deposits in the 595 

study section may have been earthquake-triggered. 596 

The 0.15-0.25 μm component of the grain-size population of the sediments in the study area 597 

(i.e., from site M0079A) was mainly deposited through hyperpycnal flows since 0.593-0.613 Ma, 598 

triggered by river floods on the southern margin of the Corinth Rift. The variation of the population 599 

content of 0.15-0.25 μm implies periodic floods. When sediment was supplied from hemipelagic 600 

deposition, the proportion of the grain-size population in the range 0.3-0.5 μm was maintained at 601 

0.8%, which is an index that represents suspension fall-out deposits laid down under extremely low-602 

energy conditions. Before 0.593-0.613 Ma, the 0.15-0.25 μm component of grain-size population 603 

of sediments indicates deposition out of more stable high-density plumes, sourced not far from the 604 

study area.  605 

A probability accumulation curve chart was established to distinguish hemipelagic deposits, 606 

event deposits (possibly earthquake-triggered), hyperpycnal flows and high-density plumes in the 607 

Gulf of Corinth. This approach may be found useful in the characterization of fine-grained 608 

sediments in other deep-water settings. The deep-water sediments of the M0079A borehole record 609 

more frequent coarser beds during the marine periods when the Ishtmia Strait was open. The 610 

presence of the open strait likely changed the shallow water current circulation in the SE area of the 611 
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basin and promoted delivery of shallow sediments to the deep-water basin axis. 612 
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Figures 924 

Fig. 1. General structure and geography of the Corinth Rift. (a) Location and tectono-sedimentologica map of the 925 

Gulf of Corinth. The red dot shows the location of site M0079A. The red dashed line shows the location of profile 926 

in b. Part of the tectono-sedimentological of the Corinth rift during the Late Pleistocene from Gawthorpe et al. 927 

(2018). Drainage reversal from Ford et al. (2016). NAF, North Anatolian Faul; KF, Kephalonia Fault. (b) Map of 928 

the N-S seismic features through site M0079A. Interpretations from Nixon et al. (2016) (faults from the authors’ 929 

own mapping). Unit 1 is older, generally non-reflective and poorly stratified (Bell et al. 2009). Unit 2 is younger, 930 

stratified and cyclical (Bell et al. 2009). The estimated age of the unit 1/2 unconformity of ca. 0.6 Ma (Bell et al., 931 

2008; Nixon et al., 2016). Inset: seismic line and drill site locations.  932 
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Fig. 2. X-ray fluorescence (XRF) calibration workflow. (a) A log-ratio calibration (LRCE) approach (Weltje & 935 

Tjallingii, 2008) was employed to obtain optimum log-ratio denominator (in this case ‘Ca’). The concentration of 936 

5 elements (Ca, Fe, Mg, Mn and Sr) was selected in 16 ground sediment samples. The Br element is not selected 937 

due to showing too low concentrations. (b) Intensity and concentration calibration of the log (Sr/Ca). (c) The 938 

detailed compositional profiles of the Sr element (expressed as intensity counts). (d) The calibrated log ratio profiles. 939 
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Fig. 3. The lithological column and geochemistry element curves with depth of the 249-323 mbsf intervals. Sr 941 

(strontium), Ca (calcium), Fe (iron), Mn (manganese), Br (bromine), Ca/Sr ratio, Ca/Fe ratio, and Ma/Ca ratio counts 942 

from the XRF core scanner (the curves of Br and Ca elements were expressed as intensity counts; the curves of light 943 

gray were calibrated log ration, and were expressed as dimensionless units). Black arrows and black dashed arrows 944 

indicate the curves changing trends. The data of columns A, B, and C were from McNeill et al. (2019). Column D 945 

(authors’ own recognized from cores): Pho., Phoebichnus; Te., Teichichnus; Phy., Phycosiphon.  946 
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Fig. 4. The lithological column and geochemistry element curves with depth of the 540-630 mbsf intervals. Sr 948 

(strontium), Ca (calcium), Fe (iron), Mn (manganese), Br (bromine), Ca/Sr ratio, Ca/Fe ratio, and Ma/Ca ratio counts 949 

from the XRF core scanner (the curves of Br and Ca elements were expressed as intensity counts; the curves of light 950 

gray were calibrated log ration, and were expressed as dimensionless units). Black arrows, black dashed arrows and 951 

red arrows indicate the curves changing trends. The data of columns A, B, and C were from McNeill et al. (2019). 952 

Column D (authors’ own recognized from cores): Pho., Phoebichnus; Te., Teichichnus; Phy., Phycosiphon.  953 
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Fig. 5. Core photographs from site M0079A showing examples of trace fossils. (a) Oblique transverse cross section 955 

through a radiating burrow of Phoebichnus. This radial burrow is approximately 1 cm in diameter. (b) In the core, 956 

Phycosiphon appears as tiny yellow spots (transverse section) and yellow lines (longitudinal section). (c) Teichichnus 957 

appears as a series of wavy, tightly packed, and long laminate in core sections. 958 
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Fig. 6. Discrimination of sedimentary provenance and frequency distribution curve. (a) The skewness-standard 960 

deviation diagram of core M0079A samples at study intervals; (b) Grain-size frequency distribution of core M0079A 961 

samples at study intervals. 962 
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Fig. 7. Standard deviation vs. grain-size of core M0079A samples at study intervals. 964 
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Fig. 8. The probability cumulative curves of core M0079A samples at study intervals. 966 
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Fig. 9. Core photographs from site M0079A showing examples of (a) example of two slumped beds (a-1: Core 129R-968 

1, borehole depth 564.28-564.63 mbsf; a-2: Core 130R-3, borehole depth 570.33-570.54 mbsf), (b) Graded beds (b-969 

1: Core 132R-2, borehole depth 580.04-580.21 mbsf; b-2: Core 141R-3, borehole depth 619.02-619.44 mbsf), which 970 

generated by weak and dilute flows, (3) Homogeneous muds (c-1: Core 71R-3, borehole depth 287.84-288.24 mbsf), 971 

and mud beds with continuous white laminations (c-2: Core 137R-1, borehole depth 600.21-600.61 mbsf). 972 
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Fig. 10. Left: grain-size curves with depth of the study section. Right: photograph of core and probability 974 

accumulation curve of the sampling point of hole M0079A, the criterion of probability accumulation curve refers to 975 

Visher (1969).  976 
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Fig. 11. Evolution of sedimentary environment, hydrodynamics, and provenance in the study area. Environment 978 

evolution from the authors’ own analyses, see Figures 3 and 4. The evolution of weights of several controlling factors 979 

is used to represent the trend of change.  980 

  981 



56 

 

Fig. 12. Probability accumulation curve chart for distinguishing provenance and hydrodynamic in the study area. 982 
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57 

 

Fig. 13. Schematic cross sections summarizing the hydrodynamic and provenance interpretations for the M0079A 984 

site for the Gulf of Corinth. (a) Gulf periodically sea-connected after drainage reversal of the south of the Gulf of 985 

Corinth. (b) Isolated lakes with intermittent marine incursions before drainage reversal of the south of the Gulf of 986 

Corinth. (c) Photomosaic of sedimentary sequences on the Corinth Isthmus. (d) The bidirectional ripples within fine 987 

sandstones. The lens cap is 6 cm in diameter.  988 
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