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A B S T R A C T

The Corinth Rift in Greece is very active, with high rates of extension, sedimentation and environmental change. 
International Ocean Discovery Program (IODP) Expedition 381 drilled three sites sampling syn-rift sediments, 
complementing previous fault and stratigraphic interpretations and providing the longest high-resolution 
stratigraphic record for an early phase rift. Sedimentation in the Gulf of Corinth started ~2.0–2.5 Ma as an 
isolated basin, with the most recent rift phase starting at ~0.75 Ma, marking a shift to increasingly orbitally- 
controlled marine incursions. A wide range of paleoenvironmental conditions have been generated, reflected 
in the diverse microfossil assemblages and sedimentary lithologies. Drilling results highlight a recent accelera
tion of strain rate and fault activity connected to rapid strain localization, with linkage of the border fault system 
over 10s–100s kyr timescales. Over long timescales (100s kyr), these variations in fault slip rate control sediment 
accumulation. On shorter time scales (10s kyr), changes in accumulation rate and type of sediment are primarily 
controlled by glacial-interglacial climate change, with accumulation rates in glacial periods at least double that 
of interglacial periods, accompanied by enhanced basin stratification and dominance of non-marine faunal as
semblages. The mud-dominated sediments have three stratal package types (bioturbated, bedded, laminated) 
that record distinct hydrological conditions linked to climate and sea level which influence the landscape and 
basin conditions. Results from the Corinth Rift are compared with other active basins and rift systems for a better 
understanding of the tectonic and climatic processes shaping these environments.

1. Introduction

This paper constitutes an overview of the objectives and synthesis of 
the achievements so far from IODP Expedition 381 in the Corinth Rift, 
one of the Mission Specific Platform expeditions of IODP, as part of a 
Special Issue volume entitled “Twenty years of Mission Specific Platform 
expeditions in scientific ocean drilling”.

1.1. Rift Evolution

Continental rifting is the first stage of the process that can lead to 
continental breakup and ocean basin formation. However, the style and 
variability of deformation in the first few Myr of this process are often 
less well known due to deep burial and overprinting within more mature 
passive margins or failed rift systems and the relatively small number of 
active rift systems worldwide. The magnitude, rate and timing of 
deformation during this early stage of rifting have rarely been quantified 
at high temporal resolution (10s - 100 s kyr). For many studies, the finest 
achievable rift-scale temporal resolution is of the order of ≥1 Myr, such 
that the details of the rift evolution process are missed. Results from this 
study show that significant changes in rift structure and rate of process 
occur on timescales <1 Myr.

Over the last ~15–20 years, important insights have been derived 
from numerical models (e.g., Olive et al., 2014; Naliboff et al., 2017; Pan 
et al., 2022; reviews of Pérez-Gussinyé et al., 2023 and Zwaan et al., 
2024) and from observations at mature, magma-poor passive margins, 
including on the Newfoundland margin (e.g., Van Avendonk et al., 
2009) and the Galicia margin (e.g., Bayrakci et al., 2016) where activity 
has ceased. The results demonstrate that different modes of extension of 
the crust are possible, and that these likely combine and vary in space 
and time (e.g., Peron-Pinvidic and Manatschal, 2019). In addition, high- 
resolution geophysics and borehole drilling in active continental rifts 
have provided constraints on temporal changes in fault activity and 

basin evolution (e.g., Muirhead et al., 2019; Scholz et al., 2020). Many 
previous studies have noted localization of strain within a rift, often 
towards the rift axis (e.g., Cowie et al., 2005, 2007), although others 
show increased distribution of strain with time (e.g., Bell et al., 2014). 
But details of the timing relative to the onset of rifting and the rate of 
localization and its variability along a rift are not always resolved, nor at 
high resolution. Both models and observed rift examples tend to show a 
primary rift border fault system developing and taking up much of the 
extensional strain as part of this localization process (e.g., Walsh et al., 
2003; Scholz et al., 2020), but how and when this fault system becomes 
established relative to onset of rifting is not always established.

The Corinth Rift, the subject of this paper, is a focused site of rifting 
within the wider Aegean rift system. Its scale (~150 km in length, ~50 
km in width) is comparable to other active rift systems (e.g., in the East 
Africa Rift) but smaller than the largest extensional domains (e.g., the 
Basin and Range). Mature rifted margin systems can extend for 100's to 
1000 km's in length (e.g., Atlantic rifted margins). Likewise, fault length 
exhibits a continuum of scales in both active and inactive rift systems 
(Lathrop et al., 2022). Individual border faults in active rift systems can 
be 10's km - >100 km in length (e.g., Ebinger and Scholz, 2012; Shil
lington et al., 2020; Nixon et al., 2016), but several can link, forming 
structures potentially several 100 km's in length. These structures are 
comparable in scale to major fault structures on mature rifted margins 
(e.g., Lei et al., 2020; Muñoz-Barrera et al., 2021). The Corinth Rift itself 
has individual border faults of 10–20 km length linked to form an ~100 
km structure. Despite variability in spatial and temporal scales between 
rifts, the new results on rift evolution in the Gulf of Corinth capture basic 
processes common to many rifts worldwide, such as normal fault growth 
and linkage. Given that major structures formed early in the rift process 
may influence rifted margin structure (e.g., Naliboff et al., 2017), the 
results presented here are relevant to global studies of rift systems at 
different stages of evolution.

1.2. Rift paleoenvironment and sedimentation

As a continental rift evolves, it transitions from a terrestrial envi
ronment above mean sea level to lacustrine/isolated rift basins (above or 
at sea level) and finally to connection with an ocean basin. This 
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progression is largely driven by lithospheric thinning and tectonic sub
sidence. In detail, this relates to how the rate of tectonic subsidence 
changes over time as the crust and lithosphere extend and thin, which in 
turn is related to rift faults growing, dying, and linking. On shorter time 
scales, paleoenvironment is primarily controlled by climate that drives 
sea level fluctuations and evaporation-precipitation patterns and rate of 
sediment flux filling the basin. For continental rifts, our understanding 
of these processes and the resulting basin paleoenvironment and pat
terns of sedimentation has been based on models (e.g., Gawthorpe and 
Leeder, 2000) and on a small number of ground-truthed active rifts or 
exposed earlier stratigraphic sequences (e.g., Gawthorpe et al., 1990; 
Dorsey and Umhoefer, 2000; Lyons et al., 2015). Overall, few active rifts 
are going through this process today or details are deeply buried in now 
inactive rifted margins or failed rifts where the level of temporal and 
spatial detail is limited. In addition, deep sampling (drilling) in active 
rift systems is quite rare. An exception is drilling in the Lake Malawi 
(Nyasa) Rift (e.g., Lyons et al., 2015). Here lake level variations of 
200–400 m are recorded, impacting the basin environment; however, 
this rift is not yet at the stage of ocean connection, thus lacks constraints 
on this important environmental transition. Tectonically-controlled 
basins at the stage of periodic connection to the open ocean (fluctu
ating between lake and sea conditions as sea level changes or basin sills 
move vertically) have been studied previously, e.g., the Black Sea and 
the Sea of Marmara. Here basin paleoenvironmental change can be 
linked to climate and sea level but the present tectonic setting at these 
locations is not an active rift. In the case of the Black Sea, drilling has 
sampled a long sedimentary record of changing environment (Hsü, 
1978) but this has relatively low resolution and is in an environment of 
lower tectonic activity albeit with large amplitude of sea level change (e. 
g., Aksu and Hiscott, 2022).

Although it has been long understood that climate and tectonics 
interact to control sediment input to a rift basin and the environment of 
that rift basin as rifting progresses (e.g., Gawthorpe and Leeder, 2000; 
Dorsey and Umhoefer, 2000), it is rarely established in what circum
stances tectonics versus climate dominates these environmental pro
cesses or on what timescales, because there are few or no studies with a 
10-kyr resolution of the syn-rift sedimentation pattern. In this paper we 
aim to address the questions raised on Rift Evolution above and on Rift 

Paleoenvironment and Sedimentation using the new high-resolution 
temporal and spatial record from the Corinth Rift.

1.3. The Corinth Rift

The Corinth Rift (Fig. 1) has exceptionally high rates of active 
extension (extension rates are up to 10–20 mm/yr; Avallone et al., 
2004). These high rates of activity (and hence resolution), alongside its 
youth (<5 Myr) and hence clarity of its geological record, make Corinth 
a natural laboratory for evaluating early rift evolution, and for com
parison to observations and models of rifts that evolve to oceans (e.g., 
Bell et al., 2009; Nixon et al., 2024). The Corinth Rift is compact (~150 
× 50 km) and a closed, small-scale clastic sedimentary system. The last 
~2 Myr of the syn-rift stratigraphic record is preserved offshore while 
earlier rift sediments are preserved onshore, providing a clear spatial 
and temporal record of rift activity. The offshore rift has been surveyed 
creating a dense network of seismic reflection data (line spacing of 
~1–5 km; e.g., Fig. 2; Nixon et al., 2016) that provide high-resolution 
spatial information on the distribution of syn-rift sediments and the 
fault network (e.g., Sachpazi et al., 2003; Taylor et al., 2011).

Corinth rifting began ~4 Ma with three main phases identified by 
integrating onshore deposits and offshore seismic stratigraphy (e.g., 
Sachpazi et al., 2003; Nixon et al., 2016; Ford et al., 2017; Gawthorpe 
et al., 2018). As the rift has developed over these three phases (e.g., Ford 
et al., 2017), it has both migrated north (likely linked to the rollback of 
the underlying subducting African plate) and varied in width. In the Gulf 
of Corinth, the grid of seismic reflection data has been used to resolve 
spatial patterns of fault and depocenter development and estimate 
timings and rates - e.g., the geometry of dominant faults and of the rift 
basin itself (Fig. 1), linkage history of faults, the merging of depocenters 
over time, and fault slip rates (e.g., Bell et al., 2009; Taylor et al., 2011; 
Nixon et al., 2016). Key results from these studies include that: (i) pat
terns of extension change along the rift axis and with time, with strain 
distributed across multiple active faults in the west but focused on 1–2 
primary faults in the centre and east; (ii) the rift geometry has changed 
from a more symmetrical pattern of both N- and S-dipping faults to 
predominantly N-dipping faults and hence towards basin asymmetry; 
(iii) slip rates of the major faults are high and estimated as up to 5–10 
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Fig. 2. Seismic reflection profiles with IODP site locations. a) Composite profile along rift axis connecting the three drill sites. b), c) and d) Profiles across each drill 
site. Seismic profiles are from Taylor et al. (2011), seismic interpretation from Nixon et al. (2016, 2024).
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mm/yr; and (iv) the syn-rift fill initiated in two separate depocenters 
that later merged into a single depocenter as the rift matured (e.g., Bell 
et al., 2009; Nixon et al., 2016).

During the first phase of rifting (estimated timing ~4–2 Ma 
depending on the position along the rift axis), the onshore exposures 
suggest a terrestrial environment from alluvial to deep lacustrine sedi
ments (e.g., Ford et al., 2013; Gawthorpe et al., 2018; Hemelsdaël et al., 
2021). The second phase of rifting (estimated timing prior to drilling 
results: ~2.5–1.8 Ma to ~0.7–0.45 Ma; e.g., Nixon et al., 2016) was 
shifted to the north and involved development of large fan delta systems 
feeding into a basin of likely lacustrine/isolated environment. Some of 
the sediments from this rift phase are uplifted and exposed onshore and 
others are preserved offshore within the Gulf of Corinth. The third phase 

of rifting (estimated timing prior to drilling results: ~0.7–0.45 Ma to 
present) is characterized by alternating marine and isolated environ
ments and deposition, interpreted from shallow sediment cores and 
seismic stratigraphic character (e.g., Perissoratis et al., 2000; Sachpazi 
et al., 2003; Lykousis et al., 2007) and controlled by sills surrounding the 
basin and eustatic sea level fluctuations. Such alternations in paleo
environment were proposed by many studies from seismic data before 
drilling (e.g., Lykousis et al., 2007; Bell et al., 2009; Nixon et al., 2016), 
and the most recent transition from isolated to marine ~12 ka was 
identified in shallow piston cores (Collier et al., 2000; Perissoratis et al., 
2000; Moretti et al., 2004). The deposits preserved in the Gulf of Corinth 
(drilled in IODP Expedition 381) represent the most recent two phases of 
rifting and reach a thickness of up to 2.5 km.

Fig. 3. Lithostratigraphic units and paleomagnetic data for each of the three drill sites, correlated to the eustatic sea level curve (Spratt and Lisiecki, 2016) and 
oxygen isotope stages (see also McNeill et al., 2019a, 2019b). See Syn-rift Chronology section for information on dating techniques used to construct this correlation. 
Dates shown are primary magnetostratigraphic markers (Brunhes-Matuyama chron boundary at 773 ka; potential Jaramillo subchron at 1–1.1 Ma; Maffione and 
Herrero-Bervera, 2022; McNeill et al., 2019a) and earlier age control in Site M0080 (calcareous nannofossil ages and U/Pb dates on calcareous siltstones; Hemelsdaël 
et al., 2024; M. Purkey Phillips, pers. comm., 2025). mbsf=meters below seafloor.

L.C. McNeill et al.                                                                                                                                                                                                                              Marine Geology 496 (2026) 107750 

5 



2. IODP Expedition 381

IODP Expedition 381 acquired 1645 m of recovered core over 1905 
m of cored intervals at three sites, two in the Central Gulf of Corinth and 
one in the Alkyonides Gulf (Fig. 1). The offshore component of this 
Mission Specific Platform expedition occurred aboard the D/V Fugro 
Synergy in October–December 2017, and the onshore science party took 
place at the MARUM and University of Bremen, Germany in February 
2018. The objectives of IODP Expedition 381 were to constrain the 
temporal and spatial evolution of faulting and surface processes in a 
young rift, improve regional hazard assessments, and reconstruct pale
oclimate and paleoenvironment in the Gulf of Corinth and eastern 
Mediterranean Sea. The cores obtained by IODP Expedition 381 address 
these objectives by providing (1) a long history of rifting, sedimentation, 
and paleoenvironment (sites M0078 and M0080), (2) a high-resolution 
record of processes in the last ~800 kyr (Site M0079), and (3) the 
spatial variation of rift evolution (comparison of sites in the central 
versus eastern rift) (Fig. 1). Below we review and synthesize highlights 
of current results from this expedition.

3. Syn-rift Chronology from Drilling and Stratigraphic 
Correlation

One of the primary purposes of drilling was to establish a chronology 
for the syn-rift sediments sampled, enabling the history of rift evolution 
and rates of process to be established with confidence; in previous 
chronologies, timings and rates were only estimated or ground truthed 
by sampling as far back as ~50 ka (e.g., Nixon et al., 2016). Multiple 
dating techniques were used during the expedition, and these have been 
supplemented with additional analyses since the expedition. Detailed 
results of these techniques can be found in the IODP 381 Expedition 
Report (McNeill et al., 2019a) and in several published studies (McNeill 
et al., 2019b; Gawthorpe et al., 2022; Maffione and Herrero-Bervera, 
2022; Mazzini et al., 2023; Hemelsdaël et al., 2024; Nixon et al., 
2024; Sergiou et al., 2024; Pechlivanidou et al., 2025). The chronology 
at each site has been used to make a stratigraphic correlation between 
the three boreholes (Fig. 3).

Techniques used for dating include:
a) Cyclical paleoenvironment and links to the eustatic sea level 

curve.
The drill cores confirmed that the basin environment fluctuated be

tween marine and isolated conditions within the most recent rifting 
phase or upper unit (Unit 1; Fig. 3), primarily on the basis of the 
microfaunal and microfloral assemblages present (McNeill et al., 2019a, 
2019b; Gawthorpe et al., 2022; Fatourou et al., 2023, 2025; Mazzini 
et al., 2023; Nixon et al., 2024; Parisi et al., 2024). Sub-units within each 
borehole were established from these changes through time (Fig. 3), and 
these also correspond to sedimentary facies and lithology changes 
(Gawthorpe et al., 2022; Fig. 4) and physical properties changes of the 
sediments (McNeill et al., 2019a). Using the present-day basin sill depth 
(Rion sill ~50–60 m; McNeill et al., 2019b; Fig. 1), a date was assigned 
to each subunit boundary based on the eustatic sea level curve of Spratt 
and Lisiecki (2016) (Fig. 3). In Unit 2 (the penultimate rifting phase), the 
sediments are more homogenous in lithology, lacking the cyclical stra
tigraphy, and are interpreted as predominantly isolated in environment, 
therefore the same approach cannot be applied.

b) Biostratigraphy.
Calcareous nannofossil assemblages were interpreted throughout the 

stratigraphic sequence at each borehole (Fig. 5; McNeill et al., 2019a, 
2019b). The Last Occurrence of Pseudoemiliania lacunosa and the First 
Occurrence of Emiliania huxleyi were used to place approximate tie 
points in the upper unit (Unit 1) of the age model. The precise ages of 
these tie points are complicated in the Corinth record because of the 
unusual paleoenvironment and discontinuous marine sequence (M. 
Purkey Phillips, pers. comm., 2025). At Site M0080, rare calcareous 
nannofossils were observed in the oldest sediments (Unit 4) and are 

interpreted to be in situ. These are assigned an approximate age of Late 
Miocene to Early Pliocene (Fig. 3), consistent with U/Pb dates on 
calcareous silts in this unit (Hemelsdaël et al., 2024). This unit, there
fore, represents an earlier phase of rifting, likely an extension of the 
Megara basin in the east of the rift system.

c) Magnetostratigraphy.
Magnetostratigraphic analyses identified the Brunhes-Matuyama 

chron boundary (0.773 Ma) in all three sites (although tentatively in 
Site M0080), and the Jaramillo subchron (1.001–1.076 Ma) in Unit 2 of 
Site M0078 (McNeill et al., 2019a, 2019b; Maffione and Herrero- 
Bervera, 2022). In addition, a relative paleointensity (RPI)-calibrated 
age model was developed for Site M0079 (Maffione and Herrero- 
Bervera, 2022), and further work continues with RPI on the expedi
tion cores.

d) Additional chronological techniques.
During and since the drilling expedition, tephrochronology (McNeill 

et al., 2019a; Pechlivanidou et al., 2025; unpublished work), radio
carbon dating in the youngest section (e.g., Nixon et al., 2024; Mazzini 
et al., 2023; Pechlivanidou et al., 2025), U/Th dating of aragonite 
laminations (Gawthorpe et al., 2022), and U/Pb dating of calcareous 
silts (Hemelsdaël et al., 2024) have been conducted, and these further 
refine the age model presented here. These and other dating analyses are 
ongoing, and the age model will continue to be improved.

Stratigraphic correlation.
Correlation of unit and subunit boundaries was possible between the 

three sites (Fig. 3). This was most straightforward for the cyclical marine 
and isolated subunits of Unit 1 (Gawthorpe et al., 2022; Nixon et al., 
2024), although not possible for the earliest and thinnest marine in
tervals in Unit 1 within Site M0080. Here marine environmental in
tervals were short and marine sediments very thin due to the low 
sediment accumulation rate in the eastern Alkyonides depocenter 
(subsiding more slowly due to lower extension rates). Correlations be
tween boreholes in the earlier/deeper parts of the stratigraphy are also 
more tentative.

4. Rift and fault development

The spatial patterns of rift faulting and depocenter distribution and 
their relative changes through time were developed prior to drilling, 
using the offshore grid of seismic reflection data, onshore tectonic 
geomorphology (from fault-uplifted marine terraces and fault traces) 
and onshore syn-rift stratigraphic exposures (compiled by Nixon et al. 
(2016) building on other studies, e.g., Bell et al. (2009) and Taylor et al. 
(2011)). Estimated timings and rates were interpreted by several groups 
of authors from rare dates onshore and from seismic stratigraphic in
terpretations offshore (see Introduction). The drilled boreholes now 
provide a much more robust chronology. Nixon et al. (2024) integrated 
the existing spatial fault, depocenter and rift element interpretations 
with the chronology from the new borehole data to develop a detailed 
analysis of how the rift has developed over the past ~2 Myr (Fig. 6). The 
main subsequent results and analyses from Nixon et al. (2024) and 
earlier studies are summarised below.

In the last 2.0–2.5 Myr, the Corinth Rift has experienced a history of 
rapid changes (on 100 kyr timescales) in active fault position and rift 
geometry and polarity, even over this short time period which represents 
the last two phases of rifting and the formation of the Gulf of Corinth. 
The drilling data have provided rates of fault activity, the timing of 
changes in depocenter development and fault networks, and subsidence 
rates over time.

The drilling data provide confirmation of strain localization within 
the rift and its timing relative to the onset of rifting (Fig. 6). The border 
fault system (on the southern rift margin; Fig. 1) formed from ~800 ka 
(Nixon et al., 2024). Linkage of this border fault system between ~500 
and 200 ka represents strain localizing on a primary rift fault system 
(Fig. 6d). The border fault system is interpreted to be kinematically 
coherently linked from ~130 ka. Coincident with the kinematic linkage 
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Fig. 4. Examples of stratal packages observed in Lithostratigraphic Unit 1 from sites M0078 and M0079 (from Gawthorpe et al., 2022). Left panels show core images, 
middle panels show bed classification, and right panels show graphic sedimentary log with grain size. a) Site M0079, Core 45R-2; b) Site M0078, Core 116R-1; c) Site 
M0079, Core 62R-3. See Gawthorpe et al. (2022) for details. Note dip of bed layers is largely generated by the coring process.
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of the border fault system and active hanging wall flexure, the activity of 
S-dipping (antithetic) faults in the border fault hanging wall (part of the 
set of “intrarift faults”) has significantly increased over this recent time 
period (Nixon et al., 2024).

Extensional strain rates across the rift (based on cumulative fault 
throw rates, see Fig. 6 in Nixon et al., 2024) have also increased over 
time as fault linkage and strain localization has occurred, and in 
particular since 130 ka, as strain has transferred from S-dipping faults to 
the dominant N-dipping fault systems today (predominantly the border 
fault system) (Nixon et al., 2016, 2024). This appears to represent a real 
increase in rift extension through time, rather than an artificial change 
as a function of incomplete data. Possible explanations for this change 
are: a) further localization of strain within the Corinth Rift relative to 
other parts of the wider Aegean extensional province; b) increased 
extension in the upper crust relative to the lower crust or increased 
upper-lower crust coupling (e.g., Pérez-Gussinyé et al., 2023), poten
tially due to the border fault system linking and extending deeper into 
the crust; c) reaching a threshold of lithospheric thinning and weakening 
that leads to acceleration of extension (e.g., Brune et al., 2016); or d) an 
actual increase in relative plate motion in the region. Testing of these 
scenarios will be the subject of future study.

Fault slip rates for the major active faults are now well constrained 
based on the new drilling data combined with existing data. These 
represent some of the highest recorded slip rates of normal faults 
worldwide, with rates on the border fault system segments over the last 
130 kyr of up to 5–8 mm/yr (Nixon et al., 2024). Low-angle extensional 
detachments can have higher slip rates (e.g., the Mai'iu fault, Woodlark 
Basin Rift; Webber et al., 2018), but otherwise only faults in the high 
extension rate Afar rift, Ethiopia appear to come close to Corinth fault 
rates (e.g., 3.8–5 mm/yr on the western Danakil depression margin; 
Bastow et al., 2018). The high fault slip rates confirm the significant 
earthquake hazard potential of the Corinth Rift. Nixon et al. (2024)
compared fault slip rates with seismic moment release from historic and 
instrumented earthquakes and identified seismic deficit (or gap) in the 
central and western rift.

The drill cores also provided the opportunity to investigate potential 
evidence (or absence of evidence) for earthquakes in the sedimentary 
record. De Gelder et al. (2021) made a detailed analysis of turbidite- 
homogenite packages that may represent earthquake-triggered gravity 
flows in the basin. They found complex but characteristic sedimentary 
features of the larger (>10 cm thick) of these deposits that may result 
from earthquake shaking, however results should be interpreted 
cautiously as multiple triggers and processes, beyond earthquakes, can 
be involved in generating sediment gravity flows (Gawthorpe et al., 
2022). Interestingly, there is a general lack of debrites, matrix-supported 
conglomerates and slumped beds within the drill cores (interpreted as 
deposits from debris flows and transitional flows; Gawthorpe et al., 
2022; see also Figs. 3 and 4 and “Controls on flux, lithology, and dis
tribution of sediments” section below). This suggests that either this type 
of slope instability event (be it triggered by earthquakes, storms or other 
processes) is relatively rare, or that this type of flow does not reach the 
central basin position of the drill sites.

5. A new record of Mediterranean paleoenvironment and 
paleoclimate

The Expedition 381 cores provide the first observations of variations 
in paleoenvironment within the Corinth Basin over the last ~5 Myr and 
add new offshore constraints to the onshore record of variations in 
Mediterranean paleoclimate (e.g., Follieri et al., 1989; Tzedakis et al., 
1997, 2006; Sánchez Goñi et al., 1999; Reille et al., 2000; Donders et al., 
2021). Corinth is one of the only regions where it is possible to combine 
the terrestrial vegetation record with the marine environmental record 
(Fatourou et al., 2023, 2025; Kafetzidou et al., 2023). Many studies are 
ongoing with this combined dataset, but here we highlight a few ex
amples from published work.

Cores from all three drill sites document alternating paleoenviron
ments in the rift as sea level fluctuated with respect to sills at the edges of 
the Gulf of Corinth over the last ~780 kyr, with marine conditions 
during interglacials and isolated conditions during glacials in the 

Fig. 5. Summary of microfossil abundances with depth for Site M0078. LU = lithostratigraphic units and subunits. Dinocyst data are from Fatourou et al. (2023) and 
Fatourou et al. (2025), non-marine diatoms and calcareous nannofossils are from McNeill et al. (2019a), ostracod assemblages are from Parisi et al. (2024) and Parisi 
et al. (2025), foraminiferal data are from McNeill et al. (2019a), and pollen data are from Kafetzidou et al. (2023). Note that calcareous nannofossils are based on 
qualitative abundance of species (see McNeill et al., 2019a for details).

L.C. McNeill et al.                                                                                                                                                                                                                              Marine Geology 496 (2026) 107750 

8 



Central Gulf (Figs. 3, 5). Site M0080 also records these fluctuations, but 
the Alkyonides Gulf environment may differ, being separated from the 
Gulf of Corinth by another sill. Although alternations in paleoenviron
ment have been previously proposed (see Introduction), Expedition 381 
was the first documentation of these variations over hundreds of thou
sands of years and over multiple oxygen isotope and sea level cycles 
(McNeill et al., 2019b).

Changing paleoenvironment within the basin is reflected in micro
fossil assemblage changes in the Expedition 381 cores (Fig. 5). The as
semblages provide a detailed record of the alternating conditions within 
the basin, with substantial shifts between marine and brackish assem
blages (e.g., Fatourou et al., 2023, 2025; Parisi et al., 2025). Benthic and 
planktic foraminifers, ostracods, nannofossils, marine dinoflagellate 
cysts and diatoms are very abundant in interglacial intervals (Fig. 5) 
indicating the establishment of fully marine conditions in the basin. In 
contrast, during the glacial intervals, the basin was dominated by 
brackish dinocysts, ostracods and non-marine diatoms (McNeill et al., 
2019a, 2019b; Gawthorpe et al., 2022; Fatourou et al., 2023; Mazzini 
et al., 2023; Parisi et al., 2024). Dinocysts (Fatourou et al., 2023, 2025), 
ostracods (Mazzini et al., 2023) and rare marine diatoms and nanno
fossils within isolated glacial subunits specifically indicate brackish and 
not freshwater conditions at these times. Furthermore, the brackish 
species of the ostracod and dinocyst assemblages have clear similarities 
to those of the early Holocene in the Black Sea and those presently found 
in the Caspian Sea (e.g., Marret et al., 2009; Mudie et al., 2017), and 
these aid interpretations of water mass exchanges between water bodies 
in the region.

Pollen analyses of the Expedition 381 cores were used to interpret 
changes in vegetation composition and cover in the borderlands 

surrounding the Gulf of Corinth over time (Fig. 5), allowing a correlation 
of the changes in aquatic and terrestrial environments with glacial- 
interglacial climatic cycles. In contrast to other regional pollen records 
(e.g., Tzedakis et al., 2006; Sadori et al., 2016; Donders et al., 2021; 
Koutsodendris et al., 2023), the Site M0078 pollen record suggests that 
Mediterranean and mesophilous vegetation co-dominate in the Corinth 
Rift area throughout the study interval. In particular, our record high
lighted that forested landscapes dominated interglacial intervals, while 
the region was characterized by open woodlands and grasslands with 
increased steppic elements during glacials. The interglacial forested 
landscapes probably acted as a refugium for trees with contrasting 
ecological niches during glacials (McNeill et al., 2019b; Cullen et al., 
2021; Kafetzidou et al., 2023).

Sediment lithology and chemistry also indicate variations in paleo
environment of the basin (Fig. 4). White laminated packages rich in 
aragonite are observed at transitions between marine and isolated 
conditions (Facies M4 and M5, Figs. 4, 7) and are interpreted to repre
sent increased seasonal variability, where aragonite precipitation in late 
spring/early summer is favored due to increased Mg/Ca from the influx 
of marine waters over the transition (Gawthorpe et al., 2022). However, 
detailed study of the MIS5 period suggests there may not be a single set 
of conditions that explain the aragonite laminations (Sergiou et al., 
2024). Distinct periods of fresh, brackish, and marine water have also 
been interpreted from the sediment chemistry. For example, large var
iations in magnetic susceptibility from multi-sensor core logger data 
appear to relate to variations in iron species, with these variations 
interpreted to be due to change in sulfate availability driven by degree of 
freshening of the basin water column (Mahoney and März, 2022).

The high sedimentation rates in the Gulf of Corinth have also enabled 

Fig. 6. A-C: Cartoons of stages of rift development from ~2 Ma to present. D: average slip rate of the now dominant border fault system over time (from Nixon 
et al., 2024).
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detailed interpretations of paleoenvironment and paleoclimate in spe
cific intervals (Fig. 7). For example, ostracod assemblages in Site M0080 
provide climate and sea level details within the last deglaciation, 
including recognisable signatures from Heinrich events, Bølling-Allerød 
interstadials and the Younger Dryas as well as a detailed record of sea 
level over MIS2–1 (Mazzini et al., 2023).

6. Controls on flux, lithology, and distribution of sediments

The IODP drilling data provide constraints on the ages and lithol
ogies of rift basin sediments, which have been combined with the marine 
seismic imaging, onshore geological data, and modelling. The combined 
results reveal substantial temporal and spatial variations in the volume 
and properties of sediments in the basin (McNeill et al., 2019b; Gaw
thorpe et al., 2022; Kang et al., 2023; Nixon et al., 2024; Mohamed et al., 
2024; Maffione and Herrero-Bervera, 2022; Pechlivanidou et al., 2025), 
and they illustrate the relative influences of rift faulting versus paleo
climate and paleoenvironment on sediment flux, transport and deposi
tion in rift settings over time.

One of the principal findings of IODP Expedition 381 was the link 

between paleoclimate and the volume and lithology of basin sediments, 
with paleoclimate appearing to be the dominant control on ~10s - 100s 
kyr timescale fluctuations in sedimentation. The new drilling data have 
enabled calculation of sediment accumulation rates within the rift basin 
(Fig. 7b). For the most recent phase of rifting, McNeill et al. (2019b)
found that sediment accumulation rates are 2–7 times higher during 
glacials than interglacials. These rates were based on age constraints 
available from the IODP Expedition 381 Report (McNeill et al., 2019a), a 
fixed sill depth, and links between the alternating paleoenvironments 
observed in the cores and the eustatic sea level curve of Spratt and 
Lisiecki (2016). Subsequent studies have built upon these results with 
additional constraints on chronology, consideration of sill depth change 
through time and removal of instantaneous event beds (turbidites) to 
calculate actual background sedimentation rates (e.g., Maffione and 
Herrero-Bervera, 2022; Mohamed et al., 2024; Pechlivanidou et al., 
2025; Fig. 7b). Although these studies generate some differences in 
absolute sedimentation rates/sediment accumulation rates, the high 
rates and the relative difference between glacial (higher rates) and 
interglacial (lower rates) periods persist. Pollen records in the cores (see 
above) suggest that climate-driven differences in terrestrial vegetation 

Fig. 7. Synthesis of sedimentary and tectonic processes within the Corinth Rift system, focused on data from Site M0079. a) Site M0079 lithostratigraphic units with 
stratal packages (from Gawthorpe et al., 2022; Pechlivanidou et al., 2025) and IODP Lithostratigraphic units (from McNeill et al., 2019a; color coding as for Fig. 3
except brown = slumped subunit 1-11 here). Stratal packages are separated into bioturbated, bedded and laminated types. Red bands indicate M4-M5 beds dominate: 
M4 beds are mud beds with wavy and/or discontinuous laminations, and M5 beds are mud beds with continuous white laminations (Gawthorpe et al., 2022). 
Identified slump deposits are also marked. Laminated stratal packages dominate at 650–400 mbsf (meters below seafloor), followed by bedded stratal package 
dominance at 400–180 mbsf. b) Sediment accumulation rates through time for Site M0079 averaged for each lithostratigraphic subunit using all sediments including 
event beds (after Pechlivanidou et al., 2025; see also McNeill et al., 2019b; Maffione and Herrero-Bervera, 2022; Mohamed et al., 2024). Pattern generally shows 
higher rates in glacial periods relative to interglacials (with exception of the most recent interglacial). c) Average slip rate of the border fault system through time 
(Nixon et al., 2024). Note sediment accumulation rates (b) show two broad increases in rate which coincide with increases in average slip rate of the border fault 
system (c). d) The stages of tectonic development as strain localizes and the border fault develops (see Nixon et al., 2024; Fig. 6). (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this article.)
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may drive these variations via controls on erosion rates, with more 
densely forested landscapes during interglacials and open woodlands 
and grasslands during glacials (e.g., McNeill et al., 2019b; Cullen et al., 
2021; Kafetzidou et al., 2023).

Sediments deposited during glacials are dominated by bedded 
packages of mud-dominated hemipelagic sediments and graded beds 
interpreted to be deposited by low-density turbidity flows, and by 
laminated beds (Figs. 4, 7a). In contrast, sediments deposited during 
interglacials are dominated by bioturbated muds (Figs. 4, 7a). The 
changes in the volume and nature of sedimentation during glacial versus 
interglacial times are the consequence of changes in paleoenvironment 
onshore and offshore, including hydrodynamic processes within the 
basin (Gawthorpe et al., 2022; Kang et al., 2023). The heavily bio
turbated muds that characterize interglacials are consistent with a well 
oxygenated basin permitting abundant marine life similar to today and 
to the assemblages found in the cores (Gawthorpe et al., 2022). The 
preservation of bedding in the glacial intervals is linked to reduced 
bioturbation implying oxygen-depleted bottom waters due to water 
body stratification. As described above, changing vegetation onshore 
may have permitted greater erosion during glacial periods (McNeill 
et al., 2019b), resulting in increased sediment accumulation and 
potentially more abundant event beds/turbidites during glacials 
(Gawthorpe et al., 2022). The sediments also record complex basin 
conditions at transitions between marine (interglacial) and isolated 
(glacial) periods, which are commonly represented in the cores as sub- 
mm to mm laminations of calcite or aragonite demonstrating seasonal 
variability (M4-M5 facies, Figs. 4, 7; Gawthorpe et al., 2022). Similar 
sediments are found in the adjacent Rion Basin (western end of the Gulf 
of Corinth) that are also interpreted to reflect climate-eustatic change 
influencing basin conditions and sedimentation in this more proximal 
setting (Tsoni et al., 2021).

From combining new drilling data with existing datasets, we inter
pret that the large-scale distribution of sediments within the basin is 
controlled by faults along the rift, with the thickest sediments accu
mulating in a given time interval in the down-dropped hanging wall of 
faults active during that time period, culminating in deposition in the 
hanging wall of the now linked border fault system (e.g., Nixon et al., 
2016). Changes in fault and rift activity show a clear correlation with the 
sediment accumulation rates and lithologies within the rift basin (Fig. 7b 
and c). For example, strain localization and linkage of the border fault 
system appears to correlate with an increase in sediment accumulation 
rate in the basin (Fig. 7b; see also Maffione and Herrero-Bervera, 2022) 
and a change in the character of sediment deposition from lamination- 
dominated to bedding-dominated stratal packages during lowstand 
conditions (Fig. 7a; Gawthorpe et al., 2022). As fault activity has 
evolved and migrated, so too have the sedimentary depocenters, with 
individual depocenters ultimately merging as faults became linked and 
focused on the southern rift margin (e.g., Sachpazi et al., 2003; Bell 
et al., 2009; Taylor et al., 2011; Nixon et al., 2016). Extending the new 
IODP chronological constraints to the grid of seismic lines in Corinth 
confirms this relationship and provides more temporal detail and better 
quantification (Nixon et al., 2024). Despite the high sediment flux rates 
into the basin, the creation of accommodation space by faulting has still 
outpaced sediment accumulation over the more recent phase of rifting, 
such that the basin is underfilled.

Detailed investigations have revealed how fault dip, catchment li
thology, and development of individual river-canyon systems influence 
the dispersal of sediments. Numerical modelling combined with 
geological data shows how footwall uplift increases erosion and incision 
but tilting of the footwalls and hanging walls of faults also modulates 
sediment supply (Pechlivanidou et al., 2019). At the catchment scale, 
the grain size of materials delivered into the rift is shown to be primarily 
controlled by catchment lithology and by fluvial morphodynamics, both 
of which may vary along a rift system, complicating interpretation of the 
tectonic and environmental controls on sedimentation (Watkins et al., 
2020). Integration of the IODP results with new high-resolution seismic 

data shows that sedimentation patterns during glacial and interglacial 
periods are strongly controlled by individual canyon systems feeding the 
rift basin, where steep canyons such as the Sythas Canyon deliver 
sediment into the basin during both glacial and interglacial times, but 
other canyon systems shut down during interglacial times (Mohamed 
et al., 2024).

7. Discussion and Conclusions

IODP Expedition 381 results have yielded a high-resolution record of 
faulting, sedimentation, and paleoenvironment in an early-stage rift 
basin. Here we compare results from the Corinth Rift with other rift 
systems and basins, including rifts at different stages in their evolution, 
to identify common processes and attributes.

7.1. Rift Development Processes

Integration of borehole chronology with seismic reflection data in 
the Gulf of Corinth and Alkyonides Gulf illustrates the temporal and 
spatial evolution of rift faulting (Figs. 6, 7) including: 1) the nature and 
rate of localization of extension onto border faults; 2) that renewed 
activity on intrarift faults is due to hanging wall flexure (intrarift faults 
are smaller faults formed in the hanging wall of border faults); and 3) the 
importance of rift faults for sedimentary depocenter evolution (Nixon 
et al., 2024). Results from other active rifts highlight similar fault evo
lution processes, albeit largely at slower rates and with lower resolution 
constraints than in Corinth. Many rifts and rift models show a locali
zation of extension onto border faults over time, some with increased 
extension (e.g., Ebinger and Casey, 2001; Cowie et al., 2005; Ebinger, 
2012; Brune et al., 2023). For example, the most immature segments of 
the Western Rift of the East Africa Rift System (EARS) (e.g., southern 
Malawi Rift; Wedmore et al., 2020) show that extension is distributed 
across intrarift faults and incipient border faults (strain not yet local
ized). In the Whakatane Graben, New Zealand, a rift system of similar 
scale and age to Corinth albeit opening at much lower rates of extension 
and strain, gradual localization onto a single linked border fault was also 
accompanied by a 3-fold increase in its slip rate (Taylor et al., 2004), as 
observed in Corinth (Nixon et al., 2024; Figs. 6,7). We note that accel
eration of extension has also been identified in mature rift systems but 
occurs later in the rift process and over a longer time period than 
observed in Corinth (compare with Atlantic Ocean examples in Brune 
et al., 2016). In more mature rift systems, such as the North Sea and Suez 
Rift and in some more mature segments of the East African Rift System, 
progressive localization of strain from an array of distributed faults to 
one or more well-linked fault systems such as a border fault system has 
also been interpreted (e.g., Gawthorpe et al., 2003; Cowie et al., 2005; 
Muirhead et al., 2019; Scholz et al., 2020). In the case of the Corinth 
system, the high rates of process and rapidity of reaching this stage of 
localization are unusual relative to the start of rifting and to continental 
breakup, and this raises questions about the nature of the next evolu
tionary phase of the border fault system and basin subsidence in this rift 
and in general.

The timing of enhanced intrarift fault activity may be common be
tween rifts, even if controls on this activity vary between rifts. In the 
Corinth Rift, intrarift faults show a significant increase in activity during 
the most recent phase of rifting, which is coincident with and interpreted 
to result from linkage of the border fault system and increased hanging 
wall flexure as displacement has accrued on these border faults (Nixon 
et al., 2024). Hanging wall flexure is also proposed to contribute to 
recent activity on intra-rift faults in the northern Malawi Rift (Biggs 
et al., 2010; Shillington et al., 2020; Wright et al., 2023). In contrast, in 
magmatic rift systems, such as the Eastern Branch of the East African Rift 
System and rift basins along the margins of the Atlantic Ocean, increased 
intrarift fault activity occurred during later stages of basin development 
and is linked to magmatism (e.g., Muirhead et al., 2016; Withjack et al., 
2024). Constraints on the spatiotemporal evolution of rift faulting at 
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comparable resolution to those now available in Corinth are also needed 
in magmatic rifts to enable further comparisons and understanding of 
the drivers and timings of intrarift fault activity.

The constraints on the spatiotemporal evolution of faulting in the 
Corinth Rift make it an excellent case study to compare with other rifts 
and to constrain rift models (e.g., Cowie et al., 2005; Brune et al., 2023). 
In general, quantified rates of process in rift systems at high resolution 
are rare, and the new Corinth dataset is therefore an important addition.

7.2. Paleoclimate and Paleoenvironment of Tectonic Basins

The IODP Expedition 381 (Corinth Rift) results reveal unexpected 
level of variability over very short timescales of 10s kyr or less in basin 
paleoenvironment driven by changes in eustatic sea level with respect to 
basin sills and climate, in particular at the transitions between marine/ 
interglacial and isolated/glacial conditions (e.g., McNeill et al., 2019b; 
Gawthorpe et al., 2022; Sergiou et al., 2024; Pechlivanidou et al., 2025; 
Fatourou et al., 2025; Figs. 3–5, 7). Significant shifts in sea-surface 
productivity, salinity, and temperatures recorded by dinoflagellate 
cysts correspond to orbitally-driven climatic variability (Fatourou et al., 
2025). The pollen record from Expedition 381 suggests the occurrence of 
a largely forested landscape with varying forest composition and periods 
of woodland opening (a shift from more dense forest/woodland to less 
dense tree cover) during glacial intervals. The continuous occurrence of 
mesophilous tree vegetation suggests that, even during glacial intervals, 
moisture availability was not limiting their growth in the borderlands of 
the Gulf (e.g., Kafetzidou et al., 2023; Fig. 5). Drilling data elsewhere 
show that other tectonic basins have also experienced alternating basin 
paleoenvironments due to interactions of tectonics and climate (e.g., Sea 
of Marmara, Black Sea, Caspian Sea; Hsü, 1978; McHugh et al., 2008; 
Aksu and Hiscott, 2022). However, these records tend to have a lower 
resolution and greater chronological uncertainty (e.g., Krijgsman et al., 
2019). The other active, early-stage rift with well-resolved constraints 
on paleoenvironment (although without ocean connection) is the 
Malawi Rift in the southern part of the East African Rift System. Inter
national Continental Drilling Program (ICDP) drilling here revealed 
marked changes in lake level, basin environment and rift-flank vegeta
tion driven by climate (Lyons et al., 2015). However, the frequency and 
specific drivers for hydroclimatic changes in this land-locked lake in sub- 
Saharan Africa not surprisingly differ from those in the Mediterranean 
(Scholz et al., 2007; Lyons et al., 2015).

Although all rifts and restricted basins are likely to be highly sensi
tive to climate variations, the specific patterns will vary depending on 
their latitude, regional climate and level of ocean connectivity. 
Regardless of regional setting, the particularly high-resolution record 
from the Corinth Rift provides an important point of comparison for 
other basins in tectonically active areas that experience alternating en
vironments, with particularly interesting results on the rate and style of 
change during transitional times (e.g., Sergiou et al., 2024).

7.3. Sedimentary processes

The record of sedimentation from IODP Expedition 381 exemplifies 
how tectonic and climatic processes combine to shape the rate and li
thology of sediment accumulation in young rift basins. The sediment 
accumulation rates in the Corinth Rift basins are very high, at up to 3–4 
mm/yr (McNeill et al., 2019b; Pechlivanidou et al., 2025; Fig. 7b); only 
the northern Gulf of California and Sea of Marmara have comparable 
rates of 2–4 mm/yr (McHugh et al., 2008; Dorsey, 2010). These 
exceptionally high sedimentation rates enable us to resolve the geologic 
and stratigraphic history of the Corinth rift at high resolution. These 
rates could also be applied to the deeply buried parts of mature rifts with 
similar pre-breakup extension rates, e.g., the South Atlantic (Brune 
et al., 2016), to predict and assess their early sedimentation patterns.

It has long been recognized that large-scale and longer term patterns 
of sediment accumulation in the Corinth Rift are controlled by 

extensional processes, with major depocenters controlled by primary rift 
faults (e.g., Bell et al., 2009; Nixon et al., 2016; Nixon et al., 2024). This 
is also observed in many other active and ancient rifts (East Africa – 
Morley, 1999; primarily active rifts - Gawthorpe and Leeder, 2000; Suez 
rift - Gawthorpe et al., 2003; Lake Malawi - Scholz et al., 2020; North 
American Atlantic margin - Withjack et al., 2024). This is shown in 
Corinth by the increases in slip rates on the border fault system corre
lating with increases in long term sediment accumulation rate through 
time (Fig. 7b & 7c). Such a correlation between tectonic activity and 
sediment accumulation rate is also evident in the earlier rift history of 
Corinth (where low sedimentation rates, 0.4-0.7 mm/yr, are correlated 
with low extension rates, 1.1-2.0 mm/yr, on the earliest western Corinth 
Rift margin; Hemelsdaël et al., 2021). Expedition 381 cores also provide 
new insights into how sedimentary processes and lithologies are con
nected to tectonic processes in rifts; for example, the change in the 
character of sediment deposition from lamination dominated to bedding 
dominated (associated with increased gravity flow deposits) during 
lowstands coincides with the linkage, localization, and slip-rate accel
eration on the border fault system at ca. 330 ka (Fig. 7a). This may be 
due to more rapid subsidence in the fault hanging walls and subsequent 
steepening of basin slopes. Similarly, increases in subsidence and 
steepening slopes have been shown to enhance gravity flows both locally 
and into the wider basin during lowstands in the North Sea rift 
(Carruthers et al., 1996).

The Corinth Rift also exhibits variations in sediment types, volumes 
and sedimentary processes at higher frequencies and on smaller spatial 
scales. These variations arise from a wide range of processes in and 
around the basin, including changes in fault activity, temperature, 
precipitation, sea level fluctuation, sediment flux and amount and type 
of vegetation cover affecting erosion (e.g., McNeill et al., 2019b; Pech
livanidou et al., 2019; Gawthorpe et al., 2022; Sergiou et al., 2024; 
Mohamed et al., 2024). The high-resolution record from IODP Expedi
tion 381 provides a unique opportunity to parse the relative importance 
and interplay of these controls. For example, one of the most striking 
new results from Expedition 381 is the contrast in sediment type and 
process between glacial and interglacial periods and as the basin be
comes better connected to the open marine Mediterranean as the rift 
subsides and/or basin sills lower (Figs. 3–5, 7). This includes changes in 
lithology and stratal package type (bioturbated vs bedded vs laminated; 
Fig. 4), sediment transport processes reflecting the changing hydrolog
ical basin conditions, sediment geochemistry, and sediment accumula
tion rate with higher rates of sedimentation occurring during glacial 
periods (McNeill et al., 2019b; Gawthorpe et al., 2022; Sergiou et al., 
2024; Pechlivanidou et al., 2025; Fig. 7b). Cyclicity in sedimentation 
patterns has also been observed in the tropical, lacustrine Malawi and 
Tanganyika Rifts and is interpreted to result from alternations between 
dry periods with significant lake evaporation and wetter periods (Cohen 
et al., 1997; Scholz et al., 1998).

Overall, the IODP drilling results from the Corinth Rift provide us 
with a new high-resolution record of how an early rift develops and how 
tectonic, sedimentary and environmental processes interact at a reso
lution not available until now. Such information will provide an 
important record for testing numerical models and increasing our un
derstanding of other rift systems at various stages of maturity. Obtaining 
comparable drilling and geophysical data from other rift systems at 
different stages in their evolution, formed in different geodynamical 
contexts, and developing in different climates is needed to further 
advance our understanding.
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