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Abstract
University of Southampton
Faculty of Natural and Environmental Sciences
Ocean and Earth Science
Doctor of Philosophy
A geophysical approach to reconstructing past global
mean sea levels using highly resolved sea-level records
Felicity Helen Williams
Sea level is an excellent proxy for past climate change as it represents the
combined impact of changing temperatures and ice volumes through time.
Reconstructing a record of global ice volume change is complex as the growth and
loss of high volume ice sheets results in a spatially varying pattern of sea-level
change. This is known as glacial isostatic adjustment (GIA) and means that all
past sea-level indicators are effectively relative sea level (RSL) indicators. Each
indicator is relative to a particular position on the Earth’s crust and requires a
GIA correction to reconstruct global mean sea level (GMSL).
Generating a GIA correction requires an appropriate ice volume and
distribution history. As no field-constrained global ice history exists beyond the
last glacial maximum we create five different global ice-loading histories to
investigate a range of potential ice volume and dispersal scenarios through the last
interglacial.
Within this thesis we develop a methodology for inclusion of coral taxon
depth-habitat relationships in the uncertainties associated with fossil coral
reconstructed relative sea levels. We test our ice histories against the coral dataset,
and find the best matches to the coral dataset come from ice histories that contain
a longer interglacial and / or reduced ice volume through the interglacial than is
currently found in many continuous records of sea level.
We model the GIA response of the Hanish and Camarinal Sills, and Rosh
Hanikra on the Israeli coast to determine how two continuous RSL curves, for the
Red Sea and Gibraltar respectively, and the temporally discrete RSL indicators
relate to GMSL. Our analysis reveals sensitivities that may be used to constrain
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the evolution of a past Eurasian ice sheet.
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Chapter 1
Introduction

1.1

Context

Reconstructing past climate variations has the potential to inform short-term and
long-term predictions of variation in present-day climate, both as a result of
natural and anthropogenic influences. Changes in sea level are a visible expression
of a warming planet and have long been recognised as being one of the most
important economic and environmental impacts of climate change (IPCC, 1990). A
considerable proportion of the world’s population and industry is located in coastal
areas, and is vulnerable to both changes in mean sea level and associated tide or
storm related extreme weather events.
Investigations of present-day changes in sea level have revealed variations
that occur on daily to annual or decadal timescales due to winds, tides, storms,
atmospheric pressure and weather patterns such as the North Atlantic Oscillation
(Tsimplis et al., 2006; Church et al., 2013). These modern observed sea-level
variations are linked to drivers such as atmospheric pressure changes, or are
associated with processes that occur on longer timescales; for example the
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hydrological cycle, thermal expansion of the oceans, or on-going adjustment of
land-masses and ocean basins due to past glaciations (glacial isostatic adjustments,
GIA) (Milne et al., 2009). Considerable resources are involved in ever more precise
measurements of present-day changes in sea level (Bindoff et al., 2007; Church
et al., 2013).
These GIA processes operate on multiple timescales; there is an immediate
elastic component in response to surface loading or unloading, and a longer-term
response, of the order of tens to thousands of years, as the mantle that is displaced
by loading or unloading behaves as a viscous material (Walcott, 1972). Therefore,
in order to make a precise measurement of present-day processes, we need to
account for mass loading changes in the past. To understand current trends, we
therefore need to look further back in time, and develop the palaeoclimatic archive
of evidence.
As past sea level cannot be directly observed we develop proxies for past
sea-level change. These proxies fall into two categories; discrete indicators that
describe the sea level at a particular point in time, for example fossil corals, or
continuous sea-level indicators that chart the rise and fall of sea level over time.
Examples of continuous records include the Red Sea relative sea level (RSL) curve
(Grant et al., 2014), or the Lisiecki-Raymo stack (Lisiecki and Raymo, 2005).
High-resolution palaeoclimate proxies allow us to develop scenarios for how
indicators of climate change, such as sea-level, can vary within the timescales of our
most highly resolved indicators - 100 to 200 years. Both discrete and continuous
sea-level indicators can give high resolution records; unaltered corals can be dated
with Uranium/ Thorium (U/Th) isotope methods, and the sedimentary cores than
underlie continuous methods can be sampled at small temporal increments.
Although salt-marsh microfossils offer a maximum resolution of up to 20 years
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(Milne et al., 2009) indicators of this type are not considered within this thesis.

1.2

Aims

In 2010 the United Kingdom’s Natural Environmental Research Council (NERC)
funded the consortium project ‘Using interglacials to assess future sea-level
scenarios (iGlass)’, whose overarching motivation is to study the response of sea
level to different climate states, and to better understand the processes of ice-sheet
response to climate forcing and their associated control on future maximum sea
level rise estimates. This PhD thesis forms part of the iGlass project and seeks to
develop our understanding as to how the high resolution Red Sea RSL record for
the last 500,000 years (Grant et al., 2014) relates to a record of global mean sea
level (GMSL).
We define GMSL as an average sea level across the globe, where the
calculations used to generate GMSL incorporate time dependent shorelines
including migration of shorelines due to growth or melt of marine terminating ice
sheets, solid earth deformation, and feedback from the earth’s gravitational
rotation vector. Once a record of GMSL exists we can use it to infer changes in ice
volume over time.
To understand the relationship between RSL and GMSL for the Red Sea
RSL curve, we model glacial isostatic adjustment (GIA) to determine how the
Hanish Sill, a key location in the generation of the Red Sea RSL curve, responds
when we vary the parameters used to describe the Earth structure and global ice
volume. Using this relationship we then create a global ice-loading history that
simulates the Red Sea RSL curve. We test this ice-loading history, and other
ice-loading histories we build from alternate continuous sea level records, against a
database of fossil coral sea-level indicators that is also developed as part of the
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iGlass project (Hibbert et al., submitted).
We then apply a GIA modelling approach to reconstruct GMSL from a newly
developed continuous RSL curve, which describes sea level at the Strait of
Gibraltar for the past 5.3 million years (Rohling et al., 2014). This location in the
western Mediterranean displays greater sensitivity to a larger Eurasian ice sheet,
such as that thought to have existed during MIS 6 (Svendsen, 2004). We use this
characteristic, in conjunction with GIA corrections developed for an alternate
location on the eastern Mediterranean (Chapter 7) to outline a method for
constraining the variation of the Eurasian ice sheet during MIS 6. The more
accurately we can constrain each major ice sheet, the more accurate our
reconstructions of GMSL from relative sea-level indicators will be.

1.3

Sea-level proxies

1.3.1

Continuous records

Multiple continuous records of sea level exist that cover the last 500,000 years,
with varying levels of resolution and precision. The Grant et al. (2012) and Grant
et al. (2014) Red Sea RSL curve is reported with a data point every 125 years and
a 2 sigma uncertainty of approximately ±3 m. The chronology is independent of
ice-core chronologies, allowing for independent analysis of the ice-volume to
sea-level relationship.
The RSL curve is developed using a method that links the δ 18 O isotope ratio
with past sea levels. The shallow Hanish Sill (Werner and Lange, 1975) restricts
exchange between the Red Sea and the Indian Ocean, resulting in increased
residence times within the Red Sea (Siddall et al., 2002). The Red Sea has no
riverine input, and a high net evaporation rate (Sofianos et al., 2002), resulting in
24

1.3. Sea-level proxies
amplified changes in the the δ 18 O oxygen isotope ratio, where:
(

δ 18 O =  (

δ 18 O
δ 16 O

δ 18 O
δ 16 O

)



) sample − 1
 × 1000%

(1.1)

standard

The delta formulation of relative isotope abundances was discussed in a
lecture to the American Association for Advancement of Science (Urey, 1948) and
formally defined by McKinney et al. (1950). The factor of 1000 (which is avoided
in some formulations of the same equation, e.g. Hayes (2004)) indicates that the
results of the calculation are expressed as parts per thousand, or per mille .
A hydraulic exchange model links the δ 18 O values recovered from calcium
carbonate shells of foraminifera in sedimentary cores recovered from the Red Sea
with sea level relative to the Hanish Sill (Siddall et al., 2003), the location that
controls water-mass exchange between the Red Sea and the Indian Ocean. The
Red Sea RSL curve therefore relates to one geological position, the Hanish Sill.
The hydraulic exchange model generates an RSL curve relative to a point in
space, and to relate that past sea level to a present-day sea level, we need to
account for any tectonic shift in the sill position over time (figure 1.1). The Hanish
Sill is described in literature as being tectonically quiescent (Barberi and Varet,
1975; Hofstetter and Beyth, 2003; Bosworth et al., 2005; Lambeck et al., 2011),
and this static behaviour has been attributed to the development of “off-axis” rifts
in the Afar Triple Junction (Ayele et al., 2007; Bosworth et al., 2005; Acocella
et al., 2008).
Analysis linking past sea levels with a tectonically-adjusted sill position
(Rohling et al., 1998) indicates that uplift of the sill is very small at 0.044 ± 0.022
m kyr-1 , and this tectonic adjustment is applied to the sea level curve generated by
the Red Sea method, so that the reconstructed RSL values are relative to present
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Figure 1.1: Impact of sill uplift over time on reconstructed relative sea level, relative
to the land and relative to present day.

day. Figure 1.1 indicates the dependence of RSL on the changing position of the
land underneath it.
Generated using a similar technique, the Rohling et al. (2014) Gibraltar RSL
curve is a continuous record of sea level at the Camarinal Sill, the hydraulic
control point for exchange between the Atlantic Ocean and the Mediterranean
(Bryden and Kinder, 1991; Rogerson et al., 2012), for the past 5.3 Myr. The
resolution is not yet as high as for the Red Sea, and the propagated vertical
uncertainty is approximately 20 m. We apply methods developed to determine the
relationship between RSL and GMSL at the Hanish Sill, to the Camarinal Sill, in
order to provide initial continuous estimates of GMSL for this extensive period. As
with the Red Sea RSL curve, understanding the tectonic evolution of the
Camarinal Sill is also a vital part of reconstructing its RSL curve.
As a proxy, the δ 18 O signal in carbonate shells from open ocean sediment
cores is dominated by an ice-volume and a temperature component. The signal is
captured in multiple sedimentary records, with different approaches applied
towards interpreting them. One example is the benthic δ 18 O record as created by
Waelbroeck et al. (2002), who combine six benthic records to create a composite
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sea-level record with 1.5 kyr steps covering four glacial cycles. The process involves
decomposing the δ 18 O signal into a local signal and an ice-volume signal and then
deducing deep water temperature changes, with variations in δ 18 O scaled to
sea-level changes using a variety of coral-based sea-level reconstructions.Each time
step has a propagated sea-level uncertainty of ±13 m (this includes the
chronological uncertainty, which varies between 0.5 - 0.8 ka up to 40 ka, and is ±4
ka beyond the 40 ka time point). Waelbroeck et al. (2002) make the assumption
that the benthic stack corresponds to a global signal, and therefore should contain
the signal of GMSL.
The Lisiecki-Raymo δ 18 O benthic stack(Lisiecki and Raymo, 2005) (LR04)
has become a standard palaeoceanographic record for Pliocene-Pleistocene period.
This stack represents a global δ 18 O record with a high signal-to-noise ratio.
However, despite containing 57 separate records it remains geographically sparse,
particularly in the Indian Ocean. LR04 has its own age model, dated using a
variety of different approaches for different portions of the stack: the 0-22 ka
interval is dated by correlation to a

14

C-dated record; in the 22-120 ka interval,

LR04 is aligned with a high-resolution benthic record dated by correlation of
millennial-scale features to the GRIP ice core, with Termination II dating taken
from U-Th dating of coral terraces. Further back in time the stack is aligned with
a simple model of ice volume changes driven by an orbital forcing function. Timing
uncertainties within the stack are at 4 kyr for the time-span used within this thesis.
A further means of exploring the past is found in climate models and the
reconstructions that result from their application to palaeoclimate. Within this
thesis we use predictions generated by a 3-dimensional ice model created by
de Boer et al. (2014) which reconstructs the dynamic history of four major ice
sheets coupled with a GIA sea level change model, SELEN (Spada and Stocchi,
2007). This climate model creates both a detailed ice volume and sea-level history
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covering 5 million years.

1.3.2

Discrete records

Figure 1.2: Live corals on the Great Barrier Reef, Australia. Fossil corals recovered
in growth position can be used to reconstruct past sea-level by comparison to the
present-day coral taxon depth-habitat relationship. (Source: F.H. Williams).
Two different types of discrete indicators are used within this thesis. Fossil
corals representing a variety of different species from different locations across the
globe are used to test the global ice-loading histories developed in Chapter 4. In
Chapter 7 we model the GIA response of a location in which an outcropping unit
containing fossil gastropod, Strombus bubonius, has been found.
To turn discrete samples into sea-level indicators we need to be able to
quantify several attributes: age, palaeoelevation, and relationship to sea level. The
age of the sample always has uncertainties, depending on the method used. The
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elevation of the recovered sample may also have uncertainties depending on how it
was measured, and also we may need to account for systematic changes to that
elevation i.e. due to tectonic uplift. In considering the sample’s relationship to sea
level we need to consider how the depositional environment of the sample relates
to a local sea level - the sample’s “indicative meaning”. For example, for a coral
sample recovered in growth position, we can use its modern habitat-depth
relationship determined via surveys of modern reefs (figure 1.2), and the
assumption that this habitat-depth relationship has remained constant through
time, to determine the indicative RSL range of the recovered sample.

1.4

Glacial isostatic adjustment corrections

In order to convert Red Sea RSL to GMSL and to thus infer ice volume, we need
to generate a GIA correction for the Red Sea RSL curve. This correction is the
difference between GMSL and the RSL at a given location, for each point in time
we are investigating - in this case the Hanish Sill over the last glacial cycle. If we
can develop the corrections for the last glacial cycle, we assume that we can then
apply the method further back in time, to cover the full duration of the Red Sea
RSL curve.
GIA describes the process by which the growth and loss of land-based ice
deforms the lithosphere and causes mantle material to flow. The process over
multiple glacial cycles is visco-elastic and can be modelled, as we do, using a
Maxwell model of the earth which describes the earth response in terms of a
viscous damper, or dashpot, and elastic spring connected in series, figure 1.3.
The response time τ of the system is described (Wahr, 1996):
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Figure 1.3: Maxwell model of the Earth’s response: a spring, with elasticity µ units
of Pa, and a dashpot with viscosity η units of Pa s, connected in series.

τ=

η
µ

(1.2)

At timescales shorter than τ the system will be dominated by the elastic
response, but for loads applied over timescales longer than τ the viscous response
will dominate. For µ on the order of 1010 to 1011 Pa (Ji et al., 2010), relaxation
times for mantle viscosities between 1018 and 1022 Pa s ranges between 1̃ yr to
30,000 yr. A low (1018 Pa s) mantle viscosity results in less viscous “memory”,
whereas the higher mantle viscosities (1022 Pa s) result in a long-timescale viscous
response. The long-term viscous response means that in modelling, for example,
present-day behaviour, ideally we need to model a response that covers the full
glacial cycle prior to present day.
A GIA model requires a past ice history as an input in order to generate RSL
curves for geographic points of interest. GIA modelled sea levels will be dependent
both on the input ice history, and on the earth structure used in the GIA
modelling. Within this thesis we use an existing global ice-loading history, and
generate further ice histories based on the continuous records described above to
explore the relationship between RSL and GMSL for the Hanish Sill, and thus the
Red Sea RSL curve. A test of an ice-loading history is its ability to model and
reproduce RSL curves taken from multiple locations.
In practice, ice histories are difficult to reconstruct, and at present only a
small number of field-data constrained global ice-loading histories exist. The first
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is a set of ice histories developed by Professor Peltier and associates of which the
most recent version is ICE-6G (Peltier et al., 2015). The second represents a global
history led by Professor Lambeck and known as the ANU model, which appears to
be developed incrementally, ice sheet by ice sheet (examples include Lambeck
(1993); Lambeck (1995); Fleming and Lambeck (2004); Lambeck et al. (2010)),
and which has most recently been used to reconstruct that last deglaciation
(Lambeck et al., 2014). Currently only the ICE-XG family of ice files are publicly
available. Smaller-scale, field-data constrained, ice-sheet specific models also exist
(Kuchar et al., 2012; Whitehouse et al., 2012) but are not used within this thesis.

Figure 1.4: A comparison between a modelled global mean sea level from the GIA
model using Ice A as an input ice history (ice volume expressed as metres equivalent
sea level m.e.s.l.), and the SPECMAP δ 18 O curve (secondary axis) (Imbrie et al.,
1984).

The first ice history we work with is a version of the ICE-5G (Peltier, 2004)
ice history adapted to cover two glacial cycles with a 4 kyr MIS-5e interglacial
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period. ICE-5G is primarily a deglaciation history from the Last Glacial Maximum
developed in an iterative process to fit to multiple and globally-sourced records of
RSL. The adapted ice history, Ice A, is referred to in multiple investigations
throughout this thesis. The timings of the amplitude changes in the glacial cycle
are after the Imbrie et al. (1984) SPECMAP reconstruction (figure 1.4).
GIA corrections for the Hanish Sill will be dependent on the amplitude of ice
volume change over a glacial cycle contained within the ice history. There is also
the potential that the geographic distribution of ice within that ice-loading history,
as well as the earth models chosen to represent the viscoelastic structure of the
earth, will affect the GIA corrections. To explore these parameters, we develop five
additional ice volume histories, based on existing continuous palaeoclimatic records
of sea level, or ice volume change. These are described in more detail in Chapter 4.
The first of these five generated ice histories, Ice 1, draws upon the Red Sea RSL
curve (Grant et al., 2014) with ICE-5G as a distribution template for the location
of ice. Ice 2 is also based on the Red Sea RSL curve as a tuning target for
amplitude changes, but uses the de Boer 3D reconstruction (de Boer et al., 2014)
as a distribution template. Both Ice 1 and Ice 2 reproduce the features seen in the
Red Sea RSL curve. Ice 3 is an interpolated version of the modelled predictions of
de Boer et al. (2014) which is compatible with the Gaussian grid used in the GIA
modelling. Ice 4 is based on the Lisiecki-Raymo stack (Lisiecki and Raymo, 2005)
and Ice 5 is developed from the Waelbroeck et al. (2002) continuous sea-level
record. All ice histories are tested against a global compilation of fossil coral
indicators (Hibbert et al., submitted) for the period of time spanning 110 ka to 150
ka.
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1.5

Structure of thesis

In Chapter 2 we outline some key concepts and methodologies of GIA modelling
that are used throughout this thesis. Chapter 3 opens with Hibbert et al.
(submitted) “Coral Indicators of past sea-level change:a global repository of
U-series dated benchmarks”. This describes in detail the development of a
comprehensive database of coral sea-level indicators. Within Hibbert et al.
(submitted) we apply a new approach to quantifying the uncertainties associated
with coral based sea-level reconstructions. This incorporation of coral taxon
habitat-depth relationships is described in more detail within Chapter 3, and the
methodology is extended to incorporate time-dependent pre-calculated GIA
corrections. The development of the database is one of the key deliverables of the
NERC funded iGlass project.
In Chapter 4 the development of multiple global ice-loading histories (Ice 1,
2, 3, 4, 5) based on the Red Sea RSL and other continuous sea level records is
described. Using the coral database provides a key test of our ability to recover
GMSL from the Red Sea RSL record. If the ice history developed to correct the
Red Sea RSL to GMSL is accurate at more than a local scale, it should also be able
to reproduce sea level as described by the coral data points. In order to generate a
sound comparison uncertainties need to be quantified in all measurements.
Chapter 5 explores both the response of the Hanish Sill to GIA and the
mechanisms responsible for the response in this location. Initial results are
described in Grant et al. (2014) and further investigations within Chapter 5
deepens our understanding as to how the Hanish Sill, and therefore the Red Sea
RSL curve, responds to changes in global mean sea level (GMSL). In Chapter 6 we
apply a similar methodology to investigate the response of the Camarinal Sill to
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GIA, with preliminary results published in Rohling et al. (2014). Both the
response of the Hanish Sill and the Camarinal Sill are dependent on a past
ice-loading history. Within Chapter 6 we consider that the sensitivity of the
Camarinal Sill to a Eurasian ice sheet will become a key constraint for
reconstructions of an extended MIS 6 Eurasian ice sheet.
Chapter 7 investigates the GIA response for a location where a different type
of sea-level indicator is found. At Rosh Hanikra in Israel outcropping units
containing the diagnostic fossil Strombus Bubonius have been documented. Given
large uncertainties in dating for these fossils we develop a modelling approach that
allows us to describe a range of potential GIA corrections for a generalised
interglacial period. Rosh Hanikra is also found to be sensitive to the Eurasian ice
sheet, and the sea-level indicators from this region will also be a key constraint on
global ice history for MIS 6. We conclude the thesis and discuss future research
possibilities in Chapter 8.
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Chapter 2
Methods

2.1

Glacial isostatic adjustment (GIA)

Figure 2.1: Present-day retreat of the Moiry glacier, Switzerland. The melt of land
based ice leaves visible traces on the landscape, and contributes to a glacial isostatic
adjustment response. (Source: F.H. Williams).
Glacial isostatic adjustment theory describes the spatial and time varying
response of local sea-level changes to global changes in grounded or land-based ice
growth and loss. We use GIA to look at large amplitude variations in ice volume,
such as seen over the glacial-interglacial cycle (Chapters 4 and 5 in particular),
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and much smaller responses seen on a local scale in response to the growth and
melt of glaciers, figure 2.1 and Chapter 6. The GIA model used in this thesis is
based on the methodology outlined by Kendall et al. (2005). Here sea level is
defined as being the distance between the geoid (an equipotential surface of the
Earth’s gravity field which represents global mean sea level (GMSL)) and the solid
earth, R:

SL(θ, ψ, tj ) = G(θ, ψ, tj ) − R(θ, ψ, tj )

(2.1)

This is equation 1 in Kendall et al. (2005), and θ and ψ represent colatitude
and longitude, t is time, and the subscript j represents a point in time. Changes in
sea level therefore occur in response to either a perturbation in the geoid or the
solid surface, R, such that the equation for sea level, SL, is:

∆SL(θ, ψ, tj ) = ∆G(θ, ψ, tj ) − ∆R(θ, ψ, tj )

(2.2)

(Equation 7 in Kendall et al. (2005)). The full Kendall et al. (2005) method
incorporates self gravitating ice sheets (Woodward, 1888), a 1-d viscoelastic earth
response (e.g. Walcott (1972)), shoreline migration, appearance and disappearance
of marine terminating ice sheets (the evolution of the theory to encompass
shoreline migration is reviewed by Mitrovica and Milne (2003)), and mass
redistribution feedbacks to the earth’s rotation vector (Milne and Mitrovica, 1996).
Self gravitation describes the phenomena of mass attracting mass, which
results in an incongruous sea-level rise in the vicinity of large ice sheets. The 1-d
earth model describes the earth in terms of three concentric layers; an upper
elastic lithosphere of various thicknesses, and two mantle layers - upper and lower,
with variable viscosity values. Handling marine terminating ice sheets is important
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for both the direct effect on sea-level in terms of water influx into a space vacated
by ice, but also for the associated deformational effects (Milne et al., 1999). The
impact on sea-level of a rotation vector perturbed by shifts in mass on the earth’s
surface is small in comparison to self-gravitation or the mass loading effects, but it
is large when compared with uncertainties of GPS surveys and therefore relevant
when GIA is applied to analysis of present-day earth response, and changes in sea
surface height (Mitrovica et al., 2001).
There are different approaches to categorising the complex sea-level response
to changes in ice volume and a deforming earth. Clark et al. (1978) describes six
different zones (given a uniform instantaneous melting scenario) within which the
sea-level response curve has similar characteristics. The zones start with 1 a
formerly glaciated area, through a collapsing or migrating forebulge area through
to zone 6 the continental shorelines. A different approach by Milne and Mitrovica
(2008) describes areas in terms of their departure from GMSL at specified points
in time.
At the simplest level, we can categorise geographic locations and their
sea-level response as being near-field, far-field, or some admixture of the two. A
near-field response is expected to be large-amplitude and dominated by an elastic
earth response. The near-field response is commonly used to constrain mantle
structure. Far-field locations are expected to be less sensitive to earth model
parameters, and to mostly record ice-volume or sea-level change.
Far-field sea-level indicators, such as the fossil corals, tend to be taken from
either continental or island based coastal regions. In both locations GIA
mechanisms may mean that the RSL registered by the sea-level indicator varies
from GMSL. At a continental coastal region the coastal levering effect, whereby
the difference between oceanic and land based loading causes localised levering of
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the continental shelf, may dominate the response. Although islands based in a
deep-ocean setting were hypothesised to more closely replicate GMSL change than
the continental coast (Bloom, 1967), the sea-level response particularly in
equatorial regions is now known to be subject to an ocean syphoning GIA response
as water migrates to a collapsing forebulge zone post glacial maximum (Mitrovica
and Peltier, 1991) or a region of ocean-basin subsidence caused by the coastal
levering (Mitrovica and Milne, 2002).
Mitrovica and Milne (2002) investigate regions that demonstrate the least
sensitivity to earth structure, and find that within their model boundaries no
single location exists that perfectly represents GMSL. So even if the response of
sea level in the far field wasn’t sensitive to changes in earth model it would still be
difficult to find a location where the glacio-isostatic response was balanced by they
hydro-isostatic response such that changes in RSL perfectly matched changes in
GMSL. Moreover even if that location existed for one point in time, it is likely that
the location where RSL=GMSL would also have to change with time (Lambeck,
1993).

2.2

Earth models

Within this thesis the range of earth models that we work with covers lithospheric
thicknesses of 71, 96 and 120 km, eleven parameterisations of upper mantle
viscosity in the range between 1 × 1020 to 1 × 1021 Pa s, and fifteen
parameterisations of lower mantle viscosity in the range 2 × 1021 to 5 × 1022 Pa s,
495 parameterisations. The elastic and density structure of the earth model is
given by the preliminary reference earth model (PREM) (Dziewonski and
Anderson, 1981) with the boundary between the two viscous regions at 670 km
depth.
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The full range of results are not always generated or considered. Where a
subset of earth models are used to generate results they are checked to ensure that
the results are representative of a full range of earth models (e.g. section 5.3 or
Chapter 7) or if individual earth models are chosen then a rationale is given (e.g.
section 4.3.1).

2.3

Quantifying uncertainty

A continuing problem in the literature is how best to represent and incorporate the
uncertainties introduced into sea-level reconstruction via the inclusion of glacial
isostatic adjustment. To understand the modelled results we need to be aware of
the simplifications made in developing the model. For example, we describe the
earth response using a 1-D parameterisation of its viscous properties, even though
we know that the actual rheology is much more complex, and that this complexity
has real effects on GIA reconstruction. Austermann et al. (2013), demonstrate
that incorporating 3-d rheology into a reconstruction of Barbados sea level results
in an estimate of GMSL at the Last Glacial Maximum being -130 m as opposed to
the value of -120 m generated using a 1-d mantle viscoelastic structure.

Best-fit approach
Uncertainty in sea-level reconstruction using GIA models arises out of uncertainty
in the earth model, the ice history we use, and the model of the earth’s response
we are using. The "best-fit" approach assumes that there is one correct earth
model, which will minimise the difference between observed sea-level indicators
and modelled sea-level indicators. The approach is used in many GIA
investigations (Argus and Peltier, 2010; Lecavalier et al., 2014; Woodroffe et al.,
2015) with the measure of fit usually quantified by the chi-squared value:
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χ2 =

n
∑
(Oi − Ei )2

Ei

i=1

(2.3)

where O is observed value, and E is expected value. This effectively gives a
measure of misfit per degree of freedom, with the minimal offset relating to the
optimal earth model. An F-test can then be applied to the optimal earth model, to
quantify the χ2 value at which other earth models can be said to be statistically
similar. The F-test is designed to test if the variances of two populations are equal
so the test can be applied to quantify how different the predicted relative sea levels
(RSLs) generated via each earth model are from each other and determine at what
value they become statistically distinct. (Where F-tests have been employed in
this thesis, they are implemented using Microsoft Excel for Mac 2011, and degrees
of freedom are set as being total time steps of the modelled reconstruction minus
1). The range of models that falls within the confidence limit can then be used to
generate the range of uncertainty in RSL values added by the GIA reconstruction.

2.3.1

Source uncertainty

Another approach considers different sources of ice-volume change. In this
approach an earth model is chosen, perhaps as an optimal earth model in a
measure of fit to either local or global indicators, and loss or growth of ice volume
is specified to different ice sheets. The variation in sea level that is then modelled
as a consequence reflects the uncertainty in the GIA corrections as a result of
melt/growth uncertainty (O’Leary et al., 2013).
It is important to remember that the 1-d viscoelastic earth that we model the
response of does not exist in reality. Hence a particular earth model
parameterisation may give a best fit, in a given environment, as measured by
match of observed data to model predicted sea levels, but this is not the same
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thing as saying that Earth has this particular global viscous structure. Consider
two totally different locations that each contain a suite of sea-level indicators, but
have very different earth structure beneath them (say a triple junction rift zone
versus somewhere on a continental margin with a thick lithosphere and broad
terraces stepping down through the continental shelf.) When modelling, we seek a
best fit earth model that fits both sets of data. If we had chosen an earth model
that only suited the rift zone, that would be the same as saying the entire globe
had rift zone rheology, and would introduce errors in sea-level reconstructions in
other locations. Lambeck et al. (2014) addresses the problem of earth model choice
via an inverse approach, which works with both high and low viscosity lower
mantle parameterisations. In this instance, both the high and the low viscosity
models fit the test data, and external knowledge must be applied outside of the
modelling methodology to choose a preferred solution.
A further note of consideration is raised by Hay et al. (2014), who
demonstrate that if one models a past interglacial using an ice model of
present-day ice-volume, and correct local RSLs using a GIA correction generated
using that ice model, one cannot interpret any residual signal as relating to global
ice volume; the residual remains relevant only as a local residual.
As we attempt to reconstruct ice-loading histories further back in time both
the sea-level indicators used to constrain RSL changes and the physical field
evidence constraining the locations of past ice growth and melt reduces. As a
result once we are considering timeperiods older than the Last Glacial Maximum
more uncertainty exists regarding the volume of ice sheets as well as geospatial
configuration. As we are considering timeperiods that go beyond the Last Glacial
Maximum there are large uncertainties to explore in terms of ice volume amplitude
change before we can start to investigate specific source melt scenarios. We
therefore generate multiple ice loading scenarios based on different continuous
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records, and then start to incorporate some variation in distribution of ice volume.
This approach allows us to quantify some broad uncertainties relating to the ice
histories used in this thesis.

2.3.2

Assessing fit of generated ice history to source data

We use a measure of fit to determine how well an ice history represents the data it
was developed from and to quantify the fit between predicted RSL curves and
discrete coral sea-level indicators. The chi-squared / F-test methodology is used
quantify how statistically similar the modelled RSLs and GMSLs are to either the
Grant et al. (2014) Red Sea RSL curve or the de Boer et al. (2014),Waelbroeck
et al. (2002) or Lisiecki and Raymo (2005) LR04 stacks, although we do not then
make these results the basis of which earth models we work with. Where a reduced
set of earth models is used, we choose to work with a subset of earth
parameterisations that cover the full range of the modelled response, without
directly translating this into a measure of uncertainty. The GIA model is a
theoretical representation of earth behaviour, the uncertainty relates to its ability
to adequately represent a highly complex system, rather than the calculations the
model performs, and this is more difficult to quantify. We use these simplified
parameterisations of earth structure out of necessity in the calculation and do not
assert that they are an accurate representation of the Earth. However, we believe
that these models capture the general behaviour of earth and ocean response. This
approach can still help deliver many useful insights into past sea-level
reconstruction, and is appropriate to use in addressing the question as to how the
Red Sea RSL relates to GMSL.
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2.4

Maps and source data

All maps throughout this thesis have been produced using the Generic Mapping
Tool (GMT) software, (Wessel et al., 2013). Topographic data has been extracted
from the ETOPO1 dataset distributed by the National Geophysical Data Centre
(Amante and Eakins, 2009) and bathymetric data extracted from the
GEBCO_2014 Grid, version 20150318 (Chapters 5 and 6) and version 20141103
(Chapter 7), http://gebco.net. Plate boundary data was taken from Bird (2003).
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Chapter 3
Corals as indicators of past sea-level
change
Parts of this chapter have been submitted as Hibbert et al. (submitted). We open
this chapter with the manuscript and then provide further detail on the
methodologies used within the manuscript.
Author contributions: —
F.H.W.:
• assisted in data identification, entry and quality assurance of data for the
database
• contributed to decisions on structure and methodology for dealing with
incomplete data in the literature
• calculated the regional relative sea level (RSL) reconstructions for Barbados
and Tahiti
• wrote the Monte Carlo code for determining RSL uncertainties
• further developed this code to incorporate temporal uncertainties and a
pre-calculated glacial isostatic adjustment (GIA) correction
• developed the method for displaying the output of the fossil coral Monte
Carlo simulation of uncertainty
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Abstract

17

Fossil corals provide valuable data for reconstructing past sea levels, as they are

18

often well preserved in the fossil record and can be dated with U-series dating

19

methods. Here we present a global and internally consistent database of U-Th dated

20

fossil coral sea-level indicators, including full consideration of all (known) associated

21

uncertainties (both vertical and chronological). We include carefully determined

22

taxon-specific information on habitat depth-preferences, rather than blanket depth

23

uncertainty terms as used in previous work. This is based on a synthesis of

24

extensive modern ecological information on depth ranges. These ranges are found

25

to be spatially variable (between ocean basins, between regions, and on subregional

26

scales) because depth itself is not limiting – instead, depth distributions arise from

27

complex physical, chemical, and biological interactions with coral-reef growth,

28

distribution, and composition. One of the main causes for recognition of the greater

29

depth-variability of coral taxa has been the routine inclusion of deep-diving and ROV

30

surveys in coral ecological studies over the past few decades, which has broken

31

through the “shallow-water” bias of early surveys by adding frequent observations on

32

deeper occurrences (although more are needed). It is also clear from our

33

assessment that coral habitat-depth distributions must be determined on the species

34

level to reduce depth uncertainties, and that application to sea-level studies then
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35

requires these studies to also identify fossil corals to the species level (most existing

36

data were determined only to the genus level, which gives rise to wide uncertainties

37

in habitat depth and, hence, sea level). Our database contains extensive metadata to

38

assist evaluations of dating quality, as well as geomorphic and stratigraphic

39

metadata. We demonstrate with examples how such metadata can help to

40

interrogate sea-level reconstructions, for example by identifying outlier points. The

41

first example concerns the Last Interglacial (LIG), where we use the available data

42

with their uncertainties to probabilistically assess the age of the LIG, which yields a

43

mean age of 124.6 ka with 95% probability bounds at 118.5 and 129.5 ka. We

44

conclude with identification of key outstanding issues, with suggestions for strategies

45

to address these issues.

46
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51

1. INTRODUCTION

52

Fossil corals have provided valuable insights into past changes in sea level, from the

53

early studies that tested Milankovitch pacing of glacial-interglacial cycles (e.g., Bard

54

et al., 1990), to more recent work on detailed, high-resolution reconstructions of past

55

sea levels that support investigations of past ice-sheet dynamics (Clark et al., 2002;

56

Stanford et al., 2011; Deschamps et al., 2012; Lambeck et al., 2014).

57
58

Fossil corals offer distinct advantages for reconstructing past sea levels, principally

59

their good preservation potential, and the potential for obtaining precise, absolute

60

ages using U-series dating. They also have a wide distribution in the

61

topical/subtropical regions and many of these sites are far-field (i.e. far away from

62

the centres of the former ice sheets), where GIA influences are minimised (e.g. Clark

63

et al., 2002; Bassett et al., 2005). However, the coral data distribution is

64

heterogeneous in space and time; i.e., they are limited to tropical/subtropical regions,

65

and provide discrete data points rather than continuous sea-level records. In

66

addition, taphonomic and diagenetic factors influence coral preservation, and the

67

relationship between the present elevation of the fossil coral and former sea levels

68

often remains insufficiently constrained. In this paper, we first review modern

69

ecological studies of the main controls on coral growth, and formulate from this a

70

comprehensive assessment of habitat-depth preferences. Thereafter, we present

71

and discuss a new compilation of U-series dated fossil coral data, which is quality-

72

checked and made internally consistent, includes relevant contextual metadata, and

73

gives full consideration to uncertainties.

74
75

2. PRINCIPAL CONTROLS ON REEF DEVELOPMENT AND DISTRIBUTION

76

Sceleractinian (‘hard’) corals are composed of polyps that secrete an aragonitic

77

skeleton using calcium and carbonate ions obtained from seawater. Zooxanthellate

78

sceleractinian corals have endosymbiotic photosynthetic algae. Scleractinian corals

79

may take various growth forms (branching, massive, encrusting, free-living etc.) and

80

in this review we concentrate on the reef-forming (hermatypic) corals.

81
82

Coral reefs are complex structures that consist of both primary (skeletogenesis) and

83

secondary (e.g., marine (re)cementation) structures with a potential for significant

84

biomineralisation (e.g., Barnes and Devereux, 1984). The exact mechanisms of
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85

calcification (and the role of symbionts) remain debated, and - despite considerable

86

progress in recent decades (e.g., Cohen and McConnaughey, 2003) - understanding

87

of how major and trace elements are incorporated into the coralline aragonite

88

remains incomplete (Allemand et al., 2004, 2011). The principal components

89

required for coral growth are: light, carbon dioxide and inorganic nutrients for

90

photosynthesis; organic food for organic tissue and organic matrix synthesis; and

91

calcium and carbonate ions for skeleton formation.

92
93

Coral reefs can be separated into three main geomorphological zones: the back-reef,

94

reef flat and reef crest, and fore-reef, within which different benthic assemblages

95

make statistically distinct contributions to reef framework construction (e.g., Hopley

96

et al., 2007; Woodroffe and Webster, 2014). The back-reef zone is a low-energy

97

zone with lagoons featuring sea grass beds, patch reefs and sand plains. The reef

98

flat and reef crest (or algal ridge where encrusting coralline algae replace corals in

99

the highest wave-energy settings) is formed from consolidated calcareous material,

100

corals, and coralline algae. This is a high-energy zone with potential for breakage,

101

desiccation (through exposure at low tide), and UV stress. The fore-reef continues

102

seaward of the reef crest to depth. This lower-energy zone has steep gradients in

103

light and temperature, with the greatest coral diversity typically at intermediate depth

104

(15 to 30 m) (e.g., Burns, 1985; Huston, 1985; Cornell and Karlson, 2000) and

105

decreasing with increasing depth. We refer the reader to Woodroffe and Webster

106

(2014), Kennedy and Woodroffe (2002) and Montaggioni and Braithwaite (2009) for

107

detailed considerations of reef morphology.

108
109

The interplay of physical, biological and chemical factors (e.g., substrate, incidence

110

of severe storms, predation, disease, etc.) determines the structure and composition

111

of coral reefs, including their growth form, taxonomic composition, distribution, and

112

their preservation potential within the fossil record. These factors operate on a

113

variety of geographic scales: some affect the global distribution of reefs; others

114

control the dimensions and geometry of individual reefs; yet other factors influence –

115

at the ecosystem level – the community composition, zonation, and habitat

116

availability (including the distribution and abundance of populations/taxa); and,

117

finally, several factors combine to affect corals at the individual level, through

118

recruitment, growth rates, size, form, reproduction, and mortality.
57
Page 4

119
120

In this section we review the main influences on coral growth (Figure 1), with a focus

121

on the ecological and hydrological factors.

122
123

2.1. Temperature

124

Sea surface temperature is a major determinant in the growth and distribution of

125

modern coral reefs (Macintyre and Pilkey, 1969; Andrews and Gentien, 1982;

126

Johannes et al., 1983; Veron and Minchin, 1992), influencing the composition and

127

structure of reef communities, and regulating the aragonite saturation state of the

128

surface waters (growth is optimal in warm waters that are super-saturated with

129

respect to aragonite; Kleypas, 1997; Kleypas et al., 1999). Temperature also exerts

130

a control on the latitudinal extent (geographical range) of species, and comparison

131

between fossil and modern coral ranges suggests a substantial pole-ward expansion

132

of many coral taxa during the Last Interglacial (compared to the present) as a result

133

of increased temperatures (Kiessling et al., 2012). Most modern coral reef growth is

134

limited to waters with temperatures between ~18 and 31 °C for most of the year

135

(Hubbard, 1997; Kleypas et al., 2008), but some corals are able to tolerate

136

temperatures as low as 11 ° C (Veron, 2000). Prolonged exposure to temperatures

137

outside this range may lead to reduced photosynthesis, coral bleaching, and

138

mortality.

139
140

Coral reef growth is generally confined to tropical latitudes, although warm surface

141

currents can enable growth outside the tropical latitudes (e.g., Kuroshio, Leeuwin,

142

and Agulhas Currents). In addition, thermal gradients within basins, such as the Red

143

Sea, may determine local/regional coral reef distribution and diversity (Veron, 1995,

144

2000). Changes in these local or regional conditions or currents (and their

145

associated temperature regimes) can influence coral distributions resulting in

146

expansion or contraction of the latitudinal range of coral species (e.g., Roberts et al.,

147

1982; Veron, 1992; Abram et al., 2001). For example Greenstein and Pandolfi (2008)

148

demonstrate a contraction in geographic range and a change in assemblage

149

composition within modern reefs compared to fossil LIG reefs of Western Australia,

150

in response to decreased temperatures from a weakened Leeuwin Current (which

151

brings warm equatorial waters to higher southern latitudes). Similarly, Muhs et al.,
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152

(2002a,b, 2006) use molluscs (as part of the reef assemblage) to infer changing

153

thermal and ocean current changes (for California, Hawaii and Bermuda).

154
155

2.2. Salinity

156

Corals are generally thought to be tolerant of salinity variations (generally growing

157

within a range of 30 to 38 psu with some species tolerating salinities of ~40 psu).

158

Extended exposure to low-salinity waters may reduce growth rates, reproductive

159

success, photosynthesis, and respiration (Coles and Jokiel, 1992; Muthiga and

160

Szmant, 1987; Richmond, 1993; Moberg et al., 1997; Porter et al., 1999; Lirman et

161

al., 2003) although the effects are often species dependent. Past changes in sea

162

surface salinities (e.g., due to altered precipitation regimes associated with changing

163

monsoon dynamics) are relatively poorly constrained, but salinity changes since the

164

Last Glacial Maximum (LGM) are not thought to have been a limiting factor on

165

subsequent coral reef development (Montaggioni, 2005).

166
167

2.3. Nutrient Availability

168

Coral reefs are often considered nutrient-poor regions where an increase in nutrient

169

availability can increase macro-algae growth, which increases competition for space

170

within the reef system. In addition, the often-associated phytoplankton blooms

171

increase water turbidity and decrease light penetration (Hallock, 1988; Hallock and

172

Schlager, 1986; Chazottes et al., 2002; Sanders and Baron-Szabo, 2005).

173
174

In more detail, the situation is a more nuanced: coral reefs span a wide range of

175

nutrient levels (Kleypas et al., 1999, Atkinson et al., 1995), and nutrient flux affects

176

coral zonation in multiple ways. Upwelling as well as terrestrial and riverine inputs

177

affect coral distribution via the transport of nutrients to sites (e.g., Maxwell and

178

Swinchatt, 1970; Andrews and Gentien, 1982; D’Elia and Wiebe, 1990; Leichter et

179

al., 2003). Increased nutrient supply can be beneficial (promoting reef growth or

180

enhancing calcification) as well as deleterious – reducing rates of skeletogenesis

181

(Marubini and Davies, 1996), and/or increasing bioerosion (Hallock, 1988; Hallock

182

and Schlager, 1986), and/or increasing the incidence and severity of coral disease

183

(Bruno et al., 2003). Overall, the resulting changes in coral distribution reflect

184

changing community structures as a whole due to several factors (turbidity, light

185

availability, etc.), rather than just changing nutrient availability (Szmant, 2002).
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186
187

2.4. Turbidity

188

Fluctuations in turbidity regimes can occur at the local and/or regional scale, with

189

turbid environments ‘compressing’ the habitable vertical range of corals to a few

190

metres (Veron, 1995). High inputs of sediment can have detrimental effects on reef

191

frameworks, in part through the reduction in light penetration. High sediment

192

environments are often associated with fewer coral species, reduced live cover and

193

growth rates, decreased calcification and net productivity, and reduced rates of reef

194

accumulation (Rogers, 1990). Increased turbidity often coincides with elevated

195

nutrient levels, which result in a further decrease in light penetration (see section 2.5

196

for impacts of irradiance levels). High sediment inputs also affect reef frameworks

197

through abrasion and particle deposition. This results in changes in reef zonation,

198

growth forms, and rates or mass mortality (i.e., through smothering or burial) (Loya,

199

1976; Acevedo et al., 1989; Rogers, 1990; Shin 2000; Montaggioni, 2005). However,

200

some coral species and communities can tolerate a wide range of turbidity and light

201

levels, forming sites of relatively high diversity (Veron, 1995), for example in Jamaica

202

(Mallela and Perry, 2007) and in nearshore turbid zones of the Great Barrier Reef

203

(Woolfe and Larcombe, 1999; Larcombe et al., 2001; DeVantier, et al., 2006; Browne

204

et al., 2012). Thus, some communities can establish and persist in environments

205

dominated by persistent fine-grained sediment deposition (Perry et al., 2008). Coral

206

polyps themselves can be effective in removing clays and silts (corals with larger

207

calices are more able to reject sediment load), and waves and current action

208

provides an additional means of removing suspended and settled material.

209
210

Experiments suggest that some symbiotic corals can alter their balance between

211

autotrophy and heterotropy, making heterotrophic carbon a significant source of

212

energy when photosynthetic carbon is unavailable due to bleaching events or in

213

deep and/or turbid waters. This allows corals to broaden their ecological niche and

214

tolerate turbid conditions (Anthony and Fabricius, 2000; Antony and Connolly, 2004).

215

In addition, so-called phenotypic (shape) plasticity enables corals to regulate light

216

capture across a large spectrum of light conditions (Anthony et al., 2005).

217
218

Turbidity increases have been implicated as a major factor in the demise of coral

219

reefs in the geological record (e.g., Lighty et al., 1978; Kleypas, 1996), although
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220

changing sediment regimes may be only one of a multitude of related influences that

221

led to cessations of reef formation (e.g., Perry and Smithers, 2011).

222
223

2.5. Irradiance Levels

224

The amount of light received by corals varies spatially and temporally, and is

225

influenced by cloud cover, turbidity, tidal changes, reef topography, and depth. The

226

depth of light penetration varies with latitude and distance from the shore (Kleypas et

227

al., 1999), with many coastal reefs receiving reduced light levels due to high turbidity.

228

For example, in the most turbid regions of the Great Barrier Reef, corals are found

229

only within the upper 3 to 4 m of the water column, while on the outer shelf, corals

230

are found to depths up to 100 m (van Woesik and Done 1997, Hopley, 1994, Cooper

231

et al., 2007). At mid-ocean Pacific atolls, irradiance levels can be compatible with

232

coral growth even at ~160 m depth (Montaggioni, 2005).

233
234

Irradiance and coral growth are often correlated, with a strong link to calcification in

235

many scleractinian corals (Goreau, 1959; Chalker, 1981; Marubini et al., 2001;

236

Reynaud et al., 2004; Schlacher et al., 2007; Schutter et al., 2008) - “light, not

237

temperature, is by far the most ecologically limiting of all physical-environmental

238

parameters” (Veron, 1995). As light intensity and penetration depth decrease, the

239

habitable depth range of many corals becomes compressed and there is a decrease

240

in the depth at which reef building ceases (Hallock and Schlager, 1986, Veron 1995).

241

For corals with symbiotic algae, production of photosynthates is reduced when

242

irradiance levels are low (Titlyanov et al., 2001), and a decrease in internal pH may

243

develop due to reduced photosynthesis, which in turn may lead to less favourable

244

conditions for calcification (Schneider and Erez, 2006). Similarly, the increased

245

energy required to repair light damage may exceed the increase in photosynthetic

246

energy received at high irradiance levels (photoinhibition; Iglesias-Prieto et al.,

247

1992). Corals may adapt to changing light levels by altering their growth form (e.g.,

248

from mounds to plates in order to maximise exposure of photoreceptors (Hubbard,

249

1997), altering the density of zooxanthellae (endosymbionts) or pigment (Titlyanov et

250

al., 2001), or altering the composition of pigment according to the spectrum of the

251

available light (Dustan, 1982). In light-limited conditions, corals will rely on

252

heterotrophy for their energy needs, to compensate for reduced photosynthetic

253

activity (Anthony and Fabricius, 2000; Antony 2006).
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254
255

2.6 Substrate availability and antecedent topography

256

The availability of suitable substrate is “the most biogeographically limiting of all

257

physical-environmental parameters” (Veron, 1995). The eastward attenuation of

258

coral species richness across the Pacific is considered to be primarily due to

259

substrate availability coupled with the survival and dispersal capacity of recruits

260

(Veron, 1995). Substrate type can also influence coral distributions, with colonisation

261

occurring preferentially on karst or rough lava flows, whereas unconsolidated or

262

smooth surfaces are less favoured sites for coral growth (Cabioch et al., 1995).

263

Additionally, highly reflective substrates (some sands etc.) amplify light intensity

264

surrounding coral colonies and increase stress levels, particularly during bleaching

265

events (Oztiz et al., 2009).

266
267

Coral recolonisation (i.e., after episodes of lowered sea level) may be inhibited by

268

the contraction or absence of suitable nurseries (shelf edges, banks, seamounts

269

etc.). These provide potential refugia and centres of dispersal once ocean circulation

270

is conducive to larval transport, e.g., after episodes of lowered sea levels

271

(Montaggioni and Braithwaite, 2009). Topographic highs or other elevated regions

272

offer advantages to coral reef formation, for example by optimising larval recruitment

273

(Hubbard, 1997); the general distribution of such highs can directly constrain reef

274

locations; e.g., for Florida see Lidz et al. (1997), for Belize see Purdy (1974),

275

Gischler and Hudson (2004), and for Palau Islands see Kayanne et al. (2002).

276

However, topographic lows, such as those found in some Hawaiian locations (e.g., a

277

drowned stream valley within a morphologically complex antecedent substrate),

278

provided a refuge for Holocene reef growth in a region of high wave energy that

279

limited most Holocene reef growth to a generally thin veneer (Grigg, 1998;

280

Grossman and Fletcher, 2004).

281
282

2.7 Hydrodynamics (waves, tides and disturbances)

283

Wave energy and tidal regimes exert a control on the ecological zonation, habitat

284

availability and morphology of modern reefs (Veron, 2000; Resser and Riegl, 2002),

285

with disturbances (sometimes catastrophic; e.g., storms, cyclones, hurricanes/

286

typhoons, or tsunamis) altering sedimentary inputs, temperatures, salinity, and
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287

hydrodynamic patterns that result in breakage and redistribution of coral debris (in

288

effect remodelling the reef surface).

289
290

Waves can promote the exchange of nutrients, larvae, and particulate food (Pineda,

291

1991). In high-energy environments, the enhanced circulation of nutrients and/or the

292

removal of metabolic waste products can promote coral growth (Atkinson and Bilger,

293

1992; Atkinson et al., 1994; Hearn et al., 2001), but at higher energy levels,

294

community structure can change toward more stress-tolerant growth forms (e.g.,

295

encrusting or massive corals) to compensate for the increased mechanical erosion

296

(Done 2011). For example, the community structure of modern reefs in Hawaii is

297

primarily a function of wave energy and depth: in wave-exposed environments, coral

298

growth is frequently disturbed by wave-induced breakage, scour, and abrasion,

299

which results in frequent turnover and re-growth of fragmented colonies that are

300

rarely thicker than a single living community (Grigg 1998).

301
302

Tidal regimes impact on a wide range of habitats, not just those within the inter-tidal

303

zone. For example, the reduced tidal range of the open ocean, relative to continental

304

margins, often results in fewer inter-tidal habitats, whereas high tidal ranges

305

generally result in a wider range of habitats and maximise the area available for coral

306

growth (Veron, 2000). Within the tidal zone, there is a potential for periodic aerial

307

exposure of reefs, strong wave action, large temperature fluctuations, and high solar

308

irradiation, as well as the tidal modulation of currents and waves. However, the reef

309

crest is one of the most biologically productive parts of a coral reef (Chisholm, 2003)

310

and accounts for more than half the species richness (Karlson et al., 2004), which

311

indicates that such extremes in environmental conditions are generally within the

312

tolerance of modern corals (Anthony and Kerswell, 2007). Extreme low tides may,

313

however, lead to coral mortality, particularly when coupled with high irradiance levels

314

(Anthony and Kerswell, 2007). This is not necessarily detrimental, as it helps to

315

maintain high species diversity due to periodic removal of competitive taxa, as also

316

occurs with cyclones (Connell, 1978; Rogers, 1993).

317
318

Pulsed upwelling can promote coral growth and diversity (e.g., Leichter and

319

Genovese, 2006; Schmidt et al., 2012). However, in regions of strong upwelling,
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320

these positive effects may be counteracted by low temperatures, low pH, and high

321

nutrient loading, which favour algal rather than coral growth (McCook et al., 2001).

322
323

The effect of hydrodyamics on coral distribution and diversity may be local (e.g.,

324

wave scour producing resistant reef spurs orientated towards high-energy coastlines;

325

Shinn, 1966), and may extend to the reef/regional scale, with ecological zones

326

dependent upon wave exposure (Geister, 1977) and the tendency for reefs to

327

become more developed on windward as opposed to leeward island aspects (Grigg,

328

1998; Veron, 2000; Yamano et al., 2003). Storms and/or hurricanes can also change

329

sea surface temperatures and turbidity regimes (potentially leading to coral

330

mortality), or cause clearing of reef surfaces that then become available for re-

331

colonisation (e.g., Scoffin, 1993). Finally, changing hydrodynamics can alter the

332

accommodation space available for reef growth (Grossman and Fletcher, 2004).

333
334

Within the geological record, one of the most important hydrodynamic influences

335

comprises breakage and redistribution of debris due to permanent wave agitation

336

(Hughes 1999) and major storms, with potential implications for stratigraphic integrity

337

of the fossil reef (Scoffin, 1993). Such events may result in severe modification of the

338

reef by mechanical destruction and reforming surface morphology, displacement of

339

blocks downslope, and/or landward redistribution of sediments from reef margins

340

(i.e., accelerating the process of backreef infilling) (Hubbard, 1992; Scoffin, 1993;

341

Blanchon et al., 1997; Braithwaite et al., 2000; Macintyre et al., 2001; Yamano et al.,

342

2001; Rasser and Riegl, 2002). Reef rubble may accumulate as talus on steep

343

slopes and cause the displacement of material to depth, while on gentle slopes this

344

displacement may result in onshore transport and formation of large piles of rubble

345

(Rasser and Reigl, 2002). Within the geological record, such disturbance events may

346

be recognised by a change in lithology (Dunham, 1962; Insalaco, 1998), although

347

there may be a permanent cycle of destruction and regeneration of coral leading to a

348

constantly reworked substrate (Blanchon et al., 1997) and reef interiors that are

349

“more garbage pile than an in-place assemblage of corals, cemented together into a

350

rigid framework” (Hubbard et al., 1990).

351
352

Storms or other hydrodynamic disturbances may be evident within the fossil record.

353

For example, an ‘extreme wave event’, probably as a result of a tropical cyclone or
64
Page 11

354

tsunami, is thought to be responsible for the abrupt infilling of the Paraoir reef

355

(Philippines) by reef rubble and bioclastics (Gong et al., 2013). Recognition of such

356

acute disturbances within the geological records can only be achieved by thorough

357

interrogation of stratigraphic (i.e., consistency within each stratigraphic unit),

358

geomorphic (e.g., changes in lithology), and geochemical (i.e., petrography of the

359

reef structure) information (for a review, see Scoffin, 1993), as well as detailed

360

consideration of the coral assemblages themselves. For example, some Pleistocene

361

terraces of Barbados contain distinct ~2 m high in-situ Montastraea annularis

362

colonies separated by piles of Acropora debris. Although the coeval growth of both

363

species on the reef is possible, growth considerations suggest that Acropora only

364

existed for a relatively short period time, or else the massive M. annularis forms

365

would have been unable to reach their large dimensions due to shading effects

366

(Scoffin, 1993). More extreme hydrodyamic origins (a tsunami or large wave) have

367

been controversially suggested for the elevated (at ~ +20 m) boulders of Eluthera

368

Island (Bahamas) (Hearty, 1997), although these may also have resulted from cliff

369

erosion or be relict features associated with karst towers (Panuska et al., 2002;

370

Mylroie, 2007). Tsunami or giant wave origins have also been suggested for deposits

371

on Hawaii (~ +190 m deposits of coral and coralline algae fragments) (Moore and

372

Moore, 1984, 1988), but again there are alternative explanations for the origin of

373

these deposits (e.g., lithospheric deformation) (Keating and Helsley, 2002).

374
375

2.8 Population dynamics, predation, competition and disease

376

Coral reproduction may occur through broadcast or brooding behaviour. Broadcast

377

spawning releases eggs and sperm in mass spawning events and fertilisation occurs

378

within the water column. The gametes may remain within the water column for

379

several weeks and can distribute offspring over a wide geographic area (Veron,

380

2000). In coral brooding reproduction, fertilisation and embryogenesis occur

381

internally and the larvae may be ready for settlement immediately. Once settled on a

382

suitable substrate, coral growth is rapid in order to avoid overgrowth by algae or

383

burial by sedimentation (Barnes and Hughes, 1999). Reproduction may also occur

384

asexually through budding (i.e., division into clones; Sumich, 1996) and

385

fragmentation, where such fragments may attach and develop into new colonies.

386
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387

Larval recruitment influences both distribution and diversity of coral populations,

388

reflecting variations in stock size, larval survival, and settlement behaviour (Hughes

389

and Tanner, 2000; Hughes et al., 2003). Macroalgae and cyanobacteria (Kuffner et

390

al., 2006) can have a detrimental impact on coral recruitment and survival of juvenile

391

corals (Tanner, 1995; Jompa and McCook, 2002,), as well as on the growth,

392

reproduction, and survival of established corals (Kuffner et al., 2006, Burkepile and

393

Hay 2008; Carpenter, 1986, Williams and Polunin, 2001; Hughes et al., 2007), and

394

on the prevalence of coral disease (Nugues et al., 2004). Along with availability of

395

suitable substrates, the survival and dispersal capacities are thought to account for

396

the eastward attenuation of coral species diversity across the Pacific (Veron, 2000;

397

Montaggioni, 2005).

398
399

Biological interactions govern the population density of coral species (Montaggioni

400

and Braithwaite, 2009). Examples include: (a) grazing influences on the diversity and

401

growth of coral (Burkepile and Hay, 2010; Bellwood et al., 2004), and on the

402

establishment and maintenance of coral-dominated communities by removing

403

competitively ‘superior’ marcoalgae (Birkeland, 1977; McClanahan and Muthiga,

404

1988; Burkepile and Hay, 2006); (b) bioerosion controls on reef dynamics by

405

reshaping reef topography and/or weakening colony structures of live branching

406

corals (Hutchings, 1986, Sammarco, 1996); (c) predation impacts on coral fitness

407

and rates of coral decline (Knowlton et al., 1990; Rotjan et al., 2006), and on coral

408

colony growth and survival (including reproductive potential) (Veghel and Bak, 1994;

409

Rotjan, 2007; Rotjan and Lewis, 2008); and (d) coral disease, which can change the

410

community structure of a reef (Willis et al., 2004; Page and Willis, 2008; Haapkyla et

411

al., 2011). Stress factors, such as increased temperature, nutrient inputs, etc., may

412

both increase the prevalence of coral pathogens, and weaken coral resistance to

413

disease (Aronson and Precht, 2001). Increased ocean temperature is thought to be a

414

main driver of the incidence of coral disease (Harvell et al., 2002, 2007; Rosenberg

415

and Ben-Haim, 2002; Bruno et al. 2007; Miller et al., 2009). Coral disease may

416

impair zooxanthellae cell division (e.g., yellow band disease), result in tissue

417

necrosis and/or depression of the colony surface (e.g., dark spot disease) (Cervino

418

et al., 2001), and cause weakening of skeletons (Aronson and Precht, 2001).

419
420

2.9 Depth
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421

Most species of zooxanthellate corals are generalists; they can occupy a wide range

422

of habitats, reef and non-reef, with vertical ranges from sub-tidal to substantial

423

depths (Veron, 1995). The influence of biotic factors on reef zonation is highly

424

complex, and there is no simple relationship with bathymetry (Perrin et al., 1995).

425

There is relatively little published research on the direct relationship between coral

426

distribution and depth; instead coral diversity and/or distributions are assessed in

427

terms of factors such as light, temperature, and nutrient availability, for which depth

428

may often serve as a (rough) proxy.

429
430

The literature suggests that corals are “depth-generalists” that occur in both shallow

431

and deep water, with most species occurring within very shallow to 40 m water depth

432

(Carpenter et al., 2008). Indeed, based on the International Union for the

433

Conservation of Nature (IUCN) Red List data (currently the most comprehensive

434

global compilation of the depth preferences of coral species), the maximum (global)

435

coral species occurrence was at mean depth of 27.4 ± 17.0 m (Carpenter et al.,

436

2008). Coral diversity also generally peaks at intermediate depth (15 to 30 m)

437

(Burns, 1985; Huston, 1985; Cornell and Karlson, 2000). Most studies, however, do

438

not directly investigate coral distribution and depth. Surveys are generally

439

undertaken to monitor/ascertain coral reef ‘health’ in terms of community

440

composition (and any change through time). Typically, such surveys are undertaken

441

by divers, although in recent years there has been an increasing use of autonomous

442

underwater vehicles, which – coupled with technological improvements in diving –

443

have allowed greater depths to be reached (~150 m depth; Hinderstein et al., 2010).

444

This has enabled more extensive investigation and documentation of deeper-living

445

coral species, including a burgeoning literature on mesophotic reefs. These are

446

defined as deep fore-reef communities that occur in low-light habitats and are

447

composed of zooxanthellate and azooxanthellate scleractinian corals, macroalgae

448

and sponge communities (Lesser et al., 2009). They typically have a depth range of

449

30 to 40 m, and can extend to over 150 m in tropical and subtropical regions,

450

depending on water quality, light penetration etc. (Hinderstein et al., 2010; Kahng et

451

al., 2010). Mesophotic reefs are considered extensions of shallow reef ecosystems

452

(with biological, physical and chemical connectivity with these reefs and

453

communities; e.g., Bongaerts et al., 2010; Bridge et al., 2012), although they have

454

coral assemblages that are generally of lower diversity (Liddell et al., 1997; Jarrett et
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455

al., 2005; Armstrong et al., 2006; Hinderstein et al., 2010). The genetic and

456

ecological linkages between shallow and deeper reefs remain unclear (Van Oppen et

457

al., 2011). Mesophotic reefs are thought to have acted as refuges during past

458

instances of environmental disturbance (e.g., Bongaerts et al., 2010), but they are

459

poorly documented within the fossil record and potentially difficult to recognise

460

without precise dating and a comprehensive assemblage approach (e.g., Abbey et

461

al., 2013).

462
463

Technological advancements are extending the maximum documented depth for

464

many species of zooxanthellate corals. For example: Agaricia grahamae was

465

documented at 119 m in the Caribbean (Reed 1985), Leptoseris fragilis at 145 m in

466

the Red Sea (Fricke et al., 1987), and Leptoseris sp. at >100 m in the Indo-Pacific

467

(e.g., Kahng and Kelley 2007; Maragos and Jokiel 1986; Fricke et al., 1987), with

468

observations of the latter reaching 153 m in Hawaii (Kahng and Maragos, 2006) and

469

including abundant cover at 90 m depth on the Great Barrier Reef (GBR; Hopley et

470

al., 2007). Also notable is the documentation of coralline algae at 268 m in the

471

Bahamas (Littler at al., 1985, 1986), given that association of corraline algae with

472

corals is increasingly being used in sea-level reconstructions (Cabioch et al., 1999b;

473

Iryu et al., 2010; Camoin et al., 2012; Descamps et al., 2012).

474
475

The vertical ecological zonation of corals is well documented (e.g., for the Atlantic

476

see Goreau, 1959; Mesolella 1967; Lighty et al., 1982; for the Pacific see Maragos,

477

1974; for the Indian Ocean see Loya, 1972) and is a function of intrinsic and extrinsic

478

factors, and their interactions. In addition, morphological variation can occur across a

479

depth range. Again this variation is correlated with environmental conditions (light

480

depth, wave energy, etc.) rather than depth sensu stricto (Veron, 1995). Such

481

community structure and species diversity can be retained in the fossil record (e.g.,

482

Mesolella 1967; Lighty et al., 1982; Edinger et al., 2001; Pandolfi and Jackson,

483

2006), although the accuracy and resolution of fossil corals for sea-level

484

reconstructions may be limited by time-averaging (i.e., temporal mixing of different

485

coral cohorts within the fossil coral assemblage; see section 1.1.12 for further

486

discussion) (Edinger et al., 2007).

487
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488

Changes in accommodation space (the vertical and lateral space available for coral

489

reef

490

(uplift/subsidence, etc.) and sea-level changes that alter the water depth above a

491

reef. With an increase in accommodation space, reef growth may fill the space (i.e.,

492

‘keep up’ or ‘catch up’ depending upon the rate of relative sea-level rise; Neumann

493

and Macintyre, 1985), but local processes (e.g., larval supply and survival,

494

hydrodynamics, sediment supply) may prevent reef growth from filling any additional

495

space (e.g., the high wave energy settings of Hawaii; Grigg, 1998). A modern

496

example from Heron Island, Australia, demonstrates the ability of coral reefs to

497

respond to changes in accommodation space (in response to rising sea levels) and

498

other, coincident hydrodynamic factors (Scopélitis et al., 2009). Reef growth may

499

also ‘turn off’ when the increase in accommodation space ceases and vertical

500

accumulation reaches dynamic equilibrium with other factors (wave energy,

501

disturbances etc.). In some instances, growth may be arrested and ‘drowning’ occurs

502

as vertical accretion can no longer track the increasing water depth (and concomitant

503

decrease in light, temperature etc.) (i.e., ‘give up’ response, cf. Neumann and

504

Macintyre, 1985).

growth)

occur

through

processes

such

as

tectonic

movements

505
506

These different responses to changing accommodation space have been identified

507

within the fossil record. For example, Holocene sea-level stillstands have been

508

inferred from the elevation of upper (dead) surfaces of micro-atolls (e.g., Smithers

509

and Woodroffe, 2001; Kench et al., 2009; Yu et al, 2009), while instances of ‘keep

510

up’ reef growth and limited aggradation due to accommodation-space reduction

511

(e.g., Strasser et al., 1992; Braithwaite et al.; 2000; Grossman and Fletcher 2004),

512

as well as reef ‘drowning’ (e.g., Ludwig et al., 1991; Blanchon and Shaw 1995;

513

Webster et al., 2009) have been inferred from changes in sedimentary facies and

514

benthic communities. Rather than relating to depth per se, the effect on coral growth

515

and diversity reflects instead the changing physio-chemical conditions brought about

516

by external factors (sea-level change, tectonic subsidence, etc.). The following

517

sections (2.10 and 2.11) present further discussion of the impacts of sea-level

518

change and tectonics.

519
520

2.10 Sea-level change
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521

High species diversity within the central Indo-Pacific is thought, in part, to be due to

522

the interaction of long-term tectonic activity and changes in sea level. Bathymetry of

523

this region was such that, even though reefs were repeatedly aerially exposed during

524

Pleistocene sea-level lowstands, the complex coastline and creation of diverse

525

shallow habitats in close proximity to deep (>150 m) waters meant that there was

526

minimal broad-scale species dislocation during intervals of rapid sea-level change

527

(Veron et al., 2009).

528
529

Changes in sea level may lead to severe (or catastrophic) ecological disruption; e.g.,

530

via changing sedimentary regimes, loss of accommodation space (a lack of

531

accommodation space being a limiting factor for reef growth in some instances

532

Kennedy and Woodroffe, 2002), and disruption of coral dispersal due to changing

533

oceanographic patterns. In addition, the rate of sea-level change may affect the

534

composition of coral reefs; Neumann and Macintyre (1985) suggest that reef growth

535

is a balance between rate of sea-level rise and the ability of the reef to keep pace.

536

The differing responses proposed (“keep-up”, “catch-up and “give-up”) should be

537

recognisable within the fossil record: (i) “keep-up”, where reefs maintain crests at or

538

close to sea level, are preserved as shallow-water growth forms; (ii) “catch-up” –

539

where reef growth initially occurs in deeper water as the rate of sea-level rise

540

exceeds the rate of growth and where reefs later caught up, often due to a decrease

541

in the rate of sea-level rise – produces a successive change from deeper to

542

shallower water assemblages; and finally (iii) the “give-up” scenario, where there is a

543

sudden cessation in growth possibly due to a sudden rise in sea level or a sudden

544

change in environmental or oceanographic conditions and accretion can no longer

545

keep pace, ‘drowning’ the reef.

546
547

In the fossil record, the successive highstand reefs of Huon Peninsula were found to

548

have similar coral taxonomic composition and species richness, and it was also

549

noted that the spatial differences in community composition within reefs of the same

550

age were greater than between reefs of different ages (Pandolfi, 1996, 1999). In

551

contrast, the lowstand species composition of the Huon Peninsula reefs look

552

significantly different. This has been ascribed to changes in the relative influence of

553

ecological processes between the highstands and lowstands, or community

554

response to changed environmental conditions (Tager et al., 2010).
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555
556

2.11 Tectonics

557

The tectonic history of a region may have a profound influence on the diversity and

558

distribution of modern coral species. This may occur through: subsidence (e.g.,

559

Darwin, 1874); folding and faulting (e.g., Purdy et al., 2003); crustal rifting, differential

560

tilting and uplift of tectonic blocks (e.g., Plaziat et al., 1998; Dullo and Montaggioni,

561

1998); coseismic uplift (e.g., Ota et al., 1993; Ota and Chappell 1996; Tudhope et

562

al., 2000; Sieh et al., 2008) and earthquake-related displacement of reef rubble

563

(Rasser and Riegl, 2002; Zachariasen et al., 1999); thermal subsidence of mid-plate

564

hot-spot volcanoes (e.g., Moore and Campbell 1987; Moore and Clague 1992); and

565

flexure forebulges resulting from localised landmass loading (e.g., Faichney et al.,

566

2010).

567
568

In tectonically unstable regions, coral reefs may suffer repeated environmental

569

perturbations, which can create a variety of coral habitats and high species diversity

570

(Veron, 1995; Veron et al., 2009). Tectonic uplift (subsidence) can also decrease

571

(increase) the accommodation space available for coral growth (see section 1.1.9).

572

The very high species diversity of the “coral triangle” (a region of the western Pacific

573

stretching from the Philippines to the Solomon Islands in which over 600 species of

574

reef-building coral species have been recorded) is the product of interplay between

575

repeated tectonic and environmental disturbance, and sea-level variations.

576

Specifically, proximity of deep refugia and complex island shorelines meant that a

577

diversity of habitats was available for recolonisation, and ensured minimal dislocation

578

during rapid sea-level change, thus forming a geographic location that promotes

579

larval recruitment and favourable environmental conditions (Veron et al., 2009).

580
581

Exposure of fossil reef material to enhanced diagenetic effects may occur through

582

tectonic uplift (i.e., exposure of the uplifted coral terrace to percolating waters; e.g.,

583

Hamelin et al., 1991, Henderson et al., 1993), with sustained and prolonged uplift

584

further increasing the potential for diagenetic alteration. These diagenetic effects are

585

further discussed below (section 2.12).

586
587

2.12 Taphonomy and Diagenesis of coral reefs
71
Page 18

588

The fossil record represents past reef communities after significant modifications.

589

The two main issues to be considered are potential non-preservation, and selective

590

removal or alteration of material by physical, chemical, or biological processes.

591
592

Reefs are complex systems that comprise primary and secondary growth

593

frameworks, marine cementation, mechanical and biological erosion, and post-

594

depositional diagenesis. Their complex structure may result in differing susceptibility

595

of the coral reef and individuals within the reef to diagenesis, time averaging and

596

transport of material, and the potential preferential preservation of certain species or

597

adults/size classes within species. For example, dense fine-grained coral skeletons

598

are most physically durable (Chave, 1962; Brett, 1990), and corals with a branching

599

linear growth form such as Acropora cervicornis are more susceptible to storm

600

damage than massive head corals such as Montastraea annularis (Scoffin, 1992).

601
602

Coral reef frameworks typically comprise in situ corals and coral rubble bound by

603

calcareous encrusters and cements. Skeletons are frequently reworked in reef

604

settings, with selective destruction of certain growth forms, individuals and age-

605

classes, as well as a mixing of successive generations (also known as time

606

averaging) (Scoffin, 1992; Pandolfi and Greenstein, 1997; Greenstein and Pandolfi,

607

2003). Ecological time averaging is the spatial or temporal mixing of organisms that

608

occupied the same location at different times into a single deposit (Kowalewski and

609

Bambach, 2003; Kidwell and Holland, 2002; Kidwell and Flessa, 1995; Kowalewski

610

1996). This accumulation and mixing of successive cohorts (Scoffin, 1992; Edinger

611

et al., 2001) directly constrains the temporal resolution achievable from fossil coral

612

reef records, especially given that geological sections rarely provide full 3-

613

dimensional information of coral reef structure.

614
615

Moreover, the fossil record may not be a faithful representation of the living coral

616

assemblage (Pandolfi and Michin, 1995; Greenstein and Pandolfi, 2003). For

617

example, rare or slow-growing corals may be under-represented in the fossil record

618

due to dilution by other fast-growing taxa or rubble inherited from the death

619

assemblage. This loss in fidelity was highlighted by comparison of raised Pleistocene

620

reefs with their modern counterparts in Barbados, which indicated that the fossil

621

corals confirmed to be in growth position represented less than a quarter of the
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622

primary reef framework visible in their modern equivalents (Stearn et al., 1977;

623

Scoffin et al., 1980).

624
625

Finally, post-depositional alteration can significantly alter the chemical characteristics

626

of the fossil coral. For example, exposed fossil reefs (e.g., uplifted coral terraces) are

627

prone to diagenesis and loss of sample integrity through contact with meteoric

628

waters. The rate of alteration is dependent upon: the composition of the interstitial

629

waters; the permeability of the framework; and the potential for complex interplay

630

between meteoric, vadose, and phreatic waters with mixing of fresh- and seawater.

631

The latter is governed by inter alia: permeability; oxidation of organic matter; and

632

surface and subsurface hydrogeology. These effects are not necessarily confined to

633

exposed corals and long-term submergence is not a guarantee against alteration or

634

dissolution (e.g., Sherman et al., 1999; Montaggioni and Braithwaite, 2009).

635
636

2.13 Summary and implications

637

Within coral reefs, the interactions between physical, chemical and biological factors

638

are numerous and complex, which can hinder the identification of straightforward

639

cause and effect relationships. Coupled with the fact that most coral species are

640

generalists (i.e., they can occupy a wide range of diverse habitats and vertical

641

ranges; Veron, 1995), this leads to heterogeneous reef structures and spatial

642

variations in their distribution and composition.

643
644

These complications can be compounded in the fossil record, where additional

645

processes (taphonomy and diagenesis etc.) along with a limited 2-dimensional

646

(section) or 1-dimensional (drill-core) perspective may render physical, chemical,

647

and biological relationships virtually indistinguishable from one another. In addition,

648

sections and drill cores may not fully capture the heterogeneous reef structure

649

evident in most modern coral reefs.

650
651

When reconstructing past sea levels from fossil coral reefs, the relationship between

652

sample elevation and the position of sea level at the time of growth is a fundamental

653

parameter. Unfortunately, the ecological literature implies that there is no direct

654

relationship between coral growth and depth per se. Instead, depth is a proxy for a

655

multitude of other factors that determine both species diversity and distribution. Sea73
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656

level reconstructions commonly also assume that any such depth-relationship would

657

be stable/constant through time. This again seems unlikely given the strong modern

658

spatial and temporal variability evident from the ecological literature.

659
660

3. CORAL DISTRIBUTION AND DIVERSITY

661

Variations in coral communities between different geographic regions (e.g.,

662

variations in coral diversity, growth forms, species composition, spatial coverage

663

etc.) result in local and regional coral-community zonation. These zones result from

664

intrinsic and extrinsic factors discussed in the preceding sections, which induce

665

variations ‘within species’ (i.e., morphological changes, often in response to

666

environmental gradients and which can lead to the emergence of geographic

667

subspecies), and ‘between species’ (e.g., presence/absence of species, or lack of

668

common species between regions) (Veron, 1995). These variations in coral

669

communities reflect, in the broadest sense: (i) the degree of geographic separation

670

(e.g., the evolutionary history and degree of genetic connectivity, as well as changes

671

in oceanic circulatory regimes, or the degree of dispersal success by coral species);

672

(ii) latitude-correlated environmental changes (e.g., temperature gradients); and (iii)

673

the degree of isolation (and size) of each distinct region (Veron, 1995). Additionally,

674

the generalist nature of most corals means: (a) that a species commonly found in

675

one type of habitat in one region may be absent from similar habitats in another, or

676

found in completely different habitats; and/or (b) that species that in one region

677

occupy a wide range of habitats may be confined to just one particular habitat type

678

elsewhere (Veron, 1995).

679
680

Attempts to delineate modern faunal distributions (Wallace, 1863; Wells, 1954; Stehli

681

and Wells, 1971; Veron 1993, 1995) have resulted in a variety of biogeographic

682

maps. A recent update of these yields a comprehensive evaluation of species

683

distribution (Veron, 2000; Veron et al., 2009), in which 141 coral ‘ecoregions’ were

684

defined (Figure 2). Below, we discuss relevant aspects for key regions covered by

685

our coral sea-level database.

686
687

3.1. Caribbean

688

In high to moderate wave-energy settings, robust-branching Acropora palmata is the

689

primary framework builder (reef-crest and upper-reef zones), while Acropora
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690

cervicornis dominates in more protected environments (fore- and back-reef settings)

691

(Montaggioni and Braithwaite, 2009). The table- and plate-forms of Acropora

692

palmata in the Caribbean are particularly well suited to rapid exploitation of a wide

693

range of environments as growth rate, substrate coverage, and exposure to sunlight

694

are maximised (Veron, 1995). Montastraea annularis is the third of the principal

695

species; it exhibits a high degree of phenotypic plasticity and a wide distribution

696

(Knowlton and Jackson, 1994).

697
698

The biogeographic distribution of Caribbean corals is fairly uniform relative to the

699

Indo-Pacific, which may reflect good connections between locations and generally

700

uniform environmental conditions (e.g., generally low terrigenous inputs) (Veron

701

1995), although local variations are evident in the ecoregions identified by Veron et

702

al. (2009). From comparison with Pleistocene reefs, the structure of Caribbean coral

703

communities appears to have changed little since the Plio-Pleistocene, which

704

suggests community stasis despite repeated sea-level oscillations (Hunter and

705

Jones, 1996; Greenstein et al., 1998a; Pandolfi and Jackson, 2007).

706
707

3.2. Indo-Pacific

708

Species diversity is approximately an order of magnitude greater in the Indo-Pacific

709

than in the Caribbean (Veron, 2000). However, reef growth and carbonate

710

production are similar between the two regions (Dullo, 2005), which highlights that

711

diversity is not a control on reef growth. Latitudinal attenuations in species

712

distributions are evident along the coastline of east Africa, both eastern and western

713

Australia, and northwards along the Japan coast (Figure 2). In high-latitude areas,

714

species composition is primarily controlled by boundary currents, which determine

715

the thermal regimes and create a ‘one-way genetic connectivity’ with upstream

716

(tropical) communities (Veron, 1995). Within the Indian Ocean, species diversity is

717

fairly uniform with distinct longitudinal variations only in the eastern Indo-Pacific

718

region. The central equatorial Indo-Pacific exhibits the highest species diversity and

719

has been named the ‘coral triangle’ (605 zooxanthellate coral species, representing

720

approx. 76% of the global complement; Veron et al., 2009). Reasons for this high

721

species diversity include the complex interplay between repeated environmental

722

perturbations, habitat complexity (and assumed evolutionary change) created by the

723

unstable tectonics of the region, and the influence of repeated Pleistocene sea-level
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724

changes, as well as patterns of coral larval dispersion and oceanographic regimes

725

(Veron et al., 2009). In contrast, the Hawaiian and far eastern Pacific are somewhat

726

peripheral regions of species diversity. Persistence of taxa and coral community

727

composition also characterise the fossil coral communities of the Pacific (Pandolfi,

728

1996, 1999; Webster and Davies, 2003). As mentioned in section 1.1.10, Pandolfi

729

(1996) demonstrated greater diversity within fossil coral sites of the same age from

730

the Huon Peninsula, than for reefs of different ages, which suggests that local

731

environmental conditions exerted a greater influence on diversity than differences in

732

global factors such as sea level and atmospheric CO2 concentrations between

733

successive highstands (Pandolfi, 1999).

734
735

4. CORALS AS INDICATORS OF PAST SEA LEVELS

736

4.1 Objectives

737

Here, we compile a comprehensive fossil coral database, to facilitate evaluation of

738

the data in a ‘holistic’ manner that spans all major geological and ecological aspects

739

that affect the use of coral benchmarks in studies of past sea level. Thus, the

740

benchmarks possess well-expressed and substantiated uncertainties.

741
742

This effort is needed to address current problems within Quaternary science (e.g. the

743

relationship between sea level, ice sheets and changes in climate; the variability,

744

rates and magnitude of sea-level change; the evidence and implications of a

745

potential two-stage highstand during the last interglacial), which cannot be

746

thoroughly addressed by looking at a single study, or a handful of studies, in

747

isolation. Note that when this database is used, contributions of the original authors

748

should also be given due credit (and citations).

749
750

Our overall aim is to create one harmonised (i.e. all data treated in a similar way)

751

resource that serves not only to support sea-level reconstructions, but also highlights

752

the state of the art and the remaining challenges, and so fosters in-depth discussions

753

about strategies to address the challenges. To achieve this, our specific objectives

754

are:

755
756

1. to facilitate assessment of available U-series dated coral sea-level markers
within their proper uncertainties;
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757
758
759

2. to improve and widen access of user groups to the currently available coral
data (and sea-level reconstructions); and
3. to flag outstanding issues, illustrated with examples.

760
761
762

In order to reconstruct past sea levels using fossils corals, there are four main

763

requirements:

764
765
766
767
768
769
770
771

i) preservation within the fossil record (preferably with stratigraphic and
geomorphological context);
ii) determination of the modern elevation of the fossil (including any uplift
corrections);
iii) precise dating of the fossil coral (with due consideration of the diagenetic
history of the sample); and
iv) understanding the relationship between the likely position of the fossil and the
sea surface at the time of its growth (i.e., the habitat-depth distribution).

772
773

Awareness is increasing that the latter term is critically important for refining sea-

774

level reconstructions, whilst also properly accounting for all (known) uncertainties.

775

However, the relationship between the modern distribution of corals and the depths

776

at which they occur is far from straightforward. As seen in section 2, modern

777

ecological studies suggest that depth by itself exerts little direct control on the

778

distribution of coral taxa. Instead, other biotic and abiotic factors influence modern

779

coral distributions, and some of these factors vary with depth. Furthermore, the

780

depth relationships vary spatially, and likely also temporally. Nonetheless,

781

information on the depth preference of the fossil coral taxa is fundamental to the

782

calculation of past sea levels and their uncertainties. We therefore identify from

783

modern census studies the species-level (where possible) depth distributions for use

784

in our sea-level calculations. We thus assess the available geological data within a

785

well-documented modern biological/ecological context.

786
787

We ensure that all appropriate fields within the database are ‘harmonised’ (i.e.,

788

treated the same throughout), so that they are internally consistent. Examples of

789

such harmonisation are: (1) the single approach applied to all locations (where

790

possible) for deriving the appropriate regional uplift term (any exceptions are clearly
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791

indicated); and (2) the recalculation of radiometric ages using the same decay

792

constants and approach for all samples, while also noting the originally determined

793

values in the database. Although we inspect the degree of coherence in

794

reconstructed sea-level records between sites (within uncertainties), we mostly

795

refrain from making glacio-isostatic adjustments (this is not a trivial exercise, and is

796

being done in a separate study).

797
798

Section 4.2 briefly outlines the main parameters within the fossil coral database. It

799

builds upon the compilations of Dutton and Lambeck (2012) and Medina-Elizalde

800

(2012), and currently contains >2,500 data points (a greater than three-fold increase

801

on both compilations) from 35 locations (Figure 3). Data from the sources involved in

802

these previous compilations are incorporated in our database, but we have

803

recalculated: the ages; corrected coral position (Zcp); and the reconstructed relative

804

sea-level probabilities (PRSL) following our harmonisation. Our PRSL reconstructions

805

include the re-evaluated taxon-specific habitat-depth distributions from section 4.2.4.

806
807

We highlight that comparison of reported U-Th ages for a given sample between the

808

three databases (i.e., Dutton and Lambeck, 2012; Medina-Elizade, 2012; this study)

809

may reveal some age differences. Also, ages in the databases may not be the same

810

as those originally reported in the primary source. These discrepancies arise for two

811

reasons: (1) because of the use of different decay constants for

812

(2) because of the consideration (or lack thereof) of the method of spike calibration

813

during recalculation of the ages. Differences between this study and the Dutton and

814

Lambeck (2012) compilation can be solely attributed to the current application of

815

updated decay constants for

816

use of earlier decay constants after Cheng et al. (2000). The difference in absolute

817

value of these decay constants is very small and in many cases has a negligible

818

effect on age, but the precision is greatly improved in the most recent generation of

819

decay constants (Cheng et al., 2013). Differences between the Medina-Elizade

820

(2012) and Dutton and Lambeck (2012) compilations arise because the method of

821

spike calibration was not considered by Medina-Elizade (2012). This only has an

822

effect on isotope activity ratios, and hence calculated age, when a gravimetric

823

standard was used to calibrate the isotopic spike. Our recalculated ages also include

824

the decay constant error within the final age uncertainty.
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825
826

As a rule, we use only published information to compile our database, although (to

827

date, only data published prior to January 2014 is included). We include only

828

information readily available within the published literature and include the following

829

studies within the database: Andersen et al., 2008, 2010; Ayling et al., 2006; Bard et

830

al., 1990a,b,c, 1996a,b, 2010; Bender et al., 1979; Blanchon and Eisenhauer, 2001;

831

Blanchon et al., 2009; Bloom et al., 1974; Broecker et al., 1968; Bruckner and

832

Radtke, 1989; Camoin et al., 1997, 2001, 2004; Chappell et al., 1996; Chen et al.,

833

1991; Collins et al., 2003, 2006; Colonna et al., 1996; Coyne et al., 2006; Cutler et

834

al., 2003, 2004; Deschamps et al., 2012; Dodge et al., 1983; Dumas et al., 2006;

835

Edwards et al., 1987b, 1993, 1997; Eisenhauer et al., 1993, 1996; Esat and

836

Yokoyama, 2006; Esat et al., 1999; Fairbanks et al., 2005; Frank et al., 2006;

837

Fruijtier et al., 2000; Gallup et al., 1994, 2005; Grün et al.,1992; Hamelin et al., 1991;

838

Harmon et al., 1978,1983; Hearty et al., 1999, 2007; Israelson and Wohlfarth, 1999;

839

Kennedy et al., 2012; Ku et al., 1974; Ludwig et al., 1996; McCulloch and Mortimer,

840

2008; McMurty et al., 2010; Mesolella et al., 1969; Montaggioni and Hoang, 1988;

841

Muhs et al., 1994, 2002a,b, 2006, 2011, 2012a,b; Multer et al., 2002; Nunn et al.,

842

2002; O’Leary et al., 2008a,b, 2013; Peltier and Fairbanks, 2006; Pirazzoli et al.,

843

1993; Potter et al., 2004; Riker-Coleman et al., 2006; Schellmann et al., 2004;

844

Scholz et al., 2009; Schubert and Szabo, 1978; Sherman et al., 1999; Speed and

845

Cheng, 2004; Stein et al., 1993; Stirling et al., 1995, 1996, 1998, 2001; Szabo et al.,

846

1994; Taylor et al., 1985; Thomas et al., 2009, 2012; Thompson and Goldstein,

847

2005; Thompson et al., 2003, 2011; Toscano and Lundberg, 1999; Veeh, 1966;

848

Vezina et al., 1999; Walter et al., 2000; White et al., 2001; Yokoyama et al., 2001;

849

Zhao and Yu, 2002; Zhu et al., 1993.

850
851

This presents a first step toward a comprehensive database of all coral U-Th data

852

generated on mass spectrometers (excluding alpha-counting data) that both legacy

853

data and future data can be added to. The database presented here incorporates all

854

available meta-data (e.g., contextual information on geomorphology, taxonomy and

855

stratigraphy of the sample) to enable users to assess the reliability of each sample

856

for reconstructing past sea level. In section 4.3, we evaluate some of the major

857

implications of the collated information in more detail.

858
79
Page 26

859

4.2 Principal database parameters

860

4.2.1 Sample identifiers and location

861

Each data point has been assigned a unique identifier within the database, along

862

with the original sample identifier by which it was first published. Sample locations

863

are as originally reported, with the proviso that many of the original publications lack

864

detailed sample location information so that latitude and longitude are estimated.

865
866

4.2.2 Tectonic setting (and uplift/subsidence rate)

867

We initially intended to find independent estimates of uplift/subsidence rates for each

868

location. Unfortunately, it was not possible to obtain such independent estimates for

869

the vast majority of sites. Consequently, we instead recalculated all regional

870

uplift/subsidence rates using the maximum elevation given for the LIG terrace at

871

each site, and assuming a LIG sea level of 6.6 ± 2 m (Kopp et al., 2009, 2013) and

872

an age of 125 ± 5 ka (equation 1). Where no elevation was given for a regional last

873

interglacial terrace, we have used uplift rates as presented in the original publication

874

(while ensuring that a consistent value is used for all data from such a site) (Table 1).

875

We calculate uplift rates (in m/ka) as follows:

876
877

H/ t = (H(loc)LIG – HLIG)/tLIG

(Equation 1)

878
879

where

880

H(loc)LIG = maximum elevation of the local LIG terrace (in m, relative to modern

881

sea level; + is above modern sea level);

882

HLIG = 6.6 ± 2 m (Kopp et al., 2009, 2013); and

883

tLIG = 125 ± 5 ka.

884
885

We assume that uplift/subsidence has been linear through time, although we

886

recognise that this assumption may not hold for all locations or time periods (cf.

887

Schellman and Radtke, 2004). We recognise that, although internally consistent, our

888

procedure remains open to considerable uncertainties (cf. Creveling et al., 2015).

889

Little or no independent information exists to verify the uplift/subsidence rates – this

890

remains one of the most important parameters to require further attention.

891
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892

4.2.3 Sample elevation and stratigraphic context

893

We record the method that was used to determine the present elevation of the

894

sample (GPS, levelling, or interpolation from map contours), and assign elevation

895

uncertainty where none was specified in the original publication; for example, all drill-

896

core samples are assigned a 1 m elevation uncertainty. We could not correct

897

elevations to any specific datum (e.g., mean high water) because there commonly is

898

insufficient information to do so (i.e., no information on the datum relative to which

899

elevation was measured). Also, we could not (yet) confidently determine past tidal

900

ranges at each location. To date, only few models offer estimates of local or regional

901

variations in palaeo-tidal range (e.g., Hinton 1996; Uehera et al., 2006; Hill et al.,

902

2011). Instead, we provide (modern) indicative ranges (Table 2) from a global tidal

903

model.

904
905

Geological and geomorphological context details were obtained from source

906

publications, when reported (e.g., facies information, details of whether the sample is

907

in situ or displaced, etc.). Terrace designation is that of the original authors (where

908

reported) with any subsequent reanalysis or change in accepted local nomenclature

909

also noted. Incorporating these metadata allows assessment of the stratigraphic

910

integrity of sample series. For example, it allows evaluation of whether sample ages

911

obtained from within a stratigraphic unit are consistent with each other (including

912

data from multiple studies). However, note that – unlike sediment layers – coral reefs

913

grow in 3-dimensions, so that a prograding reef may contain a wide range of ages

914

along the same elevation (or terrace). Such age structure has been reported, for

915

example, for Holocene growth on the Great Barrier Reef (Marshall and Davies,

916

1982). The implication is that data should not be rejected on this basis alone.

917

Likewise, age inversions that are identified on the basis of age and elevation data

918

alone should not be rejected out of hand because such relationships may be entirely

919

consistent with 3-dimensional development of the reef.

920
921

4.2.4 Taxonomic identification and depth distribution

922

The identification of coral is as given in the original papers; identification to species

923

level is available in ~45 % of the total fossil data, while ~50 % is identified to genus

924

level only, and 6 % is unidentified.

925
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926

Within the fossil coral-based sea-level community, there has been a tendency to

927

assume a 6 m depth habitat for many species (e.g., Lighty et al., 1982; Toscano and

928

Macintyre, 2003; Gischler and Hudson, 2003; Peltier and Fairbanks, 2006; Medina-

929

Elizalde, 2012). Some studies use a local modern analogue (i.e., incorporating the

930

characteristics of the modern coral assemblage at a site) to constrain the depth

931

preference of fossil corals (e.g., Montaggioni et al., 1997; Cabioch et al., 1999,

932

Webster et al., 2009; Deschamps et al., 2012). Apart from such local studies,

933

however, there is sparse published research on the direct relationship between coral

934

distribution and depth. As discussed in section 2, corals are “depth-generalists”, with

935

most species occurring within very shallow waters down to depths of as much as 40

936

m (Carpenter et al., 2008). Other controls such as temperature, salinity, nutrients,

937

predation, and local environmental and substrate conditions, were found to exert a

938

greater influence on the depth limit of species than irradiance levels or depth per se

939

(section 2). In addition, depth zonations for coral taxa are less well defined in the

940

Indo-Pacific than in the Caribbean (Woodroffe and Webster, 2014). In the Indo-

941

Pacific, coral assemblages and associated coralline algae assemblages may give

942

better indicators of depth (Pandolfi, 1996; Montaggioni and Braithwaite, 2009).

943
944

It is therefore hard to justify a blanket assumption that past sea level stood 6 m

945

above the elevation of the coral for all taxa at all locations. This growing awareness

946

is reflected in the increasing use of coral or coral/coralline-algal assemblages (cf.

947

Cabioch et al., 1999; Pandolfi and Jackson, 2001; Webster and Davies, 2003;

948

Webster et al., 2004; Abbey et al., 2011; Deschamps et al., 2012) to refine depth

949

relationships.

950
951

Here we use data from modern ecological studies to assign modern depth

952

relationships to each fossil coral sample identified to genus or species level.

953

Specifically, we use information from the Ocean Biogeographical Information System

954

(OBIS) (OBIS, 2014; a full list of extracted data and references can be found in

955

Appendix A) and assign a median depth habitat and uncertainties based on the

956

modern depth distributions of each genus and species, respectively. The modern

957

ecological data within OBIS are derived from credible and authoritative biological

958

research initiatives and have passed internal quality control measures prior to

959

release (e.g., verification of species name). The database contains over 700
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960

datasets and more than 22 million records of marine life. For this study, we have

961

extracted only coral depth data for species currently included in the fossil sea-level

962

index database (the exercise may be expanded for any new species added to the

963

reconstructions). The modern studies include information from both shallow and

964

deep (diver/automated underwater vehicle) surveys, often spanning several years.

965
966
967

Examples of the modern depth distributions of the main coral taxa used in sea-level

968

reconstructions are given in Figure 4. The depth distributions are clearly variable,

969

and tend toward skewed distributions (i.e., a long tail to greater depths). There are

970

significant differences between species, with some resembling a lognormal

971

distribution while others exhibit bi- or multi-modal distributions (e.g., Montastraea

972

annularis). For each species, we derive an estimate of the median water depth in

973

which the species lives using all locations available. We have chosen the median

974

rather than the mean because the depth distributions are not Gaussian or

975

symmetrical (Figure 4), and because the mean is more sensitive to outliers. The

976

lower and upper bounds of the 95 and 68 % confidence intervals were also

977

determined using the 2.5, 97.5, 16 and 84 percentiles, respectively (Table 3, depth

978

distributions can be found in the online supplementary material).

979
980

For some species, no or very limited observational data were available. In these

981

instances, we have used the genus relationship (e.g., Acropora danai, Favia

982

speciosa, Pocillopora guadalupensis) (marked with an asterisk in Table 3). However,

983

the number of fossil corals from these groups is small in our database. We highlight

984

in Table 3 those depth relationships that are based on relatively few (<300)

985

observations (e.g., Alveopora sp., Gardinerosis planulata), and we recommend

986

increased caution when using these in sea-level reconstructions. For Oculina sp. and

987

Oulophyllia sp., there were insufficient observational data to determine a robust

988

depth relationship (33 and 183 observations, respectively). In these two instances

989
990

and included data derived from museum specimens (this increased the number of

991

data to 287 and 240 for Oculina sp. and Oulophyllia sp., respectively). There are no

992

direct observations and only few museum specimens available for the solitary coral
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993

Balanophyllia elegans (n = 88), and we therefore use data from the study of

994

Gerrodette (1979) for this species.

995
996

Using our synthesis of modern, ecologically derived, and species-specific depth

997

distributions, we have evaluated the relationship between each modern coral taxon

998

and its modern habitat-depth distribution. For example, species of the genus

999

Acropora have been observed in water depths ranging from 0 to -91 m: A. cytherea

1000

was observed at a depth of -91 m in the Pacific (CRED Rapid Ecological

1001

Assessments of Coral Population in the Pacific Ocean 2007-2010) and down to

1002

depths of -55 to -60 m on the Great Barrier Reef (Bridge et al., 2012; Abbey et al.,

1003

2013). Our analysis suggests that most (95% probability) Acropora sp. live between -

1004

0.5 and -16.4 m (Figure 4, Table 3). Within the genus, Acropora cervicornis has a

1005

wider depth range (0.2 to 48 m) (Figure 4, Table 3): it was observed at -48 m in

1006

Puerto Rico (La Parguera, Puerto Rico Benthic Composition and Monitoring Data,

1007

2002 - Present); at -35 m in St Croix (St. Croix, USVI Benthic Composition and

1008

Monitoring Data, 2002 - Present) and at -21 m in Cuba (Atlantic and Gulf Rapid Reef

1009

Assessment – Benthic; Marks, 2007). Acropora palmata is generally found between -

1010

0.35 and -9.4 meters water depth (95 % confidence limits) (Figure 4, Table 3)), with

1011

a maximum observed depth of -22 m at St Croix, US Virgin Islands (St. Croix, USVI

1012

Benthic Composition and Monitoring Data, 2002 - Present), but this increases to a

1013

maximum of -41 m at this location if we allow depth precision of the observations

1014

m (St. Croix, USVI Benthic Composition and Monitoring Data, 2002 - Present).

1015

This accords with the compilation in Lighty et al. (1982), which suggested a narrow

1016

range of <-1 m to -5 m for this species in the Caribbean (note that most studies used

1017

in Lighty et al. (1982) occurred prior to the advent of routine deep-water surveys),

1018

and with the range of -0.1 to -40 m from the more recent IUCN Red List (Carpenter

1019

et al., 2008) (Table 3). Comparisons of our depth relationships with previous

1020

assessments (e.g., Carpenter et al., 2008; Bridge et al., 2013) are shown in Figure 5

1021

and Table 3.

1022
1023

Most of the depth distributions (this study and Carpenter et al., 2008, Figures 4 and

1024

5, Table 3) corroborate the “depth generalist” tendency of most coral species, with

1025

the majority confined to the upper ~20 m water depth, and a few species extending

1026

to depths of >50 m (e.g., Siderastrea radians). This has implications for the sea-level
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1027

precision achievable from fossil corals. For example, use of a fossil Acropora

1028

palmata sample, which has a vertical range of ~ 9 m (95% probability range from -

1029

0.4 to -9.4 m, median depth of -1.5 m), will result in smaller uncertainties than use of

1030

Montastraea annularis, which has a ~16 m range (95% range from -1.1 to -17 m,

1031

median depth -9.7 m). This is not a new finding, but it is here more precisely

1032

quantified by synthesis of the – as yet – most complete biological/ecological

1033

database. Also, our synthesis emphasises that depth ranges are much wider and

1034

more complex than commonly assumed in fossil coral-based sea-level studies.

1035
1036

Some species are not well constrained by modern observations and caution should

1037

be used when using these corals for sea level reconstructions. For example, Oculina

1038

sp. is not well constrained by modern observations. Oculina includes both

1039

zooxanthellate and azooxanthellate species, but the two groups are not

1040

morphologically distinct (Veron, 1995). Three species of Oculina are considered to

1041

be facultative symbiont bearers (Cairns, 1999). In Florida, Oculina reefs have been

1042

identified at depths of -50 to -60 m (Reed, 2002, 2006) and O. varicosa was

1043

observed at -50 to -152 m (Reed, 1980, 2006). On the Flower Garden Banks (Gulf of

1044

Mexico), O. diffusa has been observed at -95 m (Sammarco et al., 2014). The

1045

present lack of depth constraints for this species (given its wide depth distribution), in

1046

conjunction with the lack of distinguishable morphological feature for the facultative

1047

species (Veron, 1995), implies that Occulina is unsuitable for precise RSL

1048

reconstructions from fossil corals.

1049
1050

Our synthesis gives a ‘maximum’ species depth preference that applies when

1051

considering points without further context; the vertical uncertainties may be reduced

1052

where stratigraphic and geomorphic information exists. For example, a fossil coral

1053

sample that can be firmly associated with reef crest facies will have a much narrower

1054

vertical range than a coral of the same species with no geomorphic information (i.e.

1055

no information on the position of the coral within the reef framework). Unfortunately,

1056

records within our modern synthesis (and many fossil records) have not

1057

differentiated between the different reef environments.

1058
1059

Starting from section 4.3, we will apply the new habitat-depth preferences and their

1060

uncertainties in sea-level reconstructions. This includes further assessment of
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1061

habitat-depth complexities, in particular the substantial habitat-depth differences that

1062

appear to exist within single taxa on a variety of local (reef), regional, and inter-

1063

oceanic scales. Prior to such applications, however, we must highlight some caveats

1064

to our assessment of habitat-depth preferences. First, the information is limited to

1065

regions where modern ecological surveys have been undertaken, and which have

1066

been included in the OBIS database (for instance, OBIS currently includes no A.

1067

palmata observations from either the Great Barrier Reef, or Western Australia).

1068

Second, we are constrained by survey-methodologies included in the OBIS

1069

database, many of which remain strongly focussed on the uppermost water column.

1070

Third, there are limited observations in OBIS for some species (for example, there

1071

are no observations of the solitary coral Balanophyllia elegans within the OBIS

1072

database, although it is an important species in fossil studies, represented by 274

1073

samples in our database). Finally, we note that results may be refined as further

1074

information becomes available in OBIS, or through the addition of other studies, but

1075

care must be taken to avoid duplication when combining other studies along with the

1076

OBIS compilation, as that would bias the statistics.

1077
1078

4.2.5 Sample age

1079

Comprehensive reviews of U-Th dating systematics in corals are available elsewhere

1080

(Edwards et al., 2003; Stirling and Andersen, 2009; Dutton, 2015). All U-Th

1081

geochemical data reported in the initial publications are included in the database,

1082

including

1083

activity ratios of

1084

used for analysis, decay constants used, and method of spike calibration. Where

1085

available, we also note the calcite content and the methodology used for this

1086

determination. Wherever possible, missing data were obtained from the original

1087

authors.

238

232

U and

Th concentrations,

230

Th/238U (or

230

Th/232Th activity or atomic ratios, and

230

Th/234U) and

234

U/238U. We record the instrument

1088
1089

Activity ratios were recalculated using the Cheng et al. (2013) decay constants for

1090

234

1091

calibrated gravimetrically. All ages and initial

1092

Isoplot version 3.5 (Ludwig, 2003) assuming closed-system behaviour and using the

U and

230

Th in cases where we were able to establish that a the spike was
234

U values were recalculated using
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1093

decay constants of Cheng et al. (2013). The reported uncertainties include the error

1094

associated with the decay constants.

1095
1096
234

230

1097

Th
238
U

1

U(meas)
1000

230T

e
act

230
230

1 e

234

230

T

(Equation 2)

234

1098
1099

where
[230Th/238U]act is the 230Th/238U activity ratio;

1100
1101

238

234

230

are the decay constants of

238

U,

234

U and

230

Th respectively

(Cheng et al., 2000, 2013);

1102

234

U(meas) is the measured value of the activity ratio of

1103

234

234

U/238U relative to

U = ([234U/238U] – 1) x 1000); and

1104

secular equilibrium in permil (

1105

T is the age of the sample in years.

1106
1107

The initial value of

234

U at the time that the coral grew is calculated by:

1108
1109

234

U initial

234

U meas e

(Equation 3)

234 T

1110
1111

We include ages reported in the original sources for comparison, as well as the

1112

originally reported isotope ratios and associated geochemical data, to enable users

1113

to perform their own calculations, if desired. The potential for open-system behaviour

1114

(i.e., remobilisation of nuclides) is recognised as a major limitation of the U-series

1115

dating method with the accuracy of ages limited to a greater degree by diagenetic

1116

effects than by analytical precision (Bard et al., 1992; Stirling et al., 1995). The

1117

potential for open-system behaviour increases with age (e.g., with exposure due to

1118

tectonic uplift), but has been recognised even in younger samples that appear to be

1119

well preserved at the macro- and micro-scopic level (e.g. Henderson et al., 1993;

1120

Anderson et al., 2008). Diagenetic alteration may be episodic or occur over a

1121

prolonged period; it can occur upon deposition or at some interval later (e.g. upon

1122

exposure following uplift) with potentially multiple and differing modes of alteration

1123

(post-depositional gain and/or loss of U and or Th) even within the same fossil coral

1124

(e.g., Scholz et al., 2009) (Figure 6).
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1125
1126

Methods have been proposed to correct for open-system behaviour (e.g., Thompson

1127

et al., 2003; Villemant and Feuillet, 2003; Scholz et al., 2004). However, there is

1128

debate within the community regarding how and when such models may be

1129

appropriately applied to fossil coral U-Th data (e.g., Stirling and Andersen, 2009).

1130

The ages listed in the database are all closed-system ages. However, some of these

1131

corals have experienced open-system behaviour of the U and/or Th isotopes. Most

1132

of these open-system-affected corals end up being excluded from the discussion

1133

herein due to the screening criteria that were applied to remove diagenetically

1134

compromised samples. The disadvantage of screening out these altered data is that

1135

it produces a much smaller pool of samples from which to make interpretations.

1136

Another approach would be to evaluate the open-system behaviour of corals study

1137

by study (site by site) and use an open-system model such as that of Thompson et

1138

al. (2003) to make corrections to a subset of the data in cases where it is

1139

appropriate.

1140
1141

The pre-requisite to applying an open-system model to correct U-Th dates is that two

1142

assumptions can be validated (Dutton, 2015). The first of these is that it can be

1143

independently established that the coral(s) have been modified in a way that is

1144

consistent with the open-system model (compare diagenetic trends in Thompson et

1145

al., 2011 with Scholz et al., 2007). If subsamples of the coral or multiple corals from

1146

the same outcrop display an array of

1147

consistent with the pattern predicted by the open-system model, this would provide

1148

some justification for an open-system modelling approach. In contrast, application of

1149

the model to isolated data points (e.g., single analyses of corals or where the

1150

digenetic pattern has not been established) are dubious and become misleading for

1151

corals that have been altered along a different diagenetic pathway. The second pre-

1152

requisite is that the initial value of seawater

1153

coral grew); as this seawater value is an input parameter that defines the point at

1154

which the model ‘stops’ and calculates an age, the accuracy of the seawater value

1155

will directly translate into the accuracy of the interpreted age.

230

Th-234U-238U compositions that are

234

U is known (for the time when the

1156
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1157
1158

The recalculated data were screened for reliability using the commonly applied
234

Uinitial, % calcite and 232Th concentration criteria (Bard et al., 1991; Hamelin et al.,

1159

1991; Stirling et al 1998), with samples fulfilling multiple criteria thought to be more

1160

reliable (Stirling et al., 1998). The

1161

value of the sample at the time the sample formed), and hence the

1162

at the time of formation, is compared with values obtained for modern corals and

1163

seawater. High

1164

alteration of fossil corals (Hamelin et al., 1991; Henderson et al., 1993; Gallup et al.,

1165

1994).

234

Uinitial of the sample (i.e., the calculated

234

U

234

U of seawater

234

Uinitial values are often used as an indicator of diagenetic

1166
234

1167

Results are often screened for compliance with with a

Uinitial value of 147 ± 5 ‰

1168

(i.e. within the range of values consistent with modern seawater and living corals;

1169

Chen et al 1986; Henderson et al., 1993; Henderson, 2002; Andersen et al., 2010b),

1170

assuming that seawater composition over the last few 100,000 years remained

1171

within 5 ‰ of the modern value. However, variation in seawater

1172

documented (on the order of ~10-15 ‰, Henderson, 2002; Esat and Yokoyama,

1173

2006), with lower than modern values (7 to 10 ‰) during the last glacial (Culter et al.,

1174

2004; Esat and Yokoyama, 2006; Durand et al., 2013) meaning that screening of

1175

corals using a narrow range around modern seawater may reject some high quality

1176

data. On the other hand, using a range that is too wide will increase the inclusion of

1177

altered samples that will bias the analysis. Users may also assess the data with

1178

respect to the replication of analyses within a coral; replicate analyses that are

1179

consistent in terms of both their calculated age and their calculated

1180

are considered ‘most reliable’.

234

U has been

234

Uinitial values

1181
234

1182

We therefore use three different

Uinitial screening criteria to account for the

1183

possibility of variations in seawater composition on glacial-interglacial timescales.

1184

For interglacials, we use the modern

1185

intervals we follow the IntCal Working Group (Reimer et al., 2013) recommendation

1186

of

1187

this lower value for samples older than 17 ka but do not define an older age limit. We

1188

use the LR04 (Lisiecki and Raymo, 2005) age of the transition from Marine Isotope

1189

Stage (MIS) 5 to MIS 4 (71 ka) as the transition between glacial and interglacial

234

Uinitial value of 147 ± 5 ‰, and for glacial

234

Uinitial values of 142 ± 8 ‰. The IntCal Working Group (Reimer et al., 2013) use
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1190

screening criteria (i.e. between 71 and 130 ka, a screening criterion of 147 ± 5 ‰ is

1191

used). For samples older than 130 ka (age of the transition from MIS 6 to 5 defined

1192

in LR04; Lisiecki and Raymo, 2005), we use a value of 147 +5/-10 ‰ in order to

1193

account for possible variations in seawater (Figure 7).

1194
1195

We exclude data when the calcite percentage

1196

not been reported (this criterion is useful for assessing potential recrystallization from

1197

aragonite to calcite and thus potential diagenetic influences on age). We also

1198

exclude data where the

1199

reported. It should be noted, however, that multiple diagenetic episodes, such as the

1200

exposure of uplifted reef terraces to meteoric waters (with potentially varying effects;

1201

i.e., the addition or loss of nuclides) may not necessarily be recognisable using the

1202

232

ppb or where this has not been

234

Uinitial and percentage calcite screening criteria (Scholz et al., 2009).

1203
1204

Most of the data within our fossil coral database are from the last deglacial interval

1205

(~30%) and the last interglacial (just over 25%). Obtaining reliable age

1206

determinations becomes increasingly difficult the further back in time, due to the lack

1207

of

1208

Theoretically, the U-Th method enables age determinations of up to ~600 ka but in

1209

practice there are few coral data older than about 200 ka. Improvements in analytical

1210

techniques (in particular the increased precision and accuracy offered by TIMS and

1211

MC-ICP-

1212

reconstructions on millennial rather than just orbital timescales. Uncertainties

1213

increase with increasing age, so that in older periods, millennial-scale sea-level

1214

reconstructions are not possible for comparison with those of the last deglaciation.

1215

However, the older data remain valuable, for example, for the distinction of older

1216

interglacial periods.

well-preserved

specimens

and

the

influence

of

diagenetic

processes.

-counting techniques) have enabled local sea-level

1217
1218

4.2.6 Reconstructed sea level and uncertainties

1219

In the above, we ensured consistency of the four principal parameters: (1) we have

1220

assigned appropriate uncertainties to the modern elevation of each sample; (2) we

1221

have applied empirically derived species-specific habitat-depth relationships and

1222

their associated uncertainties; (3) we have determined uplift/subsidence rates for
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1223

each geographical region using the same assumptions; and (4) we have consistently

1224

recalculated all ages using the same procedure and decay constants. This allows us

1225

to recalculate both a corrected coral position (Zcp) and past sea levels with full

1226

consideration of the associated uncertainties.

1227
1228

In order to reconstruct past sea levels, we must consider the relationship between

1229

the position of the coral and the position of sea level at the time of coral growth.

1230

Without this, we only have a (tectonically) corrected coral position (Zcp) and

1231

associated uncertainties.

1232
1233

Zcp = Hsam - ( H/ t)*tsam

(Equation 4)

1234
1235

where

1236

Zcp is corrected coral position (in m, negative values are below sea level);

1237

Hsam is the modern elevation of the sample (in m, positive is above and

1238

negative values are below sea level);

1239

H/ t is the recalculated (equation 1) uplift/subsidence rate (in m/ka, increasing

1240

positive ages in kilo-years before present); and

1241

tsam is the recalculated conventional age of the sample (in ka, increasing

1242

positive ages in kilo-years before present).

1243
1244

In order to reconstruct past sea level, we must consider in addition the relationship

1245

between the position of the coral and the position of sea level at the time of coral

1246

growth (i.e. where the coral was living the the water column). In order to do this, we

1247

need to change the frame of reference from mean sea level (i.e. the modern

1248

elevation of the coral is measured with respect to mean sea level) to the position of

1249

the fossil coral (i.e. we know the present elevation of the coral but want to determine

1250

past sea levels) (Figure 8). For example, a living Acropora palmata coral occurs at a

1251

depth of -1.5 m below present mean sea level (i.e. we know the depth of the coral

1252

relative to sea level) but sea level is +1.5 m above the position of the coral. In the

1253

fossil record, we know the elevation of the coral (corrected for any tectonic change),

1254

but we do not know the position of sea level at the time of its growth. Instead we are

1255

able to reconstruct the probability of sea level at the time the coral was living (PRSL)
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1256

by assuming the coral occurs at the median depth (i.e. that the elevation of the coral,

1257

Zcp, occurs at the median of the modern depth distribution) and combining the

1258

corrected coral position (Zcp) uncertainties with the inverted depth distribution (Figure

1259

8). We combine these using a Monte Carlo approach (using 150,000 simulations) to

1260

derive a probability maximum (PRSL) associated with each coral position (Zcp) and an

1261

uncertainty distribution around that point. For each coral, we obtain a set of randomly

1262

sampled values from the corrected coral position (Zcp) uncertainty, and a set of

1263

randomly sampled values from the modern taxon depth distribution and sum across

1264

the two errors. For each individual coral, we then have multiple instances across a

1265

combined error distribution. From this set we can generate the probability

1266

distribution, and extract a probability maximum and the associated 1-, 2- and 3-

1267

sigma equivalent levels (68%, 95%, and 99% probability intervals).

1268
1269

The result is a probability distribution of relative sea level (PRSL) for each coral, which

1270

comprises both a eustatic and local glacio-isostatic adjustment component. As we

1271

include a more comprehensive suite of input uncertainties (most notably the habitat-

1272

depth ranges as derived from modern studies), our new PRSL calculations come with

1273

increased total vertical uncertainties relative to those in previous compilations (cf.

1274

Dutton and Lambeck 2012; Medina-Elizalde 2012).

1275
1276

Our calculation of PRSL includes our new, species-specific median depth information,

1277

in preference to the incorporation of the new information only for vertical uncertainty.

1278

This results in a probability distribution of past sea level (through which a line can be

1279

drawn); this is in contrast to all previous calculations where the depth-habitat term

1280

was not included (i.e. the output was in terms of tectonically corrected elevations,

1281

and the position of former sea levels was estimated above those output data of

1282

previous calculations).

1283
1284

The inclusion of detailed metadata in our database allows users to assess for

1285

themselves the ‘most reliable’ age determination and sea-level reconstructions. It

1286

also facilitates an assessment of the available U-series dated corals within both their

1287

geological and ecological settings, and a first order assessment of the degree of

1288

coherence of reconstructed sea levels within a site, as well as between sites. Again,

1289

we must emphasise that we have not incorporated GIA-corrections (e.g., Farrell and
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1290

Clark, 1976; Milne and Mitrovica, 1998; Lambeck and Chappell, 2001; Mitrovica and

1291

Milne, 2003; Peltier, 2004) in the database. This means that the data should not be

1292

expected to directly overlap, since GIA effects will cause site-specific sea-level data

1293

to depart from the eustatic signal. In the remainder of this paper, we briefly explore

1294

the general features of RSL variations in the database, and assess its utility for

1295

interrogating data relative to one another to highlight some outstanding (solvable)

1296

limitations to sea-level reconstructions.

1297
1298

4.3 Overview of the fossil database and reconstructed sea levels

1299

After screening (

1300

remain from 13 locations, both near-field sites (proximal to former ice sheets, where

1301

influence of glacio-isostatic adjustment (GIA) processes on RSL records is large)

1302

and far-field sites (far from former ice sheets and where GIA influences are smaller):

1303

Bahamas (Chen et al., 1991); Barbados (Gallup et al., 1994, 2002; Cutler et al.,

1304

2003; Thompson et al., 2003; Bard et al., 1990a; Hamelin et al., 1991; Blanchon and

1305

Eisenhauer, 2001; Peltier and Fairbanks, 2006; Fairbanks et al., 2005; Potter et al.,

1306

2004; Bard et al., 1990b,c; Scholz et al., 2009); Bermuda (Muhs et al., 2002);

1307

southern China (Zhao and Yu, 2002); Comoro Islands (Camoin et al., 2004);

1308

Curacao (Muhs et al., 2012a; Vezina et al 1999); Mururoa atoll, French Polynesia

1309

(Camoin et al., 2001); Tahiti (Thomas et al., 2009; Yokoyama et al., 2001;

1310

Deschamps et al., 2012; Bard et al., 1996b); Sumba Island, Indonesia (Bard et al.,

1311

1996a); Madagascar (Camoin et al., 2004); Yucatan Peninsula (Blanchon et al.,

1312

2009); Huon Peninsula, Papua New Guinea (Yokoyama et al., 2001; Esat and

1313

Yokoyama, 2006; Cutler et al., 2004; Bard et al., 1996b; Cutler et al., 2003; Stein et

1314

al., 1993); Henderson Island (Pitcairn Islands) (Anderson et al., 2010; Stirling et al.,

1315

2001); Seychelles (Israelson and Wolfarth, 1999; Camoin et al., 2004); Hawaii (Muhs

1316

et al., 2002; Szabo et al., 1994); Vanuatu (Edwards et al., 1987b; Taylor et al., 1985;

1317

Cutler et al., 2004); and Western Australia (Stirling et al., 1995, 1998, 2001; Zhu et

1318

al., 1993; Eisenhauer et al., 1996; O’Leary et al., 2008; Collins et al., 2006) (Figure

1319

9). Only these data are used in subsequent analyses. Most data are concentrated

1320

within the last deglacial and the LIG periods, with relatively few samples older than

1321

>200 ka passing our screening (note that the choice of screening criteria has a

234

Uinitial

232

Th concentration

2 ppb) 444 samples
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1322

dramatic influence upon the number of samples available for subsequent analysis,

1323

see section 5.2.1).

1324
1325

Despite some degree of scatter in the data, the various records provide, in general, a

1326

consistent (i.e., within 95% bounds of one another) picture of sea level during the

1327

last deglacial and interglacial periods (see also, for subsets of the data: Stanford et

1328

al., 2011; Medina-Elizalde, 2012; Dutton and Lambeck, 2012) (Figure 9). The

1329

principal difference between our compilation and previous efforts is the greater

1330

vertical uncertainty associated with the sea-level reconstructions, which in our case

1331

are based on a synthesis of extensive modern ecological surveys.

1332
1333

While there is general agreement between PRSL records from the various sites, some

1334

significant differences are also evident. For example, data from the far-field site

1335

Mururoa atoll (French Polynesia; Camoin et al., 2001) between ~15.5 and 18 ka

1336

appear ‘anomalously’ low, relative to other records for this interval (although the

1337

youngest Mururoa samples overlap with the Tahiti dataset within their respective

1338

vertical uncertainties) (Figure 9). The PRSL values from both Vanuatu and Tahiti

1339

agree well (within uncertainties) with PRSL values from Barbados in this time interval

1340

even without incorporating corrections for GIA effects at each site.These differences

1341

will reflect in part GIA influences (cf., Dutton and Lambeck, 2012), but the magnitude

1342

of the observed differences (Figure 9) is often greater than the size (and uncertainty)

1343

of typical GIA corrections (Figure 10). Figure 10 was generated using a version of

1344

the ICE-5G ice history (Peltier, 2004) extended to cover two glacial cycles with a 4

1345

ka duration interglacial at near present day ice volume, and a VM2-like earth model.

1346

We model sea level in multiple locations using a GIA model based on principles

1347

detailed in Kendall et al., (2005), which incorporate variations in sea-level resulting

1348

from changes to the Earth's rotation vector, and time dependent shorelines. These

1349

are plotted with reference to a global mean sea level. These should not be

1350

interpreted as "the" glacial isostatic correction for these points in time, but they serve

1351

to illustrate the variability in local relative sea levels that is possible.

1352
1353

For the Holocene, values of PRSL sit a few metres (+1.5 for Western Australia and

1354

+0.7 m for New Caledonia) above 0 m (Figure 9). This can be accounted for by: (i)

1355

the tidal component of RSL at each location - as the modern elevation of the sample
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Page 41

1356

was measured to mean sea level (see Table 2 for estimated ranges for these sites) -

1357

and; (ii) glacio-isostatic processes (where the correction is on the order of 1 to 2 m).

1358
1359

A striking difference between the corrected coral position (Zcp) and our reconstructed

1360

sea level probabilites are the large vertical uncertainties associated with the latter

1361

(compare Figures 9a,c with Figures 9b,d). The majority of this vertical uncertainty

1362

derives from our updated taxon-specifc depth distributions.

1363
1364

Aside from habitat-depth uncertainties and GIA effects, vertical uncertainties and

1365

differences in RSL reconstructions between sites may result from an incomplete

1366

understanding of influences such as local and regional tectonic histories, and from

1367

insufficient application of contextual information from geology, stratigraphy, and

1368

geomorphology. There also remain considerable dating uncertainties in many cases,

1369

and these affect Zcp and PRSL through interaction with uplift/subsidence rates.

1370

Important improvements in the vertical resolution of sea-level reconstructions may be

1371

achieved by comprehensively addressing these issues. The following sections use

1372

examples from the database to illustrate the extent and importance of these issues.

1373
1374

5. SCREENING: IMPLICATIONS FOR RSL RELIABILITY AND PRECISION

1375

Obtaining a reliable and precise RSL reconstruction from the numerous fossil

1376

samples requires choices by the user (i.e. what screening criteria are most

1377

appropriate to the question they wish to investigate). For example, for regional RSL it

1378

may be more appropriate to use regional subsets rather than the global dataset (and

1379

there will also ber fewer GIA concerns), whereas a global dataset is needed for

1380

eustatic sea level (ESL) estimation, where GIA corrections become more important.

1381

Other considerations include: how well constrained the tectonic history of a site is;

1382

the sensitivity of sites, especially in the near-field, to glacio-isostatic processes (with

1383

uncertainties); the reliability of age determinations; how well constrained the modern

1384

coral depth-habitat is for the location(s) studied; and whether metadata such as

1385

facies or stratigraphic constraints can inform our screening choices. The following

1386

section outlines such criteria and their impacts upon the data.

1387
1388

5.1. Location: tectonic setting and uplift rate constraints
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1389

In regions of high uplift/subsidence, the record of changing sea levels becomes

1390

expanded in the vertical, which facilitates high-resolution studies. On stable margins,

1391

no correction for uplift is required, but stable margins present a superimposition of

1392

successive sea level variations and coastal processes (e.g. erosion and post-

1393

depositional diagenesis) that complicates interpretation.

1394
1395

The tectonic setting of many sites is complex and often imperfectly described. For

1396

example, the islands of Vanuatu are the product of island-arc volcanism with a

1397

complex uplift history; Tasmaloum has experienced subsidence (-4mm/yr for ~220 to

1398

130 ka) followed by uplift (3 mm/yr), while Urelapa has been uplifting at a mean rate

1399

of 1.9 mm/yr since 130 ka (Taylor et al., 2005 and references therein). These phases

1400

of uplift and subsidence have been attributed to pinning of submarine features during

1401

subduction (Taylor et al., 2005). Similarly, Barbados (where 85% of the island is

1402

covered by a Pleistocene coral reef limestone cap) evolved as an accretionary prism.

1403

Anticline warping and episodic uplift (i.e., non-uniform rates of uplift) have been

1404

documented (e.g. Donovan and Harper, 2005), leading to locally different uplift rates

1405

(Schellmann and Radtke, 2004; Radtke and Schellmann, 2006). Any such

1406

uncertainties in our (and all preceding) assumptions for calculating uplift rates for the

1407

various locations would lead to vertical offsets in RSL. Complex tectonic histories are

1408

not limited to uplifting or subsiding sites: tectonic warping has been documented for

1409

the Perth and Carnarvon Basins of Western Australia (e.g. Hocking et al., 1987;

1410

Stirling, 1996; Stirling et al., 1998) as well as the Australian NW coastal shelf (e.g.

1411

Hengesh et al., 2011). Coseismic events (e.g. Ota et al., 1993; Ota and Chappell

1412

1996; Tudhope et al., 2000; Sieh et al., 2008) are also problematic for palaeo-RSL

1413

reconstructions.

1414
1415

Due to a lack of independent estimates of uplift/subsidence, we have recalculated

1416

rates using the highest elevation of the regional LIG terrace and assumed LIG age

1417

and eustatic sea level values (equation 1). Although this offers a consistent

1418

application of uplift/subsidence rates for each site, it remains rather unsatisfactory:

1419

the values for both the age and LIG eustatic component are ill defined (and most

1420

likely incorrect), partly due to spatial and temporal variability between sites that

1421

results from site-specific GIA effects. Despite any such bias in absolute values, our

1422

approach provides reasonable approximations of relative sea-level changes at any
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1423

one site, and in rapidly uplifting or subsiding sites this yields a potential to identify

1424

short-term sea-level oscillations, using individual terraces.

1425
1426

In addition, the pragmatic but unlikely assumption that uplift/subsidence rates were

1427

constant through time (cf. Schellmann and Radtke, 2004; Taylor et al., 2005; Radtke

1428

and Schellmann, 2006) further complicates any tectonic correction required for

1429

reconstructing past sea levels (Creveling et al., 2015). Clearly there is an urgent

1430

need for independent verification of uplift/subsidence rates, especially because age

1431

determinations and their uncertainties interact with uplift/subsidence rates and their

1432

uncertainties, to produce complex RSL reconstructions.

1433
1434

5.2 Determining reliable ages – chemical screening:

1435

5.2.1. Identifying post-depositional diagenesis:

1436

The effect of unrecognised diagenesis can be significant, resulting in erroneous age

1437

and RSL determinations. We use three main screening criteria. The first two were
234

Uinitial values fall within one of three ranges depending

1438
1439

upon the age of the sample (i.e. ‘interglacial’ samples with ages <17 ka and ages

1440

between 71 and 130 ka where

1441

between 17 ka and <71 ka where

1442

>130 ka where

1443

diagenetic alteration that results in erroneous ages without apparent disturbance to

1444

the

1445

lower and higher

1446

et al., 2009) and detection of such alteration may be near impossible. Also, the there

1447

is evidence of sea-water

1448

(Henderson, 2002; Robinson et al., 2004; Cutler et al., 2004; Esat and Yokoyama,

1449

2006; Stirling and Anderson, 2009; Anderson et al., 2010). Hence, screening the

1450

data will successfully remove some, but not all, of the altered samples. This is where

1451

additional criteria can help, such as reproducibility of measurements for corals that

1452

have been measured multiple times, or assessment of

1453

comparison with modern corals.

234

Uinitial = 147 ± 5 ‰; ‘glacial’ samples with ages
234

Uinitial = 142 ± 8 ‰ and; samples with ages

234

Uinitial = 147 +5/-10 ‰). However, corals may undergo subtle

234

Uinitial ratio, or undergo several episodes of alteration (causing shifts to both
234

Uinitial within the same sample; Henderson et al., 1993, Scholz
234

U variability on glacial-interglacial timescales

238

U concentrations in

1454
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232

Th

2 ppb relies on the fact that

232

1455

The third screening criterion of

Th is virtually

1456

absent from seawater, but is sometimes found in very small concentrations within

1457

coral skeletons during growth if there is detrital contamination (Edwards et al., 1986;

1458

Chen et al., 1991). This allows an assessment of the initial

1459

the assumption of ingrowth of

1460

modern corals have low to negligible initial 230Th concentrations (e.g., Edwards et al.,

1461

1986; Cobb et al., 2003) although values up to ~7ppb have been reported for

1462

modern corals from the Bahamas (Robinson et al., 2004) and Sumatra (Zachariasen

1463

et al., 1999). During diagenesis, voids within the coral skeleton may be filled with

1464

detrital material, thereby adding extraneous

1465

system. Detrital

1466

corals, but less impact on samples older than a few thousand years. For example,

1467

coral samples with a

1468

~40 years, which is significant for very young corals, but only a <1% error for a

1469

5,000-year old coral (Cobb et al., 2003). In many cases, 232Th concentrations <2 ppb

1470

is considered acceptable (cf. Dutton and Lambeck, 2012) due to the relatively small

1471

error this introduces when dating corals older than a few thousand years. We have

1472

used this as a screening parameter but

1473

instances; where none were reported, we excluded the sample from further analysis.

230

Th of the sample, as

230

Th is the basis for the U-Th dating method. Most

230

Th,

234

U,

238

U and

232

Th to the coral

232

Th has a significant effect on the age determination of young
232

Th concentration of 1 ppb would require an adjustment of

232

Th concentrations were not reported in all

1474
1475

As demonstrated by Medina-Elizalde (2012), the choice of screening criterion has a

1476

large effect upon the number of samples available for further analysis (Figure 7). We

1477

have used our screening criteria in such a way as to retain samples with most likely

1478

reliable ages, while also retaining a reasonable number of samples for further

1479

analysis; this resulted in a 70 % reduction in the number of samples relative to the

1480

full database. Placing tight limits on the acceptable

1481

if there is sufficient precision in the measurement of

1482

some variability around the mean open-ocean seawater value, overly tight screening

1483

is likely to reject high-quality data. In addition, if seawater

1484

time, a consistent range of ‘acceptable’ values may exclude samples that are

1485

‘reliable’ (i.e. have not experienced open system behaviour or post depositional

1486

diagenesis).

234

Uinitial values is effective only
234

U; modern corals display
234

U has varied through

1487
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1488

Another method for detection of post-depositional alteration uses Pa/Th dating in

1489

conjunction with U/Th dating (e.g., Edwards et al., 1997, Gallup et al., 2002; Cutler et

1490

al., 2003), although both are part of the same decay system (i.e., U to Pb).

1491

Alternatively, others have focussed on a large number of sub-samples and replicate

1492

analyses to identify samples affected by post-depositional alteration (e.g., Potter et

1493

al., 2004, Scholz et al., 2009). However, taking a large number of samples (both

1494

multiple cores and sub-samples from the same fossil coral) from the same unit may

1495

not always be practical or even possible. Where it is possible, this approach can

1496

generate interesting complications in the results (section 5.2.2).

1497
1498

5.2.2. Replicate age determinations

1499

Ages that have been affected by open-system remobilization of U and/or Th isotopes

1500

can have a significant impact on subsequent sea-level reconstructions. For example,

1501

a large proportion of the Scholz et al. (2009) Barbados data (multiple dates from the

1502

same coral specimen, as well as from multiple short cores in close proximity to one

1503

another from the same stratigraphic unit) – in which the authors demonstrate the

1504

effects of “U-redistribution” – would pass our current screening criteria (

1505

% calcite and

1506

(2012) and Medina-Elizalde (2012). Of the 54 samples dated, 15 would even pass

1507

our strictest criteria (

1508

also have

1509

corals; cf. Chen et al., 1986; Muhs et al., 2002; Robinson et al., 2004; Stirling and

1510

Andersen, 2009). The selected data appear as a linear trend in the reconstructed

1511

Barbados PRSL record (Figure 11), even though all are from the same stratigraphic

1512

unit, the Last Interglacial/Rendezvous Hill Terrace (some separated by only 30 cm).

1513

The expectation would be that datings for each coral from within this single unit (and

1514

especially the replicates of single coral specimens) yield a single, closely replicating

1515

U-Th age, and hence a close cluster of tectonically corrected coral positions (Zcp)

1516

after multiplication with the site’s uplift rate. However, the samples instead show a

1517

spead of ages, which through multiplication with the site’s uplift rate result in a linear

1518

trend of tectonically corrected coral positions (Zcp) (Equation 4). Averaging all the

1519

measurements for one coral head would be one way to overcome this, but is not

1520

warranted if the initial measurements are not within analytical error of each other.

232

Th concentrations

234

Uinitial

2 ppb) and those of Dutton and Lambeck

234

Uinitial

232

Th concentrations <2 ppb, similar to those found in some modern
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1521
1522

Where many replicates are available, outlier analysis can be undertaken and an

1523

average age provided (e.g., ADU-3, xA4-2 and BB02-5-1; Figure 11). Unfortunately,

1524

this is not an appropriate procedure for most of the replicate analyses in the

1525

database, especially when only a few ‘survive’ the initial geochemical screening.

1526

When we search for multiple replicate ages and

1527

repeat analyses are consistent (i.e., with some overlap of their 2

1528

only two replicates pass the initial screening, both should be excluded if age and

1529

234

Uinitial screening, then only few
ranges). Where

234

Uinitial are inconsistent (at a 4 distance) because one, or both, of the ages are

1530

clearly incorrect but we cannot determine which one. Further refinements of past

1531

sea-level records from fossil corals may be achieved through agreement on a

1532

statistically sound method for dealing with replicates to reduce the instances of

1533

several (different) PRSL values for the same sample, and eliminate the spurious linear

1534

trends from the plots. Clearly, meticulous inclusion of contextual metadata is

1535

essential.

1536
1537

5.3. Stratigraphic constraints

1538

In addition to age, the facies and stratigraphic context of samples clearly provides

1539

vital information for RSL assessments. Our fossil coral database incorporates fields

1540

that indicate whether the original authors assessed the sample to be in situ (also

1541

referred to as ‘in growth position’ by some authors). Coral fragments and rubble are

1542

included in the database and can provide bounding ages on deposits but unlike the

1543

in situ samples, they are not reliable indicators for past sea level. Stratigraphic

1544

constraints can also help reduce the vertical uncertainty that applies to sea-level

1545

trends reconstructed for sites that are stratigraphically coherent (section 5.2.4).

1546
1547

5.2.1. In situ samples

1548

A simple means for refining our RSL records could be to include only in situ data. We

1549

have incorporated into the database a field whereby only in situ samples can be

1550

selected (note, a sample is labelled as in situ only where this was explicitly stated by

1551

the original authors; approx. 35 % of the total database).

1552
1553

5.2.2. Samples from the reef crest (or close to)
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1554

Some studies explicitly state that they targeted (close to) the reef crest during

1555

sampling (e.g. Dodge et al., 1983; Chen et al., 1991; Gallup et al., 1994; Potter et al.,

1556

2004), assuming an absence of post-depositional erosion. However, in some cases

1557

apparent contridictions between the reconstructed coral position (Zcp) and this

1558

stratigraphic constraint are evident. For example, reef-crest samples from Barbados

1559

of similar age have Zcp values (coloured symbols; Figure 12a) that are separated

1560

vertically by approximately 30 m at ~104 ka. The samples concern different taxa;

1561

those with Zcp of -15 to -23 m are A. palmata, except for one Montastraea sp.

1562

sample. The samples at -43 to -53 m are Montastraea sp., which has a much wider

1563

modern depth distribution than A. palmata. Interestingly, the samples have

1564

overlapping reconstructed PRSL values (within uncertainty) but note that PRSL

1565

assumes that the fossil coral was living at the median of the modern depth

1566

distribution, not at at the reef crest (Figure 12b). This suggests that: (i) the

1567

Montastraea sp. samples were misdiagnosed as reef crest, given that identification

1568

was to genus level only, and that no other assemblage information was given; (ii)

1569

there is an artefact due to reef heterogeneity; (iii) the samples are not in situ (only

1570

the A. palmata samples from Barbados were confidently determined as in situ by the

1571

original authors); (iv) the ages of the samples are incorrect, which results in

1572

erroneous reconstructions due to the age-dependent uplift correction; or (v) a

1573

combination of some or all of these.

1574
1575

5.2.3. Other stratigraphic constraints: Drill cores and vertically coherent sections

1576

Vertically coherent stratigraphic sequences (e.g. sections, vertical transects or drill

1577

cores) allow the age-elevation relationship of a set of samples to be interrogated. For

1578

example, one can test whether, for the same stratigraphic unit, all ages and

1579

reconstructed sea levels are consistent. However, note that ages from a single

1580

stratigraphic unit may reflect variability within the reef structure as well as changes in

1581

prevailing environmental (including sea-level) conditions. Caution is therefore

1582

needed, as reversals in the age-depth relationships may occur due to: (i) erroneous

1583

age determinations; (ii) inherent complexity of a reef structure and the multitude of

1584

factors influencing coral zonation and formation; (iii) taphonomic processes (e.g.

1585

vertical/time averaging etc.; section 2.12); or (iv) a combination of some or all of

1586

these.

1587
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1588

Several key RSL records were obtained by drilling (e.g., Barbados: Bard et al.,

1589

1990a,c; Fairbanks et al., 2005; Peltier and Fairbanks, 2006; Chiu et al., 2005.

1590

Tahiti: Bard et al., 1990b, 2010; Thomas et al., 2009, 2012; Deschamps et al., 2012)

1591

and the inherent stratigraphic constraints offer valuable information for refining RSL

1592

records. However, while drill cores provide useful stratigraphic ordering, they may

1593

lack other contextual information. For example, it may be difficult to assess if the

1594

samples are in situ, and the restricted dimensions of cores can also make palaeo-

1595

assemblage and facies description more difficult. In addition, there are potential

1596

difficulties in resolving notoriously complex reef structures using drill cores (and even

1597

using 2-dimensional sections), particularly when drilling is at an angle, or where

1598

backstepping reef architecture dominates.

1599
1600

Stratigraphic information has the potential to provide valuable constraints on the

1601

vertical uncertainties associated with reconstructed PRSL, especially in a relative

1602

sense between consecutive samples. The stochastic component of the PRSL

1603

uncertainty, in particular the depth-habitat range, can be modified by such contextual

1604

constraints. Unfortunately, information on the stratigraphic ordering of samples is not

1605

available for all samples (and all sites), and – as yet – inclusion and subsequent

1606

modification of the vertical error terms would therefore introduce undue bias between

1607

the various sites in the database. We invite authors to submit to us scans of

1608

contextual field notes for inclusion into the database.

1609
1610

As yet, drill-core results offer the best examples of stratigraphic constraints to larger

1611

numbers of samples. For the last deglaciation, a large proportion of the data derives

1612

from Barbados and Tahiti drill cores. When identified by core, the Barbados data

1613

(Figure 13) are remarkably consistent both within each core and between cores, and

1614

a coherent temporal evolution is evident. For Tahiti, the PRSL records are highly

1615

consistent within cores between 14 and 9 ka (cores P6 to P9, Figure 14). For the

1616

older portion of the Tahiti records, some discrepancies appear between the various

1617

cores, but robust PRSL inflections seem to be visible in the sequences of several

1618

cores between 16 and 14 ka. Offsets between the different cores reflect changes in

1619

assemblages and the depth-habitat preference of the various taxa (Deschamps et

1620

al., 2012). Discrepancies may also have arisen from variable hydrodynamic and

1621

oceanographic conditions between the southwestern and northeastern sides of the
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1622

island, due to different levels of turbidity and seawater chemistry) (Abbey et al.,

1623

2011), and/or progressive flooding of the shelf and increasing accommodation space

1624

(i.e. the sequential drowning of corals in cores from the outer to the inner reefs)

1625

(Camoin et al., 2012). Figure 14(c) reveals a ‘line’ of maximum probability, and a

1626

‘ghost maximum’ above it. This ‘ghost’ is directly caused by the use of many

1627

observations that are identified only to the genus-level, which leads to bimodal

1628

habitat-depth distributions.Identification of corals to species level as well as inclusion

1629

of site-specific habitat-depth information (e.g. from modern assemblage studies)

1630

would help to reduce uncertainties around the main reconstructed level. Where

1631

possible, PRSL reconstructions need to include not only the data and uncertainties,

1632

but also the more qualitative of contextual constraints. Going forward, statistical

1633

treatment of the data will also need to deal with such more qualitative knowledge.

1634
1635

5.3 Palaeodepth

1636

The vertical resolution and precision achievable in determining past relative sea level

1637

from fossil corals depends upon several conditions. Foremost among these is the

1638

need for identification to species level and the application of appropriate depth-

1639

habitat ranges. For example, the median depth of growth for a taxon with genus-only

1640

identification is inevitably a reflection of many differing species (e.g. Acropora sp.

1641

has a median depth of -2.4 m, whilst A. palmata and A. cervicornis have median

1642

depth of -1.5 m and -4.6 m respectively). Similarly, at the genus level, the total

1643

habitat range incorporates species with narrow and large depth ranges (e.g.

1644

Acropora sp. has a depth range of 0 to -18 m, whilst A. palmata and A. humulis have

1645

ranges of -0.4 to -9.4 m and 0 to -40 m respectively). Hence, using habitat-depth

1646

data for exactly the right species will increase both accuracy and precision of the

1647

calculated RSL.

1648
1649

Additional constraints to the depth-habitat values used can come from modern

1650

assemblage analogues that can be derived, for example: from the composition and

1651

vertical zonation of corals, corals and coralline algae (coralgal associations), and

1652

foraminifera; or from the presence/absence of indicator taxa (for example, vermetid

1653

gastropods: Morton and Chalis, 1969; Safriel, 1974; Antonioli et al., 1999; Cabioch et

1654

al., 1999; Schiparelli et al., 2008). It requires an adequate assemblage description of

1655

the fossil record, which may be difficult given sampling constraints, such as drill
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1656

cores, or limited exposures. Unfortunately, relatively few studies in the database

1657

undertook a local, modern assemblage survey at their study location but some

1658

considered palaeo-depth of the sample dated by applying local and/or regional (i.e.,

1659

from the same ocean basin) modern analogues to their palaeo-assemblage,

1660

zonation, or species (e.g. Camoin et al., 1991; Bard et al., 1996b, 2010; Yokoyama

1661

et al., 2001; Deschamps et al., 2012).

1662
1663

Given the current paucity of local modern analogue studies, we have adopted a

1664

uniform approach of describing the depth preference of the commonly used taxa

1665

from a synthesis of modern data (OBIS, 2014; for a full list of extracted data and

1666

references, see Appendix A). As noted in section 4.2.4, there are gaps in the spatial

1667

coverage (e.g., Western Australia) and possibly with depth due to methodological

1668

limitations and focus on the upper water column. As yet, this precludes the

1669

incorporation of the well-documented variations in coral composition and distribution

1670

both within and between ocean basins (see section 5.3.2), as well as variations on

1671

local scales that arise from differences in sediment load, temperature, etc.. However,

1672

as further modern ecological information becomes available, our ‘global’ depth-

1673

habitat ranges will likely change, and regional and/or local depth ranges will

1674

eventually become available for all sites and species found in the fossil database. Of

1675

course, the use of local, modern assemblage data is preferable, as these generally

1676

best describe the modern vertical zonation of the reef under consideration. One

1677

caveat to this is recent human influence; in Barbados the modern fringing reefs

1678

(Tomascik and Sander, 1987) are dominated by Porites astreoides, with very little

1679

Acropora palmata cover (<1%), even though branching Acropora corals dominate

1680

the tropical western Atlantic for the last 500 ka (Geister, 1977; Pandolfi and Jackson,

1681

2006). Recent human influence has changed the coral community structure of

1682

Barbados reefs in ways that have not been observed in the last ~ 200 ka (Pandolfi

1683

and Jackson, 2006).

1684
1685

In the following sections we consider examples of how our ecologically derived

1686

habitat-depths compare with those accounting for assemblage information, and how

1687

this may offer improvements to RSL calculations.

1688
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1689

5.3.1. Comparison of our ecologically derived depth distributions with assemblage

1690

palaeo-depths:

1691

A. palmata is the most frequent taxon within the fossil database (accounting for

1692

~20% of all samples). This species is highly characteristic of reef environments in

1693

the Caribbean with a common depth range of -0.5 to -5 m (Goreau and Wells, 1967;

1694

Lighty et al., 1982), but it is also found at depths up to -40 m (Carpenter et al., 2008).

1695

Our synthesis of ecological (depth) data gives similar values with 68% of OBIS

1696

observational data (OBIS, 2014) between -0.7 and -3 m (95% between -0.4 and -9.4

1697

m) (Figure 4a). The increase in the reported vertical range of A. palmata between

1698

older surveys and more recent work reflects methodological developments, with

1699

ROV and diving improvements extending depths at which observations have been

1700

made.

1701
1702

For Porites sp., our synthesis of depth distributions indicates that most specimens

1703

are found in the uppermost water column (Figure 4) but that there is a significant

1704

proportion of observations at depth as well (median depth -4 m; 68% between 0 and

1705

-45 m, 95% between 0 and -71 m). Carpenter et al (2008) give a range of 0 to -50 m,

1706

but the depth range of some species remains unknown. Studies within the fossil

1707

database report a variety of palaeodepths for this genus, including: < 5 m (Comoro

1708

Islands; Camoin et al., 2004); 0 to -35 m (with ‘most likely’ 0 to -20 m, Mururoa Atoll;

1709

Camoin et al., 2001); >20 m, 0 to -25 m and 0 to - 6m depending upon assemblage

1710

(Tahiti: Thomas et al., 2009, with palaeodepths derived from Montaggioni, 2005); -2

1711

to -5 m, or 0 to -15 m (Huon Peninsula: Chappell et al., 1996; Yokoyama et al., 2001

1712

citing Pandolfi and Chappell, 1994). The most recent Tahiti dataset (Deschamps et

1713

al., 2012) assign a palaeodepth for Porites sp. of -5 to -25 m, 0 to -20 m and -5 to -

1714

15 m dependent upon coralgal assemblage. Fossil assemblages used were after

1715

Camoin et al. (2007), Abbey et al. (2011), and Camoin et al. (2012), with depositional

1716

environments inferred from modern studies from Tahiti (Sugihara et al., 2006;

1717

Montaggioni et al., 1997; Camoin et al., 1999; Cabioch et al., 1999) and other Indo-

1718

Pacific reefs (Camoin et al., 1997, 2004; Montaggioni and Faure, 1997; Cabioch et

1719

al., 1999; Sagawa et al., 2001).

1720
1721

Our depth distributions – which do not take into account the assemblage information,

1722

and which are based on global data – adequately capture the majority of assigned
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1723

palaeodepths within the literature, albeit with larger vertical uncertainties. As Porites

1724

sp. is determined only to the genus level, the median depth and vertical uncertainties

1725

are increased relative to other assessments (cf., Deschamps et al., 2012). These

1726

vertical uncertainties may be substantially reduced if new identifications could reduce

1727

it to the species level (Figure 4), and if stratigraphic ordering of samples is taken into

1728

account (section 5.2.4). Still, the somewhat narrow habitat-depth uncertainties

1729

allowed in some of the cited palaeo-studies seem to be at odds with the wide range

1730

of depth habitats for Porites sp. in modern ecological data.

1731
1732

The third most common species in the fossil database is Montastraea annularis (~ 9

1733

% of all samples). Unfortunately none of the original studies included consideration

1734

of the modern (or palaeo) depth range for this species, despite calculating RSL for

1735

these specimens (i.e., no depth-habitat information was included when calculating

1736

RSL and only a ‘generic’ depth uncertainty was applied, if at all). Our recalculation

1737

specifically accounts for the depth-habitat within both the calculated PRSL and the

1738

vertical uncertainties. In other words, without the synthesised modern data, no RSL

1739

could be calculated for these samples (Equation 4). All previous RSL estimates

1740

based on M. annularis should therefore be treated with great caution.

1741
1742

5.3.2 Global, regional, and local variations in depth habitat

1743

Modern coral distributions (e.g. ‘ecoregions’ of Veron 2000, Veron et al., 2009) vary

1744

at both the inter- and intra- ocean basin scales. Hence, we might expect differences

1745

in both the regional and local drivers of species diversity and distribution between

1746

locations to be reflected in the depth preference of each coral species (see Figure 2,

1747

section 3). In this section, we evaluate this expectation.

1748
1749

Variation at the genus level: an example from the Pacific

1750

Differences in coral community composition and zonation result from the complex

1751

interplay of biological and environmental factors (section 3). These modern faunal

1752

distributions (cf. Veron et al., 2009) reflect the generalist nature of most corals; for

1753

example, a species may occupy a wide range of habitats in one region, and be

1754

confined to a specific habitat elsewhere (or be absent entirely) (Veron, 1995). From

1755

detailed scrutiny of modern habitat-depth ranges, we observe that the depth

1756

distribtution of single taxa can differ between ocean basins. For example, on a global
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1757

scale, Porites sp. observations are concentrated within the uppermost few metres for

1758

all species (except P. asteroides for which a greater range of depths is observed),

1759

although the maximum depth reaches nearly -100 m. In the Pacific alone, most

1760

Porites observations are in the top metre, but there is a considerable peak also

1761

between -30 and -55 m (median depth (virtually) 0 m, 95% range of 0 to -71 m). In

1762

the Atlantic Ocean, however, Porites is found at a median depth of -7.3 m, with a

1763

95% range of -0.8 m to -21 m (Figure 15b).

1764
1765

In addition to global (ocean basin) differences, taxa also show regional differences in

1766

their depth distribution. To gauge the potential impacts on RSL reconstructions, we

1767

use our synthesis of modern ecological data to identify any regional variations in the

1768

depth distribution of two genera that are commonly used in sea-level reconstructions

1769

(Acropora sp. and Porites sp.). We focus on the Pacific, since there are generally

1770

good records within the modern coral database for that basin, for each of these taxa.

1771

Specifically, we examine regional depth distributions for the Great Barrier Reef, the

1772

‘NW Pacific’ and three ‘central’ Pacific regions (1-3) (Figures 15 and 16).

1773
1774

The genus Acropora shows strikingly different depth distributions between the NW

1775

Pacific (multi-modal with large numbers close to the surface and at ~40 m), the

1776

Great Barrier Reef (skewed distribution with a long tail to greater depths), and three

1777

central Pacific regions (similar to NW Pacific but with fewer observations at depth)

1778

(Figure 16). Even within the central Pacific, there are distinct differences between the

1779

three sub-regions, with the most southerly region 3 (Figure 16) possessing a

1780

substantial number of Acropora observations at depths of -50 m. We observe similar

1781

variability in the depth distributions of Porites (Figure 15). There are very few

1782

recorded observations for Acropora sp. and Porites sp. Below about -11 to -15 m on

1783

the Great Barrier Reef (Figures 15b and 16b).

1784
1785

The observed differences may be due to different species compositions within each

1786

genus at the various sites (which is why a strict species-specific approach would be

1787

vital), but it may also include a component of truly contrasting depth preferences of

1788

individual species between sites. To test this, we investigate the sub-regional depth-

1789

distribution variability within a single species at an even finer (sub-regional) scale.

1790
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1791

Variation at the sub-regional scale: a species-specific example from the Caribbean

1792

Intra-species variation is well illustrated by the modern depth distribution of A.

1793

palmata within the wider Caribbean (including Florida and Gulf of Mexico). We

1794

assigned the modern synthesis data to one of ten geographic regions (Figure 17)

1795

and determined A. palmata depth preferences for each separate sub-region. A.

1796

palmata is found within the upper 3 m in the Caribbean region (excluding the Gulf of

1797

Mexico and Florida regions; median depth of -1.5 m; 95% range of -0.35 to -9.4 m)

1798

which accords with Lighty et al. (1978, 1982). Around Florida, A. palmata is not

1799

recorded in the upper 2.5 m, but is mostly confined to the 0 to -4 m depth. The Gulf

1800

of Mexico is represented by too few observations in our modern synthesis to make a

1801

significant case (n = 12). The Bahamas and Cuba share similar depth profiles, with

1802

most A. palmata within the upper 5 m of the water column and with limited numbers

1803

at -5 to -15m (median depth of -1.5 and -1 m respectively) (Figure 17). This is in

1804

contrast to the Cayman Islands and the Puerto Rico to Virgin Islands sub-regions,

1805

where A. palmata tends towards greater depths (median depth of -7 m and -4 m

1806

respectively).

1807
1808

Such offsets in the depth preference of a single species (A. palmata) could cause

1809

bias of the order of several metres when applied to fossil coral-based PRSL

1810

reconstructions (Figures 17 and 18). In Figure 18, we investigate how calculated

1811

PRSL values (and uncertainties) would change if such sub-regional (or local) depth-

1812

habitat data were used rather than global depth-habitat data. For the Bahamas and

1813

Yucatan Paninsula (Chen et al., 1991 and Blanchon et al., 2009 respectively), using

1814

the sub-regional depth distribution does not alter calculated PRSL values, but it does

1815

alter the size of the vertical uncertainties (95% bounds) (Figure 18b and c). Such

1816

offsets are not trivial, and similar in magnitude to GIA corrections (e.g., Milne and

1817

Mitrovica, 2008; Figure 10). Still, we have not been able to systematically apply such

1818

sub-regional depth-habitat corrections in the fossil coral database, because modern

1819

habitat constraints remain insufficiently documented for many areas.

1820
1821

5.3.3. Palaeodepth summary

1822

Using a few key examples, we have found that there is excellent scope for improving

1823

RSL reconstructions by further documentation of modern species-specific depth
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1824

distributions at regional to sub-regional scales. To avoid “shallow-water” bias, such

1825

new ecological survey work should include deep-diving and ROV surveys.

1826
1827

Unfortunately, there is a more fundamental hurdle to overcome for coral-based RSL

1828

reconstructions than regional depth-preference variability within single species. This

1829

obstacle relates to the identification of corals to the species level: many taxonomic

1830

determinations in fossil coral-based sea-level studies remain limited to the genus

1831

level. Genus-level assessment of the modern distribution data yields much broader

1832

depth distributions than species-specific assessment, and genus-level results may

1833

become skewed by particular species that may or may not be present at all sites

1834

(also, there is scope for sampling bias when some areas have fewer observations

1835

than others). So, while improved modern species-level depth-habitat assessments

1836

will undoubtedly help to minimise uncertainties in past RSL reconstructions, this can

1837

only be effectively applied in sea-level studies if those follow a similarly strict

1838

species-specific approach.

1839
1840

We find that improvements in RSL reconstructions may especially be achieved by:

1841

(1) using identifications to the species level; (2) using coral depth-habitat data and an

1842

assemblage approach that are location-specific; (3) inclusion of a greater number of

1843

cores/sections to more fully assess the complex reef geometry; and (4) optimisation

1844

of the use of stratigraphic constraints within the calculations.

1845
1846

6. EXAMPLE APPLICATION OF THE FOSSIL CORAL DATABASE

1847

About 26% of the fossil coral database concerns data for the last interglacial. Using

1848

ages and uncertainties from the

1849

232

234

Uinitial = 147 ± 5
-

1850

Carlo approach the mean age and 95% confidence bounds for the last interglacial

1851

(LIG) (Figure 19). For the purposes of this exercise we define the LIG as being

1852

where local sea levels are at or above 0 m, which is significantly different to a LIG

1853

defined by global ice volume or global mean sea level. We acknowledge that the

1854

duration of the last interglacial may be amplified or reduced by isostatic influences

1855

depending on the locations that the sample data is taken from (cf. Dutton and

1856

Lambeck, 2012; Figure 10), hence our estimates relate only to a definition of a local

1857

interglacial period, defined by local relative sea levels being above 0 m. Additionally,
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1858

any statistical analysis of the dataset will be to some degree affected by sampling

1859

biases, for example where only particular portions of the reef were sampled due to

1860

access/exposure/recovery issues.

1861
1862

The analysis further illustrates the impact of screening choices, not only on the data

1863

available but also the outcome. We consider only data with a reconstructed PRSL

1864

m. First, we use samples that pass our screening criteria from tectonically stable

1865

locations (n=51: Chen et al. 1991; Muhs et al. 2002a; Blanchon et al. 2009; Stirling

1866

et al 1995; Stirling et al. 1998; Zhu et al. 1993; Eisenhauer et al. 1996; O’Leary et al.

1867

2008) and use a Monte-Carlo style (490,000 simulations per coral sample) approach

1868

to account for age and vertical (elevation measurement uncertainties and taxon-

1869

specific depth distributions) uncertainties to produce an estimate of periods of time

1870

where it is more likely than not (probability > 50 %) that relative (i.e. local) sea level

1871

(PRSL) exceeds 0 m (Figure 19a). This exercise suggests a median LIG age (i.e.

1872

PRSL
234

Uinitial =

1873
1874

d

232

1875

constraint that samples must have been descrided as in situ in the original

1876

publications, and relaxing the stable tectonic criterion (n=57: Chen et al. 1991; Muhs

1877

et al. 2002a; Blanchon et al. 2009; Stirling et al 1995; Stirling et al. 1998; Zhu et al.

1878

1993; Eisenhauer et al. 1996; O’Leary et al. 2008). In this instance, we also account

1879

for the time varying tectonic correction of each uplifting or subsiding sample. Note

1880

that these adjusted criteria exclude some data from the Yucatan Peninsula

1881

(Blanchon et al., 2009) and Bermuda (Muhs et al. 2002a), with significant impact

1882

upon our analysis, effectively removing the tails of the distribution and, producing a

1883

median LIG age of 124.0 ka and 95 % bounds at 118.6 ka and 129.5 ka (Figure

1884

19b). This again highlights that the use of data from our database in subsequent

1885

analysis is highly sensitive to the screening criteria that are applied. Hence, this

1886

illustrates the need for clear and transparent description of the definitions, selection

1887

criteria, and procedures used in interpretations.

1888
1889

7. OUTSTANDING ISSUES AND WAYS FORWARD

1890

The compilation of U-series dated fossil coral indicators presented here enables an

1891

evaluation of the fossil coral sea-level index points within their proper uncertainties
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1892

via: the harmonisation of the fossil coral data; a thorough assessment of all

1893

uncertainties; and inclusion of full metadata. There remain, however, outstanding

1894

issues that limit the ability of these data to provide robust sea-level reconstructions

1895

aside from issues expected due to glacio-isostatic adjustments. Principal among

1896

these are the relatively large vertical uncertainties that are driven especially by the

1897

application of our new ecology-based taxon-specific depth-distributions, and by the

1898

fact that many fossil coral data points have been identified only to the genus level.

1899

While

1900

biological/ecological surveys, and we therefore consider them be a more realistic (if

1901

conservative) representation of the errors associated with PRSL reconstructions from

1902

fossil corals. The current database combines data with little to no prior information

1903

about palaeodepth with data that contains more detailed paleodepth information.

1904

Going forward, reconstructions may be refined by designing methods for objectively

1905

implementing a more structural use of palaeodepth information.

these

vertical uncertainties are large,

they derive

from

extensive

1906
1907

Significant advances (e.g., technological advances increasing the precision of age

1908

determinations, accuracy of elevation measurements etc.) have been made in the

1909

last few decades that have facilitated millennial-scale sea-level reconstructions for

1910

several locations (e.g., Barbados and Tahiti). There remain, however, three principal

1911

outstanding issues that currently hamper our ability to reconstruct precise and

1912

accurate past sea levels from fossil corals.

1913
1914

The first issue concerns the frequently incomplete understanding of the (often

1915

complex) vertical displacement (tectonic or otherwise) of many sites. This comprises:

1916

(a) current inability to adequately describe the often complex tectonic history of many

1917

sites; (b) use of the dated corals themselves to derive uplift/subsidence rates

1918

(coupled with assumptions regarding the age of the last interglacial and its sea-level

1919

position to calculate uplift rates); (c) the assumption of constancy of those

1920

uplift/subsidence rates through time (e.g., Schellmann and Radtke, 2004); and (d)

1921

insufficiently quantified effects of dynamic topography that become more important

1922

with increasing age (Moucha et al., 2008). These need to be revisited as a matter of

1923

priority, through independent verifications of uplift and subsidence rates.

1924
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1925

The second outstanding obstacle to obtaining precise sea-level reconstructions

1926

concerns the vertical uncertainties associated with species- and region-specific

1927

depth relationships. RSL reconstructions rely upon understanding of the relationship

1928

between the elevation of the fossil coral and sea level at the time at which the coral

1929

was growing. Thus, robust estimates of these species-specific depth relations are a

1930

prerequisite for coral reconstructions of sea level. Significant progress has been

1931

made (e.g., the use of modern, local biological assemblages and the association with

1932

vermetid gastropods and coralline algae), and this study seeks to extend this

1933

progress by evaluating fossil data within the context of modern ecological studies.

1934

On that basis, we recommend: (1) the use of modern, ecologically derived depth

1935

distributions in palaeo-sea-level reconstructions; (2) that these are applied at the

1936

species level rather than the often used genus level; (3) that (sub-) regional

1937

ecological surveys are conducted to determine accurate depth-habitat values for the

1938

appropriate specific species in the vicinity each fossil coral site; (4) that the surveys

1939

mentioned in (3) include extensive deep-diving and ROV deployments to avoid

1940

“shallow-water bias” in the modern habitat characterisations; and (5) optimisation of

1941

the promising approach of using assemblages of reef biota (e.g., coral, coralline

1942

algae, vermetid gastropods, and encrusting foraminifera) and use of coral micro-atoll

1943

data to obtain independent constraints on growth position relative to sea level. As

1944

suggested by Camoin and Webster (2014), additional novel approaches to provide

1945

tighter constraints on palaeowater depth should also be pursued (e.g., endolithic

1946

microborers or carbon isotopes).

1947
1948

These five key measures to improve the base-information that goes into RSL

1949

reconstructions can be further strengthened by addressing the third outstanding

1950

issue mentioned above. This concerns the need for complete and routine inclusion of

1951

stratigraphic and geomorphological (reef architecture) data including pictures and

1952

outcrop or drill-core descriptions (see also Medina-Elizalde, 2012). This context,

1953

when provided, is extremely important in making interpretations about sea-level

1954

behaviour (e.g., Speed and Cheng, 2004; Blanchon et al., 2009). Given the

1955

importance of these metadata, we have added this information into the fossil

1956

database, so that users may assess the coherency of samples from the same

1957

stratigraphic unit, identify those samples explicitly identified as in situ, etc. A

1958

remaining limitation is that geological sections and drill cores rarely provide the
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1959

complete desired 3-dimensional information of coral reef structure. This could be

1960

addressed by obtaining a greater number of drillcores/sections in to more fully

1961

describe reef architecture.

1962
1963

8. DATABASE RECOMMENDATIONS AND MANAGEMENT

1964

At present, there is no centralised online repository for the combination of data

1965

assembled here, though preliminary steps are underway to develop a means of

1966

archiving both the geochronological data as well as the associated sample metadata.

1967

This will be achieved, in part, through existing open-access, online data repositories

1968

that operate under the umbrella organization of Integrated Earth Data Applications

1969

(IEDA, http://www.iedadata.org/). EarthChem, and eventually GeoChron, will be able

1970

to archive the U-series geochronological data, provided that all samples are given an

1971

International GeoSample Number (IGSN) through the System for Earth Sample

1972

Registration (SESAR, http://www.geosamples.org/). Software is presently being

1973

developed to recalculate ages from archived data, as well as to develop publication-

1974

quality tables and plots such as evolution diagrams. What remains to be developed

1975

in terms of the cyberinfrastructure is a way to integrate these archived data with the

1976

sample metadata required to make sea-level interpretations, as well as a means to

1977

incorporate other types of sea-level proxies into the database.

1978
1979

The incomplete reporting of data, and a lack of standardised practices for the

1980

reporting of data, hinder syntheses of data such as that shown here. We provide a

1981

brief summary of the minimum suggested data requirements that will facilitate future

1982

incorporation of data into the database and improve the quality and longevity of the

1983

data.

1984
1985

With respect to the U-series data, all geochemical parameters measured should be

1986

reported with their associated uncertainties (i.e.,

1987

230

1988

the method of spike calibration, instrumentation and analytical methodology. In

1989

particular we note that it is critical to report both isotope ratios (i.e.,

1990

230

Th/238U and

238

U and

232

Th concentration,

234

Th/234U) and

U/238U activity or molar ratios), including the decay constants used,
230

Th/238U (or

234

U/238U) so that ages can be calculated (and re-calculated) and

113
Page 60

1991

assessed for open-system behaviour based on the back-calculated initial

1992

value.

234

U

1993
1994

Reported elevations should also include uncertainty and a description of the

1995

methodology used for surveying as well as the method used to tie the measurements

1996

to a tidal benchmark. All samples should be assigned an IGSN identifier available

1997

through SESAR to ease online cataloguing of geochemical data and associated

1998

metadata.

1999
2000

Complete descriptions of sample location and context within the reef and/or drill core

2001

are also strongly recommended to improve the level of interpretations that can be

2002

made, including species-level identification and reef biota assemblage information, if

2003

possible.

2004
2005

This database will be maintained and periodically updated by FDH (updates

2006

accessible on http://www.highstand.org/erohling/ejrhome.htm via the link “CORAL

2007

SEA-LEVEL DATA”. The version of the database used in this work is archived by

2008

British Oceanographic Data Centre (BODC; www.bodc.ac.uk) doi: xxx. To contribute

2009

data, please contact FDH to discuss format requirements and release information –

2010

note that the underlying philosophy is one of complete open access. Updates will be

2011

released periodically.
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Figure captions:
Figure 1: Principal influences on coral reef distribution and development (adapted
from Harriott and Banks, 2002; Montaggioni and Braithwaite 2009)
Figure 2: Spatial distribution of zooxanthellate coral species richness (after Veron et
al., 2009).
Figure 3: Map of fossil coral locations contained in the fossil database.
Figure 4: (a) Modern depth distributions for the 8 most frequently identified coral
taxa within the fossil database. See Table 3 for the modern depth range, median
depth, and 95% and 68% confidence intervals. (b) Cumulative distribution functions
for the 8 most frequently identified coral taxa within the fossil database.
Figure 5: Ecologically derived coral depth ranges (blue is this study, red is the ICUN
Red List; Carpenter et al., 2008) Blue squares give the median depth of coral growth,
and vertical error bars mark the 95% confidence intervals for each taxon. From right
to left: (1) Acropora sp., (2) Acropora abrotanoides, (3) Acropora cervicornis, (4)
Acropora danai, (5) Acropora gr. danai-robusta, (6) Acropora humilis, (7) Acropora
hyacinthus, (8) Acropora palmata, (9) Acropora pharaonis, (10) Acropora robusta,
(11) Agaricia sp., (12) Agaricia agaricites, (13) Alveopora spp., (14) Astreopora spp.,
(15) Balanophyllia elegans, (16) Colpophyllia sp., (17) Colpophyllia natans, (18)
Cyphastrea sp., (19) Cyphastrea chalcidium, (20) Cyphastrea serailia, (21)
Diploastrea sp., (22) Diploastrea heliopora, (23) Diploria spp., (24) Diploria clivosa,
(25) Diploria strigosa, (26) Echinopora sp., (27) Echinopora gemmacea, (28) Favia
sp., (29) Favia pallida, (30) Favia speciosa, (31) Favia stelligera, (32) Faviidae
(family), (33) Favites sp., (34) Fungia sp., (35) Galaxea sp., (36) Galaxea
fascicularis, (37) Gardineroseris sp., (38) Gardineroseris planulata, (39) Goniastrea
sp., (40) Goniastrea parvistella, (41) Goniastrea pectinata, (42) Goniastrea
retiformis, (43) Goniopora sp., (44) Goniopora lobata, (45) Hydnophora sp., (46)
Hydnophora exesa, (47) Hydnophora microconos, (48) Leptastrea sp., (49) Leptoria
sp., (50) Leptoria phrygia, (51) Leptoseris sp., (52) Lobophyllia sp., (53) Lobophyllia
corymbosa, (54) Millepora sp., (55) Montastraea sp., (56) Montastraea annularis,
(57) Montastraea cavernosa, (58) Montastraea annuligera, (59) Montipora sp., (60)
Oculina sp., (61) Oulophyllia sp., (62) Oulophyllia crispa, (63) Pachyseris sp., (64)
Pachyseris foliosa, (65) Pavona sp., (66) Pavona clavus, (67) Platygyra sp., (68)
Platygyra daedalea, (69) Platygyra lamellina, (70) Platygyra sinensis, (71)
Plesiastrea sp., (72) Plesiastrea curta., (73) Pocillopora sp., (74) Pocillopora
eydouxi, (75) Pocillopora guadalupensis, (76) Pocillopora meandrina, (77)
Pocillopora verrucosa, (78) Porites sp., (79) Porites asteroides, (80) Porites
brighami, (81) Porites lobata, (82) Porites lutea, (83) Porites nigrescens, (84) Porites
solida, (85) Porites solida lobata, (86) Pseudosiderastrea sp., (87)
Pseudosiderastrea tayami, (88) Siderastrea sp., (89) Siderastrea radians, (90)
Siderastrea siderea, (91) Stylophora sp., (92) Symphyllia sp., (93) Symphyllia
mobilis, (94) Turbinaria sp.
Figure 6: Schematic for the effects of the main diagenetic processes on the isotopic
composition of fossil corals (after Scholz et al., 2009).
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Figure 7: Effect of screening criteria upon the number of samples available for
subsequent analysis. Shaded boxes denote the range of acceptable 234Uinitial values
used, grey crosses are all unscreened data in the database (0 to 350 ka), blue filled
squares are samples passing all screening criteria (i.e. acceptable 234Uinitial, %
calcite and 232Th concentrations); yellow box - ‘interglacial’ screening of 234Uinitial =
147 ± 5 ‰ (ages > 17 ka and 71 to 130 ka); blue box – ‘glacial’ screening of
234
Uinitial = 142 ± 8 ‰ (ages 17 to 71 ka) and; grey box – ‘older than 130 ka’
screening of 234Uinitial = 147 +5/-10 ‰ (ages > 130 ka). Red dashed line is the
modern 234Uinitial of 147 ‰.
Figure 8: schematic of relationship between, and uncertainty propagation for,
corrected coral position (Zcp) and RSL probability (PRSL).
Figure 9: Reconstructed relative sea levels for fossil corals, without GIA correction,
from both near and far-field locations that pass an initial screening ( 234Uinitial, calcite
232
Th concentration 2 ppb) with their respective uncertainties intervals
(95%). Age and RSL recalculated from data contained in the following studies:
Bahamas (Chen et al., 1991), Barbados (Gallup et al., 1994; 2002; Cutler et al.,
2003; Thompson et al., 2003; Bard et al., 1990a; Hamelin et al., 1991; Blanchon and
Eisenhauer, 2001; Peltier and Fairbanks, 2006; Fairbanks et al., 2005; Potter et al.,
2004; Bard et al., 1990b,c; Scholz et al., 2009) Bermuda (Muhs et al., 2002),
southern China (Zhao and Yu, 2002), Comoro Islands (Camoin et al., 2004),
Curacao (Muhs et al., 2012a; Vezina et al 1999), Mururoa atoll (French Polynesia)
(Camoin et al., 2001), Tahiti (Thomas et al., 2009; Yokoyama et al., 2001;
Deschamps et al., 2012; Bard et al., 1996b), Indonesia (Sumba Island) (Bard et al.,
1996a), Madagascar (Camoin et al., 2004), Yucatan Peninsula (Blanchon et al.,
2009), Huon Peninsula (Papua New Guinea) (Yokoyama et al., 2001; Esat and
Yokoyama, 2006; Cutler et al., 2004; Bard et al., 1996b; Cutler et al., 2003; Stein et
al., 1993), Henderson Island (Pitcairn Islands) (Anderson et al., 2010; Stirling et al.,
2001), Seychelles (Israelson and Wolfarth, 1999; Camoin et al., 2004), Hawaii (Muhs
et al., 2002; Szabo et al., 1994), Vanuatu (Edwards et al., 1987; Taylor et al., 1985;
Cutler et al., 2004) and Western Australia (Stirling et al., 1995, 1998, 2001; Zhu et
al., 1993; Eisenhauer et al., 1996; O’Leary et al., 2008; Collins et al., 2006)
Figure 10: A demonstration of the geospatial variability of relative sea-level (RSL)
predictions with global mean (eustatic) for (a) the last deglacial and (b) the last
interglacial periods for an ice history incorporating a 4 kyr interglacial period, using
one earth model. For any ice history, the choice of earth model affects both the
timing and the amplitude of a sea-level peak, highstand or low stand.
Figure 11: (a) Samples that pass our initial chemical screening (grey crosses) and
replicate analyses (blue dots). Yellow dots are the consistent multiple analyses from
core BB02-5-1 (Barbados, Scholz et al., 2009).
Figure 12: (a) Reconstructed corrected coral position (Zcp) for Barbados samples
that pass our initial chemical screening (grey corsses), and those with reef-crest
interval. (b) As (a) but reconstructed PRSL (with their 95% uncertainties).
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Figure 13: (a) Reconstructed corrected coral position (Zcp) for drill-core samples
from Barbados that pass our initial chemical screening. Age and vertical
RSL

(with their 95% uncertainties). (c) Reconstructed PRSL for the last deglaciation using
Monte-Carlo style simulation of samples. Coloured shading indicates the 99th (pale
blue), 95th (yellow), 85th (orange), 70th (red) and 50th (black) percentiles.
Figure 14: (a) Reconstructed corrected coral position (Zcp) for drill-core samples
from Tahiti that pass our initial chemical screening. Note, we have also plotted the
Papeete Harbour samples for comparison, although no 232Th data are available for
these samples (and these therefore do not strictly meet our screening criteria). Age
reconstructed PRSL (with their 95% uncertainties). (c) Reconstructed PRSL for the last
deglaciation using Monte-Carlo style simulation of samples (excluding the Papeete
Harbour samples). Coloured shading indicates the 99th (pale blue), 95th (yellow), 85th
(orange), 70th (red) and 50th (black) percentiles.
Figure 15: (a) Map of Porites sp. observations from the Pacific and the Atlantic
(OBIS, 2014; see Appendix A for references and datasets used). (b) Histograms of
the depth distributions for: all OBIS observations (‘Porites sp – ALL’); the Atlantic and
Pacific basins; and regional subsets of the Pacific.
Figure 16: (a) Map of Acropora sp. observations from the Pacific and the Atlantic
(OBIS, 2014; see Appendix A for references and datasets used). (b) Histograms of
the depth distributions for: the Atlantic; a subset of Caribbean data and Florida data;
the Pacific basin; and regional subsets of the Pacific.
Figure 17: (a) Map, histogram and cumulative frequency distribution of Acropora
palmata in the Caribbean (OBIS, 2014; see Appendix A for references and datasets
used). (b) Histograms of A. palmata depth-habitat distributions in Caribbean subregions. (c) Cumulative frequency distributions of A. palmata depth-habitat
distributions in Caribbean sub-regions.
Figure 18: Example of the effect of applying sub-regional, taxon-specific (Caribbean,
Bahamas and Yucatan Peninsula only: Chen et al., 1991; Blanchon et al., 2009
respectively) depth habitats (a) reconstructed coral position (Zcp) (b) PRSL calculated
using the global depth-habitat distributions. (c) As in (b), but PRSL calculated using
sub-regional median depth-habitat distributions. Note the smaller vertical
unc
(95%) interval). All data plotted pass our initial chemical screening.
Figure 19: Age of the last interglacial: Monte-Carlo style simulation (490,000
simulations per coral sample) estimate of periods of time where it is more likely than
not (probability > 50 %) that relative (i.e. local) sea level (PRSL) exceeds 0 m (a)
histogram for data from stable regions only (n=51) (b) as in (a) but with additional
constraint that samples must be in situ and stable criterion relaxed (n= 57). All data
plotted pass the initial interglacial screening criteria.
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Table captions:
Table 1: Recalculated uplift/subsidence rates used in the fossil database.
Uplift/subsidence rates were recalculated assuming a LIG sea level of 6.6 ± 2 m
(Kopp et al., 2009, 2013) and an age of 125 ± 5 ka.
Table 2: The modern tidal range for sites in the fossil database (for simplicity the
minimum and maximum tidal ranges for a location are listed here; a full list of all sites
within a location and their calculated tidal range can be accessed via the link
provided in the acknowledgements). The modern tidal range was estimated from a
global tidal model (i.e. the difference between the maximum and minimum tides
predicted from the location).
Table 3: Empirically derived global depth preferences for coral in the fossil coral
to derive the depth-habitat distributions (OBIS, 2014; a full list of datasets and
references can be found in Appendix A).

Appendicies:
Appendix 1: OBIS (2014) data sources listed by genus and references
Appendix 2: Matlab code for the propagation of asymetirc errors given in the coral
database.

Supplementary Materials (online):
1. Fossil coral database.
2. Depth distributions (for each taxa) derived from OBIS (2014).
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Table 1:
Location

Site

Max.
elevation
LIG
terrace
(m)

Error

Reference for
the max.
elevation

How elevation
determined

Recalculated
uplift (+)
/subsidence (-)
rate
-1
(m ka )

Error

Reported Uplift (+)/
subsidence (-) rates
-1
(m ka )
>+0.6
+0.53 ± 0.03
+0.44

University of
West Indies
area

Barbados

70

2

Grazettes
Quarry

41

1*

Holders Hill

45

1*

St George’s
Valley

No LIG
terrace

South coast

Cape Verde
Archipeligo
Comoro
Islands

Cave Hill

Speed and
Cheng, 2004;
Speed et al.,
2013

Shoreline angle

Back calculated from
Cutler et al., 2003
Back calculated from
Cutler et al., 2003

Cutler et al.,
2003
Cutler et al.,
2003

South Point

+0.51

Cutler et al., 2003

+0.31

0.022

+0.33

Cutler et al., 2003

n/a

n/a
+0.34

Fairbanks, 1989
(Bard et al., 1990a
assume LIG RSL +7m
above present)
Thompson et al., 2005

1*

12.4

1*

Eritrea

14

1*

Fiji

5.3

0.1

Emerged shoreline
(notch)

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

Faaa, Maraa,
Tiarei

+0.29 (South Point);
+0.26 (Salt Cave
Point)
+0.27 ± 0.03

Drill core
Muhs et al.,
2012a
Walter et al.,
2000
Nunn et al.,
2002

-0.21

0.020

-0.13 to -0.25

Camoin et al., 1997

+0.05

0.018

+0.026 to +0.054

Muhs et al., 2012a

+0.06

0.018

Not given

-0.01

0.016
-0.007 to -0.008
-0.21 and -0.25
(radiometric dating
lava flows)

52

Indonesia

Sumba Island

Pitcairn
Islands

Henderson
Island

Papua
Guinea

New

Huon
Peninsula

3*

+50 and
+60 m
above
MLWS

Pirazzoli and
Montaggioni, 1988;
Pirazoli et al., 1985;
Montaggioni, 1988

Maximum -0.39

Thomas et al., 2012

-0.2 to -0.4

Deschamps et al., 2012
(range quotes based on
above approaches)

Dodge et al.,
1983

Not given - Bard et
al., 1990a assume
LIG highstand +7m

Bard et al.,
1996

0.2 to 0.5

Gagidu Point
Kanomi

-34
317

3*

Back calculated from
Cutler et al., 2003

Cutler et al.,
2003
Cutler et al.,
2003

Back calculated from
Cutler et al., 2003

Cutler et al.,
2003
Edwards et al.,
1993

1.5

Fadil et al., 2011

Bard et al., 1996;
Pirazzoli et al., 1991,
1993

+0.09
±
0.002
(using fossil lagoon
at +25 ± 5 m and
reef growth at 615
ka; Anderson et al.,
2008)
+0.093
to
+0.1
(Blake, 1995)

Erosional notches at
+10.7 and +15.5 m
(Blake, 1995; elevation
error ± 5 cm)

K-Ar dating basaltic
basement (Trichet et al
1984)
Bard et al 1996; Le Roy,
1994;

-0.15 and -0.3 to 0.4 (Holocene
shoreline)

-0.3 ± 0.4 (geodetic
measurement)
Haiti

Potter et al., 2004

Not given

-20

Tahiti

0.025

Terrace elevation

Mururo atoll

Potter et al., 2004
Scholz et al., 2009

+0.30

Rif Baai

French
Polynesia

Thompson et al., 2005

0.021

Mayotte
Island

Curacao

+0.44
+0.2 ; +0.19; +0.24
and +0.38
+0.45
(Clermont
Nose); +0.43 (Christ
Chirch Ridge);
+0.45 ± 0.03
+0.49 ± 0.06

Speed, 2001
Speed and Cheng, 2004.
F. W. Taylor, P. Mann (in
Gallup et al 2002)
Cutler et al., 2003
Edwards et al., 1987

+0.28

+0.34

Sal Island

0.03

Refs

Anderson et al., 2008
Blake, 1995

+2.08

0.20

+2.1

Cutler et al., 2003

+2.48

0.103

+2.6

Cutler et al., 2003

+2.68

0.111

+2.8

+1.89

0.081

Kanzarua

341

3*

Kwambu

243

3*

Kilasairo

243

3*

+1.89

0.081

Sialum

243

3*

+1.89

0.081

+1.9
+1.85
+1.9
+1.85
+1.9
+1.85

Ota et al., 1993; Chappell
et al., 1996; Cutler et al.,
2003
Stein et al., 1993 (in Esat
et al., 1999 and Edwards
et al 1993)
Cutler et al., 2003
Edwards et al., 1993;
Cutler et al., 2003
Edwards et al., 1993
Cutler et al., 2003
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Madagascar

New
Caledonia
Islands
Niue

Baja
California

3*

Nama

160

3*

Blucher

280

3*

Bobongara
(aka
Fortification
Point;
Chappell
1974)

403

3*

drill core

243

3*

-13

1*

+1.67

0.073

+1.23

0.057

+1.6

Esat et al., 1999

+2.19

0.092

Chappell et al.,
1996

+3.17

0.130

+3.3

Chappell et al., 1996

Edwards et al.,
1993

+1.89

0.081

-0.16

0.019

-0.16

Camoin et al., 2004

-0.03 (position of
LIG terrace at +2m
and an age of 120
ka)

Montaggioni 1988,
Montaggioni and Faure,
1997

+0.23 (LIG elevation
of ~34 m, assumed
sea level at +6 m at
120 ka)

Muhs et al., 2002

-0.16 ± 0.04

Frank et al., 2006

+0.13 to +0.16

Dickinson, 2001

-0.04

Montaggioni, 1988

+0.25
to
+0.27
(elevation of LIG
platform, assumed
sea level +6m and
age of 120ka)

Muhs et al., 2012

Montaggioni
and Faure
1997;
Montaggioni
1988

-0.08

0.018

-3.6

1*

Cabo Pulmo

16

2

Shoreline angle,
unnamed terrace at
+16 m above sea level

Muhs et al.,
2002

0.08

0.023

Punta Banda

37

3

Shoreline angle, Sea
Cave terrace

Muhs et al.,
2002

0.24

0.030

Isla
Guadalupe

6

1

LIG shoreline
elevation, assumed
tectonically stable

0.00

-0.018

-12

1

Drill core

Frank et al.,
2006

-0.15

0.019

Terrace elevation

Nunn and
Britton, 2004.

Niue Island

California

Bloom et al.,
1974
Bloom et al.,
1974
Bloom et al.,
1974

Pointe
aux
Stables reef

Amédée Inlet

Reunion
Island
USA

215

Toliara

Mauritius

Mexico

Kwangam

La Saline reef

-4.8

1

Cayucos Pt

7.5

0.5

Shoreline angle

Point Loma

23.5

0.5

Shoreline angle

Point Arena

42.5

2.5

Shoreline angle

San Clemente
Island

21

1

Shoreline angle

San Nicholas
Island

37

1

Shoreline angle

-0.09

0.018

+0.01

0.016

+0.14

0.017

+0.29

0.028

+0.12

0.018

Muhs et al.,
2012b

+0.24

0.020

Bradley and
Griggs, 1976,
GSA Bulletin,
87, 433-449.

+0.20

0.030

Muhs et al.,
2006

+0.47

0.047

+0.73

0.037

0.91

0.040

0.74

0.035

0.68

0.032

0.83

0.038

Muhs et al.,
2002
Muhs et al.,
2002
Muhs et al.,
2006
Muhs et al.,
2002

Green Oaks
Creek area,
San Mateo
County

31

3

Shoreline angle
elevation estimated
from the sketch in
Bradley and Griggs,
1976, GSA Bulletin, 87,
433-449.

Palos Verdes
Hills, Los
Angeles
County

65

5

Shoreline angle

Southern
Oregon,
Seven Devils
Platform

98

2

shoreline angle
elevation from

Hui Island

120

1*

altimeter

Loh Island

99

1*

altimeter

Tegua Island

91

1*

altimeter

Toga Island

110

1*

altimeter

Espiritu Santo
– Tasmaloum
-Urelapa

n/a
n/a

n/a
n/a

Hawaii
Oregon
Vanuatu

McInelly and
Kelsey, 1990,
JGR, 95, 66996713.
Taylor et al.,
1985
Frank et al.,
2006
Schubert and
Szabo 1978
Calonna et al.,
1996

n/a
n/a

Muhs et al., 1990

+4.6
+3.4

Cutler et al., 2004
Jouannic et al., 1980;
Taylor et al., 1980, 1987,
Taylor 1992; Cutler et al,
2004

2204
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Table 2:
Location

Site

Bahamas
Barbados
Bermuda
China
Comoro Islands
Cook Islands
Curacao
Eritrea
Fiji
French Polynesia
French Polynesia
Grand Cayman
Haiti
Indonesia
Madagascar
Mauritius
Mexico
Mexico
New Caledonia
Niue
Papua New Guinea
Pitcairn Islands
Reunion Island
Seychelles
USA
USA
USA
USA
Vanuatu
Western Australia

San Salvador, Great Iguana and Abaco Islands
Various (wester, northern and southern coasts)
various
Leizhou Peninsula
Mayotte Island
Mangaia
various
Abdur
Kaibu
Mururoa atoll
Tahiti
various
NW Peninsula
Sumba Island
Toliara
Gabriel Island, Pointe aux Stables
Baja California: various
Yucatan Peninsula
Amdee Inlet
Niue Island
Huon Peninsula: various
Henderson Island
La Saline reef
various
California: various
Florida: various
Hawaii: various
Oregon – Coquille Point
various
various

Tidal range (m) (3dp)
(min and max range for location
in fossil database)
1.005 to 1.284
0.906 to 1.29
1.249 to 1.258
4.628
4.160
0.926
0.450 to 0.501
1.391
1.758
0.899
0.394 to 0.427
0.441 to 0.443
0.811
3.621
3.289
0.902
0.958 to 2.710
0.396
1.570
1.276 to 1.542
1.186 to 1.225
1.036 to 1.233
0.767
1.554 to 1.787
2.667 to 2.876
0.737 to 1.129
0.892 to 1.044
3.597
1.499 to 2.158
0.897 to 2.097
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Table 3:
* too few modern observations (<50) to enable a depth preference to be assigned – used genus information (where available) for the fossil database;
‡ depth preference based on few (<200) observations – treat with caution
† no modern observations (but some museum collection specimens); used the study of Gerrodette, 1979
§ numbers in brackets are the number of species used to determine the genus depth range
Species

Number
in fossil
database

Acropora sp.

170

Acropora
abrotanoides‡
Acropora
cervicornis
Acropora danai*
Acropora gr.
danai-robusta*
Acropora humilis
Acropora
hyacinthus
Acropora palmata
Acropora
pharaonis*
Acropora robusta‡
Agaricia sp.

2

Number of
observations
used to
determine
depth
distribution
13,598

Median
depth (m)
(95%
confidence)

Uerror
(95%)
(m)
(1dp)

Lerror
(95%)
(m)
(1dp)

Uerror
(68%)
(m)
(1dp)

Lerror
(68%)
(m)
(1dp)

0 to -7

Max.
depth
recorded
in OBIS
database
(m) (1dp)
-91

-2.4

2.4

15.6

1.8

4.6

0 to -39

0 to -6

-49.5

-3

3

36

3

3

ICUN Red
List
(Carpenter
et al., 2008)
depth range
(m) §
0 to -70
(169; some
species
depth range
unknown)
0 to -15

-0.5 to 16.4

-1.8 to 10.5

-48

-4.6

4.1

11.8

2.818

5.959

-0.5 to -60

Depth
range (m)
(1dp) (95%
confidence)

Depth
range (m)
(1dp) (68%
confidence)

0 to -18

50‡

19

788

36
8

No info*
No info*

37
1

280
322

Not listed
Not listed
0 to -40
0 to -10

-0.1 to -7
-2 to -7

-46
-11

-3
-3

3
3

37
7

2.86
1

4
4

0 to -11
-5 to -20

4,761
No info*

-0.4 to -9.4

-0.7 to -3

-22

-1.5

1.2

7.9

0.8

1.5

-0.1 to -40
-5 to -25

0

63‡
5,495

0 to -8
-1.1 to -20

-1 to -8
-3 to -14

-8
-86

-4
-9.8

4
8.7

4
10.3

3
6.8

4
4.3

Agaricia agaricites
Alveopora sp.‡

1
1

2,136
70‡

-2 to -20.5
-2 to -48.2

-6.8 to -15
-2 to -36.9

-86
-50

-11.25
-5

9.3
3

9.3
43.2

4.5
3

3.8
31.9

Astreopora sp.

4

1,245

0 to -46

0 to -42

-66

-34

34

12

34

8

Balanophyllia
elegans†
Colpophyllia sp.
(NB only based on
C. natans data)
Colpophyllia
natans
Cyphastrea sp.
Cyphastrea
chalcidium‡
Cyphastrea
serailia
Diploastrea sp. ‡
(NB only based on
D. heliopora data)
Diploastrea
heliopora‡
Diploria sp.

274

n/a

-12 to -20

-13 to -18

-15

3

5

2

3

-1 to -8
-0.5 to -115
(7)
-0.5 to -75
-1 to -50
(14)
-1 to -20
(13)
Not listed

1

1,170

-2.3 to -22

-4.8 to -15

-81

-10

8

12

3.9

5

-0.5 to -55
(1)

4

1,170

-2 to -22

-6.1 to -15

-81

-10

8

12

3.9

5

-0.5 to -55

0
3

408
91‡

-1 to -33.1
-0.8 to -13

-2 to -8
-2 to -7.1

-69.7
-15

-5
-5

4
4.3

28
8

3
3

3
2.1

0 to -50 (8)
0 to -50

2

202

-1 to -11.48

-2 to -8

-15

-5

4

6.5

3

3

0 to -50

6

162‡

0 to -12

-3 to -8

-16

-6

6

6

3

2

0 to -30 (1)

2

162‡

0 to -12

-3 to -8

-16

-6

6

6

3

2

0 to -30

49

4,525

-1.5 to -13

-81

-7.3

6.75

16.1

5.8

5.7

0 to -55 (3)

Diploria clivosa
Diploria
labyrinthiformis
Diploria strigosa

23

853

-1 to -9.1

-66

-3.65

3.3

12.4

2.7

5.4

0 to -15

2

894

-5.25 to -14

-9.32

-10

8.7

9.32

4.75

4

2,763

-0.6 to 23.4
-0.4 to -16
-1.3 to 19.32
-0.6 to -27

-81

-7.675

7.1

19.3

6.2

5.7

-0.5 to -55

Echinopora sp.
Echinopora
gemmacea‡
Favia sp.
Favia fragum‡
Favia maxima*
Favia pallida

1
1

451
95‡

0 to -21
-2 to -13.2

-1.5 to 13.4
-2 to -8
-2 to -8.5

-52
-15

-5
-6

5
4

16
7.2

3
4

3
2.5

0 to -40 (14)
0 to -40

13
4
3
9

747
91
39
445

0 to -48
0 to -51.9

0 to -42
-2 to -31

-66
-66

-34
-6.1

34
6.1

14
45.83

34
4.1

8
24.9

0 to -50 (21)

0 to -46.2

-3 to -40

-53

-8

8

38.2

5

32

0 to -50

559
6

28
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Favia speciosa‡

2

Favia stelligera
Faviidae (family)
Favites sp.
Fungia sp.

9
223
1
1

Galaxea sp.
Galaxea
fascicularis
Gardineroseris
sp.*
Gardineroseris
planulata*
Goniastrea sp.
Goniastrea
parvistella*
Goniastrea
pectinata
Goniastrea
retiformis
Goniopora sp.

0
11

846
598

2

28*

8

27*

16
1

89‡
503
7,769
1,269
1,015

-0.7 to 10.3
0 to -46
-0.8 to -37
0 to -17.6
0 to -51

-2 to -8

-47

-5

4.3

5.3

3

3

0 to -40

0 to -43
-2.55 to -14
-2 to -8
0 to -40

-65
-183
-69.4
-66.9

-3
-7.6
-4
-3

3
5.2
4
3

43
31
13.6
48

3
3.45
2
3

40
8
4
37

0 to -20

0 to -46
0 to -46

-2 to -37
-2 to -40

-52
-52

-7
-7

7
7

39
39

5
5

30
33

0 to -40 (14)
-1 to -85
(25)
-1 to -30 (7)
-1 to -15
-2 to -30 (1;
G. planulata)
-2 to -30

1,970
No info*

0 to -46

-2 to -40

-59.8

-5

5

41

3

35

0 to -40 (13)
Not listed

2

314

0 to -44

-2 to -15.4

-51

-5

5

39

3

10.42

0 to -40

5

571

0 to -46

-2 to -42

-51

-23

23

23

21

19

0 to -20

2

737

0 to -45

-2 to -10

-69.7

-5

5

40

3

5

Goniopora lobata*
Hydnophora sp
Hydnophora
exesa
Hydnophora
microconos‡
Leptastrea sp.
Leptoria sp.
Leptoria phrygia‡
Leptoseris sp.‡

1
0
1

15*
554
228

0 to -40
0 to -38.8

-1 to -8
-2 to -8

-65
-47

-3
-4

3
4

37
34.8

2
2

5
4

-0.5 to -30
(24)
-0.5 to -30
0 to -40 (6)
-1 to -30

4

117‡

0 to -46.2

0 to -6

-65

-2

2

44.2

2

4

-1 to -35

11
8
5
2

1,791
216
183‡
228

0 to -46
0 to -45
0 to -12
0 to -65

0 to -41
-2 to -10
-2 to -8
0 to -46

-86
-50
-45
-69.4

-5
-5
-4
-9

5
5
4
9

41
40
8
56

5
3
2
9

36
5
4
37

Lobophyllia sp
Lobophyllia
corymbosa‡
Millepora sp
Montastraea sp.

0
2

692
132‡

0 to -12
-2 to -13.2

-2 to -8
-3 to -8

-48
-15

-5
-6

5
4

7
7.2

3
3

3
2

0 to -40 (7)
0 to -30 (2)
0 to -30
-1 to -150
(14)
-1 to -50 (9)
-2 to -40

1
23

3,801
18,520

-0.3 to -40
-1.1to -39

-1 to -11.2
-5.5 to -15

-92
-85

-3
-10

2.75
8.9

37
29

2
4.5

8.2
5

Montastraea
annularis
Montastraea
cavernosa
Montastraea
annuligera*
Montipora sp.
Oculina sp.‡#
(NB includes
museum/collection
specimens)

251

6,733

-1.1 to -17

-65

-9.7

8.6

7.3

5

3

5

3,437

-1.8 to -23

-4.8 to 12.7
-6 to 14.6

0 to -40(16)
0 to -113
(12)
-0.5 to 82

-85

-10

8.2

13

4

4.6

-0.5 to -113

2

5*

Oulophyllia sp. ‡#
(NB includes
museum/collection
specimens)
Oulophyllia
crispa‡#
Pachyseris sp.
Pachyseris
foliosa*
Pavona sp.

1

239

4

136‡

0
3

296
4*

0

Pavona clavus
Platygyra sp.
Platygyra
daedalea*
Platygyra
lamellina‡
Platygyra
sinensis‡
Plesiastrea sp. ‡
Plesiastrea curta

16
34

25,751
248

0 to -20
0 to -56
-7 to -237.8

0 to -45
-18 to -77

-98
-1,050

0
-42.5

0
33.5

56
195.3

0
24.5

45
34.5

-1.5 to 49.3

-3 to -42.5

-70.5

-7

5.5

42.3

4

35.5

0 to -40 (74)
-0.5 to -152
(3, some
species
depth range
unknown)
-1 to -30 (3)

-1.9 to -18

-3 to -8

-40

-5

3.1

13

2

3

-2 to -30

-2 to -13

-3 to -10

-18

-6

4

7

3

4

-3 to -25 (5)
-10 to -25

3,347

0 to -51

0 to -43

-75

-5

5

46

5

38

2
7
1

30*
1183
No info*

0 to -42

-2 to -8

-50

-5

5

37

3

3

-0.5 to -80
(16)
-2 to -15
0 to -30 (11)
0 to -30

3

179‡

0 to -10.1

-2 to -8

-16

-4.5

4.5

5.6

2.5

3.5

-1 to -30

3

169‡

0 to -12.3

-2 to -8

-16

-5

5

7.3

3

3

0 to -30

0
3

84‡
No info

-2 to -43.7

-2 to -8.2

-45

-5

3

38.655

3

3.22

0 to -40 (2)
Not listed
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(can’t assign
depth preference)
Pocillopora sp.

Pocillopora
eydouxi
Pocillopora
guadalupensis
Pocillopora
meandrina
Pocillopora
verrucosa
Porites sp.

89

4*

14,439

0 to -64

0 to -43

-98

0

0

64

0

43

401

0 to -49

0 to -34

-65

0

0

49

0

34

No info*

2

8,227

5

455

-0.5 to -54
(18; some
species
depth range
unknown)
-2 to -20
Not listed

0 to -56

0 to -43

-98

0

0

56

0

43

-1 to -27

0 to -45.2

0 to -33

-54

0

0

45.2

0

33

-1 to -54

395

50,936

0 to -66

0 to -45

-98

-4

4

62

4

41

Porites asteroides

14

6,133

-2 to -12.7

-84

-6.8

6.1

13.7

4.8

5.9

Porites brighami
Porites lobata
Porites lutea
Porites
nigrescens‡
Porites solida‡
Porites solida
lobata*
Pseudosiderastrea
sp.*
Pseudosiderastrea
tayami*
Siderastrea sp.

1
12
9
1

428
29,941
804
59‡

-0.7 to 20.5
0 to -87
0 to -67
0 to -45
-2 to-12

0 to -50 (61;
some
species
depth range
unknown)
-0.2 to -70

0 to -75
0 to -45
0
-3 to -8

-87
-98
-52
-12

-17
0
0
-6

17
0
0
4

70
67
45
6

17
0
0
3

58
45
0
2

“Unknown”
0 to -30
0 to -30
-2 to -15

2
1

127‡
no info*

0 to -47

0

-87

0

0

47

0

0

-1 to -30
Not listed

0

38*

-8 to -20 (1)

2

34*

-8 to -20

Siderastrea
radians‡
Siderastrea
siderea
Stylophora sp.
Symphyllia sp.
Symphyllia mobilis
Turbinaria sp.

2

48

21
2
0
1
1

4,393

-1.2 to -32

-4.3 to -14

-85

-10

8.8

22

5.8

4

276

-0.1 to 64.9
-1.2 to -23

-3 to -32

-79

-10.45

10.3

54.4

7.5

21.6

0 to -70 (5;
some
species
depth range
unknown)
0 to -3

-4.3 to -14

-85

-10

8.8

13

5.8

4

0 to -70

0 to -44
0 to -10

-2 to -36
-2 to -8

-50
-16

-8
-4

8
4

36
6

6
2

28
4

0 to -45.3

-2 to -8

-66.6

-5

5

40.3

3

3

0 to -40 (7)
0 to -45 (7)
Not listed
-0.5 to -25
(11)

4,098
601
343
No info*
985

2205
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2206
2207
2208
2209
2210
2211
2212
2213
2214
2215
2216
2217
2218
2219
2220
2221
2222
2223
2224
2225
2226
2227
2228
2229
2230
2231
2232
2233
2234
2235
2236
2237
2238
2239
2240
2241
2242
2243
2244
2245
2246
2247
2248
2249
2250
2251
2252
2253
2254
2255
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3.1. Abstract

3.1

Abstract

This chapter outlines the method for using fossil corals as indicators of sea-level
change and the requirement for a comprehensive and systematic treatment of coral
indicators and their associated uncertainties. We detail a Monte Carlo method
used to generate a sea-level reconstruction for a given coral data point, taking into
account the taxon of the coral as well as the uncertainties in elevation and uplift at
the sample location. This method is extended further to incorporate
time-dependent uncertainties and a pre-calculated glacial isostatic adjustment
(GIA) correction. The extended Monte Carlo method allows us to visualise
simulation output as a density distribution. This highlights the impact of a
complex coral taxon habitat-depth distribution on sea-level reconstruction. We
apply the Monte Carlo method to three different analyses. First we investigate the
last deglacial period as detailed by coral data from Tahiti and Barbados. Second,
we demonstrate the effects of using regional rather than global taxon depth
distributions on the resultant reconstructed relative sea level (RSL). Finally we
perform an analysis of the duration of the last interglacial.

3.2

Introduction

The U-Th dating method has been applied to fossil corals to investigate Marine
Isotope Stage (MIS)-5e sea levels since the mid-1960s Veeh1966. However, large
dating uncertainties (as much as ± 40 kyr on a date of 160 ka) meant that it took
until the advent of high-precision, high-sensitivity mass spectrometry methods
(Edwards et al., 1987; Chen et al., 1986) to reduce analytical errors. Since then
fossil corals have been considered as one of the highest-quality discrete indicators
of past sea level (Thompson and Goldstein, 2005).
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Chapter 3. Corals as indicators of past sea-level change
A comprehensive and consistent treatment of reconstructed sea level that
addresses all of the sources of uncertainty relating to sea-level reconstruction using
corals points has proven difficult to assemble, with various compilations choosing
to either focus on one time period (Dutton and Lambeck, 2012), or adopting
assumptions about coral habitat that can significantly affect reconstructed sea
level (Medina-Elizalde, 2013). Hibbert et al. (submitted) build on previous versions
of a coral database to considerably expand the dataset and apply a consistent and
transparent treatment of uncertainty to each coral sample.
A key finding of Hibbert et al. (submitted) concerns the complex relationship
of each coral taxon with depth. Whereas the literature has previously treated
corals as being indicative of precise depths or depth intervals, we now know that
corals are depth generalists, and that their relationship with depth is controlled by
a multitude of factors. As such, Hibbert et al. (submitted) represents a significant
change in the methodology of sea-level reconstruction based on fossil coral sea-level
indicators. For the first time, a comprehensive and systematic treatment of sources
of errors has been presented that exposes the full complexity introduced by
biologically-responsive coral and its associated symbionts. Hibbert et al.
(submitted) apply this treatment to a comprehensive compilation of coral sea-level
indicators, so that all coral indicators published through to January 2015 can be
assessed against a set of clear and consistent assumptions.
In this chapter we describe the method we use to quantify the vertical
uncertainty for each coral data point within the database. We then detail how this
combines with the time dependency of both the uplift corrections and the age
uncertainties of the coral samples. We create a method that allows for
incorporation of pre-calculated GIA corrections. We apply this method to three
problems: reconstruction of RSL over the deglacial period, the impact of regional
as opposed to global coral taxa on habitat depth distributions on reconstructed
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sea-levels; and the duration of the last interglacial.

Figure 3.1: Modelled relative sea level (RSL) vs global mean sea level (GMSL) for
locations experiencing different glacial isostatic adjustment effects through glacial
and interglacial periods. The input ice history contains a 4 kyr interglacial period.
Each location generates a RSL curve that differs from the GMSL in either or both
amplitude and duration.

Consideration of GIA effects is important as local RSL can amplify a sea
level highstand and can also produce offsets in time from an interglacial which we
define on the basis of ice volume (see also section 4.4.4). The modelled curves in
figure 3.1 indicate that depending on where the observational sea-level data is
sampled from different values for amplitude or time and amplitude for peak glacial
(panel a) and interglacial (panel b) respectively are recorded. Therefore if data
from multiple locations are combined without taking GIA into account, the record
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of sea level that emerges from that reconstruction may amplify, or reduce, the
duration of an interglacial as recorded by global ice volume. In reconstructing past
sea levels, we need to understand the both the level of uncertainty in the sea-level
indicator, as well as the potential scale of the GIA corrections. This chapter
focuses on fossil corals as sea -level indicators, and develops a methodology for
application of a GIA correction to these data.

3.3

Methods

3.3.1

Uncertainties in coral-based relative sea-level estimates

To reconstruct past sea level, we must first reconstruct the elevation at which the
coral lived, Zcp , where "cp" represents coral position. This is time dependent on
uplift/subsidence, U:

Z cp = H − (U × t)

(3.1)

where H is the elevation the sample was collected, in metres, and t is the
calibrated age of the sample (positive). For this analysis uplift is calculated:
(
U=

H (loc)LIG − H LIG
tLIG

)
(3.2)

where
• H(loc)LIG = maximum elevation of the local LIG terrace (in m, relative to
modern sea level)
• HLIG = an estimate of all relative sea levels at LIG, we set it to: 6.6 ± 2 m
(Kopp et al., 2009; Kopp et al., 2013)
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• tLIG = 125 ± 5 ka

Uncertainties in Zcp are also calculated. Where no uplift in incorporated in
the calculation, the error associated with Zcp is the error associated with recording
the sample elevation H. Where uplift is part of the calculation, the coral elevation
uncertainty consists of two parts. The first part is the uncertainty associated with
measuring the coral elevation where the sample was collected (A). The second part
concerns uncertainty associated with the uplift calculation that relates past
elevation to the elevation measured when the coral was collected (B).

Error_Zcp = σ cp =

√
A2 + B 2

(3.3)

where
A= elevation error
and
B= error in the (U × t) term = (U × t) ×

√(

)
error in U 2
U

+

( error in t )2
t

Once we have reconstructed a past elevation, Zcp , we must now relate that
elevation to a coral depth distribution. Rather than applying a simple assumption
regarding the habitable depth of a particular coral taxon, we extract recorded
depths for each coral taxon from the Ocean Biogeographic Information System
(OBIS, 2014) to construct the present-day distribution with depth for each given
taxon. For each coral taxon, a unique and complex distribution is formed, and the
distribution based on globally averaged coral depths differs to that constructed for
specific locations (figure 3.2). We assume that present-day taxon-specific
depth-habitat relationships apply to the same taxa in the past.
Our next step is to combine the individual coral elevation uncertainty, σ cp ,
with the depth distribution appropriate to that coral taxon using a Monte Carlo
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Figure 3.2: Variations in the Acropora Sp. distribution with depth depending on
whether a global dataset is considered, or regional datasets from Bahamas or Mexico
Yucatan.
approach. This allows for the construction of a maximum probability sea-level
point associated with that individual coral indicator, and an uncertainty
distribution around that point.
As the appropriate depth distribution type cannot be predetermined, we
apply a kernel distribution fitting function. The bandwidth of this function is not
altered from the MATLAB 2011b default for this analysis, as the default value was
found to be appropriate (figure 3.3). The bandwidth has a particular effect on
resolution of, for example, bimodal depth distributions.
We first generate a filtered extract of the coral database, containing the
iGlass sample ID (so the code output can be related back to that coral), a species
ID (to relate the coral with a particular depth distribution), the elevation at which
the coral was sampled at, and the 1-sigma uncertainty on that elevation.
Next, we generate multiple simulated data points for each individual coral by
randomly sampling across the unique elevation uncertainty associated with the
coral. This step only incorporates the elevation uncertainty. This distribution of
simulated datapoints is re-zeroed, so that the original coral elevation value
becomes the new zero point, and the distribution extends from that zeroed
position in both positive and negative directions.
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Figure 3.3: Effect of different kernel settings on construction of coral taxon depth
distributions for the Porites sp. coral taxon.

Each taxon in the database is assigned an ID. Using this ID we access the set
of files extracted from OBIS which contain present day specimen depth instances
for that taxon. We form a probability distribution function of these data and
identify the median of the distribution. This taxon depth distribution is again
shifted so that the median falls on zero. We now randomly sample this distribution
a set number of times, as defined by the number of instances the code is set to run.
For each coral, we now have a set of randomly sampled values from the
elevation uncertainty, and a set of randomly sampled values from the taxon depth
distribution. We now need to combine the uncertainty in the elevation with the
sampled taxon depth distribution. To preserve the sign when combining these
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Figure 3.4: Generating the RSL probability distribution. Uncertainty around the
reconstructed palaeoelevation of the coral is aligned with the median of the present
day coral taxon depth distribution. The distribution with depth is flipped around
the most probable location to detail the uncertainties with reconstructed RSL.

Figure 3.5: Coral RSL indicators through MIS-5e. The large vertical uncertainties
are generated from incorporation of modern-day depth distributions after OBIS.
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values we simply add them. For each individual coral, we then have multiple
simulated instances across a combined distribution. From this set of simulations
we generate the probability distribution, and extract a probability maximum and
the percentiles associated with the 68, 95 and 99 confidence interval. This
represents the uncertainty of the coral position with depth.
The final step is to invert the combined reconstructed elevation uncertainty
distribution and taxon depth distribution in order to relate the uncertainty in the
coral position with a reconstructed sea-level position (figure 3.4). The distribution
is inverted around the median position. The Matlab algorithm generated to do
these calculations is attached at the end of this chapter. Figure 3.5 illustrates the
large vertical uncertainties generated by this approach.

3.3.2

Incorporation of time dependent uncertainties and a
GIA correction

Incorporating GIA corrections into the coral sea-level reconstruction is a more
complex task, as we now have to take account of the chronological uncertainties.
As the GIA correction is time-dependent it will vary with time for across the
temporal uncertainty associated with each coral data point. In addition, the
uncertainty distribution around the elevation will change with time due to the
uplift rate dependency. To cover these aspects , we expand on the method
described above.
A GIA correction relates relative sea level (RSL) in a particular location at a
particular time to the global mean sea level (GMSL). We model RSL and GMSL
for a range of locations for which fossil coral sea-level indicators exist, using pre-set
ice histories, and earth model parameterisations.
In this extended Monte Carlo combination of uncertainties, we need to
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simulate the coral datapoint across both its chronological uncertainty and its
vertical elevation uncertainty and then combine this with the individual coral
taxon relationship with depth.
To do this, an extract is taken of the coral database that includes iGlass ID,
Location ID (each location will have its own GIA correction), the uplift rate and
the uncertainty of the uplift rate, the coral taxon identifier, the age, and the age
uncertainty. We also include the necessary data to allow filtering at different levels
of δ 234 Uinitial within the code. The appropriate screening for δ 234 Uinitial varies
depending on the time period of interest, so it is currently beneficial to apply this
filter within the code, rather than on extraction from the database.
The method first needs the number of simulations for each coral to be set across both the chronological and elevation uncertainty distributions. We then
access the extract from the coral database and set filter levels for the δ 234 Uinitial
value and a filter for our time period of interest. Within the code we specify the ice
history and the earth model parameters that define our GIA correction. The code
then accesses the pre-calculated data necessary for generating a GIA correction.
For each taxon a taxon-specific depth distribution is generated, which is then
randomly sampled into a matrix described by the number of corals that share that
taxon multiplied by the set number of simulations defined at the beginning of the
script. Each of these values is adjusted to a distribution which is re-zerod on the
median value. We now need to create the elevation distribution unique to each
coral, the same technique as explained in section 3.3.1 above.
For each simulated coral datapoint, the simulated age is used to generate a
GIA correction. The GIA correction is a linear interpolation between the two
closest modelled datapoints generated in the pre-calculated GIA modelling. When
the code is finished running, each coral, identified by its coral id, will have
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Figure 3.6: Density distribution and cumulative density distribution functions.
When plotted the coral observations are contoured at the one percentile, five percentile, 15 percentile and fifty percentile values. The red lines illustrate the difference
between the 99th and 90th percentile in terms of density of observations.

generated a variety of different relative sea-level reconstruction values, so we can
calculate the probability maximum sea-level reconstruction associated with that
coral; this is a global mean sea level, as the GIA correction will have been applied.
We can choose not to apply a correction, and just retain the uplift-corrected
elevation for that particular time point. The result is a density distribution.
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We present the density distribution using a grid of 50 x 50 boxes, across the
full range of Monte Carlo simulated values for each coral sample. In each box, we
count the number of Monte Carlo simulations which are then plotted into a
histogram that represents a density distribution. The highest densities are the
least frequent to occur, figure 3.6; there are only a small number of grid boxes that
contain the highest numbers of simulated datapoints. From this distribution, we
construct a cumulative frequency distribution, which allows us to extract specific
percentiles.

3.4

Results

3.4.1

Revisiting the last deglacial period in Barbados and
Tahiti

The extended Monte Carlo method, incorporating the time-dependent
uncertainties, is applied to a screened selection of coral data for Tahiti (Bard et al.,
2010) and Barbados (Peltier and Fairbanks, 2006). This allows us to contrast the
reconstructions for the well known Tahiti and Barbados deglacial curves, figure 3.7,
with a reconstruction based on our new method which includes full propagation of
all known uncertainties. Figure 3.8 is generated with 360,000 simulations per coral
data point (N= 55), and figure 3.9 is generated with 202,500 simulations per coral
data point (N= 88). No GIA corrections are applied in these analyses.
We note that there is very little difference between the reconstructed sea
level data points for Barbados (figure 3.8), and the original representation of the
coral data in figure 3.7; the key difference is in visualising the effect of the
habitat-depth distribution, where portions of the new reconstructed depth range
associated with the coral can be considered more likely than other portions.
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Figure 3.7: Representations of the RSL curves from Barbados and Tahiti, extracted
from original publications (Peltier and Fairbanks, 2006; Bard et al., 2010). The
grey rectangle in the Barbados graph indicates the timeperiod that the Tahiti curve
relates to. The blue lines represent uncertainty associated with each coral data
point (coral plotted at maximum depth of assumed living range). The red line in
the Barbados RSL curve indicates a GMSL generated using the ICE-5G ice history.
The coloured squares on the Tahiti curve differentiate between the multiple cores
the original data was taken from. The grey line on the Tahiti curve is a linear fit of
the sea-level data.
The reconstructed sea level data points for Tahiti (figure 3.9 are more
complex than found in the original representation 3.7. As the corals have not been
identified beyond genus level the habitat-depth distribution is bimodal. This
results in a secondary “ghost line” of reconstructed relative sea level.

3.4.2

Incorporating regional taxa distributions

For the Hibbert et al. (submitted) paper, we have compiled present-day
depth-habitat records for each taxon from all recorded observations on a global
scale. This results in complex distributions with depth, as each coral taxon is
sensitive to multiple other factors, including water temperature and turbidity, so
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Figure 3.8: A deglacial relative sea-level curve for Barbados using the outputs of a
Monte Carlo simulation generating 360,000 simulated data points per coral sample.
The colourbar indicates the grid squares associated with each coral that contain the
highest density observations per grid square: top 1,5,15,30, and 50 %.

that taxa are likely to have a different relationship with depth in different
locations, depending on a complex of local factors. By focussing on particular
locations it is possible to provide higher resolution, or better defined uncertainties,
in sea-level reconstructions. The only remaining assumption is that the depth
relationship exhibited by a taxon in a particular location today is directly
applicable to the same taxon in that location in the past.
Here we contrast a reconstructed sea level with uncertainties for the same
selection of coral samples using firstly the global taxon distribution with depth,
and secondly two local taxon distributions with depth. The taxon depth
distributions are illustrated in figure 3.2 indicating that the Acropora Sp.
distributions for both Mexico Yucatan and the Bahamas vary from the global
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Figure 3.9: A deglacial relative sea-level curve for Tahiti using the outputs of a
Monte Carlo simulation generating 202,500 simulated data points per coral sample.
The colourbar indicates the grid squares associated with each coral that contain the
highest density observations per grid square: top 1,5,15,30, and 50 %.

distribution. In Mexico Yucatan the distribution is bimodal, and although the
Bahamas is similar to the global distribution, it is more constrained. When these
distributions are used to reconstruct past sea level we see the different patterns of
possible sea level emerge, figure 3.10.
Within figure 3.10 it is clear that in this case the use of a regional
distribution has little impact on the total range of uncertainty; the coloured areas
associated with each colour extend for similar ranges no matter what the
distribution used. However, in line with the distributions seen in figure 3.2 we do
see a different distribution in each case, which results in tighter constrains for the
most probable values of reconstructed sea level. For case b), the Bahamas
distribution, the most probable sea levels cover a smaller range than in case a)
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Figure 3.10: This figure illustrates the difference between applying a global taxa
distribution with depth versus a localised taxa distribution with depth; the Mexico
Yucatan distribution for Acropora is bimodal, and this is reflected in a bimodal
distribution for reconstructed sea level.

where the global coral depth distribution has been used. This is also the situation
for case c) where the Mexico Yucatan distribution has been used to reconstruct sea
levels. Case c) is more complex, as it results in a bimodal distribution, however
this still constrains the most probable sea levels to different ranges than case a).
Choice of coral taxon depth-distribution is clearly important in past sea-level
reconstruction, and we need to consider whether the sea-level indicators we are
wishing to construct are best represented by a local or global coral taxon-depth
distribution, or whether in fact the information exists to support such a choice.
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3.4.3

Duration of the last interglacial

About 26% of the fossil coral database contains data entries for the last
interglacial. We apply two different screening protocols to the coral dataset, and
three different analyses to the resulting data to determine the impact of these
different approaches to the resulting duration of the last interglacial. The results
are summarised in table 3.1.
The screening protocol applied to both data set A and B, requires that
δ 234 Uinitial =147±5 , calcite <=2% and

232

Th <= 2 ppb. For dataset A this is

combined with a strict in situ requirement. This covers 57 coral data points, and
the source data is found in the following publications: Chen et al. (1991);
Blanchon and Eisenhauer (2001); Muhs et al. (2012); Thomas et al. (2009); Stein
et al. (1993); Israelson and Wohlfarth (1999); Muhs et al. (2002a); Stirling et al.
(2001); Stirling et al. (1998); O’Leary et al. (2008).
Dataset B relaxes the strict in situ requirement, but focuses only on those
locations that are tectonically stable. It contains 51 data points, and the source
publications are Chen et al. (1991); Muhs et al. (2002a); Blanchon et al. (2009);
Stirling et al. (1995); Stirling et al. (1998); Zhu et al. (1993); Eisenhauer et al.
(1996); O’Leary et al. (2008).
Within this section we define an interglacial as being that period of time
during which RSL >= 0 m. Figure 3.1 indicates how different locations express
the same global signal differently, potentially amplifying a sea-level highstand.
This has previously been explored in Dutton and Lambeck (2012), and it also
illustrates how the duration of the interglacial may potentially be over or
under-estimated depending on the locations included.
We run a 700 × 700 Monte-Carlo simulation across the results of both of our
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Data
Screening

A: in situ
(57 corals)

B: tectonically stable
(51 corals)

Median RSL >= 0

>50% probability Consider
full
that RSL > = 0m dataset, and take
95%
confidence
interval for data
>= 0m
Duration: 11 kyr Duration: 11 kyr Median: 124.0 ka
(118 to 129 ka)
(118 to 129 ka)
(95% confidence
bounds at 118.1
and 130.3 ka)
Duration: 31 kyr Duration: 28 kyr Median: 125.3 ka
(110 - 141 ka)
(112 - 140 ka)
(95% confidence
bounds at 113.2 138.1 ka)

Table 3.1: Data screening and analysis used in determining duration of last interglacial period

screening protocols. We apply the three different analyses to the results of the
Monte-Carlo simulation, to investigate the duration of the last interglacial. The
first analysis groups data points into time envelopes of 1 kyr, through a time
window that encompasses all the coral data points. Sea level is considered to be >
0 m when the median Monte-Carlo simulated sea level is above 0 m (the median
sea level is calculated for each 1 kyr timestep).
The second analysis identifies those time periods in 1 kyr steps when it was
more likely than not (i.e. a greater than 50% probability) that RSL stood above 0
m. The third analysis doesn’t group the datasets into bins, rather it considers all
data points in the dataset that are above 0 m and determines the distribution with
time for this set of datapoints.
Results from the first analysis indicate that for the in situ data set the
number of time steps where the median sea level is above 0 m is considerably
smaller than for the stable-sites data set, figure 3.11. The analysis yields an 11 kyr
interglacial for the in situ data set, and a 31 kyr interglacial for the stable-sites
dataset. However, just looking at the median sea level can give a misleading
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Figure 3.11: Median RSL for intervals during the last interglacial period during
which median RSL >= 0m. Panel a) contains an analysis of coral data screened
using a strict requirement that all data points were in situ. Panel b) incorporates
data that relaxes the in situ requirement, but applies a requirement that coral
datapoints are located in tectonically stable zones. Median sea level is calculated at
each 1 kyr timestep.

interpretation of the data. The uncertainties that accompany these reconstructed
median sea levels, figures 3.12 and 3.13, top panel in both figures, once the taxa
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specific relationship with depths are incorporated, are wide enough to indicate that
RSL through these time periods is not particularly well constrained by our
datapoints.

Figure 3.12: Panel a) indicates the uncertainties associated with the median sea
levels seen in figure 3.11 for the coral data taken from all sites (in situ screening).
Panel b) shows the distribution of datapoints with time. Panel c) plots only those
time points where the proportion of simulated data points above 0 m is above 50%
of the total simulated data points for that time window.
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Figure 3.13: Panel a) indicates the uncertainties associated with the median sea
levels seen in figure 3.11 (stable sites only). Panel b) shows the distribution of
datapoints with time. Panel c) plots only those time points where the proportion
of simulated data points above 0 m represents 50% or more of the total simulated
datapoints for that 1 kyr time window.

Results from the second analysis can be seen in figure 3.12c and 3.13c. Again
we see that applying the strict data quality requirement that the datapoints are in
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situ generates a much tighter constrained duration of interglacial.
The third analysis considers all those RSL datapoints that are above 0 m
without grouping them into bins. For the in situ screening this gives us a median
interglacial time period of 124.0 ka with 95% boundaries at 118.1 and 130.3 ka,
covering 12.2 ka. In contrast, the tectonically stable locations result in a median
time of 125.3 with 95% boundaries at 113.2 ka and 138.1 ka, covering 24.9 ka.
Interpretting these ranges as duration of interglacial is problematic as we are only
considering RSLs, further the variation in ranges driven by the use different data
sources, and incorporation of different taxon depth-habitat distributions for the
two datasets indicates that considerable care must be taken when making an
assessment of duration of the last interglacial period.

3.5

Discussion

In reconstructing past sea-levels using the Monte Carlo method we make an
assumption that present-day depth-habitat relationships are representative of past
depth-habitat relationships. This is non-trivial assumption given coral-taxon
dependency on multiple other factors explored in Hibbert et al. (submitted), but
the approach starts to provide us with a more realistic view about the
uncertainties in recovering past sea levels from coral sea-level indicators.
We consider the impact on the Barbados and Tahiti deglacial sea-level curves
when the full taxon habitat-depth relationships are considered. For both Barbados
and Tahiti a considerable range of uncertainty is inferred. For Barbados our
approach allows us to put some structure to the uncertainty - we can identify a
median RSL and quantify percentage boundaries. The Tahiti curve indicates a
potential for multiple probability maximum sea levels existing for individual coral
samples due to bimodality in the habitat-depth distributions.
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The use of regional habitat-depth relationships can provide tighter
constraints on uncertainty, as the case for Bahamas showed, but by considering
only a local dataset, as for Mexico Yucatan, we also expose the complex
relationship as a bimodal distribution results in different probability maximum
zones for reconstructed sea level. This indicates that consideration must be
undertaken as to when and where a local coral taxon depth-distribution is used in
preference to a global one; ideally we would have some indicators that the past
oceanic environment was similar to that found in the present day. Given potential
changes in ocean circulation, salinity, and temperature over time, all factors that
can influence coral growth, this is not a simple exercise.
Our investigation into the duration of the last interglacial exposes the
sensitivity of the dataset to the chosen screening: the analysis and results are
highly dependent on the screening applied. In consideration of datapoints for
Mexico Yucatan, the in situ screening protocol excludes coral datapoints that
indicate a reconstructed median sea level of ∼2.2 m at ∼139 ka and datapoints
from Bermuda, that indicate sea level at ∼1.7m at 113.7 ka. We have external
evidence to support the exclusion of the Yucatan datapoints (they are contrary to
the recent paper of Marino et al. (2015), which finds that the Heinrich stadial 11 is
both tightly constrained to a timeperiod within 135 to 130 ka, and coincident with
the rapid sea-level rise that led into the MIS-5e interglacial) we don’t have the
same detail about the Mexico Yucatan datapoints. So although the in situ
screening approach has served to exclude coral datapoints which are inconsistent
with other evidence in literature, it may also exclude legitimate, albeit incomplete,
information.
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3.6

Conclusions

Corals are a complex, biologically responsive species whose habitat-depth
relationship is dependent on multiple factors. The method we develop within this
chapter allows us to incorporate present-day habitat-depth relationships into an
evaluation of uncertainty for past reconstructed sea levels using fossil corals. This
method is expanded on to incorporate time-dependent uncertainties in dating of
the fossil coral and the error in the uplift rate. The potential to include a
pre-calculated GIA correction, and thus evaluate a past global mean sea level, is
used in Chapter 4.
The method we develop for visualising the output of the Monte Carlo
simulations facilitates representation of the complex relationships with depth the
coral taxa have. This is demonstrated by application to the deglacial dataset for
Tahiti and Barbados, where uncertainties are shown to be more structured than
previously considered (Barbados), or for there to be with multiple paths through
coral probability maxima (Tahiti). Although this method exposes a greater amount
of uncertainty associated with coral depth-habitat relationships, it also provides a
mechanism for reducing or placing greater constraints on the uncertainty via
development and use of location/ region specific depth-habitat relationships.
Analysis of the duration of the interglacial, as represented by relative
sea-level indicators, serves to illustrate the necessity of constructing a careful
screening methodology. Our analysis investigates two approaches to the screening firstly by placing emphasis on the corals being in situ, or secondly on the corals
being recovered from tectonically stable areas (i.e. areas of no uplift / subsidence).
The results generated by the in situ corals generate a MIS-5e interglacial of shorter
duration in comparison to those from tectonically stable areas.
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In order to relate the duration of an interglacial as defined by RSL indicators
to the duration of an interglacial as defined by global ice volume we need a global
ice history. Both interpretations of the duration of the interglacial (short duration
as described by in situ corals, and longer duration as described by stable-sites
corals) could be expressed by the same global ice history. In constraining past
global ice volume it is likely that a number of scenarios may need to be
constructed, in line with the different levels of certainty (or screening) we apply to
the test data-set of past sea-level indicators.

3.7

Matlab Algorithm
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%Error Propagation for asymmetric errors in the coral database
clear all
close all
%SETUP*********************************************************************
%Format Import Corals: (1) coral iGlass ID (2) Coral genus/species
%(3) corrected elevation (4) error at 1 sigma on that elevation
cd('/Users/fht1g10/Soton/DATA/CORALS/DepthDistribution/');
CoralsImport=csvread('CoralErrorExtract.csv',1,0);
uniqueTaxa=unique(CoralsImport(:,2));
FinalOutput=zeros(1,8);
%each error combo will be generated this number of times:
%Set to 10 for published,results generated at 150,000.
NoInstances=10;
%START the process*********************************************************
for taxaLoop=1:size(uniqueTaxa,1)
%what taxa we are working with to construct the distribution
filename=[num2str(uniqueTaxa(taxaLoop,1)),'.csv'];
cd('/Users/fht1g10/Soton/DATA/CORALS/DepthDistribution/DepthDistExtracts/');
exactDistributionImport=-1*(csvread(filename));
similarTaxa=CoralsImport(CoralsImport(:,2)==uniqueTaxa(taxaLoop,1),:);
NoTaxaCorals=size(similarTaxa,1);
coralFit = fitdist(exactDistributionImport, 'kernel');
speciesNumbers=random(coralFit,NoInstances,NoTaxaCorals);
%set median point as the zero point of distribution
speciesNumbers=speciesNumbers-(median(median(speciesNumbers)));
CoralOutput=zeros(NoTaxaCorals,8);
%loop over every coral data point with the same taxa
for CoralCount = 1:NoTaxaCorals
%CORAL UNIQUE DISTRIBUTION*****************************************
%Generate random samples from distribution for elevation,
%mu is the corrected elevation, sigma is associated error - we
%import 2 sigma hence divide by 2, NoInstances = number of samples
elevationNumbers=normrnd(similarTaxa(CoralCount,3),...
(similarTaxa(CoralCount,4)/2),NoInstances,1);
%shift the distributions so they are both around zero
elevationNumbers=elevationNumbers-similarTaxa(CoralCount,3);

1

%COMBINE ERRORS****************************************************
%loop over the instances of that particular coral, combine
%coral error random sample with the random sample of elevation error
InstanceCount=0;
TotalError=zeros(NoInstances,1);
for InstanceCount = 1:NoInstances
%simply additive so that size and direction of errors are valid
TotalError(InstanceCount,1)=elevationNumbers(InstanceCount,1)...
+speciesNumbers(InstanceCount,NoTaxaCorals);
end
clear elevationNumbers;
%OUTPUT************************************************************
%saves the unique coral probability distribution object
%to a cell - with the coral id number as the cell identifier.
UniqueCoralDistribution{1,similarTaxa(CoralCount,1)}=...
fitdist(TotalError(:,:),'kernel');
%These two lines make the object easier to plot as we don't save
%the Total Error values.
UniqueCoralDistribution{2,similarTaxa(CoralCount,1)}=...
min(min(TotalError));
UniqueCoralDistribution{3,similarTaxa(CoralCount,1)}=...
max(max(TotalError));
%TO PLOT A DISTRIBUTION USE FOLLOWING 2 LINES (uses coral id no.)
%index=linspace(UniqueCoralDistribution{2,YOUR_CORAL_ID},...
%UniqueCoralDistribution{3,YOUR_CORAL_ID},1000);
%plot(index,pdf(UniqueCoralDistribution{1,YOUR_CORAL_ID},index))
%Id the output
CoralOutput(CoralCount,1)=similarTaxa(CoralCount,1);
%input coral adjusted elevation
CoralOutput(CoralCount,2)=similarTaxa(CoralCount,3);
%3 sigma
CoralOutput(CoralCount,3)=prctile(TotalError,0.13);
CoralOutput(CoralCount,4)=prctile(TotalError,99.87);
%2 sigma
CoralOutput(CoralCount,5)=prctile(TotalError,2.28);
CoralOutput(CoralCount,6)=prctile(TotalError,97.72);
%1 sigma
CoralOutput(CoralCount,7)=prctile(TotalError,15.87);
CoralOutput(CoralCount,8)=prctile(TotalError,84.13);
clear TotalError;
end
%concatenate
FinalOutput=[FinalOutput;CoralOutput];
clear CoralOutput;

2

end
%get rid of blank zeros
FinalOutput=FinalOutput(2:size(FinalOutput,1),:);

Published with MATLAB® 7.13
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4.1

Abstract

When an ice sheet melts it does not have a spatially uniform impact on sea level,
due to regional glacial isostatic adjustments (GIA). Understanding this spatial
GIA-driven pattern helps us to reconcile geographically distributed sea-level
indicators and to derive global mean sea level (GMSL) variability. However, GIA
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models depend on input of a pre-existing ice volume and distribution history.
Limited field evidence is available to support generation of detailed ice histories
further back in time than the Last Glacial Maximum. As a result, we need to rely
on palaeoclimate proxies for recreating past ice-loading histories. Here we generate
five ice-loading histories. Our first two ice histories are both based on the Red Sea
relative sea level (RSL) curve (Grant et al., 2014), but each one uses a different
spatial ice distribution. The first is based on the spatial distribution contained
with the ICE-5G ice history (Peltier, 2004) and the second is based on the spatial
distribution found in de Boer et al. (2014). The third ice history is based on the
continuous ice-volume record of de Boer et al. (2014). A fourth relies on the
deep-sea benthic oxygen isotope record of Lisiecki and Raymo (2005). The fifth ice
history draws on the composite sea-level record of Waelbroeck et al. (2002). Next,
we use these ice histories to model RSL curves for locations where fossil coral
sea-level benchmarks have been reported, as obtained from a recent standardised
database. The RSL records calculated from the five ice histories are found not to
replicate the duration and amplitude of maximum RSL that is apparent in the
coral data for the last interglacial (Marine Isotope Stage, MIS, 5e). To explore
possible causes for this discrepancy we assess three scenarios. In the first two we
extend the duration of the interglacial by 4 kyr and 8 kyr respectively. For the
third scenario we reduce the ice volume and extend the duration of the MIS-5e
over a 4 kyr period. Results indicate that we require either a more extended
interglacial duration, or a combination of extended interglacial duration and
reduced interglacial ice volume, to more closely replicate the coral record.
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Introduction

The motivation for studying past interglacials, particularly those of the last
500,000 years is to gain a deeper understanding of the mechanisms and expressions
of climate change under different climate forcing regimes. Sea level is a particularly
powerful diagnostic of climate change given that it represents the combined impact
of changing temperatures and ice volumes through time. High-resolution records of
sea-level change exist for the last 500,000 years based on different, independent
methods and assumptions. Some of these, based on different permutations of
deep-sea oxygen isotope data, primarily concern ice volume estimates (Lisiecki and
Raymo, 2005; Elderfield et al., 2012; de Boer et al., 2012; Waelbroeck et al., 2002).
Other methods, notably from marginal-sea residence time reconstructions (Siddall
et al., 2003; Rohling et al., 2014), fossil coral-reef benchmarks (including Ku et al.
(1974); Fairbanks and Matthews (1978); Eisenhauer et al. (1993) and many other
examples) concern RSL which is sea-level position relative to crustal position in a
specific location. GIA modelling is needed to assess how these different records
might relate to GMSL or global ice volume signal.
Woodward (1888) considered the spatial distortion of sea level due to the
self-gravitating properties of water and ice on a non-deforming earth, and his work
is considered to be one of the (if not the) earliest mathematical description of the
glacial isostatic adjustment problem. Recent reviews (Mitrovica and Milne, 2003;
Steffen and Wu, 2011) have traced the progress from that early phase through to
the work of Farrell and Clark (1976). This gave a derivation of the “sea level
equation”, which relates the change in volume of ice to the change in sea level.
Generally larger than average sea-level variability occurs close to regions of
ice growth and loss where the glacial isostatic signal is dominated by the ice
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loading or unloading and is highly sensitive to earth structure. Far from the
regions of ice variability (in the so-called “far field”), sea-level change is much more
dominated by the global signal, which is why these areas are preferred locations for
past sea-level reconstructions. There is no single perfect location on earth where
multiple GIA feedback effects cancel each other out in such a way that GMSL
might be directly observed, although modelling studies help to identify locations
where GIA influences and the earth model sensitivities are minimal (Milne and
Mitrovica, 2008).
Modern GIA models require inputs for both an appropriate earth model, in
order to generate an appropriate visco-elastic response, and an accurate ice-loading
model that simulates spatial variations in ice volume. With timescales of crustal
relaxation being of the order of tens to thousands of years, accurate modelling of
present-day RSL response requires modelled GIA responses for at least a full
glacial cycle (about 100,000 years).
The focus in this paper is on the last interglacial period, MIS-5e, (about 130
to 115 ka before present). While understanding the pattern of present-day sea-level
variability requires a reconstruction of at least one glacial cycle of ice-volume
changes, investigations of sea-level variability further back in time require
ice-volume histories that proportionally extend further back in time. Ice histories
for the last deglaciation (19-6 ka) have been successful in reconciling the large
number of RSL indicators for that period as well as the subsequent current
interglacial (Holocene) (Bassett et al., 2005; Lambeck et al., 2014). However, as we
consider periods further back in time (notably MIS-5e), we have to contend with a
much lower number of sea-level indicators to derive and test ice histories. In
consequence we need to seek alternate ways to obtain an ice volume history, and to
refine this into a global ice-loading history that simulates geographic ice-variations,
within constraints based on field evidence.
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Here we present several potential ice-loading histories, based on existing
continuous sea-level records, the creation of which is detailed in section 4.3.4. We
validate the ice histories by comparing their implied sea-level variability with an
independent validation dataset based on fossil corals.
We observe that each of our ice histories based on continuous sea-level
records produces a sharp peak sea level for MIS-5e rather than an elongated
highstand as implied by our validation dataset. To address this discrepancy, we
apply three artificial interglacial scenarios to the various ice-loading histories. Each
of these three scenarios acts to extend the duration of the interglacial highstand.
For the comparison against the validation dataset, we use a GIA model based on
the Kendall et al. (2005) principles. With that model we calculate relative sea-level
curves for a series of key locations of fossil coral sea-level indicators. We then
develop and apply a quantitative scoring methodology that quantitatively tests the
sea-level curves that result from each of the ice histories and the three artificial
scenarios for extending the interglacial against the coral data.

4.3
4.3.1

Methods
GIA modelling considerations

GIA describes the processes by which different geographical locations experience
different RSLs at any given time. It is therefore reasonable to expect that GIA is a
key mechanism for reconciling spatial discrepancies in sea-level variations identified
in the coral record. We apply a set of different interglacial scenarios to determine
whether the coral data from different locations can be reconciled into one coherent
description of ice volume over the MIS-5e interglacial period. The use of GIA
modelling allows us to develop a model of global ice volume and then extract
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relative sea-level curves for different locations.

Figure 4.1: RSL curves for three different earth models and 11 different locations.
The choice of earth model has a significant effect on the modelled RSL curves. In
this example, a comparatively higher lower mantle viscosity results in some locations
experiencing higher amplitude RSL during the interglacial period (earth model 2
compared to earth model 1) whilst the combination of a lower upper mantle viscosity
and a higher lower mantle viscosity (earth model 3 compared to earth models 1 and
2) results in more pronounced phase offsets in peak interglacial for some locations
as well as amplifying the peak interglacial RSL.

The choice of earth model that we use within our GIA model will affect the
resultant RSLs for our modelled locations, (two locations in the Bahamas (San
Salvador and Great Inagua), Barbardos, Tahiti, the Huon peninsula in Papua New
Guinea, two locations in Western Australia (the Ningaloo Reef by Tantabiddi, and
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Earth
Model
(EM)
1

Lithosphere Upper Mantle
(Km)
(Pa s)

Lower Mantle Comment
(Pa s)

96

5 x 1020

2.5 x 1021

2

96

5 x 1020

5 x 1021

3

71

2 x 1020

1 x 1022

VM2-like
(Peltier,
2004)
As VM2 like, but with
increased lower mantle viscosity
Similar
to
earth
models adopted by
Lambeck and Mitrovica e.g.O’Leary et al.
(2013); Dutton and
Lambeck (2012)

Table 4.1: Detail on three earth models (EM) used in this analysis.

offshore Dongara), Curacoa, Hawaii, the Seychelles and Sumba Island). During the
interglacial the varying height of peak sea level can vary by several meters
depending on choice of earth model. We illustrate this by extending an existing ice
history ICE-5G (Peltier, 2004) to cover two glacial cycles, punctuated by a 4 kyr
interglacial period of near present-day ice volume. This is Ice A described in the
Methods chapter of this thesis. In figure 4.1 we present the modelled RSL
predictions for the 11 different locations described above, for three different earth
models (detailed in table 4.1 ).
A higher lower-mantle viscosity (EM2 compared to EM1) results in a lower
peak RSL through the interglacial for Bahamas - San Salvador island, but a higer
peak RSL through the interglacial for Huon. When a higher lower-mantle viscosity
is paired with a thinner lithospheric thickness (EM3 compared to EM1) we see a
shift in time of peak interglacial for the Bahamas - San Salvador modelled
prediction.
The duration of the interglacial period will also affect RSL throughout the
interglacial period; Figure 2 panel B in Dutton and Lambeck (2012) provides
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examples of RSL continuing to rise throughout an extended interglacial (14 kyr) of
near present-day ice volume. We therefore develop three scenarios, described
further in section 4.3.4, of 4 kyr and 8 kyr extensions to the interglacial period and
a 4 kyr extension with reduced ice volume.

4.3.2

Continuous records describing the MIS-5e interglacial
period

Although different researchers have categorised the MIS-5e interglacial in different
ways, using different nomenclature, most agree that this period of elevated
temperatures and reduced δ 18 O isotopic ratio took place at some point during 110
and 150 kyr ago (Railsback et al., 2015). As RSL varies from location to location,
we define the interglacial period as encompassing those points at which GMSL was
above our reference present-day value of 0 m.
Coral data describing elevated RSLs from multiple locations point to an
interglacial period with a prolonged highstand, or multiple oscillations that take
sea level above present-day, over an extended duration, illustrated by figure 4.2. A
coral sea-level indicator will record the RSL of the location it is taken from, and
this will vary from location to location. Therefore in order to compare sea-level
indicators from multiple locations, as in figure 4.2, we need to account for GIA.
The GIA correction is defined as being:

GIA Correction = Global Mean Sea Level − Relative Sea Level

(4.1)

Thus, this GIA correction would be added to the RSL observation to obtain
an estimate of GMSL. In figure 4.2 we apply a GIA correction associated with the
Ice A ice history, and EM 1.
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Figure 4.2: GIA-corrected coral data indicate an extended interglacial period. These
corals have been screened using protocol P1, described in table 4.2, GIA corrected
using the Ice A ice history and EM1.

The continuous records either relate to one location (for example Hanish Sill
in the Red Sea), or are taken to represent a global signal: GMSL. Each of the
continuous records we use to generate an ice-volume history (Grant et al. (2014);
Waelbroeck et al. (2002); Lisiecki and Raymo (2005); de Boer et al. (2014)) show
evidence of a peaked MIS-5e highstand of short duration relative to that in the
coral record.
The continuous Red Sea RSL curve used in this analysis (Grant et al., 2014)
is based on a sediment δ 18 O record that is converted into sea level using a
hydrological exchange model of flow over the Hanish Sill initially developed by
Siddall et al. (2003). The record probability maximum has a 3 kyr interglacial,
rising above 0 m at 129.5 ka, peaking at 128 ka and dropping beneath 0 m at 126.5
ka. Including the associated 2-sigma error widens the interglacial to 4.75 kyr,
starting at 129.75 ka and concluding at 125 ka.
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The LR04 curve, scaled to ice-volumes over the last deglaciation, indicates
that ice-volumes were less than present-day over the period of 126 to 121 ka.
Including the uncertainty of 4 kyr associated with each data point on this stack
extends the window of the interglacial from 130 to 117 ka, a 13 kyr interglacial.
The Waelbroeck et al. (2002) reconstruction has an interglacial that starts at
128.5 ka and concludes at 119.5 ka. The interglacial is almost equally distributed
around the peak. This gives a 9 kyr interglacial. If we consider the maximum RSL
envelope of the reconstruction this gives us an interglacial starting at 130 kyr and
terminating at 115.5 kyr.
Source material supporting the de Boer et al. (2014) curve was in the form of
gridded datasets of ice height for Antarctica, Greenland, North America and
Eurasia. These represent output from a 3 dimensional ice model. The ice history
that resulted from their combination, the Ice 3 ice-volume reconstruction,
describes an interglacial period containing less ice volume than present-day over
the period of 122 ka to 116 ka, a 6 kyr interglacial, with minimum ice volume at
120 kyr. The timestep at 124 kyr contains close to present-day ice volume.

4.3.3

Coral data screening protocols

There are two approaches for determining the age of fossil coral samples using
U/Th isotope dating. If a coral has undergone some diagenetic reworking,
“open-system” approaches whereby the inclusion of addition isotopic material is
accounted for, are particularly useful. However, no clear methodology for the
implementation of “open-system” methods currently exists, and so we adopt a
closed-system approach. The approach adopted here seeks to screen out those
corals likely to have undergone diagenetic reworking. Our screening protocols are
summarised in table 4.2.
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Samples in % Calcite
situ

δ 234 Uinitial

232

P1

Can age or
RSL be calculated?
✓

✓

≤ 2%

NA

P2
P3

✓
✓

✓
✓

≤ 2%
≤ 1%

± 10 per
mil
± 5 per mil
± 5 per mil

Screening
Protocol

Th

NA
≤ 2ppb

Table 4.2: Screening protocols applied to the coral database

Before applying these screening protocols to the database submitted by
Hibbert et al. (submitted) we first exclude corals for which an error in age or
reconstructed RSL cannot be generated, and where samples are either not in situ
or if information is not provided to make that judgement. If a sample is not in
situ, we cannot be sure that the elevation at which the coral has been collected
relates to the RSL it grew in. This reduces the number of samples to 380.
Excluding samples with more than 2% calcite (as an indicator of diagenetic
reworking) further reduces the number of samples to 127.
The 2% calcite criteria is applied as diagenesis can have multiple effects upon
a fossil coral specimen: it can partially dissolve the original aragonite skeleton, it
can infill the porous spaces with a carbonate cement (either calcite or aragonite
depending on external conditions) or it can rework and recrystalise the original
aragonite skeleton (Sayani et al., 2011). Diagenesis can alter the isotopic
composition of the sample, and result in U-Th ages that are anomalously old or
young. The calcite screening protocol is only a proxy for identification of “pristine”
corals, and this, and other more detailed screening protocols for identification of
diagenetic alteration have been found to be insufficient (Scholz and Mangini, 2007).
It is however a simple screening protocol to apply to a large composite dataset.
In recognition that the calcite screening protocol may still allow reworked
coral samples through, we also apply a δ 234 Uinitial filter, with the assumption that
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calculated δ 234 U should only vary from modern day values if the coral has been
subject to diagenesis. However, δ 234 Uinitial is now believed to vary on glacial interglacial timescales and with time (Henderson, 2002) hence we retrain a wide
screening so as not to screen out data points that have a legitimate variation from
modern day δ 234 U. As we are primarily focused on data points from the last
interglacial period, the glacial-interglacial variation is not such an issue, but we
still need to consider that there may have been a long term variation; we apply
both a ± 10 per mil screening (P1), and a ± 5 per mil screening (P2). The former
results in 72 samples across 9 locations (Bahamas, Barbados, Curacao, Tahiti,
Sumba Island, Huon Peninsula, Seychelles, Hawaii and Western Australia) for
which I model 11 separate points (2 each for Bahamas and Western Australia) and
the tighter screening results in 46 samples across 7 locations (the Barbados and
Seychelles corals are screened out).
Protocol P3 implements a tighter calcite screening filter than used in P1 and
P2 and also screens for ≤2ppb

232

Th. This leaves 34 data points across 6 locations.

It should be noted that for the vast majority of these samples, the method by
which the coral elevation was determined was not included in the source
publication. This indicates that although we can apply tight screening criteria,
this may only serve to highlight sources of error we cannot control. Our screening
approach aims to exclude those coral samples which display known sources of large
uncertainty, such as contamination or open-system behaviour, and to use only
samples where the error can be calculated.

4.3.4

Five ice loading histories, three scenarios

In developing alternative global ice-loading histories we recognise two issues. The
first is how to determine variations in global ice volume, and the second is how to
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distribute that ice volume. To address the first issue, we use pre-existing
continuous records of sea level and translate them into ice volume, and to address
the second issue we use currently available ice-loading histories as geospatial
distribution templates. In total we generate five ice-loading histories. The first and
second are based on the Red Sea RSL curve (Grant et al., 2014) with an ice
distribution pattern based on ICE-5G (Ice 1) and an ice distribution pattern based
on the de Boer et al. (2014) ice history (Ice 2). The third ice history, Ice 3, is
based on modelled output from the de Boer et al. (2014) 3-D ice model. Ice 4 is
based on the the δ 18 O stack of Lisiecki and Raymo (2005) and Ice 5 is developed
from the composite record of Waelbroeck et al. (2002).
The continuous RSL, GMSL or δ 18 O curves dictate the chronology and the
amplitude of change global ice-volume for our new ice-volume histories. There are
three main components in the creation of each ice history: 1) an underlying ice
history that dictates the geospatial distribution of ice, 2) a target record of ice
volume variation in line with the chronology of the chosen continuous curve, and
3) a set of user-defined timesteps - the chosen chronology of our newly developed
ice history. The specified chronology for all ice histories (Ice 1 to Ice 5) is at 2 kyr
intervals between 0 ka and 244 ka.
The process is designed to ensure we avoid geospatial discontinuities in ice
volume changes and to preserve the glaciation/ deglaciation patterns found in the
original "base" ice histories. Further, we wish to ensure that any total volume
changes we make when scaling the base ice sheets to the new target ice history, do
not exceed the scale of variation found in the base ice history.
Two underlying ice histories exist, Ice A, the extended ice history based on
ICE-5G (Peltier, 2004), and Ice 3 which is based on modelled output from de Boer
et al. (2014). The model output files that support the Ice 3 ice history were
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converted to a Gauss-Legrendre grid for compatibility with the GIA model used in
this analysis. These underlying ice histories are scaled to match the variations in
the continuous records of sea level.
We first translate between the existing continuous record of RSL, GMSL or
δ 18 O and ice-volume to generate our target ice-volume record. We make an
assumption as to how the continuous record relates to ice volume. This gives us a
target record of global ice-volume that we wish to achieve, with the chronology of
the underlying continuous curve. Every time step in our new chronology will
require an ice file created for it. Each ice file is created individually.
For each time step in the target record of ice volume the variations of ice
volume at a total global level are flagged as being part of a glaciation or
deglaciation sequence. Our underlying ice histories, Ice A and Ice 3, also have each
time step flagged as being part of a glaciation or deglaciation sequence.
When we create a new ice file as part of a glaciation sequence, we draw from
the set of ice files in the base ice history that are also part of a glaciation sequence.
This set is then filtered further to ensure that it is within a specified time window
of our target ice file, this is the step that allows us to preserve geospatial
sequences. We then choose the file that minimises the change in volume required
and this is scaled to our exact target ice volume record.
Within the algorithm we implement a set of rules, and check a simple scaling
of the base ice sheet against them.
• East Antarctica cannot exceed the maximum volume in the base ice history
• East Antarctica cannot be smaller than the minimum volume in the base ice
history
• East Antarctica cannot vary by more than 2 standard deviations from a
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mean value of the base ice history
• Greenland cannot vary by more than 2 standard deviations from a mean
value of the base ice history
• West Antarctica cannot vary by more than 2 standard deviations from a
mean value in the base ice history
No rules are applied to the Laurentide ice sheet, or to the Eurasian ice sheet,
which are highly variable in the base ice histories. So, if our base ice sheet had 90
m of equivalent sea level of ice in it, and our target ice volume was 100 m
equivalent sea level, and none of these rules were broken by our simple scaling, we
would simply apply a 1.11 scaling factor to the base ice sheet. If the rules are
broken, we loop through each ice sheet, setting the individual ice sheet scaling to
the maximum or minimum required, and shunt the variation needed to scale the
ice sheet to the Laurentide, Eurasia and minor northern and southern hemisphere
glaciations, where they exist in the base ice file.
We generate different ice loading histories in order to investigate their effect
on predicted RSL at locations for which we have alternate indicators of RSL. Given
the apparent discrepancy between the duration of the interglacial as described by
the continuous records and our test dataset of coral sea-level indicators, we also
apply three different scenarios to our generated ice histories. They are:
• An extension of 4 kyr to peak interglacial.
• An extension of 8 kyr to peak interglacial.
• An extension of 4 kyr to interglacial and a reduction in ice volume.
The combinations of ice history and interglacial scenario are summarised in
table 4.3.
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Ice History

Scenario 1
(A) (4 kyr
extension)

Scenario 2
(B) (8 kyr
extension)

1
2
3
4
5

1A
2A
3A
4A
5A

1B
2B
3B
4B
5B

Scenario 3
(C) (4 kyr
extension
and
ice
volume
reduction)
1C
2C
3C
4C
5C

Table 4.3: Ice histories and scenarios for an extended interglacial.

4.3.5

The ice loading histories

Ice 1 and Ice 2
The Red Sea-tuned ice histories are created by tuning the base ice histories, Ice A
and Ice 3, so that they reproduce the Grant et al. (2014) RSL curve at the Hanish
Sill. We extract a relationship between global ice volume, and RSL, for a given
earth model.

dV Global
=α
dRSLHanish Sill

(4.2)

We relate the change in global ice volume VGlobal to the modelled change in
RSL at the Hanish Sill, RSLHanish Sill , over a glacial cycle using Ice A, to get a
constant of proportionality α between ice volume and RSL.
We then generate a target ice-volume record, using the specified chronology.
At each timestep we calculate the difference between RSL at that timepoint in the
Grant et al. (2014) probability maximum curve, and a modelled output for the
Hanish Sill generated by the base ice history (Ice A or Ice 3) for a given earth
model. This represents a variation in RSL between our existing ice history, and the
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ice histories we wish to generate.
The offset in RSL between the modelled sea level and the Grant et al. (2014)
curve is converted into a change in ice volume using α and applied to the base ice
history to form a target ice volume.

Figure 4.3: Distribution of ice volume across 5 regions for the Red Sea tuned ice
histories based on a) The Ice A distribution template (generates Ice 1) and b) the
Ice 3 distribution template (generates Ice 2). Total ice volume (blue line) is plotted
against the left hand axis, whereas the dashed lines (representing individual ice
sheets) plot against the right hand axis.
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When the Red Sea ice histories are run in the GIA model, they replicate the
chronology and amplitude of the Grant et al. (2014) curve at the Hanish Sill. Both
the constant α, and the calculated offset in sea level, vary with initial earth model
chosen. The α and the earth model used to tune the ice history were chosen in
order to minimise variation between the model output for RSL at the Hanish Sill,
using the adjusted ice history, and the Grant et al. (2014) curve.
Both the Ice A ice history and Ice 3 ice history are used as geographical
dispersion templates, with an adjustment factor applied at each timestep in order
to replicate an ice volume calculated to generate the Red Sea RSL. The rules of
the algortihm are as described in section 4.3.4 above.

Ice 3 and Ice 5
The Waelbroeck et al. (2002) data set uses benthic δ 18 O signal from cores in the
Atlantic and the Pacific and converts them to a global sea level measure via a
transfer function established through coral RSL or other sea-level indicators from
ten source studies. Of these ten studies eight include sea-level reconstruction via a
fossil coral record. In these analyses RSL is expected to closely reproduce global
mean sea level. As we use a database of coral indicators (Hibbert et al.,
submitted) as our test dataset for the predicted RSLs that the GIA model
produces using this ice history, we need to ensure that there is no circularity of
argument; if the same coral data points that are used to constrain the continuous
record as are used to test the modelled RSL that results from an ice history based
on that record, we will have proven nothing.
The eight coral data studies used to constrain the continuous record
contribute 162 data points into the coral database, although only 56 data points
are over the 110 to 150 kyr time period. Of these 56 data points, only 17 are
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strictly in situ, and 14 contain less than 2% calcite. Application of the P1
δ 234 Uinitial screening of ± 10 per mil reduces this to 7 data points, and of those sea
level can only be reconstructed for 3 data points, all from the Huon Peninsula.
This effectively means that once we have applied our screening protocols we are
testing the ice history with a considerably different data set than the one used to
constrain it.
To create Ice 5, the ice history based on Waelbroeck et al. (2002), we assume
a linear relationship for how predicted GMSL changes with ice volume. We then
use modelled predictions for the Ice A ice history to relate changes in GMSL with
changes in ice volume (measured as changes in equivalent sea level) for the
VM2-like earth model. The constant γ is used to convert between variation in
GMSL and change in ice volume:

dV Global
=γ
dESL

(4.3)

For each timestep on our specified chronology we calculate the variation
between the continuous record and the predicted GMSL for the VM2-like earth
model. We turn this variance in GMSL into a variance in ice volume using γ, this
gives us our target ice-volume record. We then use the algorithm described in
section 4.3.4 to generate an ice file for each step of our specified chronology, using
Ice A as the distribution target.
The de Boer et al. (2014) model output is based on a composite benthic δ 18 O
stack which incorporates the Lisiecki and Raymo (2005) LR04 stack. This is used
to derive northern hemisphere temperature which in turn drives a three
dimensional ice sheet model to generate ice sheet volumes (de Boer et al., 2014).
This ice history is effectively Ice 3 (albeit formatted for use in the GIA model),
and is also used as a dispersal template for Ice 2. Figure 4.4 display the variation
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Figure 4.4: Distribution of ice volume across 5 regions for a) Ice 5 and b) Ice 3. Total
ice volume (blue line) is plotted against the left hand axis, whereas the dashed lines
(representing individual ice sheets) plot against the right hand axis.

in total ice volume, and on the right hand axis show the individual contributions
from the main five ice sheets over time.
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Ice 4
Ice 4 is based on the Lisiecki-Raymo benthic δ 18 O stack (Lisiecki and Raymo,
2005), a composite of records. A linear relationship between δ 18 O and ice volume,
V, is assumed using Ice A to determine the scaling for maximum and minimum ice
volume from the Last Glacial Maximum to present-day.

dδ 18 O
=β
dV

(4.4)

Figure 4.5: Distribution of ice volume across 5 ice sheets for LR04 tuned ice history
(Ice 4) based on the Ice A distribution template. Total ice volume (blue line) is
plotted against the left hand axis, whereas the dashed lines (representing individual
ice sheets) plot against the right hand axis.
This relationship is used to generate a target ice volume record for our
specified chronology. We use the algorithm described in section 4.3.4 to generate
an ice file at each time step using the Ice A distribution template.
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All five generated ice histories cover two glacial cycles, each has its own
chronology linked to the continuous record it was generated from, and each varies
in amplitude of absolute ice volume change.

4.3.6

The interglacial scenarios

The three different scenarios are applied to each of the ice-loading histories as
detailed in table 4.3 to generate a total of twenty different ice histories. The
continuous records each contain a minimum ice volume value during the
interglacial. In extending the interglacial the minimum point is identified and this
ice file is duplicated for an appropriate duration (4 or 8 kyrs, scenario A and B
respectively). This creates a plateau in the data set and shunts the earlier portion
of the record backwards in time. The Red Sea generated ice history contained the
earliest peak interglacial point at 128 ka, so extending the interglacial further
backwards could be argued as being unrealistic, but is applied for completeness.
The third scenario, scenario C, involves reducing the ice volume to an absolute
level of 60 m equivalent sea level for a 4 kyr duration.

4.3.7

Quantitative assessment of fit to coral data

We develop a normalised measure of mismatch between the coral record and a RSL
curve. We apply the screening methodogies (P1, P2 and P3) to the coral database
to generate three different datasets. Each coral point within each dataset is then
assessed against a modelled RSL curve for that coral’s location. For each earth
model (EM1, EM2, EM3) each of the twenty ice histories generates an RSL curve
for each location.
Within an envelope generated by the age and reconstructed sea-level
uncertainty, the closest vertical offset between the coral and the modelled sea-level
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Figure 4.6: Interglacial scenarios applied to each of the five ice histories. The
present-day ice in each ice history is normalised to zero.

curve is determined. This vertical difference is turned into a normalised score. If
there is an overlap between the coral uncertainty envelope and the RSL curve the
score is zero. If, at best, there is a 1m offset, for a coral with vertical uncertainty of
5m, the score becomes 1 x 5 = 5. A small offset to a coral with small uncertainty
is a more desirable outcome, than a small offset to a coral with a large uncertainty.
For each location we sum the scores each coral point is awarded, and divide
by the number of coral data points from that location. In this way we seek to
ensure that the final mismatch to curve score is not dominated by any one location.
Each location returns a single score, and is combined across all locations covered
by the coral dataset, to provide a total score. The analysis is repeated for the three
earth models described, each total score is summed across the three earth models
to produce the final score presented in tables 4.4 to 4.6. The higher the score, the
235

Chapter 4. Ice volume scenarios through the last interglacial period
worse the mismatch between the coral dataset and the modelled RSL curves.

4.3.8

Monte Carlo representation of coral sea level

Due to a complex and potentially multimodal taxon specific relationship with
depth, each coral datapoint results in a complex representation of sea level, as
explored in Chapter 3. As such, the standard presentation of a coral datapoint in
the cross-hairs of uncertainty bars for age and elevation (figure 4.2) as a
reconstructed sea level leads to an oversimplified representation of reconstructed
sea level.
The method described in Chapter 3 and Hibbert et al. (submitted)
propagates uncertainties from the coral taxon habitat - depth distribution and
elevation uncertainty. In Chapter 3 this method is extended to incorporate time
dependent uplift and a GIA correction. This allows us to present an
observation-density based representation of sea level. Each coral data point is
instanced a set number of times across its uncertainty profile, and displayed as an
observation density plot. To represent the Monte Carlo simulation as a probability
maximum curve, we combine all simulated observations across time slices of 0.25
kyr duration, and calculate the median reconstructed sea-level, as well as the 1-, 2and 3-sigma uncertainties.

4.4

Results

The first analysis quantifies how well the ice histories reconcile the coral data to
modelled RSL for each location. The score generated by the analysis is a relative
one, i.e. it allows for performance to be compared between each ice history. In all
cases, for the standard ice history (i.e. ice histories 1, 2, 3, 4 and 5 with no
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interglacial scenarios) changing the δ 234 Uinitial screening criterion between 10 per
mil and 5 per mil resulted in a change in score but did not alter the relative
performance between the ice histories.
This scores indicate the degree of mismatch between the coral and the
sea-level curve. The value is summed across results from the three earth models
described in table 4.1.

4.4.1

Results from P1 screening
Ice History
1
2
3
4
5

No
Scenario
437
360
150
494
1221

Scenario A

Scenario B

Scenario C

481
392
4
494
87

521
422
42
296
75

500
407
4
219
86

Table 4.4: Results from P1 screening
Ice 3 generates a better match in comparison to the other ice histories, with
scenarios A, B and C generating further improvements in fit. Applying the
scenarios generates a worse fit for both Ice 1 and Ice 2. The fit between the
modelled RSL curves and the coral database extract sees no improvement for the
Ice 4A history. However Ice 4B with the longer, 8 kyr, interglacial, results in an
improved fit, as does a reduction in ice volume across the interglacial period, Ice
4C. In this instance we see that the reduction in ice volume is key to the improved
fit, as scenario C is otherwise identical to scenario A. Ice 5 generates the worst fit
score, and all interglacial scenarios improve on this score to a similar extent. Some
differentiation in behaviour can be seen between scenario A and B, with the 8kyr
interglacial resulting in an improved fit and reduction in ice volume having a
negligible effect.
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4.4.2

Results from P2 screening

Ice History
1
2
3
4
5

No
Scenario
474
389
124
382
976

Scenario A

Scenario B

Scenario C

545
440
6
382
76

601
486
70
329
73

570
462
6
200
75

Table 4.5: Results from P2 screening
The P2 screening method results in a similar pattern of results to the P1
screening: Ice 3 generates the best comparative match score between the coral
datapoints and the modelled RSL curves, Ice 5 has the worst match score, and
significantly improves this score when the scenarios are applied. Ice 1 and 2 all
score worse with application of the scenarios, and Ice 4 only benefits via the extra
long interglacial or the reduced ice volume.

4.4.3

Results from P3 screening

Ice History
1
2
3
4
5

No
Scenario
271
193
156
276
1047

Scenario A

Scenario B

Scenario C

291
195
8
276
47

320
208
0
36
0

300
202
8
14
43

Table 4.6: Results from P3 screening.
Despite the reduction in coral datapoints, the results for the P3 screening
methodology again reproduce the patterns seen with the P1 and P2 screening
methodologies.
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4.4.4

Defining duration of interglacial

Relative sea levels in each location will record a different duration of interglacial,
as defined by local sea levels being above 0 m, and the exact timing of this local
interglacial will vary with respect to the timing of an interglacial period as defined
by a global ice volume history minimum position (as discussed in section 3.2). As
such, without a GIA correction, if samples are taken from locations that may have
large GIA effects during interglacial periods the resulting analysis of duration of
interglacial may be amplified or constricted.

Figure 4.7: Amplification of interglacial duration found by comparing duration of
interglacial recorded by RSL indicators versus the interglacial duration of the underlying ice history.
This can be seen through consideration of figure 3.1 whereby a longer
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interglacial could be represented by samples taken from Bermuda and Western
Australia, or alternatively, a shorter interglacial, if an early point from Barbados
and late point from Tahiti are considered.
Using 21 different ice histories (all ice histories and scenarios considered
within Chapter 4 and Ice A), we investigate the potential for the isostatic response
to amplify the duration of the interglacial. We determine the duration of the
interglacial period for each ice history based on ice volume. We then run an
analysis for two different sets of locations, determined by different screening
protocol applied to a set of fossil coral indicators collected from each location. Set
1 includes Bermuda, set 2 excludes Bermuda.
Set 1: Bahamas, Bermuda, Mexico Yucatan, Western Australia
Set 2: Bahamas, Barbados, Curacao, Tahiti, Sumba, Huon, Seychelles Hawaii, and
Western Australia

For all scenarios, we record the minimum and maximum modelled times that
modelled RSL was above 0 m and calculate an interglacial duration.
Bermuda emerges as a key location for placing constraints on the duration of
interglacial as it can record high relative sea levels even when the global mean sea
level has started to lower at the end of the interglacial period. This behaviour
accounts for the extreme duration of interglacial seen in figure 4.7 panel a.

4.5

Discussion

Results across the three different screening methodologies are strikingly similar. Ice
5 is the worst scoring ice history for all three screening scenarios, although Ice 5A,
Ice 5B and Ice 5C are routinely the next best performer after the same scenarios
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for Ice 3. The application of the scenarios to Ice 5 results in improved scores.

Figure 4.8: Impact of scenario Ice 5 on GIA corrected coral sea-level indicators.
Panel A contains GMSL and corals GIA corrected using Ice 5 and EM1. Panel B
contains GMSL and GIA corrected corals associated with Ice 5B. Panel C focuses
in on a section of Panel B.

Figure 4.8 demonstrates why Ice 5B ice history generates one of the better
scores. Figure 4.8a shows a set of GIA corrected coral data points, selected using
the P2 screening methodology, and a GMSL curve using the EM1 earth history.
Despite the GIA correction the corals, plotted at the median point of the
habitat-depth distribution, do not align with the GMSL. The interglacial in this
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scenario doesn’t start early enough. Extending the interglacial in this scenario
further back in time, so that it is an earlier interglacial, panel b, results in the
majority of the coral data points into line with GMSL thus generating a much
improved score. This apparent good score still contains a certain amount of
variability, which can be seen in Figure 4.8c. This indicates that the timing of the
peak interglacial point and the duration of the interglacial are key factors in
generating an ice history for the last interglacial.
Ice 3 (no scenario) performs comparatively better to all other unaltered ice
histories. Ice 3A, 3B and 3C all further improve the score. Ice 3A and 3C perform
identically, with Ice 3B improving on the unaltered position, but not doing as well
as Ice 3A and 3C, apart from when the most restrictive P3 screening is applied.
For the P3 screening the combination of a reduced number of points, and a tighter
level of screening result in Ice 3B performing the best.

Figure 4.9: GMSL and GIA corrected corals associated with Ice 1.

Ice 4 sees no benefit from a small extension to the interglacial, does benefit
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from a much longer interglacial, but sees the most improvement to score from a
reduced ice volume.
Ice 1 and 2 derive no benefit from an interglacial of longer duration, or longer
duration and lower ice volume. This is potentially due to these ice histories having
an earlier peak interglacial when compared with the other ice histories. Figure 4.9
displays how although Ice 1 hits peak interglacial at about the right time for the
coral data points, sea level then drops away too fast from this peak value in order
to reconcile with reconstructed sea level from the corals; extending peak
interglacial further back in time does nothing to improve the position. There is
also an offset between the coral RSL and the GMSL, this indicates that we do
need a reduced ice volume. For this particular earth model, we are generating a
peak interglacial sea-level of 4.7 m at the Hanish Sill (which is less than with the
Red Sea RSL of 6.967 m (± 2.993) probability maximum for this time point.)
Reducing the ice volume in the ice history to closer fit the coral data would result
in higher sea levels in other locations such as the Hanish Sill.
On inspection of the coral data it appears that we can only reconcile the data
points from various locations with each other if full use is made of their associated
errors, figures 4.8 and 4.9. In both of these figures coral datapoints are plotted at
positions that unless the full range of their uncertainty is used, would otherwise
describe incompatible sea levels, or unfeasibly rapid transitions in sea level.
We use the Monte Carlo method described in Hibbert et al. (submitted)
extended to include time-dependent uplift and GIA corrections to consider the
effect of the GIA corrections from the multiple ice histories and scenarios on
reconstructed sea-level. Panel A in figure 4.10 represents median sea level through
the last interglacial generated via the Monte Carlo approach of corals screened
using the P2 criterion, but without a GIA correction. This is compared with, in
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Figure 4.10: Median reconstructed sea levels through the last interglacial (dashed grey line), P2 screening, EM1. Panel A
represents a Monte Carlo analysis with no GIA reconstruction, whereas panels B, C and D use GIA corrections generated by
Ice 3A, Ice 3B, and Ice 5B (all best performing). Red dashed line represents the 0 m position.
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Panels B, C and D respectively, those ice histories and scenarios that scored
comparatively well in the quantitative assessment of fit - Ice 3A, Ice 3B and Ice
5B. The comparison demonstrates that the reconstruction of a median sea level is
dominated by the uncertainties associated with the coral datapoints, against which
the GIA correction is effectively negligible.
Figure 4.10 is contrasted with figure 4.11, which represents the worst
performing ice histories: Ice 1B (Panel A), Ice 2 (Panel B), Ice 5 (Panel C) and Ice
4C. Even with these ice histories used to generate GIA corrections, the structure of
median sea level that emerges from the Monte Carlo simulation is remarkably
similar to that seen in figure 4.10, with the exception of Panel C. Panel C,
representing Ice 5, is the only ice history that generates a mid-interglacial
regression in sea level; this is, however, an artefact caused by the mismatch in
timing of peak interglacial sea levels between the coral record and the ice history
itself.
None of the continuous records generate an isostatic scenario that perfectly
reconciles the coral record with GMSL. In general the reduced-ice scenario
(Scenario C) or the long-interglacial scenario (Scenario B) provide the best fit.

4.5.1

Geographic Spread

As GIA is the mechanism which generates geospatial variation in RSL we expect
that applying appropriate GIA corrections to sea-level indicators will reconcile
those sea-level indicators from different locations - they will all plot along the same
GMSL. However, assuming we are describing the uncertainty in the coral sea-level
indicators correctly (and we plot them at the median point in their distribution),
even the best scoring ice histories cannot reconcile the geographic spread of sea
level values that we get with a P1 or P2 screening. Our results points towards
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Figure 4.11: Median reconstructed sea levels through the last interglacial (dashed grey line), P2 screening, EM1. Panels A, B,
C and D use GIA corrections generated by Ice 1B, Ice 2, Ice 5 and Ice 4C respectively (worst performing). Red dashed line
represents the 0 m position.
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three problems. Firstly there may be some as yet unidentified complicating factor
with dating of (some of) these fossil corals resulting in their being represented as
younger than they actually. Secondly the underlying ice history generating the
GIA corrections may require a very different structure through the interglacial perhaps needing further extension, and / or changes to the ice distribution.
Finally, reconciling data points from different locations may not be possible
without changing how we parameterise the earth response in each location.

4.5.2

Amplitude

Each ice history has its own record of glacial - interglacial amplitude changes. For
Ice 1 and Ice 2 this results in an interglacial ice volume near present-day values.
Ice 3 describes a very smooth transition between glacial and interglacial state, with
a long interglacial period of ice values less than present-day. Ice 4 and Ice 5
contain a peak interglacial ice volume less than present-day for a short duration of
time, though each ice history has a different duration of below present-day ice.

Figure 4.12: A comparison of ice volume amplitudes between the previous glacial
and interglacial periods for all 5 ice histories.
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The quantitative fit results indicates that the ice histories with a long
interglacial of less than present-day ice will best reconcile with the coral record. As
Ice 3 contains less than present-day ice, and has an early entrance into the
interglacial, we can see that once scenarios A and B have been applied, the
generated quantitative match scores will be comparatively good.

4.5.3

Comparisons with other climate records

The coral record supports an early entrance into interglacial conditions and either
an extended period of high sea level, or a difficult to discern oscillatory pattern of
sea level resulting in sea level > 0 m at several points in time across MIS 5. All
continuous records used in this analysis, and others, (Elderfield et al., 2012),
describe similar features regarding the last interglacial: a rapid rise to peak
interglacial conditions, followed by a return to glacial conditions. Interpretation of
the interglacial record taken from ODP 1123 (from the Chatham Rise, east of New
Zealand) as presented by Elderfield et al. (2012) is particularly interesting.
Although the benthic δ 18 O from ODP 1123 (on the LR04 chronology), is similar to
the Lisiecki and Raymo (2005) stack the reconstructed ice volume portion, while
displaying a rapid rise to a MIS-5e interglacial value and a subsequent drop away
to glacial conditions on around the same chronology as the the Red Sea record, the
Elderfield et al. (2012) record rises again to a peak at around 100 ka (represented
by a lighter δ 18 O value). Taken as a straight proxy for ice volume, this would
suggest higher sea levels at approximately 100 ka than at 128 ka. Evidence for
multiple oscillations of sea level exists across MIS-5 (a particular focus on MIS-5e
in Dutton et al. (2015) and also figure 6 in Potter and Lambeck (2003)). Given
this extended structure it is possible that an ice loading history built from the
Elderfield et al. (2012) record would provide a better match to the coral database.
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The Gibraltar RSL record of Rohling et al. (2014) contains a
sapropel-induced hiatus between 122 and 129 ka, which does not allow us to
comment on the transition from peak MIS-5e interglacial into 5d and 5c. However,
the Gibraltar record is in agreement with the coral record in requiring an early
onset to the interglacial period. The Gibraltar RSL curve appears to peak around
the 131 ka point and also contains an indication of high temperatures (and
therefore higher sea level) at 100 ka. If it were not for the sapropel hiatus at a key
point in MIS-5 this would also be a very interesting continuous record to derive a
global ice loading history from.
A brief review of speleothem records over the last interglacial (Genty et al.,
2013) concludes that warming is onset in Europe between approximately 129.7 and
125.8 ka BP. Although this doesn’t help us to discriminate between ice histories, it
does help to frame the window during which warming took place, and for those
records that most clearly show the transitions between glacial to interglacial and
back again, the Soreq record (Bar-Matthews et al., 2003), the Villars record
(Wainer et al., 2011), Sanbao 25 and Sanbao 41 (Wang et al., 2008), all show a
transition from interglacial back to a cooler state by 120 ka. This contrasts with
the reconstructions of sea level from the coral record, as seen in figures 4.10 and
4.11 which all suggest sea level at around the 0 m position through to 110 ka. This
may be a resolution issue, with the level of uncertainty in the corals age and
reconstructed sea level meaning that we cannot identify the oscillations apparent
in other records.
The polar North Atlantic sediment record of Bauch et al. (2011) details a
climatic bisection of the last interglacial period. A peak in depleted δ 18 O is
achieved at about 123 ka, followed by a sharp short drop at 120 ka, with a
secondary peak at 119 ka finally dropping away at around 116 ka. This gives
interglacial period with a duration around 7 kyr. The study was focused on
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MIS-5e so we cannot draw any comparisons between records at 100 ka. If this
record were to be turned into an ice history and compared to the coral record, it
would be penalised for late entry into the interglacial, but would do well against
the corals at the later end of the interglacial - the 7 kyr long highstand would
provide a good match.
The bisection is seen in other reconstructions. The Hearty et al. (2007)
stratigraphic based reconstruction contains a sea level regression at around 125 ka
(although the timing of this regression is relatively unconstrained), with peak sea
levels at 120 ka. More recently Helmens et al. (2015) have published a pollen
record that suggests a cooling of temperature in Northern Finland (and thus a
climate bisection) at 120 ka, the same time the Bauch et al. (2011) suggest a
climate bisection. It is problematic that with the taxon depth-habitat
uncertainties applied to the coral record we don’t have to resolution to investigate
these potential oscillations in climate.

4.6

Conclusions

Within this chapter we have worked to see if we can reconcile ice histories derived
from continuous records of sea level with an independent test dataset of fossil coral
sea-level indicators. We initially recognised that there was a very visible difference
between the short duration interglacials described by the continuous records, and
an extended interglacial as described by the fossil corals, albeit they are relative
sea-level indicators, and thus may amplify the duration of an interglacial. We
therefore also investigated the effect of extending the duration of an interglacial
and of reducing ice volume through an interglacial. Our quantitative scoring
method shows that 3 out of 5 of the ice histories improve their score against the
test dataset when the scenarios are applied. The other two ice histories (Ice 1 and
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Ice 2) contain a much earlier peak interglacial point, so application of the scenarios
in the same way as for Ice 1, 2 and 3, means that effectively by design they score
badly. Even without the scenarios applied Ice 1 and Ice 2 do not score particularly
well. This result indicates a disconnect between regional discrete indicators of sea
level as expressed by the coral data, and the continuous records. Further
investigation is required in order to reconcile these two datasets in terms of
constraining the duration of the interglacial. Our final conclusion is that the level
of uncertainty expressed by the fossil coral dataset doesn’t allow us to discriminate
between ice histories in terms of reconciling relative sea levels to a global mean sea
level. The coral uncertainties can be several tens of metres, whereas the GIA
corrections generally represent a fraction of that value across the interglacial
period.
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Chapter 5
GIA corrections for the Hanish Sill
Parts of this chapter have been published in Grant et al. (2014), which is included
at the end of the chapter. Author affiliations and contributions are listed in the
manuscript.

5.1

Abstract

The Hanish Sill is a control point found in the Bab el Mandab strait in the
southern Red Sea that regulates hydrological exchange between the Red Sea and
the Indian Ocean. The Red Sea sea-level reconstruction method relates an
amplified δ 18 O signal from Red Sea sediment cores with sea level at the the Hanish
Sill. The stability of the sill location is therefore a fundamental control on our
ability to reconstruct the Red Sea RSL. In this chapter we first review the
geological conditions that lead to the stability of the Hanish Sill and then detail
the background and calculations that underpin the 500,000 yr sea-level
reconstruction of Grant et al. (2014). We consider the isostatic behaviour of the
Hanish Sill in relation to the growth and melt of past ice sheets in order to relate
the reconstructed relative sea level (RSL) with a global mean sea level (GMSL).
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We briefly investigate the mechanisms responsible for the glacial isostatic
adjustment (GIA) response at the Hanish Sill.
Our review of the literature concludes that the sill is likely to have been
stable for the past 5 Myr. This would allow for extension of the Red Sea record,
where depth of cores would permit, beyond the 500-kyr duration currently in
existence. We find that although the Red Sea RSL does have some amplitude
attenuation with respect to change in total GMSL, it functions as a far-field record
and the RSL signal is primarily sensitive to changes in GMSL. Although RSL
response is found to have some dependence on glacial or deglacial state of ice
volume change, to a first order we can describe the RSL to GMSL relationship as
being linear, with RSL response in phase with ice-volume change.

5.2

Introduction

The Bab el Mandab strait in the southern Red Sea is a busy gateway for
international shipping traffic between the Mediterranean and the Indian Ocean
(figure 5.1). It is located adjacent to the tectonically active Afar rift region where
the Arabian, Nubian and Somalian plates are moving apart, creating an on-land
spreading centre with rifting that extends into both the Red Sea and the Gulf of
Aden (Coleman, 1993). The strait is bounded to the south by the Perim Narrows
containing Perim Island, a remnant of a Miocene Epoch volcano associated with
the Aden rift (Mallick et al., 1990), and to the north of the strait by the shallow
Hanish Sill with a maximum depth of 137 m (Werner and Lange, 1975). This sill is
situated within a 6-km wide channel (Murray and Johns, 1997) and is within 23
km of the NE trending faults associated with Holocene era volcanoes in the Hanish
Island group (Barberi and Varet, 1975). Although the central channel of the Red
Sea can reach depths of approximately 2000 m the average depth is closer to 450 m
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(Degans and Ross, 1969). A more detailed review of the topography of the strait is
provided by Siddall et al. (2002), who model the hydraulic flow within the strait.

Figure 5.1: Bathymetric map of the southern Red Sea and the connection into the
Gulf of Aden. A transect is constructed between points A and B and is used to
consider relative depths in section 5.5.
The relative sea level curve generated by the Red Sea method (Siddall et al.,
2003) and placed on an independent chronology (Grant et al., 2012; Grant et al.,
2014) is relative to a particular location, the Hanish Sill in the southern Red Sea.
As a proxy for GMSL this continuous and high-resolution RSL curve has the
potential to inform us about rates of change of sea level, as well as the amplitude
change of sea level over glacial cycles. To translate between RSL at the Hanish Sill
and GMSL requires an understanding as to how the Hanish Sill behaves in
response to the growth and melt of the continental ice sheets during glacial cycles
259

Chapter 5. GIA corrections for the Hanish Sill
and whether any tectonic corrections are required.
Isostatic effects at the Hanish Sill were first discussed by Rohling (1994),
where both the distance from the major ice sheets and the existence of a shallow
sill identified the potential of the Hanish Sill for reconstructing past sea levels. The
Hanish Sill can be classed as a far-field location, as it is not in the vicinity of any
past large ice sheets, though it may be considered as sensitive to an extended
Eurasian ice sheet, such as is thought to have existed during MIS 6 (Lambeck
et al., 2011). Before we investigate the GIA response, we need to consider the
geological stability of the area.
We review the geology of the region to consider the timescales of stability
that apply to the Hanish Sill and to query whether the Hanish Sill may have been
stable over timescales longer than our current existing RSL record. This is a
relevant question as there now exists potential to temporally extend the Red Sea
RSL curve using deeper cores within the Red Sea (Mitchell et al., 2015). We briefly
consider the future evolution of the Hanish Sill, to provide context for the
present-day stability.
To understand the GIA behaviour of the sill we model the sea-level response
using multiple ice histories that simulate different total global ice volumes and
different ice-dispersal patterns. The modelled behaviour of the sill using an
existing ice history, Ice A introduced in Chapter 1, leads us to develop ice histories
with a chronology supported by the Red Sea record (Grant et al., 2012; Grant
et al., 2014), but with different ice dispersal templates. We then investigate the sill
response for its sensitivity to global ice volume, to the location of the ice volume,
and to the timing of changes in the ice volume.
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5.2.1

Rift initiation in the Red Sea

The formation of the Red Sea, one of the world’s youngest proto-oceans, can be
traced back over hundreds of millions of years. At approximately 500 million years
ago, the region now known as the Red Sea would have been found in the
supercontinent known as Gondwanaland, itself made up of collided cratons
(Torsvik and Cocks, 2013). The Red Sea rift is thought to have developed along a
line of crustal weakness formed from the collision of these cratons (Kenea et al.,
2001; Dixon et al., 1987; Bosworth et al., 2005).
The Red Sea is bordered by regions of high seismic and volcanic activity both
to the north by the Aqaba / Levant systems, and to the south where the highly
active Afar triple junction is found. Three major tectonic plates, the Arabian,
Nubian, and Somalian, and two microplates, meet at the Afar triple junction
(McKenzie et al., 1970; Garfunkel and Beyth, 2006). Here oceanic rifting in the
Gulf of Aden and the Red Sea meet the continental East African Rift in a
spreading centre located within the Afar Depression, the anomalously low-lying
land directly southwest of the Bab el Mandab strait.
The Afar region is of particular interest as it allows for present-day study of
rifting processes and of methods by which new oceanic crust is created. Rifting in
the Afar region is thought to have initiated above a hot mantle plume, with
regional flood basalts dated to 29.5-30 Ma, and believed to have been rapidly
emplaced within less than 1 Ma (Hofmann et al., 1997). These, the youngest flood
basalts on our planet, are associated with the development of initially
continental-type, and then oceanic-type rifting (Courtillot et al., 1999).
In the early 1970s the concept of plate tectonics was relatively new, with
theories continuously tested against field evidence. The categorisation of the crust
in the Afar rift zone provoked much discussion and remains central not just to an
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understanding of the future evolution of the local area, but to the tectonic cycle
itself. It is a visible opportunity to understand lithospheric rupture, the transition
between continental rift and sea-floor spreading and the evolution of a triple
junction. Understanding the nature of the crust will assist in understanding the
forces that created it and the likely progression of volcano-seismic processes.
Moreover, the categorisation of the crust, and underlying earth properties, is
particularly relevant to the GIA modelling developed for the Hanish Sill later in
this chapter - GIA modelling requires as an input a description of an earth model,
with the modelled RSL curves varying in response to the input earth model,
potentially significantly. Research for West Antarctica indicates the presence of a
mantle plume underneath West Antarctica with associated low-viscosity profile
(Lough et al., 2013; van der Wal et al., 2015), and it is only by including this low
viscosity in GIA modelling that present-day rates of uplift in West Antarctica can
be accommodated (Nield et al., 2014).

5.2.2

Rifting in the Red Sea

The Red Sea went through various developmental phases before attaining its
current shape. At present, the rift is an evolving structure that is actively
propagating within the Afar region, with eight active axial ranges on land within
Afar and an inactive branch found east of the Danakil Alps, identifiable at the
Hanish group of islands within the Red Sea (Beyth, 1991). North of the Hanish Sill
the Red Sea rift, which separates the Arabian from the Nubian plate, contains a
discontinuity at approximately 15.5°N (Barberi et al., 1974). This discontinuity
interrupts the continental based rift within Afar, and the oceanic component of the
rift which propagates in the axial deeps of the Red Sea (Bonatti, 1985) such that
the rift within Afar appears to be displaced westward of the rift within the Red
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Sea. At the Sinai peninsula the active rift bypasses the Gulf of Suez and connects
into the Aqaba-Levant fault system (Bosworth et al., 2005). The Red Sea rift did
not always bypass the Gulf of Suez but has done so since the compression of the
Sinai region at around 5 Ma B.P.
Historically the rifting processes have been described in terms of active or
passive rifting, with active processes being driven by plume impingement on the
lithosphere, and the passive models accounting for regional stress distributions
resulting from plate boundaries (Sengör and Burke, 1978). Early literature sought
to explain rifting via one mechanism (for example Barberi et al. (1974) focus on
tectonics as the primary mechanism and Girdler and Styles (1974) argue against a
hotspot hypothesis), though more modern approaches combine both active and
passive elements. Courtillot et al. (1999) propose that tensile stress exists due to
forces exerted on remote plate boundaries but that the observed active rifting
requires the existence of an Afar plume. Since then evidence has accumulated that
supports a model incorporating both active and passive rifting. Khanbari and
Huchon (2010) reviewed palaeostress on the volcanic margins of Yemen and found
a strong link between magmatism and extension. Bastow and Keir (2011)reviewed
the transition between oceanic and continental crust in the Afar region and report
that aseismic extensional mechanisms such as dyke injection are the principal
mechanism of strain between Africa and Arabia. This then explains the seismic
wavespeeds in the upper mantle being amongst the slowest worldwide, as hot
magma is injected into continental crust.
Several models for Red Sea rifting exist: synchronous rifting along the entire
Red Sea at approximately 24 Ma (Bosworth et al., 2005), or bi-phase rifting with
two distinct phases - with different models determining different timings for the
phasings. Girdler and Styles (1974) propose an early phase prior to 34 Ma with a
second phase at around 5 Ma. An alternative view is that the first phase took
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place at around 30-35 Ma with the second between 20 and 25 Ma (Courtillot et al.,
1999; Garfunkel and Beyth, 2006). Courtillot et al. (1999) also explore the
potential for a single phase interpretation at around 30 Ma. All analyses are based
on interpretations of magnetic profiles taken across the Red Sea. Essentially some
extension is thought to have occurred in the Red Sea during the emplacement of
early volcanic material around 30 Ma, with most of this early crustal extension
predating the magmatic phase. Extension after the basalt emplacement is then
thought to have been driven by far-field forces. The apparent hiatus in extension
between the early phase and the late phase of extension within the Red Sea is
explained by Keir et al. (2013) who describe this as a period of time in which
extension and volcanism migrated westward within the Afar zone.
As models for the rifting process have developed so too have the geographical
descriptions of the rift’s physical location. Although early analysis recognised that
the rift was displaced from the main Red Sea NNW-SSE axis to within the Afar
region (Girdler and Styles, 1974), it took until Chu and Gordon (1998) for the
presence of an inactive rift branch, in line with the main Red Sea trend, to be
described. The Chu and Gordon (1998) model allows for rifting to take place on
the eastern side of the Danakil Alps as well as the currently observable rifting on
the western side. McClusky et al. (2010) develop this model further, describing a
transition between the region north of 16° N,where rifting is entirely within the
Red Sea, and a region south of 13° N where rifting is contained entirely within
Afar. The intermediate area between 13 and 16°N accommodates rift strain both
within Afar and on the eastern edge of the Danakil alps, the delineation between
land and the Bab el Mandab strait. Reilinger et al. (2015) develop these ideas to
accommodate negligible present-day extension across the Hanish Sill; they describe
a scenario in which initial rifting at 30 Ma took place along the main Red Sea rift
axis joining the Sinai peninsula with the Bab el Mandab strait, while extension in
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the present day is entirely shifted into the Danakil region.
Literally underpinning discussion on the rifting mechanisms is the definition
of the crust found in the Afar region and the Red Sea rift. The puzzle was such
that either internal Afar was floored by oceanic crust, or by continental crust. If
the crust is oceanic then the tectonic setting differed from the standard spreading
ridge models, or if the crust is continental, then a progressive attenuation of the
crust by normal faulting and dyke injection was required to explain its
characteristics. In theory it should be simple to observe the crust properties in the
Afar region and determine what portions are oceanic and what portions are
continental. However, the situation is more complex than this. Barberi and Varet
(1975), determined that the topology, tectonics and petrology of the Afar region
were consistent with the existence of oceanic rift on land. Their discussion
acknowledged the presence of attenuated continental crust, with particular
reference to the microplates. Barberi and Varet (1975) hypothesized that a wide
zone of internal Afar was floored by a relatively thin crust of oceanic type,
overlying a hot partly melted mantle, despite a lack of cooled oceanic segments in
evidence. Makris and Ginzburg (1987), described the Afar Depression as a
transition zone between the continental rifts of Kenya and the present ongoing
sea-floor spreading of the Red Sea and the Gulf of Aden. Their studies indicate
that the depression was not newly created oceanic crust, but a continental crust
that thins to the north-east and east along the Red Sea and the Gulf of Aden.
They conclude that though the Afar crust is of intermediate thickness between
normal continental and oceanic crusts, it maintains the characteristic seismic
velocities of a continental crust, and thus extends across the southern Red Sea to
the Arabian peninsula without interruption.
Almalki et al. (2014) consider regional aeromagnetic, gravity and seismic
refraction data to suggest a complex and episodic rifting history. They cite a
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consensus that the axial trough of the Red Sea began at 5 Ma, but refer to the
two-stage spreading proposed by multiple early researchers. Augustin et al. (2014)
present new high-resolution multibeam data to demonstrate that the ’node’ theory
for rifting in the Red Sea results from analysis of low resolution data. They
conclude that a global mechanism can explain the initiation of rifting, with
evaporite covered oceanic crust being previously misidentified as continental crust.
Although Augustin et al. (2014) do not date crust sections within their analysis,
they cite literature that refers to oldest oceanic crust as dating to 3-5 Ma (e.g
Girdler and Styles (1974)) and recognise that other authors have considered the
existence of older oceanic crust covered by sediments (Izzeldin, 1987).

5.2.3

Controls on the duration of the Red Sea RSL record

The Red Sea RSL record relies upon two fundamentals: the presence of water
within the Red Sea controlled by the Hanish Sill, and the stability, within limits, of
the Hanish Sill over time.

Initiation of water flow over the Hanish Sill
There is considerable interest in the topic as to when the Red Sea connected with
the Indian Ocean, but as yet no publication exists that comprehensively ties
together a microfaunal, tectonic and stratigraphic analysis describing how and
when these connections were made. Bosworth et al. (2005) trace the timing of
connections between the Red Sea and the Mediterranean and the Indian Ocean.
Their description begins with a continental rift initiating in the southern Red Sea
between the Nubian and the Arabian shield at around 27 Ma, which would allow
some marine sediments to accumulate in the very southern Red Sea.
Garfunkel and Beyth (2006) argue that “shortly after the flood volcanism
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around Afar the rifts along the Gulf of Aden and the Red Sea subsided enough to
be invaded by the sea”, with the flood volcanism taking place at around 30 Ma.
Marine deposits dated to 25 Ma exist in the basins of the Eritrean Red Sea
(Bosworth et al., 2005) but what is not clear is how far northward in the Red Sea
this particular marine transgression reached, or even conclusive evidence as to
what the source of the water was.
The next timestep described by Bosworth et al. (2005) is the 24 Ma Gulf of
Suez rift initiation, which created a connection between the Neotethys
(proto-Mediterranean), the Red Sea and the Indian Ocean. This is supported by
the Mitchell et al. (1992) analysis that between 23 and 14 Ma marine conditions
were widespread in the Gulf of Suez, with conditions becoming progressively more
restricted. Also at about 25 Ma Filatoff and Wyn Hughes (1996) argue for
marginal marine conditions at Al Wajh, on the Arabian coast of the northern Red
Sea, so a concurrent connection between the Mediterranean, Red Sea and Gulf of
Aden given by Bosworth et al. (2005) is a viable explanation. At 14 Ma the
northern Gulf of Suez became compressed, and the link to the Mediterranean was
lost. This indicates that between approximately 24 Ma and 14 Ma there was both
a southern and a northern connection into the Red Sea.
Between 10 Ma and 5.3 Ma a limited connection to the Indian Ocean is
inferred as evaporite sequences continue to be deposited in the Red Sea (Bosworth
et al., 2005), supported by analysis that seafloor spreading in the Gulf of Aden
initiated at around this time, leading to restricted flow through Bab el Mandab
(Mitchell et al., 1992). An alternative explanation is that global sea levels were
considerably lower than present day, or simply lower than sill level into the Red
Sea (Bosworth et al., 2005; Mitchell et al., 1992). Marine sediments found in the
southern Red Sea from 5 Ma onwards are hypothesised to be Indian Ocean in
origin as the Mediterranean connection is thought to have been closed due to
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activity on the Aqaba/ Levant system leading to uplift of the Gulf of Suez.

Stability of the Hanish Sill
The structure of the Red Sea rift places the Bab el Mandab strait within the
Arabian plate. The sill itself is found offshore of the Hanish Islands, volcanic
remnants whose faults faults lie perpendicular to the Red Sea rift axis with
dominant structural lineament in a NE - SW direction (Gass et al., 1973). The
future tectonic activity of the region is dependent on the activation status of the
Red Sea rift, the rotation of the Danakil microplate (5.2), and any faults that may
be reactivated as a consequence of flexure in the ocean basin due to loading and
unloading over glacial cycles. Without developing a mechanism to explain
stability, Barberi and Varet (1975) considered that the lack of recent tectonic
activity along the Red Sea margin of Afar, and the lack of seismic activity in the
Bab el Mandab strait, indicates that the southern Red Sea has been a stable
region since the end of the Miocene.
Beyth (1991) associated different styles of rifting with different sections of
the Red Sea rift, identifying a transition between smooth rifting within the Red
Sea, where internal structures are parallel to the rift axis, to the westward
translated rough style of rifting found on land in Afar. This was thought to be due
to interruption by an E-W trending structure, visible in the Ethiopian escarpment
to the West and the Yemen plateau to the East (Beyth, 1991). This was a step
towards recognition of the importance of the microplate adjacent to the Bab el
Mandab strait.
The tectonic stability of Bab el Mandab is thought to be causal to the
propagation of the oceanic rifts on land in Afar (Bosworth et al., 2005; Ayele et al.,
2007a) with the area acting as an anchor or pivot point for the rotating Danakil
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Figure 5.2: Location of the Danakil microplate, after McClusky et al. (2010). Plate
boundaries are indicated by the red circles (Bird, 2003), the Danakil microplate is
indicated by the dark brown area.
block and subsequent extension of crust within the adjacent Afar region. A
reconstruction of the Danakil microplate (Eagles et al., 2002) indicates that the
present-day stability of the Bab el Mandab strait, and therefore the Hanish Sill,
could date back to 5 Ma ago, at which point the incursion of the Danakil
microplate resulted in strain accommodation being shifted westwards from the Bab
el Mandab strait into the Afar region. Keir et al. (2013) indicate that the
transition of strain resulting in extension and growth of faults can be dated even
further back in time, via Argon dating of volcanic rocks in southern Afar. Both
reviews thus support the initial hypothesis of Barberi and Varet (1975) that the
sill was stable from the late Miocene.
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A more precise review of the sill stability is provided by Rohling et al. (1998)
who postulate an evolving restriction between the Indian Ocean and the Red Sea
to explain the decreasing trend in planktonic foraminifera numbers observed
within the Red Sea. Covering the period from MIS 12 to present day the study
combines a hypothesised sea level for MIS 6 (depth of 125 m) with present-day
knowledge of the sill depth and the concept of a critical depth of the sill to
reconstruct an uplift history. The critical depth is the height of water required
above the sill to generate a given salinity contrast between the two basins (Gulf of
Aden, Red Sea). These calculations determine an uplift rate of 0.044 ± 0.022 m
kyr−1 . This puts the depth of the sill at 143 m at MIS 6, 150 m at MIS 8, 152 m
at MIS 10 and 157 m at MIS 12.
One possible explanation for the uplift relates to the theory of a mantle
hotspot centred in Afar referred to as the Afar Hotspot or the African superplume
(Coleman, 1993). Although limited research is available to constrain the evolution
and potential migration of this hotspot (Kendall et al., 2006) the hotspot is
thought to have had limited influence over the last 5 Ma (Rychert et al., 2012).
Therefore if the uplift was thermally driven, and the hotspot has moved, we might
instead expect cooling driven subsidence rather than uplift.
Despite considerable evidence of tectonic activity in the surrounding area,
including the creation of new islands on the active portions of the Red Sea rift (Xu
et al., 2015), the geological block on which the Hanish Sill is located is thought to
have been tectonically stable with a negligible uplift rate for at least the period
that the Red Sea RSL is reconstructed (500-kyr) (Siddall et al., 2003; Grant et al.,
2014).
To consider the future stability of the Hanish Sill we consider present-day
activity. Afar contains both oceanic- and continental-type rifting and hosts a large
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proportion of Africas volcanoes, with seven active in historical times and 33 known
to have erupted in the last 10 kyr (Ayele et al., 2007b). Although there are
currently no active volcanoes within the Bab el Mandab strait, given the extensive
volcanic history of the region, and the continued development of rifting, there is no
reason to exclude it.
The surrounding areas continue to be seismically active. Ayele et al. (2007a);
Grandin et al. (2009); Ebinger et al. (2010), describe an episode that involved 15
earthquakes greater than magnitude 5 in northern Afar, with extensive and rapid
dyke intrusions and an initial small explosive eruption. More recently, December
2011, a new volcano appeared between Haycock and Rugged Island in the Zubair
group of islands to the north of the Bab el Mandab strait, as documented by Xu
et al. (2015).
Bastow and Keir (2011) consider aseismic mechanisms to be the principal
mechanism of strain between Africa and Arabia and describe a model of ocean continent rifting in which Northern Afar has progressed further along the rifting
process than Southern Afar. It is unclear what the continued development of the
Red Sea rift within Afar means for the branch that currently terminates at the
apparently inactive fault in the Hanish Islands. As decompression melt volcanism
is a feature of the end stages of rifting it is possible that further faults may develop
on the eastern edge of the Danakil Horst in the Bab el Mandab strait, and existing
faults may reactivate as part of the rifting process.
Further it is possible that the activation of faults resulting in the new Red
Sea Islands (Xu et al., 2015) may be due to oceanic loading during a glacial /
interglacial cycle. Weissel and Karner (1989) describe a process whereby flexural
uplift of a rift flank may take place simply due to mechanical unloading of the
lithosphere during extension, and Steffen et al. (2014) describe activation of faults
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as the result of stress changes that take place during a glacial cycle.

5.3

Characterising the sea-level response at the Hanish Sill
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Figure 5.3: Distribution of ice volume for the Ice A ice loading history. Total ice
volume (blue line) is presented against the left-hand axis. The constituent ice sheets
represented by dashed lines are plotted against the right-hand axis: Laurentide (red),
Greenland (light green), Eurasia (blue), West Antarctic (brown) and East Antarctic
(dark green).

5.3.1

Introduction

In this section we demonstrate that changes in global ice volume represent the
primary control on the GIA response of the Hanish Sill. We initially characterise
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the modelled relationship between RSL at the Hanish Sill and GMSL using a
pre-existing ice history (Ice A; figure 5.3. This allowed us to present a direct and
quantified relationship between Red Sea RSL and GMSL in Grant et al. (2014).
The features of a modelled RSL curve will depend on the calculations built
into the software, the earth models used to parameterise the earth response, and
on the ice history used. Although we initially quantify the fit between the
modelled GIA predictions and the Grant et al. (2014) RSL curve using Ice A we
see that the sea-level amplitude changes generated by this ice history vary on a
different chronology to the Grant et al. (2014) RSL curve. As such the Ice A ice
history is not ideal to use when modelling the sea-level response of the Red Sea.
We therefore develop two ice histories, Ice 1 and Ice 2, described in detail in
Chapter 4, to better match the Red Sea chronology.
Although the Red Sea is a near-equatorial far-field location and as such could
be expected to be insensitive to location of ice melt or growth, albeit potentially
sensitive to a larger MIS 6 Eurasian ice sheet (Lambeck et al., 2011), the modelled
results using Ice A indicate that the Hanish Sill experiences attenuation of RSL
with respect to GMSL due to GIA (Milne and Mitrovica, 2008). Using Ice 1 and
Ice 2 we explore whether any sensitivity to location of ice melt and growth exists.
To do this we investigate the sea-level response at the Hanish Sill to ice volume
variations of individual ice sheets within both the Ice 1 and Ice 2 ice histories to
determine any dependence to either location and extent of distribution.
Our next investigation concerns the multiple millennial oscillations that exist
within the Red Sea RSL record. This feature has provoked discussion on the
oscillatory nature of sea level through interglacial periods; Dutton et al. (2015)
provide a concise review on the number of sea-level highstands that have been
proposed for MIS 5e. Our analysis using Ice A, Ice 1 and Ice 2 indicates that the
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modelled Red Sea RSL varies in phase with GMSL, although we do see non-linear
behaviour at rapid but minor glaciation-deglaciation events. Our concern is that
this non-linear behaviour becomes magnified when we generate an ice history at
resolutions finer than the 2 kyr timesteps Ice 1 and Ice 2 are generated at. We
therefore create an ice history with greater fidelity to the Red Sea RSL records
than Ice 1 and Ice 2, and investigate whether the broadly linear relationship
between RSL and GMSL continues to hold.
The attenuation of RSL appears to be a linear response with the greatest
attenuation occurring at glacial maxima; this response is associated with coastal
locations and the coastal levering mechanism (Mitrovica and Milne, 2002). Our
final investigation concerns the impact of this mechanism at the Hanish Sill.

Figure 5.4: RSL and GMSL from a earth models compared with RSL and GMSL
from 495 earth models using Ice 1. The sampled set chosen reflects the full range of
behaviours seen in RSL and global mean sea level. RSL predictions made using the
full range earth models is plotted in blue, and this is over plotted with predictions
made from the subset of earth models in green.
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5.3.2

Methods

For the preliminary investigation as to how RSL varies with GMSL we use a
pre-existing ice history, Ice A. This is based on ICE-5G (Peltier, 2004) but is
extended to cover two glacial cycles, and punctuated by a 4 kyr interglacial period
of near present-day ice volume (figure 1.4) described in Chapter 1. Distribution of
ice volume within the individual ice sheets is shown in figure 5.3. Figure 4.3 is a
similar presentation of ice volume in individual ice sheets for Ice 1 and Ice 2.
The GIA model generates an RSL curve at the Hanish Sill for a specified ice
history for a range of earth models, covering lithospheric thicknesses of 71, 96 and
120 km respectively, upper mantle viscosity in the range 1 × 1020 to 1 × 1021 Pa s,
and lower mantle viscosity in the range 2 × 1021 to 5 × 1022 Pa s. A full set
contains 495 parameterisations (3 lithospheric, 11 upper mantle and 15 lower
mantle parameters).
For the calculations that support figures 5.11, 5.12 and 5.13 a subset of the
full range of earth models is selected to enable speed of calculations or simplicity of
presentation. The subset was created by sampling specific upper mantle and lower
mantle values, with their output checked to ensure it was representative of a full
range of responses found with 495 earth models (figure 5.4). The sampled upper
and lower mantle values were also chosen to ensure that they included earth
models routinely found in other publications, such as a VM2-like earth model and
earth models with both slow (high) and fast (low) lower mantle viscosity.
When comparing two curves, for example the output of a GIA model and the
Red Sea RSL, a root mean square (RMS) calculation (equation 5.1) sums the
square of the difference between the two lines at each point, and then divides by
the number of data points. It is a quantitative assessment of the difference
between the two lines. Using this method points that might be considered outliers
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have a significant impact on the result as the square of the difference between the
two lines will be larger.
√ ∑n

i=1 (x1,i

RMS value =

− x2,i )2

n

(5.1)

Here x1,i is a point on line 1, and x2,i is a point on line 2, n is the total
number of points. We can address the potential problem of outliers by using a
weighted root mean squared (WRMS) method (equation 5.2). We include the
two-sigma error s, associated with each data point for the Red Sea RSL curve in
our calculation, (using E = 1/s2 ) to give :
√∑
WRMS value =

n
i=1

Ei (x1,i − x2,i )2
∑n
i=1 Ei

(5.2)

The resulting WRMS value can be interpreted as an average measure of
offset in metres for each timestep.
We use Ice A to develop our preliminary understanding of how RSL at the
Hanish Sill varies with GMSL. Ice 1 and Ice 2 ice histories (described in detail in
Chapter 4) are developed to generate RSL curves that better match the
chronology of the Grant et al. (2014) RSL curve. We include different underlying
ice dispersal templates so that we can assess the importance of ice dispersion and
individual ice sheet volume on the predicted GIA results. First we assess the
measure of difference between GIA model predictions generated for these ice
histories at the Hanish Sill and the Red Sea RSL curve, and the associated
statistical significance. We then we separate out the component ice sheets in each
ice history, and run these in the GIA model individually. This allows us to
determine the RSL to GMSL response driven solely for each individual ice sheet
within the total ice history.
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Figure 5.5: Delineation of individual ice sheets used throughout this thesis.
We separate out the ice sheets using a grid file produced by Volker Klemann
which uniquely identifies individual glaciated regions, with definitions shown in
figure 5.5.
To develop the high resolution ice history, we follow the same method and use
the same algorithm used to generate Ice 1 in Chapter 4 based on the Red Sea RSL
curve and with an ICE-5G dispersal template. The resulting high resolution ice
history, Ice HR1, contains 1 ka timesteps between 70 ka to 112 ka, from 112 to 140
it has 0.5 ka steps, and otherwise it is 2 ka timesteps. We use the weighted root
mean square method to contrast the measure of difference between Ice 1 and the
Red Sea RSL curve with that resulting from Ice HR1 and the Red Sea RSL curve.

5.3.3

Results

Figure 5.6A plots the range of WRMS generated by differences between the GIA
model prediction created using Ice A and the Red Sea RSL over a wide range of
earth model parameters, specified above, for the 0 - 160 ka interval. Although the
range of values are quite small, the absolute values are quite high, ranging between
13 and 15 m offset for each modelled time step considered. We attribute this to a
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Figure 5.6: Panel A: WRMS plot for offset between GIA model prediction and Red
Sea RSL curve for three different lithospheric thicknesses and full range of upper
and lower mantle viscosities described in the text, using Ice A. The yellow contour
lines are marked at 0.25 m intervals. Panel B: Plot of best-fit GIA model prediction
(GMSL: purple line, RSL for Hanish Sill: dashed purple line) against the Red Sea
RSL (black line) and the 95% confidence intervals associated with the probability
maximum curve (grey line). Red arrows highlight the offset between the GIA model
RSL curve and the Grant et al. (2014) Red Sea RSL curve.

systematic offset in chronologies between the ice history used to generate the GIA
prediction and the Red Sea RSL curve.
Figure 5.6B illustrates that visually as well as quantitatively Ice A does not
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replicate RSL at the Hanish Sill. Although the attenuation in RSL appears to
generate amplitude variations that are approximately correct (albeit no peak sea
level during the MIS-5e interglacial), there is a phase offset in timing between peak
sea levels. Figure 5.6B shows the offset between the best-fitting modelled curve
(the earth model used contains a 96 km lithosphere, upper mantle 2 × 1020 and
lower mantle 5 × 1022 Pa s) and the Grant et al. (2014) probability maximum RSL
curve, which is plotted with 95% confidence intervals.
Ice A does not contain the higher frequency variations found in the Grant
et al. (2014) curve, and has a systematic offset in time for peak RSL values.
Despite these limitations the model still provides important insight into the GIA
behaviour of the sill in response to grounded ice-mass and sea-level changes.
Using Ice A all model outputs for the Hanish Sill are statistically similar with
respect to the F-Test (described in Chapter 2) and the Red Sea relative sea level
curve. Modelled RSL for the Hanish Sill indicates the RSL at this location will
underestimate the full range of global mean sea-level variation during a glacial
cycle, and that RSL and GMSL vary in phase with each other for timesteps
involving a change in ice volume, figure 5.7. A complexity of response is indicated
through the 4 kyr duration interglacial around 125 ka. Here we see that there is
some modelled RSL overshoot at the beginning of the interglacial, although the
range of this response diminishes as the interglacial highstand progresses.
We separate the modelled RSL and GMSL predictions into glaciation phases
associated with ice-volume growth, and deglaciation phases associated with
ice-volume loss. We find that model predictions lie within an envelope described
by two linear equations - one characterising an extreme glaciation behaviour, and
one characterising extreme deglaciation behaviour (figure 5.8).
Although this is a helpful first step in recovering GMSL from RSL at the
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Figure 5.7: (Supplementary Figure 11 in Grant et al. (2014)). Ice A modelled output
for relative sea level (RSL) at Hanish Sill (blue) and global mean sea level (red) for
495 sets of earth model parameters. The RSL output from two earth models is
highlighted, based on a lithospheric thickness and upper and lower mantle viscosity
of 96 km, 5 x 1020 Pa s, and 2.5 x 1021 Pa s (solid black line) and 71 km, 2 x 1020
Pa s, and 1 x 1022 Pa s (dashed black line) respectively.

Hanish Sill, these equations generate a wide range of corrections, particularly at
low ice volume (interglacial) periods. Present research seeks to refine estimates of
sea level during this period, so a GIA correction that ranges between + and - 9 m
needs further development to be applied to analysis during this period.
Having considered the relationship between RSL and GMSL generated by Ice
A, we now consider the level of sensitivity to ice volume and location, but using
the Ice 1 and Ice 2 ice histories. These ice histories are tuned to have the same
total global ice volume changes, but each individual ice sheet will have a different
pattern of ice volume distribution, and will disperse the same ice volume across a
geographically different area.
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Figure 5.8: (Supplementary Figure 12 in Grant et al. (2014)). Ice A modelled
output for relative sea level (RSL) at Hanish Sill and global mean sea level for
glaciations (blue) and deglaciations (red). Individual model runs for 495 earth model
parameterisations are represented, with linear approximations of the most extreme
glaciation and deglaciation values (black lines).
The WRMS created by the variation between RSL generated by Ice 1 and Ice
2 and the Red Sea RSL curve, as seen in figure 5.9A and figure 5.10A, span a
greater range of potential offsets, but represents much smaller absolute offsets
between the modelled relative sea levels and the observed sea level history.
Further, greater distinction is made between the modelled outputs, as only those
models that generated a score of 1.1 m or less were statistically similar for Ice 1
(dashed line in the figure encloses those areas deemed statistically similar) and 2.71
m for Ice 2. Panel B for both figure 5.9 and 5.10 indicates the ability of both ice
histories to reproduce the features of the Grant et al. (2014) Red Sea RSL curve.
Figure 5.11 separates out the RSL response to GMSL by ice sheet for the Ice
A ice history, and also displays the boundaries of the RSL to GMSL relationship
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Figure 5.9: Weighted RMS Plot for Red Sea RSL using Ice 1, the Red Sea ice history
developed with the ICE-5G dispersal template. Panel A describes the WRMS results
in a contour plot across the earth models used, panel B plots the best fit output
against the Grant et al. (2014) Red Sea RSL curve.

used by Grant et al. (2014). This allows us to visualise how the relationship we
characterised by the two linear equations is driven by the responses of the
individual ice sheets. It is interesting to note that the Eurasian response is quite
different to both the main body of the Laurentide and Antarctic response,
although the Laurentide behaviour appears to have a couple of time steps of
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Figure 5.10: Weighted RMS Plot for Red Sea RSL, using Ice 2, the Red Sea ice
history developed with the BOER 3D dispersal template.
strongly non-linear response - these are visible as the results that align more
closely with the Eurasian response.
Figures 5.12 and 5.13 repeat this exercise for the Ice 1 and Ice 2 ice histories.
Ice 1 contains the same ice dispersal template as Ice A, so we would expect
minimal differences between the Ice 1 response and the Ice A response. However,
the response of the Laurentide ice sheet is shifted slightly such that it goes over
the boundaries set using the Ice A ice history. This shift in behaviour is seen to a
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Figure 5.11: Relationship between RSL and GMSL at the Hanish Sill, for the ICE
A model, separated out by the different ice sheets. It can be seen that the Eurasian
ice sheet has a subtly different gradient, although behaviour still falls within the
boundaries established in Grant et al., 2014
.
greater extent in the Laurentide response for Ice 2. This may be driven by a more
rapid ice volume cycling within the full glacial cycle (consider figure 4.3).
In both figures 5.12 and 5.13 we continue to see the instances of non-linear
behaviour of the Laurentide response. The other key difference is that whereas for
Ice 1 (as for Ice A) we can differentiate the response between the Eurasian ice
sheet (red dots) and the East Antarctic ice sheet (gold dots), for Ice 2 both of
these ice sheets respond with a similar linear relationship, distinct from the
relationship described by the Laurentide ice sheet.
In figure 5.14 we consider again the amplification or attentuation effect of
RSL for each of the different ice sheets. Here RSL vs GMSL is plotted for each of
the individual ice sheets, and so is the 1:1 line. The 1:1 line represents the
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RSL against global mean sea level for selected earth models, 160 − 0 kyr
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Figure 5.12: Relationship between RSL and GMSL at the Hanish Sill, for Ice 1,
separated out by different ice sheets. This shows that variations in the Eurasian ice
sheet produce a subtly different gradient, although behaviour still falls within the
boundaries established in Grant et al., 2014 - reproducing behaviour seen previously.

equivalence of GMSL to RSL - no GIA effects. Where a prediction plots to the left
of this line RSL will describe an amplified response - for example a change to -50
m in GMSL may generate an RSL value of -55 m. Where a prediction plots to the
right of the line the RSL response will be dampened; here a change to -50m in
GMSL may generate an RSL value of -45m. The configurations of the Laurentide
and the Eurasian ice sheets are particularly different between Ice 1 and Ice 2 and
figure 5.14 reveals that their behaviour depends on the ice volume change involved.
For both Ice 1 and Ice 2, for GMSL changes between 0 and approximately -45 m,
Eurasia acts to attenuate the RSL response, whereas the Laurentide ice sheet acts
to amplify the RSL response. Below -45m the behaviour of the Laurentide
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switches and also generates an attenuating response.

Figure 5.13: Relationship between RSL and GMSL at the Hanish Sill, for Ice 2,
separated out by different ice sheets. This shows that variations in the Eurasian ice
sheet produce a subtly different gradient, although behaviour still falls within the
boundaries established in Grant et al., 2014 - reproducing behaviour seen previously.

We review the output generated by running individual ice sheets through the
GIA model for the Hanish Sill against time in figure 5.15. Here we plot the output
for two ice histories and two earth models - the earth models generating the
maximum (96 km lithosphere, 1.3 x 1020 Pa s upper mantle and 5 x 1022 Pa s
lower mantle) and minimum (120 km lithosphere 5 Pa s upper mantle and 100 Pa
s lower mantle) GIA correction between RSL and GMSL for the Eurasian ice sheet
(using the reduced set of earth models). Panel A and panel B contain predictions
using Ice 1, and panel C and panel D contain predictions using Ice 2. In all cases
the predictions made using the Laurentide and the Eurasian sheets only are
compared with the predictions made using the full ice history. The minimum
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correction is around 1m for both ice histories, whereas the maximum correction is
4 m for Ice 1 and 6 m for Ice 2, reflecting the increased Eurasian ice volume
present in the Ice 2 ice history.

Figure 5.14: RSL vs GMSL at the Hanish Sill, plotted with the 1:1, or no GIA
effect, line for both Ice 1 and Ice 2.
Although both Ice 1 and Ice 2 display subtly different relationships between
RSL and GMSL for each ice sheet both evidence consistent linear trends when the
global response is considered. The complexity of these relationships is highlighted
by figure 5.16. Here we see that for some GIA predictions the RSL represents a sea
level that is higher than the GMSL and sometimes a sea level that is lower than
the GMSL: the sign of the correction is not constant with time. Ice 2 is generated
using a scaling constant that was determined to convert RSL to GMSL using the
Ice A relationship, so the use of a scaling factor that is sub-optimal (i.e. not
tailored to the ice dispersal template) would result in different predicted RSLs for
a given ice sheet dispersal.
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Figure 5.15: RSL response with GMSL for the Laurentide, Eurasian and full ice
history for Ice 1 (Panels A and B) and Ice 2 (Panels C and D). Panels A and C use
an earth model that drives the maximum GIA correction, whereas Panels B and D
use an earth model that drives the minimum GIA correction.

We now consider the results generated by the high resolution ice history
created using ICE-5G as a dispersion template. Given evidence presented in figure
5.13 and 5.12 for non-linear behaviour in the response of the Laurentide ice sheet
it is possible that this behaviour is emphasised when short timescale ice volume
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Figure 5.16: RSL:GMSL with time at the Hanish Sill for both Ice 1 (Panel A) and
Ice 2 (Panel B).

changes are considered. As we generate the ice history making an assumption
about a linear relationship between GMSL and RSL, if we model at a finer
resolution, then if the linear relationship doesn’t hold, the additional datapoints
will result in a worse fit to the Red Sea RSL curve, whereas if the linear
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relationship does hold, the additional datapoints will result in the same or better
fit.
We first plot the weighted root mean square value for a range of earth models
over the timeperiod of 70 to 140 ka (5.17), and then consider the timeperiod of 110
to 140 ka (figure 5.18). In both cases the high resolution ice history generates RSL
curves at the Hanish Sill that are a closer fit to the Red Sea RSL curve.

Figure 5.17: Comparison of weighted root mean square value to the Red Sea RSL
curve between A) Ice HR, a high resolution ice history with B) Ice 1 an ice history
with 2 ka timesteps for the timeperiod of 70 to 140 ka. Dashed lines enclose those
values who are not statistically different from the best fit value.
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Figure 5.18: Comparison of fit to the Red Sea RSL curve between A) Ice HR, a
high resolution ice history with B) Ice 1.1 an ice history with 2 ka timesteps for
the timeperiod of 110 to 140 ka. Dashed lines enclose those values who are not
statistically different from the best fit value.

5.3.4

Discussion

Although the Ice A history cannot reproduce the Grant et al. (2014) RSL curve for
the Red Sea, it provides us with a useful insight into the relationship between
modelled RSL and GMSL at the Hanish Sill. The modelled relationship between
RSL and GMSL can be characterised by two linear equations relating to glaciation
and deglaciation state. If we believe that the modelled relationship holds true then
we can apply these relationships to the Grant et al. (2014) RSL curve and
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reconstruct an envelope of potential GMSL.
The sensitivity of RSL response at the Hanish Sill to the location of ice is
shown by the differing relationships between RSL and GMSL for the individual ice
sheets in the Ice A, Ice 1 and Ice 2 ice histories. In general the relationships are
broadly considered linear and similar, although Ice 2 does deviate beyond the
envelope established by the Ice A relationship. These sensitivities indicate that to
develop more accurate GIA corrections for the Red Sea RSL curve, we need to
consider the dynamics of ice sheets beyond the last glacial maximum.
Ice 2 describes much greater ice volume variation in the Eurasian ice sheet,
with a corresponding reduction in size of the Laurentide ice sheet in order to
generate a similar total global volume. This variation results in a different
relationship between RSL and GMSL driven by the variations in response between
the Laurentide and the Eurasian ice sheets. In all ice histories, for each ice sheet,
there is greater variation from a linear relationship at the highest values of GMSL
and RSL (lowest ice volumes) for the Laurentide ice sheet.
Using a higher resolution timeseries results in a better fit of resultant RSL
curve to the original Red Sea RSL. It is interesting to note that the preferred earth
models depend upon the period of time we are interested in, and that focusing in
on a smaller time results in a higher lower mantle viscosity.
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5.4

Investigating the mechanism for the Hanish Sill
GIA response

5.4.1

Introduction

Modelled predictions of RSL consistently underestimate GMSL, irrespective of
earth model or ice history, figure 5.16, and this is particularly noticeable at glacial
maximum. As the sill is at a coastal region, it is reasonable to consider that the
mechanism responsible for this attenuation may be coastal levering (Nakada and
Lambeck, 1989). This effect describes the transfer of mantle material from under
ocean basins to under continental crust following a change in ocean basin loading.
For example, considered at maximum ocean load, a coastal shelf that progresses
into a deeper ocean would see flexure upwards of the coastal areas, as mantle
material becomes displaced from the ocean basin and migrates to the coastal area.
At minimum ocean load (i.e. glacial maximum), and with no corresponding near
field compression of the land due to ice sheet growth, the deeper ocean basin
unloads and the mantle material flows back into a position under the ocean.
Nakada and Lambeck (1989) suggest that continental levering can result in
approximately 10% attenuation of RSL w.r.t. GMSL, when considering a simple
oceanic transition to continent via a shallow coastal zone. This is the scale of
amplitude reduction between RSL and GMSL as evidenced by the modelling on
the Hanish Sill, albeit that RSL overshoots GMSL at peak interglacial for all three
ice histories. However, the Hanish Sill is a complex coastal area, subject to some
ocean loading (depth of -137 at the sill, Werner and Lange (1975)), and the
bathymetric changes shown in figure 5.19 (taken along transect identified in 5.1)
indicate that it forms a saddle between two ocean basins - the Red Sea and the
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Gulf of Aden. Luttrell and Sandwell (2010) perform an analysis of ocean loading
stress and find that the Gulf of Aden experiences comparatively higher stress levels
than the southern Red Sea. This provides evidence for a differential stress pattern
across the Bab el Mandab strait and the Hanish Sill. We can therefore expect the
sill to behave differently to the deeper ocean basins of the Red Sea or the Gulf of
Aden, and perhaps to show the effects of coastal levering.
We consider the effects of coastal levering on the Hanish Sill, figure 5.19, for
a scenario whereby coastal levering is the primary driver for a variation between
RSL and GMSL. In this scenario the sill is elevated upward as ocean as ocean
loading increases, for example during deglaciation into an interglacial period. As
with a simple continental margin location, this would act to reduce the water
depth above the location. We then consider what would happen at glacial
maximum as the ocean basins unload and their crust rebounds. We expect that
the sill might drop in response. As the sill starts off in an underwater position, this
movement increases the depth of the sill. As we are effectively increasing the water
depth over the sill RSL becomes less deep (more positive than GMSL).
Modelled results for RSL at glacial maximum are all less deep than GMSL,
so this investigation allows us to determine whether coastal levering is the
responsible mechanism. Although modelled results for RSL at interglacial peak are
more positive than GMSL results, this may be a transient response due to the
brevity of the modelled interglacial, so we investigate the response when a longer
interglacial period is inserted into the ice history.

5.4.2

Methods

We investigate whether coastal levering is a mechanism that contributes to RSL
attenuation at the Hanish Sill using four output parameters from the GIA model:
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Figure 5.19: Transect across the Hanish Sill. If coastal levering is the prime mechanism for RSL attenuation at the Hanish Sill we would expect the sill to elevate in
response to transfer of mantle material under the sill as the ocean basins load with
water. We would also expect that as the basins unload during glacial maxima the
sill to sink relative to present day.

1) radial displacement, 2) RSL, 3) Geoid displacement and 4) GMSL.
These variables are all calculated for the Hanish Sill, relative to present day
(values are by definition zero at present day), and are related:
Geoid - radial displacement = RSL.
RSL is defined as the difference between the potential surface of the geoid
and the surface of the crust. To relate a past change in sea level to present-day sea
level we have to consider both the change in the geoid and a change in the earth
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position.

5.4.3

Results

Variable
RSL
Radial displacement
Geoid
GMSL

28 ka
-114.2
4.5
-109.7
-120.6

128 ka
1.3
0.4
1.7
-0.7

Table 5.1: Investigating radial displacement at the Hanish Sill
Here we present the results for one earth model (lithosphere: 96 km, um: 1 x
1021 Pa s, lm: 5 x 1022 Pa s ) for Ice 1 in table 5.1 and a schematic figure 5.20.
The results are also presented in the form of regional maps, figure 5.21. As Ice 1
has a very brief interglacial we also consider the impact of an extended interglacial
using Ice 1 scenario B from Chapter 4, and present figure ?? which plots a
timepoint at 4 ka into an 8 ka interglacial.
At both 28 ka and 128 ka we see a positive radial displacement of the sill
relative to today. The displacement is greatest at 28 ka. In figure 5.21 we can see
that the displacement of the Sill in the southern Red Sea differs from the deeper
ocean basins. At both timepoints the displacement in the deeper sections of the
Red Sea is greater than the displacement in the vicinity of the sill. At minimum
ocean load, 28 ka, the radial displacement of the Red Sea deep basin is around +10
to 15 m, whereas the displacement of the sill is around + 4m. The surrounding
coast also seems to be marginally positively displaced. When RSL is considered,
we see that the deeper basins are registering an RSL of about -120, whilst the sill
area and the coast surrounding the Red Sea register an RSL at around -110m.
At maximum ocean load, 128 ka, the range of radial displacements reduces,
as does the range of RSL for the area. Although we map the area at peak
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Figure 5.20: Radial displacement acts to reduce depth of sea level at the Hanish Sill
during the last glacial maximum. Panel A represents water depth at present day,
where we consider RSL to take a value of zero. Panel B represents the last glacial
maximum, where both a change in the geoid and radial displacement act to reduce
water depth. In Panel C, we consider the net effect of the change in the geoid, and
the radial displacement, to be a reduction in RSL relative to present day.
interglacial we are not reviewing an equilibrium position; this is a maximum ocean
load immediately following a rapid deglaciation. Therefore in considering the
results for 128 ka, it is also helpful to consider how both radial displacement and
RSL would evolve given no change in ice volume. Figure 5.22 allows us to do this.
Here we have artificially extended an interglacial period, holding global ice volume
constant. The interglacial has a duration of 8 ka, and we plot the position at 4 ka
through the interglacial. Both the range of values for RSL and radial displacement
continue to decrease. We can therefore discern a trend through an interglacial
whereby the variation from present day tends towards 0. At 128 ka, the sill and
surrounding coast are 1̃m higher than present day. During an extended interglacial,
and at finer resolution (reviewing the 128 ka map at 0.5 m steps results in the same
pattern of radial displacement), we see a very subtle differentiation between the sill
and the majority of the coastal area immediately surrounding the Red Sea - the sill
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Figure 5.21: Radial displacement and RSL at the Hanish Sill at the last glacial
maximum and peak interglacial of the Ice 1 ice history.
is higher than present day, but the surrounding coast is marginally more displaced.

5.4.4

Discussion

The response of the Hanish Sill appears to be closer to the offshore regions than to
a continental region subject to coastal levering; as the ocean load reduces, the sill,
along with the deeper oceanic regions, moves upwards relative to present day. It is
possible that the apparent upward displacement of the sill is a combination of
minor coastal levering with a strong uplift from the adjacent deeper Red Sea or
Gulf of Aden basins. The coastal area of the Red Sea has a very similar radial
displacement signal to that of the Hanish Sill, and we only start to see a possible
differentiation in strength of signal when we consider an extended interglacial. At
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Figure 5.22: Radial displacement and RSL at the Hanish Sill during an extended
interglacial period.

this point in time the sill displays marginally less radial displacement to the
coastal area surrounding the Red Sea. This implies that a very weak coastal
levering effect is in place, but that another mechanism is needed to explain the
variation between RSL and GMSL at the Hanish Sill.
At glacial maximum there is a 10 m variation between the geoid and GMSL.
The upward radial displacement at 28 ka acts to reduce the difference between the
geoid and GMSL. Therefore coastal levering is not the mechanism that explains
the variation between RSL and GMSL at the Hanish Sill. In this instance the
variation is almost entirely due to the response of the Eurasian ice sheet, which
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generates a GIA correction of approximately -7 m for the same earth model, and
the Laurentide ice history generating a GIA correction of + 1.7m. We cannot say
that it is just the Eurasian ice sheet which drives the GIA correction. At glacial
maximum, the largest GIA correction of -24 m is generated by Ice 1. Of this, only
-3.4m is generated by the Eurasian ice sheet, with -14 m coming from the
Laurentide ice sheet.

5.5

Conclusions

Within this chapter we investigated both the response of the Hanish Sill to GIA as
well as the mechanism that results in a variation between RSL and GMSL. Our
investigation into the GIA response of the Hanish Sill has allowed us to develop a
basic relationship between RSL and GMSL. We found that although the GIA
correction is time varying in size the Red Sea RSL curve is a good proxy for
GMSL, with a linear relationship broadly applicable. This can be used to translate
between the Red Sea RSL record and a reconstructed past GMSL. The insight
that Hanish Sill RSL scales linearly with change in ice volume, allowed us to
develop an ice history tuned to the Red Sea record. This meant that we can
investigate changes in RSL on the same chronology as the Red Sea record, as well
as the impact of different ice dispersal templates.
We considered the impact of the Eurasian ice sheet, and found that the
Hanish Sill displays some sensitivity to both this ice sheet and to the Laurentide
ice sheet. Both ice sheets act to attenuate the RSL response at the Hanish Sill,
although the response to the Laurentide is more complex as at smaller ice volume
changes the effect is to amplify the RSL. Variations in global ice volume remain
the primary driver. The amount of attenuation in GMSL is dependent on earth
model, and the preferred earth models for fit between modelled and actual Red Sea
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RSLs do not reconcile with the reduced crustal thickness and low mantle viscosity
found adjacent to the Hanish Sill.
Although we anticipated that the primary mechanism for RSL attenuation at
the Hanish sill might be coastal levering, our investigation finds that radial
displacement only partially explains the variation between RSL and GMSL, with
the interplay between attenuation and amplificiation by the Laurentide and
Eurasian ice sheets explaining the remainder.
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ea-level change is a primary diagnostic indicator of global
ice-volume variability, a key feedback process in climate
change. Radiometrically dated relative sea-level (RSL)
indicators—such as fossil corals, submerged speleothems and
palaeoshoreline deposits—provide strong constraints on sea-level
(ice-volume) reconstructions. However, before B150,000 years
(B150 kyr) ago, such data are scarce and are largely limited to
interglacials, which renders them unsuitable for portraying
the timing, amplitude and rates of older sea-level changes.
Alternatively, ice-volume changes can be approximated using
benthic foraminiferal d18O, but this approach is compromised by
poorly understood deep-water temperature inﬂuences1, and
variable spatial gradients in benthic d18O (refs 2,3).
Here we address the above issues with a new chronology
derived from a U/Th-dated speleothem d18O record, for a
continuous, high-resolution record of Red Sea RSL4 over ﬁve
complete glacial cycles (500 kyr). Our new approach relies on
synchronizing a distal monsoon signal with both dust and sealevel records; hence, it employs different criteria than the recent
age model development for this record over the youngest 150 kyr
(ref. 5). That approach, which correlated (proximal) source-water
and sea-level-equivalent d18O records, achieved smaller
uncertainties, but could not be extended to older ages
(Supplementary Note 1). We link our new chronology over the
older interval (150–500 kyr) to previous results for the last 150 kyr
(ref. 5). By transferring a U/Th chronology to the entire 500 kyr
Red Sea RSL record, and propagating quantiﬁable sources of
uncertainty, we can investigate how the global glaciation state
(total ice volume) affects potential maximum rates of sea-level
rise. An additional (major) beneﬁt is that it provides the ﬁrst
chronologically independent sea-level record for future
investigations of ice-volume phasing relative to insolation
(orbital) and polar climate forcing over multiple glacial cycles.
Finally, we synchronize an Asian dust-ﬂux signal with our new
chronology; hence, our ﬁnal dataset comprises records of sea-level
change and Asian summer and winter monsoon intensity on the
same timescale, spanning ﬁve complete glacial cycles. Although
many hypotheses exist regarding connections between changes in
ice volume and monsoon intensity6–8, detailed understanding of
this relationship is lacking9,10. This is partly due to the fact that
previous hypotheses relied on benthic d18O ice-volume proxies
and/or poorly deﬁned ice sheets in monsoon models9,11. Our
approach improves the capacity to distinguish the relative
impacts of orbital forcing, ice volume and rates of ice-volume
change on monsoon variability.
Results
Age model development. Our chronology is developed in two
stages. First, we synchronize Red Sea dust-ﬂux data (Fig. 1b)
with positive (U/Th-dated) d18O anomalies, or weak monsoon
events, within glacial terminations in Sanbao Cave, China
(d18Osanbao)8,12 (Fig. 1a, Supplementary Fig. 1). Dust-ﬂux data for
central Red Sea core KL09 comprise Ti/Ca ratios and hematite
(‘Hem’) abundance from the same sediment samples as the RSL
data so that timing relationships are unambiguous13,14
(Supplementary Note 1, Supplementary Fig. 2). All ﬁve glacial
terminations (T1–T5) contain a large mid-termination dust peak,
followed by a sharp drop toward the subsequent interglacials
(Fig. 1b,c). Striking signal similarity between Red Sea and Asian
dust records suggests covariation in dust mobilization over these
regions due to large-scale atmospheric circulation changes14. This
is corroborated by dependence of Red Sea dust ﬂuxes on seasonal
wind changes associated with Indian monsoon circulation15,
which is closely coupled with East Asian monsoon dynamics16,17.
We therefore hypothesize that a close relationship exists between
weak monsoon events in Sanbao Cave and Red Sea dust spikes

during glacial terminations. We test this hypothesis by correlating
KL09 Ti/Ca to d18Osanbao at T1 to T5 (Fig. 1a,b), transferring this
age model (with linear interpolation between terminations) to the
RSL data (‘RSLdust-Sanbao’, Fig. 1c), and then comparing the
inferred timing of major sea-level rises in RSLdust-sanbao with that
determined from 40Ar/39Ar-dated ash (tephra) layers deposited
within sea-level-controlled sedimentary sequences from coastal
plains of the Palaeo-Tiber River, Italy18,19 (Supplementary
Note 2, Supplementary Figs 3–5, Supplementary Table 3). The
inferred timing of T3 and T5 from our dust-d18Osanbao
correlation closely matches that of aggradational units from the
Palaeo-Tiber River (Fig. 1c). Further validation of our hypothesis
is provided by good agreement between RSLdust-Sanbao and the
same RSL data on an independently constrained chronology for
0–150 kyr (ref. 5) (‘RSL150’, Fig. 1c). Hence, we retain the ‘dustSanbao’ synchronization.
Next, we ‘ﬁne-tune’ the dust-tuned RSL record by adding age
control between the dust:Sanbao ties. Cross-spectral phase
analyses of Ti/Cadust-sanbao and RSLdust-sanbao with d18Osanbao
reveal strong covariance in the precession band (Supplementary
Fig. 6b,c), particularly between RSLdust-sanbao and d18Osanbao (90%
coherent; Supplementary Note 1). Application of a 22-kyr bandpass ﬁlter to all three records reveals that precession-band
variance is broadly in phase (within 2–3 kyr) between RSL and
d18Osanbao, which is corroborated when using the independently
dated RSL150 (ref. 5) instead of RSLdust-sanbao (Supplementary
Fig. 6d). Visual comparison of precession-band variance in
RSL150 and d18Osanbao conﬁrms that offsets are minor (within
±1 kyr) and not systematic in direction or magnitude (Fig. 1d).
In contrast, phasing of comparable peaks in the ﬁltered Ti/Ca and
d18Osanbao records varies by  180 to þ 180° within a single
glacial cycle, and has no systematic trend among successive glacial
cycles (Supplementary Fig. 7). We therefore exploit the highly
consistent precession-band covariance between RSLdust-sanbao
and d18Osanbao to improve our RSLdust-sanbao chronology for
150–500 kyr. At maximum coherency (equivalent to a frequency
of 0.045 kyr  1), phase offsets between d18Osanbao and
RSLdust-sanbao are  2.7±0.4 kyr, but just  0.4±1 kyr when we
use RSL150 (Supplementary Fig. 6b,d). Age control in RSL150 is
superior to that in RSLdust-sanbao, so the precession-band
d18Osanbao-RSL phasing inferred from RSL150 should be far more
accurate than that inferred from RSLdust-sanbao. On the basis of
this, we apply a 0.045 kyr  1 band-pass ﬁlter to d18Osanbao and
RSLdust-sanbao (Supplementary Fig. 7), and then synchronize peaks
and troughs in the ﬁltered d18Osanbao and RSLdust-sanbao records
(Fig. 1e).
We assume that the precession-band d18Osanbao-RSL phasing
inferred from RSL150 applies to intervals between terminations of
previous glacial cycles (Fig. 1d,e). Within uncertainties, this is
likely a reasonable assumption, given that the relationship
between key climate-system variables (methane, temperature
and CO2) is consistent over (at least) eight glacial cycles20. We
also emphasize that, because ice-volume phase relationships at
terminations were likely dependent on ice volume at the
preceding glacial maximum, we maintain the dust-Sanbao
synchronization to date terminations (Fig. 1a,b), and
synchronize RSLdust-sanabo and d18Osanbao solely between
terminations (Fig. 1d,e). Linear interpolation between these
(‘ﬁne-tune’) tie-points yields ‘RSLsanbao’, with age control every
B11 kyr (Fig. 1f). Our ﬁne-tuning approach is validated by
improved agreement of RSL150 and RSLsanbao, compared with
RSL150 and RSLdust-sanbao (Fig. 1c,f).
Uncertainty propagation. We now account for all uncertainties
that can be reasonably quantiﬁed, associated with the dustSanbao and RSL-Sanbao correlations between 150 and 500 kyr.
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Figure 1 | Synchronization of Red Sea dust and RSL records with Asian speleothem d18O. (a) Sanbao Cave speleothem d18O. (b) Red Sea core KL09 dust
proxies (Ti/Ca, grey; hematite concentration (Hem), black). Correlation ties (dashed lines, red triangles) at glacial terminations (T1–T5) are indicated.
(c) Red Sea RSL record after the dust-Sanbao synchronization (blue), and on an independent chronology (95% conﬁdence intervals, grey; probability
maximum, yellow). 40Ar/39Ar tephra datings (black dots with 2s error bars) within Palaeo-Tiber River aggradational units VI (Vitinia Formation), VM (Via
Mascagni parasequence), SP (San Paolo Formation), and VG (Valle Giulia Formation)18,19 (coloured rectangles) are indicated (see Supplementary Note 2
and Supplementary Figs 3–5). (d,e) 22 kyr band-pass-ﬁltered records of d18Osanbao (red), RSLdust-sanbao (blue) and RSL150 (yellow) before (d) and after
(e) synchronization at 17 tie-points (blue triangles in e). (f) Red Sea RSL record (blue) after synchronizations shown in b,e, and on an independent
chronology (as in c). RSL and KL09 records are not reliable ca. 14–23 ka and 14–40 ka, respectively, due to an indurated aplanktonic interval.

(We use RSL150 for the 0–150 kyr interval, for which a thorough
uncertainty propagation and probabilistic assessment has already
been established5). Sources of uncertainty are: U/Th-dating,
sample-spacing in the d18Osanbao and KL09 Ti/Ca records, peak
detection in the ﬁltered d18Osanbao and RSLdust-sanbao records, and
phasing between precession-band covariance in d18Osanbao and
RSLdust-sanbao. While there might be a systematic phase drift
between Southeast Asian water isotopes and Red Sea RSL over
time, this cannot be adequately constrained at present so we do
not attempt to include it in our error propagation.
To determine U/Th-dating uncertainties for every tie-point, we
use ‘OxCal’ software (version 4.2 (refs 21,22)) to apply a Bayesian
deposition model to each of the eight stalagmites used in the
original Sanbao Cave chronology (Supplementary Table 1). The
advantage of a Bayesian approach is that it accounts for increased
chronological uncertainty between dated horizons in a depositional sequence, hence it is far more robust than employing
straightforward linear interpolations. Further technicalities of
OxCal and application of Bayesian tools in age modelling are
detailed elsewhere21–24. There is no signiﬁcant difference between
the original Sanbao chronology8,12,25 and our Bayesian model
output (Supplementary Fig. 8) so, given the wide usage of the
Sanbao chronology, it is more convenient in relation to other
published material to maintain the original d18Osanbao chronology

on which our correlations are based, and use Bayesian modelling
solely for uncertainty estimation (Supplementary Note 1).
The accuracy of our new RSL chronology also depends on how
conﬁdently we can detect peaks/troughs in the precession-bandﬁltered d18Osanbao and RSLdust-sanbao records. We therefore follow
an approach similar to Kawamura et al.26 by adding white noise
to the d18Osanbao and RSLdust-sanbao records (based on 2 s.d. errors
of ±12 m for Red Sea RSL4,27 and ±0.16% for d18Osanbao
(ref. 25)) to generate 1,000 artiﬁcial datasets; we then identiﬁed
peaks in the precession-band-ﬁltered artiﬁcial data to determine
the mean and variance associated with the age of each peak in the
original record. Every simulation captures all precession-band
peaks/troughs over the past 500 kyr (Supplementary Fig. 7),
and the simulated data scatter gives a reliable estimate of
peak-detection uncertainties (Supplementary Table 1).
We established above that precession-band phase offsets
between d18Osanbao and RSL150 are  0.4±1.0 kyr (at 2s); we
therefore use a 1-kyr phase-offset uncertainty in our error
propagation. All uncertainties are ﬁnally combined in a root
mean square calculation (Supplementary Table 1). These fully
propagated tie-point uncertainties are then coupled with the
RSLsanbao time series in a Bayesian deposition model (again using
OxCal) to statistically interpolate a chronological uncertainty for
every RSLsanbao datapoint (Supplementary Fig. 9).
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Figure 2 | Radiometrically constrained 500 kyr RSL record with fully propagated uncertainties. (a) Red Sea RSL data (blue) for 0–150 kyr (ref. 5)
and 150–500 kyr (this study), superimposed on the 95% probability interval of the RSL dataset (light grey) and 95% probability interval for the
probability maximum (dark grey). (b) Probabilistic RSL record as in a, but with superimposed (red) benthic foraminiferal d18O (ref. 28).

Red Sea RSL variability. To complete our RSL reconstruction, we
combine synchronization (age) uncertainties between 150 and
500 kyr with sea-level uncertainties (±12 m at 2s (refs 4,27)) in a
Monte Carlo-style probabilistic assessment (Methods). Coupling
these new results to previous results for RSL150 (ref. 5) gives a
complete probabilistic assessment of Red Sea RSL over the last
500 kyr (Fig. 2; Supplementary Data 1). Chronological agreement
between RSL and U/Th-dated coral and speleothem sea-level
information for the intervals 0–150 kyr (ref. 5) and 150–500 kyr
(Supplementary Fig. 10), corroborates the timing of sea-level
highstands inferred from our RSL record (Supplementary
Table 2). RSL and global benthic d18O variations28 are also
broadly similar (Fig. 2), but phase and amplitude offsets exist that
require removal of the temperature component from benthic
d18O (ref. 1).
It is pertinent to brieﬂy discuss the extent to which the Red Sea
RSL record approximates global (eustatic) sea level (ESL). RSL
reconstructions are, by deﬁnition, representative of sea-level
changes at a particular geographic location. Any isostatic and
tectonic effects on site elevation will result in deviations of the
respective ‘uncorrected’ RSL signal from ESL. The Red Sea RSL
record technically represents sea-level ﬂuctuations at Hanish Sill
(RSLHS), the hydraulically limiting ridge at the southern entrance
to the Red Sea. Isostatic changes in Hanish Sill depth are
implicitly accounted for in the hydraulic model used to convert
Red Sea d18O to sea level, by scaling the model to the ESL glacial–
interglacial range indicated by coral sea-level data29. Tectonic
changes have been considered in the Red Sea RSL model29 and
are supported by subsequent work30, which concluded that
vertical tectonic stability characterized the Hanish Sill region for
at least the past 120 kyr.
Modelling the isostatic response of Hanish Sill using a global
ice model (ICE-5G)31 implies that, while the relationship between
RSL at Hanish Sill (RSLHS) and ESL varies in detail over time,
RSLHS generally scales proportionally with land-ice variations
(Supplementary Fig. 11). The offset between RSLHS and ESL is
greatest at glacial maxima (B8–20%, considering all Earth model
outputs). For example, regarding the last glacial maximum
( ¼ 26 kyr in the model output), the modelled RSLHS and ESL
ranges are  105.6 to  123.3 m and  132.4 to  134.3 m,
respectively (Supplementary Fig. 11). The RSLHS:ESL relationship
also appears to depend on the phase of the glaciation–
deglaciation cycle (Supplementary Fig. 12): larger RSLHS:ESL
offsets are observed for deglaciations compared to glaciations. To
explore the potential effect of these pathways on the relationship

between RSLHS and ESL change rates (dRSLHS, dESL), we
compared modelled dRSLHS and dESL for a range of Earth
models (including variable lithospheric thicknesses and mantle
viscosities). Modelled dRSLHS and dESL vary in concert and are
strongly correlated (Supplementary Fig. 13). While the choice of
Earth model slightly modiﬁes absolute values, there is no
apparent time lag between modelled dRSLHS and dESL
(Supplementary Fig. 13a). This suggests that observed hysteresis
in RSLHS:ESL glaciation/deglaciation pathways does not affect
RSLHS and ESL change rates, and instead simply relates to the
(variable) scaling factor between RSLHS and ESL.
Maximum rates of sea-level rise. Following a similar probabilistic approach as Grant et al.5, we determine rates of sea-level
change (dRSL) over the last 500 kyr (Fig. 3b; Supplementary Data
1). Our method involves a 500-year Gaussian smoothing of each
RSL realization, so resultant dRSL values may conceal shorter
periods of higher rates of sea-level change. Smoothing the RSL
record before calculating its derivative with respect to time is
necessary because sample-to-sample noise, inherent in any time
series, would otherwise be ampliﬁed in the resultant dRSL record;
hence, that record would be biased toward higher amplitudes.
Equally, smoothing will underestimate dRSL when RSL changes
abruptly. The sampling interval in the RSL record is
approximately one sample per B200 years, so our 500-year
smoothing optimizes the balance between competing smoothing
biases: a narrower smoothing window would place too much
emphasis on individual datapoints, and a wider window would
not accurately capture higher amplitude change rates.
Extension of the dRSL record from one to ﬁve glacial cycles
allows well-constrained assessment of the relationship between
maximum ‘natural’ (preanthropogenic forcing) rates of sea-level
rise and ‘glaciation state’, where the latter is deﬁned as past global
ice volume (approximated here by RSL, after conversion into
equivalent ESL values; Supplementary Fig. 12a) relative to
present-day global ice volume (equivalent to B65 m ESL;
Supplementary Data 2). We also deﬁne deglaciation ‘events’
and ‘pulses’, whereby a deglaciation event is an interval of
continuous positive dRSL values, and a ‘deglaciation pulse’ is a
spike of maximum dRSL (within a deglaciation event) that
immediately succeeds a negative inﬂection in the dRSL record
(Supplementary Fig. 14). Uncertainties in sea-level rise rates are
taken from Fig. 3b, and glaciation-state uncertainties are taken
from Supplementary Fig. 12a.
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For every deglaciation event/pulse in the past 500 kyr, we
compare relative ice volume at the start of each event/pulse with
the maximum sea-level rise rates per event/pulse (Fig. 3b,
Fig. 4a,b). We also include values for meltwater pulse (MWP)
1a (4.6±0.6 m per century (m cy  1), based on U/Th-dated corals
from offshore Tahiti)32, which was a well-documented, rapid sealevel rise during the last deglaciation. Our data suggest that, for
both ‘event’ and ‘pulse’ scenarios, natural rise rates do not exceed
B2 m cy  1 and are mostly r1 m cy  1 for ice volumes up to
about twice as large as present-day values (Fig. 4a,b). For larger
ice volumes, substantially higher rise rates may be attained. The
highest value (4.0–5.7 m cy  1 at 95% conﬁdence limits)
corresponds to termination 4 (T4) at B334 kyr (Fig. 3b). In
comparison, MWP-1a is not exceptional, especially in view of the
0.5-kyr smoothing in our method.
Further insight is gained by considering the lag between
the onset of sea-level rise and the time of peak rise rates, for
both deglaciation ‘events’ (Fig. 4c) and ‘pulses’ (Fig. 4d)
(Supplementary Table 4). In both cases, longer (shorter) lags
tend to be associated with higher (lower) sea-level rise rates, but
this is not always the case. Our data also show that while
‘ramping up’ periods–from the start of deglaciation to maximum

melting–may last for several millennia (up to B8 kyr, excluding
the less reliable value for T1), they may also be considerably
shorter (for example, B3 kyr for T2; Fig. 4c). Furthermore, a
large proportion (85%) of all melting episodes reaches maximum
sea-level rise rates within 1.5 kyr (Fig. 4c), and the ﬁnal melting
‘pulse’ within a deglaciation episode is rapid relative to the
ramping up period (r0.6 and r1.1 kyr lag for 85 and 95% of
cases, respectively; Fig. 4d; Supplementary Table 4). Such
observations provide important constraints for validating
model-based assessments of ice-volume variability.
Clearly, our observations of sea-level rise rates depend on the
smoothing function applied to each RSL realization. However, as
explained above, if smoothing is too low/high our conclusions
will not be robust. Nevertheless, for completeness, we repeated
our sea-level rise analyses for 250, 375, 750, 1,000 and 2,000-year
smoothings (Supplementary Figs 15–17). A straightforward
comparison of sea-level rise rates at glacial terminations, based
on different smoothings (Supplementary Fig. 18), shows that the
2,000-year smoothing fails to capture real variations between
termination rise rates (Supplementary Fig. 15). Considering,
therefore, the 250  1,000-year smoothings, we ﬁnd that our
ice-volume ‘threshold’ observation (that is, natural rise rates do
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Figure 4 | Deglaciation episodes in the last 500 kyr. Maximum sea-level rise rates are plotted against: (a,b) relative ice volume at the start of a
deglaciation event (a) and pulse (b) and (c,d) lag between the onset of deglaciation events (c) and pulses (d) and peak sea-level rise rates. Inferred
ice-volume thresholds (red dashed lines) and MWP-1a (green32) are shown in a,b. The cumulative distribution of the number of deglaciation events/pulses
as a function of lag is shown in c,d (solid red line), where the 68, 85 and 95% levels (red dashed lines) and corresponding lag intervals (orange
shadings) are indicated. All error bars denote ±2s. Horizontal error bars in c are not visually detectable.

not exceed B2 m cy  1 and are mostly r1 m cy  1 for ice
volumes up to twice as large as present-day values) holds
irrespective of smoothing function (Supplementary Fig. 16). The
effect of different smoothings is far more apparent in our lag
analyses. For example, for 85% of deglaciation events/pulses,
the difference between a 250- and 1,000-year smoothing is an
eight-/sixfold lag increase (Supplementary Table 4). However, if
we consider the less extreme 375- and 750-year smoothings, the
lag difference is two- to threefold. Regardless, it is to be expected
that lags quantiﬁed using time-derivative records will be strongly
dependent on smoothing of the original time series. Given that
the 250-/1,000-year smoothings yield considerably larger/smaller
dRSL values than the 500-year smoothing, and that the 500-year
smoothing is preferable for the sampling resolution of the original
RSL time series, the 250-/1,000-year smoothings will likely under/
overestimate lags in our analyses.
Ice-volume and monsoon variability. Ice-sheet changes and
monsoon circulation are important for Earth’s radiative budget

and internal energy redistribution. However, process understanding of interactions between these climate-system components remains elusive because of a lack of consistent age control
among long records of ice-volume and monsoon variability.
We have synchronized RSL with d18Osanbao, a proxy for
Asian summer monsoon (ASM) intensity8. Roberts et al.14
demonstrated a close relationship between Red Sea dust and
Chinese loess deposition, a proxy for Asian winter monsoon
(AWM) intensity33, as measured by mean grain-size of quartz
(MGSQ)34. Hence, we can transpose our new chronology to
MGSQ (Supplementary Note 3, Supplementary Fig. 19,
Supplementary Table 5, Supplementary Data 3) to investigate
whether past ice-volume changes affected ASM and AWM
intensity, as previously inferred for both orbital and suborbital
timescales6,17,35. We assess the extent to which orbital forcing,
ice-volume variations (RSL) and/or rates of ice-volume change
(dRSL) may account for three key aspects: ﬁrst, the amplitude of
ASM ﬂuctuations (d18Osanbao) (refs 8,12); second, the lag between
insolation changes and d18Osanbao; and third, the timing
and amplitude of AWM ﬂuctuations (MGSQ) (ref. 34).
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We use multiple linear regressions (MLRs) to evaluate which
combinations of orbital parameters (eccentricity, precession and
obliquity; EPO), RSL and dRSL best agree with d18Osanbao and
MGSQ (Fig. 3d,e).
Our MLR ‘simulation’ of d18Osanbao (Sanbaosim; Supplementary
Data 3) explains 36% of the variance in d18Osanbao compared with
21% explained by EPO alone, with both RSL and dRSL being
signiﬁcant components (Fig. 3d; Supplementary Fig. 20,
Supplementary Table 6). Sequential addition of the components
in Sanbaosim reveals that ASM variations are paced predominantly by orbital forcing, slightly amplitude modulated by ice
volume, and become lagged due to rapid ice-volume change
(Supplementary Fig. 21a–c) (see below). The combined orbital
components within Sanbaosim have nearly identical variance to
boreal mid-summer insolation (Supplementary Fig. 21a), as may
be expected if d18Osanbao reﬂects (at least in part) summer
insolation-forced ASM variability8. However, the simulated
orbital component is not directly in phase with d18Osanbao, and
cross-spectral phase analyses of d18Osanbao with the permutations
of Sanbaosim (for example, orbital components alone, orbital
components plus RSL and so on) reveal that the phase offsets seen
between d18Osanbao and insolation (EPO) alone are reduced by
B20–40% when ice-volume effects (RSL and dRSL components)
are included (Supplementary Table 7). Our MLR simulation
of the Chinese loess MGSQ record (MGSQsim; Supplementary
Data 3) shares 44% of variance with MGSQ and is dominated by
RSL (37% of variance), with minimal contribution from orbital
components (Fig. 3e; Supplementary Figs 20 and 21,
Supplementary Table 6). A weak dRSL component in MGSQsim
principally accentuates dust-ﬂux maxima at glacial terminations
(Fig. 3e, Supplementary Fig. 21f).
The slight yet signiﬁcant contribution of the dRSL component
to both Sanbaosim and MGSQsim is conﬁrmed by sensitivity tests
(Supplementary Fig. 20; Methods Section), which show that
inclusion of dRSL not only improves the ﬁt of the d18Osanbao and
MGSQ MLR models, it also–more importantly–improves model
prediction of the excluded cases. Thus, dRSL must be signiﬁcantly
related to variability in both d18Osanbao and MGSQ. In addition,
the distributions of dRSL regression coefﬁcients (Supplementary
Fig. 20) for both d18Osanbao and MGSQ span intervals that do not
cross zero, again implying that dRSL makes a signiﬁcant
contribution to the MLR models.
Finally, it is important to note that synchronization of
precession-band variance in RSL and d18Osanbao (Fig. 1e) does
not nullify the results of our MLR simulations with respect to the
RSL component. The above synchronization is independent of
both the amplitude of RSL variability and the timing of RSL
variability at frequencies outside the precession bandwidth.
Hence, it is only the potential effect of RSL variability on
d18Osanbao phasing in the precession band that cannot be
examined in our simulation. We have already established,
however, that the timing of d18Osanbao variability in this
bandwidth is closely coupled to that of Red Sea RSL (see previous
sections and Supplementary Fig. 6b). This relationship was
determined using the ‘RSLdust-sanbao’ chronology, which is
unbiased by RSL-d18Osanbao phase assumptions.
Discussion
Our new, radiometrically based and probabilistically assessed
sea-level record enables—for the ﬁrst time—reliable estimation of
rates of sea-level change for the last 500 kyr that are unbiased by
assumed phase relationships between changes in ice volume and
other variables (for example, insolation, CO2, temperature), and
unaffected by the (not insigniﬁcant) uncertainties associated with
ice-core age modelling (unlike previous Red Sea RSL records4,36).
Our observations suggest that a global ice volume at least twice

that of the present day (equivalent to B  65 m sea level or
lower) represents a critical threshold in ice-sheet development/
decay. Our sea-level data therefore appear to corroborate and
quantify previous hypotheses37 and models38 of increased icesheet instability at sufﬁciently large (‘excess’) ice volumes.
Interestingly, increased ice-rafted detritus in deep-sea sediments
at B2.5 Myr (indicative of ice-sheet calving, hence, marine icesheet margins) has been linked to extension of the North
American ice sheet to a point where it developed marine
margins39,40. Global sea level stood at roughly  40 to  70 m at
that time41,42, which is consistent with our inferred B  65 m
sea-level threshold. Possibly, therefore, the high potential rates of
sea-level rise for ice volumes equivalent to 65 m sea-level fall
(Fig. 4a) depend on the existence of marine margins.
Regarding monsoon and ice-volume covariability, our results
corroborate previous suggestions6,10,17,43 that the extent of global
glaciation strengthens/weakens the AWM/ASM. In addition, we
ﬁnd that dRSL is important for millennial-scale ASM and AWM
variability, and for a lagged ASM response to insolation. For
example, cross-spectral analyses of d18Osanbao and our MLR
models conﬁrm previous suggestions that a lagged response of the
ASM to insolation forcing (on orbital timescales) can be
explained by the effects of northern hemisphere ice-volume
changes on sensible heating of the Asian plateau7,17. At the
millennial scale, glacial terminations have positive dRSL peaks
and are associated with weak ASM and strong AWM events
(Fig. 3b,d,e), and likely also with warm ‘overshoots’ in Antarctic
temperature records26,44 (Fig. 3f). This appears to portray a
millennial-scale ‘bipolar see-saw’ event, where meltwater-related
reduction of North Atlantic overturning circulation caused
abrupt Northern Hemisphere cooling and widespread Southern
Hemisphere warming44,45, with concomitant ASM weakening/
failure8 and AWM intensiﬁcation46.
In addition, our MLR simulations for MGSQ suggest that
strong orbital cyclicity in late Pleistocene Chinese loess
records6,47 may reﬂect indirect orbital forcing via ice-sheet
variability, rather than direct orbital control on the AWM. The
RSL component carries an orbital signature, so we cannot infer
the degree to which long-term AWM variability is a direct
response to insolation forcing and/or the effects of ice-sheet
changes on atmospheric circulation and land vegetation feedback
processes. Palaeodata suggest that AWM intensity was strongly
coupled to ice-volume changes over at least the past 1.1 Myr
(ref. 48), while a modelling study suggests that AWM variability is
a direct response to obliquity forcing through its effect on low–
high latitude insolation gradients49. We note that the obliquity
component is negligible in our results (Supplementary Table 6).
Differential latitudinal heating controls poleward heat and
moisture ﬂuxes, both of which are important in ice-sheet and
Asian monsoon variability50,51. The relationship between AWM
and ice-volume variability, and between their forcings and
feedbacks, is therefore likely to be tightly coupled, hence
deconvolving the components of orbital and ice-volume forcing
from AWM records is not straightforward. Our results add to this
endeavour by demonstrating that ice-volume changes alone
can account for the combined orbital variance in a key AWM
record.
Our study, therefore, complements previous attempts to
interpret Chinese cave speleothem d18O in terms of Asian
monsoon variability8,17,52,53, as well as AWM variability in terms
of external (orbital) and internal (for example, ice volume)
forcings33,48,49. Clearly, our simulations do not capture the total
variance in d18Osanbao or MGSQ, and in detail there are likely icevolume ‘threshold effects’ on Asian monsoon dynamics54, hence
other forcings and/or feedbacks may be important17,34,48.
Nevertheless, the advantages of our approach are that it is
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grounded in real data, is chronologically unbiased by phase
assumptions about benthic d18O or ice-volume response to
orbital parameters and that it quantitatively demonstrates that
past ﬂuctuations in global ice volume and its rates of change can
account for much of the observed palaeomonsoon variability.
Methods
Glacial isostatic modelling. An extended version of the ICE-5G global ice
model31 was run over two complete glacial cycles, punctuated by a 4-kyr
interglacial period with ice volume at near present-day values. The spherically
symmetric, viscoelastic earth response is parameterized over three lithospheric
thicknesses (71, 96 and 120 km), and over a discrete range of upper and lower
mantle viscosities (1  1020 to 1  1021 Pa s and 2  1021 to 5  1022 Pa s,
respectively). The glacial isostatic model was developed following principles
outlined by Kendall et al.55
Probabilistic assessment of Red Sea RSL record. Chronological and vertical
(sea-level) uncertainties for the RSL data (±12 m at 2s (refs 4,27,29)) are
combined for a Monte Carlo style, probabilistic assessment of RSL as described by
Grant et al.5 We also use this method to calculate the maximum probability (±2s)
of rates of sea-level change (dRSL) for the interval 150–500 kyr (Fig. 4b). Tests (not
shown) using dRSL values derived straightforwardly from the raw RSL data reveal
that peak ‘raw’ dRSL values are reasonably approximated by the upper bound of
our 95% probability interval. For both the RSL and dRSL probabilistic assessments,
we assume no covariance between sources of uncertainty. The probabilistic RSL
and dRSL assessments for the interval 150–500 kyr are combined with similar
probabilistic RSL and dRSL assessments for the last 150 kyr (ref. 5) which have
more detailed age control (Figs 2a and 3b). Together, these give continuous,
probabilistic records of sea-level variations and its rates of change over the last
500 kyr.
MLR models. Our MLR models for d18Osanbao (Sanbaosim) and Chinese loess
(MGSQsim) use time series of the orbital components (eccentricity, E; precession,
P; obliquity, O)56 and our new, maximum-probability RSL and dRSL records.
The MLR models can be expressed as:
Sanbaosim ¼  5:79ð  0:591Þ þ 21:050ð  1:385ÞE þ 25:084ð  0:725ÞP
 0:192ð  0:025ÞO  0:014ð  0:001ÞRSL þ 0:060ð  0:004ÞdRSL;
MGSQsim ¼ 0:556ð  0:075Þ þ 1:084ð  0:158ÞE þ 1:142ð  0:103ÞP
 0:001ð  0:003ÞO þ 0:004ð  0:000ÞRSL  0:007ð  0:001ÞdRSL;
where bracketed values are bootstrap-derived s.e. We do not attach any
quantitative meaning to the coefﬁcients because we cannot rule out the possibility
of multicollinearity in our regressions, and because time-series data-points are not
independent. We therefore provide these factor loadings purely so that others can
reproduce Sanbaosim and MGSQsim.
To investigate the validity of the dRSL component in these models, half of the
data cases were selected at random. Using only the selected cases, a design matrix,
X0, was constructed from E, O, P and RSL. An extended design matrix, X1, was
then constructed based on the same cases with inclusion of dRSL. For the same
cases in the given response variable (that is, d18Osanbao or MGSQ), MLR coefﬁcients
were estimated using partial-least squares regressions (to reduce the inﬂuence of
multicollinearity) on the basis of X0 and X1. MLR ﬁt quality was determined by the
sum of squared errors (SSE) between the selected cases of the response variable and
the corresponding MLR predicted responses. The ﬁt improvement through the
inclusion of dRSL in the model is expressed as the relative (%) reduction in SSE:
Model improvement ¼ ðSSEX0  SSEX1 Þ=SSEX0 100:
Validation was then performed to test if inclusion of dRSL in the model
produces a meaningful improvement (rather than one at random). On the basis of
the estimated MLR coefﬁcients, the cases excluded from X0 and X1 were used to
predict the corresponding cases excluded from the response variable. Again, the
quality of the predictions was assessed on the basis of SSE, and the relative
improvement in the quality of the predictions was estimated in the same manner as
the model improvement. The above process was repeated 104 times, with each
iteration employing cases selected at random. The resulting distributions
(Supplementary Fig. 20) of regression coefﬁcients, model improvements and
prediction improvements provide a means to quantify the role of dRSL in the MLR
model. The use of such a Monte Carlo approach obviates the need for traditional
hypothesis testing, which can be compromised by the serial correlation typically
exhibited in climate time series.
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a

b

Supplementary Figure 1 Map of sites and regions discussed in this study. a, Location of
Red Sea cores (KL09, MD92-1017, and KL11), Sanbao Cave, and the Chinese Loess
Plateau (CLP) grain-size records. b, Satellite image of an Arabian dust storm deflected
over the Red Sea. Source: http://earthobservatory.nasa.gov/IOTD/view.php?id=5500
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Supplementary Figure 2 Red Sea relative sea-level (RSL) records. RSL records2derived from KL09
data only (red; n = 1404) and from KL09, KL11 and MD92-1017 data (black; n = 1938).
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2

Supplementary Figure 3 Map of area around Rome, Italy, with locations of palaeomagnetic
investigations and 40Ar/39Ar-dated tephra used in the Palaeo-Tiber River chronostratigraphy.
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3

Supplementary Figure 4 Schematic geological section (not to scale) of lithostratigraphic features of aggradational Palaeo-Tiber River deposits, and the
positions of dated volcanic ash layers used to constrain the timing of sea-level rise. See Fig. S8 for locations of the sections and boreholes. ‘MIS’ = marine
isotope stage; ‘m a.s.l.’ = metres above sea level. 40Ar/39Ar ages in kyr (±2) are from: (1) ref. 19, (2) ref. 29, (3) ref. 16, (4) ref. 30. Stratigraphic section
details are from: (6) ref. 31, (7) ref. 32, (8) ref. 33, (9) ref. 34, and (10) ref. 16.

4

319

Supplementary Figure 5 40Ar/39Ar datings (red symbols with 2 error bars; Supplementary
Table 3) from sea-level-forced depositional sequences from the Palaeo-Tiber River,
compared to Red Sea RSL variations (blue). Coloured boxes (see Supplementary Fig. 4 for
colour legends) schematically highlight how aggradational deposits correspond to sea-level
variations.
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Supplementary Figure 6 a, Spectral analyses of δ18Osanbao (red), KL09 Ti/Cadust-sanbao (black)

and RSLdust-sanbao (blue) after the dust-δ18Osanbao correlation. All records have spectral peaks at
a frequency of 0.042-0.045 kyr-1 (equivalent periodicity = 22.2-23.8kyr). b-d, Phase
relationships between δ18Osanbao and RSLdust-sanbao, Ti/Cadust-sanbao, and RSL150, respectively.
Positive phases correspond to changes in 18Osanbao leading changes in the Red Sea records,
and vice versa. Phase relationships are valid at significant (2) coherencies (dashed red
lines).
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Supplementary Figure 7 22-kyr band-pass filtered records of: a, δ18Osanbao (red), b, RSLdust-

(blue), c, KL09 Ti/Ca dust-sanbao (black) and d, KL09 Hem dust-sanbao (brown),
superimposed on the respective (unfiltered) time-series (grey). For a and b, the results of all
1000 Monte-Carlo simulations are also plotted (dark grey envelopes). Note that the filtered
δ18Osanbao record obscures most of the results of the Monte-Carlo simulations in a.
sanbao
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Supplementary Figure 8 Comparison of the original Sanbao Cave chronology7,14,15, based on

U/Th datings and linearly interpolated ages, with OxCal-modelled age estimates.
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8

Supplementary Figure 9 Bayesian model output for all correlation tie-points. Interpolated

chronological uncertainties for all RSL datapoints are derived from the 95% highest
probability density (HPD) range (blue envelopes).
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Supplementary Figure 10 Comparison of our new probabilistic RSL record [95% probability

intervals of the RSL dataset (light grey) and probability maximum (dark grey)] with coral and
speleothem sea-level information for sea-level highstands prior to the last interglacial (for the last
interglacial period, see ref. 1). Coral sea-level data (crosses) are in black35, cyan36, orange37 (data
in ref. 36), red38, brown39, and green40. Speleothem data (triangles) delimit ‘ceilings’ to maximum
sea levels (green41; pink42). Error bars are indicated if uncertainty data are available. Marine
isotope stages (MIS) are also indicated.
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Supplementary Figure 11 ICE-5G modelled output for relative sea level (RSL) at Hanish Sill

(blue) and global mean (eustatic) sea level (red). The RSL output from two Earth models is
highlighted, based on a lithospheric thickness and upper and lower mantle viscosity of 96 km,
5 x 1020 Pa s, and 2.5 x 1021 Pa s (solid black line) and 71 km, 2 x 1020 Pa s, and 1 x 1022 Pa s
(dashed black line), respectively.

326

11

a

b

Supplementary Figure 12 ICE-5G modelled output for relative sea level (RSL) at Hanish Sill

and global mean (eustatic) sea level for glaciations (blue) and deglaciations (red). a,
Individual model runs for 495 Earth parameterisations, with linear approximations of the
most extreme glaciation and deglaciation values (black lines). Equations (a) and (b) are used
to convert RSL into an ESL range for calculating ‘glaciation state’ (see ‘Maximum rates of
sea-level rise’ in the main text). b, Output for the VM2-like Earth model only.
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Supplementary Figure 13 a, Modelled RSLHS and ESL change rates (dRSLHS, red; dESL,

blue) for the VM2-like Earth model. b, Linear regression between dRSLHS and dESL for the
VM2-like Earth model (black crosses, red line) and for an alternative Earth model (grey
crosses, cyan line).
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Supplementary Figure 14 Detail of sea-level rise rates (dRSL; black) and their 95%
probability interval (grey shading) over a ‘deglaciation event’ (dRSL>0; onset denoted by red
dashed line), within which a ‘deglaciation pulse’ is also observed (onset denoted by purple
dashed line).
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Supplementary Figure 15 The effect of RSL smoothings (250, 375, 500, 750, 1000 and
2000 year) (a) on ‘Maximum probability’ sea-level change rates (dRSL) (b) and the 95%
probability interval of the probability maximum (c) (see ref. 1 for method).
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Supplementary Figure 16 Comparison of the effects of different smoothings on our analyses
of deglaciation ‘events’. Maximum sea-level rise rates are plotted against: (left) relative ice
volume at the start of a deglaciation event, and (right) lag between the onset of deglaciation
events and peak sea-level rise rates. The cumulative distribution (red line) of the number of
deglaciation events as a function of lag is also shown (right).
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Supplementary Figure 17 Comparison of the effects of different smoothings on our analyses
of deglaciation ‘pulses’. Maximum sea-level rise rates are plotted against: (left) relative ice
volume at the start of a deglaciation pulse, and (right) lag between the onset of deglaciation
pulses and peak sea-level rise rates. The cumulative distribution (red line) of the number of
deglaciation pulses as a function of lag is also shown (right).
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Supplementary Figure 18 The effect of different smoothings (250, 375, 500, 750, 1000 and
2000 year) on maximum sea-level rise rates (dRSL) at glacial terminations 1-5.
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Supplementary Figure 19 Synchronisation of Chinese loess and Red Sea dust records. Red
Sea core KL09 Hem (black) and Ti/Ca (grey) records, and the stacked ‘mean quartz grain
size’ (MGSQ) record (orange) on (a) its original chronology27, and (b) after correlation with
the Red Sea dust record. Correlation ties are indicated as orange triangles.
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Supplementary Figure 20 Multiple linear regression models (MLRs) for 18Osanbao (left) and
MGSQ (right). Frequency distributions are shown for (top to bottom): the intercepts; the
coefficients of eccentricity (E), precession (P), obliquity (O), RSL and dRSL; MLR model
improvement when the dRSL component is included; MLR model-prediction improvement
when the dRSL component is included.
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Supplementary Figure 21 Simulations of δ18Osanbao (a-c, red) and MGSQ (d-f, black)
superimposed on the original δ18Osanbao and normalised MGSQ time-series (grey). Timeseries for the orbital components (EPO; normalised to zero mean and unit variance) and for
boreal mid-summer insolation (a, black) are from ref. 43. Y-axes in (a) and (d) are scaled for
comparison.
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Supplementary Table 1
Tie-points and uncertainties in the dust-δ18Osanbao and RSLdust-δ18Osanbao correlations.
Tiesanbao
age
(kyr)
0.000
7.875
11.576
19.824
32.867
43.804
55.015
67.934
80.467
93.136
104.716
115.088
124.761
129.550
134.734
146.178
160.806
172.672
184.322
195.147
205.808
217.607
229.089
239.359
242.157
249.501
261.225
276.291
288.593
300.643
310.965
320.401
329.910
334.367
339.846
350.259
361.729
391.751
404.069
417.193
425.056
429.000
433.065
443.339
453.496
462.532
474.139
486.111
492.000

TieKL09,RSL
age
(kyr)
0.000
7.427
11.576
21.107
35.543
44.794
54.351
65.372
77.013
88.137
99.074
111.121
124.731
129.550
136.838
147.929
158.269
169.730
183.045
195.743
204.007
211.027
222.561
235.671
242.157
247.125
257.990
270.260
284.099
295.547
306.586
316.909
328.233
334.367
339.497
349.645
357.979
394.563
405.830
415.073
424.134
429.000
435.328
445.775
455.773
462.477
467.772
479.100
492.000

U/Th-dating
2
(kyr)
0.000
0.110
0.696
1.312
2.828
2.740
1.242
2.976
0.800
1.022
1.192
1.328
0.902
0.710
1.774
3.238
1.598
2.276
1.798
2.500
2.556
1.670
0.878
0.774
0.472
0.288
1.052
3.168
3.520
3.230
2.332
0.814
0.504
0.692
0.918
0.786
1.696
3.790
2.226
1.834
2.162
2.328
2.322
2.618
3.732
2.632
2.450
4.644
6.452

18Osanbao
sample step
(kyr)
0.019

KL09 Ti/Ca
sample step
(kyr)
0.022

0.012

0.023

0.080

Peak IDSanbao
2
(kyr)

Peak IDRSL6
2
(kyr)

Phase offset
2
(kyr)

0.032

0.427

1

0.062
0.139
0.160
0.128
0.157
0.169
0.096
0.042
0.026
0.022

0.954
1.990
0.795
0.357
0.303
0.395
0.474
0.541
0.663
0.304

1
1
1
1
1
1
1
1
1
1

0.024
0.048
0.047
0.028
0.023
0.025
0.043
0.055
0.034
0.030

0.396
0.981
1.128
0.745
1.300
0.663
0.715
0.699
0.649
0.362

1
1
1
1
1
1
1
1
1
1

0.046
0.142
0.180
0.152
0.137
0.078
0.039
0.023

0.408
0.606
0.858
0.561
0.675
0.964
0.525
0.263

1
1
1
1
1
1
1
1

0.025
0.055
0.136
0.263
0.357
0.391
0.394

0.268
0.492
0.892
0.533
0.619
0.846
0.723

1
1
1
1
1
1
1

0.308
0.291
0.519
0.722
0.376
0.169

0.771
1.169
1.908
1.947
1.069
0.420

1
1
1
1
1
1

0.034

0.069

0.033

0.057

0.031

3.000

0.028

5.000

0.024

See notes overpage.
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RMS
2
(kyr)
0.029
1.094
0.696
1.907
3.602
3.027
1.639
3.158
1.351
1.510
1.648
1.790
1.381
0.715
2.075
3.528
2.197
2.595
2.434
2.773
2.837
2.069
1.481
1.316
0.478
1.119
1.579
3.436
3.705
3.451
2.715
1.393
1.151
0.695
1.384
1.365
2.166
3.965
2.543
2.288
2.520
3.797
2.661
3.050
4.340
3.498
2.879
4.772
8.163

(Supplementary Table 1 continued)
Tie-points are based on the 18Osanbaoref.7,15, KL09 Ti/Caref.4, and Red Sea RSLref.3
chronologies (columns 1-2). Sources of our propagated uncertainties include U/Th-dating of
Sanbao Cave stalagmites (column 3), sample-spacing in the 18Osanbao and KL09 Ti/Ca
records (columns 4-5), peak detection in the filtered δ18Osanbao and RSLdust-sanbao records
(columns 6-7), and phasing between precession-band covariance in δ18Osanbao and RSLdustsanbao (column 8). Details of how we derived these uncertainties are provided in the main text.
A root mean square (RMS) calculation is used to combine the above uncertainties (column
9). Red text denotes data relating to the dust-δ18Osanbao synchronisation.
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Supplementary Table 2
Timing of sea-level highstands prior to the last interglacial (MIS 5e).
Stage
Sub-stage
RSL 0 m
RSL -10 m
RSL -20 m

2σpmax
2σdata
2σpmax
2σdata
2σpmax
2σdata

MIS 7
7a
7e
(kyr)
(kyr)
195.4-200.6
239.4-240.1
196.8-197.4
239.4-239.9
194.1-203.0
238.1-241.3
195.3-199.5
238.4-240.9
192.9-206.5
236.8-241.9

MIS 9
9e
(kyr)
327.5-334.1
327.0-331.1
324.6-334.5
325.1-333.4
322.9-334.9

MIS 11
(kyr)
401.1-408.6
401.6-408.8
398.1-417.5
398.9-417.6
395.5-422.1

RSL values are given for the 95% confidence interval of the maximum-probability sea level (2σpmax),
and for the 95% probability interval of all RSL data points (2σdata).
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Supplementary Table 3
Chronologic constraints (lower and upper age boundary) for sea-level rises associated with
aggradational units of the Palaeo-Tiber River.
Aggradational Unit
(=sea-level rise)
VG
SP
AU
VM
VI

Age boundaries
(kyr)
l: 530±2
u: 488±2
l: 437±8
u: 410±2
l: <365±4
u: na
l: na
u: 285±2
l: 268±5
u: <253±8

All ages are reported with 2 uncertainties.
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Supplementary Table 4
Summary of lags between the onset of melting episodes and peak sea-level rise rates over the
last 500 kyr, calculated for deglaciation events (black text) and pulses (red text), and for
different smoothing functions. Results for the 500-yr smoothing (bold) are deemed to be the
most useful (see main text).
Lag (kyr)
Smoothing:
Cumulative number of
deglaciation events/pulses:

68%
85%
95%

250-yr
0.3
0.7
2.4

0.2
0.4
0.5

375-yr
0.6
1.5
5.0

0.4
0.5
0.7

500-yr
0.6
1.5
4.5

0.4
0.6
1.1

750-yr
1.2
3.0
7.5

0.9
1.4
2.2

1000-yr
2.4
6.0
9.4

1.6
2.4
4.5
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Supplementary Table 5
Tie-points and uncertainties in the MGSQ-KL09 Ti/Ca correlation.
TieKL09
age
(kyr)
0
42.081
56.385
61.988
90.930
104.860
121.830
131.439
137.506
152.151
179.398
188.721
197.063
226.385
238.080
244.080
259.656
271.627
292.614
298.257
302.760
318.174
324.972
335.916
346.761
362.927
374.847
389.947
393.605
401.244
419.848
428.064
437.946
446.185
457.565
462.320
471.226
477.816
486.721
491.994

TieMGSQ
age
(kyr)
0
44.270
49.190
70.120
91.880
101.100
114.100
131.900
144.100
159.900
180.600
192.700
196.300
211.800
217.700
224.100
245.500
254.200
272.900
286.800
292.400
305.900
317.800
339.800
346.700
354.800
360.000
378.100
389.800
393.700
410.000
429.600
433.500
436.000
456.300
462.000
463.000
469.100
475.800
485.000

KL09-dating
2
(kyr)
0
2.704
2.021
3.105
2.189
1.433
1.937
1.585
2.447
3.401
2.682
2.661
2.480
2.196
1.389
1.921
1.946
3.236
3.166
2.910
2.805
1.964
2.102
1.593
2.366
2.358
4.223
3.534
3.018
2.931
2.308
1.712
2.536
2.661
2.931
2.505
2.698
3.105
3.494
4.077

KL09 Ti/Ca
sample step
(kyr)
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030

MGSQ
sample step
(kyr)
0.066
0.318
0.471
0.540
0.667
0.845
0.554
0.257
0.662
0.936
1.855
1.080
1.073
1.739
1.647
0.593
0.768
0.862
0.693
0.403
0.779
0.514
0.649
0.985
1.627
1.686
1.396
0.198
0.423
0.506
0.426
5.316
13.560
9.753
1.312
9.657
9.878
0.349
0.190
0.287

RMS
2
(kyr)
0.073
2.723
2.075
3.152
2.288
1.664
2.014
1.606
2.536
3.527
3.261
2.872
2.702
2.801
2.155
2.010
2.093
3.349
3.241
2.938
2.911
2.030
2.200
1.873
2.871
2.899
4.448
3.540
3.048
2.974
2.348
5.585
13.795
10.109
3.211
9.977
10.240
3.125
3.500
4.087

Tie-points are based on the stacked mean quartz grain-size (MGSQ) record27 on its original
chronology, and on the KL09 Ti/Ca record on its new, 18Osanbao-tuned chronology (this
study) (columns 1-2). Sources of our propagated uncertainties include the new KL09
chronology (column 3) and sample-spacing in the KL09 Ti/Ca and MGSQ records (columns
4-5). KL09 dating uncertainties (column 3) were interpolated using OxCal. A root mean
square (RMS) calculation is used to combine the above uncertainties (column 6).
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Supplementary Table 6
Statistical variance for each component in our MLR models for 18Osanbao (Sanbaosim) and
MGSQ (MGSQsim).

Signal variance explained by whole model
Signal variance explained by E
Signal variance explained by P
Signal variance explained by O
Signal variance explained by RSL
Signal variance explained by dRSL

Sanbaosim
Mean ±2σ
(%)
36.3
1.2
3.6
0.4
16.0
1.0
1.0
0.3
10.0
0.8
5.8
0.6

MGSQsim
Mean ±2σ
(%)
43.9
1.2
0.6
0.2
2.0
0.3
0.0
0.0
37.1
1.2
4.3
0.7

Values denote the mean variance and its standard error (±2) for all simulations.
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Supplementary Table 7
Summary of cross-spectral phase analyses between δ18Osanbao and convolutions of our
‘Sanbaosim’ record.

EPO
EPO + RSL
Sanbaosim (EPO + RSL – dRSL)

Coh.
(%)

Periodicity
(kyr)

94
93
95

22.7
22.7
21.7

Phase ±2σ
(°)
(kyr)
39.8±4.8
33.5±5.2
22.6±4.5

2.5±0.3
2.1±0.3
1.4±0.3

See supplementary text for the regression coefficients of the components of Sanbaosim. Phases are
shown for peak coherencies (‘Coh.’) between δ18Osanabo and the convolved records at periodicities
equivalent to the precession cycle.
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Supplementary Note 1
Correlation of Red Sea dust and RSL to Sanbao Cave δ18O
A recent study provided a tightly-constrained, U/Th-based chronology for a continuous
relative sea-level (RSL) record over the past 150 kyrref.1. It exploits a common “glacial effect”
among the Mediterranean and Red Seas to develop a correlation between the Red Sea RSL
record and Soreq Cave (Israel) speleothem 18O variations1. This approach cannot be used to
date Red Sea RSL variations over the preceding glacial cycles (back to ~500 kyr, see Rohling
et al.ref.2,3) because the Soreq 18O record does not extend beyond ~180 kyr. Here we exploit
monsoon-process links between Arabia and East Asia, and a 500-kyr speleothem δ18O record
from Sanbao Cave, China, to provide U/Th-based age control to the Red Sea RSL record
between 150 and 500 kyr. This “Sanbao method” is different to that employed in the
previously published RSL-Soreq correlation. While it does not reach the same level of age
control as the previous method, it offers greatly improved accuracy and chronological
advantages for time intervals before 150 kyr compared to existing methods.

Overall, the Sanbao method relies on two synchronisations. The first, between core KL09
Ti/Ca and Sanbao Cave speleothem δ18O (δ18Osanbao), results in ‘RSLdust-sanbao’. Thus, the Red
Sea RSL record is indirectly synchronised at each glacial termination to δ18Osanbao based on
the Red Sea dust record of Roberts et al.ref.4. The second synchronisation, between ‘RSLdustsanbao’

and δ18Osanbao, results in ‘RSLsanbao’. In this case, the first (indirect) RSL

synchronisation to δ18Osanbao is ‘fine-tuned’ by directly correlating filtered orbital periods in
RSLdust-sanbao and δ18Osanbao that are common to both records and are directly in phase (within
uncertainties).
To correlate Red Sea dust and δ18Osanbao, we use the high-resolution Ti/Ca record of central
Red Sea sediment core KL09ref.4. This record has a 0.5-mm down-core sampling interval,
compared to a 1-cm sampling interval for the environmental magnetic KL09 hematite (Hem)
record, which is smoothed by a 4-cm moving Gaussian window due to the width of the
magnetometer response function5. We correlate mid-points of the rapid decreases in δ18Osanbao
and KL09 Ti/Ca that follow their respective maxima at terminations (main-text Fig. 1b). Use
of these mid-points minimises chronological uncertainties relating to potentially real offsets
in the onset and end of the transitions6. Mid-transition values correspond to ~-8‰ in
δ18Osanbao and ~0.025 in Ti/Ca. We emphasize that this dust-δ18Osanbao synchronisation is
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based on large-scale atmospheric circulation changes at glacial terminations (see main text).
Hence, a comprehensive interpretation of the 18Osanbao ‘response’ is unnecessary. In detail,
Chinese cave δ18O variations are influenced by summer and winter monsoon intensity, as
well as by local and regional isotope fractionation7-10.
For correlation between Red Sea RSL and δ18Osanbao, we use the Red Sea RSL record of
Rohling et al.ref.2,3. This record is predominantly based on RSL data from central Red Sea
core KL09, supplemented with RSL data from nearby cores KL1l and MD92-1017. Key to
our study is the known phase relationship between Red Sea dust and sea-level records, based
on coupled measurements of the same samples from core KL09. The composite (KL09 +
KL11 + MD92-1017) and KL09-only RSL records yield identical timings of sea-level change
(Supplementary Fig. 2), so that inclusion of data from other cores in the RSL record does not
produce spurious phase offsets between dust and RSL. All correlations were performed using
the Analyseries software11.
Synchronisation of KL09 Ti/Ca (dust) and δ18Osanbao, with straightforward linear interpolation
between terminations, yields the ‘Ti/Cadust-sanbao’ and ‘RSLdust-sanbao’ records (main-text Fig.
1a-c). Their power spectra, and those for δ18Osanbao, all have peaks at frequencies of 0.0420.045 kyr-1(~23 kyr periodicity), which is equivalent to the precession cycle (Supplementary
Fig. 6a). Spectral peaks are also observed for Ti/Cadust-sanbao and RSLdust-sanbao at frequencies
equivalent to eccentricity (~0.01 kyr-1; ~100 kyr periodicity), and for RSLdust-sanbao at
obliquity frequencies (~0.025 kyr-1; ~40 kyr periodicity) (Supplementary Fig. 6a). Crossspectral phase analyses of Ti/Cadust-sanbao and RSLdust-sanbao with δ18Osanbao reveal strong
covariance at frequencies of 0.045 kyr-1 (~22 kyr periodicity). Coherency is 78% for
Ti/Cadust-sanbao and δ18Osanbao, and 90% for RSLdust-sanbao and δ18Osanbao.
Age uncertainties associated with the δ18Osanbao chronology are derived from a Bayesian
model in the software ‘OxCal’ref.12,13. Because we wish to maintain consistency with the
existing, linearly interpolated δ18Osanbao chronology7,14,15, we use the U/Th datings and
linearly interpolated ages (‘mean estimates’) from those studies, and take the estimate of
variance from the Bayesian model. Supplementary Figure 8 shows that there is no significant
difference in the mean estimates (original versus modelled), hence this approach is justified.

346

31

Supplementary Note 2
The Palaeo-Tiber River record
Sea-level forcing on the stratigraphic record.
Several studies (see refs. 16-17, and references therein) have shown that sea-level forcing
controlled deposition of sedimentary sections in the coastal plains of the Palaeo-Tiber River
and in the alluvial plains of its tributaries near Rome, Italy (Supplementary Fig. 3). Using
palaeomagnetic constraints and 40Ar/39Ar-dated tephra layers intercalated with the
sedimentary deposits, these studies demonstrate that the sedimentary sections were deposited
during sea-level rise and associated marine ingressions during glacial terminations. The
stratigraphic record of each complete, glacially forced sea-level oscillation in a coastal area is
represented by a basal erosive surface, which was progressively excavated as a consequence
of coastline retreat and sea-level lowering during glacial periods, overlain by a grading
upward succession of clastic sediments, rapidly deposited during sea-level rise in response to
deglaciation. Generally, the aggradational sections recognised in the coastal area around
Rome are fining-upward sequences, with coarse-grained gravel and sand (≤10 m thick) at the
base of each section. The basal coarse-grained deposits are followed by relatively thin sand
horizons, which grade upward into several metres of silt and clay (Supplementary Fig. 4).

Radiometric age constraints on the sedimentary record deposited within the valley and in the
coastal plain of the modern Tiber River17,18demonstrate that gravel aggradation marks a
unique time span in the depositional history of the river between the end of the Last Glacial
Maximum (~21 kyr) and the last glacial termination (~14 kyr). Transportation by the Tiber
River of gravel consisting of > 5 cm diameter pebbles required exceptional hydrologic
conditions that were not repeated during Holocene time. These conditions, which are
characteristic of glacial terminations, include: i) increased sediment supply to the Tiber
drainage basin caused by rapid melting of the Apennine glaciers and subsequent release of a
large amount of clastic material; and ii) lower sea level that produces a steeper baseline
gradient and thus greater erosive competence of the Tiber River. These conditions would
have worked in concert during the 21-14 kyr interval, until accelerated sea-level rise led to a
rapid drop in competence of the Tiber River and, consequently, to the start of sandy clay
deposition. Based on the modern Tiber River analogue, this principle has been applied to
interpret older, exposed aggradational successions (Supplementary Fig. 4). Ages of the
primary volcanic layers intercalated within the clayey deposits above the basal gravel
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sections were then used to constrain the timing of the associated sea-level rise
(Supplementary Fig. 5, Supplementary Table 3).

Chronostratigraphy.
40

Ar/39Ar datings used to constrain the timing of sea-level rises (Supplementary Fig. 3) were

performed at the Berkeley Geochronology Center using procedures and facilities described
by Karner and Renneref.19. All 40Ar/39Ar ages published by Karner and Renne ref.19 that
adopted the age of 27.84 Ma for the Fish Canyon sanidine standard20 have been re-calculated
according to the standard age of 28.02 ± 0.16 Maref.21, in order to harmonise them with
published datings16,22. While two recent revisions of the Fish Canyon sanidine age have been
proposed23,24, their reliability has been questioned25 based on the fact that, if adopted, they
would shift the the 40Ar/39Ar age of the Matuyama-Brunhes reversal to 781 ka and 784 ka,
respectively. These ages conflict with astrochronological estimates. According to Channell et
al.ref.25 , using the recently revised, older ages for the standard systematically increases the
offset between the timing for glacial terminations inferred from the sedimentary record of the
Palaeo-Tiber River and that provided by astrochronological calibration (e.g., ref. 26). We
therefore adopt a conservative approach and use the age of 28.02 Ma for the standard to
calibrate ages presented here. Regardless, the disputed 40Ar/39Ar ages are well outside the
time interval of our sea-level record, hence they do not apply to our age-model validation.

Supplementary Note 3
Correlation between Chinese loess and Red Sea dust records
Striking similarity between KL09 Hem and a stacked mean quartz grain-size record
(MGSQref.27) from the Chinese Loess Plateau4 reflects a broadly synchronous response to
atmospheric changes within the wider monsoon region (Supplementary Fig. 19a). Although
the dynamic processes that link these records have not yet been explored in detail, their
obvious visual similarity and association with monsoonal atmospheric circulation (see main
text) strongly suggest that they can be synchronised. We therefore correlate MGSQ with the
Red Sea dust records (KL09 Ti/Ca and Hem) on their new, 18Osanbao-tuned chronology, using
both dust records for tie-point guidance: the Hem and MGSQ records appear more similar in
structure because they are of comparable resolution, but the higher-resolution Ti/Ca record
more accurately determines tie-point ages (Supplementary Fig. 19b). Note that there are two
potential dust ‘spikes’ to which the MGSQ record at 225 ka (on the Sun et al.ref.27chronology)
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may be aligned: at 230 ka, and at termination 4 (245 ka). Given that i) the largest excursions
in the KL09 dust records are at glacial terminations, ii) the most dramatic negative excursions
in MGSQ (indicative of stronger winter monsoons) generally coincide with Red Sea dust
spikes at terminations, iii) stronger Asian winter monsoons are associated with glacial
terminations, and iv) there is a known process link between large-scale atmospheric
circulation over Arabia and East Asia, it is reasonable to assume that the negative MGSQ
excursion at 225 ka (Supplementary Fig. 17a) should be aligned with the Red Sea dust spike
at 245 ka (termination 4) rather than that at 230 ka Supplementary Fig. 19b). We know that
this dust spike is associated with a glacial termination because the Red Sea dust and sea-level
records were measured on the same sample suite. Fully-propagated tie-point uncertainties are
given in Supplementary Table 5.

The significant advantages of this exercise are a common timescale for past ice-volume
variability and Asian winter monsoon (AWM) intensity, and a U/Th-based chronology for
MGSQ. The latter was previously dated27 by correlation with orbital precession and obliquity
assuming i) zero phase lag between a 18O ice-volume proxy (“SPECMAP”ref.28) and AWM
maxima, and ii) 8-kyr and 5-kyr ice-volume phase lags relative to obliquity and precession,
respectively28. Our dust-MGSQ correlation therefore allows MGSQ to be dated, and icevolume and AWM records to be synchronised, without assumptions about ice-volume
phasings and unbiased by uncertainties associated with the SPECMAP δ18O record.

349

34

Supplementary references
1. Grant, K.M. et al., Rapid coupling between ice volume and polar temperature over the
past 150,000 years. Nature 491, 744-747 (2012).
2. Rohling, E.J. et al., Antarctic temperature and global sea level closely coupled over
the past five glacial cycles. Nature Geosci. 2, 500-504 (2009).
3. Rohling, E.J. et al., Comparison between Holocene and Marine Isotope Stage-11 sealevel histories. Earth Planet. Sci. Lett. 291, 97-105 (2010).
4. Roberts, A.P., Rohling, E.J., Grant, K.M., Larrasoaña, J.C., Liu, Q., Atmospheric dust
variability from Arabia and China over the last 500,000 years. Quat. Sci. Rev. 30,
3537-3541 (2011).
5. Roberts, A.P., High-resolution magnetic analysis of sediment cores: strengths,
limitations and strategies for maximizing the value of long-core magnetic data. Phys.
Earth Planet. Inter. 156, 162-178 (2006).
6. Shackleton, N.J., The 100,000-year ice-age cycle identified and found to lag
temperature, carbon dioxide, and orbital eccentricity. Science 289, 1897-1902 (2000).
7. Cheng, H. et al., Ice age terminations. Science 326, 248-252 (2009).
8. Clemens, S.C., Prell, W.L., & Sun, Y., Orbital-scale timing and mechanisms driving
Late Pleistocene Indo-Asian summer monsoons: Reinterpreting cave speleothem
δ18O. Paleoceanography 25, PA4207 (2010).
9. Lewis, S.C., LeGrande, A.N., Kelley, M., & Schmidt, G.A., Water vapour source
impacts on oxygen isotope variability in tropical precipitation during Heinrich events.
Clim. Past 6, 325-343 (2010).
10. Pausata, S.F.R., Battisti, D.S., Kerim, H., Nisancioglu, K.H., & Bitz, C.M., Chinese
stalagmite δ18O controlled by changes in the Indian monsoon during a simulated
Heinrich event. Nat. Geosci. 4, 474-480 (2011).
11. Paillard, D., Macintosh Program performs time-series analysis. Eos Trans. Am.
Geophys. Union 77, 39 (1996).
12. Bronk Ramsey, C., Deposition models for chronological records. Quat. Sci. Rev. 27,
42-60 (2008).
13. Bronk Ramsey, C., Bayesian analysis of radiocarbon dates. Radiocarbon 511, 337360 (2009).
14. Wang, Y.J. et al., Millennial- and orbital-scale changes in the East Asian monsoon
over the past 224,000 years. Nature 451, 1090-1093 (2008).
15. Cheng, H. et al., The climatic cyclicity in semiarid-arid central Asia over the past
500,000 years. Geophys. Res. Lett. 39, L01705 (2012).
16. Florindo, F. et al., Radioisotopic age constraints for Glacial Terminations IX and VII
from aggradational sections of the Tiber River delta in Rome, Italy. Earth Planet. Sci.
Lett. 256, 61-80 (2007).
17. Marra, F., Florindo, F., Boschi E., The history of glacial terminations from the Tiber
River (Rome): insights to glacial forcing mechanisms. Palaeoceanography 23,
PA2205 (2008).
18. Marra, F., Bozzano, F., Cinti, F.R., Chronostratigraphic and lithologic features of the
Tiber River sediments (Rome, Italy): implications on the post-glacial sea-level rise
and Holocene climate. Global Planet. Change 107, 157-176 (2013).
19. Karner, D.B., Renne, P.R., 40Ar/39Ar geochronology of Roman province tephra in the
Tiber River Valley: age calibration of Middle Pleistocene sea-level changes. Geol.
Soc. Am. Bull. 110, 740-747 (1998).

350

35

20. Renne, P.R., Excess 40Ar in biotite and hornblende from the Noril'sk 1 Intrusion,
Siberia; implications for the age of the Siberian Traps. Earth Planet. Sci. Lett. 131,
165-176 (1995).
21. Renne, P.R. et al., Intercalibration of standards, absolute ages and uncertainties in
40
Ar/39Ar dating. Chem. Geol. 145, 117-152 (1998).
22. Karner, D.B., Marra, F., Renne, P.R., The history of the Monti Sabatini and Alban
Hills volcanoes: groundwork for assessing volcanic-tectonic hazards for Rome. J.
Volc. Geotherm. Res. 107, 185-215 (2001).
23. Kuiper, K.F. et al., Synchronizing rock clocks of Earth history. Science 320, 500-504
(2008).
24. Renne, P.R., Mundil, R., Balco, G., Min, K., Ludwig, K.R., Joint determination of 40K
decay constants and 40Ar*/40K for the Fish Canyon sanidine standard, and improved
accuracy for 40Ar/39Ar geochronology. Geochim. Cosmochim. Acta 74, 5349-5367
(2010).
25. Channell, J.E.T., Hodell, D.A., Singer, B.S., Xuan, C., Reconciling astrochronological
and 40Ar/39Ar ages for the Matuyama-Burunhes boundary and late Matuyama chron.
Geochem. Geophys. Geosyst. 11, Q0AA12 (2010).
26. Lisiecki, L.E., Raymo, M.E., A Pliocene-Pleistocene stack of 57 globally distributed
benthic 18O records. Palaeoceanography 20, PA1003 (2005).
27. Sun., Y., Clemens, S.C., An, Z., & Yu, Z., Astronomical timescale and palaeoclimatic
implication of stacked 3.6-Myr monsoon records from the Chinese Loess Plateau.
Quat. Sci. Rev. 25, 33-48 (2006).
28. Imbrie, J. et al., The orbital theory of Pleistocene climate: support from a revised
chronology of the marine δ18O record. In Milankovitch and Climate (Part I), A.
Berger et al., Eds. (Reidel, Hingham, Mass., 1994) pp. 269-305.
29. Karner, D.B., Marra, F., Florindo, F., Boschi, E., Pulsed uplift estimated from terrace
elevations in the coast of Rome: evidence for a new phase of volcanic activity? Earth
Planet. Sci. Lett. 188, 135-148 (2001).
30. Marra, F., Karner, D.B., Freda, C., Gaeta, M., Renne, P., Large mafic eruptions at
Alban Hills Volcanic District (Central Italy): Chronostratigraphy, petrography and
eruptive behavior, J. Volc. Geotherm. Res. 179, 217-232 (2009).
31. Marra, F., Rosa, C., Stratigrafia e assetto geologico dell'area romana, in "La Geologia
di Roma. Il Centro Storico", Mem. Descr. Carta Geol. Ital. 50, 49-118 (1995)
32. Karner, D.B., Marra, F., Correlation of fluviodeltaic aggradational sections with
glacial climate history: a revision of the classical Pleistocene stratigraphy of Rome.
Geol. Soc. Am. Bull. 110, 748-758 (1998).
33. Marra, F., Florindo, F., Karner, D.B., Palaeomagnetism and geochronology of early
Middle Pleistocene depositional sequences near Rome: comparison with the deep sea
18O climate record. Earth Planet. Sci. Lett. 159, 147-164 (1998).
34. Marra, F., Commento a: Giordano, G., Esposito, A., De Rita, D., Fabbri, M.,
Mazzini, I., Trigar,i A., Rosa, C., Funiciello, R., 2003 - The sedimentation along the
roman coast between middle and upper Pleistocene: the interplay of eustatism,
tectonics and volcanism – new data and review, Il Quaternario, 16, 121-129. Il
Quaternario 17, 643-645 (2004).
35. Muhs, D.R., Pandolfi, J.M., Simmons, K.R., Schumann, R.R., Sea-level history of
past interglacial periods from uranium-series dating of corals, Curaçao, Leeward
Antilles islands. Quat. Res. 78, 157-169 (2012).
36. Andersen, M.B. et al., The timing of sea-level high-stands during Marine Isotope
Stages 7.5 and 9: constraints from the uranium-series dating of fossil corals from
Henderson Island. Geochim. Cosmochim. Acta 74, 3598-3620 (2010).
351
36

37. Stirling, C.H. et al., Orbital forcing of the marine isotope stage 9 interglacial. Science
91, 290-293 (2001).
38. Schellmann, G., Radtke, U., A revised morpho- and chronostratigraphy of the Late
and Middle Pleistocene coral reef terraces on Southern Barbados (West Indies). Earth
Sci. Rev. 64, 157-187 (2004).
39. Hearty, P.J., Kindler, P., Cheng, H., Edwards, R.L., A +20 m middle Pleistocene sealevel highstand (Bermuda and the Bahamas) due to partial collapse of Antarctic ice.
Geology 27, 375-378 (1999).
40. Murray-Wallace, C.V., Pleistocene coastal stratigraphy, sea-level highstands and
neotectonism of the southern Australian passive continental margin – a review. J.
Quat. Sci. 17, 469-489 (2002).
41. Bard, E., Antonioli, F., Silenzi, S., Sea-level during the penultimate interglacial period
based on a submerged stalagmite from Argentarola Cave (Italy). Earth Planet. Sci.
Lett. 196, 135-146 (2002).
42. Dutton, A. et al., Phasing and amplitude of sea-level and climate change during the
penultimate interglacial. Nature Geosci. 2, 355-359 (2009).
43. Laskar, J., The chaotic motion of the solar system: A numerical estimate of the size of
the chaotic zones. Icarus 88, 266-291 (1990).

352

37

Chapter 6
GIA corrections for the Camarinal
Sill
Parts of this chapter have been published in Rohling et al. (2014), which is
included at the end of this chapter. Author affiliations and contributions are listed
in the manuscript.

6.1

Abstract

This chapter details the GIA modelling that supported the publication of Rohling
et al. (2014), which describes the development of a 5.3 Myr RSL curve relative to
the Camarinal Sill in the Straits of Gibraltar. We quantify an initial relationship
between RSL at the Camarinal Sill and GMSL and consider the impact of localised
glaciations. As with the Red Sea (Chapter 5) the relationship between RSL at the
Camarinal Sill, and GMSL, is to a first order approximation a linear one and
primarily depends on changes in global ice volume.
This relationship allows key comparisons with existing estimates for sea level
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between 3.3 and 2.9 million years ago to be made and crucially allows us to
provide the first continuous estimates of GMSL for this period.
We extend this investigation to consider the sensitivity of the Camarinal Sill
to alternate ice histories and individual ice sheets, allowing us to explore
sensitivity to dispersal of ice mass. We then consider the potential of using the
continuous RSL curve to provide some constraints on the evolution of the Eurasian
ice sheet through MIS 6.

6.2

Introduction

Figure 6.1: The Camarinal Sill located at the Straights of Gibraltar is the control
point for exchange flow between the Atlantic Ocean and the Mediterranean (Bryden
and Kinder, 1991).
Sea level is an excellent proxy for climate state, as it reflects the global
growth and melt of ice volume. The current climate state can be broadly termed
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as an “interglacial” period as we exist in a relatively warm state with sea-level
elevated by approximately 120 m compared to the glacial conditions and low sea
level that existed between 15 and 30 ka (Lambeck et al., 2014). Despite this we can
also characterise our climate as being part of a longer scale “ice age” as
considerable ice sheets do still exist on the earth. Current estimates suggest
somewhere between 65 and 70 m of sea-level equivalent locked up as continental
based ice (Vaughan et al., 2013).
To investigate how sea level has varied over both short and long timescales
requires us to use records that are both high resolution (sub 0.5 kyr resolution)
and cover a long period of time. The Lisiecki-Raymo benthic δ 18 O stack (Lisiecki
and Raymo, 2005) has been an excellent starting point for long timescale analysis
as it covers 5.3 Myrs. The resolution varies for different periods during the stack,
but even the highest resolution is insufficient for resolving millennial scale
oscillations. Moreover, as the δ 18 O record is a proxy for both temperature and ice
volume (Shackleton, 1967), this becomes a complex signal to decompose without
knowing how the contribution to the total δ 18 O from temperature varies with time.
Elderfield et al. (2012) decompose a δ 18 O signal covering the last 1.5 million
years into temperature and ice volume components using a continuous signal of
deep sea temperature, recovered via the Mg/Ca proxy. The sea-level curve
recovered via this process is comparable with the Red Sea RSL curve, although not
at a particularly high resolution. Other approaches and records exist, for example
the backstripped eustatic curve of Miller et al. (2005) which covers the last 543
Myr. However the resolution is at best between 104 or 105 yrs. A Northern Red
Sea sea-level curve (Arz et al., 2007) also exists, formed by δ 18 O decomposition
into temperature and volume components, has a high temporal resolution (0.2 kyr
timesteps) but limited coverage (only between 13 and 83 ka).
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At present the only high resolution and continuous record of sea level that
covers more than one glacial cycle is the Red Sea RSL curve (Siddall et al., 2003;
Grant et al., 2014). However, this extends back over the last 500 kyr; a time in
which the major ice sheets found on land in the present day never fully
deglaciated. We therefore only have a partial record of the climate change our
planet is naturally capable of.
The Mediterranean features as a suitable, if complex, location for the
recovery of sea level via the Red Sea method which involves reconstructing sea
level relative to a hydraulic control point (Siddall et al., 2003; Siddall et al., 2004).
In this case the Camarinal Sill in the straits of Gibraltar (figure 6.1) has been the
primary control point for exchange of Atlantic water mass with Mediterranean
water (Bryden and Kinder, 1991). The reconstruction is more complicated as
unlike the Red Sea there is both riverine input to the Mediterranean notably from
the African monsoon. Furthermore the evaporation rate is not as high as it is in
the Red Sea, which results in less amplification of the δ 18 O signal.
As for the Red Sea, this sea-level reconstruction process reconstructs a
relative sea level signal, so in order to relate RSL to GMSL we need to understand
how the Camarinal Sill behaves in response to the growth and melt of continental
ice over multiple glacial cycles. In this chapter we characterise the response of the
sill in terms of the sensitivity of earth model and the individual ice sheet response.

6.3

Methods

The Camarinal Sill is a key location for the development of a relative sea level
(RSL) curve unique in resolving sea level at millennial scale for the past 5.3 million
years. The Camarinal Sill exerts a similar exchange limiting role on the
Mediterranean as the Hanish Sill does for the Red Sea (Siddall et al., 2003;
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Rohling et al., 2014). As such, the isostatic response of the sill is required in order
to relate the RSL derived for this point to a GMSL.
We first model the glacial isostatic response of the Camarinal Sill using Ice
A, an ice history based on ICE-5G (Peltier, 2004) described in Chapter 1.4, but
extended over 2 glacial cycles with a 4 kyr interglacial of near present day ice
volumes. This allows us to characterise the relationship between RSL and GMSL
for a distribution of ice volume that characterises variations over the Last Glacial
Maximum to present day, using the full range of earth models described in section
2.2. The model output is considered from 150 ka to present day (two deglaciations
and a glaciation phase), with a linear regression model applied to determine the
relationship between RSL and GMSL.
We assemble a dataset that comprises GIA predictions generated by the full
range of earth models for the Camarinal Sill. We run a linear regression on this
entire dataset to generate the gradient and intercept for the relationship between
RSL and GMSL. However, if we consider the model runs for an individual earth
model, these generate a different gradient and intercept. We take the standard
deviation of the values generated by each individual model run, and use them as
an expression of uncertainty for the linear regression generated using the full
dataset. We also investigate whether this relationship holds using Ice 1 and Ice 2,
the ice histories developed in Chapter 4 based on the Red Sea RSL curve.
The Camarinal Sill in the Straits of Gibraltar is found in a location with high
altitude mountain ranges both to the north (the Spanish Sierra Nevada) and the
south (the Moroccan Rif and Atlas ranges), figure 6.1 . Despite their low latitude
location at 30.933 ° N and 5.75 ° W, the altitudes of the surrounding mountain
ranges mean that they have experienced glaciations in the past. Although present
day mountain glaciers contribute very little to either continental loading or global
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ice volume (a current estimate for the amount of ice locked up in continental
glaciers around the world is less than 1% of total global ice (Radic and Hock,
2011)) their proximity to the sill requires investigation in order to generate an
order of magnitude estimate for any GIA impact of localised glaciations. Our
approach to this is detailed in section 6.3.1.

Figure 6.2: Distribution of ice in grid squares in the ice model for localised glaciations
at the Camarinal Sill
To investigate the impact of localised glaciations on RSL at the Camarinal
Sill we develop an ice volume scenario, G_ICE, to represent a short timescale
localised glaciation cycle. The scenario starts on a timestep with zero ice volume,
contains a short glaciation period of 10 kyr and a more rapid deglaciation cycle of
5 kyr, and ends on a timestep with zero ice volume. We adjusted this scenario to
ensure that the model is given enough relaxation following the short-lived
glaciation order to return to a near-equilibrium position. These adjustments are
described in table 6.2.
Our final investigation further explores the sensitivity of the Camarinal Sill
to choice of earth model, to individual ice sheets and an alternate MIS 6 Eurasian
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ice sheet. To do this we make use of the Ice 1 and Ice 2 ice histories developed in
Chapter 4, and the full range of earth models described in section 2.2. Here we
characterise the RSL: GMSL response at the Camarinal Sill by contribution from
individual ice sheets. Each ice history is split into the contribution from individual
ice sheets which are then run so that the RSL response due to each ice sheet can
be modelled in isolation. Finally we review how RSL and GMSL vary with time in
order to discern any phase offsets, where the phase offset is calculated: Time of
peak GMSL - time of peak RSL. A positive phase offset means that peak GMSL
happens prior to peak RSL, and a negative offset means that peak RSL happens
prior to peak GMSL.

6.3.1

Modelling ice loading

With the intention of simulating a realistic glaciation, we conducted a literature
review on known spatial extent and volume for glaciations associated with nearby
mountain ranges, the Tel, Rif and Atlas ranges in North Africa and the Sierra
Nevada in southern Spain. Although at a lower elevation than the Atlas range
both the Tel and the Rif ranges have evidence of prior glaciations (Hughes et al.,
2004). We chose to include the Rif range based on proximity to the Camarinal Sill
and exclude the Tel mountains both for reason of their distance from the sill and
their low elevation.
The Hughes et al. (2011) review indicates five

10

Be dates across the high

elevation Atlas range (mountains at 4100 m above sea level), and suggest valley
glaciers up to 10 km long emanating from a centralised ice field. Although this
review could determine and date some terminal moraines and could recreate
potential snowlines, there remained a paucity of information on volume. North of
the sill in Southern Spain the Gomez-Ortiz et al. (2012) investigation of four
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Mountain System

Approximated by Latitude
Longitude Grid
Er Rif
34:35°N, 4:5 °W
Moyen / Middle Atlas 33:34°N, 4:5°W
Haut/ High Atlas
32:33°N, 5:6 °W, 31:32°N,
6:7°W,32: 33°N, 4:5°W
Sierra Nevada (Spain) 37:38°N, 3:4°W

Modelled
Ice
GIBMAP (m)
10
100
100,100,50

Height

10

Table 6.1: 1 x 1 degree grid cells used to coarsely model the mountain glacier systems
with a potential impact on the RSL response of the Camarinal Sill.

glacial valleys associated with the Sierra Nevada indicated that maximum
glaciation preceded Last Glacial Maximum and in this region covered an area of
326 km2 ; unfortunately this specificity wasn’t available for all ranges. Given the
resolution the GIA model works with, a 512 x 256 Gauss-Lagrange grid, and the
limited chronological information, it made sense to develop an ‘extreme’ glaciation
scenario, with all ranges covered simultaneously, and over a greater area than the
literature review would suggest. The next step was to try and gain an
understanding of what a realistic ice height might be in these locations.
Given an area for extent of glaciation for the Sierra Nevada, we could use the
ice volume to area scaling established by Bahr et al. (1997). This relationship was
determined empirically, but can be derived mathematically from ice dynamics, and
is valid in both steady state and non-steady state applications. This indicates that:

V = cAγ
where V is volume, A is area, c is a scaling constant and γ takes a value of 1.375
when the relationship is applied to valley glaciers. For simplicity c was treated as
taking a value of 1, which overstates the implied volume. The calculation resulted
in a height of approximately 8.8 m for the Sierra Nevada glaciation, which was
simplified and exaggerated further in the ice model as 10m (see Table 1). The
360

6.3. Methods
“Rif” area is visually broadly similar to the Sierra Nevada (figure 6.1), and hence
this was ascribed a similar ice height.
Ice height modelling for the Middle and High Atlas ranges ventures further
into the realm of supposition. Although there is a greater extent of landscape at
higher elevations than in the Sierra Nevada or the Rif ranges, snowlines,
themselves in question (Hughes et al., 2011) are reported to be at high altitudes.
We have placed heavy weighting on the suggestion in Hughes et al. (2011) that
previous authors have underestimated the extent of the glaciation and
overestimated the altitude of the snowlines, and estimated ice heights up to 10 x
greater than that calculated for the Sierra Nevada.
Despite attempts to generate an “extreme but based in reality” scenario, a
preliminary model run using these ice heights determined that very little impact
could be measured on RSL values at the Camarinal Sill. As a result we adjusted
the modelling to answer the question “what ice heights are required in order to
measure an impact at the Camarinal Sill”. This ‘extreme’ scenario meant that all
the semi-realistic ice heights were further multiplied by 10.
Grid squares representing glaciers forming on the named mountain ranges
were assigned a 1x1 degree grid, detailed in table 6.1 which was then resampled
with a bilinear interpolation algorithm into a 256 x 512 grid appropriate for use in
the GIA model. This approach clearly overstates the geographical extent of a local
glaciation, hence we classify it as an extreme scenario. This can be seen in Figure
6.2.
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Figure 6.3: GMSL vs RSL at the Camarinal Sill using Ice A. The blue dots represent
the RSL predictions for a given GMSL, and their horizontal dispersal indicates the
variation due to choice of earth model. The black line is the linear regression line
that describes the results.

6.4

Results

6.4.1

Investigation 1: RSL to GMSL relationship

The relationship derived for RSL at the Camarinal Sill (RSLGib ), presented in
Rohling et al. (2014) and figure 6.3, describes a linear relationship between RSL
and GMSL such that GMSL = 1.23 (± 0.08) RSLGib + 0.5 (±1.9) with
uncertainties expressed as two standard deviations. This relationship is derived for
a given ice history (Ice A), in which ice does not drop below present day levels.
We then consider the same analysis on the model results generated using Ice
1 and Ice 2 (figure 6.4). In this instance Ice 1 is generated using the same ice
dispersal template as Ice A, so results should (and do) appear very similar to those
generated by Ice A. Ice 2 is generated using a different ice dispersal template, in
particular one that contains a larger Eurasian ice sheet during MIS 6. The model
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output for Ice 2 displays greater variation with earth model. There is a much
greater dispersal of GIA model predictions around the line of best fit, (figure 6.4
panel B).

Figure 6.4: GMSL vs RSL at the Camarinal Sill using Ice 1 and Ice 2. The blue
dots represent the RSL predictions for a given GMSL, and their horizontal dispersal
indicates the variation due to choice of earth model. The black line is the linear
regression line that describes the results.
Ice 1 generates the following relationship between GMSL and RSL:
GMSL = 1.19 (± 0.06) RSL + 2.3 (±1.7)

Whereas Ice 2 generates this relationship:
GMSL = 1.22 (± 0.12) RSL + 4.2 (±2.4)
The slope for both Ice 1 and Ice 2 is nearly identical. However, the standard
deviation doubles in size, reflecting the increased dispersion of the results that can
be seen for Ice 2. Given that the major difference between Ice 1 and Ice 2 is the
Eurasian MIS 6 ice sheet, the results indicate some sensitivity to a Eurasian ice
sheet of greater volume and extent. We investigate this result further in section
6.4.3 below.
The deviation from a linear relationship arises when consider the relationship
between RSL and GMSL over time. For both Ice A and Ice 1 the predicted results
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Figure 6.5: Top panels: GMSL vs RSL, Lower panels: GMSL vs RSL with time.
The line in the lower panels tracks the transition from one time point to the next
time point for one earth model. The contrasting coloured dots in the top panels
(black against red for Ice 1, yellow against blue for Ice 2) put the one earth model
displayed in the lower panel into context with predictions generated by all the earth
models.

are strongly linear and display very little dispersal with earth model (figures 6.3
and 6.4 A; for Ice 2 we see more variation in the dispersal of predictions around
the linear regression line. However, these graphs display the output generated
using 495 different earth models. When we consider one earth model, the
transition from one individual time step to another may describe a different and
potentially non-linear relationship between GMSL and RSL, particularly when
there is a rapid cycling between glaciation and deglaciation phases. This is shown
in figure 6.5 where it is clear that the relationship changes through time when we
consider one single model output, even though a simple linear relationship
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characterises the general mean response of RSL to GMSL at the Camarinal Sill.

6.4.2

Investigation 2: Impact of local glaciation

Figure 6.6: Impact on sea level at the Camarinal Sill from the extreme local ice
scenario.
An extreme scenario of ice loading in the vicinity of the Camarinal Sill was
developed in order to place some constraint on the impact of any localised
glaciations. As well as simulating a short glaciation-deglaciation cycle it was
important to determine what duration of time to build in to allow the GIA model
to return to near-equilibrium. An initial run of the simple glaciation-deglaciation
cycle (with no extra timesteps built in) resulted in the unrelaxed portion of RSL
perturbation apparent at the oldest timestep being larger than the adjustment to
RSL following glacial maximum (the first row of results, Table 6.2).
The impact of different relaxation periods were investigated to find an
appropriate period of relaxation time that results in a minimal perturbation signal
at the initial zero-ice time step. A summary of this investigation is presented in
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Ice model

Max RSL
following
Ice Max

Description
model

T_1

Period
RSL at first
covered by timestep
model run (no ice)
(kyr)
15
-1.55

of

ice

0.55

T_2

20

-0.64

1.47

T_3

25

-0.63

1.47

T_4

25

-0.26

1.84

T_5

30

-0.106

2.00

T_6

30

-0.11

1.99

In 1 kyr steps from
15 kyr to 5 kyr build
ice, then melt ice over
next 4 kyr returning
to zero ice.
As T_1, with 5 kyr
of zero ice added to
deglaciation
As T_2, with 5 kyr
of zero ice added to
initial glaciation sequence
As T_2 with a further
5 kyr of zero ice added
to deglaciation.
As T_4 with a further
5 kyr of zero ice added
to deglaciation.
As T_5 but with less
timesteps
10 kyr:
10,5,1,0,-1.

Table 6.2: Description of all ice scenarios used to investigate the impact of local
glaciation on RSL response of the Camarinal Sill.

table 2. This investigation is looking for a relaxation period after a minor
glaciation/deglaciation cycle such that the perturbation at the initial step is
minimised with respect to the perturbation following glacial maximum. Here T_5
emerges as an optimum configuration, with the result that a glaciation period
spanning 10 kyr, followed by a 5 kyr deglaciation, and then a 15 kyr relaxation
period allows for sufficient relaxation time.
The result of the extreme glaciation scenario (figure 6.6) indicates the
locations whose RSL response is affected by the localised glaciations (this result is
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for the VM2 like earth model). The largest impact is seen directly under the site of
the largest glaciations - the Atlas mountains. Figure 6.7 displays the results for all
495 earth models. Given that the maximum impact on RSL at the Camarinal Sill
is approximately 1m and that this result was generated by a implausibly extreme
glaciation scenario we can say that the results are negligible within the bounds of
uncertainty of the RSL curve itself.
Relative sea levels (RSL) and Global Mean sea levels
at the Camarinal Sill

Relative sea level (m)

1.2
1

Relative sea levels
Global Mean sea levels
VM2−like Earth Model RSL

0.8
0.6
0.4
0.2
0

−0.2
0
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10

15
Age (ky)

20

25
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Figure 6.7: This presents the RSL results from 495 earth parameterisations. The
maximum impact on RSL at the Camarinal Sill is approximately 1m.

6.4.3

Investigation 3: Ice sheet sensitivity

Using Ice 1 and Ice 2 we review the RSL response at the Camarinal Sill generated
by each individual ice sheet - East Antarctica, West Antarctica, Eurasia,
Laurentide and Greenland. Figure 6.8 plots the predicted RSL vs GMSL for each
ice sheet, for each of the earth model parameterisations. The variation with earth
model appears as a horizontal line of dots - for a given GMSL there are a range of
possible RSL responses. The ice sheets that contribute the smallest change in ice
volume to the ice histories - Greenland, West and East Antarctic tend to plot
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Figure 6.8: RSL:GMSL relationships by ice sheet. The black line indicates where
the predictions would lie if there was no glacial isostatic adjustment response. The
horizontal dispersal of RSL for a given GMSL indicates sensitivity to earth model.

along the 1:1 line - the line of no-GIA response. The larger volume and extent of
the Eurasian ice sheet (red dots) in Ice 2 results in a more variable earth response.
For both ice histories the RSL to GMSL relationship described by the Eurasian ice
sheet is quite different to the relationship described by the Laurentide ice sheet; for
a given change in GMSL we see greater attenuation in RSL response for the
Eurasian ice sheet than for the Laurentide ice sheet.
We then investigate whether there is a phase offset in the RSL:GMSL
response. To do this we review the predicted values of RSL and GMSL with time
(figures 6.9 and 6.10), here displayed for one earth model only (VM2-like earth
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Figure 6.9: RSL and GMSL generated for an individual ice sheet, using Ice 1.
Dashed lines are RSL response, plain lines are GMSL response.

model) over the period of 180 to 150 kyr, a period in which the Eurasian ice sheet
is expected to have existed. Using this presentation, it is hard to see any phase
offset for Ice 1, although a clear phase offset is visible for Ice 2. Given that this is
likely to change with earth model, we present contour graph of responses across
the 60 earth models investigated (figures 6.11 for Ice 1, and figure 6.12 for Ice 2).
For Ice 2 the offset ranges between a value of 0 and +6 kyr, whereas the
results are more complex for Ice 1, with a potential positive and negative phase
offset between the predicted RSL and the GMSL (range is between -6 and +2).
This indicates a complex relationship between RSL and GMSL dependent on
volume and location of ice within the Eurasian ice sheet. The RSL response due to
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Figure 6.10: RSL and GMSL generated for an individual ice sheet, using Ice 2.
Dashed lines are RSL response, plain lines are GMSL response.

the Eurasian ice sheet can both lead and lag GMSL at the Camarinal Sill using Ice
2, whereas for Ice 2, RSL response due to the Eurasian ice sheet has a predominant
lag response to GMSL. This dominant lag response may be due to the greater ice
volume contained within the Eurasian ice sheet for the Ice 2 ice history.
This is interesting as it points towards a potentially different phase offset
depending on the size and distribution of the Eurasian ice sheet. Ice 1 as a full ice
history is dominated by a large Laurentide, and the Eurasian ice sheet has the
same configuration at MIS 6 as it did at Last Glacial Maximum. Ice 2 contains a
larger Eurasian ice sheet, both in extent and volume at MIS 6. This therefore
points towards a potential difference in behaviour (or at least different drivers
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Figure 6.11: Contour plot of the phase offset in kyr between RSL and GMSL at the
Camarinal Sill using Ice 1 and a limited set of earth models for the Eurasian ice
sheet only.

Figure 6.12: Contour plot of the phase offset in kyr between RSL and GMSL at the
Camarinal Sill using Ice 2 and a limited set of earth models for the Eurasian ice
sheet only.
behind the same manifested behaviour) between TI, dominated by Laurentide
deglaciation, and TII - which is modelled to contain a larger contribution from
Eurasia.
Our final investigation looks at what earth models drive the largest
attenuation in RSL compared to GMSL for the Laurentide and the Eurasian ice
sheet in the Ice 2 ice history at the MIS 6 glacial maximum, figure 6.13. Here we
note that different earth models drive maximum attenuation for each ice sheet.
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Figure 6.13: Contour plot of the offset in metres between RSL and GMSL at the
Camarinal Sill using Ice 2 and a limited set of earth models for the Eurasian and
Laurentide ice sheets.
The largest attenuation for the Eurasian ice sheet is driven by a high upper and
lower mantle viscosity, whereas for the Laurentide ice sheet a low mantle viscosity
and a high upper mantle viscosity drives the largest values.

6.5

Discussion and Conclusions

In this chapter our key result is that to a first approximation the relationship
between RSL and GMSL at the Camarinal Sill is linear. As an initial
approximation the RSL record generated by Rohling et al. (2014) can be scaled to
approximate continuous global mean sea level for the duration of the record.
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Although acceptable as a preliminary investigation of the isostatic relationship
between RSL at the Camarinal Sill and GMSL, further developments are required
in order to better describe this relationship in view of the sensitivity to volumetric
changes in the Eurasian ice sheet and to some extent the Laurentide ice sheet also.
Our initial investigation only made use of one ice history with ice distribution
based on that found over the last deglaciation. The sea level record shows that ice
volume can be very dynamic and varies from glacial cycle to glacial cycle. The
representation of glaciations in field data, whereby some records from older
glaciations are preserved, while other records are overprinted by more recent
glaciations, also show that the ice dispersal varied through time. Although the
impact of localised glaciations in the Atlas and Sierra Nevada ranges of Morocco
and Spain are shown to have little isostatic impact, we find that the Camarinal Sill
is particularly sensitive to a MIS 6 Eurasian ice sheet of greater volume and extent.
This will impact the relationship between RSL and GMSL, with the isostatic
adjustment acting to create a phase offset in time between the RSL and GMSL
response, as well as dampen the amplitude between sea-level maxima and minima.
Observed RSL following during a glacial maximum could therefore sit
somewhere on a continuum of response with two scenarios existing per primary ice
sheet driving the deglaciation (Laurentide or Eurasian, effectively Ice 1 or Ice 2 at
the MIS 6 deglaciation). Considering a Eurasian driven glaciation the first scenario
would be less total global ice growth, but an earth model with high upper mantle
viscosity, and a high lower mantle viscosity, and which a set amount of ice growth
in Eurasia.
The second scenario would employ more total global ice volume growth, of
which the same amount of ice growth occurs in Eurasia, but with a different earth
model - one with a low upper mantle viscosity and a low lower mantle viscosity.
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Both scenarios could result in the same RSL being observed at the Camarinal Sill.
For a Laurentide driven glaciation we consider a similar set of scenarios,
except now the earth models change between being a high lower mantle viscosity
and a low upper mantle viscosity being responsible for the greater attenuation in
RSL, and a high upper mantle viscosity and mid to low range upper mantle
viscosity at the opposite end of the responses.
In comparing both the Red Sea RSL curve and the RSL curve generated
through the Straits of Gibraltar, there is a clear offset between the two curves
through this time, figure 6.14. We have seen that both a modelled positive and a
modelled negative offset are possible in relating RSL generated by the Eurasian ice
sheet at the Camarinal Sill with GMSL and we have shown in Chapter 5 that
there is no offset between RSL at the Hanish Sill and GMSL.
Theoretically we should be able to explain the variation between the two
curves in terms of the relative sensitivities to the Eurasian ice sheet, given that the
Camarinal Sill has a strong linear relationship between RSL and GMSL, and that
a similar relationship exists for the Red Sea at the Hanish Sill. To do this we need
to establish the two curves on the same chronology. An offset in time between the
two curves can then be explained either in terms of a different earth model driving
a stronger Eurasian RSL response, or variation in volume and extent of the MIS 6
Eurasian ice sheet.
By using the continuous records of sea level generated at the Hanish Sill in
the Red Sea and the Camarinal Sill in the Mediterranean, and by determining their
GIA response, we should be able to place some constraints on the evolution of the
Eurasian ice sheet. Further work is required in order to develop some scenarios to
constrain the trade off between ice volume and extent and choice of earth model.
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Sea-level and deep-sea-temperature
variability over the past 5.3 million years
E. J. Rohling1,2, G. L. Foster2, K. M. Grant1, G. Marino1, A. P. Roberts1, M. E. Tamisiea3 & F. Williams2

Ice volume (and hence sea level) and deep-sea temperature are key measures of global climate change. Sea level has been
documented using several independent methods over the past 0.5 million years (Myr). Older periods, however, lack
such independent validation; all existing records are related to deep-sea oxygen isotope (d18O) data that are influenced
by processes unrelated to sea level. For deep-sea temperature, only one continuous high-resolution (Mg/Ca-based)
record exists, with related sea-level estimates, spanning the past 1.5 Myr. Here we present a novel sea-level reconstruction, with associated estimates of deep-sea temperature, which independently validates the previous 0–1.5 Myr
reconstruction and extends it back to 5.3 Myr ago. We find that deep-sea temperature and sea level generally decreased
through time, but distinctly out of synchrony, which is remarkable given the importance of ice-albedo feedbacks on the
radiative forcing of climate. In particular, we observe a large temporal offset during the onset of Plio-Pleistocene ice ages,
between a marked cooling step at 2.73 Myr ago and the first major glaciation at 2.15 Myr ago. Last, we tentatively infer
that ice sheets may have grown largest during glacials with more modest reductions in deep-sea temperature.
To understand better the potential response of ice volume (sea level)
to global warming, there is a need for continuous, highly resolved and
well-quantified records of sea-level variations associated with past
climate fluctuations1–4. In addition, such records are critical for understanding the development of major ice-age cycles over the past ,3 Myr
and of the attendant reorganizations in the coupled climate–ocean system, including extensive biological and biogeochemical perturbations5–8.
Continuous sea-level records with centennial resolution, suitable for
investigating magnitudes and rates of sea-level change, exist for the past
0.5 Myr (refs 1, 9–11). For older periods, existing millennially resolved
sea-level reconstructions include (1) a continuous, model-based deconvolution of global deep-sea benthic foraminiferal d18O data (d18Ob)
into temperature and ice-volume changes back to 35 Myr ago12; (2) a
scaling of global deep-sea d18Ob using New Zealand sequence stratigraphic data for 3.4–2.3 Myr ago2,3; (3) a direct scaling of another deepsea d18Ob compilation for the past 7 Myr (ref. 13); and (4) a deep-sea
d18Ob record (corrected for deep-sea temperature, Tds) over the past
1.5 Myr from Chatham rise, in the southwest Pacific Ocean, which is argued
to be representative of global deep water14. A further, lower-resolution,
Tds-corrected deep-sea d18Ob record exists for the North Atlantic15, although questions exist concerning carbonate chemistry influences on
the epibenthic species analysed in that record16, and about site-specific
issues regarding North Atlantic Deep Water property variations versus
potential water-mass changes due to Antarctic Bottom Water penetration.
All existing methods rely on deep-sea d18Ob and are, therefore, not
independent of each other. In addition, there is limited temporal overlap between these reconstructions and, importantly, methodological
uncertainties are typically much larger in sea-level reconstructions for
periods before 0.5 Myr ago. Hence, it is necessary to develop independent sea-level reconstructions to identify mutually consistent patterns.
This in turn will enable fundamental questions to be addressed concerning the timing and development of Northern Hemisphere glaciation, sea-level variability during past warm periods with greenhouse gas
concentrations similar to those of today, and the long-term relationship
between ice volume, temperatures and greenhouse gas concentrations.

To advance the debate, we here present a new and independent sealevel reconstruction that spans the past 5.3 Myr.

Location for new sea-level reconstruction
The Red Sea would be a promising location for developing an extended
sea-level reconstruction beyond 0.5 Myr ago1,10,11,17. Red Sea sea-level
reconstructions for the past 0.5 Myr rely on hydraulic control of water
exchange through a shallow and narrow connection with the open ocean
(the Bab-el-Mandab Strait)10,17. The method is independent of deepsea d18Ob, and yields ‘Relative sea level at Bab-el-Mandab’ (RSLBeM) reconstructions with a 1s uncertainty of ,6 m (refs 10, 17). Unfortunately,
no high-quality Red Sea sediment cores exist that allow extension of
RSLBeM beyond 0.55 Myr ago. We therefore shift focus to the Mediterranean Sea, which is another evaporative marginal sea with limited connection to the open ocean.
Discerning a sea-level signal in Mediterranean records of carbonate
microfossil d18O is more complex than in the Red Sea because (1) the
larger strait profile at Gibraltar, relative to Bab-el-Mandab, causes a
lower signal-to-noise ratio, with Mediterranean glacial–interglacial d18O
amplitudes of 2.5–3% compared to Red Sea amplitudes of 5.5–6%;
and (2) the Mediterranean hydrological cycle is more complicated than
in the Red Sea, with major rivers that integrate information from a large
catchment area with influences from both temperate climate conditions and the African monsoon10,11,17–19. However, the Mediterranean
provides uninterrupted sediment records dating back to the end of the
Messinian salinity crisis at 5.33 Myr ago, from tectonically uplifted marine sediments and long deep-sea sediment cores20,21. Eastern Mediterranean planktonic foraminiferal d18O records (d18Op) have recently been
synthesized into a 5.3-Myr ‘Mediterranean stack’ with a millennially
resolved, orbitally tuned chronology22. It is particularly beneficial for
sea-level reconstruction that orbital tuning of the Mediterranean record
(in contrast to deep-sea d18Ob records) makes no assumptions about
the relationship between insolation and ice volume; instead, it employs
a timing relationship between insolation and African monsoon intensity (using sedimentary cycles)20. The Mediterranean chronology is so
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well established that it underpins global geochronology throughout the
time interval considered here20,23. Therefore, the eastern Mediterranean
d18Op stack22 is an excellent resource for developing a long sea-level
record using a Mediterranean version of the method that was developed for the Red Sea (see Methods). This has only recently become
possible owing to increased quantitative understanding of the relationship between hydrological processes and d18O changes in and around
the Mediterranean11,18,19,24.

Converting Mediterranean d18O to sea level
We quantify relative sea-level changes at Gibraltar (RSLGib) using values
of eastern Mediterranean d18Op after removal of ‘sapropel’ intervals of
major surface freshwater dilution. These intervals are associated with
periods of sea-floor anoxia and are typically marked by dark olive to
black organic-rich sediments (bounded by pale organic-poor deposits),
with light surface-water d18O anomalies, elevated sedimentary Ba/Al
ratios and an absence of benthic microfossils19,21,25–29. We exclude sapropel intervals from RSLGib on the basis of a combination of d18Op anomaly detection and visual evidence (Extended Data Fig. 1).
Our RSLGib reconstruction method is explained in detail in Methods
(with code in Supplementary Information). The method exploits the
influences of sea-level and buoyancy-loss changes on a hydraulic control model30 for the Strait of Gibraltar18,25,31, which has been independently validated (within uncertainties) by other analytical and numerical
solutions32–35. The strait model is connected to a basin-representation
box model, which includes summer and winter mixed-layer separation,
and oxygen isotope fractionation calculations18,19. The basin model is identical to that detailed in ref. 19, except that we here omit the so-called
‘monsoon box’, which is relevant only to sapropels (which are excluded
here). Following previous Mediterranean habitat identifications19, two
a

d18Op-to-RSL ‘converters’ are presented: one for (upper) Mediterranean
Intermediate Water dweller Neogloboquadrina pachyderma (dextral);
and one for summer mixed-layer dweller Globigerinoides ruber (white).
These ‘converters’ (notably that for G. ruber) are here used to determine
changes in RSLGib from non-sapropelic eastern Mediterranean d18Op
data (Extended data Fig. 2). Propagated uncertainties in individual RSLGib
estimates are up to ,20 m (1s; see Fig. 1 and Methods), but uncertainty
in the mean signal is smaller owing to autocorrelation in the record. A
probabilistic assessment that combines RSLGib uncertainties with chronological uncertainties yields a ‘probability maximum’ record with a 95%
probability interval of 66.3 m (see Fig. 2 and Methods).
The RSLGib method relies on two underlying assumptions. The first
is that the Strait of Gibraltar in the past has exerted hydraulic control
on water exchange in a similar manner to today30. Large-scale tectonic
movement would be detected as a breakdown, or major drift, in the sealevel solutions. Given that the Strait of Gibraltar probably formed during a terminal Miocene event that may have been followed by intense
crustal adjustments and erosion36,37, it is best to consider the earliest portion of RSLGib with caution. In the interval younger than 3.3 Myr, confidence increases owing to comparison with other sea-level reconstructions
(see below), and because of indications that exchange flow through the
Strait of Gibraltar adopted a modern-type configuration from about
3.8 Myr ago38 (Methods). The second assumption concerns our d18Oto-RSL ‘converter’. It relies on Late Pleistocene parameter relationships
with generous uncertainty ranges (Methods), and assumes that past
relationships remained within these uncertainty ranges. Again, we expect
deviations from this assumption to cause a breakdown, or major drift, in
the solutions. Validation between RSLGib and independent methods suggests that this assumption is valid, especially in the past 1.5 Myr and
probably throughout (at least) the past 3.3 Myr (Figs 1, 2). Nonetheless,
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Figure 1 | RSLGib compared with RSLBeM. RSLBeM has been previously
for an eastern Mediterranean stack22 (red) with 1s error bars (orange), and
validated against a wide range of independent sea-level benchmarks1,10,11.
RSLBeM (black) with 2s error bars1,11,40. Gaps in the RSLGib records result from
a, RSLGib for eastern Mediterranean sediment core LC21 (red) with 1s error
removal of sapropel(-like) events, but some residual influences of freshwater
bars (orange), and RSLBeM (black) with 2s error bars1,11,40 as well as the
influxes on Mediterranean d18O (ref. 19) may remain immediately adjacent to
probabilistically assessed 95% probability envelope (shading)11. Individual
these intervals. An apparent ‘undetected’ sapropel-like event (yellow bar) is also
Mediterranean data comply with the 2s envelope for the Red Sea data. b, RSLGib379
indicated (Methods). Note that a and b cover different age ranges.
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Figure 2 | RSLGib for an eastern Mediterranean d18Op stack, compared with
other sea-level estimates. a, Interval from 0 to 2 Myr ago. b, Interval from 2 to
5.4 Myr ago. RSLGib (based on the record of ref. 22) is presented using all nonsapropelic data points (red dots), along with the median (red line) from
probabilistic analysis with its 95% probability interval (light orange shading).
In sapropel intervals, marked by absence of (red) data points, linear
interpolation of the 95% probability interval is shown for aesthetic reasons only
(Methods). Other sea-level estimates are from Mg/Ca-based Tds-corrected

deep-sea d18Ob for the southwest Pacific14 (blue; see Methods for its
probabilistic presentation here) and for the North Atlantic15 (black; 3-point
moving average); a model-based deconvolution of deep-sea d18Ob (ref. 12)
(green); and conversion of deep-sea d18Ob with support from New Zealand
sequence stratigraphic data2,3 (purple). The last was vertically positioned to
agree with the 12–32 m ESL estimate for the period 2.9–3.3 Myr ago
(ref. 3; dark blue dashed box). Three apparent ‘undetected’
sapropel-like intervals in RSLGib are indicated (yellow bars; Methods).

different d18Op data sets on their respective timescales. RSLGib from
d18Op in eastern Mediterranean sediment core LC21—which has a closely related chronology to RSLBeM11—agrees well with RSLBeM over the
last glacial cycle through intervals of both deglaciation (145–125 kyr
ago) and glacial inception (120–65 kyr ago), and has the additional benefit of resolving changes between 26 and 14 kyr ago, where RSLBeM is
poorly resolved due to aplanktonic conditions in the Red Sea (Fig. 1a).
Using an eastern Mediterranean d18Op stack22, and allowing for different age models, RSLGib also compares well with RSLBeM over the past
0.5 Myr (refs 1, 40; Fig. 1b). Agreement between the two RSL records
from different ocean margins reflects the fact that both areas have generally comparable glacio-hydro-isostatic responses (Methods). The principal disagreements lie close to sapropel(-like) intervals of freshwater
dilution in the Mediterranean, which tend to bias RSLGib towards higher
values. This suggests that residual effects of these events may occasionally remain, owing to imperfect detection/removal of sapropel(-like) intervals (Methods). Future work can use same-sample multi-proxy approaches
to improve this situation, and reinstate the ‘monsoon box’ in the model19
to try and resolve RSLGib through sapropel intervals, but these are multiyear efforts beyond the scope of the present study (Methods).
Next we compare the full RSLGib record with available sea-level reconstructions for older (.0.5 Myr ago) intervals (Fig. 2). We observe strong
agreement between RSLGib and sea-level estimates from Mg/Ca Tdscorrected deep-sea d18Ob over the past 1.5 Myr (ref. 14; Fig. 2a), which
independently supports the intensification of glacials across the MidPleistocene transition that was first inferred from the southwest Pacific
Tds-corrected deep-sea d18Ob record14. However, before ,1.5 Myr ago,
RSLGib validation
highstand values of RSLGib seem higher than those in other studies14,15.
Where overlap exists, comparison of RSLGib with independent sea- Apart from RSLGib, the only records with continuity across the past 3 Myr
level reconstructions reveals good agreement (Figs 1 and 2). For younger are an Atlantic Tds-corrected deep-sea d18Ob record15, and the model380based estimates of ref. 12. Relative to RSLGib, both suggest a lower mean
intervals (,0.5 Myr ago), we now assess RSLGib values derived from

given the potential caveats to our method with respect to long-term
tectonic and climate-regime changes, we emphasize the need for new
continuous and highly resolved records from independent methods to
strengthen mutual validations before 1.5 Myr ago, and especially before
3.3 Myr ago (Methods).
We also make an initial assessment of land movement due to glaciohydro-isostatic adjustment at the Camarinal sill, which is the shallowest
and hydraulically limiting passage on the Atlantic side of the Gibraltar
narrows30 (Methods). We find that the glacial–interglacial amplitude
of RSLGib underestimates global mean (eustatic) sea level (hereafter ESL),
and that the offset scales proportionally with the variation in land ice
(where ESL 5 1.23 RSLGib; see Methods), so that ESL amplitude variations will be larger than those of RSLGib. This scaling suggests Pliocene
isostatic adjustments in the region that are compatible with previous
estimates39. Regardless, in our comparisons with estimates from other
methods (Figs 1 and 2), we plot RSLGib instead of ESL, because issues about
extension of our isostatic assessment back in time, and to periods with
sea level considerably above the present level, remain to be constrained.
We note that the current best estimate for ESL in the period 3.3–2.9 Myr
ago is in the range 12–32 m (ref. 3), similar to the Pliocene range of 9–31 m
used in ref. 4. These values agree well with RSLGib fluctuations during
that period (Fig. 2). The previous estimates do not specify the nature
and magnitude of temporal variability, so our RSLGib record provides
the first quantitative view of the secular evolution of sea level during the
Pliocene that is independent of deep-sea d18Ob.
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sea level between ,1.5 and 3.2 Myr ago (Fig. 2). If we assume that this
difference arises from bias in RSLGib, then it might reflect a more open
strait before ,1.5 Myr ago, possibly due to an uplift event in the Strait
of Gibraltar at ,1.5 Myr ago. However, such an event would also affect
the sea-level sensitivity (amplitude response) of Mediterranean d18O.
This is difficult to reconcile with the observation that RSLGib amplitude
variations agree well with those in a record based on scaling of a New
Zealand sequence stratigraphic record between 3.4 and 2.3 Myr ago2,3,
and also with those in the Atlantic record (allowing for resolution and
chronological differences)15 (Fig. 2b). Hence, we suggest that any change
in RSLGib at ,1.5 Myr ago is more likely to reflect a ‘baseline shift’ in
Mediterranean climate conditions from a warm/moist state to a warm/
arid state, rather than a tectonic step at the Strait of Gibraltar. Alternatively, we might assume that the bias is not due to RSLGib, given that
there is good agreement between RSLGib and previous sea-level range
estimates for the 2.9–3.3 Myr interval (Fig. 2b). That would suggest that
problems may instead lie within the Atlantic Tds-corrected deep-sea d18Ob
record15 (as also suggested before; see, for example, ref. 16), and within
the model-based estimates of ref. 12. Further independent validation
is needed before this can be settled, but—regardless—major signalamplitude similarity in all independent observational methods over
the past 3.3 Myr challenges the substantially different sea-level inferences
from model-based deconvolution of deep-sea d18Ob (ref. 12; Fig. 2a, b).

Deep-water temperature variability
Next, we use RSLGib to derive information about global Tds changes.
Owing to uncertainty in the long-term RSLGib:ESL scaling, we consider
two scenarios, one of which relies on direct use of RSLGib and the other

on an ESL estimate of 1.23 3 RSLGib (Figs 3, 4). We translate these into
estimates of seawater d18O (d18Ow) changes using a ratio of (0.009 6
0.001)% m–1 (refs 14, 41, 42; Figs 3b and 4b). Subtraction of d18Ow
from a global deep-sea d18Ob stack43 (Figs 3a and 4a), following slight
adjustment of the chronology of this stack to that of the RSLGib record
(Methods; Extended Data Table 1), yields residuals that approximate
global Tds changes in a 0.25% uC–1 ratio14. Thus, we estimate global Tds
changes over the past 5.3 Myr, with propagated (2s) uncertainties of
about 60.6 uC (Figs 3c and 4c). Our estimates agree well with independent Mg/Ca-based Tds estimates for a site that is thought to approximate global mean deep-water conditions14 (Figs 3c and 4c). The observed
mutual consistency over glacial–interglacial cycles and longer timescales
between this Mg/Ca-basedTds record andassociatedsea-levelreconstruction14,
and our RSLGib and associated Tds reconstruction, suggests that over the
past 1.6 Myr (1) seawater Mg/Ca ratios did not change significantly and
(2) Strait of Gibraltar morphology and the Mediterranean ‘baseline
climate state’ experienced no major changes. In addition, the lowerresolution Atlantic Tds record15 also validates a major Tds drop in our
reconstruction at ,2.73 Myr ago (see below; Fig. 3c).

Timing and magnitude of glaciations
Several key observations can be drawn from our analysis. First, we extend
to 5.3 Myr ago the conclusion, previously drawn for the past 1.5 Myr
(ref. 14), that global deep-sea d18O (see, for example, refs 13, 43) does
not adequately capture ice-volume history because its two main components (Tds and ice-volume effects) underwent distinctly different temporal developments (Fig. 3). Second, regarding the onset of Quaternary
glacial cycles, we find that a distinct deep-sea cooling step at 2.73 Myr
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ago substantially pre-dated the first major glaciation in our record, by record of significant North American-sourced ice-rafted debris suggests
0.58 Myr (Fig. 3). Note that bias due to sapropel intervals is towards that ice sheets extended to marine margins at 2.64 Myr ago (refs 7, 8).
high RSLGib values, and that comparisons between well-defined RSLGib RSLGib has amplitudes of 50–70 m at that time (Fig. 2b), which imply
lowstand values are robust relative to this bias. This strengthens con- that early ice sheets had relatively low profiles relative to their large
fidence in our identification of the first major lowstand, especially inferred areas. Such ‘low-slung’ ice sheets may have existed because basal
because data for the event at 2.15 Myr ago appear to be ,60 m (3s) friction was lower during early glacial cycles than during more recent
ones49,50.
lower than for any preceding lowstand (Fig. 2).
Finally, we infer that similar amplitudes among three of the last
Current concepts for the onset of Northern Hemisphere glaciation
18
rely strongly on deep-sea d18Ob data, and suggest a shift to stronger four glacial maxima in the global deep-sea d Ob stack43 (Figs 3a and 4a)
glacials at ,2.7–2.5 Myr ago (refs 43, 44; Fig. 3a). Our new data chal- may obscure increasing ice-volume contributions (Figs 3b and 4b) that
lenge this perspective, because the change at 2.73 Myr ago appears to are compensated by decreasing deep-sea temperature contributions
relate to cooling, whereas the first ‘deep’ (sea level below 270 m) glacial (Figs 3c and 4c). Two independent methods (this Article and ref. 14) sugoccurred considerably later, at 2.15 Myr ago. Pronounced cooling at gest that the Last Glacial Maximum was one of the most intense glacia,2.73 Myr ago is supported not only by the independent Atlantic deep- tions in terms of ice volume, but that its deep-sea temperatures may
sea Mg/Ca record15 (Fig. 3c), but also by an alkenone-based North have been relatively ‘mild’ by glacial standards (Figs 3 and 4). This apAtlantic surface temperature record6, and the culmination of a long-term parent difference in Tds between glacials is smaller in the southwest
14
it was most
equatorial Pacific cooling trend45. It is consistent with ample evidence Pacific record than in our reconstruction (Fig. 4); possibly,
18
43
for widespread ocean and climate change at ,2.7 Myr ago (Extended notable in the Atlantic Ocean, which dominates the d Ob stack that
in RSLBeM, but
Data Table 2), including glaciation on Greenland and Scandinavia (see we used to estimate Tds. The pattern also is less evident
10,17
(Fig. 1). At this
synthesis in ref. 8). Apparent temporal association of this cooling with RSLBeM is known to be deficient through the LGM
a decline in atmospheric CO2 levels (see, for example, ref. 46) suggests a stage, therefore, the inferred pattern is suggestive only; it requires valicausal link. For instance, stratification in both the North Pacific and the dation from both improved RSLGib reconstructions based on continuSouthern Ocean intensified at ,2.7 Myr ago in association with deep- ous multi-proxy core records, and additional deep-sea benthic Mg/Ca
sea cooling, leading to increased ocean carbon storage5. These are key records. If validated, then it may reflect the importance of atmospheric
regions of deep and intermediate water formation (particularly the South- moisture supply (and reduced atmospheric moisture capacity with deern Ocean), and changes in their overturning circulation may, therefore, creasing temperature) in determining total ice accumulation.
strongly influence widespread oceanic carbon storage and, hence, atmospheric CO2 levels (see, for example, ref. 47). Our inferred first ‘deep’ METHODS SUMMARY
glacial at 2.15 Myr ago also falls within a window of major climatic and In Methods, we explain (1) our Mediterranean relative sea level at Gibraltar
(RSLGib) calculations, including elimination of so-called sapropelic intervals with
oceanic changes (Extended Data Table 2), including a major cooling
freshwater dilution, a discussion of long-term tectonic effects, an assessment of
48
in tropical sea surface temperatures , but its nature requires further val- glacio-hydro-isostatic influences and an outline of scope for future refinements;
idation (for example, through extension of the record of ref. 14).
(2) our probabilistic assessment of the sea-level record of ref. 14; and (3) our use of
Terrestrial indications that a major North American ice sheet devel- RSLGib with the deep-sea d18O stack of ref. 43 to determine changes in deep-sea
382temperature (Tds). A full copy of our PTC MathCad 13 worksheet, which was used
oped to low latitudes (39u N) date to ,2.4 Myr ago, while the earliest
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to calculate the RSLGib relationship with eastern Mediterranean d18O, as measured
on the planktonic foraminiferal species Globigerinoides ruber (white) and Neogloboquadrina pachyderma (dextral), is available in Supplementary Information.
Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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over the basin is taken at 0.70 1 rnd(0.05) (ref. 18), which reflects the fact that the
Mediterranean RSLGib calculations. Philosophy. Our new Mediterranean RSLGib Mediterranean basin has always been at the same geographic position, landlocked,
calculations follow the same philosophy as previous Red Sea RSL at Bab-el- and influenced by continental airflows, throughout the period of time considered.
19
Mandab (RSLBeM) calculations10,17. RSLBeM reconstructions rely on hydraulic con- Oxygen isotope fractionation is calculated exactly as detailed in Rohling et al. . We
calculate
O-isotope
ratios
in
water
relative
to
Standard
Mean
Ocean
Water
(SMOW),
trol of water exchange through a shallow and narrow connection with the open
ocean (the Bab-el-Mandab Strait)10,17,51. Sea-level lowering reduces this exchange and carbonate (microfossil) isotope ratios are expressed relative to the Vienna Pee
and so increases the residence time of water in the highly evaporative sea, which Dee Belemnite standard (VPDB)18(conversions are included in our code; see SupAtlantic water is changed as a
causes strong increases in salinity and d18O of basin waters (the latter is reflected in plementary Information). The d O of inflowing
–1
18
(refs
14, 41, 42). We have assumed
function
of
sea
level,
using
a
ratio
of
0.009%
m
carbonate microfossil d O). Quantification of the relationship between change in
microfossil d18O and sea-level change then allows translation of such d18O records that there has been no net heat gain or loss in the Mediterranean, as is approxicase today given that inflow and outflow are nearly at the same teminto sea-level time series10,17,52. The method yields RSLBeM reconstructions with a mately the
30
.
This
is a necessary assumption, which can only be refined if long and
perature
1s uncertainty of ,6 m (RSL because it is uncorrected for local land movement).
Propagation of these uncertainties along with chronological uncertainties gives a highly resolved temperature records of high (,0.1 uC) precision are developed for
maximum-probability reconstruction of RSLBeM with a 95% probability interval of both the Atlantic and Mediterranean waters that exchange through the Strait of
Gibraltar.
,3.5 m (ref. 11).
Many of the input parameters cannot be accurately estimated for the past. ThereIdentification of sapropelic intervals. Before eastern Mediterranean planktonic forsubstantial random variations in all terms, so that we obtain a
aminiferal d18O records can be evaluated in terms of RSLGib, ‘sapropel’ intervals asso- fore, we have allowed
18
18
ciated with major surface freshwater dilution (see main text) need to be removed. solution for the d O-to-RSL ‘converters’ (the RSL sensitivity of d O for eastern
11
When sampling sediment core LC21 (Fig. 1a) for the study of Grant et al. , we kept Mediterranean sites) that fully propagates the parameter uncertainties into a realrecords of the exact samples affected by such conditions (using colour, core-scanning istic end-product uncertainty. Future research may help to reduce some of these
X-ray fluorescence (XRF), and magnetic data, in addition to stable isotope, organic uncertainties. Any major change to the two fundamental underlying assumptions
carbon, and microfossil abundance data from previous studies (for example, refs 19, (for discussion, see main text, and below) is expected to systematically invalidate
53–60), and manually excluded them on that basis. For the 5.3 Myr eastern Medi- the converters for certain times in the past, and mutual validation with independterranean d18O stack22, we have no such exact documentation. Therefore, we removed ent sea-level methods would highlight if this is the case. It appears, however, that
sapropel intervals from that record using a signal processing approach. This involved our solution consistently gives sea-level amplitude variations that are comparable
(1) linearly detrending the stack; (2) identifying the long underlying eccentricity- with those from independent observation-based methods, back to ,3.4 Myr ago
frequency components in the detrended stack (using band-pass filtering); and (3) iden- (Fig. 2). Hence, we infer that the underlying assumptions are sufficiently valid back
tifying sustained anomalies (sapropels) on shorter orbital frequencies, based on to ,3.4 Myr ago, but further research is needed to strengthen/detail this, especially
upcrossings through a level of 33 the standard deviation of short-term (sub- in the pre-3.4-Myr interval.
Our end-products are two planktonic foraminiferal d18O-to-RSL converters,
10-kyr period) ‘noise’ above the long-term component determined in (2) above.
for
G. ruber (white) and N. pachyderma (dextral), respectively. We have approxiThis approach is simplified but similar to one used to identify aeolian dust anomalies in Greenland ice-core records61. We then refined this processes by additional ex- mated each converter (including its uncertainty intervals) with polynomial 18fits
clusion of samples based on reported ages of (visible) sapropel intervals on a related (Extended Data Fig. 2); the latter can easily be applied to relevant microfossil d O
18
chronology62, and we compare results with another sapropel-chronology21 (Extended records, after normalization of these d O records to an interval of known sea level
Data Fig. 1). The overall result is validated by agreement between iden>tified sapropel (for example, the present). We have normalized records to their mean value for the
intervals and (high) Ba/Al anomalies in XRF scans of Ocean Drilling Program (ODP) interval 0–3 kyr ago, and impose that this level corresponds to RSLGib 5 ,0 m.
We next perform a probabilistic assessment of the reconstructed RSLGib record.
Site 967 cores, which contribute to the Wang et al. Mediterranean stack (Extended
Data Fig. 1). We identify three intervals where our signal-processing approach may This takes into account the methodological uncertainty as determined above, along
not have filtered out d18O anomalies relating to sapropel events (yellow bars in with a chronological uncertainty. The latter is set to a uniform 3s range of 64–
5 kyr (owing to orbital tuning as well as creation of the stack). After 500 samplings
Extended Data Fig. 1, and Figs 1 and 2).
Quantification of RSLGib from eastern Mediterranean planktonic foraminiferal of the data within the described (assumed normal) distributions for sea level and age,
d18O in non-sapropelic intervals. Here we describe the theoretical basis and steps we then performed simple linear interpolation between the points in each case (also
of our procedure. For technical details, we refer to the copy of our PTC MathCad across the sapropel gaps). Per time step of 1 kyr, we then determined the probability
density distribution for sea level, identifying the median along with its 95% prob13 worksheet in Supplementary Information.
Our calculations use a combination of the Bryden and Kinder30 hydraulic con- ability interval (approximately equivalent to 2 s.e.), as well as the 68% (16th–84th
trol model for the Strait of Gibraltar with responses to variable sea-level and buoy- percentile), 95% (2.5th–97.5th percentile), and 99% (0.5th–99.5th percentile) interancy forcing31,63,64, with previously detailed Mediterranean evaporation and oxygen vals for the data. For more detail on this approach, see ref. 11. Although our method
isotope fractionation equations18,19. Changes in the depth of the pycnocline at the includes all known sources of uncertainty, we cannot yet include tectonic uncertainties.
top of the Mediterranean Intermediate Water (MIW) are parameterized as a func- Tectonic considerations. Large-scale geophysical processes are thought to have
tion of changes in Gibraltar exchange and buoyancy forcing over the basin25,31. The played an important role in the isolating the Mediterranean from the open ocean
Mediterranean box model used here is an amended version of that developed pre- during the Messinian Salinity Crisis (MSC), and in its eventual reconnection through
viously for Mediterranean planktonic foraminiferal habitat characterizations and development of the passage that now is the Strait of Gibraltar (see, for example,
monsoon runoff estimation19, which now includes the effects of sea-level change refs 37, 69). Ref. 69 argues that such processes are essential because there would be
(compare refs 18, 31). Summer mixed layer depth is set (after Nykjaer65) to 30 1 no case for an ESL drop at the onset of the MSC, but this notion has been challenged
rnd(5) m, where the term rnd(5) stands for a random value from a normal distri- by recent reports of a distinct sea-level drop coincident with the MSC onset70. Viewed
bution with a 3s range of 65 m. In contrast to Rohling et al.19, we do not consider a in a wider context than just the MSC, it seems that subsidence might be expected in
separate monsoon-freshwater-influx box within the summer period, because that the strait region (1) especially in the early Pliocene owing to rollback and steepenwas specific to the assessment of influences of freshwater lenses during times of ing of the subsiding Gibraltar slab; and (2) throughout the Plio-Pleistocene owing
sapropel formation, which are excluded here. The boxes of particular interest here to sediment loading in marine basins around the Strait since reconnection to the
are the summer mixed-layer box (for Globigerinoides ruber (white)) and the inter- Atlantic Ocean (for processes, see ref. 69, and—for a nearby region—ref. 71). However, long-term uplift can also be expected in the region, owing to the overall conmediate water box (for Neogloboquadrina pachyderma (dextral))19.
Evaporation is calculated using bulk evaporation formulae, and we use pa- vergence between Iberia and Africa69. It is challenging to quantify the temporal
rameterizations for runoff and precipitation proportions during non-sapropel history of either magnitude, or sign, of these long-term vertical movements from
periods that are based on present-day observations with an added random (and existing data. However, it seems at least clear from sedimentological data that water
uncorrelated) uncertainty range (3s) of ,10%. Basin temperatures are set to covary exchange through the Strait of Gibraltar settled into a modern-type pattern from
with sea-level change (glaciation state) with glacial–interglacial gradients of 5 1 about 3.8 Myr ago, with outflow creating a sequence of contourite deposits in the
rnd(1) and 3.5 1 rnd(1) uC per 120 m sea-level change for summer and winter, Gulf of Cadiz that remains active today38. This strengthens confidence in our asrespectively, based on reconstructions of Last Glacial Maximum-to-Present gradi- sumption of approximately analogous tectono-geophysical conditions over the
ents66. The gradients are applied relative to modern values of 22 and 16 uC (refs 65, past ,3.8 Myr.
Further insight into long-term vertical movements at the strait may be obtained
67). Net freshwater runoff from the Black Sea is taken as 1 1 rnd(0.1) times the
present-day (pre-damming) value after Tolmazin68, and is reduced to zero when sea from mutual validations of RSLGib against independent data, with respect to both
level stands below –80 m (the approximate depth of the connecting straits). Regard- absolute sea level and sea-level amplitude variability (that is, if the Strait of Gi384braltar were fundamentally different than today, the sea-level sensitivity would be
less, this term has negligible impact on the solutions presented. Relative humidity
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different). As discussed previously, and in the main text, validations are promising similar (small) uncertainties. We therefore assign initial (random) chronological
down to ,3.4 Myr, which suggests limited impact from tectonic changes at least uncertainties according to Lisiecki and Raymo43, who wrote:
back to that time. As independent sea-level records become available that extend to ‘‘Including all sources of error, we estimate the uncertainty in the LR04 age model
older times (3–5.3 Myr ago), any discrepancies relative to RSLGib may help to further to be 40 ky from 5.3–5 Ma, 30 ky from 5–4 Ma, 15 ky from 4–3 Ma, 6 ky from
3–1 Ma, and 4 ky from 1–0 Ma.’’
understand the uplift history of the region.
We use these as symmetrical 1s values (that is, 4 kyr equals 62 kyr). The exact
Isostatic effects. Our method delivers RSL estimates at the Strait of Gibraltar. Isostatic corrections are needed to allow comparison in detail with eustatic sea-level initial values used are not so important, because the record of Elderfield et al.14 was
(ESL) information (for example, deconvolutions of deep-sea d18Ob that approximate sampled in high resolution, and in a strictly contiguous, stratigraphic context, which
ice volume). However, little is known about long-timescale isostatic corrections; first strongly reduces chronological uncertainties in a relative sample-to-sample sense.
explorations were presented only recently39. For a preliminary assessment of iso- Our assessment, therefore, includes propagation of age uncertainties but constrains
static adjustment at the Camarinal sill, we created a simulated ice-loading history this (within the initial uncertainty estimates) to a strictly imposed monotonic,
over two full glacial cycles by duplicating the ICE-5G ice-model history72 around a stratigraphic sequence (that is, no age reversals are allowed).
We randomly sampled all individual data points 1,000 times within their sea4,000-year interglacial period with near present-day ice volume, with no adjustment made to the geographical distribution of ice within ICE-5G. The Earth res- level and age uncertainties, based on normal distributions with a mean at the response was parameterized over three lithospheric thicknesses (71, 96 and 120 km) pective datapoint values and standard deviations as discussed above. We then linearly
and a range of upper and lower mantle viscosities (1 3 1020 to 1 3 1021 Pa s, and interpolated the records for each of the 1,000 iterations, and determined at set age
2 3 1021 to 5 3 1022 Pa s, respectively). A range of 495 combinations was examined, intervals the probability density distribution for sea level. We determined the prousing a glacial isostatic adjustment model that incorporates principles described by bability maximum (modal value) with its 95% probability interval (,equivalent to
2 s.e.), as well as the 68% (16th–84th percentile), 95% (2.5th–97.5th percentile),
Kendall et al.73.
Results are shown in Extended Data Figs 3 and 4. Our analysis suggests that the and 99% (0.5th–99.5th percentile) intervals for the data (approximating 1s, 2s and
glacial–interglacial amplitude of RSLGib probably underestimates global mean ESL 3s, but not necessarily symmetrically). For detail on this approach, see ref. 11. The
change by 20–25% at glacial maxima. The offset between RSLGib and ESL is not con- resultant probability curve is shown in Fig. 2a.
18
43
stant over time, but scales proportionally with land-ice variations, giving a linear Using RSLGib with the deep-sea d Ob stack to determine Tds. For this exer18
18
relationship between global mean sea level and relative sea level: ESL 5 (1.23 6 cise, we first approximate glacial–interglacial changes in mean ocean d O (d Ow)
–1
and
a
conversion
scaling
of
(0.009
6
0.001)%
m
(1s)
(refs
41,
42).
using
RSL
Gib
0.08)RSLGib 1 (0.5 6 1.9). The errors are expressed as two standard deviations. For
18
b changes gives a residual, which is due to Tds
RSLBeM, the same model runs give rise to stronger hysteresis between responses for Subtraction of these values from d O–1
uC . Prior to this subtraction, we fine-tuned the
glaciation or deglaciation, but ESL:RSLBeM ratios overall are comparable to those changes following a ratio of 0.25%
chronology of the deep-sea d18Ob stack43 to that of the Mediterranean d18Op stack22,
for Gibraltar, ranging between 1.13 (glaciation) and 1.24 (deglaciation).
of the two stacks.
Future methodological refinements. There is considerable potential for (extens- using graphic correlation guided by the orbitally tuned chronologies
43
ive) future work to refine the RSLGib method, both in terms of RSL uncertainty, Adjustments remained within the reported uncertainties . Correlation tie-points
and in terms of continuity through sapropelic intervals. Specifically, there are two used are listed in Extended Data Table 1.
key targets. First, the climatological analogue assumption of our method (see main 51. Rohling, E. J. et al. Magnitudes of sea-level lowstands of the past 500,000 years.
text) may be validated and/or adjusted, using detailed quantitative reconstructions
Nature 394, 162–165 (1998).
of Mediterranean climate conditions for different (especially Pliocene and early 52. Biton, E., Gildor, H. & Peltier, W. R. Relative sea level reduction at the Red Sea during
the Last Glacial Maximum. Paleoceanography 23, PA1214 (2008).
Pleistocene) periods of time within the past 5.3 Myr. Second, continuity through
and close to sapropelic intervals may be improved through development of mul- 53. Mercone, D., Thomson, J., Abu-Zied, R. H., Croudace, I. W. & Rohling, E. J. Highresolution geochemical and micropalaeontological profiling of the most recent
tiple replicated, centennial-scale resolution, eastern Mediterranean surface-water
eastern Mediterranean sapropel. Mar. Geol. 177, 25–44 (2001).
d18Op records, with strictly co-registered (same-sample) sapropel-indicator data. 54. Marino, G. et al. Aegean Sea as driver for hydrological and ecological changes in the
Depending on progress, the ‘monsoon box’ in the model19 may eventually be reineastern Mediterranean. Geology 35, 675–678 (2007).
stated, to resolve RSLGib through sapropel intervals by quantifying hydrological 55. Marino, G. et al. Early and middle Holocene in the Aegean Sea: interplay between
18
high and low latitude climate variability. Quat. Sci. Rev. 28, 3246–3262 (2009).
impacts on Mediterranean d O during these times. Note that this will likely require
56. Rohling, E. J., Mayewski, P. A., Hayes, A., Abu-Zied, R. H. & Casford, J. S. L. Holocene
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atmosphere-ocean interactions: records from Greenland and the Aegean Sea.
Probabilistic assessment of the Elderfield et al.14 sea-level record. We performed
Clim. Dyn. 18, 587–593 (2002).
14
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Extended Data Figure 1 | Summary of our sapropel detection method. A
mean-normalized version of the eastern Mediterranean d18O stack22 after linear
detrending (black; left-hand y axis) is shown along with preliminary corescanner XRF Ba/Al data for ODP Site 967 (orange; right-hand y axis). Also
shown are eastern Mediterranean sapropel intervals according to the
chronology of Kroon et al.62 (vertical blue bars), and according to Emeis et al.21
(vertical green dashes). Note that minor chronological differences may exist
relative to Wang et al.22, and that previous sapropel recognition21,62 was mainly

done on the basis of colour. Also shown are the eccentricity-related component
in the Mediterranean d18O stack based on two rectangular bandpass filters
for periods of 80–130 kyr and 360–440 kyr (dark blue), and our upcrossing cutoff criterion based on the eccentricity-related component plus 3 standard
deviations of short-term (sub-10-kyr) variability (red). The yellow bars indicate
three sapropel(-like) intervals that were not detected with this method, but
which are apparent compared to other methods (main text).
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Extended Data Figure 2 | d18O-to-RSL ‘converters’ calculated in the present
study. a, For G. ruber (white). b, For N. pachyderma (dextral). Data are shown
with polynomial fits for: the mean (red), 68% probability limits (blue) and 95%
probability limits (green). Equations (below) for the polynomial fits are those
used to establish RSLGib changes from eastern Mediterranean d18O changes.
For G. ruber (white), the fit equations are (from top/right to bottom/left):
y 5 18.23253367 2 54.32756406x 1 2.68013962x2, y 5 9.359718967 2
53.88724018x 1 2.336521849x2, y 5 –54.33006067x 1 2.144129497x2, y 5

–9.721121814 – 54.4447188x 1 1.639979972x2, and y 5 –19.83859107 2
54.97329064x 1 1.027303677x2. For N. pachyderma (dextral), the fit
equations are (from top/right to bottom/left): y 5 20.27152514 2
61.45134479x 1 3.673345939x2, y 5 10.65608987 2 61.68573435x 1
3.521130244x2, y 5 –61.74158411x 1 3.12127659x2, y 5 –11.37304383 2
61.90236624x 1 2.499068186x2, and y 5 –22.84772173 2 63.3490518x 1
2.014759373x2.
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Extended Data Figure 3 | Preliminary isostatic assessment results for the
Camarinal sill, the critical location of water-exchange control for the Strait
of Gibraltar. a, Over the past 150 kyr. b, Magnified for the past 40 kyr. Orange
is the range of modelled RSL, blue is the range of associated global mean

(eustatic) sea levels (ESL). The graph illustrates that RSLGib is—to a first
approximation over the long timescales considered in the present study—
related to ESL through a ratio that is relatively constant over the range of sea
levels considered (see also Extended Data Fig. 4 and Methods).

389
©2014 Macmillan Publishers Limited. All rights reserved

ARTICLE RESEARCH

Extended Data Figure 4 | Global mean ESL versus RSLGib over the full range
of 495 Earth model configurations considered. This reveals that, to a first

approximation, ESL 5 1.23 RSLGib, with a 95% probability interval on the slope
value between 1.15 and 1.31.
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Extended Data Table 1 | Tie-points between the Lisiecki and
Raymo43 and Wang et al.22 chronologies
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Extended Data Table 2 | Other evidence of late Pliocene climate change
Time
(My)
3.3-2.6
3.0-2.5
~3.0
3.3-2.3

Observation

Southern Ocean cooling; development of Antarctic sea ice
Deep ocean cooling in the North Atlantic
Thermocline shoaling in the subtropical North Pacific
Decrease/increase in biogenic silica accumulation in the
Antarctic Zone/Subantarctic Front
2.8-2.6
Surface water cooling in the North Atlantic
~2.8
Decrease in Southern Ocean ventilation
2.75
First ice-rafting in North Atlantic mid-latitudes
~2.7
Glacial intensification in the circum-Atlantic region
~2.7
Svalbard ice sheet reached shelf break; increased glacial
erosion
~2.7
Ice sheet expansion in the northern Barents Sea
~2.7
Increased aeolian inputs to the North Atlantic
~2.75
Increased dust, ash and IRD to the North Pacific
2.7
Development of the North Pacific halocline
2.7
Increased stratification in the Subarctic Pacific
~2.7
First significant increase in dust inputs to the Southern Ocean
2.64
Onset of major NHG (including northeast America)
2.57
Onset of extensive glaciation in northern Europe
~2.55
Significant ice-sheet calving into the North Pacific
2.47
Change in Polar Front dynamics in the Subantarctic South
Atlantic
2.4
First major ice rafting in the North Atlantic
2.5-2.2
Significant ice rafting to the Subantarctic South Atlantic
~2.0
Arctic Intermediate Water changes (linked to growth of first
major North Eurasian ice sheets)
2.4-1.0
Southward expansion of Barents Sea ice sheet
2.3-1.6
Initial glacial growth on Svalbard margin
Deep-sea 18Ob-based inferences
2.5
Major change in the character of glaciations
2.95-2.4
Gradual increase in ice volume
3.15-2.5
Major ice-volume increase
3.1-2.5
Pronounced intensification of NHG
2.7
Onset of NHG
3.6-2.4
Long-term development of NHG

Proxy

Ref.

Lithofacies, 15N, 13C
Mg/Ca
CaCO3 MARs, planktic
Biogenic opal

75
15
76
77

13

C

UK’37
Benthic 13C
IRD
IRD, clays
Seismic profiles

6
78
79
80,81
82

Seismic profiles
n-alkanes, n-alkanl-1-ols
IRD, magnetics
15
N, opal MARs
UK’37, planktic 18O
Fe MARS, n-alkanes
IRD geochemistry
IRD
IRD
Planktic and benthic 18O,
CaCO3 %
IRD
IRD
Nd

83
84
85
5
86
87
8
88
85
89

13

C;

90*
91
92

IRD, clays
Grain size, geochemistry

81
93

Benthic 18O
Benthic 18O
Benthic 18O
Benthic 18O
Benthic 18O stack
planktonic and benthic

94*
95
96
97
43,98
99

18

O

Data sources75–99 shown in rightmost column. MAR, mass accumulation rate; IRD, ice-rafted debris; NHG, Northern Hemisphere glaciation.
* Chronology of early papers (pre-astronomical tuning) may be too young by a few hundred kyr, so that 2.4/2.5 Myr ago in the older studies is closer to 2.6/2.7 Myr ago in astronomically tuned chronologies.
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CORRECTIONS & AMENDMENTS
CORRIGENDUM
doi:10.1038/nature13488

Corrigendum: Sea-level and
deep-sea-temperature variability
over the past 5.3 million years
E. J. Rohling, G. L. Foster, K. M. Grant, G. Marino, A. P. Roberts,
M. E. Tamisiea & F. Williams
Nature 508, 477–482 (2014); doi:10.1038/nature13230

In this Article, owing to a misunderstanding of discussions at the
PALSEA2 workshop in Rome, we erroneously reported previous sealevel estimates for the period 3.3–2.9 Myr as originating from the ‘Pliocene
Maximum Sea Level’ (PLIOMAX) project. However, these estimates are
not from PLIOMAX, relating to ref. 3 instead. We thank M. E. Raymo
and A. Rovere for drawing the error to our attention. The online versions of the paper have been corrected.
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Chapter 7
GIA corrections for the Northern
Israeli coast
Parts of this chapter will be published in Sivan et al. which is currently in
preparation, present manuscript included at the end of the chapter. F.W.
developed and interpreted all glacial isostatic adjustment modelling with
supervision from E.J.R. and M.E.T.

7.1

Abstract

A sedimentary sequence containing fossil marine organisms has been used to
reconstruct changes in relative sea level (RSL) during the Marine Isotope Stage
(MIS)-5e interglacial for the Rosh Hanikra site on the northern Israeli coast. To
recover the global mean sea level (GMSL) history from the RSL indicators, glacial
isostatic adjustment (GIA) corrections have to be applied to the reconstructed
sea-level indicators. Here we use six different global ice-loading histories covering a
range of ice volume and ice dispersal scenarios to determine a range of GIA
corrections for Rosh Hanikra during MIS-5e. As well as being used to reconstruct
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a global mean sea level, these GIA corrections also help to provide insight into
strategies for refining future, more complex, ice histories that underlie GIA
corrections through the penultimate glacial - interglacial cycle.

7.2

Introduction

Figure 7.1: Sea-level indicators have been constructed from samples taken from Rosh
Hanikra situated on the Northern Israeli coast in the Eastern Mediterranean.
The Israeli coast is considered to be tectonically stable within historical
times (Galili and Sharvit, 1999) and Rosh Hanikra is considered to have been
tectonically stable over multiple glacial cycles (Sneh, 2000). Outcropping marine
sedimentary units containing fossil Strombus bubonius (now known as
Persististrombus latus, though we retain the old synonym in keeping with
referenced literature) and Vermetidae bioherms have been surveyed in the Rosh
Hanikra region on the Galilee Coast, Israel and dated to the last interglacial,
Marine Isotope Stage (MIS)-5e. These fossil deposits have a well constrained
relationship with sea level, and have been extensively used as past sea-level
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indicators, see Sivan et al. (in prep) for a review.
The absence of fossil coral sea-level indicators in the Mediterranean has
placed strong focus on the diagnostic fossil gastropod Strombus bubonius.
Strombus bubonius is associated with a warm-water fauna, which has a present day
habitat on the West Coast of Equatorial Africa, and is known as the “Senegalese”
fauna. Due to its affinity for warm water the fossil has widespread use in literature
as being indicative of interglacial terraces, and is used to provide estimates of
changes in relative sea level between successive interglacial terraces in non-tectonic
regions on the Mediterranean coast (examples include Hillaire-Marcel et al. (1986);
Hillaire-Marcel et al. (1996); Zazo et al. (2002); Zazo et al. (2013). The present day
absence of Strombus bubonius in the Mediterranean is linked to global cooling
following the warm MIS-5e interglacial (Hillaire-Marcel et al., 1986).
Despite frequent use as an indicator for sea level in the Mediterranean, a
definitive indicative meaning for the Strombus bearing stratigraphic units has yet
to be established. The indicative meaning methodology relates a fossil in its
depositional environment to present-day conditions. The present-day conditions
are surveyed and a relationship between the species and its environment is
established. This relationship is then applied to the fossil indicator. For corals this
approach can be applied to fossil corals recovered in growth position, but the
relationship is subtly different for Strombus bubonius.
Considered as an in-situ, or in growth position fossil, Strombus bubonius
would appear to generate large uncertainties in reconstructed sea level: one study
describes its habitat range as being between 4 and 9 m below present day sea level
(Morri et al., 2000) whereas the Ocean Biogeographic Information System contains
62 records indicating a sample depth between 1 and 27 m below sea level (OBIS,
2014).
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The difference with coral based sea-level indicators, as used within this
thesis, is that typical Strombus bearing units used as sea-level indicators contain
the fossil deposited out of growth position, and in a poorly sorted conglomerate of
pebbles and shells, or in oolitic facies, indicative of a shallow, high energy marine
environment (Bardají et al., 2009). It is the low tidal range of the Mediterranean
and the specific depth of a particular marine environment, rather than a growth
habitat, that is critical to sea-level reconstruction for this indicator. In the
present-day Mediterranean such an environment is found between 0 and -1 m and
an indicative meaning of between 0 and -1 m is inferred for a Strombus bearing
unit of this type (Sivan et al., in preparation).
In order to relate RSL to GMSL, a GIA correction is needed for these RSL
indicators. The interglacial MIS-5e follows the glacial MIS 6 which was marked by
a larger Eurasian ice sheet than the last glacial maximum, in terms of both ice
volume and extent (Svendsen, 2004; Lambeck et al., 2006), although the maximal
limits may not have been synchronous. When using a GIA model that describes
the complex feedbacks on sea level from land-mass, water-mass and gravitational
perturbations, GIA corrections remain dependent upon an accurate description of
the earth response that is driven by a modelled viscoelastic and density structure,
and on the history of ice loading and unloading through time. Currently no
field-constrained continuous global ice-loading history has been published through
the interval of time considered, so uncertainty in the GIA correction relating to ice
loading and unloading remains poorly constrained.

7.3

Methods

We model the glacial isostatic response of a site at 33.093°N, 35.105°E on the
Galilee Coast, Israel, (figure 7.1) to represent the sample locations. The site is
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Figure 7.2: A subset of earth models is representative of the range of responses from
495 earth model parameterisations. The RSL output from 60 different earth models
is plotted over that from 495 earth models for Rosh Hanikra.

modelled using a range of earth models and six global ice-loading histories that
cover a range of glacial-interglacial ice volumes, dispersal patterns for the ice
volume, and timings of the interglacial, summarised in table 7.1. For two of these
ice histories used in this chapter, Ice 1 and Ice 2, we make use of two interglacial
scenarios, whereby an interglacial of stable ice volume for a duration of 4 kyr
(scenario “a”) or 8 kyr (scenario “b”) is artificially inserted into the ice history. This
approach provides us with an insight into how the modelled location behaves
through a broad series of assumptions.
We define the glacial isostatic adjustment correction as:
GIA Correction = Global Mean Sea Level - Relative Sea Level
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Ice
History

Duration Timing
of
of Inter- Interglacial
glacial
(ka)
(kyrs)

A
1a
1b
2a
2b
3
4
5

4
4
8
4
8
6
4
4

126::122
132::128
136::128
132::128
136::128
122::116
124::120
126::122

Ice volume
difference between peak
interglacial
and present
day
model
ice
volume
(m.e.s.l.)
0
-0.2
-0.2
-0.8
-0.8
-3.7
-3.7
-4.5

Amplitude
Ice Dispersal
change
of Model
Ice Volume
(m.e.s.l.)

129.4
111.6
111.6
109.8
109.8
107.6
121.7
131.1

A
A
A
B
B
B
A
A

Table 7.1: Ice history properties for the Israeli GIA correction. The amplitude
change of ice volume is expressed in metres equivalent sea level (m.e.s.l.), with ice
dispersal model A being based on the ICE-5G (Peltier, 2004) dispersal, and model
B based on the algorithmic approach of de Boer et al. (2014).

The earth model used describes a spherically symmetric, self gravitating
Maxwell body, described by an elastic lithosphere and two viscous mantle layers.
The parameterisation used for this analysis covers 60 combinations, covering three
different lithospheric thicknesses (71 km, 96 km and 120 km), four different upper
mantle viscosities (0.13, 0.2, 0.5 and 1 ×1021 Pa s) and five different lower mantle
viscosities (0.2, 0.25, 0.5, 1 and 5 ×1022 Pa s). The GIA model incorporates time
varying shoreline migration, marine influx of voids created by retreating ice sheets,
and changes in the Earth’s rotational vector (Kendall et al., 2005). The output
from this reduced set of parameterisations is representative of a more extended
range of 495 parameterisations including eleven different upper mantle viscosities
(between 1 × 1020 Pa s and 1 × 1021 Pa s) and fifteen different lower mantle
viscosities (between 2 × 1021 and 5 × 1022 Pa s), illustrated in Figure 7.2.
Developing a GIA correction is also dependent on the ice history used to
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Figure 7.3: Six different global ice-loading histories used to generate a suite of GIA
corrections. Contributions from major ice sheets are indicated by dashed lines (Laurentide, Greenland, Eurasian, West Antarctic Ice Sheet (WAIS) and East Antarctic
Ice Sheet (EAIS)

describe the mass changes between land based ice, and sea level. As we lack a
definitive global ice history that covers the last interglacial period we generate six
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global ice histories based on an existing GIA tuned global ice-loading history (Ice
A)(Peltier, 2004), an algorithmically derived ice-loading history (Ice 3) (de Boer
et al., 2014), and three continuous records of sea level or a proxy for sea level (Ice
1, 2, 4, and 5) (Grant et al., 2014; Waelbroeck et al., 2002; Lisiecki and Raymo,
2005). For the ice histories derived from existing continuous records of sea level,
the total global ice volume, and chronological variations in total global ice volume,
are determined by the sea-level variations of the source sea level curve. The
geographic distribution of ice volume is determined by two differing templates for
ice dispersion, taken from two fundamentally different ice histories, ICE-5G
(Peltier, 2004) and one developed by de Boer et al. (2014). The development of Ice
A is described in Chapter 1. The development of ice histories 1 - 5 is detailed in
Chapter 4.

Figure 7.4: Distribution of ice in the Eurasian ice sheet for Ice History A, 1, 4 and 5,
at maximum glacial volume. The ice height displayed is from Ice A; scaled versions
of these ice heights appear in Ice 1, 4 and 5.
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Figure 7.5: Distribution of ice in the Eurasian ice sheet for Ice History 2 and 3, at
maximum glacial volume. the ice height displayed is from Ice 3; a scaled version of
these ice heights appears in Ice 2.

7.3.1

Consideration of field data

The samples recovered during fieldwork indicated diagenic alteration, resulting in
larger uncertainty about their precise age. Given the tectonic stability of the area,
we are confident that all data points relate to a broad period of time covering a
MIS-5e interglacial highstand or highstands; the fossil corals are considered
diagnostic of interglacial periods, and are dated in other locations with similar
elevations to MIS-5e. If we make the assumption that RSL did not strongly
deviate from GMSL during the interglacial period, the elevations the Rosh Hanikra
fossils are recovered from are broadly consistent with previous assumptions about
global mean sea levels during MIS-5e (Dutton and Lambeck, 2012); if the
elevations alone are proposed as being evidential of MIS-5e sea levels this becomes
a circular argument, but it is adequate as a starting position for analysis. The
stratigraphic sequence indicates at least one period of sea level regression and this
sequence aligns with evidence from other locations indicating variation in sea levels
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though the MIS-5e interglacial (Hearty et al., 2007; Rohling et al., 2008; Dutton
et al., 2015).
The large uncertainties associated with the dated fossil deposits require us to
take a different approach in generating GIA corrections for the data; we cannot
develop precise predictions for each data point as we are not certain where in the
interglacial that data point relates to. As the stratigraphic sequence does indicate
that the samples were deposited during the MIS-5e interglacial we instead limit
our analysis to those points of time that fall within the MIS-5e interglacial. We
define the interglacial period using the ice history and the criterion that ice volume
is at or less than present day values. This criterion isolates the interglacial period
in any ice history used from the rapid deglaciation prior to the interglacial period,
or the drop in sea levels following the interglacial period.
The field data also indicate multiple instances of sea-level rise punctuated by
an episode of regression, which might be expected to have happened over a period
of several thousand years in order to leave stratigraphic evidence in marine
sediments. In considering the data we note that a modelled interglacial
characterised by a simple, global, peak in sea level may not be expected to result
in a prolonged highstand, or to generate the necessary GIA corrections, and this
influences our choice of which ice histories to use in developing a generalised GIA
correction for Rosh Hanikra, through the MIS-5e interglacial.

7.3.2

Six ice histories constrained by continuous records

We first make use of the adapted version of the ICE-5G ice history (Peltier, 2004)
(Ice A). Ice A contains a four thousand year interglacial period of near present day
ice volume, and approximates the MIS 6 to MIS 5 transition by reproducing the
last deglaciation. This scenario contains a MIS 6 to MIS 5 transition that
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reproduces the ICE-5G deglaciation from last glacial maximum to present day.
For Ice histories 2 and 3 we draw upon the Red Sea RSL curve (Grant et al.,
2014) using first ICE-5G as a distribution template for the location of ice (Ice 2)
and then the de Boer 3D ice history used as a template for ice dispersal (de Boer
et al., 2014) (Ice 3). Both ice histories 2 and 3 are hypothetically created so as to
model the relative sea level at the Hanish Sill as described by the Red Sea RSL
curve. One further amendment is made, namely the inclusion of a
variable-duration period for the last interglacial highstand. Field data from Rosh
Hanikra indicates multiple instances of sea-level rise punctuated by an episode of
regression. We therefore insert an artificial 4 kyr duration (Ice 2a and 3a) and an 8
kyr duration (Ice 2b and Ice 3b) at the peak interglacial point (128 ka BP).
These inserted interglacial highstands extend the duration of the interglacial
further back in time. Recent evidence indicates that the Heinrich 11 (H11) event
terminated by 130 ka. As H11 represents a meltwater event related to the rapid
rise in sea level prior to MIS-5e (Marino et al., 2015) it can be used to constrain
the beginning of the interglacial period. Therefore, an ice history with an
interglacial period initiating prior to 130 ka, as is the case for the artificially
extended Ice 2 and 3, is likely to be incorrect. This is supported by evidence from
speleothems that indicate that the TII transition point was around 131.8 ± 0.6 kyr
(Häuselmann et al., 2015). However, the present analysis is not concerned with
absolute timings, but instead with the behaviour of sea level through an extended
interglacial period following an abrupt rise in sea level. As such, the chronologies
of Ice 2 and 3 (and all the ice histories used) are irrelevant to this analysis. Ice 2
and ice 3 have ice volume through the MIS-5e interglacial period at close to
present day values, at 0.2 and 0.8 metres of equivalent sea level (m.e.s.l.)
respectively less than present day ice volume.
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Figure 7.3 shows the different ice histories used for this GIA study, broken
down by constituent ice sheets. Figure 7.4 illustrates the distribution and height of
ice volume at glacial maximum in Ice A (heights are scaled in Ice 1,4 and 5).
Figure 7.5 shows a different configuration for the Eurasian ice sheet during MIS 6
that is used as a dispersion template, the height is as found in Ice 3, and a scaled
version of this dispersion is used in Ice 2. Ice 1 using the figure7.4 type dispersion
template contains about 25 m of sea level equivalent volume in the maximum
Eurasian ice sheet, whereas Ice 2 based on the 7.5 contains approximately 40 m of
sea level equivalent volume in the Eurasian ice sheet at maximum volume.
The third ice history (Ice 3) is based on the de Boer 3-dimensional ice history
(de Boer et al., 2014), with the format of the ice files distributed by de Boer
adapted to a Gauss-Legendre grid. Both a variation in ice volumes for the
constituent ice sheets and the distribution of ice within those ice sheets is explored
through use of this alternate ice history. At the interglacial peak, this ice history
contains 3.7 m.e.s.l. of ice volume less than the present day value.
Ice history 4 is based on the Lisiecki-Raymo benthic stack (Lisiecki and
Raymo, 2005), with a scaling of maximum and minimum ICE-5G ice volume
mapped to the maximum and minimum δ 18 O values between the last glacial
maximum and present day. At the interglacial peak this also contains 3.7 m.e.s.l.
of ice volume less than the present day value.
The fifth and final ice history (Ice 5) is based on a global mean sea-level
curve derived from deep-sea cores from multiple ocean basins, and adjusted using
selected fossil coral data (Waelbroeck et al., 2002). At the interglacial peak, this
ice history contains 4.5 m.e.s.l. of ice volume less than the present day value.
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Ice History

A
1a
1b
2a
2b
3
4
5
MAX

GIA
Correction
Start of Interglacial
(MIN::MAX) (m)
0.4:: 1.6
-1.1::3.1
-1.8::2.2
1.0::5.4
-0.1::5.4
-1.5::2.0
0.3::5.4
0.4::4.9
-1.8::5.4

GIA
Correction
End of Interglacial
(MIN::MAX) (m)
-0.1:: 0.8
0.3::1.6
0.4::1.4
1.0::1.6
-1.2::1.4
-0.2::2.4
-1.0::1.4
-0.6::1.6
-1.2::2.4

Table 7.2: GIA corrections generated by all ice histories.

7.4

Results

7.4.1

Summary of results across ice histories

For all ice histories the GIA correction varies in size across the interglacial with a
maximum correction between RSL and GMSL at the beginning of the interglacial
(figure ??). Ice histories A, 1a, 1b, 4 and 5 all have the same ice dispersal pattern,
and four of them (all except 1b) have the same duration of interglacial. Ice
histories 1, 2a, 2b, 5 and 6 all have the same dispersal pattern, and four of them
(all except 2b) have the same duration of interglacial. Despite these similarities
these five ice histories span the full range of potential GIA corrections, indicating
that the GIA response that is being driven by something more complex than
simply interglacial duration or ice dispersal pattern.
Despite that, a sensitivity to ice dispersal pattern and duration of interglacial
can be discerned by comparing the results generated for ice histories 1a and 1b
with those for 2a and 2b. Variations in total global ice volume are held constant
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Figure 7.6: RSL vs GMSL through MIS-5e for the 6 ice histories used in this analysis.
Two scenarios are applied to Ice 1 and Ice 2. Scenario a contains a 4 kyr interglacial,
scenario b contains an 8 kyr interglacial. Plots 1b and 2b necessarily contain a
different x axis.
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between Ice 1 and Ice 2, with only the ice dispersal pattern changing. Ice 2 has a
larger MIS 6 Eurasian ice sheet than Ice 1 and generates a comparatively larger
range of GIA corrections. The short interglacial (4 kyr, scenario a) generates a
smaller range of potential GIA corrections,than the longer interglacial (8 kyr, b
scenario).
Ice 2 and Ice 3 both contain the dispersal pattern of ice that includes a larger
MIS 6 Eurasian ice sheet, yet between these two ice histories the resulting GIA
corrections are also different, with the 6 kyr interglacial duration Ice 3 generating a
smaller range of GIA corrections than the 4 kyr Ice 2a. We infer that the
underlying total ice volume change, which differs between ice 2a and Ice 3, also
influences the range of GIA corrections generated.
The GIA correction varies in size across the interglacial with a maximum
correction of relative to global mean sea level at the beginning of the interglacial.
This pattern is observed for all ice histories, except for Ice 3, which has a much
smoother transition from glacial to deglacial periods as seen in figure 7.3. Ice 2
and Ice 3 both contain a dispersal pattern of ice that includes a larger Eurasian ice
sheet, and this would account for a larger range of possible GIA corrections, given
Rosh Hanikra’s sensitivity to the Eurasian ice sheet as seen in Figure 7.7.
For both Ice 1 and 2 (figures 7.8 and 7.9), representing the ice histories with
no insertion of an artificial duration of interglacial, we see that an overshoot
caused by the Laurentide ice sheet (light blue dashed line, versus solid line) is
balanced out by a slow rise of RSL for the Eurasian ice sheet (red). Variations in
ice volume for the other ice sheets indicate that multiple melt scenarios exist for a
given resultant RSL curve at Rosh Hanikra.
If we use the most extreme GIA corrections generated as being indicative of
GIA response across the interglacial period, we can say that GMSL stood between

409

Chapter 7. GIA corrections for the Northern Israeli coast

Figure 7.7: Sensitivity of the Rosh Hanikra site to different ice sheets as found in
Ice 1 and Ice 2. The 1:1 line plotted on both graphs represents the RSL response
to ice melt or growth in the absence of GIA effects. Plot a) is the Red Sea ice
history based on the ICE_5G ice dispersion pattern (Ice 1) without the artificial
4 ka highstand inserted, and b) is Ice 2, based on the Boer 3D ice dispersion, also
without the 4 ka highstand inserted.

-1.8 m and 5.4 m above the RSL values indicated by the field data. This result is
true irrespective of underlying ice volume through the interglacial period. Ice
histories 1 to 3 have near present day values through the interglacial yet generate
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Figure 7.8: RSL (dashed lines) versus global mean sea-level (solid lines) for a single
earth model (lithosphere 96km, upper mantle 5 ×1020 Pa s lower mantle 5 ×1021
Pa s) with each of the major ice sheets in the Ice 2 model, modelled separately for
the Rosh Hanikra location.

the -1.8 to 5.4 range of corrections, whereas ice histories 4 and 5 have
approximately 4 m less ice through the interglacial than present-day values, and
they generate a -1.5 to 5.4 range of corrections.
The range of potential GIA corrections detailed here incorporates
uncertainties in choice of earth model, ice volume, duration of interglacial and ice
dispersal patterns. Our analysis generates a range of GIA corrections for both an
early and a later section to an interglacial. Given the uncertainties in dating the
fossil deposits we wish to be cautious and apply the larger range of uncertainties
determined. If more precise dating were possible, we would understand more about
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the duration of the MIS5e interglacial in this region, and could apply the
generated GIA corrections with more precision.

7.4.2

Ice sheet sensitivity

Responses to GIA expressed as change in sea level can vary from location to
location, but can be generalised as being near-field (subject to large amplitude
changes in response to changes in local ice volume) or far-field (responsive to
changes in global ice volume). A full spectrum of sea-level responses is possible,
with further complexity by consideration of features like a migrating glacial
fore-bulge, or continental levering.
If the RSL response of a given location is particularly sensitive to ice volume
changes in an ice sheet, as opposed to being primarily driven by changes in global
ice volume, then our ability to reconstruct past ice volume changes using sea-level
indicators from that location becomes more complex. The solution, of past global
mean sea level or ice volume, reconstructed from a sea-level indicator, is
non-unique. A sensitivity to choice of earth model adds further complexity. The
GIA corrections generated in the previous section indicate that there may be some
sensitivity to the location of the ice volume.
We characterise the sensitivity of the Rosh Hanikra region to changes in ice
volume driven by individual ice sheets in order to understand the dependency of
our modelled RSL to the underlying ice history used. This response is investigated
using the two different ice dispersal templates in order to characterise any
potential dependency on the physical location of the ice volume changes. We also
investigate the response using a suite of different earth models.
Figure 7.7 indicates that the RSL response due to the Eurasian ice-sheet
changes is sensitive to the earth model parameterisation. Each coloured dot on the
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Figure 7.9: RSL (dashed lines) versus global mean sea-level (solid lines) for a single
earth model (lithosphere 96km, upper mantle 5 ×1020 Pa s lower mantle 5 ×1021
Pa s) with each of the major ice sheets in the Ice 3 model, modelled separately for
the Rosh Hanikra location.

graph is the output from one particular earth model, with the colours denoting
each ice sheet. The 1:1 line denotes a response of RSL in the absence of glacial
isostatic effects. The horizontal spread of the coloured dots indicates the range of
RSLs for a given GMSL driven by changes in earth parameterisation. We contrast
behaviour due to the East Antarctic ice sheet (gold dots) which is tightly clustered
around the 1:1 line, with the spread of values driven by changes in the Eurasian ice
sheet (red dots). This is unsurprising given the proximity of the northern Israeli
coast to the extended MIS 6 Eurasian ice sheet.
We also note that for both Ice 1 and Ice 2 the response due to the Laurentide
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ice sheet is generally of opposite sign to that of the Eurasian ice sheet; the
Laurentide will act to amplify the RSL response, whereas the Eurasian ice sheet
results attenuate the RSL response with respect to GMSL. For example, a GMSL
change to -30m could result in an RSL of -38m for the Laurentide ice sheet, but
only a drop to -12m for the Eurasian ice sheet (Ice 2). For Ice 1, the response to
the Laurentide ice sheet could both amplify and attenuate RSL depending on
earth model.

Figure 7.10: Variation in RSL at Rosh Hanikra driven by ice volume changes in
the Eurasian ice sheet only, for five different earth models. The earth models are
summarised in the legend as lithospheric thickness (71 or 96 km), upper mantle (0.2,
0.5 or 1 x 10 21 Pa s) and lower mantle (0.25, 0.5 and 1 x 1022 Pa s).
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Figures 7.8 and 7.9 indicate, for a given earth model, how RSL could be
expected to respond through the interglacial period for each individual ice sheet
for Ice 1 and Ice 2. Both examples illustrate that a potential overshoot of RSL
amplitude at the beginning of the interglacial in RSL amplitude could be driven by
the Laurentide ice sheet deglaciation, and that this could be partially offset by a
reduction in RSL amplitude due to the Eurasian ice sheet. The reduction in the
Eurasian ice sheet also appears to drive a slight phase offset in RSL response,
which could contribute to a higher than global mean sea-level position later in
MIS-5e.
Figure 7.10 indicates that the viscosity response to changes in the Eurasian
ice sheet acts to dampen the full amplitude change of sea level both in the early
potion of the interglacial and at glacial maximum. The lower mantle viscosity
parameter drives the largest RSL variation from a global mean sea level; the yellow
and light blue lines in Figure 7.10, representing earth models with the highest
lower mantle viscosity, deviate more from the global mean sea level (black line)
than those earth models with lower low mantle viscosities (red and navy lines).The
RSL response to changes in GMSL at Rosh Hanikra can be seen for all 6 ice
histories in Figure 7.6; although none of these modelled outputs indicates a phase
offset in RSL response to GMSL change, the possibility for this response can be
seen in Figures 7.8 and 7.10 where peak RSL happens at some time after peak
GMSL due to changes in the Eurasian ice sheet.

7.5

Discussion and Conclusions

Our analysis allows us to make two broad statements concerning the GIA response
at Rosh Hanikra:
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• Despite constructing our analysis using ice histories that span a variety of
interglacial durations, ice dispersal templates and interglacial to glacial ice
volume amplitude changes, the variation between RSL and GMSL
throughout the interglacial remains within -1.8 m and +5.4 m.
• Rosh Hanikra is particularly sensitive to the Eurasian ice sheet, irrespective
of which ice dispersal template is used. The RSL response at Rosh Hanikra
to volume changes in the Eurasian ice sheet is also particularly sensitive to
choice of earth model used in the GIA model.
Although in reality there can only be one GIA correction, the parameters for
it are unsure, so that we need to explore the issue over a range of potential GIA
corrections. As this analysis considers different ice volumes with respect to the
present, different deglaciation histories, and different ice-dispersal and ice-volume
templates for the Eurasian ice sheet, the range of corrections is representative of
the level of uncertainty in the problem investigated.
Using the various ice histories we have generated a set of GIA corrections
across the MIS-5e interglacial. Results indicate that the scale of the GIA
correction during the interglacial time period will be between -1.8 m and +5.4 m,
given stated possible variations in earth and ice history parameters. The scale of
the GIA correction changes at each time point through the interglacial, and these
"maximum correction" values do not reflect potential variation across the MIS-5e
time window. In general, the scale of the required GIA correction reduced across
the interglacial, from the deglaciation to end of the interglacial.
All ice histories used in this analysis gain or lose ice-volume concurrently
between the different hemispheres. Given the demonstrated sensitivity of Rosh
Hanikra to changes in the Eurasian ice sheet, and the level of complexity
evidenced in the stratigraphic record for Rosh Hanikra, this analysis may be
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further developed by offsetting the phasing of melt from Laurentia, Greenland and
the Antarctic ice sheets, and by incorporating a more dynamic Eurasian ice sheet.
The ice histories used in this analysis were not designed to reproduce the multiple
phases of relative sea level as indicated by the Rosh Hanikra record, and several
other records worldwide. We suggest that generation of a more complex ice model
across MIS-5e will be required to achieve the level of variation seen in the data.
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Abstract
A continuous Last interglacial (Marine Isotope Stage, MIS, 5e) coastal sediment
sequence has been identified along the Galilee coast of Israel. It consists of three main
sub units of the previously determined Yasaf Mb.: (a) a conglomerate containing round
pebbles and the diagnostic Strombus bubonius LMK, suggesting a stormy intertidal to
super-tidal regime; (b) Vermetidae reef domes indicating a shallow environment; and (c)
a coarse to medium grainsize bioclastic sandstone, probably deposited in the shallow,
sub-tidal zone. The sequence overlies three abrasion platforms cut by tidal channels that
are filled with MIS5e sediments, at elevations of +0.8, +2.6 and +3.4m. We present
results of a detailed study of the sequence of coastal structures, with focus on its
stratigraphic, sedimentological and paleontological characteristics that indicate sea level
changes. The region’s microtidal regime and tectonic stability make the study region
ideal for extracting high-resolution relative sea level (RSL) information. For age control,
we report U series recrystallization ages of 110±8ka for Strombus fossils. All fossils were
found to be altered and ages therefore do not represent the initial deposition phase. Field
relations and
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U/238U ratios indicate relative short period of exposure following

deposition. The interpreted relative sea level positions range between +1.0 m and +6.5 to
+7m with an uncertainty of < 1 m. Most of the inferred MIS5e sea level positions in the
study area fall within a narrower range of +1.0 m to +3.3 m, with evidence for sea level
falls to about +1 m. Only toward the end of MIS5e do we find RSL values that exceeded
about +6.5 m. Using GIA modelling and multiple ice histories we determine GIA
corrections between -1.8 and +5.4 m. This implies that global mean sea level was
between -0.8 m and +8.7 m for the majority of MIS5e, with a final period of sea level
potentially reaching +11.9 m. The elevations and pattern of the Galilee RSL sequence for
MIS5e resemble those in RSL records from other areas of assumed tectonic stability,
such as Western Australia, Bermuda, and the Bahamas.

Key words
MIS5e sea levels, Galilee coast, Israel, Strombus bubonius LMK, GIA modelling,
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1. Introduction
The elevation and age constraints of the global Interglacial sea levels of MIS5e, and the character
of its variability differ spatially as a result of different methods used. In general, MIS5e is dated
roughly between 136 and 113 ka (Dutton et al., 2015 and refs. therein) and its sea level
elevations commonly range between +2 and +6 m (Table 1). The pattern of sea level variability
during MIS5e varies. For example, a double or triple peak within the interglacial was
reconstructed in the Red Sea (Rohling et al., 2008; Grant et al., 2012), a 2-step sea level shape
was inferred by Hearty et al. (2007) (Table 1), while at Western Australia some workers infer a
flat highstand (Dutton and Lambeck, 2012) and others a flat phase followed by a sharp upward
jump (O’Leary et al., 2013).
Sea level reconstruction, notably of the last ~0.5 Myr, relies on: (a) shallow water corals;
(b) benthic foraminiferal δ18O values in deep sea cores; (c) strongly amplified surface-water δ18O
changes in evaporative marginal seas like the Red Sea (Siddall et al., 2003; Rohling et al., 2009;
Grant et al., 2012) and the Mediterranean (Rohling et al., 2014), which result from water
residence-time changes in those basins as cross-sectional strait-passages get modified by sealevel changes; and (d) elevation of coastal structures and macro-fauna (Table 1). All methods
suffer from uncertainties and inaccuracies in both elevations and dating. Unlike well-dated, nonaltered coral reefs that are commonly reported to record sea level with vertical uncertainties of
up to 5 m (Fairbanks, 1989) and deep sea cores with vertical uncertainty of 6 m or more, coastal
sedimentary structures offer accurate indicators for sea level elevations when they are wellinterpreted in terms of their depositional environment (Hearty et al., 2007; Table 1) and are
corrected for local tectonics. High resolution records of sea level rise during MIS5e were
obtained from well-dated fossils exposed coral terraces in the stable coasts of Bermuda,
Bahamas, Western Australia, and the northeast Yucatan peninsula (Blanchon et al., 2009;
O’Leary et al., 2013; Dutton and Lambeck 2012). In addition, data have been collected in
uplifted areas, but these have elevated uncertainties as is the case in – for example – Papua New
Guinea (Stein et al., 1993).
Various patterns have been documented for MIS5e relative sea level variability (Table 1).
These include: single peak ~5 m above present sea level (Chen et al., 1991; Muhs et al., 2002);
two high-stands of +2.5 m and +6 m up to +9 m (Stein et al., 1993; Newmann and Hearty, 1996;
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Stirling et al., 1998; Hearty and Newmann, 2001; Schellmann and Radtke, 2004; Dumas et al.,
2006; Hearty et al., 2007; Blanchon et al., 2009; O’Leary et al., 2013); multiple high-stands of up
to about +20 m based on benthic oxygen isotope data from deep sea cores (Waelbroeck et al.,
2002); and a double or triple peak up to about +10 m in the Red Sea (Rohling et al., 2008; Grant
et al., 2012).
A key fossil for MIS5e in the Mediterranean is the gastropod Strombus bubonius LMK
(the west-African P. latus (Gmelin, 1791), see Taviani, 2014 and refs. therein) which is part of
the “Senegalese fauna,” indicating a relatively warm coastal and marine environment. This fauna
was previously considered as representing what was then termed “the Tyrrhenian events” (Sivan
et al., 1999). Later, the terraces containing the Strombus fossils were mainly attributed to MIS5,
although in the western Mediterranean they are found also in MIS7 (Zazo et al., 2013 and
references therein).
The marine terraces bearing the Strombus bubonius LMK fossils of the western
Mediterranean were dated to MIS5e using Amino-acids and U series mainly of Cladocora
caespitosa corals (Hearty et al., 1986a; Zazo et al., 2003 and refs. therein). MIS5e terraces were
identified along the Spanish coast (Hoang and Hearty, 1989; Zazo et al., 2003; 2013; Dabrio et
al. 2011), in Mallorca Island (Hillaire-Marcel et al.,1986 ;Hearty, 1987; Zazo et al., 2002), the
Gibraltar region (Rodríguez-Vidal et al., 2007) (Table 1) and in Calabria and Puglia, Italy
(Hearty et al., 1986b; Dumas et al., 2005). The elevation of these marine terraces varies between
+1.5 and +5 m. In Mallorca, MIS5e relative sea-level was reconstructed from coastal cave
speleothems to be between +1.5 and +3 m (Tuccimei et al., 2006; Dorale et al., 2010).
In the eastern Mediterranean basin, indications for rapid relative sea-level changes within
MIS5e were documented in the Gulf of Corinth, Greece. These include microbial bioherms with
inter-grown marine coralline algae at elevations of 10-20 m over marine terrace (Andrews et al.,
2007). These elevations are highly affected by tectonic movements (Pavlopoulos et al., 2012)
and therefore the data cannot be used for reconstructing a high resolution relative sea-level
curve. In Cyprus, U-series dated Cladocora caespitosa corals in MIS5e marine terraces, at
elevations ≤+3 m, range between 108±6ka to 138±4 (Pool et al., 1990).
In Lebanon, north of Israel, conglomerate terraces composed of large rounded pebbles and
the diagnostic fossil Strombus bubonius LMK, similar to the ones investigated here, are exposed
along the coast. In Na’ame, Beirut bay, Lebanon, a +7 to +10 m marine terrace is overlain by the
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marine Strombus bubonius unit and there is a fossilized, calcareous bench with vermetidae. In
places, it is overlain by breccia that contains “Levallois technique” artifacts (Middle Palaeolithic
stone knapping technique) that are also covered by another vermetidae layer up to +10.5 m.
These vermetidae layers indicate MIS5e relative sea levels of +7m and +10 m (Sanlaville,
1971). However, since the area is subjected to vertical tectonic movements of at least 1-1.5 m
(Sivan et al., 2010), the Naame section cannot serve as an accurate sea level marker. The
Strombus and vermetidae units were radiometrically dated to between 93 and 90 ka (Bar-Yosef,
1998), whereas the Levallois artifacts (identified as “Tabun C” type based on the Tabun cave,
Carmel coast Israel, finds) were dated, mainly by TL and ESR (EU and LU) to between 140 and
80/75 ka (Bar Yosef, 2007).
Geological Setting
Along the Galilee coast of northern Israel (Fig.1), a marine, bioclastic, calcareous
sandstone - the "Yassaf" Member (Mb) has been previously related to MIS5e (Sivan, 1996; Sivan
et al., 1999) based on the occurrences of the diagnostic fossil Strombus bubonius LMK and
stratigraphical correlations. The coastal outcrops were recognized in scattered patches, a few cm
to 2 m thick. Yassaf Mb.sediments extend up to ~150 m eastward of the present coastline, and
reach an elevation of about +5 m. Dating the Yassaf Mb. by U series of mollusk shells failed,
since they were found to be altered into calcite (Kaufman et al., 1971; Bernat et al., 1985).
Therefore, the Yassaf Mb. was defined as MIS5e based on correlation to the Strombus bearing
units in the western Mediterranean, where U series dating was carried out on Cladocora
caespitosa corals in association with the Strombus relicts (Sivan et al., 1999 and Refs. therein).
In the Carmel coast of Israel, a marine unit similar to the Yassaf Mb., that bears the
significant Senegales fauna (Zazo et al., 2003; 2013), was documented by Galili et al. (2007).
The unit was ascribed to MIS5e, based on the fauna and correlation to the Galilee Yassaf Mb.
Maus et al., (2012) OSL dated this unit to about 113±5 ka.
Here, we report on a shore terrace in the east Mediterranean coast of Rosh Hanikra in
northern Israel, which comprises a section that includes a gravel unit with Strombus bubonius
LMK fossils at the base, overlain by a Vermetidae reef, and covered by the bioclastic sandstone.
This sequence is considered to mark a palaeo-sea-levels position. These new sedimentological
and palaeontological data provide a high resolution sea level record through MIS5e on the
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Galilee coast. A major effort was made to date the Strombus bubonius fossils, but the U/Th
results are only indicative of alteration ages. The inferred depositional ages and elevations are
compared with results of an isostatic model for the study area, and to other global records.

2. Materials and Methods
2.1 General stratigraphy and sedimentary characteristics
This study presents a detailed assessment of sub-units within the so-called bioclastic Yassaf
Member (Mb.) sandstone (Sivan, 1996; Sivan et al., 1999), which overlies the Regba Mb.
calcareous sandstone (locally named kurkar). We identify a type section for the Yassaf Mb. at the
northern Galilee coast, in Rosh Hanikra north (RHN; Figures 1 and 2). The Yassaf Mb. sub-units
concerned are: a strombus sub-unit; a Vermetidae reef (also named the domes); an algal crust and
lower and upper bioclastic sandstone (Figure 3). All these sub-units were deposited in shallow
marine environments.
These marine sub-units of the Yassaf Mb. were deposited on a palaeotopographic surface
of the Regba Mb. kurkar and are inclined seaward. Deposition occurred between present sea
level and a few meters above present sea level, with indications of sea level rise and retreat in
each depositional phase (Figure 3). The upper bioclastic sandstone in Rosh Hanikra was
excavated during historical periods (Figure 4c, 17 and 18) for building blocks, providing a
detailed 3D outcrop of the upper part of the sequence. These excavations exposed the other subunits such as the Vermetidae reef identified in the current study. The various sub-units are
exposed, to a lesser extent, in the other sites - Hazrot Yasaf and Shavey Zion (Figures 4a and
4b). In the Rosh Hanikra sea cave, developed along a fracture trending N17E within the late
Cretaceous, chalky E-W Rosh Hanikra ridge (Figure 1), we identified both the strombus sub-unit
and the bioclastic sanstone sub-unit (Figure 4c: 19-21). The strombus sub-unit is found at the
cave entrance between present sea level and +1 m, while the bioclastic sandstone sub-units are
located at elevations of +1.5 to +4 m.
The following sections explain the methods used for studying last interglacial sea level
markers on the Galilee coast.
2.2. Fieldwork – survey, stratigraphical and sedimentological methods
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A detailed survey was performed along the Galilee coast, including sites in which Strombus
bubonius fossils were previously found (Sivan, 1996; Sivan et al., 1999), along with new sites in
Rosh Hanikra. We performed detailed surveys and sampling (Figure 1) along W-E cross sections
(Figure 2) perpendicular to the coastline, at three sites: Hazrot Yasaf; Shavey Zion; and Rosh
Hanikra north (RHN) and south (RHS). Another outcrop was documented within the Rosh
Hanikra sea cave located in RHN, where the Rosh Hanikra ridge gives rise to vertical sea cliffs
(Figure 1). For accurate documentation, the survey uses RTK Proflex 500 GPS with horizontal
and vertical precisions of one and five cm, respectively. The sea cave outcrop was surveyed
using a Leica Disto laser distance meter and inclinometer and a hand-prismatic compass, with
horizontal and vertical precisions of five cm. All data are related to the Israeli Datum. A
complete stratigraphic section, consisting of all sub-units, was found only in Rosh Hanikra
North. Therefore, the RHN site was assigned to be our type section for the last Interglacial in
Israel.
Stratigraphic correlations between sites were established (Figure 3) using the sedimentological
characteristics and elevations of the sub-units. The field exposures of each unit are presented in
figure 4.
2.3 Sampling for sedimentological, micro-petrography and faunal analysis
Each sub-unit (Table 1) was sampled for petrographic analysis, microfaunal identifications in the
case of the mound-shaped reef structures, and U series dating.
Grain size analyses were carried out in the field and under the microscope. Pebble sized
and larger gravels were measured in the field, corroborated by measurements on size-calibrated
photos. Short-axis lengths of fine grains were measured under the microscope, relative to a
calibrated micrometer. From each interval, when possible, two subsamples of at least 90 grains
were measured for each grain type (quartz, calcareous and pebbles); subsamples with less than
30 grains were not used (Figure 5).
For petrographic analyses, eighteen thin sections were prepared and analyzed for the
coastal sites, and four from the cave. The thin sections were cut perpendicular to the horizon for
optimal coverage (Figure 6). Thin sections were analyzed using an Olympus BX53-P
petrographic microscope. Their structures were classified following Wright (1992). Diagenetic
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features were classified and interpreted following compilations by Moore (1989), Tucker &
Wright (1991) and Flügel (2004) and references therein.
For microfossil analyses, the partially indurated sediments were sampled and treated with
warm H2O2 to improve disaggregation. After dry weighing, sediments were wet-sieved over a 63
µm mesh and dried at room temperature; the >63 µm fraction was used for foraminiferal and
ostracod analyses.
The taxonomy used in speciation of the benthic foraminifera is based mainly on Loeblich
and Tappan (1987, 1994), Cimerman and Langer (1991), Hottinger et al. (1993), Sgarrella and
Moncharmont-Zei (1993), Jones (1994), Reinhardt et al. (1994), Yanko et al. (1994, 1998),
Cearreta and Murray (1996), and Reiss et al. (1999). Total and relative benthic foraminiferal
abundances were determined, and species diversity was expressed as raw diversity (species
richness). The identification of ostracod taxa is based mainly on Athersuch et al. (1989), Meisch
(2000), Maddocks et al. (2004) and Mischke et al. (2014). The preservation state of foraminifera
and ostracods was evaluated based on several criteria (e.g., breakage, reworking, population
structure, sorting, articulation of ostracods shells) indicating taphonomic processes within the
depositional environment (e.g., Frenzel and Boomer, 2005).
2.4. Dating and age corrections.
One sample of the Regba Mb. kurkar underlying the Yassaf Mb. was Optically Stimulated
Luminescence (OSL) dated giving an age of 215±22 ka. Due to the low radioactivity
(0.405±0.030 Gy/ka), chemical analyses for dose rate calculations were replicated. Considering
that the equivalent dose of 87±5 Gy is well below saturation of the OSL signal, we consider this
age reliable.
For the main (Yassaf Mb.) sequence, the strombus sub –samples and other fossil samples
(table 2) were crushed to powder and spiked with a mixed

229

Th-236U spike. U and Th were

separated by column chemistry following the procedures described by Vaks et al. (2007) and
Torfstein et al. (2009). U and Th isotopes were analyzed by Nu plasma ICP-MS-MC at the
Geological Survey of Israel. The 234U/238U (atomic) ratio obtained for NBL112a over the course
of this study was (5.299±0.004)·10-5 (

2

; n=21).
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2.5. Glacial isostatic adjustment (GIA) correction
We define the GIA correction as the difference between Global Mean Sea Level and Relative
Sea Level. The GIA response at 33.093°N, 35.105°E is modeled using a range of earth models
and eight global ice-loading histories covering a range of glacial-interglacial ice volumes. We
vary spatial dispersal patterns for the ice volume as well as the duration of the interglacial
between ice histories, to investigate the GIA response to a broad series of assumptions,
summarized in table 4. Further detail on the GIA, ice and earth models can be found in the
supplementary material.
Ice
history

Ice history
based on

1

ICE-5G
(Peltier,
2004)
Red Sea
RSL (Grant
et al., 2014)
Red Sea
RSL (Grant
et al., 2014)
Red Sea
RSL (Grant
et al., 2014)
Red Sea
RSL (Grant
et al., 2014)
Algorithmic
3D ice
history (de
Boer et al.,
2014)
LR04
(Lisiecki
and Raymo,
2005)

2a
2b
3a
3b
4

5

Dispersal Pattern
(A: ICE-5G
(Peltier, 2004), B:
3D ice history (de
Boer et al., 2014)
A

Model
interglacial
duration
4

Ice volume difference
between peak
interglacial and present
day model ice volume
(m.e.s.l.)
0

A

4

-0.2

A

8

-0.2

B

4

-0.8

B

8

-0.8

B

6

-3.7

A

4

-3.7

9

428

6

Global sea
A
4
-4.5
level
(Waelbroec
k et al.,
2002)
Table 4: Summary of key features in the ice histories used in GIA modelling.
For ice histories, we first adapt a version of the ICE-5G ice history (Peltier, 2004) so that it
covers two glacial cycles (Ice 1). Ice 1 approximates the MIS 6 to MIS 5 transition by
reproducing the ICE-5G deglaciation from last glacial maximum to present day.
Ice histories 2 and 3 represent a global model of ice volume variation based on the Red
Sea RSL reconstruction (Grant et al., 2014). We use ICE-5G and the de Boer (2014) 3D ice
history as a template for the spatial distribution of ice, generating Ice 2 and Ice 3 respectively. To
investigate the impact of duration of the interglacial on the predicted GIA corrections, we insert
either an artificial 4-kyr interglacial (Ice 2a and 3a), or an 8-kyr interglacial (Ice 2b and Ice 3b) at
the peak interglacial point.
Ice 2 contains about 25 m of sea level equivalent volume in the maximum Eurasian ice
sheet, whereas Ice 3 contains approximately 40 m of sea level equivalent volume in the Eurasian
ice sheet at maximum volume.
The fourth ice history (Ice 4) is based on an algorithmic 3-dimensional ice history (de Boer et
al., 2014). Ice 5 is based on the Lisiecki-Raymo benthic stack (Lisiecki and Raymo, 2005), with
a scaling of maximum and minimum ICE-5G ice volume mapped to maximum and minimum
δ18O values between the last glacial maximum and present day. Finally, Ice 6 is based on a
global mean sea-level curve derived from deep-sea cores from multiple ocean basins, and
adjusted using selected fossil coral data (Waelbroeck et al., 2002).

3. Results
3.1. Field observations
In our four selected sites, the base of the marine sequence is the calcareous Regba Mb. sandstone
(kurkar) (Sivan et al., 1999). This kurkar forms a coastal ridge. This ridge is exposed to the west
(seaward side) at sea level and becomes topographically higher to the east (landward). It is
characterized by large-scale cross bedding and considered as an aeolianite (Figures 4a and 4),
which is overlain by low-angle, tabular, planar laminae of the bioclastic sandstone that dip
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slightly seaward and may indicate a coastal environment (Figures 4a, 3 and Table 2). The
present-day abrasion platform consists of Regba Mb. sandstone abraded by modern tidal
channels (Figure 4a 1). Two higher abrasion platforms exist in the Hazrot Yasaf site (Figure 3),
with elevations of +2.6 (Figures 4a and 2) and +3.4m, respectively (Table 2), contain palaeo tidal
channels filled with the upper bioclastic sandstone sediments (Figures 4a and 2), indicating two
steps of sea level rise in the MIS5e: the first step abraded the platform while later, the last MIS5e
rise filled it with the upper bioclastic sandstone.
Unconformably overlying the Regba Mb. kurkar is the strombus sub unit (Table 2 and
Figure 3), a gravel unit containing sub-rounded limestone, chert, and kurkar pebbles in a matrix
of fragmented macro- and micro-bioclasts. The strombus sub unit contains a warm so-called
“Senegalese” marine gastropod fauna (Zazo et al., year… and references therein) dominated by a
taxon that was originally named Strombus bubonius LMK (and was more recently renamed
Lentigo latus; Galili et al., 2007) (Figures 4a5 to 4a8). This sub unit was found at all study sites
(Figure 1 and 3) in the form of very hard conglomerate patches that directly overly the Regba
Mb. kurkar from the elevation of the present-day abrasion platform of +0.8 m at RHN, +0.9 m at
RHS and +0.96 m in SZ, up to maximum elevations of +2.4 m at HY, +1.75 m at RHN and
RHS, and +1.66 m at SZ (Figure 3 and Table 1). In the sea cave, the chalky bedrock is
unconformably overlain by patches of this marine conglomerate, containing matrix-supported,
rounded to subangular gravel-size clasts, mainly pebbles and cobbles, with some marine
mollusks. There, it is found at elevations from modern sea level to about +1 m (Figure 4c 19-21).
Overlying the strombus sub-unit is the Vermetidae sub-unit, with base elevations between
+1.08 and +2.33 m. This sub unit consists of mound-shaped bioherms (“domes”) (Figure 4b9 and
4b10) constructed by Vermetidae colonies (Figure 3 and Table 2). The domes were found only at
Rosh Hanikra North, and their thickness varies between 0.3 and 0.5 m. They consist primarily of
Petaloconchus (cf. Lea, 1843; see Figures 4b11 and 4b12). The mound shapes are coated by
composite algal microbialite crusts with a thickness of about 0.13 m (Figures 4b13 and 4b14 and
Table 1). This horizon overlies both the vermetid bioherms ,and the strombus sub-units where
the vermetidae domes are missing. Elevations of this crust vary from +1.59 m at RHS (overlying
a strombus sub unit; Figure 4b 13) to +2.78 m at RHN (Table 2) where it covers the highest
mound shaped structure.
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The bioclastic sub unit unconformably overlies the sequence described above. It
comprises of a set of well-bedded, bioclastic sandstones, where the lower is relatively coarse and
the upper relatively fine-grained and well-sorted. The contact between the lower and upper beds
is by gradational fining upward. The lower bioclastic sandstone is medium to coarse planar
bedded, gently dips seaward, and contains gastropods, vermetids and bivalves. The upper
bioclastic sandstone is fine to medium planar bedded, and contains gastropods, bivalves, and
spicules. The contact between the upper two bioclastic sandstone beds and underlying sub-units
is irregular, wavy, and abrupt. The two-bed bioclastic sandstone sub-unit is exposed from the
elevation of the present-day abrasion platform, where it fills tidal palaeo channels at elevations
of +0.93 m at SZ, +1.0 m at HY and +1.1 m at RHS, or as a thick unit overlying the Regba Mb.
kurkar (Figure 4b15 and 4b16). Maximum elevations of the two bioclastic sandstone beds were
measured at +6.45 m in RHS, and +5.7 m in SZ (Figure 3 and table 1). In RHN, almost the entire
sequence is exposed due to man-made excavations (Figure 4c17 and 4c18). The lower bioclastic
sandstone bed was also found within the sea-cave in RHN, comprising a 1.1 m thick layer of
bioclastic calcarenite with coarse-sand-sized fragments of gastropods and bivalves, cemented by
calcite, at elevations varying from +1.5 m at the bottom close to the inlet of the cave, to about +4
m at its uppermost edge within the cave (Figure 4c 19-21).
3.2 Mineralogy, grain size and micro-analysis
The Regba Mb, the Strombus sub unit, and the vermetid reef domes with the algal crust contain
both calcareous and quartz clasts with similar grain size distributions (Figure 5) while the
overlying two bioclastic sandstone beds contain only calcareous grains in smaller sizes, and no
quartz grains.
Petrographic characteristics in thin section indicate that top of the Regba Mb. kurkar is a
cemented calcarenite comprised of well sorted fine to medium sand size calcareous clasts and
quartz grains (Figure 6a). The strombus sub unit comprises a wide range of clasts in two main
size categories in a floatstone (sensu Embry and Kloven, 1971) texture. The first size category
concerns large and poorly sorted, poorly rounded, varied clasts and large gastropods (Strombus
sp.), suspended in a matrix-filled packstone to grainstone. The second size category consists of
quartz and well rounded, very poorly sorted calcareous clasts, with very fine to fine sand-sized
quartz grains (Figure 6b). The Vermetidae domes are filled with micrite, small gastropods, and
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an assemblage of calcareous clasts and quartz grains. Carbonate phase bulk mineralogy consists
of 75% calcite and 25% aragonite (Figures 6c). The crust consists of undulatory to cumulate
algal/microbial structures. In between laminae are small gastropods and an assemblage of
calcareous clasts and quartz grains. (Figure 6d). The lower and upper sandstone beds comprise
cemented calcarenite with calcareous clasts and bioclasts that display fining upward from coarse
at the base to medium-fine at the top (quartz grains are absent; Figure 5d). Bioclasts include
foraminifera and small gastropods (Figure 6e and 6f). The upper sandstone sub unit includes
also spicules, and its carbonate phase bulk mineralogy ranges from 95% calcite (5% aragonite) to
60% calcite (40% aragonite) where fibrous isopachous cement is present (Figure 5c).

3.3 Microfaunal assemblages of the mound-shape structures
The microfaunal assemblages of the mound-shape structures show foraminiferal abundances of
64 individuals per gram dry sediment (ind./g), with a species richness of 26 per sample. The
foraminiferal assemblage is dominated by Ammonia sp.1 (13%), accompanied by Peneroplis
pertusus (Forskål), Buccella granulata (di Napoli Alliata), Asterigerinata mamilla (Williamson),
Osangulariella bradyi (Earland), Peneroplis planatus (Fichtel & Moll), Pseudoschlumbergerina
ovata (Sidebottom), and Rosalina macropora (Hofker), each with relative abundances between 5
and 9%. Ostracods are present in low abundances of 6 individuals per gram. Six species were
identified, with Aponesidea reticulata (Mueller), Hemicythere arborescens (Brady), and
Cyprideis torosa (Jones) accounting for 67% of the ostracod assemblage. All ostracods shells were
of reworked adults and disarticulated.

3.4 Chronology
A single sample of the upper Regba kurkar was OSL dated, in order to constrain the base of the
studied deposits. An age of 215 ±22ka (Table) was obtained, which suggests MIS7.
U-Th isotope analyses were done on several types of fossil samples that were collected
from Rosh Hanikra. From RHS, fragments of several specimens (mainly Strombus bubonius
were collected while from the northern part mainly Petaloconchus were analysed (Table 2). The
shells of most of these fossils were altered from aragonite to calcite possibly by reaction with
freshwaters. This hampers the possibility to determine closed-system U-Th ages for the
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formation age of the shells, unless the replacement to calcite occurred shortly after the original
time of formation and the isotope system remained close since then. Our approach to evaluate
whether the U-Th data of the calcitic shells provide reliable chronological information was to
analyze several fragments of individual fossils and examine whether the sub-fragments show
systematic variations in the 238U and 230Th concentrations that may reflect the redistribution of U
in the skeleton after it was replaced from aragonite to calcite. This configuration in principle can
produce a linear scattering in 230Th versus 238U (activities) variation diagram where the slope can
be related to isotope growth since time of recrystallization from aragonite to calcite (Fig. xx).
This method was recently developed for corals that were recrystallized from aragonite to calcite
(Lazar and Stein, 2011; Yehudai et al., submitted).
Our U and Th isotope data are listed in Table 2. We limit the description and discussion
of the data to only the strombus samples since they appear to yield consistent results, while the
other fossils, e.g. the Vermetidae yielded scattered 230Th/238U and 234U/238U activity ratios that
could not be treated in any systematic manner, indicating continuous open system behavior. U
and Th concentration, in the strombus calcitic shells typically are 4.9-19 nmol/g and 29-207
pmol/g, respectively. Plotting the activity ratios of the strombus samples in the 230Th/238U and
234

U/238U plots reveals positive correlations that indicate that U was re-distributed in the

strombus samples in some systematic way. Similar scattering was observed in recrystallized
calcitic corals (Yehudai et al submitted). We also see that the strombus sub-samples plot in a
close cluster in the 230Th/238U-234U/238U evolution diagram (Fig. 7), almost along an isochron line
and close to the seawater evolution line with 234U/238U = 1.15. All other samples (e.g. the
Vermetidae) scatter on the evolution diagram showing no systematic distribution. Thus, it
appears that the alteration of the strombus shells did not significantly shift the 234U/238U activity
ratios from their original seawater value, and that the isotope system remained closed since the
time of recrystallization that caused redistribution of the U in the shell. Moreover, the
intersection of the correlation line in the 230Th/238U diagram (Fig. 8) is very close to the zero
intercept, which indicates that almost no Th was present in the shell when it was altered into
calcite. This implies that the recrystallization age of the strombus shells from aragonite to calcite
was close to the original time of formation.
Calculating U-Th “single-ages” for the strombus sub-samples yielded an average age of 110±8
ka (2σ) and initial

234

U/238U ratio of 1.157±14, which is around or slightly higher than the open
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seawater value. The slopes of the strombus sub-samples plotted in the

230

Th-238U and

234

U-238U

diagrams are 0.721±0.00X and 1.115±0.00Z (errors on the trend slope function), respectively.
These correspond to a “single age” of 110±X ka and initial of 1.157, the same values as the
averages of the single calculated ages.

3.5 The isostatic component.
As the stratigraphic sequence indicates that the investigated samples were deposited during the
MIS 5e interglacial, we limit our GIA corrections to those points of time that fall within MIS 5e,
where the interglacial duration is defined by the ice history on the basis of the criterion that ice
volume is at or smaller than present day values. This criterion isolates the interglacial period
from the rapid deglaciation prior to the interglaciation, or the drop in sea level following the
interglacial period. It also means that the chronology of the interglacial period used by the ice
histories is irrelevant; we identify and analyse an interglacial response based solely on ice
volume.

Results across ice histories
Ice History

GIA Correction at start of
GIA Correction at end of interglacial
interglacial (minimum value (minimum value and maximum
and maximum value, given
value, given all earth models) (m)
all earth models) (m)
1
0.4 : 1.6
-0.1 : 0.8
2a
-1.1 : 3.1
0.3 : 1.6
2b
-1.8 : 2.2
0.4 : 1.4
3a
1.0 : 5.4
1.0 : 1.6
3b
-0.1 : 5.4
-1.2 : 1.4
4
-1.5 : 2.0
-0.2 : 2.4
5
0.3 : 5.4
-1.0 : 1.4
6
0.4 : 4.9
-0.6 : 1.6
Across All -1.8 : 5.4
-1.2 : 2.4
Table 5: GIA corrections generated by the range of earth models and ice histories used in the
GIA modelling.
For all ice histories the GIA correction varies in size across the interglacial with a
maximum correction between relative and global mean sea level at the beginning of the
interglacial. Ice histories 1, 2a, 2b, 5 and 6 all have the same dispersal pattern, and four of them
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(all except 2b) have the same duration of interglacial. Despite these similarities these five ice
histories span the full range of potential GIA corrections, indicating a GIA response that is being
driven by something more complex than simply interglacial duration or ice dispersal pattern.
Regardless, a sensitivity to ice dispersal pattern and duration of interglacial can be
discerned by comparing the results generated by 2a and 2b with 3a and 3b. Variations in total
global ice volume are held constant between Ice 2 and Ice 3, with only the ice dispersal pattern
changing. Ice 3 has a larger MIS 6 Eurasian ice sheet than Ice 2 and generates a comparatively
larger range of GIA corrections. A short interglacial (4 kyr; the “a” scenario for both Ice 2 and
Ice 3) generates a smaller range of potential GIA corrections, while a longer interglacial (8 kyr;
the “b” scenario) generates a larger range of potential GIA corrections.
Ice 3 and Ice 4 both contain an ice dispersal pattern that includes a larger MIS 6 Eurasian
ice sheet, yet between these two ice histories the resulting GIA corrections are also different,
with the 6 kyr interglacial duration of Ice 4 generating a smaller range of GIA corrections than
the 4 kyr interglacial duration of Ice 3a. We infer that the underlying total ice volume change,
which differs between ice 3a and Ice 4, influences the range of GIA corrections generated.
As we cannot say where in the interglacial sequence the fossil deposits tested in this
paper lie, we apply the maximum range of GIA corrections generated to the reconstructed RSL
values, as seen in Table 1. GMSL deviated by –1.8 m to +5.4 m from the RSL values indicated
by the field data. This result is true irrespective of the underlying ice volume through the
interglacial period. Ice histories 1 to 3 both have near present-day ice volume values through the
last interglacial, yet generate the full –1.8 to +5.4 range of corrections, whereas ice histories 4 to
6 have approximately 4 m less ice through the interglacial than present day values, and they also
generate a –1.8 to +5.4 m range of corrections.
The range of potential GIA corrections detailed here incorporates uncertainties in choice of earth
model, ice volume, duration of interglacial and ice dispersal patterns. Our analysis generates a
range of GIA corrections for both an early and a later section to an interglacial. Given the
uncertainties in dating the fossil deposits we wish to be cautious and apply the larger range of
uncertainties determined. If more precise dating were possible, we would understand more about
the duration of the MIS5e interglacial in this region, and could apply the generated GIA
corrections with more precision.
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4. Discussion
4.1. Inferred sea levels, elevations and timing from the Galilee coast, Israel.
Coastal structures offer relatively accurate elevation indications, with vertical uncertainties of
<1m especially when the sedimentary structure is well interpreted and indicative to the
depositional environment (Hearty et al., 2007). However, dating each sea level marker is not
always possible and includes relatively large uncertainties.
The continuous sequence type section at Rosh Hanikra, Galilee coast, Israel, bears
potential for extracting MIS5e eustatic sea levels in the framework of regional oceanographic
circulation and hydrology of the Mediterranean basin: the strong hydrological loss (net
evaporation) in the basin from West to East and the generally cyclonic circulation in the eastern
Mediterranean which causes divergence whereby the center of the gyre has a lower sea level than
the edges. The more local Mediterranean forces could elevate the MISs5e sea levels by tens of
cm. But having this in mind, the Galilee sequence still contains potential for larger scale sea
level data; the continuous various sedimentological sub units, with clear stratigraphical relations,
each of which indicates sea level with an uncertainty of <1m, is unique. The Galilee coast is
considered tectonically stable (Sneh, 2000; 2004) with low isostatic effect (see 4.3.below).
Stability in MIS5e was also proved for the Carmel coast, south of the Galilee (Galili et al., 2007).
Elevations of the sub units in the current study range from +0.8 to +6.5 m, and therefore seem
similar to other MIS5e RSL values obtained from stable areas such as Bahamas, Northeast
Yucatan peninsula, Mexico and Western Australia (Table 1). However, true comparison between
different sites would require detailed modelling of GIA corrections. The main drawback of the
Galilee record is the inability to obtain ages for the various subunits, primarily due to almost
complete diagenetic alteration of the fossils.
In the Mediterranean, there are no corals indicating high resolution sea level elevations,
since the most abundant coral – Cladocora caespitosa – occurs at a range of depths down to
about 40 m (Kružić and Benković, 2008). The key fossil for MIS5e in the Mediterranean is the
gastropod Strombus bubonius LMK (Lentigo latus), which is part of the “Senegalese” fauna.
Dating methods used on Cladocora, Strombus, and other Senegalese species, include U-Th and
Amino-Acid Racemisation (AAR), and OSL for the bearing sediments (Hillaire-Marcel et al.,
1996; Hearty 2007; Zazo et al., 2003 and refs therein; Mauz, et al., 2012). Most of the
Mediterranean studies were carried out in tectonically active areas, both in the western
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Mediterranean, (Hillaire-Marcel et al., 1986; Zazo et al.,2003; Zazo et al., 2013 and refs therein),
and in the eastern Mediterranean (Sanlavile, 1971; Pool et al., 1990; Andrews et al., 2007 ).
Unlike these sites, the Galilee coast is a stable area.
The Regba Mb at the base of the Rosh Hanikra section has been identified as an aeolian
deposit ascribed to MIS6 (Sivan et al., 1999). The cross-bedding structures indicate aeolian
dunes (Figure 4a, 3 and 4). However, planar beds at the top of the Regba Mb and the
petrographic characteristics may suggest a shallow marine or coastal environment (Table 1). The
mixture of well-sorted quartz grains and calcareous clasts implies winnowing within the
depositional environment (Figure 5 c and d). Composition of bioclasts (foraminifera, red algae
etc.) suggests reworking of marine carbonates. The micro-sedimentological analyses can also
indicate deposition ranging from shallow subtidal to shore aeolian (Figure 6a). Therefore, the
current study results remain inconclusive in this respect, as they too can reflect both coastal
(Pomar, 2001; Tucker and Wright, 1990; Vakarelov et al., 2012) and aeolian (Sun et al., 2002)
environments. A single OSL age of 215ka ±22ka for the top Regba Mb indicates that at least its
top was deposited in MIS7. During MIS6, sea level fell and the area was exposed to terrestrial
erosion. The sea-level rise into MIS5e abraded the top of Regba Mb. and created three abrasion
platforms at elevations of +0.8 to +1.0 m, +2.6 m, and +3.4m (Table 1, Figures 3, 4b and 7).
These platforms are relatively flat abrasive surfaces, truncated by tidal channels that suggest
relative long sea-level stillstands of up few thousand years.
Sea level dropped and rose again since the overlying Strombus sub unit is unconformably
deposited over the lowest abrasion platform from ~+0.8 m to a maximum elevation of +2.4 m
(Table 1 and Figure 3). The strombus sub-unit was deposited directly over the Regba Mb. kurkar
and over the Cretaceous chalk at the sea cave. The sub-unit contains coarse pebbles and abundant
remains of the warm “Senegalese” fauna including the diagnostic Strombus bubonius LMK
(Lentigo latus). The occurrence of large marine gastropods, rhodoliths (coralline algae), and
pebbles up to 75 cm, with Strombus fossils up to ~10 cm, reflects a high-energy (storm-affected)
depositional coastal environment (Dabrio et al., 2011). Multiple cement types, both marine and
meteoric, and non-selective dissolution, occur through the unit (Figure 6b), suggesting exposure
to meteoric vadose conditions (Ahr, 2008; Morse and Arvidson, 2002) subsequent to deposition
of the sequence (for details see Figure caption 6b). Therefore, field relations combined with
sedimentary description and micro-analysis indicate an early deposition phase in an intertidal
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environment with enhanced storm activity, with sea levels up to about +2.5 to +3.0 m (Table 1
and Figure 7), followed by sea level fall that caused relatively short exposure.
The 110±8 ka average age of crystallization to calcite possibly marks the time that sealevel declined below the RH MIS5e sequence and exposed it to freshwater activity. It is not clear
how and under which environment the Strombus bubonius and other shells were transformed
from aragonite to calacite. The close to seawater 234U/238U activity value of Strombus bubonius
implies that interaction with freshwater did not significantly affect the marine 234U/238U activity
ratio, possibly because of the low U concentration in the freshwater, and that Strombus bubonius
used the U from the dissolved aragonite skeleton to produce the new calcite crystals. This matter,
however, requires further study.
The strombus sub unit on the Galilee coast marks the base of the MIS5e sequence and is
overlain by 4 additional sub units, all of which have also been attributed to MIS5e (Figure 3). If
we would accept that the strombus sub unit was deposited not too long before 110±8 ka, then it
means that the younger sub units were deposited during a very short period toward the end of
MIS5e between 113ka to 116ka (Muhs et al., 2002; Dutton et al., 2015). This interpretation
implies a complete absence of sediments on the Galilee coast that relate to the earlier MIS5e
phase, starting from the independently well-established onset of high sea levels at around 130 ka
(e.g., Grant et al., 2012; Dutton and Lambeck, 2012; Marino et al., 2015). This can only be
explained by an abrasion phase at the beginning of the MIS5e in the study area, as represented by
the abrasion platforms. Sedimentation in the area according to this suggestion started later, with
the Strombus bubonius bearing sediments. Another dating option for the Galilee coast relies on
comparison with other curves from stable areas with similar RSL patterns and elevations (Figure
15b) suggesting that the Strombus sub unit may be older, at around 125-123ka. The occurrences
of MIS5e Strombus bubonius fossils in the west Mediterranean range between 132 and 112 ka
with up to ±14ka in non-altered samples (Hillaire-Marcel et al., 1986), while Zazo et al. (2003)
presented U-series ages for Strombus bubonius of 113.5±2.5 ka on the Balearic islands (Table 3),
and 131.8±1.63 ka on Tenerife, Canary Islands. In Cyprus, east Mediterranean, the U series ages
obtained on Cladocora caespitosa corals range between 108±6ka to 138±4 (Pool et al., 1990).
Therefore, dating the Strombus bearing sub-unit in the Galilee coast to the second half of MIS5e
is an option, based on the local stratigraphy (Figure 15b).
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The mound-shaped reef structure that overlies the strombus sub unit contains mainly the
reef building gastropod Petaloconchus (Figure 4b 11 and 12) covered by red coralline algal
(rhodolith) crusts (bio-herms) and microbialites. The reef stratum is locally exposed by historical
excavations and therefore at present restricted to RHN. Vermetid reefs are known from the
Middle Miocene to present-day and are used as sea-level indicators. Petaloconchus was the
major vermetid reefs builder in the Mediterranean up to the Holocene when, for unknown
reasons, it was almost completely replaced by Dendropoma (Vescogni et al., 2008).
Dendropoma and Petaloconchus reefs have similar features, and Petaloconchus reefs are
therefore also commonly used as sea level indicators. But since Petaloconchus can live up to 3050 m water depth, it is important to recognize the entire reef assemblage in order to conclude
original water depths of the subtidal to intertidal zone (Vescogni et al., 2008). The mound-shapes
(such as in the current research in Rosh Hanikra) have been interpreted as an indication for highenergy shallow-water settings, similar to those of the present-day intertidal Dendropoma reefs. In
RHN, the benthic associations from the top mound shape structure point to shallow-water marine
habitats within the shallow subtidal zone. The benthic foraminiferal species of RHN inhabit
shallow-water, high-energy, quartz-rich, sandy or carbonate-rich, rocky substrates (Lazar, 2007;
Hyams-Kaphzan et al., 2008; Avnaim-Katav et al., 2013, 2015). The dominant species Ammonia
sp., P. pertusus, and B. granulata, have rather narrow benthic zonation thriving at water depths
between 0 and –6 m (Avnaim-Katav et al., 2013, 2015). The majority of the foraminiferal tests is
moderately to poorly preserved and often polished, suggesting wave erosion within a shallow
coastal high-energy environment that can eliminate the water depths even to 0-3m. The low
numbers of ostracod species also characterize littoral environments. Therefore, the foraminiferal
assemblage from the top mound shape structure, and the poor state of preservation of both the
foraminifera and the ostracoda point to shallow marine habitats within subtidal zone. Sea levels
of this phase are therefore estimated at ~ +3 m to +4 m (Table 1).
The reef unit is fully covered by red coralline algal crusts with a possible microbialite
component. In places where the reef is missing, the algal bio-herm crust covers the strombus sub
unit. The depositional conditions for the crust are interpreted as shallow water (Dabrio et al.,
2011). The wave rippled coarse lamination of the bioherm suggests inter-tidal zone deposition,
close to the mean sea level. The mound shape reef and the biogenic crust infer a sea level of
about +3 m (Table 1).
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There is an irregular contact between the reef and the overlying marine calcareous sandstone,
which formed at elevations between +1.0 m and +6.45 m (Table 1). This suggests that reef
formation terminated – likely due to a sea-level fall – and that a subsequent transgression gave
rise to deposition of the sandstone sediments. Tidal channels in the lower abrasion platforms are
filled with these marine sandstone sediments (Figure 4a 2). The bedding structure is planar,
dipping seaward, and the sediments contain gastropods (including vermetids) and bivalves,
implying an inter-tidal foreshore or intertidal beach-bed environment (Hearty et al., 2007). A
change in sediment source relative to underlying units is most evident by an absence of quartz
(Figure 5 c and d) and a decrease in grain size. Prevalent aragonite might indicate marine
conditions (Given and Wilkinson, 1985), supported by the occurrence of first generation of
micritic envelopes, and by preservation of relatively delicate bioclasts (Ford and Kench, 2012),
in particular spicules. The general structure (Figure 4c 17) and petrographic characteristics
(Figure 6e and f) indicate a change from marine phreatic conditions to a sub-aerial meteoric
vadose environment. The marine sandstone upper sub unit (the more fine grained sub unit) is
found up to +6.45 m in RHS, which indicates short period of a relative sea level rise up to +6.5
or +7.0 m (Table 1).
Following the maximum sea level rise indicated by the upper marine sandstone, sea level
dropped, the coastline retreated offshore, and thereafter only reached the area again in the Late
Holocene (Sivan et al., 2001; 2004).
4.2 Vertical isostatic movements in the study area
All MIS5e sediments discussed in the present study are today found at elevations between 0 and
+6.45m, similar to other RSL reconstructions for MIS5e and notably those based on coastal
structures (Hearty et al., 2007 and references therein).
This study includes an initial evaluation of isostatic response of the research area during
the last interglacial. Using the various ice histories we have generated a set of GIA corrections
across the MIS5e interglacial. Results indicate that the scale of the GIA correction during the
interglacial time period will be between –1.8 and +5.4 m, given a range of possible variations in
earth and ice history parameters. The scale of the GIA correction changes at each time point
through the interglacial, and these “maximum correction” values do not necessarily reflect
variations in global ice volume across the MIS 5e time window. Our method of combining
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results generated by multiple ice histories allows us to explore a range of potential GIA
corrections without having precisely dated sea level indicators. In general, we find that the scale
of the required GIA correction reduces across the interglacial, from the deglaciation to the end of
the interglacial.
All ice histories used in this analysis gain or lose ice-volume concurrently between the
two hemispheres. Given the level of complexity evidenced in the stratigraphic record for Rosh
Hanikra, this analysis may be further developed by offsetting the phasing of melt from Laurentia,
Greenland and the Antarctic ice sheets, and by incorporating a more dynamic Eurasian ice sheet.

Conclusions
1. The micro-tidal regime, tectonic stability and low evaluated GIA response make the
study area a good target for high-resolution reconstruction of relative sea level changes
(RSL).
2. Coastal structures in Rosh Hanikra provide a reliable relative sea level reconstruction, in
most cases with an uncertainty of < 1m, ranging between +1.0 m and +6.5 m. For most of
the MIS5e period, we find that relative sea level stood between +1.0 m and +3.3 m, and
that there were a few sea level falls of < +1m. During the final episode of deposition,
likely toward the end of MIS5e, relative sea level reached +6.5 m or higher.
3. Using GIA modelling we relate the reconstructed relative sea level values to global mean
sea levels between -0.8 and + 11.9 m relative to present day, although a reduced range of
sea level between -0.8 m and 8.7m is thought to have existed for most of the MIS5e
period.
4. More specifically, a continuous sequence of main three sub units is identified, namely:
(a) a gravel unit that contains Strombus bubonius LMK, indicative of a stormy intertidal
to super-tidal regime; (b) vermetid reefs (domes) that represent a shallow, sub-tidal to
intertidal environment covered by algal crust; and (c) a coarse to medium bioclastic
sandstone unit, probably deposited in the shallow, sub-tidal zone. The sequence overlies
three abrasion platforms cut by tidal channels filled with MIS5e sediments at elevations
of +0.8, +2.6, and +3.4 m.
5. Recrystallization ages of the Strombus fossils of 110±8 ka confirm that the exposed
sequence of the Galilee coast is related to MIS5e and therefore supports previous studies.
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All fossils were found to be altered, and datings therefore are not representative of the
deposition phase. Field relations and the
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U/238U ratios suggest a short exposure time,

from which we tentatively infer that initial deposition was not long before the
recrystallization. If we accept these ages, then all of overlying units would have been
deposited within a relatively short period, and all of the earlier MIS5e highstand phase
since about 130 ka would have somehow failed to produce any sedimentary expression
on the Galilee coast and only abrasion platforms remained, indicating the sea level
highstands. Ages obtained inside and outside the Mediterranean cover the whole MIS5e
range and therefore, cannot contribute to better dating the Galilee sequence. It might also
be suggested that it took a few thousand years for Strombus bubonius to reach the east
Mediterranean.
6. Comparison of the interpreted sea level curve from the Galilee coast with better dated
curves from stable areas (Figure 9a) may imply an older age for the strombus sub unit, at
around 123ka.
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Figure captions:
1. Location map: a. The Israeli coast, East Mediterranean, b. The northern coast of Israel study area and sites: Hazrot Yasaf (HY), Shavey Zion (SZ), Rosh Hanikra south (RHS),
Rosh Hanikra north (RHN) and the cave locations.
2. W-E Cross sections of three selected study sites on the Galilee coast, Israel, with
elevations and panoramic views.
3. Lithology and stratigraphical relations for the four study sites along the coast. The top of
the lower Regba Mb. is calcareous sandstone (locally named kurkar), dated for the first
time in the current study to MIS7 (table 2b). Three abrasion platforms were cut in the
Regba Mb by the MIS5e sea (e.g.in HY see Figure 4a1 and 4a2). On top of the Regba
Mb. the Strombus bubonius bearing sub unit is unconformably deposited. The strombus
sub unit is overlain, only in Rosh Hanikra North (RHN), by the vermetid dome shaped
mounds that are covered algal crust. Where the domes are missing, e.g. in Rosh Hanikra
South (RHS), the algal crust directly overlies the strombus sub unit (Figure 4b14 and
4b15). Two bioclastic sandstone beds uncomformably overlie the domes, the lower
sandstone is coarser and less sorted while the upper sandstone is finer and better sorted.
In places, coarser and finer bioclastic sandstones alternate with each other in the contact
zone.
4. The various sub units’ field exposures, indicating their characteristics and the
stratigraphical relations; 4a: 1. Modern abrasion platform cutting the Regba Mb. kurkar,
with tidal channels. 2. Likely MIS5.5 abrasion platform at Hazrot Yasaf (HY), at an
elevation of +2.0 m (Table 1) with tidal channels filled with the bioclastic sandstone
deposits. 3. Regba Mb. thin laminae tilting seaward (RHN). 4. The lower exposures of
the Regba Mb. tilting laminae indicate aeolianite, while the upper part can be interpreted
as shallow marine sand bar. 5. A patchy Strombus bubonius bearing sub unit in Shavey
Zion (SZ) on a Regba Mb. kurkar relief . 6. Closer view of the strombus sub unit in SZ,
containing also large pebbles and macro-fauna. 7. Typical Strombus bubonius fossils and
pebbles. 8. The strombus sub unit, which in places mainly consists of three types of
pebbles (RHS). 4b: 9. Dome shaped mounds, mainly of Petaloconchus, in RHN. 10.
Close up of one of the mounds. Dome thickness can reach ~0.5 m (Table 1). 11. Vermetid
patches overlying the strombus sub unit in HY where they do not build dome shaped
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mounds (Fig. 3). 12. Close up of Petaloconchus. 13. The algal crust directly overlying the
sub unit in RHS. 14. Close up of the algal crust. 15-16. The bioclastic sandstone unit that
unconformably overlies the Regba Mb. in SZ. The bioclastic sandtone is thick and
massive, but becomes more patchy inland. 17-18 Overview from north to south of the
bioclastic sandstone sub unit in RHN. The sandstone has been quarried in historical
periods, in most places up to the Regba Mb. kurkar, but is preserved in the wall along the
coast that the excavators left to protect themselves from the sea spray. This remnant wall
enables us to estimate the original volume of the bioclastic sandstone. 19. The strombus
and sandstone sub units in the sea cave within the Cretaceous chalk cliff, Rosh Hanikra,
north to RHN. 20-21 The bioclastic sandstone base in the cave at elevations ranging from
+1.5m to +4.0m, with thickness of about 1.1.
5. The generalized type section: a. stratigraphical relations, b. diagnostic fossil assemblages,
c. % carbonate; d. the relative percentages of the quartz and the carbonate of the different
units and the grain sizes of the two main grain components: the Nile derived quartz and
the biogenic carbonates.
6. Micro sedimentological characteristics and diagenetic features of the units sampled in
the type section of Rosh Hanikra north (RHN), as inferred from thin sections; a. The
Regba Mb. kurkar is a cemented calcarenite comprised of well sorted fine to medium
sand size calcareous clasts and quartz grains with fragments of red algae and varied
foraminifera, sometimes covered with fine micritic envelopes. Cementation has a first
generation of isopachous blade cement followed by a second generation of pore filling
granular cement. b. The strombus sub unit, which comprises a wide range of clasts in two
main size texture categories: gravel up to boulder size, poorly sorted, poorly rounded
varied clasts and large gastropods (Strombus bubonius LMK), suspended in a packstone
to grainstone matrix. The second size category contains quartz and well rounded, very
poorly sorted calcareous clasts. The quartz grains are a well sorted, poorly rounded, very
fine to fine sand size. Non-selective dissolution features are present and open pores are
partially filled with granular cement, possibly drusy and some grains have isopachous
blade cement envelopes. c. The vermetid domes, filled with micrite, small gastropods
and an assemblage of calcareous clasts and quartz grains. The calcareous clasts are
moderately well sorted, well rounded, fine to medium sand size. The quartz grains are
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well sorted, poorly rounded, very fine to fine sand size. d. The crust is comprised of
undulatory to cumulate algal/microbial structures with a low degree of inheritance that
improves upwards. In between lamina are small gastropods and an assemblage of
calcareous clasts and quartz grains. The calcareous clasts include fragmented bivalve and
red algae and lithified material. Clasts are elongated, poorly or well-rounded and poorly
sorted fine to medium sand size and their amount decreases upward. The quartz grains
are well sorted, poorly rounded, very fine to fine sand sized. Granular cement fills mold
type pores; non-selective dissolution is also present. e. The lower bioclastic sandstone is
made of a cemented calcarenite, comprising an assemblage calcareous clasts and
bioclasts that include foraminifera and small gastropods. The calcareous clasts are
moderately well sorted, well rounded, medium to coarse sand size fragments of red algae
and micritic marital. At times, the fragments are covered with fine micritic envelopes.
The occurrence of micritic envelopes is accompanied by edge dissolution of the grains,
and is followed by either fibrous or blade cements; final stage of cementation is granular.
f. The upper bioclastic sandstone is made of a cemented calcarenite ,comprising an
assemblage of calcareous clasts and bioclasts; quartz grains are absent. Bioclasts include
foraminifera and spicules. The calcareous clasts are well sorted, well rounded, fine to
medium sand size with fragments of red algae and micritic material. At times, the
fragments are covered with fine micritic envelopes. Micrite is partially recrystallized,
grains are surrounded by partial isopachous cement; non-selective dissolution is also
present. g. The bioclastic sandstone in the cave: grain size and texture is exactly like the
lower sandstone sample. h. same sample in higher magnification.
7. The sub-samples of the strombus shells define good linear correlations in the 230Th-238U and 234U238

U variation diagrams, where the slopes correspond to

230

Th/238U and

234

U/238U activities,

respectively. Assuming that, during the time of recrystallization from aragonite to calcite, U was
redistributed in the recrystallized shell but Th remains intact, the slopes would reflect isotopic
ingrowth and can be used to calculate the time of recrystallization. The close to zero intercept in
the

230

Th-238U diagram may indicate that time of recrystallization is close to the original age of

stombus formation (with aragnonite shell). See further discussion of the application of the
238

230

Th-

U and 234U-238U variation diagrams and the governing equations in Yehudai et al. (submitted).

8. Distribution of the strombus shells (sub-fragments) in the 230Th/238U - 234U/238U evolution diagram.
Most of the samples scatter along the ~110 ka isochron and close to the seawater evolution line
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(234U/238U = ~1.15). This configuration indicates that recrystallization was close to the time of
original deposition of the strombus.

9. Two options of interpreting the chronological framework of the Galilee coast sequence in
terms of sea levels: a. The current study generalized base and top unit elevations along
schematic time-axis and the inferred sea level of each unit creating fluctuating sea level
curve. The sea level curve is compared to Hearty et al., (2007) generalized curve. The
comparison suggests time frame to the various current study inferred sea levels. B. The
same sea-level curve obtained in the current study, but based on the evaluated deposition
age of the Strombus samples of about 117-118ka, the whole curve shifted and the
sequence overlying the Strombus unit is assumed younger, with the highest sea level
elevations, at the end of the MIS5.5.
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Unit

Thickness
[m]

Minimu
m
elevation
(m)

Upper
bioclastic
sandstone
Lower
bioclastic
sandstone

Maximum
Elevation
(m)

Sedimentology

Depositional
settings

6.45 RHS
3.9 HY
5.2 SZ

Pebbles at base, medium grained
poorly sorted bio-clastic sandstone
with abundant shell fragments and
spicules (Echinodermata). Isopachous
cement fill and dissolutions.
Marine bio-clastic sandstone.
Unconformable contact at base. Wellbedded dipping seaward. Rhodolithes
, coarse bioclastic: gastropods,
bivalves, and vermetids. Some grains
exhibit micritic envelopes inter
granular blady cement and granular
cements.
End of dissolution features and quartz
grain occurrence, irregular contact.
Undulatory to cumulate
algal/microbial buildup with low
degree of inheritance. bioclastic
fragments: bivalve, red algae,
formaminifera and small gastropods.
Fine silt quartz grains.
Mound shape structure constructed of
The photographs seem to show
indeed Petaloconchus
glomeratus (Linnaeus, 1758), Fam.
Vermetidae and encrusting calcareous
algae. Poorly or well rounded, and
poorly sorted bioclastic fragments:
bivalve and red algae. Fine silt quartz
grains. Granular cement fill and
various dissolution features.
Patchy conglomerate, unconformably
overlying the Regba. Poorly sorted,
coarse gravel unit composed of
subrounded-rounded cobbles and few
bolders, fine silt quartz and bioclasts:
mollusks, algae, bryozoan,
foraminifera (miliolids), Rhodolithes
5-8 cm in size, Vermatus Sp.,
Strombus bubonius LMK (now termed
Lentigo latus) and unidentified
gastropods. Granular cement fill and
various dissolution features.
Irregular contact.

Shallow subtidal

Aeolinite calcareous sandstone, crossbedded: primarily troughs. . The top
consists of planner fine laminas
slightly dipping seaward. Fine silt
quartz, bioclasts, and calciclastics
micrite and red algae, at times with
micritic envelopes. Varius dissolution
features and intergranular cements
The upper surface is eroded.

Aeolian with
indications to
coastal
environment
at the top.

0.93
SZ
1.0
HY
1.1
RHS

Unconformity
Algal crust

0.13 in the
measured
spot (see
picture)

2.78 at
RHN (on
the
Domes).

1.96 RHS
2.78 RHN

Vermetidae
domes (Only
in RHN)

Average
(of 5): 0.43

1.08

Base: 2.33
Top: 2.78

Strombus
bearing sub
unit

Varied

0.8 RHN
0.9 RHS
0.96 SZ

1.75 RHN
1.75 RHS
2. 4 HY

Unconformity
Regba Mb.

Lower
terrace
(1) is at
present:
0.8-0.9m.
the
second
(2): is at
2.05

Upper
terrace (3)
is at:3.33
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Shallow subtidal variable
energy

Infered
palaeo-sealevel (Figure
7).
Maximum SL
at
~ +6.5-7.0 m.
m
Rising SL

The same SL
(as of the
Domes) at
~+3m
Shallow subtidal to
intertidal high
energy

Standstill , SL
at ~+3m

Intertidal to
super-tidal
stormgenerated

Sea level rose
to ≥ ~+ 1.0
up to 2,5-3.0
m.

Sea level fall
to ≤ 0.8m.
The MIS 5e
sea level rose
to ~+1.0 m,
than to ~+2
m, and to ~
+3.3m
creating
abrasion
platforms.

Table&1
Sample
Sub@Sample
Terrace&RH&South
RH@S@1.1&A
RH@S@1.1
RH@S@1.1B
RH@S@1.1&C
RH@S@1.2&C
RH@S@1.2&A&@II
RH@S@1.2

RH@N@2.2
RH@N@2.2@II
RH@N@3.1&A@II
RH@N@3.1&A
RH@N@3.1&B
RH@N@3.1&B@II

RH@S@1.2&b
RH@S@1.4@A
RH@S@1.4
RH@S@1.4@B
RH@S@1.4@C
RH@S@3.2
RH@S@3.3
RH@S@3.3
RH@S@3.3@II
RH@S@3.4@II
RH@S@3.5&
RH@S@3.5
RH@S@3.5@II
Terrace&RH&North
RH@N@2.1
RH@N@2.2

RH@N@3.1
RH@N@3.3&
RH@N@3.4
RH@N@3.5
RH@N@3.6
RH@N@3.7

(±)&2σ

Age

6
5
4
4
3

173
160
157
153
148

9
7
6
5
8
10
8
7
10
7

8
6
8
7
13

C=20@30%

C>Ar

d234U (±)&2σ
initial

[234U/238U]
[act.]

112
108
108
111
110

150
159
154
156
141
141
134
139
127
162

Petaloconchus
Petaloconchus

Petaloconchus

(±)&2σ

(±)&2σ

0.006
0.005
0.006
0.005
0.009

4
2
2
2
5
3
4
1
2
2

9
8
13
8
5
5
6
7
7
7
19
9

Ka

[230Th/238U]
[act.]

1.126
1.118
1.116
1.112
1.108

104
108
115
113
112
88
90
97
82
108

223
210
361
174
178
128
142
121
146
121
144
251

238U
(±)&2σ
nmol&g@1

0.021
0.020
0.014
0.015
0.011

0.007
0.005
0.004
0.004
0.005
0.008
0.006
0.005
0.008
0.005

3
4
4
1
1
1
1
1
2
2
6
6

230Th
(±)&2σ
pmol&g@1
0.7354
0.7123
0.7123
0.7190
0.7131

1.112
1.117
1.111
1.113
1.103
1.110
1.104
1.106
1.101
1.119

103
126
153
46
55
27
39
33
55
45
136
103

232Th
(±)&2σ
pmol&g@1
0.02
0.01
0.02
0.01
0.02

0.016
0.006
0.007
0.008
0.018
0.012
0.016
0.004
0.008
0.008

0.007
0.006
0.009
0.007
0.004
0.005
0.006
0.007
0.006
0.006
0.013
0.007

calcite/
aragonite
6.40
6.53
6.84
5.35
4.87

0.6910
0.7108
0.7333
0.7303
0.7161
0.6214
0.6255
0.6607
0.5854
0.7117

1.167
1.147
1.234
1.153
1.152
1.119
1.127
1.110
1.125
1.106
1.098
1.187

Species

0.002
0.002
0.002
0.001
0.001
0.01
0.05
0.03
0.03
0.04
0.02
0.02
0.02
0.04
0.03

0.010
0.012
0.009
0.005
0.006
0.005
0.004
0.003
0.009
0.015
0.014
0.027

C

0.080
0.079
0.083
0.065
0.059
5.31
19.1
13.9
12.6
12.4
6.53
7.61
10.5
11.2
10.3

0.7254
0.8018
0.9638
0.3968
0.4580
0.2440
0.3409
0.2946
0.4516
0.3746
0.7940
0.7410

Strombus&bubonius

0.3
0.6
2.7
1.6
0.9
0.001
0.002
0.002
0.002
0.004
0.001
0.002
0.001
0.001
0.001

0.02
0.03
0.01
0.02
0.01
0.02
0.02
0.07
0.02
0.01
0.01
0.01

29.0
32.9
30.2
35.0
92.0
0.062
0.230
0.173
0.157
0.151
0.069
0.081
0.117
0.111
0.124

6.92
10.5
4.01
6.69
4.96
8.49
8.36
19.0
8.67
5.28
3.08
3.51

C
0.6
0.8
0.9
1.6
0.6
2.4
1.4
0.3
0.5
0.5
0.001
0.002
0.001
0.000
0.000
0.001
0.001
0.001
0.001
0.001
0.001
0.002

Strombus&bubonius
59.7
105
Strombus&bubonius
126
207
hexaplex&trunculus
C
28.3
193
Unidentified0vermetid0gastropod0
179
cerithium&vulgatum
39.3
67.0
69.5
0.086
0.143
0.065
0.046
0.039
0.035
0.049
0.095
0.066
0.035
0.042
0.044

cerithium&vulgatum
3.0
4.0
2.8
1.8
1.2
0.8
2.0
0.1
0.6
8.9
0.5
1.1

Ar=CC

574
582
593
352
197
152
292
20.9
39.2
598
51.8
63.2

cerithium&vulgatum
cerithium&vulgatum
Boring&species&
Shell
Shell
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TABLE 3: Selected data of MIS5e sea levels (SL) presenting the various differences.

Deep sea
cores
N. Atlantic
and
Equatorial
Pacific

SL indicators
and its
elevation

Dating
method

Age

Age
uncertainty

Inferred SL

vertic
al
uncer
tainty

Benthic
foraminiferal
δ18O

Records
beyond 40 kyr
are dated by
correlation to
SPECMAP
For MIS52:
synchronizati
on
with the highresolution
Antarctic
records
Combining
coral data
with a new,
continuous,
SL
reconstruction
from recent
calibration
method for
stable oxygen
isotope record
Chronology
independent
of ice cores.
Tie points
with Soreq
Cave record.

135115kyr

average
dating error
is on the
order of
0.5–0.8 kyr
centennialscale for 25
to 70 kyr,
worsening
for the last
interglacial

Above GMSL

±13m

Above GMSL

±12m

One peak
around
122kyr.

Siddall et
al., (2003)

~124119kyr

±1 kyr and
even smaller

Above +10m.

±6m
to
±6.3

Fluctuating
SL rising to
the highest
peak around
123kyr, a
short drop
and another
peak at
121.5kyr

Rohling et
al., (2008)

0 – 150
kyr, or
extended
version 0
– 500 kyr

Age and
vertical
uncertaintie
s are
propagated
to generate
a probability
maximum
curve.

>0 m126 to
130 kyr (RSL
probability
maximum
curve, 95%
confidence
limits)

Fully
propa
gated
uncert
ainties
expres
sed as
vertica
l
uncert
ainties
maxi
mum
values
of +/3.4m.

The
probability
maximum
curve
contains one
peak at
127.8 ka;
the raw data
contains
multiple
oscillations
through
MIS 5e.

Grant et al.
2012, Grant
et al 2014

230TH

~132–
125kyr

Ages with
values of
149±8%
ð234U(T)
were
considered
to be
accurate to
±2 kyr

Prolonged SL
at +2.5m
and rapid rise
up to +6m or
even +9m

+3m
(betwe
en
~126k
yr and
122ky
r and
+6m
(betwe
en
~120
to
117ky
r

Two steps
of long
highstands:
between
~126kyr
and 122kyr
and ~120 to
117kyr

Blanchon et
al., 2009

Red Sea

Benthic
foraminiferal
δ18O

Red sea

Planktonic
foraminiferal
δ18O

Red Sea

Planktonic
foraminiferal
δ18O

Coral reefs
Northeast
Yucatan
peninsula,
Mexico

Complete
coral reefcrest
sequence at
+3m and
+5.8m.

mainly
of the coral A.
palmata
colonies

~129-110
kyr

~121–
118kyr
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Waelbroeck
et al., (2002

Uplifted rates
in Bab el
Mandab of
0.02m kyr-1

Stable area

West
Australia

Fossil coral
reefs

232

127116kyr

>3 kyr

Between +2.2
and +3.4 m up
to 119-120kyr
and a jump up
to +9.5m

Min.
coral
paleodepth
is
0.4m
in insitu
corals.

W.
Australia,
and the
Bahamas

Coastal
structures

U-series on
corals and
AAR of
marine shells
and whole
rock

130 to
119kyr

±2kyr

±1m.

Great
Bahama
bank

Coral reefs: a
rise to +2m, a
drop and tidal
notches at
+6m

U-TH dating
(Chen et al.,
1991)

132118kyr.

Hawaii and
Bermuda

Coral reefs

U"Th%(TIMS)

From
~134 to
~113 kyr,
with most
ages
between
~125 and
~115 kyr

Rise to
standstill at
+2.5m ~(132
to ~125kyr, a
fall and
another rise to
standstill at
+3.0 m ~124
to~121kyr)
and a jump to
+6m (around
121 to
119kyr)
Sea level rise
to +2m
around
132kyr, stable
at +2m, SL
drops in ~125
kyr, and
restraining of
reef growth to
~+2m, and a
notch at +6 m
~118ka and
rapid fall
High stand at
+8.5 to + 12.5
m (Hawaii),
+2 to +3m
(Bermuda)

Pacific
Coast - Isla
Guadalupe,
Baja
California

coral reef
terraces

U"Th%(TIMS)%

∼125,000
kyr

Barbados

three coral
reef terraces
during MIS
5e,

ESR and
TIMS
Uranium
series dating

132 ka
(ESR) to
128 kyr(U
/Th),
120 kyr

Th>0:5 ppb

‘‘reliable’’
corals are
with initial
234U/238U
activity
values from
1.145 to
1.159.
Uncertainty
range
between
±0.6kyr to
±3kyr

Two peaks;
at 127kyr a
jump to
+3.4,
highstand to
about
120kyr and
a jump to
+9.5 m at
120kyr.
Two
highstand
and a jump
at the end

O’Leary et
al., 2013;
Hearty et
al., 2007

Stable areas.
GIA corrected
palaeo SL

Hearty et
al., 2007
(and refs
therein)

Stable areas

Two
highstand
and a jump
at the end

Neumann
and Hearty,
1996;

Tectonically
stable.

Muhs et al.,
2002;
Hearty et
al., 2007

Slightly
uplifting in
Hawaii and
stable in
Bermuda

Muhs et al.,
1994;

presumed to
be tectonically
stable

Schellmann
et al., 2004

Assuming a
constant
uplift rate of
0.276 m/ka

+1 to +6-m
but shallowmarine or
beach
sediments
are found up
to +13 m
±0.6kyr to
±1kyr
(U/Th)
5-9kyr
(ESR)
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Uplifted +20+40 m

Three
stands

(U/Th)
Haiti

Huon
Peninsula
(New
Guinea),
Seychelles
Islands,
Indian
Ocean

Coastal
structures
in the
Mediterran
ean
Almeria, S.
Spain

+5m and +2m,

+5 m at 130.5
kyr for the
first event,
and +2.7 m
for the second
at ~117.9
(U/Th dating)
but more
probably ~
123-122 kyr.

~134 ka
and 118
ka
+1.7 and +6 m
Goniastrea
and Porites

U"Th%(TIMS)

131,000
and
122,000
yr B.P.,

Marine
terraces
containing
Strombus
bubonius

U series of
Mollusks,
mainly of
Strombus
bubonius in
different
elevations of
0.5m, 4m and
11m
12 new Useries
measurements
of shells (SB,
Patella and
Thais) and the
coral
Cladocora
caespitosa by
TIMS
Mostly Useries (α and
TIMS)
measurements
of mollusk
shells, AAR
and OSL.

From
132kyr
and on
(also
MIS5c
ages)

Up to
±14kyr.

100.6 to
138.4kyy
(with
previous
data: 135
to 117
kyr)

1.3 to
3.4kyr

Spanish
coasts,
mainly the
Canary
Islands,
Alicante
province
and Balearic
Islands

Marine
terraces
containing
“Senegalese
fauna”
including
Strombus
bubonius,

The
southeastern
coasts of
peninsular
Spain, the
Balearic and
Canary
Islands

Marine
terraces
containing
“Senegalese
fauna”
including
Strombus
bubonius at
elevations of
+2m to +3m.
Progradation

Spain: La

(U/Th) to
118 kyr
(ESR)
~130 and
118 kyr

coral buildup
until
131,000 yr
B.P., followed
by a drop in
sea level
between
131,000
and 122,000
yr B.P.

The study

No absolute
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Two stands

Dumas et
al., 2006

Tectonically
stable.

Two high
stands

Stein et al.,
1993

Tectonically
active

Single high
stand

Israelson
and
Wohlfart,
1998

Relatively
stable

HillaireMarcel et
al., 1986

Tectonically
active.

Three
highstands
during MIS
5e.

Zazo et al.,
2003

Tectonically
active.
Uplifted
subsidence
rated were
calculated.

Three
highstands
the second
of which is
considered
the most
stable
(~130–120
kyr).

Zazo et al.,
2013 (and
refs therein
)

Tectonically
active

Dabrio et al.

Marina-El
Pinet site
(Alicante)

of a barrier
spit that grew
during the
MIS 5e

relies on
previous Useries
measurements
on mollusk
shells and
corals.

SL elevation –
only relative
vertical
fluctuations.

2011

Mallorca
Island

Gibraltar

Cyprus

Baal-enNaame,
Lebanon

+5.0m based
on notch,
caves,
shelters,
ledges, and a
bioerosive
procession
and regression
to +1.5 m,
with small
tidal benches
Cladocora
caespitosa
corals at ≤+3
m
Marine
conglomerate
with SB and
Vermetidae
overlain by SB
unit at +10m.
In 3 places it
is overlain by
breccia that
contains
Levallois
technique
artifacts also
covered by
another
Vermetidae
layer up to
+10.5 m

N.Galilee,
Israel
Site
location

SL indicators
and its
elevation

U/Th datings
on
Acanthocardi
a tuberculata
shells

~114.5 –
110 kyr

Shell - open
system.
±6.5-7.3kyr

U series

130 and
116 kyr

±2kyr

U series

Stratigraphy
and
paleontologic
al correlation.
Dating
method

HillaireMarcel et
al.,1986;
Hearty,
1987; Zazo
et al., 2002
RodríguezVidal et al.,
2007

rapidly
reached height
of +5
m a.s.l., at the
beginning of
5.5

+7m and +10
m, a retreat
and another
relatively long
phase of
+8.5m
highstand
followed by
shorter
highstand at
10.5m

Fluctuations
- two SL
high peaks.

MIS5e

Age

Age
uncertainty
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Inferred SL

vertic
al
uncer
tainty

Curve
structure

A
mean uplift
value of 0.05
+ 0.01 mm/
year from 200
kyr
(RodríguezVidal et al.,
2004).

Pool et al.,
1990

The area is
tectonically
active

Sanlaville,
1971

The area is
tectonically
active

Sivan et al.,
1999

Tectonically
stable.
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Supplement on GIA modeling
The GIA model used in this analysis incorporates time varying shoreline migration, volume
changes associated with marine based ice sheets, and changes in the Earthʼs rotational vector
(Kendall et al., 2005). In order to generate modeled relative sea levels for Rosh Hanikra we need
an input earth model and an input ice history.
The earth model used describes a spherically symmetric, self-gravitating Maxwell body,
described by an elastic lithosphere and two viscous mantle layers. The parameterisation used for
this analysis covers 60 combinations, covering three different lithospheric thicknesses (71 km, 96
km and 120 km), four different upper mantle viscosities (0.13, 0.2, 0.5 and 1 ×1021 Pa s) and five
different lower mantle viscosities (0.2, 0.25, 0.5, 1 and 5 ×1022 Pa s). The output from this set of
parameterisations is representative of a more extensive range of 495 different parameterisations
including eleven different upper mantle viscosities (between 1 × 1020 Pa s and 1 × 1021 Pa s) and
fifteen different lower mantle viscosities (between 2 × 1021 and 5 × 1022 Pa s).

Figure S1: Ice histories 1:6 used in this study. Ice 2 and Ice 3 have two scenarios of interglacial
duration, scenario “a” contains a 4 kyr interglacial, whereas scenario “b” contains an 8 kyr
interglacial. Variations of total global ice volume are indicated by the blue line. The dashed lines
represent the constituent ice sheets: red is the Laurentide, light green is Greenland, blue dots are
the Eurasian ice sheet, brown is West Antarctica and dark green is East Antarctica.
Figure S2: The different configurations of the Eurasian ice sheet during MIS 6, as found in Ice 2
(lower panel) and Ice 3 (top panel).
Figure S3: Modelled RSL predictions for Rosh Hanikra with the GMSL generated for a range of
60 earth models for each of the ice histories used in this study.
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Chapter 7. GIA corrections for the Northern Israeli coast
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Chapter 8
Conclusions

8.1

Synthesis

This PhD was primarily oriented toward generating GIA corrections for the Red
Sea RSL curve. Summarised below are a number of new contributions to the field
of palaeo-sea-level made in pursuit of this goal.
Developing GIA corrections for the Hanish Sill required developing an
understanding of the GIA response at the Hanish Sill over the period of a glacial
cycle. The number of indicators available to constrain our analysis of past sea level
decreases the further back in time we consider. Our first task was therefore to
assemble a comprehensive database of one of the highest resolution sea-level
indicators available: U/Th dated fossil corals (Chapter 3).
In assembling this database we generated a new way of considering the
uncertainties associated with fossil coral sea-level reconstruction. This method
assumes that a fossil coral was living at the most probable (median) depth
associated with the taxon’s habitat-depth distribution as found in the present day.
This distribution was combined with uncertainties arising from how the coral’s
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present-day elevation was measured, and any uplift uncertainty, using a Monte
Carlo method. From the modelled simulations a median sea level is determined,
and characterised, for example, by the 95 percentile boundaries on that
distribution.
Our approach to reconstructing the uncertainties associated with fossil coral
sea-level indicators is strikingly different to any previous reconstructions; the
impact of the taxon specific depth - habitat relationship introduces larger
uncertainties than have previously been considered in many studies, but also
introduces the ability to constrain these uncertainties with regional specific
relationships. This comprehensive and transparent treatment of coral uncertainty
allows for a re-evaluation of reconstructed sea-level curves.
Using the coral database to determine the duration of the MIS-5 interglacial
resulted in different answers for different screenings applied to the dataset. Using
the strict in situ screening resulted in an interglacial (defined by median
reconstructed RSL >= 0 m) starting at ∼129 ka and concluding at ∼118 ka.
Considerable evidence exists that support this early start to the interglacial,
although other records exist that would require explanation to fit on the same
chronology.
A major constraint on the development of a GIA correction for the Hanish
Sill is that no field-constrained ice-loading history exists beyond the Last Glacial
Maximum. Using continuous records of sea level (or ice volume) five different
ice-loading histories were generated with different ice volume amplitude changes
and ice dispersal patterns (Chapter 4).
To investigate how well an ice history derived from a continuous record
would perform against other indicators of sea level, they were tested against the
database of U/Th dated fossil coral indicators. The test focused on the MIS-5e
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interglacial period; a period containing coral indicators from multiple locations.
Our results indicate that the shared characteristic of a short sharp interglacial
period in the continuous records used in Chapter 4 is not matched by the coral
record. A key finding of this investigation is that in order to reconcile the
continuous records with the coral record the interglacial periods need to be
artificially extended and /or ice volume reduced during the interglacial periods. It
remains difficult to draw any firm conclusions about ice volume variations across
the duration of the interglacial due to the large vertical uncertainties the Monte
Carlo method determines for the coral dataset.
Despite the failure of the unaltered ice histories to reconcile with the coral
record, they remain useful tools for GIA modelling. Our initial investigation of the
response of the Hanish Sill to GIA effects showed that there was a GIA response in
this area which acted to attenuate the RSL amplitude change; for a given amount
of global ice volume melt, sea level at the Hanish Sill would not lower quite as
much (Chapter 5). This response allowed us to characterise RSL at the Hanish Sill
within an envelope of linear equations, driven by the change in global ice volume.
This is the first time that a conversion between RSL and GMSL for the Red Sea
RSL curve, for all points on that curve, has been made.
Further investigation revealed some of the complexities of this response. The
initial characterisation highlighted a large range of GIA corrections to RSL over an
interglacial or low ice volume period - the intercept in the equations dominates the
size of GIA correction. It was also clear that a single linear relationship doesn’t
hold during periods of rapid ice volume change. In order to generate more precise
GIA corrections tailored to particular points in time we would need to understand
more about how the ice volume changed, and model the behaviour of the Hanish
Sill for a given ice history.
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Ice 1 and Ice 2, the ice histories developed to model the Red Sea RSL,
allowed us to explore the behaviour of the Hanish Sill in more detail. This
generated the interesting result that for small changes in ice volume the Eurasian
ice sheet drives an attenuation in RSL response to change in ice volume whereas
the Laurentide ice sheet amplifies the RSL response. At higher ice volumes
however, both the Eurasian ice sheet and the Laurentide ice sheet response acts to
attenuate RSL. Effectively whether we have a large Laurentide ice sheet or a large
Eurasian ice sheet at glacial maximum is immaterial to the Hanish Sill.
In investigating the response of the Camarinal Sill (Chapter 6) we applied a
similar methodology to Chapter 5 of investigating the GIA response at the
Camarinal Sill in order to relate the continuous RSL curve to GMSL. Our initial
investigation revealed that the response in the location was also strongly linear,
with marginally less sensitivity to choice of earth model using the Ice 1 than the
Ice 2 ice history. However, when we expanded our investigation to consider the
impact of the individual ice sheets we found the response of the Camarinal Sill to
changes in ice volume in the Eurasian ice sheet was much more sensitive to choice
of earth model than the other ice sheets. This would result in, for some earth
models, a greater amount of RSL attenuation for a change in ice volume. Further
the largest attenuation in RSL response for the Laurentide ice sheet was driven by
earth models that are different to the earth models that drive the greatest
attenuation response for the Eurasian ice sheet.
Our final chapter, Chapter 7, builds on the knowledge we develop in
Chapters 3, 4 and 5. Here we explored what a GIA correction might mean for a
range of sea-level indicators on the Israeli coast. the tectonic stability of the region
and a micro-tidal regime mean that sea-level indicators recovered from this locality
have small vertical uncertainties in reconstructed relative sea-level. Unfortunately,
the dating of these fossils has proven challenging, resulting in large temporal
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uncertainties. We apply our generated ice histories with knowledge that the only
way to reconcile the ice histories with the coral record is to extend the interglacial
portion of these ice histories to generate a suite of potential GIA corrections
through the MIS-5e interglacial period for this location.

8.2

Future work

The characterisations of the GIA response of the Hanish and Camarinal Sills, and
of Rosh Hanikra during the MIS-5e interglacial, are all new to the literature. They
allow us to consider how RSL change in these locations, may relate to changes in
GMSL. The variations in response of all three locations to the Eurasian ice sheet
indicates potential to determine a suite of constraints for this vanished ice sheet.
As two of these key records are continuous, there is the potential to investigate an
evolution of ice sheet growth and melt. To do this requires a greater understanding
of how the chronology of the Gibraltar RSL curve and the Red Sea RSL
chronology relate. Once the RSL curves exist on a comparable chronology we can
start to explain variations in RSL in terms of variations in earth models, and in ice
volume and location scenarios.
In Chapter 4 we identified other continuous climate records across MIS 5, as
derived from speleothems or deep sea cores. It would be helpful to extend the
analysis we present in Chapter 4 and generate ice histories that have a more
pronounced drop in ice volume at 100 ka. Combining this with a phasing of ice
growth and melt between the northern and southern hemispheres, such as the
biphase record from Rosh Hanikra suggests will be required in order to reproduce
the pattern of sea level change found in that location, should result in a more
sophisticated ice loading history.
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