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Key Points:

* A landscape evolution model allows us to constrain the chronology of marine terraces,
uplift rates and best-fitting sea-level curves

* The sea-level curve fit between observed and modeled terrace morphology depends on
the time-span and/or uplift rate

* FEustatic sea levels of successive highstands are particularly influential to generate typical
Quaternary terrace staircase sequences



Abstract

Widespread sequences of uplifted marine terraces express multi-scale climatic and tectonic
processes, but their analysis is typically biased by the considered sea-level curve. Here we
explore the influence of Quaternary sea-level (SL) curves on the geometry of the marine terrace
sequence at Xylokastro (Corinth Rift) using a numerical model of sea-cliff erosion. Modeling the
young, rapidly uplifting sequence (<240 ka; ~1.5 mm/yr;) allows us to constrain terrace ages,
model parameters and best-fitting SL curves. While SL curves based on ages of coastal index
point (corals) achieve lower misfits than hydraulic-model based curves at Xylokastro, the latter
SL curves are better for modeling coasts that rise slowly (~0.2 mm/yr) over longer timescales
(2.6 Ma). Our study emphasizes the importance of eustatic highstand elevations to estimate uplift
rates from staircase marine terrace sequences. Accurately modeling such sequences can be
crucial in assessing primary climatic and tectonic contributors to Quaternary coastal evolution.

Plain Language Summary

Marine terrace sequences are landforms observed along coastlines worldwide. They form over
thousands to millions of years and are important in quantifying both uplift rates of tectonically
active areas and global sea-level history, described by graphs called sea-level curves. The main
goal of our study is to present a novel approach that allows us to 1) quantify terrace ages and
uplift rates better, and 2) to distinguish which sea-level curves can better reproduce marine
terrace sequences. We do this by using 2D numerical simulations to calculate the way in which
the shape of a marine terrace sequence evolves. First we test the young, rapidly uplifting
sequence in Xylokastro, Greece (240,000 years; 1.5 mm/year), for which curves based on
fossilized corals fit best with observations. Then we test older, slower uplifting sequences (2.6
million years; 0.2 mm/year), for which curves based on oxygen/salinity levels of marine
sediments fit best with observations. Our results show that the shape of a marine terrace
sequence can provide important information on the elevation of past sea-levels. Our approach
can be used for other marine terraces worldwide, and may be a crucial way to improve our
understanding of both tectonic processes and global sea level history.

1 Introduction

Quantifying glacio-eustatic sea-level (SL) variations is fundamental to estimate global
ice-sheet volumes and their spatio-temporal response to climate change (e.g. Chappell and
Shackleton, 1986; Lambeck et al., 2002, 2014), and quantifying coastal uplift rates is essential
for assessing tectonic dynamics and estimating seismic hazard (e.g. Merritts and Bull, 1989;
Shaw et al., 2008). The majority of the world’s coastline exposes sequences of fossil strandlines
(Pedoja et al., 2011; 2014) that result from the interplay between tectonic uplift, glacio-eustatic
SL variations and glacio-isostasy (e.g. Bradley, 1958; Lajoie, 1986, Anderson et al., 1999).
These markers of past SL position reflect global to regional tectonic/climatic processes since the
Paleogene (Yamato et al., 2013; Henry et al., 2014; Pedoja et al., 2014), and are often expressed
as marine terrace sequences. Marine terraces are fossil rocky shore platforms formed by coastal
erosion, occasionally covered by a thin layer of coastal sediments and bounded inland by a fossil
sea-cliff (e.g. Anderson et al., 1999).

A main challenge in studying marine terraces is to constrain their ages, therefore several
studies have used modeling strategies to match undated terraces to Quaternary SL highstands,



using statistical metrics (e.g. Zeuner, 1952; Bowles and Cowgill, 2012; Roberts et al., 2013) or
landscape evolution models (e.g. Quartau et al., 2010; Melnick, 2016; Jara-Munoz et al., 2017).
These studies generally rely on a single SL curve, but the choice of SL curve may introduce
significant uncertainties: highstand estimates range in age by ~20 ka and sea-level elevation by
~30 meters (Fig. 1). These uncertainties may lead to significant biases (Caputo, 2007). Here we
propose a novel approach to model the development and age of marine terraces by investigating
the influence of SL curves on marine terrace sequences. We first apply our model to the well-
preserved staircase sequence of Xylokastro (Corinth Rift, Greece) using 14 SL curves. Then, we
model the SL curve signature of the change from dominantly 40 ka to 100 ka climate cycles at
~1250-700 ka, known as Mid-Pleistocene Transition (MPT) (Clark et al., 2006), on a
hypothetical coastal sequence using 4 SL curves that cover >2.6 Ma. Whereas Husson et al.
(2018) focused on the impact of the MPT on constructional coral reef terraces, our study is the
first attempt to analyze its signature on rocky-coast erosive marine terraces. The combined MPT
and Xylokastro case studies allow us to explore the intrinsic relation between terrace sequence
morphology and Quaternary SL cycles on a range of timescales.
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Figure 1. Compilation of selected SL curves. (a) The equatorial Pacific curve of Bates et al.
(2014; curve 10) with the envelope of all other curves of our compilation in grey. (b) Boxplot of
absolute differences in SL elevation between the Bates et al. (2014) curve and the other curves.
Colors refer to the methodology used to produce each curve (see Table S1 and methods). Blue
boxes span the 25-75% percentiles, red line the median, black lines the 95% percentiles, red
crosses indicate outliers and notches indicate, with 95% confidence, if true medians are the same.



(¢) Histogram of SL-curve duration (d) Elevation of SL highstands with error bars. Numbers are
Marine Isotope Stages (MIS) and letters are substages as defined by Railsback et al. (2015).

2 The coastal sequence at Xylokastro

The sequence of marine terraces at Xylokastro (Fig. 2a) is located on the SE Corinth Rift
(Greece). High uplift rates of ~1.3 mm/yr (Armijo et al., 1996), low sub-aerial erosion rates and
thin cover of cemented coastal deposits have resulted in a well-preserved sequence of 13 marine
terraces (e.g. Dufaure & Zamanis, 1979; Keraudren & Sorel 1987; Armijo et al., 1996; De
Gelder et al., 2017). The terrace sequence extends over an area of ~3 x 3 km, culminating at an
elevation of ~400 m (Fig. 2a), and span the last ~240 ka. The terraces were previously named
after local towns (see Armijo et al., 1996), but herein we assign a simpler name designation of
TH (Holocene terrace) and T1-T12 (Fig. 2a). The T7 (New Corinth; ~175 m elevation) and T11
(Ol1d Corinth; ~320 m elevation) terraces have been dated using both U/Th on solitary corals
(Collier et al., 1992; Dia et al., 1997; Leeder et al., 2005), and IcPD dating of Pecten (Pierini et
al., 2016). These studies correlate T7 and T11 to the Marine Isotope Stage (MIS) Se (~125 ka)
and MIS 7e (~240 ka) highstands, respectively. An inactive alluvial fan at ~200-230 m elevation
caps T8 and T9, hindering our map of terraces in this ~ 0.5 km? area (Fig. 2a).

3 Methods
3.1 Landscape Evolution Model

We use a Landscape Evolution Model (LEM) based on the wave erosion and wave
energy dissipation model formulated by Sunamura (1992), and further developed by Anderson et
al. (1999). The model simulates the evolution of rocky coasts by retreat of a sea-cliff, driven by
wave erosion and resulting in the genesis of a rocky shore platform. The model assumes that the
vertical seabed erosion rate is a linear function of the rate of wave energy dissipation against the
seabed (Sunamura, 1992). The energy available at the sea-cliff to drive horizontal erosion is
defined by the far-field wave energy remaining after wave energy dissipation (Anderson et al.,
1999). The water depth profile dictates the spatial pattern of dissipation rate, exponentially
increasing landwards as the water depth decreases. We use a 2D model setup formed by a planar
shelf of given slope and assume that the rate of rock uplift is uniform. Cliff retreat starts at an
initial rate and evolves as the platform is carved during sea-level oscillations, which depends on
the SL curve. Detailed description and equations can be found in Anderson et al. (1999).

3.2 Sea-Level Curves
3.2.1 Glacio-Eustatic Sea-Level Curves

Glacio-eustasy is the dominant long-term mechanism driving the relative SL changes
observed during the Quaternary (Bloom, 1971). Long-term climatic cycles drive the periodic
growth and decay of large ice-sheets, associated with global (eustatic; Suess, 1888) sea level rise
and fall. We systematically selected glacio-eustatic sea-level (GESL) curves from literature that
cover at least the last 3 major glacial cycles (~350 ka), and are based on data with a temporal
resolution of <3 ka (Table S1). For SL curves derived from oxygen isotope ratios (6180), we
selected those separating temperature contribution from glacio-eustatic contribution to the 5180
value. Then we subdivided the 13 SL curves (Table S1, Fig. 1) into curves that; (i) use another



proxy than 8180 to estimate sea temperature variations (light blue, Fig. 1); (ii) use a regression
analysis to fix 8180 curves to relative SL estimates from corals (dark blue, Fig. 1); (iii) are based
on global ice-sheet modeling (green, Fig. 1); (iv) are based on hydraulic models of water
exchange between an evaporative sea and the ocean (pink, Fig. 1); and (v) results from principle
component analysis (PCA) of 7 other curves (brown, Fig. 1). More details are given in Table S1.

3.2.2 Relative Sea-Level Curve

Strong local departures from average eustatic SL occur in response to the buildup and
retreat of ice sheets because of Glacial Isostatic Adjustment (GIA) (e.g. Bloom, 1967; Walcott,
1972, Lambeck, 1995). Using the CALSEA program and the ice models developed at the
Australian National University (e.g. Nakada and Lambeck, 1987; Johnston, 1993; Lambeck et
al., 2003, 2012), we evaluated the amplitude that can locally be reached by the GIA effect on
relative sea level. The distribution of ice history in the different ice-sheets is only well-
constrained over the last glacial cycle (~130 ka; Lambeck et al. 2010, 2014, 2017), for which we
calculated the relative sea-level GIA effect at Xylokastro. The ANU models include all
deformational, gravitational and rotational changes induced by the buildup and retreat of ice-
sheets and are constructed by inversion of globally distributed, direct observational data of
relative SL. We adopted the same ice sheet approximations and Earth model parameters as
Simms et al. (2015) and thus expect errors of same order of magnitude (~5 m).

3.3 Modeling the coastal sequence at Xylokastro

We constructed a representative cross-section of the Xylokastro terraces to compare with
the LEM simulated topography, by calculating average (i) shoreline angle elevations, (ii) terrace
widths, (iii) terrace slopes and (iv) the modern rocky shore platform width. To determine
shoreline angles, the intersection between the marine terrace and its associated fossil sea-cliff,
we used a 2-m resolution Digital Surface Model (DSM) developed from Pleiades satellite
imagery (De Gelder et al., 2015, 2017). From the DSM we calculated 100-m-wide swath profiles
perpendicular to the fossil sea-cliff and determined the shoreline angle position and elevation
using the fixed-slope method of TerraceM (Jara-Mufioz et al., 2016). We used the maximum
swath profile topography and the modern sea-cliff slope angle of 39°+10° (De Gelder et al.,
2017) as a proxy for the slope of the paleo sea-cliff (Dataset S1). To approximate the terrace
average width we used the distance between two successive shoreline angles (Fig. S1), since sub-
aerial erosion of the paleo-cliffs has reduced the original terrace-width since they emerged. To
estimate terrace slopes, we used the average slope of the modern terrace as less-eroded proxies
for their older counterparts. To estimate the outer limit of the modern rocky shore platform, we
assume that it has largely been carved during Holocene sea-level rise. Before ~12 ka (Moretti et
al., 2003) the Corinth Gulf was a lake, its water exchange with the open sea limited by the 62 m
deep Rion sill (Perissoratis et al., 2000). Assuming Holocene terrace carving started 12 ka at 62
m depth, and given an uplift rate of ~1.3 mm/yr (Armijo et al., 1996), the present depth contour
of -46 m should approximately represent the outer limit of the modern rocky shore platform (Fig.
S1).

We tied the cross-section shoreline angles of the dated T7 and T11 terraces to the
shoreline angles formed during the MIS 5e (~125 ka) and MIS 7e (~240 ka) highstands in the
LEM. We fixed LEM uplift rates to reproduce the observed average shoreline angle elevations,



and varied initial erosion rate and initial shelf slope with steps of 0.1 m/yr and 0.25°,
respectively. This allowed us to select the best-fitting pair of values that resulted in the lowest
Root-Mean-Squared (RMS) misfit on both ~125 and ~240 ka timescales. Our models used time
steps of 200 years to match the highest resolution GESL curve we modeled (Table S1), and a
spatial resolution of 2 m to match our DSM. In the modeling, we assumed that the SL in Corinth
did not get lower than the Rion sill (62 m depth) during the past 240 ka. We used a wave height
of 3 m, based on the highest waves recorded between 2010-2015 at the Gulf of Corinth with
AVISO satellite altimetry measurements (Fig. S2). Sensitivity tests for wave height and sill
depth show that those parameters do not strongly affect our results (Fig. S2).

3.4 Modeling the Mid-Pleistocene Transition

We modeled the formation of marine terraces sequences over the whole Quaternary (2.6-
0 Ma) using the four longest GESL curves of our compilation (Bintanja & Van de Wal, 2008; De
Boer et al., 2010, Bates et al., 2014, Rohling et al., 2014). In our modeling strategy, we used a
relatively low initial slope of 4° and an uplift rate of 0.1 mm/yr, since sustained uplift and terrace
preservation over such time-scales is more likely to occur on gently-sloping and slowly uplifting
coastlines (Pedoja et al., 2014). We used an initial sea-cliff erosion rate of 0.6 m/yr, consistent
with our average estimate for Corinth (Fig. 2¢), and included a 0.1 m?/yr sub-aerial cliff diffusion
rate to obtain a more realistic sequence morphology over this timescale.

4 Results
4.1 Modeling the coastal sequence at Xylokastro

The systematic comparison of the observed topography in the Xylokastro marine terraces
sequence and their modeled topography allows us to assess possible age ranges for undated
terraces (Fig. 2b), quantify the governing parameters of terrace formation (Fig. 2c-¢), and
evaluate the best-fitting SL curves by means of the amount of terraces reproduced and the RMS
misfit (Figs. 2f and 2g). When correlating the elevations of modeled shoreline angles to the
nearest shoreline angles (Fig. S3), different SL curves lead to different terrace age estimates (Fig.
2b). Most curves lead to a chrono-stratigraphy in which T2 was formed during MIS 5a (~70-85
ka), T3 during MIS 5a or MIS 5c (~92-107 ka), T4 and T5 during MIS 5c, T6 and T7 during
MIS 5e (~115-128 ka), T9 during MIS 7a (~190-205 ka), T10 during MIS 7a or 7¢ (~210-225
ka) and T11 during MIS 7e (~235-242 ka). T1 and T8 were reproduced by only 2 and 3 SL
curves respectively, but relative to the other terraces would logically have an age of MIS 5a or
younger (T1), and MIS 8 or MIS 9a (T8).

The amount of terraces reproduced by the different curves varies strongly on both ~125
ka (2-7 terraces) and ~240 ka (4-10 terraces) timescales, but none of the selected curves could
recreate the total observed number of terraces (Fig. 2f). The highest number of terraces for the
last ~125 ka and ~240 ka result from the curves with the highest temporal resolution (curves 6,
10 in Fig. 2f; Fig. S4) and relatively high interstadial highstands (curves 1, 8 and 12 in Fig. 2f;
Fig. S4), respectively. Considering RMS misfits, the SL curves that are based on corals (dark
blue in Fig. 2g) consistently have a relatively low RMS misfit (<20 m) over the last ~125 ka
(Fig. 2g). The curve based on PCA (brown in Fig. 2¢g) also has a relatively low RMS misfit (19
m), similar on both timescales, but reproduces fewer terraces than the coral-based SL curves.



Curves that use other proxies than 5180 to separate temperature from glacio-eustatic
components in §180 data (light blue in Fig. 2g) show both low and high RMS misfits, as well as
a relatively big scatter in uplift rates. Curves based on global ice sheet modeling (green in Fig.
2f) and hydraulic models (pink in Fig. 2f) have the highest RMS misfits. On both timescales
there is a correlation between the average interstadial height of the SL curve and the RMS misfit
(Fig. S4).
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Figure 2. Modeling the marine terrace sequence at Xylokastro. (a) Map of the terraces. SA =
shoreline angle. (b) The black line shows average-derived terrace topography (see methods) with
1o uncertainty (grey envelope) and range of possible terrace ages indicated by the different SL
curves, including median age (m) and amount of curves (n) reproducing a given marine terrace



(c-g) Different parameters and outcomes resulting from finding the lowest RMS-misfit over the
two time-scales. Models over 125 ka and 240 ka are shown in red and green, respectively.
Numbers below plot correspond to SL-curve numbering and colors of Fig. 1. Solid and dashed
lines indicate average values and 1o uncertainty. (¢) Uplift rates required by the different SL
curves to match the correct elevations of the dated T7 (red) and T11 (green) terraces. (d) Erosion
rate for lowest RMS-misfit result. (e) Initial slope for lowest RMS-misfit result. (f) Total number
of terraces for lowest RMS-misfit result. (g) Lowest RMS-misfits.

4.2 Modeling the Mid-Pleistocene Transition

The lower uplift rate (0.2 mm/yr) used for the 2.6-Ma models (Fig. 3) results in fewer
terraces being formed than at Xylokastro (Fig. 2). At such uplift rates, only terraces formed
during the maxima of interglacial highstands (MIS 5e, 7e etc.) are preserved. The effect of the
Mid-Pleistocene Transition (MPT) is most pronounced in modeling the curve of Rohling et al.
(2014), with 2 rasas (wide polygenic fossil strandlines) formed before the MPT and 5 marine
terraces after the MPT (Fig. 3e). The sequences produced by the other SL curves do not show
such a clear contrast before and after the MPT. The curve with the most (Bates et al., 2014) and
least (Rohling et al., 2014) pronounced change in cyclicity around the MPT (spectrograms in
Fig. S5), correspond to the relative least and most pronounced change in sequence morphologies,
respectively (Fig. 3). Additional tests with other values for uplift rates, erosion rates and initial
slope show a variety in shape of the staircase sequences (Fig. S6), but consistently result in the
hydraulic curve (Rohling et al., 2014) having the lowest ratio between terraces/rasas preserved
before and after the MPT.
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Figure 3. Model results on Quaternary (2.6 Ma) timescale. (a) Modeled geometry of the long-
term sequences, dashed lines indicating the Mid-Pleistocene Transition (MPT). Inset shows
typical morphology for a Quaternary staircase sequence, modified from Pedoja et al. (2014). (b-
e) Modeled SL curves, with numbered arrows indicating SL highstands that result in preserved
terraces in a.

5 Discussion
5.1 Modeling coastal sequences: the Xylokastro lessons

Modeling tests on the Xylokastro terrace sequence reveal the complexity of reproducing
as numerous terrace levels as observed in the field and on the DSM. This might be a
consequence of model assumptions and/or SL curves used. The relatively simple model used
(Anderson et al., 1999) does not take into account the abrasive effect of sediments, long-shore
drift, and coastal deposits forming on the terraces. Although these might all be of influence to the
terrace sequence geometry, implementing such processes within our model is beyond the scope
of this study, and in any model the influence of the chosen sea-level curve would remain of
primary importance. Our simple model assumptions of constant uplift rate, erosion rate and



initial shelf slope are supported by the result that none of those parameters have significantly
changed on both timescales (Fig. 2c-e).

Considering the limitations of the SL curves used, the temporal resolution may restrict
the amount of terrace levels produced. The curves with the highest resolution (Rohling et al.,
2009; Grant et al., 2014, Figs. S3 and S4) show that sharp and short duration peaks within a SL-
curve can result in extra terrace levels. Detailed studies of MIS 5Se show that multiple peaks may
have occurred even within one highstand (e.g. Hearty et al., 2007; Pedoja et al., 2011; Murray-
Wallace and Woodroffe, 2014), which is not reflected within most of the SL curves. The GIA-
based RSL-curve does not fit the topography better than other curves based on coral data (Fig.
2g) suggesting that the applied GIA-correction is not sufficient to explain poor fits to the data. In
general, the location of the data on which the SL curves are based (Table S1) does not appear to
affect RMS-misfits at Xylokastro. The hydraulic-model curves (Rohling et al., 2009, 2014; Grant
et al., 2014) are based on Mediterranean and Red Sea data, comparatively close in location to
Xylokastro, but have relatively high RMS misfits (>24 m).

Our analysis for the Xylokastro sequence provides clear advantages over more classic
analyses that do not include modeling (e.g. Merritts and Bull, 1989; Armijo et al., 1996; Strobl et
al., 2014). Using a range of different curves is essential to check the robustness of uplift rate
estimates and possible correlations between undated marine terraces and SL highstands, as noted
in some previous studies (e.g. Caputo, 2007; Yildirim et al., 2013; Pedoja et al., 2018a,b). Our
approach expands on these studies by not only using shoreline angles and SL highstands, but
using the full terrace sequence geometry and complete SL curves, i.e. taking advantage of the
model prediction that higher highstands and longer periods of preceding SL rise lead to wider
terraces. Such geometrical trends, with some highstands leading to wider terraces, are also
observed in nature (Regard et al., 2017). Additionally, a modeling approach allows for an
evaluation of parameters like erosion rates and initial slopes, and their evolution through time,
with possible climatic and paleogeographic implications.

Another advantage is that we can analyze which SL curves better reproduce the geometry
of a studied marine terrace sequence. It is reasonable that for the Xylokastro sequence, curves
based on coral data have lower misfits on a 125 ka than 240 ka timescale, since the data on
which they are based become sparser with increasing age. The lowest RMS misfits are achieved
by the SL curves that have relatively high interstadial highstands (MIS 3, 5a, 5c, 6, 7a, 7c in Fig.
1d; Fig. S4), which are the curves based on coral data (3, 9, 14), some of the curves based on
other proxies to measure sea temperature (1, 8) and the PCA-based curve (13). We speculate that
these curves are the most appropriate to describe SL variations to a first order degree, but their
lack of temporal resolution produces too few terraces. Contrarily, the two highest-resolution
hydraulic-model curves (6, 10 in Fig. 2f; Fig. S4) produce more terrace levels on the ~125 ka
runs, but their high RMS misfits suggest that they are less appropriate to describe first order SL
variations. Although these inferences are based on one sequence of 13 terraces, and thus the SL
curves that are more credible here might not be elsewhere, similar analyses can be applied to
many locations worldwide (see compilation in Pedoja et al., 2014). Such a comparison could
allow for a global perspective on SL variations and best-fitting SL curves from marine terraces.

5.2 The MPT and Quaternary Evolution of Staircase Coastal Landscapes



Based on global observations of Neogene-Quaternary sequences of strandlines, Pedoja et
al. (2014) suggested that the change in cyclicity frequency from 40 to 100 ka during the MPT is
generally causal for a contrast between wide rasas before the MPT, and narrower and better
individualized marine terraces after the MPT (inset in Fig. 3a). Within this context, modeling
with low uplift rates over 2.6 Ma (Fig. 3) suggests that the SL-curves based on hydraulic models
(Rohling et al., 2014) and corals (Bates et al., 2014) are the most and least successful,
respectively, in recreating globally observed sequences. This is opposite to our findings for
Xylokastro. For the high uplift rates in Xylokastro (Fig. 2) the relative difference between
interglacial and interstadial highstands is more important than for the slowly uplifting models
(Fig. 3), in which the elevations of interglacial highstands are the most important. Whereas coral-
based curves, largely based on a dataset over the past ~125 ka, appear to describe those relative
elevations of interglacial and interstadial highstands better, hydraulic based curves relying on
long continuous sedimentary records appear to record interglacial highstands better over longer
timespans. The opposite results for the Xylokastro and MPT case studies hint that different types
of SL curves are suitable for different timescales and/or uplift rates.

Our results imply that the patterns in highstand elevations, superposed on the change in
dominant cyclicity and amplitude during the MPT, play a crucial role in the amount of
terraces/rasas being formed and preserved over Quaternary timescales. For the period before the
MPT, highly elevated peaks in SL can overprint multiple terraces formed during preceding
highstands to develop wide rasas. After the MPT, similar elevated highstands or highstands that
gradually decrease in elevation (as in Rohling et al., 2014; Fig. 3) are required to preserve
numerous marine terraces with slow uplift rates. An indication for similar elevations in post-
MPT interglacial highstands comes from slowly uplifted shorelines (~0.07 mm/yr) dated in
Australia (Murray-Wallace, 2002, 2014), indicating that SL-highstands of interglacials over the
past ~800 ka (MIS 21-19-17-15-13-11-9-7-5) were all within 2 m of present-day sea level.

Currently, only a few dated records of marine terrace sequences cover the entire
Quaternary timescale (e.g. Guyomard, 1996; Meco et al., 2007). Although reliable dating of
marine terrace sequences is essential, our study shows that modeling the detailed sequence
morphology can already provide first order constraints on SL variations over various timescales.
The rapidly increasing availability of high-resolution topography, like the Xylokastro DSM used
in this study, is a crucial development for such modeling of marine terrace sequences. Since
coastal morphology can record several million years of SL history (Pedoja et al., 2014) a
modeling perspective of terrace sequences could have a major impact on our understanding of
SL signatures within tectonically uplifting coastlines.

6 Conclusions

Using a landscape evolution model to recreate the morphology of marine terrace
sequences with a broad range of sea-level curves, allows us to 1) assess possible ages for undated
marine terraces, 2) constrain the physical parameters involved in the formation of such
sequences, and 3) evaluate which types of SL curves are the most consistent with the geometry
of the studied sequences. In the case of the ~240 ka Xylokastro sequence, the curves are the most
consistent when interstadial highstands are relatively high, like the curves based on coral data.
Contrarily, the curve based on hydraulic models appears to be more appropriate to reproduce the
typical sequence morphology observed in 2.6 Ma sequences. This emphasizes the importance of



highstand elevations on such timescales, and suggests that the right choice of SL-curve might
relate to the timespan/uplift rates under consideration. The combination of detailed
morphological analysis of a marine terrace sequence with a careful modeling approach has the
potential to provide an important new perspective on SL-cycles and tectonic uplift.
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Figure S1. (Previous page) Locations of the swath profiles used to determine the
position and elevation of the fossil shoreline angles as well as the width of the successive
marine terraces at Xylokastro (S Corinth Gulf, Greece). Map gives location and numbering
of swath profiles of Dataset S1 on a slope-map of the Pleiades DSM, and the determined
shoreline angles (dots). To calculate average widths, we included a 0-m width
measurement at locations where some individual terraces are missing in the sequence,
and we added width measurements at locations with terrace width indications without
shoreline angles.
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Figure S2. (a) AVISO multi-mission altimetry data for the coordinates of Corinth (23°N 38°E) between 2010-2015, indicating recorded
wave heights. (b) and (c) Sensitivity tests for the curves of Elderfield et al. (2012) and Grant et al. (2014), repectively, to show the
effect of using different wave heights and sill depths over ~240 ka modeling of the Xylokastro sequence.
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13. Spratt & Lisiecki 2016 (121 ka)

13. Spratt & Lisiecki 2016 (237 ka)
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Figure S3. (Previous seven pages) Different SL curves used for modeling the sequence
of marine terraces at Xylokastro (S Gulf of Corinth, Greece), and the lowest RMS misfit
results on two timescales. Arrows indicate modeled terraces on both the profile and the
SL curves. Dashed lines connecting shoreline angle of modeled and observed shoreline
angles indicate the correlation used for Fig. 2b.
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Figure S4. Correlations for the analysis of the Xylokastro sequence, between average
interstadial highstand elevation and resolution of the SL-curves on one hand, and the
RMS misfit and amount of terrace levels on the other hand. Average interstadial

highstand elevations (MIS 3, 5a, 5¢, 6, 7a, 7¢; Fig. 1d) are relative to MIS 5e and MIS 7e
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highstands for ~125 ka and ~240 ka respectively. R is the correlation coefficient between
the two variables.
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Figure S5. Spectrograms for Quaternary time-scale sea-level curves. For each SL curve,
spectrograms indicate the relative power of precession (~23 ka), obliquity (~41 ka) and
eccentricity (~100 ka) cycles over the past 2.6 Ma. Following Siddall et al. (2010) and
Bates et al. (2014), we first applied a high-pass Butterworth filter with a 350 ka window,
and produced spectrograms using a Fourier transform with a 350 ka window and 349 ka
overlap.

15



a 500
__ 400 standard Values (Fig. 3)
E 300}
= Uplift rate: 0.1 mm/yr
% 200 - Erosion rate: 0.6 miyr Biaria & v.iWal (2008)
L p 3 intanja & v.d.Wal
£>J 100 Inital Slope: 4° g : De Boer et al. (2010)
[ 0 - — —t ! Bates et al. (2014)
| 15 — 1313 24 52 i Rohling et al. (2014)
0 2 4 distance (km) 6 8 10
b 800
= 600 L Higher Uplift Rate
g 400 N Uplift rate: 0.2 mm/yr -
= . Erosionrate: 0.6 m/yr Bintanja & v.d.Wal (2008)
| < - 40 . ——— Bintanja & v.d.Wal
5 200 Inital Slope: 4 ‘ : De Boer et al. (2010)
[} IF 1 - ' Bates et al. (2014)
e 517 0 ohling et al. (2014,
g 1—75|~8 4/‘"‘4"‘5/?;/ L 56| |th I(I)
0 2 4 6 distance (km) 8 10 12 14
c
= 300 - Lower Uplift Rate
S
= 200  Uplift rate: 0.05 mm/yr
% Erosion rate: 0.6 m/yr S NT——
100 F . X intanja & v.d.Wal
E) Intal Slops:4° / 7 De Boer et al. (2010)
[5} 0 B 3 ! Bates et al. (2014)
e e E W 11 ! 211 —— Rohling et al. (2014)
0 2 distance (km) 4 6
d 500
__ 400 - Higher Erosion Rate
E 300}
= Uplift rate: 0.1 mm/yr
% 200 - Erosion rate: 1.0 miyr e TR ——
Il P g intanja & v.d.Wa
5 100 Inital Slope: 4° : De Boer et al. (2010)
o 0 Bates et al. (2014)
= 4 532 [~ Rohling et al. (2014)
0 2 4 distance (km) 6 8 10
e 500
__ 400+  Lower Erosion Rate
E 300} ;
c Uplift rate: 0.1 mm/yr
-% 200 - Erosion rate: 0.2 miyr — —
1 N . g —_— - intanja & v.d.Wal
§ 100 Inital Slope: 4° ; : : De Boer et al. (2010)
© 0 —i Bates et al. (2014)
354 S 34 [ 2.5 | 4:3 — Rohling et al. (2014)
0 2 4 distance (km) 6 8 10
§ 700
600 -
E S00r ““
c 400 |-  Higher Initial Slope [
2 300 “
% | Uplift rate: 0.1 mm/yr ‘
o 200 Erosionrate: 0.6 m/yr [ Bintanja & v.d. Wal (2008)
L ; . go intanja & v.d.Wal
100 Inital Slope: 8 ' | - — De Boer et al. (2010)
0 : ——— — - : Bates et al. (2014)
11 30 20 | 52  Rohling et al. (2014)
0 2 4 distance (km) 6 8 10
% 600 . Lower Initial Slope
= 400 Uplift rate: 0.1 mm/yr ==
S [ Erosion rate: 0.6 m/yr = Blntanja:cewd-Wal{2000)
= 200 inital Slope- 2° De Boer et al. (2010)
3 + Inital Slope: - —— 7 Bates et al. (2014)
2 0 —————— = 18 75 T 1 —— Rohling et al. (2014)
0 2 4 6 8 d'sitkan;:e 10 12 14 16 18
m
Figure S6. Extra tests on 2.6 Ma timescales, varying uplift rates, erosion rates and initial
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slope. Dashed lines indicate the Mid-Pleistocene Transition (MPT); colored numbers next
to it indicate the amount of terraces/rasas formed before and after the MPT.

Publication Duration  Location Average Resolution Method
(ka) original data (ka)

1. Shackleton 2000 400 Equatorial Pacific 13 8'®0 - temperature correction other proxy

2. Lea et al 2002 360 Cocos ridge 3.0 880 — temperature correction other proxy

3. Waelbroeck et al 2002 430 Equatorial Pacific & 1.5 (best 0.3) 880 — coral regression

N-Atlantic

4. Bintanja et al 2005 1070 Global stack 1.4 (best 1) Inverse ice volume model

5. Bintanja & V.d. Wal 3000 Global stack 2.0 (best 1) Inverse ice volume model

2008

6. Rohling et al 2009 520 Red Sea 0.8 (best 0.3) Hydraulic control models of semi-isolated
basins

7. De Boer et al 2010 35000 Global stack 2.0 (best 1) Inverse ice volume model

8. Elderfield et al 2012 1575 South Pacific 1.1 880 — temperature correction other proxy

9. Bates et al 2014 5000 Equatorial Pacific* 2.8 (best 1.275) 880 — coral regression

10. Grant et al 2014 500 Red Sea 0.2 Hydraulic control models of semi-isolated
basins

11. Rohling et al 2014 5300 Mediterranean 1.0 Hydraulic control models of semi-isolated
basins

12. Shakun et al 2015 800 Global stack 3.25 (best 1.5) 5'®0 - temperature correction other proxy

13. Spratt & Lisiecki 2016 800 Global stack 1.0 PCA on 7 existing records

14. This study 130 Local GIA-corrected GlA-corrected, observation-calibrated ice

volume models

* Out of the 10 SL curves in Bates et al. (2014) this was used as their reference curve for comparisons

Table S1. The different SL curves used in this study.
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