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ARTICLE INFO ABSTRACT
Article history: Many coasts feature sequences of Quaternary and Neogene shorelines that are shaped by a combination of sea-
Received 17 May 2013 level oscillations and tectonics. We compiled a global synthesis of sea-level changes for the following highstands:
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- ) MIS 1, MIS 3, MIS 5e and MIS 11. Also, we date the apparent onset of sequences of paleoshorelines either from
Available online 7 February 2014

published data or tentatively extrapolating an age for the uppermost, purported oldest shoreline in each se-
quence. Including the most documented MIS 5e benchmark, we identify 926 sequences out of which 185 also fea-

gz‘ggf' ture Holocene shorelines. Six areas are identified where elevations of the MIS 3 shorelines are known, and 31
Coastal sequence of shorelines feature elevation data for MIS 11 shorelines. Genetic relationships to regional geodynamics are further explored
Strandlines based on the elevations of the MIS 5e benchmark. Mean apparent uplift rates range from 0.01 + 0.01 mm/yr
Rasa (hotspots) to 1.47 4 0.08 mm/yr (continental collision). Passive margins appear as ubiquitously uplifting,
Geodynamic while tectonic segmentation is more important on active margins. From the literature and our extrapolations,
we infer ages for the onset of formation for ~180 coastal sequences. Sea level fingerprinting on coastal sequences
started at least during mid Miocene and locally as early as Eocene. Whether due to the changes in the bulk volume
of seawater or to the temporal variations in the shape of ocean basins, estimates of eustasy fail to explain the
magnitude of the apparent sea level drop. Thus, vertical ground motion is invoked, and we interpret the long-
lasting development of those paleoshore sequences as the imprint of glacial cycles on globally uplifted margins
in response to continental compression. The geomorphological expression of the sequences matches the ampli-
tude and frequency of glacial cyclicity. From middle Pleistocene to present-day, moderately fast (100,000 yrs) os-
cillating sea levels favor the development of well identified strandlines that are distinct from one another.
Pliocene and Lower Pleistocene strandlines associated with faster cyclicity (40,000 yrs) are more compact and
easily merge into rasas, whereas older Cenozoic low-frequency eustatic changes generally led to widespread

flat-lying coastal plains.
© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Ever since the seminal contribution of Lajoie (1986), geomorpholo-
gists have gained a better understanding on the relationship between
late Pliocene and Quaternary sea-level fluctuations and marine strand-
lines (i.e. abandoned or relict marine shorelines). The latter are wide-
spread tectonic markers recorded by upper Cenozoic geomorphology.
Preserved on a regional to global scale, coastal geomorphology often
mirrors regional patterns (Inman and Nordstrom, 1971) and even glob-
al tectonic patterns (Pedoja et al., 2011). The major aim of the present
work is to further disentangle these relationships in time and space.
We have compiled a database (reference for real-time updated online
version at the end) for sequences that entail elevation data on
paleoshorelines associated with the interglacial highstands that bracket
the last interglacial maximum — Marine Isotope Stage (MIS) 5e (up-
dated from Pedoja et al., 2011). We have added the elevations of MIS
1, MIS 3 and MIS 11 shorelines to the analysis and further tried to delim-
it the sequences in order to find the age of the older and higher strand-
lines in the succession. Thus, we have collected additional data on
elevations and ages of Neogene and Paleogene shorelines from the liter-
ature. For the most poorly constrained sequences, we propose an age
based on the maximum elevation of the sequence by crudely extrapo-
lating a constant uplift rate derived from the elevation of the MIS 5e
datum. A byproduct of our work is an exploration of the regional
geodynamic settings of shorelines undergoing vertical ground motion.
As a starting point, we updated our primary database on MIS 5e bench-
marks (see Pedoja et al., 2011). Then, we analyzed our results with
respect to the long-term relevance of observed uplift rates, location of
long-lasting sequences of paleocoasts, and geographic setting.

2. The “sea-level barcode”

Sequences or flights of strandlines or paleoshorelines (e.g. marine
terraces, coral reef terraces, notches), generally running parallel to the
present-day shoreline, shape the majority of coasts worldwide (Pedoja
etal., 2011). Similarly to their modern counterparts, three main types
of paleoshorelines can be differentiated: erosional (e.g. marine terraces,
notches), depositional (e.g. beach-ridges) and constructional (e.g. coral
reef terraces). See supplementary material in Pedoja et al. (2011) for
geomorphic descriptions and examples.

Several processes generate emerged sequences of ancient shorelines
(see Fig. 1 for a graphical synthesis of geomorphic factors that include
number of levels, heights, etc.). During each sea-level stand (successive
highstands in particular), multiple processes may be active at the same
time but their ability to efficiently and persistently shape the landscape
is variable. Consequently, these processes are unevenly preserved or

recorded in the past. Although noticeable at human time scales, storms
are short-term events. As in the case of any seasonal cycle, their effects
on coastlines are generally erased from the geological record almost in-
stantaneously. In turn, co-seismic uplift might be more pervasive. In
light of the stabilization of modern sea level (Ota and Yamaguchi,
2004), paleocoasts associated with co-seismic uplift are well recognized
for the last 5-6 ka (i.e. since the mid-Holocene). Of course, co-seismic
deformation of strandlines is not associated only with sea-level
highstands, as opposed to postglacial rebound (sometimes referred to
as glacio-hydro-isostatic adjustment GIA), the rhythm of which is dic-
tated by sea-level oscillations due to ice melting. Sea-level highstands
associated with glacial/interglacial cycles are well recognized at least
during the Quaternary. Indeed, such cycles were initially identified as
part of the most recent geological period affected by glacial events and
bracketed at ~2.6 Ma, but possibly may extend further into the past in
association with the onset of earlier glaciations during the Cenozoic
(as for instance during the buildup of the ice sheet in East Antarctica,
e.g. Stocchi et al.,, 2013). Such sea-level oscillations interact with tecton-
ic uplift that promotes the preservation of emerged fossil strandlines.

Only tectonic uplift in concert with sea-level oscillations can shape
the staircase geometry to produce coastlines with steps of coeval ages.
Regardless of its duration, tectonic uplift lends itself to the preservation
of well-developed sequences of geomorphic markers associated with
past shorelines (e.g. notch, shoreline angle, reef crest, beach deposits,
etc.). For previous authors (Lajoie, 1986; Pirazzoli, 1994), the interplay
between glacio-eustatic sea-level oscillations and coastal vertical uplift
operated from the late Pliocene onwards, but current knowledge
about Cenozoic sea-level history and coastal sequences improved
since these fundamental contributions and the onset of the phenome-
non remain unclear.

For at least sixty years (e.g. since Zeuner, 1952), emerged coastal se-
quences were interpreted as having formed during separate highstands
of interglacial stages that correlate to Marine Isotopic Stages (MIS) (e.g.
James et al., 1971; Chappell, 1974; Bull, 1985; Lajoie, 1986; Ota, 1986).
Where positive vertical ground motion (i.e. uplift) is sufficiently fast
(>~1.2 mm/yr, see below), interstadial oscillations (e.g. MIS 3) may
emerge at present-day, even if sea level positions stand tens of meters
below present-day sea level (e.g. 50 m in Waelbroeck et al., 2002).
The timing and duration of the last interglacial maximum (MIS 5e) is
better known than those of other interglacial periods (e.g. Winograd
et al., 1997; Waelbroeck et al., 2002; Siddal et al., 2006; Dutton et al.,
2009; Rohling et al., 2009). Yet, commonly preserved paleoshorelines
in worldwide sequences include those related to MIS 7,9 and 11 (e.g.
Imbrie et al., 1984; this study). MIS 11 is generally regarded as the
best analog for the Holocene, because insolation during MIS 11 was sim-
ilar to that of the recent past (Berger and Loutre, 2002). Uncertainties on
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Fig. 1. Coastal tectonics revisited. A) Mode of formation of a Cenozoic sequence of
paleoshorelines. B) Synthetic transects across composite sequences. For example, the
Holocene sequence is co-seismic, whereas Pleistocene (and older) sequences correspond
to the geomorphic record of interglacial highstands (stage and substage) on uplifting
coastlines. All values come from our dataset (see Supplementary data). G.LA. = Global
Isostatic Adjustment. Note 1) that we exclude Holocene shorelines and strandlines due to
major storm events, 2) for clarity we described shorelines associated with post-glacial re-
bound as Holocene, whereas their formation starts in the Late Pleistocene (after the last gla-
cial maxima), 3) we separated coastal sequences due to post-glacial rebound (former
glaciated coast) from G.LA. but the first is just part of the latter concerning mechanics. Final-
ly, note that such processes (co-seismic, G.LA., glacio-eustatic highstand superimposed
against a rising coastline are effective during each highstand (see text for more details).

estimates of past interglacial sea level from the isotopic record are typ-
ically 10 m (see for instance Siddal et al., 2006, for a review). In this
study, we assume that the Middle Pleistocene to Holocene interglacials
are polyphased, and spatially diachronic. We assume that the last four
interglacials are polyphased under the following constraints: MIS 5 in-
cludes the three relative highstands MIS 5a (85 + 10 ka), 5¢ (105 +
10 ka) and 5e (the latter highstand lasted from ~128 ka to ~116 ka;
e.g. Stirling et al., 1998) for which we use a composite age of
122 +/—6 ka; MIS 7 lasted from 230 to 190 ka (i.e. 210 4 20 ka); MIS
9 lasted from 330 to 310 ka (i.e. 320 £ 10 ka); MIS 11 lasted from 420
to 380 ka (i.e. 400 + 20 ka). Less frequent are shorelines correlated to
MIS 3 that lasted from 24 to 59 ka (Martinson et al., 1987) though the
interval is most often bracketed between 20 ka and 60 ka.

Although Middle and Upper Pleistocene as well as Holocene shore-
lines (MIS 11 onwards) are well documented, little attention has been
devoted to the upper parts of these sequences, in particular, with re-
spect to the genesis of compound paleocoasts (as for example in

Keskin et al., 2011), rasas (see Guilcher, 1974; Pedoja et al., 2006a,b;
Regard et al., 2010) and strandflats (Guilcher et al., 1986) (Fig. 2).
Rasas can be defined as sequences of rocky paleocoasts wherein shore-
line angles are not discernible (Guilcher, 1974; Pedoja et al., 2006a,b;
Regard et al., 2010). Their formation was promoted before and during
early Pleistocene times, during periods of faster oscillations and lower
amplitudes in sea-level fluctuations than since the Middle Pleistocene.
See examples from Spain described by Alvarez-Marrén et al. (2008)
and western Scotland by Dawson et al. (2013). Strandflats are se-
quences of strandlines formed in glacial or periglacial environments
(Guilcher et al., 1986; this study). Strandplains are due to multiple
occupations during former sea levels, and are consistent with sedimen-
tary cannibalization (e.g. beach ridges) (e.g. eastern USA, southern
Australia, see above).

The relationships between coastal morphodynamics, sea-level fluc-
tuations and tectonics may be deciphered from the vertical superposi-
tion of strandlines, the sequence whose geometry and shape (spacing
between two successive strandlines, width of each level) chiefly reflect
the succession of highstands (as “weak” vs “strong” interglacial stages
and substages). The overall confluence of these factors is akin to a
barcode, variably stretched by local tectonics, and sometimes refolded
by non-uniform or low vertical ground motions as well as local faulting.
That first-order pattern of the barcode is understood in principle but the
details remain elusive (see Waelbroeck et al., 2002; Siddal et al., 2006;
Rohling et al., 2009). This plexus of factors strikes a challenge to disen-
tangle individual strandlines. Information on older sea-level histories
is naturally even more speculative, in spite of the current knowledge
of the global isotopic trend (e.g. Lisiecki and Raymo, 2005) (Fig. 3).
The Cenozoic onset of the sea-level barcode remains an open question
that we thereafter address.

The overlap in standards may be misleading. For example MIS 1 fre-
quently is equated with the Holocene Series, although it is approximate-
ly 4 ka longer than the Holocene and therefore includes part of the
Upper Pleistocene. In this work, we conform to the version of the
geological time scale edited by Gradstein et al. (2012) for the name
and duration of Erathem, System, Series and Stages. A majority of stud-
ies on coastal sequences use the isotopic scale. In this study, we follow
the timing and durations of Siddal et al. (2006).

3. The database

We base our analysis on an updated synthesis of sea-level change in-
dicators for MIS 1, MIS 3, MIS 5e, MIS 11 and the ages of upper strand-
lines that belong to long-lasting sequences. We further subdivided the
data in order to account for major geodynamic settings, including pas-
sive, transform and active margins, as well as hotspots.

Our database on Cenozoic sequences of paleoshorelines is expanded
from Pedoja et al. (2011). More particularly, for the sequences where el-
evation of MIS 5e strandlines are known (now 935 sites based on 988
references), we added, when available, the elevation of MIS 1 (185
sites), MIS 3 (~12 sites), MIS 11 (31 sites) and age and elevation data
for the uppermost strandline of the sequence. This entailed 135 “extrap-
olated” sites and 52 sites from the literature on Paleogene and Neogene
shorelines. All these data were compiled in tables following the main
geodynamic settings for each site, including the location, geography,
and elevation of strandlines (see Supplementary data). Supplementary
data are summarized in Table 1. Regarding coastal geography, we distin-
guished three kinds of uplifted coastal segments: 1) linear coastal seg-
ments subdivided into straight and en echelon portions, 2) concave
and convex coastal segments (capes, bays, fjords, peninsula, caves)
that form complex geographies (continuous or not with succession
of capes and bays), and 3) circular coastal segments: islands and
archipelagos.

Holocene and Late Pleistocene (~MIS 1) shorelines and more partic-
ularly those younger than 6 ka (Mid-Holocene and onward) are the
most frequently described (Pirazzoli, 1991). In this paper, we only
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retain Holocene shorelines that are embedded in sequences including
the MIS 5e coastal benchmark.

MIS 3 is considered an interstadial which corresponds to an inter-
mediate climate state between full interglacial and glacial conditions.
Sea level during this period was well below its current position and varied
considerably from 40 to 80 m below modern sea level according to differ-
ent estimates (e.g. Chappell, 1974; Chappell and Veeh, 1978; Chappell
et al,, 1996; Cabioch and Ayliffe, 2001; Yokoyama et al., 2001a,b,c;
Waelbroeck et al., 2002; Siddal et al., 2006; Rohling et al., 2009). The
number and ages of the sea-level highstands are still discussed but the
high variability of sea-level fluctuations during this period is associated
with catastrophic and episodic collapse of ice sheets in the North Atlantic
region during Heinrich events (Siddal et al., 2006). Similarly to MIS 1,
the poor constraints on sea level during MIS 3 led us to ignore uplift
rates based on shoreline elevations for this interval of time.

Paleocoasts correlated with MIS 5e are extremely frequent. Conflict-
ing hypotheses or disagreements on the elevation of MIS 5e shorelines
are found in the literature at seven sites: Santa Cruz and Palos Verdes
Hills (California, USA), Kubyshevski and Cape Van der Lind, respectively
on Iturup and Urup islands (Kurils, Russia), Al Hoceima (Morocco),
Valdivia (Chile) and Luwuk, north Sulawesi island (Indonesia). Details
can be found in the Supplementary data.

During the last decades, strandlines and paleocoasts associated with
MIS 11 have been the subject of two regional syntheses: in Japan
(Masuda, 2007) and in Northern Chile (Ortlieb et al., 1996). More re-
cently, a global synthesis was provided by Bowen (2010), wherein 11
sites with MIS 5e and MIS 11 strandlines are dated. We included all
the sites provided by Bowen (2010) except two. Regarding the Sabatini
site in Italy, we considered that the MIS 5e shorelines in the area (Pedoja
etal.,,2011) stand at 37 4+ 8 m whereas Bowen (2010) only considered a
local shoreline angle at 20 + 1 m. We chose to ignore the elevation mea-
surements of the MIS 11 strandline in West Sussex, because the rela-
tionship between this terrace and the MIS 11 highstand was unclear
(Bowen, 2010).

Our uplift rates (based on MIS 5e and MIS 11 benchmarks) reject any
a priori eustatic correction (as in Pedoja et al.,, 2011), and therefore
correspond to the actual, apparent uplift rates. We simply calculated
V = E/A where E is the current elevation of the paleoshoreline relative
to current local sea level and A is the age of the considered highstand
(MIS 5e, 11). The resulting uplift rates can vary by as much as 50%, de-
pending on 1) the correction for eustasy, 2) the time-range considered
for the sea level permanency, (i.e. duration of the highstands), and 3)
the reference level for the elevation measurements: i.e. the local tide-
time table or geoid O for differential GPS data or the “morphological”
modern sea level. In other words, modern shoreline angles of rocky-
shore platforms are often above the geoid or the reference of the tide-
time tables. See general discussions in Jardine (1981) or van de
Plassche (1986). The source of uncertainty in our attempt to decipher
past sea level is increasingly important when coastal indicators are
recent (MIS 1, 3, 5e) and low-standing (~<15 m).

Overall, the literature dealing with descriptions of Neogene and
Paleogene strandlines is scarce. Working on intertidal biotas through
Phanerozoic times, Johnson and Baarli (2012) recorded 102 articles
dealing with fossil shorelines for the Neogene (either rocky, muddy or
sandy). In this study, out of 32 references we list 52 sites where shore-
lines dating back to the Pliocene (5.3 to 2.6 Ma) and even older (e.g.
up to Eocene) have been described. Because of this lack of data, we ex-
trapolated a minimum age of onset for the sequence at 527 sites (based
on MIS 5e uplift rates). We then retained only Lower Pleistocene and
older sites (135 sites) to better decipher the onset of formation of coast-
al sequences. This calculation crudely assumes that a constant uplift rate
prevailed throughout, which is not necessarily the case (e.g. Saillard
etal., 2009). It is also assumed that the uppermost fingerprint of the se-
quence formed during a sea-level highstand similar to MIS5e. Therefore,
these estimates are regarded as indicative speculations and by no means
as facts.

Our work is mainly based on the compilation of previous works and
we recognize that our database is not exhaustive and that we may have
made incorrect assumptions regarding some sites. If our readers find
any unwarranted errors in these data, we will appreciate learning
about them. Our findings are provisional as they depend on published
sources of variable quality. Consequently ours conclusions need to be
bolstered by chronometric, geophysical, seismic and geodetic data.

4. Sequences of strandlines through space and time
4.1. State of the art

Sequences of Cenozoic shorelines stacked by sea-level oscillations
and tectonic uplift are common features worldwide (Pedoja et al.,
2011). This occurs regardless of the geodynamic settings, but not iden-
tically (see below). The correlation between modern coastal geomor-
phology and tectonic settings on both global and regional scales was
established more than 40 years ago (Inman and Nordstrom, 1971).
Most striking are the coastlines along passive continental margins and
the rugged coastlines along convergent plate boundaries. Coastlines
on passive continental margins typically exhibit broad coastal plains
bordered offshore by wide continental shelves and gentle continental
slopes. Such coastlines, and therefore strandlines, are chiefly deposi-
tional and shaped by broad sandy beaches and offshore barriers
and/or broad coral reefs at low latitudes (see Supplementary data). In
contrast, coastlines near active continental margins generally consist
of coastal hills or mountains bordered offshore by narrow continental
shelves and deep subduction trenches. These active margins are charac-
terized by rugged erosional landforms such as steep sea cliffs and rocky
headlands, islands and sea-stacks (e.g. Inman and Nordstrom, 1971;
Lajoie, 1986). This general law of physical geography applies to many
coasts (i.e. eastern vs. western coasts of North America), but is not invi-
olate. For instance, the coasts of Western Europe (i.e. Portugal, Spain,
France, and England) are more rocky than predicted (Johnson and
Libbey, 1997).

At a global scale, another counterintuitive result is that geographi-
cally extended and long-lasting (in terms of age) coastal sequences
are present mainly in areas where apparent uplift rates are very low
to moderate (Pedoja et al., 2011; this study). We infer that results
from the tradeoff between uplift rates and the construction/abrasion ca-
pacity, that increases under low uplift rates as the relative sea level
remains stationary long enough during the formation of a strandline,
and offsets the destruction capacity of erosion once emerged. As sug-
gested by the results of our compilation, the maximum number of
strandlines in a sequence is seemingly independent of uplift rates. To
our knowledge, the most developed continuous sequences include
those from southern Australia, central Indonesia, and southern Peru.
Late Cenozoic sequences from southern Australia (Sandiford, 2007) re-
cord up to 150 shorelines on a slowly uplifting passive margin setting
(0.06 £ 0.01 mm/yr for MIS 5e at Cape Nelson/Warrnambool; see
Supplementary data) related to sea-level fluctuations dating as far
back as the Miocene. Extensive Plio-Quaternary strandlines (45 succes-
sive coral reef terraces) are located in SE Sulawesi, Indonesia, where up-
lift rates do not exceed 0.5 mmy/yr (Pedoja et al., unpublished). Likewise,
Chala bay in Peru is imprinted by a sequence of 27 marine terraces (e.g.
Gabert et al., 1970; Goy et al., 1992; Zazo, 1999; Regard et al., 2010) with
an uplift rate of 0.54 4+ 0.03 mm/yr. On the other hand, fast uplifting
areas do not necessarily include many levels. Only 5 first-order Pleisto-
cene marine terraces are found on the Kamchastky Peninsula, where
coastal uplift rates are higher than 2 mm/yr (Pedoja et al., 2013a). Over-
all, long-lasting sequences from the Neogene (locally Paleogene) are
preferentially found in regions of low to moderate coastal uplift such
as passive margins (e.g. South Africa, northwestern Spain, Brittany,
Argentina), hotspot chains (e.g. Lanzarote, in the Canary Islands) or
transform boundaries (Gvirtzman et al., 2011).
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Table 1
Coastal uplift rates as a function of the geodynamic setting. Given values are apparent uplift rates, because we did not account for any a priori eustatic change in sea level. The average values
that are provided are only indicative of trends, because they equally weight all areas regardless of spatial extent or data density.
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5e) E MoE E MoE | Uplift Moe E MoE | Uplift [ Moe Age "Method"
e
31 553 125 | 2556 | 238 . . . . Early Extrapolated
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Table 1 (continued)

(based MIS 1 MIS 5e MIS 11 "0ld shorelines"
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Of; ) E MoE E MoE | Uplift | Moe E MoE | Uplift | Moe Age "Method"
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(continued on next page)
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Table 1 (continued)

*Site Franz Joseph excluded from mean.
**Only one site (Smith Gulf) with holocene co-seismic shorelines.

Geographically continuous sequences over long coastal stretches are
found principally on passive margins like the Atlantic coasts of South
America (Fig. 4A). Along this coasts, sequences are disrupted only by
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fluvial systems. This observation holds at the continental scale but also
at a local scale: fluvial destruction and/or tapping in coastal embay-
ments. Along active margins, segmentation delimits blocks with distinct

(@umerica

Atlantic
ocean

Argentina

Atlantic
Ocean

Fig. 4. Continental and regional repartition of Cenozoic coastal sequences. A) South America, B) Active margin, Nazca subduction, Ecuador and northern Peru, C) Passive margin, Argentina.
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tectonic behaviors. Some blocks lack emerged coastal sequences, possi-
bly due to subsidence or stability. Consequently, the uplifted coastal
segments are less continuous than in less active coastal areas. A good ex-
ample to illustrate differences in the geographical partition of sequences
is demonstrated by the coastal sequences of South America (Fig. 4A).
This profound contrast was identified through the pioneering work of
Darwin (1846), who described an asymmetry in their nature and parti-
tion between the east (mainly Brazil and Argentina) and the west
(Ecuador, Peru, Chile). The Plio-Quaternary sequences of paleocoasts
in South America, as characterized also by modern shorelines, are
1) predominantly rocky, though disrupted by sedimentary systems to
the West (Pacific side) and 2) predominantly sedimentary, disrupted
by rocky shores to the East (Atlantic margin). To the East, the coastal se-
quences are extensively well developed and present along very long
continuous coastal stretches. Sequences in Brazil are described along
more than 3000 km of coast, and the coastal stretch in eastern Patagonia
(Argentina) is covered by 2000-km-long coastal sequences. In turn,
along the western coasts of South America, preserved coastal sequences
are more discontinuous (e.g. described sequences are lacking in central
Peru between 7°S and 15°S).

4.2. Geographical distribution

At a global scale, most coastlines are bordered by coastal sequences
with the exception of large rivers mouths (Pedoja et al., 2011). At least
30 000 km of worldwide coastlines are covered by emerged coastal
sequences that can include tens of stacked paleoshorelines.

At a smaller continental scale, coastal segments covered by se-
quences of strandlines either are continuous, discontinuous or lacking

21

(Fig. 4A). Closer inspection (i.e. at a regional scale) shows that in some
cases, the spacing of paleocoastal sequences may be enhanced on
capes or peninsulas (Fig. 4B) though not systematically (capes and
bays on Fig. 4C).

About 70% of the coastal sequences are located on concave and con-
vex segments.

Among these, 33% correspond to sequences located on headlands,
points and peninsulas, and 14% on embayments, bays or fjords
(Fig. 5). Sequences of strandlines located on linear segments of coast-
lines are less frequent (12%, Fig. 6), while insular sequences amount to
18% (Fig. 7). A common paleogeographic evolution corresponds to the
emergence of an island, followed by its connection to the adjacent
mainland (either a continent or another island in the case of an archipel-
ago (Fig. 8)) as evidenced for longer periods of time (Martin et al.,
2003).

4.3. The lower part of the sequences, Holocene to Middle Pleistocene, MIS 1
to MIS 19

For this time range (0-781 ka) covering the Holocene as well as the
Ionian (Middle Pleistocene) and the Tarantian (Late Pleistocene) stages,
we focused on the MIS 1, MIS 3, MIS 5e and MIS 11 highstands preserved
as paleocoasts and discuss their conditions for preservation and appar-
ent uplift rates.

4.3.1. MIS 1 and MIS 3

We identified 185 sites where elevations of the highest Holocene
and MIS 5e paleoshorelines are known (Fig. 9 and Table 1). These sites
are present in all kinds of geodynamic settings. The elevation of the
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Fig. 5. Convex and concave segments (~70% dataset) I) “Mixed”: example of a regionally continuous uplifted coastal segment with capes and bays or fjords (23% dataset) from the southern
part of the Deseado Peninsula, Eastern Patagonia (Pedoja et al.,, 2011b), II) example of a locally continuous uplifted coastal segment along a bay (~14% dataset)from Bahia Laura, Eastern
Patagonia (Pedoja et al., 2011b), and III) example of a locally continuous uplifted coastal segment on a cape or point (~33% dataset)from Punta Guanaco, Eastern Patagonia (Pedoja et al.,
2011b). Note that in order to express the problem we faced while trying to geographically define the coastal sequences, we present a mixed coastal stretch (Argentina) from which we

“extract” one peninsula and one bay. The size of observation informs the classification.
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Fig. 6. Linear segments (~12% dataset) I) Example of a straight coastal segment (11% dataset) from Tarfaya, Southern Morocco (Ortlieb, 1975; Brebion and Ortlieb, 1976; Hoang et al.,
1978), 1) Example of En echelon coast from Casablanca, Morocco (Coque and Jauzein, 1965; Texier et al., 1994; Lefévre and Raynal, 2002; Occhietti et al., 2002; Texier et al., 2002; Chabli
et al., 2005; Rhodes et al., 2006). Pc: paleocoast. Pc H: paleocoast correlated to MIS 1 (Holocene); Pc 5e: paleocoast correlated to MIS 5e.

Holocene sequences ranges from 0 + 1 m to 37 £ 1 m (Svaalbard) with
amean of 6.3 £+ 1 m. Most emergent Holocene strandlines (deposition-
al, erosional or constructional) conform to their Pleistocene counter-
parts but are typically smaller, less marked, and better preserved (e.g.
Lajoie, 1986; van de Plassche, 1986; Pirazzoli, 1994). Such morphologi-
cal differences allow for a first-order distinction between Holocene and
Pleistocene coastal sequences (see Pedoja et al., 2013a for a regional
example).

Except at high latitudes where post-glacial rebound is extremely fast
(Fig. 9), all sites (28) where the elevation of the highest shoreline is
equal or higher than 12 m are located at very active margins where
co-seismic episode raises Holocene sequences by a few tens of centime-
ters to a few meters (e.g. Pirazzoli, 1994 ). Holocene staircase sequences
can include up to ten strandlines and the mean elevation of the highest
shoreline angle is at 16 +/1 m, although maximum elevation locally
reaches as much as 30-40 m (e.g. Smith Gulf, USA or Kamchastky pen-
insula, Russia).

MIS 3 paleocoasts are frequently inferred and discussed in the litera-
ture, for example in Algeria (Maouche et al., 2011, 2013; Pedoja et al.,
2013b) or Eastern Turkey (Bekaroglu, 2012; Dogan et al., 2012a,b).

Sometimes MIS 3 paleocoasts are described independently from the
MIS 5e benchmark (e.g. Isla Santa Maria, Chile, Melnick et al., 2006;
Burica peninsula, Costa Rica, Morell et al., 2011). MIS 3 paleocoasts also
are most likely to be well represented on coasts where post-glacial re-
bound is fast (e.g. Billefjorden and Svalbard, Alexanderson et al., 2011),
although relative sea level during interstadials is particularly difficult to
predict a priori. Yet, identifications of MIS 3 paleocoasts often remain am-
biguous. Out of all purported MIS 3 sites, highstands remain only from
fast uplifting coastlines, as found on the Mahia Peninsula in New
Zealand (Berryman, 1992, 1993a,b), or islands of the Vanuatu archipela-
go such as Santo (Jouannic et al., 1980; Taylor et al., 1980; Jouannic et al.,
1982; Taylor et al., 1982, 1987; Galipaud and Pineda, 1998), Malekula
(Cabioch and Ayliffe, 2001) and Torres (Taylor et al., 1985), and Kikai is-
land in the Ryukyus archipelago (Konishi et al., 1970; Ikeya and Ohmura,
1983; Ikeda et al,, 1991; Ota and Omura, 1992; Sasaki et al., 2004;
Maejima et al., 2005; Inagaki and Omura, 2006).

The first recognized paleocoasts formed during the MIS 3 highstands
are coral reef terraces from the Huon Peninsula dated between ~ 30 and
~ 60 ka (Bloom et al., 1974; Chappell, 1974). In Kanzarua (Fig. 10), the
MIS 3 sequence was described as constituted by four terraces situated
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Fig. 7. Islands and atolls (18% dataset), I) Entire circumference of the island from Toga is-
land (Torres Islands, Vanuatu, after Taylor et al., 1985) and II) coastal segment from Sumba
island (Indonesia, after Hantoro, 1992; Pirazzoli et al., 1993). (16 % dataset), Ill) Atolls, (2%
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Pc 5e: paleocoast correlated to MIS 5e;.

at elevations of ~30, 60, 90, and 125 m and which were dated (U/Th on
coral) as ~ 31 ka, 40 ka, 51 ka and 60 ka (see margin of errors from
Aharon and Chappel, 1986 on Figure 7B). The late Quaternary sea levels
defined by coral terraces on the Huon Peninsula have been reconciled
with deep-sea oxygen isotopes (Chappell et al., 1996), which rectified
the misleading interpretation. More recent studies in the area
(Yokoyama et al., 2001; Chappell, 2002) describe a MIS 3 sequence in-
cluding at least 6 major terraces reaching 140 m in altitude and span-
ning a period from 60 to 38 ka. But, indeed, the early chrono-
stratigraphy established at the Huon peninsula was used to interpret
other records where the dating of coastal indicators led to the identifica-
tion of strandlines related to MIS 3.

In terms of morphologies, the MIS 3 interstadial sea levels resulted in
the formation of reduced (reefal or marine) terraces. Except in New
Zealand, these are reefal terraces. In general, they overlook a Holocene

coastal sequence of co-seismic origin (HS on Fig. 10), and are dominated
by high-standing (>150 m) Upper Pleistocene levels (MIS 53, c, e as in
Kikai island or Huon peninsula).

Most discussions about the two most recent benchmarks (Holocene
and MIS 3) are driven by two factors. First, Holocene and MIS 5e uplift
rates are widely discrepant in some zones affected by deformation asso-
ciated with great earthquakes (e.g. Lajoie, 1986; Ota and Yamaguchi,
2004; Pinegina et al., 2010, 2013, this stud). Second, only a few
paleocoasts have been correlated to the MIS 3 interval. Both issues are
localized in fast uplifting coasts deduced from the elevation of MIS 5e
(Figure 4A in Pedoja et al., 2011 and Fig. 1B this study).

In the vast majority of the areas affected by co-seismic uplift, Holo-
cene and Upper Pleistocene paleocoasts are present. The Holocene uplift
rates are usually 2-3 times higher than Pleistocene rates (see Lajoie,
1986, his Figure 6.11), and at some sites even an order of magnitude
higher (Pinegina et al., 2010; Pedoja et al,, 2013a; Pinegina et al., 2013).
However, such changes are not so apparent in other areas (e.g. from
New Zealand, Papua New Guinea, Japan, Chile) (Ota and Yamaguchi,
2004; Bookhagen et al., 2006; McSaveney et al., 2006; Melnick et al.,
2006). However, in some areas, uplift rate determinations might be bi-
ased because elevations and ages need to be precisely determined for
those recent, mostly low-lying indicators, as uplift rates are inferred
from those measurements. In addition, accuracy is exposed to uncer-
tainties in sea-level reconstruction from considered geomorphic indica-
tors (e.g. beach ridges in New Zealand, McSaveney et al., 2006). Finally,
the eustatic sea levels have apparently varied strongly during the Holo-
cene. Modelling studies based on field observations suggest elevations
for the peak mid-Holocene highstand of up to 5 m above the present
level (Milne et al., 2005). These elevations are at odds with reconstruc-
tions from the isotope record (Waelbroeck et al., 2002; Rohling et al.,
2009). The eustatic bias over the glacial cycle can be readily exposed by
considering postglacial rebound and glacio-hydro-isostasy (e.g. Peltier,
2004; Paulson et al., 2005). The time scales of viscous relaxation compare
to that of the glacial cycle itself and relative sea-level change during the
glacial cycle may vary dramatically from one site to another. For low-
lying, recent sea-level indicators, the associated error is primordial,
when only considering the absolute, uniform sea-level response to gla-
cial cycles. For this reason, eustasy may bias the estimates of uplift
rates (e.g. Briggs et al., 2008; Yildirim et al., 2013). Unfortunately, this ef-
fect will be very difficult to quantify until precise models are available at
all scales based on local rheology derived from geophysical data.

Rapidly uplifting coastlines are usually associated with convergent
tectonic boundaries (subduction and collision), which are commonly af-
fected by great earthquakes. Coastal areas along such boundaries experi-
ence fast and non-uniform uplift. In a variable sense, such deformations
may result from abrupt co-seismic uplift or subsidence that may be
of metric-scale amplitude, in addition to transient fault after-slip,
postseismic rebound, and interseismic strain buildup. Seismic cycles
have various recurrence periods that range from decades to millennia.
This leads to the notion that earthquakes might cluster in supercycles
(Sieh et al., 2008). Indeed, variable recurrence intervals for earthquakes
of different magnitudes have been deduced from paleoseismic and his-
torical data in Chile (Cisternas et al., 2005), Sumatra (Jankaew et al.,
2008) and Japan (Sawai et al., 2012), and apparently constitute a hall-
mark of subduction zones worldwide (e.g.: Satake and Atwater, 2007).
The depth of plate-boundary slip during great subduction earthquakes
is variable and may range from the trench to >50 km depth (Lay et al.,
2012). The locus of slip release at depth with respect to the coast dictates
the sense of coseismic land-level change. Earthquakes that tend to rup-
ture the shallow part of the megathrust, such as the M9 2011 Tohoku
event, result in coastal subsidence (Sawai et al., 2012). In turn, events
that rupture deeper, such as the M8.8 2010 Maule earthquake, also
lead to coastal uplift (Melnick et al., 2012). Shallow and deeper earth-
quakes appear to have different recurrence periods. Plate coupling lead-
ing to interseismic strain accumulation usually results in reversed
vertical coastal land-level changes than during coseismic strain release.



24 K. Pedoja et al. / Earth-Science Reviews 132 (2014) 13-38

| El Aromo paleo-island

Pacific Ocean

~1 Ma

paleo
Island
growth

I —

~ 1 Ma to MIS 11 s%increase

"l Proto Manta Peninsula

Pacific Ocean

MIS 9 (320 +/- 10 ka)

IV Manta Peninsula growth

Pacific Ocean

MIS 7 (210 +/- 20 ka)

- B0°20WI

1715
B T4

Intermediate
= = Shoreline

Bl T3, T3IMISO
T2, T2' MIS 7
T1, T1' MIS 5e

ex: Manta Peninsula
(Ecuador)

V' Elevation

240 +/- 10
< PC9:170 +/-10
Cd PC 7:110+/- 10
PC 5e: 57+/-2

360 +/- 10

Fig. 8. From island to peninsula; example from the Manta Peninsula (Pedoja et al., 2006a,b, 2009). S? increase: increase in reclaimed land. Similar evolution is known in Palos Verdes Hills,
California, US (Szabo and Vedder, 1971; Lajoie et al.,, 1991; Ludwig et al., 1992; Mubhs et al., 1992; Ward and Valensise, 1994; Orme, 1998).

However, interseismic plate coupling usually occurs over a restricted
depth range limited to the seismogenic zone (e.g., Wang, 2007). There-
fore, in such tectonic settings the rate of Holocene uplift will be strongly
influenced by the stage of the earthquake supercycle during which mea-
surements have been made. At a local scale, the short-term Holocene
vertical rate may include noise from individual seismic events, whereas
the Pleistocene rate is more representative of the regional net rate of up-
lift that integrates many seismic supercycles as well as long-term crustal
deformation (e.g. Pinegina et al., 2010, 2013). In short, we suggest that
the discrepancies in Holocene-MIS 5e uplift rates may be associated
with different stages of the earthquake supercycle, particularly at many
sites around the seismogenic Pacific rim.

MIS 3 strandlines rarely are described along rapidly uplifting coast-
lines. In fact, their preservation requires both high uplift rates to over-
come the fact that this highstand occurred at a deeper sea-level (with
respect to today) than other episodes, and suitable materials to preserve
the signal (e.g. fringing coral reef terrace). Such sequences (embedded
in more complete upper and middle Pleistocene sequences) are only
found in 6 areas of the circum-pacific region. All records, except for
the Mahia Peninsula (New Zealand) correspond to fringing coral reef
terraces. The minimum MIS 5e coastal uplift rate associated with a
MIS 3 sequence of shorelines is 1.18 4 0.08 mm/yr (Mahia Peninsula,
New Zealand). But the relationship is not reciprocal: MIS 5e coastal up-
lift can be fast but MIS 3 paleocoasts are not preserved (e.g. Smith Gulf,

north California or Kamchatsky Peninsula in Kamchatka). The nature of
the preserved paleocoast could partly explain this, because MIS 3
terraces are narrower than MIS 5 terraces, most likely due to the short
duration of the sea-level stand. Another explanation is the fact that in
order to become subsequently emerged, MIS 3 strandlines had to sur-
vive some vicissitudes in lower sea level and that is a highly destructive
process.

4.3.2. Last interglacial, MIS 5e

The most reliably dated Pleistocene strandlines along most emer-
gent coastlines correlate with the highstand(s) during the last Intergla-
cial maximum (MIS 5e). These constitute a significant benchmark
discussed in an earlier paper (Pedoja et al., 2011). The elevation of the
MIS 5e shorelines ranges from —360 4 5 m (Hawaii Island) to 403 +
1 m (at site Huon Peninsula, Papua New Guinea) or 991 4 5 m (at site
Franz Joseph, South Island of New Zealand, but this value as been
discussed) with a mean of 27.2 4 2.3 m (updated herein, site Franz Jo-
seph excluded from calculation). It corresponds to a mean apparent
coastal uplift rate of 0.22 £+ 0.02 mm/yr. At a global scale, sequences
are very rarely described in the absence of MIS 5e (e.g. Ramalho et al.,
2010). Sequences including all MIS 5a, 5c¢, 5e paleoshorelines are, to-
gether, found in rapidly uplifting areas and/or under conditions of low
erosion. Such pristine sequences are described, among others, in the
Vanuatu islands, in New Zealand (e.g. at Mahia peninsula for example),
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Fig. 9. Elevation of the highest Holocene shorelines from sequences that also include MIS 5e shorelines.

in northwestern US (Oregon and California), in Japan (at Kamikita), or
in Italy (at Crotone and Sibari). MIS 5e coastal uplift rates as a function
of the respective geodynamical settings are presented below (i.e.
Section 5.3).

4.3.3. Middle Pleistocene, MIS 7 to MIS 19

Coastal sequences including Middle Pleistocene strandlines are ex-
tensively preserved. Best represented are the strandlines correlated
with MIS 7, MIS 9, and MIS 11. Older isotopic stages (13, 15, 17, 19)
are in some cases dated or correlated to individual paleocoasts in

~

TMIS5e: 144.5 £ 7.5 m

Mahia Pen.,
New Zealand,
(Berryman, 1993a,b)

coastal sequences. Contrary to the general belief (e.g. Zazo, 1999) that
occasionally caused misinterpretation of sequences of marine terraces
(e.g. Pedoja et al., 2006¢), MIS 7 appears as a well-developed interglacial
stage worldwide. For instance, the fact that MIS 7 was not a minor event
has been suggested in Bermuda (Hearty, 2002). Locally, such as in the
Gulf of Corinth (Greece) two strandlines are associated with two rela-
tive highstands during MIS 7.

MIS 11 strandlines (31 sites, Fig. 11) are less frequently described.
They belong to sequences on the southern coast of Sinai (Nir, 1971;
Pickett et al.,, 1989; Gvirtzman et al., 1992; Strasser et al., 1992;

Kikai IsI.,Ryul%u
(Konishi et al., 19 i1
Sasaki et al., 2004) g4

TMISSe : 240 £ 5 m

Santo Isl., Vanuatu
(Taylor et al., 1987)

Fig. 10. Elevation of the highest MIS3 shorelines from the sequences that also include MIS 5e shorelines. Insets show the corresponding elevation profiles.
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Fig. 11. Elevation of the highest MIS11 shorelines, and corresponding uplift rate, from sequences that also include MIS 5e shorelines.

El Asmar, 1997), on the coast of Peru and Ecuador (Pedoja et al.,
2006b,c; Regard et al., 2010), Barbados (e.g. Muhs, 2001), on the south
coast of the Black Sea in eastern Turkey (Keskin et al., 2011), on the is-
land of Sumba in Indonesia (Boekschoten et al., 1989; Pirazzoli et al.,
1993; Bard et al., 1996) in Southern Spain (e.g. Zazo et al., 2003), the
Azores, on the island of Flores (Azevedo and Portugal Ferreira, 1999),
on the west coast of North America (e.g. North California Hampton,
2000 and Southern California, Pinter and Sorlien, 1991; Pinter et al.,
1998), the Canary Islands (Meco et al., 2002, 2007), on the island of
Eleuthera in the Bahamas (e.g. Hearty and Neumann, 2001), Bermuda
(e.g. Muhs et al.,, 2002a,b; Hearty et al., 2007), on the southern coast of
England and western France (e.g. Bates et al., 1997, 2003; Coutard
et al,, 2006) and on the Lebanese coast (Issar and Picard, 1969; Fleisch
and Sanlaville, 1974; Copeland, 2003), among others. The elevation of
the MIS 11 shorelines ranges from 21 4 1 m (Grape Bay, Bermuda) to
660 + 60 m (Kamchatsky peninsula, Kamchatka) with a mean of
90.3 + 5.1 m. This corresponds to a mean apparent coastal uplift rate
of 0.22 4+ 0.01 mm/yr. Taking into account the margin of errors, MIS
11 uplift rates are similar to those determined from the MIS 5e bench-
mark (Table 1) in the tectonic context of hotspot chains, passive
margins and rift zones. They differ in the context of ocean-to-ocean
(00) plate boundaries and ocean-to-continent (OC) plate boundaries.
However, the discrepancy may be easily explained by the smaller
amount of data available and the higher uncertainties of age determina-
tions for old shorelines (i.e. 400 ka, MIS 11) compared to the younger,
better preserved shorelines such as those from the MIS 5e benchmark.

Regardless of the geodynamical settings, Holocene Upper and
Middle Pleistocene sequences are extremely abundant relicts that re-
cord a succession of sea-level highstands. Following Chappell (1974),
we clearly agree that these morphologies constitute excellent sites to
study the evolution of subaerial drainage systems (Fig. 2). Such cross-
related studies (i.e. growth and incision of drainages on sequences of
paleocoasts) conducted locally (Duvall et al., 2004; Rehak et al., 2010;
Pedoja et al., 2013a) should be performed more systematically. Identifi-
able geomorphic surfaces (i.e. “terraces”) provide a reference frame,
allowing for tectonic uplift to be estimated from markers that control
coastal landscape evolution. Thus, an organized program may 1) recog-
nize random changes in lithology affecting the drainage system (for ex-
ample coral reef terraces are formed by homogeneous limestone), 2)
compare morphometric factors (asymmetry of watersheds, steepness

indexes, hypsometric integral, etc.) among coastal basins sharing the
same base level (sea level in these cases), and 3) correlate between
morphometric parameters and tectonic uplift rates as deduced by the
age and altitude of paleoshorelines (Merritts and Vincent, 1989;
Snyder et al., 2000; Duvall et al., 2004; see Pedoja et al., 2013a for exam-
ple of a cross-related study). Moreover, as each strandline corresponds
to 1) a known isochron (timing of the seastand), 2) an isohypse, and
3) a flat surface, it seems possible to gain insight into the development
of aerial drainage on these reclaimed lands. Lastly, such cross-related
studies will help to quantify recent landscape evolution of the coastal
fringe — one of the most densely populated areas.

4.4. The upper part of the sequences: Lower Pleistocene—Eocene

This large interval of time corresponds to the end of the Quaternary
system (Calabrian and Gelasian stages) as well as the Neogene and a
part of the Paleogene. It encompasses the highstand from MIS 21 and
backward in time. The majority of the Neogene and Paleogene strand-
lines are described at elevations higher than 20 m. In some cases like in
Spain (Balearic Islands, Johnson et al., 2011) and Portugal (Santos et al.,
2008, 2010), five Miocene shorelines are described at elevations lower
than 10 m above modern sea level, which suggests that they are totally
“disconnected” from the (possible) nearby more recent coastal
sequence. Consequently, they do not seem to belong to a staircase
sequence. In this geographical context, the decoupling could be linked
to the Messinian crisis. Second, we used 527 extrapolated ages for the
upper part of the sequences where elevations are provided. Out of
these data, 388 markers suggest an initial formation age that range
from the Late or Middle Pleistocene. We retained only the data that are
indicative of early Pleistocene or older ages. Out of the 135 remaining
sites, 104 yield lower Pleistocene ages, 12 upper Pliocene (Piacenzian,
3.6-2.6 Ma) and 10 lower Pliocene (Zanclean 5.3-3.6 Ma). Eight sites
provided ages older than the Pliocene, out of which seven are Miocene
(Fig. 12). In summary, only one extrapolated terrace age is seemingly
older than Miocene (>23 Ma) (southern Cyprus). Again, because of the
underlying hypothesis on the uplift rates and relative sea level stand at
the time of formation of the uppermost terrace, these estimates should
be regarded only as plausible indicators.

The results of our extrapolated ages generally fit well with published
data on Neogene and Paleogene shorelines (see Supplementary data
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Fig. 12. Extrapolated age of the uppermost shorelines of the sequences based on MIS 5e uplift rates.

and compare Figs. 12 and 13). A good example demonstrating the plau-
sibility of our extrapolation is at the Maré Atoll (Loyalties island) where
we found an extrapolated age of 3.2 Ma and where an age of 2.6 to 3 Ma
was obtained by magneto-stratigraphic methods (Guyomard et al.,
1996). When there is a discrepancy between our data and the published
source, it appears that our estimates are generally younger than
published ages. This is the case in northern Spain (Asturias) where
our extrapolation gives an early Pleistocene age for the upper rasa at
225 m above mean sea level, whereas 1) it is described as Miocene
(Mary, 1983), and 2) a Lower Pleistocene rasa was identified
below the upper one and dated to 1-2 Ma by cosmogenic methods
(Alvarez-Marrén et al.,, 2008) (Fig. 14).
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By combining published data with our extrapolated ages for the
upper shorelines in staircase sequences, we observe at a global scale
in total: 1) 106 sites where the highest shoreline in the sequences cor-
relate to the Lower Pleistocene, 2) 44 sites where the upper shoreline
is Pliocene or where a Pliocene shoreline is described in a sequence,
3) 23 sites where the highest shoreline in the sequence is Miocene or
where a Miocene shoreline is described in a sequence, 4) 3 sites
where the highest shoreline of the sequence is Oligocene or where an
Oligocene shoreline is described in a sequence, and 5) one site where
the upper shoreline is Eocene.

Recent studies reveal particularly long-lasting coastal sequences that
span tens of Myrs (Figs. 13 and 14): Eocene-Pliocene in the Nullarbor

& 30

7

Fig. 13. Age of the oldest (i.e. older than MIS11) reported sequences, except in 5 sites (in Menorca, Madeira & Southern Spain) all the shorelines (44 sites) correspond to the upper shore-

lines of long-lasting coastal sequences. IV: Quaternary; Plio: Pliocene.
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Fig. 14. Ages and topographic profiles of selected coastal sequences.

and Roe plains, SW Australia (Quigley et al., 2010); Oligocene-Upper
Pleistocene in southeastern Israel, (Gvirtman et al., 2011); and Late
Miocene-Holocene in the Murray Basin, Australia, (Paine et al., 2004;
Wallace et al., 2005) and in southern Patagonia, Argentina (del Rio
et al,, 2013). In the sense they may record a single process of formation,
the existence of those long-lasting sequences (i.e. older than Pliocene)
are supported by two criteria. The first of these entails description and
dating of Eocene to Pliocene shorelines (or sequences of shorelines) in
different parts of the world such as Australia (e.g. Sandiford, 2007),
Loyalties island (e.g. Guyomard et al., 1996), Canarias (Meco et al.,
2007), Italy (Carobene and Cevasco, 2011), South Africa (Franceschini
and Compton, 2004; Roberts et al., 2011), and Eastern Antarctica
(Pickard et al., 1988). The second criteria enlists the results of extrapo-
lations we ran in which 135 coastal sequences are supposed to be
early Pleistocene or older (up to Oligocene). The extrapolation yielded
Pliocene (32 data, 22 extrapolated) or Miocene (15 data, 8 extrapolat-
ed) ages. Oligocene shorelines (one datum and one extrapolation) and
Eocene (one datum) shorelines are more rarely described (Figs. 13
and 14). This result is unlikely to be related to erosion.

Instead, we propose that the formation of coastal sequences was
likely operative since at mininima the middle-late Miocene at a global
scale and locally (regionally) since the Eocene (as in SW Australia,
Sandiford, 2007; Quigley et al., 2010). Such a development was likely
to have occurred during the onset of the ice sheet in Antarctica, the
impact of which is currently being verified in terms of sea level
(e.g. Stocchi et al., 2013). The staircase shaping of coasts increased dur-
ing the Pliocene and Pleistocene as a consequence of the intensification
of eustatic sea-level oscillations, as inferred from the isotopic record
(Lisiecki and Raymo, 2005). Morphologically, there is nearly always a
slight difference between the lower part of the sequence that formed
during the Holocene to middle Pleistocene as individualized strandlines
and/or compound paleocoasts as compared to the upper part (rocky or
sedimentary rasa).

Changes in sea level are closely linked to the effect of Cenozoic ice
sheet fluctuations (e.g. Bartek et al., 1991; Abreu and Anderson, 1998;
DeConto and Pollard, 2003). However, the timing and magnitude of
global sea-level changes remain controversial for the Neogene and
Paleogene and more particularly during the Miocene (John et al.,
2011). Recent studies demonstrate that the long-term cooling trend in
the Miocene was superimposed over several punctuated periods of gla-
ciations (named Mi-events) characterized by oxygen isotopic shifts that
have been related to the waxing and waning of the Antarctic ice-sheet
and bottom water cooling (e.g. Vidal et al., 2002; Holbourn et al.,
2004; Westerhold et al., 2005). For example, analyzing both seismic re-
flections lines and sediment cores recovered from the Marion plateau
(offshore Australia, ODP leg 194) John et al. (2011) identified eight indi-
vidual siliciclastic-carbonate sequences between 18.0 Ma and 11.9 Ma
and demonstrated that they are controlled by glacio-eustasy. These
sequence boundaries are marked by an increase in 6 '80. Westerhold
etal. (2005) present a high-resolution benthic stable-oxygen isotope re-
cord for the middle to late Miocene from ODP site 1085 located in the
eastern south Atlantic that reveals four 6 80 excursions between 13.8
and 10.4 Ma. The spectral analysis of the benthic & '®0 records
shows strong emphasis in the 400 ka and 100 ka bands that reveal
eccentricity-modulated variations in precession (Westerhold et al.,
2005). Boulila et al. (2011) proposed that Mid-Eocene, third-order se-
quences are glacio-eustatically driven in response to the 1.2 Ma obliqui-
ty cycle, suggesting that the presence of significant ice sheets precedes
previous estimates (i.e. Early Eocene).

The older Eocene to Oligocene glacio-eustatic fluctuations (e.g.
Abreu and Anderson, 1998; DeConto and Pollard, 2003) are rarely re-
corded on coasts at a global scale. The construction and preservation
of a staircase sequence of strandlines requires the joint effects of sea
level oscillations and tectonic uplift. Because such movements adjust
at the plate tectonic time-scale, this condition is available for many
tens of millions of years, only waiting for the onset of the glacial cycle.
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A comprehensive survey of Cenozoic eustasy is beyond the scope of the
present paper, but we suggest that glacio-eustasy began to profoundly
shape coastlines since the Middle to Late Miocene and regionally since
the Eocene.

5. The geodynamics of strandlines
5.1. Settings

At a global scale, plate tectonics provide the kinematic model that
best describes the response of the Earth's surface to internal dynamics.
It assumes that lithospheric plates, either continental or oceanic, move
over the surface of the Earth without deforming. The lithospheric plates
ride on the asthenosphere and move respective to one another along
three main types of plate boundaries: convergent, divergent, and trans-
form. In practice, the definition of a geodynamic setting is rendered
problematic by the fact that the transition from one regime to another
is rather continuous, and that they furthermore can evolve through
time. For example, passive margins can be reactivated and become ac-
tive margins. Divergent plate margins tend to produce passive margins
on their edges, etc. We nevertheless distinguish 8 main geodynamic set-
tings, either intraplate or located at plate margins. In addition, a supple-
mentary class of undefined settings (referred to as ND) was included for
31sites where MIS 5e elevations are known and 12 sites where eleva-
tion of Holocene strandlines are known. Because of the idiosyncrasies
at many sites, the distinction is subjective and could not be performed
automatically.

Intraplate settings encompass passive margins PM and hotspots HS.
Passive margins are defined as the transition between oceanic and con-
tinental crust that was originally created by rifting. Hotspots are volca-
nic regions fed by the underlying hot mantle remote from plate
boundary zones. Plate motion over the hotspot source (presumed sta-
tionary in the mantle) results in the creation of hotspot volcanic chains.
At plate boundaries, the relative motions between lithospheric plates
can be classified as divergent, transform and convergent. Divergent
plate margins occur where two tectonic plates are either separated by
continental rifts (CR) or by mid-oceanic spreading ridges. Of course,
ridges lie below sea level and only one site is documented in the Azores,
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where the interaction with the hotspot explains its aerial exposure.
Divergences in continental areas result in the construction of a conti-
nental rift that transitions into two opposite passive margins separated
by oceanic crust. A transform margin (TR) forms where two plates move
alongside each other. Convergent boundaries, or active margins, are
often actively deforming coastal regions. Earthquakes and volcanoes
are common near convergent boundaries. We distinguished among
oceanic plates that subduct underneath oceanic plates (00, Mariana
type), continental plates that subduct underneath oceanic plates (CO,
Banda type), oceanic plates that subduct underneath continental plates
(OC, Nazca type) and lastly, collision of two continental plates (CC).

5.2. Results

Here we present the coastal uplift rates derived from the elevation of
the MIS 5e paleoshoreline as a function of the geodynamic setting
(Figs. 15, 16 and 17). Those values are apparent uplift rates due to the
fact that we do not account for any a priori eustatic change in sea level.
The average values provided are only indicative, because they are equally
weighted for all areas regardless of spatial extent or data density.

Classic cases of sequences of paleoshorelines located in hotspot (HS)
settings are found among 15 hotspot chains (e.g. Hawaii, Reunion,
Kiribati, Cape Verde, Canary...) (Fig. 15). MIS 5e markers are present
in 51 sequences. Our benchmarks range from —360 4+ 5 m (Hawaii is-
land, Site NW Hawaii) to 155 4 15 m (crater on Lanai Island, Hawaii ar-
chipelago, site Lanai Crater) with a mean of 1.3 & 2.1 m. Consequently,
Late Pleistocene rates average 0.01 + 0.01 mm/yr. Holocene strandlines
are present at 5 sites located in HS settings and the mean elevation of
the highest Holocene shoreline is found at 1.6 + 0.6 m. MIS 11 shore-
lines (4 sites) have a mean of 26.7 + 1 m and a consequent mean-
uplift rate of 0.07 4= 0.01 mm/yr for the last 400 ka.

Passive margins (PM) are the setting where Quaternary coastal se-
quences are most often described in the literature. We identified 14
coastal areas with 337 sequences including MIS 5e. Among these se-
quences, 62 also include MIS 1 paleoshorelines and 9 MIS 11
paleoshorelines (Figs. 9, 11, 15 and 18). For the MIS 5e marker, only
20 sites correspond to submerged sites and this coastal benchmark
ranges between — 116 4 6 m (site Emilia-Romagna, Italy) to 88 + 4
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Fig. 15. Mean elevation of MIS5e paleoshorelines and coastal uplift rate since Upper Pleistocene as a function of geodynamics for hot spots, passive margins and not determined.
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Fig. 16. Mean elevation of MIS5e paleoshorelines and coastal uplift rate since Upper Pleistocene as a function of geodynamics for transform plate boundaries and continental rifts.

m (site Locri, Italy) with a mean of ~6.9 + 1.7 m. The mean late Pleisto-
cene uplift rate is 0.06 & 0.01 mm/yr. Holocene strandlines associated
with their Pleistocene counterparts show elevations ranging between
1.5 and 37 m yielding a mean elevation of 5.3 + 1 m. The highest
Holocene shoreline (37 m) associated with a MIS 5e shoreline is found
in Svalbard where post-glacial rebound is extremely efficient. MIS 11
shorelines (9 sites) range from 15 4 1 m to 63 4= 1 m with a mean of
36 4+1.7 m and a mean uplift rate of 0.09 & 0.01 mm/yr for the last
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400 ka. Older shorelines (i.e. from early Pleistocene to Eocene) are pref-
erentially found at passive margins.

Staircase sequences of paleoshorelines on continental rifts (CR) are
exemplified by the East African Rift and the Baja California rift zones
(Fig. 16). These two continental rifts (CR) exhibit a total of 56 sites
where the elevation of MIS 5e is known. Paleoshoreline elevations
range from 0.5 £+ 1 mto 43 4 1 m with a mean of 13.5 & 1.2 m, yielding
a mean apparent uplift rate of 0.11 & 0.01 mm/yr. More precisely the
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Fig. 17. Mean elevation of MIS5e paleoshorelines and coastal uplift rate since Upper Pleistocene as a function of geodynamics for ocean-ocean (0O), ocean-continent (OC), continent—

ocean (CO) and continent-continent (CC) convergent zones.
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Fig. 18. Mean elevation of MIS 5e paleoshorelines and coastal uplift rate since Upper Pleistocene as a function of geodynamics in Europe. See Figs. 15, 16 and 17 for symbols.

MIS 5e benchmark is identified in 29 sites along the coast of the Red Sea. are present on both sides of the Sea of Cortez, to the west on the Baja
They vary from 0.5 + 1 m (site Tawila SE) to 36 4+ 1 m (site Obock in California peninsula and to the east on the coast of Sonora (Figs. 16
Djibuti) with a mean of 11.7 4 1.1 m. Coastal sequences also extensively and 19). In this area, coastal sequences including the MIS 5e benchmark

Elevation ~12 m ~25 ~ 36 ~ 50 ~ 60

0 Uplift rate 0.1 (mmiyr, mika) ¢, 0.3 0.4 0.5

- —

Fig. 19. Mean elevation of MIS 5e paleoshorelines and coastal uplift rate since Upper Pleistocene as a function of geodynamics in North America. See Figs. 15, 16 and 17 for symbols.
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are described from 27 sites with elevations ranging from 4.5 + 0.5 m
(site Puerto Lobos-Kino) to 43 4+ 1 m (at Punta Banda) with a mean
of 15.3 4+ 1.2 m. Holocene strandlines in a rift setting have been de-
scribed at one site in the Sinai, where it is present at an elevation of
0 £+ 1 m. The MIS 11 shoreline is identified at one site (Red Sea) at an
elevation of 30 & 5 m, which implies a consequent mean apparent uplift
of 0.08 + 0.01 mmy/yr for the last 400 ka.

The San Andreas Fault in California is the most famous example of a
transform boundary (Tr), but six other transform boundaries exhibit
coastal sequences (e.g. southern Island of New Zealand, Eastern
Mediterranean Sea, central Carribean...). The MIS 5e coastal benchmark
is found at 121 sites, out of which 3 are submerged (Fig. 16). Note that,
as in Pedoja et al. (2011), we excluded the Franz Joseph site on the
South Island of New Zealand, because of the controversial elevation of
the MIS 5e shoreline (Bull and Cooper, 1986, 1988; Ward, 1988). MIS
5e coastal elevations range from —5 4 5 m (Belize Island) to 275 +
25 m (at Smith Gulf, California) with a mean of ~30.5 + 3 m. Conse-
quently, the mean Late Pleistocene apparent uplift rate is 0.25 +
0.02 mm/yr. Holocene strandlines are present at 17 sites on coasts
located in a transform or strike slip context. The mean elevation of the
highest Holocene shoreline is 6.6 £ 1.0 m. MIS 11 shorelines (7 sites)
range from 20 + 1 m to 230 4+ 10 m with a mean of 76.1 + 6 m and a
consequent mean apparent uplift rate of 0.19 + 0.02 mm/yr for the
last 400 ka.

We distinguished four main types of convergent zones depending
on the nature of converging plates (Fig. 17).

On coasts located in front of oceanic plates where subduction occurs
underneath continental plates (OC, Nazca type), we distinguish 7 do-
mains (e.g. South West America, NW America, Kamchatka), from
which 174 sequences include an emerged MIS 5e benchmark. The ele-
vation of these MIS 5e shorelines ranges from 0 + 1 m to 330 4 20 m
with a mean of ~45.3 4 3 m. Consequently, the mean Late Pleistocene
coastal uplift rate is 0.37 £ 0.03 mm/yr. Holocene strandlines are pres-
entat41 sites and the mean elevation of the highest Holocene shoreline

is 5.6 4 0.9 m. MIS 11 shorelines (5 sites) are found at a mean elevation
of 241 + 15, yielding a consequent mean apparent uplift rate of 0.67 +
0.06 mm/yr for the last 400 ka.

On coasts located in front of oceanic plates that are subducting
underneath oceanic plates (0O, Mariana type) (Figs. 17 and 20), we
distinguish 4 domains (east Caribbean, West Pacific, Philippines,
Japan-Aleutian) where 142 sequences include the MIS 5e benchmark.
Eleven sites correspond to submerged shorelines and the elevation of
MIS 5e shorelines range from —85 4 2.5 m to 240 4+ 3 m with a
mean of ~51.3 & 3.1 m. Consequently, the mean Late Pleistocene coastal
uplift rate is 0.42 4 0.03 mm/yr. Holocene strandlines are present at 35
sites and the mean elevation of this highest Holocene shoreline is 8.2 +
1.1 m. MIS 11 shorelines (3 sites) are found at a mean altitude of 111 +
4 m and a lower mean apparent uplift rate of 0.28 + 0.02 mm/yr for the
last 400 ka.

On coasts located in front of continental plates subducting under-
neath oceanic plates (CO, Banda type), we distinguish one domain
(South Sunda) where 13 sequences include the MIS 5e benchmark
(Fig. 17). MIS 5e shorelines emerge at elevations ranging from 10 + 1
m to 180 £+ 3 m with a mean of ~66 + 2.7 m. with a mean Late
Pleistocene coastal apparent uplift rate of 0.54 + 0.04 mm/yr. Holocene
strandlines are present at 2 sites and the mean elevation of the highest
Holocene shoreline is 3 & 0.5 m. A MIS 11 shoreline is found on Sumba
Island at an altitude of 190 + 1 m, giving a consequent mean apparent
uplift rate of 0.48 4 0.02 mm/yr for the last 400 ka.

On coasts located in front of the collision of two continental plates
(CC), we distinguish 2 domains (i.e. Huon Peninsula in Papua New
Guinea and South Iran) where 10 sequences include an emerged MIS
5e benchmark (Fig. 17). The elevation of MIS 5e shorelines range from
15+ 1 m to 403 4+ 1 m with a mean of 179.3 £ 3.5 and a mean Late
Pleistocene coastal apparent uplift rate of 1.47 4 0.08 mm/yr. Holocene
strandlines are present at 8 sites and the mean elevation of the highest
Holocene shoreline is 14.1 4+ 1 m. MIS 11 shorelines have not been iden-
tified in such settings.

Elevation ~12 m =25

o Upliftrate , (mmiyr, mka)

~ 36 ~50 ~60

0.3 0.4 0.5

Fig. 20. Mean elevation of MIS 5e paleoshorelines and coastal uplift rate since the late Pleistocene as a function of geodynamics in Asia. See Figs. 15, 16 and 17 for symbols.
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5.3. Apparent uplift rates and geodynamics

All coastlines feature an apparent coastal uplift during the Quaterna-
ry and Neogene, regardless of the geodynamic settings. The fact that the
coastal sequences are similar in diverse dynamic, geomorphological,
physiographic as well as geological settings calls for a unique mecha-
nism overall. Yet, the causes remain poorly understood. We previously
advocated that this apparent uplift could result from an increasing gen-
eralized compression of continents during the Cenozoic (Pedoja et al.,
2011). This would result in the compression of any margin, and uplift
would be symptomatic (Yamato et al., 2013). We dismissed alternative
mechanisms, such as dynamic uplift as a response to mantle flow or
post-glacial rebound. The first potential alternative leads equally to ei-
ther uplift or subsidence, unlike the pattern of apparently ubiquitous
uplift that we found. The second potential alternative is not capable of
universal uplift on all coastlines. Above all, this scenario for uplift
would not persist from one glacial cycle to another but rather would
be followed by subsidence prior to uplift during the following cycle.

Alternatively, sea level drop could be envisioned as a forcing mech-
anism in opposition to ground motion. Eustasy caused by a decreasing
volume of water clearly has contributed to this scenario at least since
the last 5 Ma, as suggested by the oxygen isotopic record (Lisiecki and
Raymo, 2005). However, models suggest that sea-level height during in-
terglacial maxima did not exceed the present-day height by more than a
few meters (Bintanja and Van de Wal, 2008) for the last 2.9 Ma, and pos-
sibly around 25 m during the Mid-Pliocene Warm Period (2.9 Ma to
3.3 Ma) and earlier (Raymo et al., 2011). If glacio-eustasy were to be
the overall mechanism, emerged portions of coastal sequences would
be older than 2.9 Ma, in contradiction to the widespread occurrence of
many younger markers above present-day sea level. Lastly, eustastic
changes caused by time variations in the shape of oceanic basins are in-
sufficient, because the changes are too small over comparatively short
spans of time. All possible mechanisms (ridge volume, sediment infill,
continental contraction or seafloor volcanism and dynamic topography)
yield sea level drops that depart from the observed rate by an order of
magnitude (see review by Conrad, 2013).

However, some differences are notable and the various settings can
be classified as a function of their Upper Pleistocene coastal uplift rate.
In an ascending order (increasing apparent uplift rate), the results
from Table 1 read: Hotspot Chain (HS 0.01 4- 0.01 mm/yr), Passive Mar-
gin (PM 0.06 4+ 0.01 mm/yr), Rift (R 0.11 4 0.01 mm/yr), Transform
(TR 0.25 4+ 0.02 mm/yr) and Convergent subdivided in OC (0.37 +
0.03 mm/yr), 00 (0.42 + 0.03 mm/yr), CO (0.54 + 0.04 mm/yr),
CC (1.47 £ 0.08 mm/yr).

Along convergent margins, the way in which forearc dynamics re-
lates to the geometric and dynamic parameters of the subduction sys-
tem remains poorly known. Uncertainties about the evolution of
forearc areas underscore the fact that little or no straightforward rela-
tionships have been found between the deformation of forearc and
plate kinematics (Hartley et al.,, 2000; Houston et al., 2008). Uplift and
subsidence, erosion and detritical paroxysms poorly match changes in
plate convergence both in time and space (Hartley et al., 2000;
Houston et al., 2008). Additional difficulties arise from the fact that sev-
eral subduction-related processes may cause comparable rates of uplift
or subsidence. In a general manner, forearc uplift must at first relate to
the coupling between the two converging plates. This, in turn is regulat-
ed by the lithospheric and crustal rheologies, the thermal regime, and
other factors. A careful overview of such aspects is beyond the scope
of this paper but they have been regarded as effective factors in gener-
ating uplift in forearc areas. Not surprisingly, continent-continent re-
gimes (CC) display the highest uplift rates that are most likely caused
by tectonic shortening. The collision of Australia against SE Asia (CO)
has triggered a fast uplift of the Indonesian arc, because the continental
subducting plate forces the upper plate to rapidly deform. Ocean-ocean
convergence (00) is also accompanied by fast uplift rates of the adja-
cent islands, in spite of the global extension of the back-arc basins.

This is, of course, due to the tectonic compression, at least, in the accre-
tionary wedge (when present) that accompanies any subduction zone
regardless of the general extensional regime. Lastly, ocean—continent
subduction zones (OC) uplift at fast rates, too. There, the mechanisms
are less clear as they result from the combination of co-seismic uplift
(e.g. as in Vanuatu, see Taylor et al., 1980), tectonic shortening of the
upper plate, crustal underplating, and magmatic addition. Overall,
these mechanisms all combine to promote uplift on the various plate
margins.

Uplift along passive margins is a process that significantly postdates
rifting (i.e. Japsen et al., 2006). Difficulties in relating coastal uplift to the
dynamics of passive margins may lie in the fact that these (specially
drifted passive margins) may show very low exhumation and denuda-
tion rates over long periods of time. Thus, as suggested by Gallagher
and Brown (1999) the dominant surface process in the onshore region
is denudation, which acts to remove any direct evidence of surface up-
lift. Deep processes such as post-rift magmatic underplating and dy-
namic support also have been considered as dynamic aspects resulting
in uplift and denudation (i.e. Gallagher and Brown, 1999; Japsen et al.,
2006). Tectonic inversion of the rifted margins is probably the most im-
portant aspect generating uplift at passive margins but this aspect re-
quires a kinematic reorganization at the plate tectonics scale that may
result in ubiquitous uplift (see Pedoja et al., 2011). During the Cenozoic,
changes in plate tectonics, in particular the disappearance of the Tethys
and Farallon slab, the anchoring of the Nazca slab in the deep mantle
(Husson et al,, 2012) and the Alpine collision, increased the overall com-
pression in the lithosphere, which in turn could have triggered defor-
mation and uplift not only at both active and passive margins (Yamato
etal,, 2013).

The mean value that we derive here (~0.06 mm/yr) is half that
previously reported by Pedoja et al., 2011 (0.13 mm/yr on their
Fig. 5). In the present paper, we reappraised relevant data. In other
words, we first roughly classified the coastal sequences for active plate
boundary vs “passive margin” s.l. (Pedoja et al., 2011a). With our new
classification, large amounts of data (e.g. in California, Baja California,
Southern Mediterranean, etc.) exhibiting generally relatively high
elevation for MIS 5e were derived from this category of geodynamical
settings, thereby reducing the mean value. The revised mean elevation
of the MIS 5e benchmark for passive margins now stands within the eu-
static range of former estimates for MIS 5e sea level with respect to the
present-day (e.g. Waelbroeck et al., 2002; Siddal et al., 2006; Kopp et al.,
2009; Rohling et al., 2009). However, we must keep in mind that the
MIS 5e marker is embedded in staircase coastal sequences that, in
some cases, began to form during the earlier Cenozoic (e.g. Eocene
and Miocene in South Australia and Argentinian Patagonia, Oligocene
in Israel). Consequently, such morphologies cannot be explained by a
continuous Late Cenozoic regression punctuated by recurrent still-
stands in sea level and should not be interpreted straightforwardly
(see Kopp et al., 2009). Again, the mean values are only indicative as
they represent unevenly sampled coastlines.

As artifacts of slowly to moderately uplifting areas (geodynamic set-
ting PM, HS and Tr on Table 1), the reclaimed lands developed during the
Late Cenozoic are significant for the following reasons: 1) the Miocene
shoreline in south Australia extends over 4500 km and is sometimes lo-
cated 300-350 km inland (see figure 3 in Quigley et al., 2010); 2) the
Miocene shoreline in northeastern America is traced over 350 km
through South Carolina, North Carolina and Virginia, and typically
found 140 km inland; 3) in Israel, the Miocene shoreline is present
over 350 km of coasts and can be found 50 km inland; 4) in northern
Spain, Miocene shorelines lay over almost 350 km, and are located
3-8 km inland. These examples show the lateral growth of continents
during Late Cenozoic times that act to reclaim land overseas. Such a
widespread geomorphic record of long lasting uplift (i.e. Miocene and
older) represents convincing long-term evidence of the global compres-
sion against coastal margins so well exhibited through sequences includ-
ing the MIS 5e benchmark (Pedoja et al,, 2011; Yamato et al., 2013).
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Overall, sequences of strandlines evolved upward from well-
identified paleocoasts during the middle late Pleistocene, towards
more diffuse rasas. Lastly, mere uplifted coastal plains, with clearly indi-
vidualized shoreline angles (besides the uppermost marker) are gener-
ally absent during the Neogene and Paleogene (Figs. 2 and 3) (see one
rocky-shore exception in Gupta and Allen, 1999). Obviously, the mor-
phological signature vanishes backward in time, and a variety of reasons
can be invoked for this phenomenon. The first reason could be that the
uppermost, mid-Cenozoic strandlines are caused by any other process
than sea-level oscillations. Indeed, tectonic oscillations would sculpt
coastlines just as well as Quaternary glacial cycles do.

Although this explanation cannot be excluded, it is unlikely because
it requires fast operating shifts in tectonic that are incompatible with
the geological time scale of tectonic movements. Moreover for Neogene
sequences, erosion could have dampened the signal, which would alter
the morphology of older strandlines, and turn them into rasas and/or
coastal plains. Again, this explanation cannot be excluded, but it
may be difficult to push back the onset of the fast oscillating glacial
cycle into the Cenozoic. Instead, we suggest that Middle and Upper
Pleistocene strandlines are well identified from one another thanks to
the fast oscillating sea level that follows the mid-Brunhes event
(Jansen et al., 1986) with a periodicity of 100,000 years, as indicated
by the isotopic record (Lisiecki and Raymo, 2005). Earlier than this
event, sea-level oscillations were seemingly of smaller amplitudes and
faster wavelengths (40,000 yrs cycle). Because (1) sea level highstands
were of shorter duration and (2) because the shorter periods and ampli-
tudes more easily promoted the reoccupation of ancient paleocoasts
(e.g. terraces), fingerprints are smaller and compound morphologies
easily form as rasas. Lastly, there is no indication so far in the isostopic
record for oscillating sea level during the early formation of the ice
sheets in Antarctica during the Paleogene. Sea level could have then os-
cillated with a very long (1 Ma) period and small amplitude that only
promoted the development of the extremely wide coastal plains as for
instance found in Australia hundreds of kilometers inland. In principal,
this likely evolution of the ice sheets explains the evolving morphology
of strandlines as they age without the need for a selective erosion. In

1 Arctic 5 Somalia
2 Antarctic 6 South Persian Gulf
3 Islands South Atlantic 7 E.India

4 Central W. Africa 8 E. Bay of Bengal

other words, we strongly suggest that the different styles of the stairs
as they age in the coastal sequences are fingerprints of the switching
frequencies of glacio-eustatic fluctuations rather than the marks of an
increasing degradation of those markers caused by erosion (e.g.
Anderson et al., 1999).

6. Places for future refinements

Our analysis is based on a compilation of data of variable quality that
our strategy prevent from being assessed, verified, or improved individ-
ually; obviously it would be desirable to discuss each data at the light of
their specific dynamic settings. The corollary is that it is unrealistic to
use this database to extract single data points. Rather, we emphasize
that the multiplicity of data points makes it possible to have regional,
or even global analysis. Selective compilations conversely jeopardize
such enterprise. Instead, a possibility to improve the reliability of our
database would be to take advantage of developed probabilistic interpo-
lations of sea level change (e.g. Choblet et al., 2013); this would allow
for better averaging along documented coastlines and for excluding out-
liers that have no regional relevance.

While compiling the literature reviewed for this project, we found
that many Upper Cenozoic geomorphic indicators are qualitatively but
not quantitatively described (e.g. dating and/or leveling of the MIS 5e
benchmark, Fig. 21). These zones are concentrated at high latitudes
(Antarctic and Northern Russia, Canada and Greenland); Atlantic
islands such as Sao Tomé, Tristan da Cunha, Fernando de Norhona,
South Georgia, Meredith (Nunn, 1984); Central Africa, West and East.
To the west, 4 sites are documented between Sierra Leone (1) and
Ghana (3) along a ~1500-km-long coastal stretch. Coastal sequences
are found on the Ivory coast (3 marine terraces up to at least 12 m,
Bird, 2010) and Equatorial Guinea (Bird, 2010). To the east an excep-
tionally long segment of coast exhibits coral reef sequences that stretch
more than 1 00 km along the Somalian coast with a prominent coral reef
terrace at 7.5 & 1.5 m and reach elevations of about 145 m on some pen-
insulas (Ras Illigh for example) (Bird, 2010). In the Persian Gulf, well-
developed sequences are not described (e.g. Kuwait and Baluchistan

9 Indonesia & Papua
10 Tonga

11 Philipinnes and
north Indonesia

12 Mariannes
13 Kurils & Kamchatka

_—

Fig. 21. Major zones (in red) were coastal sequences also are present but poorly described.
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coasts) and on the coasts of India our record is limited both to the west
and east. Yet, sequences of paleoshorelines are present along the Bom-
bay-Panjim coast (Sukhtankar, 1995) as well as on the Karnataka and
Kerala coasts (Bird, 2010). Quantitative arguments are also lacking in
the eastern Bay of Bengal. Sequences are also identified but poorly de-
scribed on the coast of Burma and the Andaman Islands (Bird, 2010);
northern Borneo (both Malaysia and Brunei, as described in Bird,
2010), central Indonesia (personal observation), New Guinea (including
the Trobriand, Wollwark and New Britain islands see Ollier, 1975, 1978;
Bird, 2010) also represents a vast area lacking precise descriptions of the
coastal sequences. The same may be said for the Philippines and more
particularly the Sulu archipelago (Voss, 1974) or the Semiraras and
Talikud islands (Bird, 2010); some islands of the Marianas and Tonga.
The whole coast fronting the northwestern corner of the Pacific plate
features coastal sequences that are generally poorly studied, such as
the coast of the Kuril Islands (ex Kunashiri Island, Korotky et al.,, 1995;
Pushkar and Razzhigaeva, 2003), Kamchatka (Melekestsev et al.,
1974), Chuchotka and Aleutian Islands (Bird, 2010).

7. Conclusions

In this review, we compiled the mean rate of uplift for Cenozoic coast-
al sequences showing staircase geometries and analyzed their conditions
of formation and preservation. For sequences where the elevations of MIS
5e strandlines are known (926 sites), we added where available
elevations of Holocene (MIS 1, 185 sites), MIS 3 (~12 sites) and MIS 11
(31 sites) paleocoasts. Furthermore, we included the age and elevation
of the uppermost strandline in the sequence where dating from the
Early Pleistocene or older (135 “extrapolated” sites and 52 dated sites
with Neogene and/or Paleogene shorelines). This allowed us to classify
the different geodynamic settings as a function of their associated uplift
rates. In increasing uplift rates, the principal results from Table 1 fall
into the following categories: Hotspot Chains (0.01 4= 0.01 mm/yr), Pas-
sive Margins (0.06 + 0.01 mm/yr), Rifts (0.11 £ 0.01 mmy/yr), Transform
faults (0.25 4 0.02 mm/yr) and Convergent margins, further subdivided
into ocean-continent (0.37 + 0.03 mm/yr), ocean-ocean (042 +
0.03 mm/yr), continent-ocean (0.54 + 0.04 mm/yr), and continent—
continent (1.47 £ 0.08 mm/yr). Finally, we suggest that the formation
of compound constructions in coastal sequences has been operational
ubiquitously since the Miocene and locally the Eocene. The shaping of
“coastal staircases” increased during the Pliocene and Pleistocene as a re-
sult of the temporal variability in the frequency and amplitude of glacio-
eustatic fluctuations. The glacial cycle likely evolved from low-frequency
to very low-amplitude oscillations (possibly >10 Ma period) during the
Paleogene and part of the Neogene, towards faster (~40,000 yrs period),
low amplitude (~80 m) oscillations during the Pliocene and Early Pleisto-
cene. Since the Middle Pleistocene, oscillations switched to slightly longer
(100,000 yrs period), higher amplitude (~120 m) oscillations. We suggest
that the changing staircase morphologies of the world coastlines as they
age are fingerprints of the switching frequencies of glacio-eustatic fluctu-
ations on uplifted margins, rather than the marks of an increasing degra-
dation of those markers caused by erosion.
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