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Sea level change in western-central Mediterranean during
MIS 5.5: the erosion/preservation of tidal notches
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2
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Published sea-level data are used to provide a review of observational datasets for the westerncentral Mediterranean during MIS 5. For the Last Interglacial, hundreds of data points were
observed, measured, and dated using U/Th, AAR (amino acid geo-chronology) and ESR (electron
spin resonance) methods. The maximum highstand for MIS 5.5 at 7 ± 2 m, remains a crucial
altitude data for the Mediterranean Sea for establishing where coastal areas are stable or to
calculate tectonic rates in a tectonically active coast.
Sea level variations during the last 135 ka were forced by solar insolation and ice melting and vary
between +7 and -135 m in stable coastal areas for the western-central Mediterranean Sea. Global
sea-level curves are generally constrained analyzing δ18O ratio on fossil foraminifera series, sampled
on either the shelf edge or the ocean floor. Changes in the δ18O ratio show direct correlation with sea
level variations, allowing the quantitative estimate of such changes. These curves do not take into
account any isostatic or tectonic component. By using the global sea level curves of Waelbroek et
al. (2002) and Siddall et al. (2003), these studies show that robust regressions can be established
between relative sea-level data and benthic foraminifera oxygen isotopic ratios from the North
Atlantic and Equatorial Pacific Ocean over the last climatic interglacial cycle. Sea level predictions
for the last 20 ka using isostatic models were accepted worldwide, often testing the model with
observational data in stable areas. Only recently was the isostatic contribution for MIS 5 (Potter and
Lambeck, 2004 for MIS 5.3 & 5.1) and Lambeck et al. (in press) for MIS 5.5 predicted, but not
specifically for the Mediterranean Sea. This will be a challenge for the years to come.
MIS 5
MIS 5.5
The Last Interglacial shoreline coincides with Marine Isotope Stage (MIS) 5.5, which occurred
between 132 and 116 ka (Stirling et al., 1998; Shackleton et al., 2003). The global sea level curves
(Waelbroek et al., 2002; Siddall et al., 2003) indicate the sea level was at +7 m and +17 m,
respectively. Pedoja et al. (2011) provide a compilation of 890 records of palaeoshoreline
sequences for MIS 5.5. They show that “most coastal areas have risen relative to sea-level with a
mean uplift rate higher than 0.2 mm/a, more than four times, faster than the estimated eustatic
drop in s.l.”. The study concludes that plate-tectonics processes impact all margins and
emphasizes the fact that the notion of a stable platform is unrealistic. These results therefore
“seriously challenge the evaluation of past sea level from the fossil shoreline record”.
In a recent paper Lambeck et al. (in press) demonstrate that “like their Holocene counterparts,
sea level during earlier interglacials can be expected to exhibit considerable spatial
variability that depends on the location of a site relative to ice margins of both the
3
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immediately preceding glacial maximum and of the last glacial maximum, and on the earth's
rheological response”. Their data show impressive differences (up to 15 m) for the last
interglacial highstand in stable coastal areas, such as Australia, the Caribbean, and Red Sea.
In southern Spain, Zazo et al. (1999), found and studied many sites between +20 and +1.5 m
aged MIS 5.5.
Lambeck et al. (2004) for the Italian coast assumed a “nominal” age of 124 ± 5 ka and
elevation, in the absence of tectonics, of 7 ± 3m above present sea level. This elevation is
higher than global estimates of this level because “the Italian sites lie relatively close to the
former ice margins and the present MIS 5 shorelines in the Mediterranean may lie a few
meters higher than for localities much further from the former ice margins” (Potter and
Lambeck, 2004). These values are consistent with observations of tidal notches from Sardinia,
Southern Lazio, Campania and Western Sicily, which are believed to have been tectonically
stable during the recent glacial cycles. Tidal notches, due to the low amplitude of tides in Italy
(a mean of about 40 cm, with the exception of NE Adriatic and Gabes Gulf in Tunisia), are
considered the best sea level markers.
A recent compilation of the MIS 5.5 highstand on 246 sites spanning the coastline of Italy
(Ferranti et al., 2006) enables the distinction between stable and tectonically active coastal areas
since the Late Pleistocene. This paper was implemented by new findings on the altitude of MIS
5.5 highstand in Tuscany and NE Adriatic Sea (Antonioli et al., 2009; Ferranti et al., 2010). Data
from tectonically stable sites confirm that the highstand altitude reached by the sea in Italy during
MIS 5.5 was 7 ± 2 m. A compilation of new and published deposits related to MIS 5 on southern
Spain and western-central Mediterranean was published by Bardají et al. (2009). The paleontological, sedimentological and geomorphological records of MIS 5 deposits in the Western
Mediterranean, allow the proposal of a model for the connections between this basin and high
latitude climatic changes in the Northern Hemisphere, and in comparison with modern analogues,
in this paper authors published an eustatic curve for the Last Interglacial.
MIS 5.3
The global sea level curves (Waelbroek et al., 2002; Siddall et al., 2003) indicate the sea level at
-18.7 m and -28 m, respectively. MIS 5.3 markers dated by U/Th method in the Mediterranean
(from southern Spain; Zazo et al., 1999) suggest an altitude ranging between +6 and 0 m. In the
vicinity of Gibraltar Rodriguez Vidal et al. (2004) found MIS 5.3 deposits at +5 m.
In Italy, a flowstone covering a marine conglomerate lying a few metres above present sea level
was attributed to MIS 5.3 on the basis of U/Th ages (Riccio et al., 2001; Iannace et al., 2001,
2003). Transgressive lagoonal facies from the Po Plain (see core 240-S8 in Amorosi et al., 2004)
were assigned a MIS 5.3 using the ESR method on MIS 5.5 lagoonal deposit (Ferranti et al.,
2006). Taking into account the present altitude of this deposit and the subsidence rates calculated
using MIS 5.5 (about 1 mm/yr), a relative sea level of -12 m can be established for MIS 5.3.
Sediment of MIS 5.3 (and 5.1) was not found in the Veneto and Friuli Plain cores (north Adriatic
Sea; Antonioli et al., 2009; Ferranti et al., 2010) affected by a tectonic down-lift between -0.6 and
-0.4 mm/a. The authors interpret this lack of low seabed bathymetry of north Adriatic Sea: a
confirmation that the altitude of MIS 5.3 was not higher than -15 m in the Adriatic Sea.
MIS 5.1
Waelbroek et al. (2002) and Siddall et al. (2003) indicate the sea level at -21.2 m and -26.7 m,
respectively. Observational data corresponding to MIS 5.1 deposits from coral reefs in the
4
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Caribbean Sea seem to be in disagreement with the global sea level curves. In particular,
discrepancies are found in a transect on stable areas for the coast of Barbados, Bermuda,
Bahamas, South Carolina, and Florida, with altitudes varying between -20 and +5 m. These
controversial observations, however, are reconciled taking into account the isostatic response
of the Earth due to the North American ice sheets melting during the last glacial cycle (Potter
and Lambeck, 2004). In the vicinity of Gibraltar, Rodriguez Vidal et al. (2004) found and
dated MIS 5.1 deposits between +2 and +1.5 m.
A MIS 5.1 sea level at about +1 m was established using phreatic speleothem sampled in a
partially submerged cave at Mallorca, in the western Mediterranean Sea (Ginés et al., 2001;
Dorale et al., 2010). In southern Italy, some marine deposits located a few meters above present
sea level and attributed to MIS 5.1 based upon AAR was reported by Hearty (1986). At Grotta del
Diavolo (Apulia), Mastronuzzi et al. (2007) studied and dated some marine deposit covered by
flowstone, the U/Th age provided on the continental deposit allowed to establish that MIS 5.1 is
marked by a sea level position slightly higher than the present day one.
In a speleothem (Fig. 1a) from the Argentarola Cave recovered from a depth of -18.5 m, the
δ18O series on MIS 5 of a marine layer (serpulid) shows a continue deposition during MIS 5
(Antonioli et al., 2004; Fig. 1b). The lack of any hiatuses on the marine layer allow us to
establish that sea level never fell below -22 m also during MIS 5.2 and 5.3.

Fig. 1 (left) Stalagmite sampled in the
Argentarola Cave (Italy) (Bard et al.,
2002); (right) δ18O series of the 8 cm
thick marine layer correlated to MIS
5.5 and compared with site 975
(Central
Mediterranean
Sea;
Capotondi and Vigliotti, 1999) (after
Antonioli et al., 2004).

The presence of two closely-spaced tidal notches, both attributed to MIS 5.5, have been reported
by Antonioli et al. (2006) from Sardinia (Orosei Gulf), a stable coastal area of Italy. There is no
evidence in these studied sites for tidal notches at altitudes lower than MIS 5.5. The observational
altitude of MIS 5.1 in Mediterranean is sometimes in disagreement with global sea level curves
and remains a debated problem perhaps due to the lack of isostatic model for MIS 5.
Erosion and preservation of MIS 5.5 tidal notches
Tidal notches represent one of the best sea level markers because of the close relation
between their genesis and the mean sea level. Along the Central Mediterranean’s stable
coastal areas, some well-preserved tidal notches that have been studied and measured in Italy
suggest that the MIS 5.5 highstand should be at 7.0 ± 2.0 m asl. However, it is a noteworthy
fact that most of the well preserved MIS 5.5 tidal notches have been reported along Italian
coasts in respect to all the remaining part of the Mediterranean.
Present-day lowering rates collected using the micro erosion meter (Figs. 2, 3) in correspondence of
vertical cliffs above the intertidal zone (Furlani et al., 2009, 2011) suggest mean lowering values
around 0.01-0.05 mm/yr). It means that all the MIS 5.5 tidal notches should be completely erased by
5
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subaerial weathering, since total erosion should range from 1 m up to more than 6 m. We suppose
that well-preserved tidal notches were probably covered by Late Pleistocene deposits.

Fig. 2. Micro erosion meter station on the MIS 5.5
fossil notch (Grotta delle Capre” Circeo, Italy)

Fig. 3. The micro-erosion meter

Taking as example the Gulf of Orosei (Fig. 4 a-c) the eolianites found out close to the notch
could create a cap which prevented its erosion. Even MIS 5.5 tidal notch surveyed inside the
coastal caves were probably covered by deposits, which have been later removed by erosion.

Fig. 4. Orosei Gulf, Sardinia, Italy. a) the tidal and smoothed notches of the MIS 5.5 highstand; b) Eoalianites
that covered and preserved the notches; c) Sketch of the double notch. Arrow indicates the fossil tidal notch,
the smoothed fossil notch, the modern tidal notch with intertidal reef: Lithopyllum (at Gaeta, Capri, and Capo
Caccia) or Dendropoma reef (at San Vito and Orosei). Measurements: the tidal notch altitude (1) was measured
from the base of the floor (sensu Pirazzoli, 1986) of the fossil tidal notch (a) up to the living reef of the modern
tidal notch (c). The smoothed fossil notch height (2) was measured from the base of the floor of the smoothed
marine notch (b) up to the base of the floor of the tidal notch (a) from (Antonioli et al., 2006).
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Phreatic overgrowths on speleothems in the littoral caves of Mallorca,
Western Mediterranean: Hydro- and geochemical monitoring

L.M. Boop1, B.P. Onac1, J.G. Wynn1, J.J. Fornós2, A. Merino3, M. Rodríguez-Homar2
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Phreatic overgrowths on speleothems (POS) are useful paleo-sea level and paleoclimate proxies because
they precipitate from meteoric-marine mixed water in littoral caves (Ginés et al., 2012). All caves
populated by POS in Mallorca are near the coast, thus, the water table of these caves (now and in the
past) is and was coincident with sea level. Geochemical and petrographic studies on POS have shown
that alternation of vadose and phreatic precipitates mirrors changes from meteoric-vadose to meteoricmarine mixing zone environments (Csoma et al., 2006). Further, POS can be accurately dated using
U/Th methods, which allows precise pinpointing of the elevation of each given sea-level stand.
Common in Mallorca’s coastal caves, POS are also known from other littoral caves (all characterized by
low tidal-range fluctuation and a specific geochemical environment) on carbonate islands in the Atlantic,
Pacific, and Indian oceans. POS are documented from above, below, and concurrent with current
Mediterranean sea level in Mallorca.
This study aims to fill significant gaps in our understanding of the geochemical processes that are responsible
for the precipitation of POS in Mallorca. Currently, POS form at the air-water interface of pools that receive
both meteoric and marine input. This study aims to qualitatively discern the differences between pools that
nowadays precipitate aragonite versus those that precipitate calcite. One pool in Cova des Pas de Vallgornera
and one pool from Coves del Drac was selected because of current precipitation of aragonite and calcite POS,
respectively. Loggers in the uppermost level of the water column of each pool record dissolved oxygen,
temperature, specific conductivity, redox potential, and pH. Monthly samples are also collected for δ13C, δ18O
and trace element analyses, as well as on-site assessment of total alkalinity, dissolved inorganic carbon, total
hardness, and total sulfate. In-situ loggers record barometric pressure fluctuations and temperature in the cave
atmosphere as well as water level oscillations in the pools. These carbonate system chemical data from each
pool and continuous in-situ cave atmosphere CO2 logging will document the role of CO2 degassing at the airwater interface in the deposition of POS. Comparing the geochemical variation of pool surface waters with
that of their POS will constrain the conditions necessary for these particular speleothems to precipitate, and
potential equilibrium or kinetic isotope effects. A better understanding of calcite and aragonite precipitation in
the freshwater/seawater mixing zone (i.e., controlling factors such are CO2 degassing, salinity, CO32- supply,
saturation index, etc.) is crucial if these speleothems are to be used in either paleoclimate or sea-level
reconstructions.
References
Csoma, A.E., Goldstein, R.H., Pomar, L. 2006. Pleistocene speleothems of Mallorca: implications for
paleoclimate and carbonate diagenesis in mixing zones. Sedimentology, 53: 213-236.
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Cave minerals and their potential to trace past sea-level changes

M.I. Călugăr1, J. Diehl2, C. Moldovan1, B.P. Onac2
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2
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In a non-cave environment, sea-level fluctuations are recognized based on a variety of
geomorphological, geochemical, clay mineralogy, and trace element proxies. Clay mineral
assemblages recovered from various marine and terrestrial sites reflect climate evolution and
associated sea-level fluctuations (Steinke et al., 2008).
Caves are natural underground laboratories where crystal growth processes can be directly
observed. Because the cave environment typically maintains constant temperature, relative
humidity, and CO2 partial pressure, cave minerals provide invaluable insights into the chemical and
physical conditions existing within various cave environments at the time of their precipitation
(Onac, 2012). Studies of cave minerals and their relationship with changes of sea level are scarce.
So far, calcite and aragonite were documented to precisely pinpoint past sea-level positions when
precipitated in the form of phreatic overgrowths on vadose speleothems (Ginés et al., 2012).
Onac et al. (2001) first interpreted a 5-cm thick fluorapatite/chlorapatite crust in Lighthouse Cave
(San Salvador) as possibly representing sea-level fluctuations. The layers composed of fluorapatite
were precipitated during sea-level lowstands due to the reaction of fresh guano with the limestone
bedrock. Chlorapatite was deposited in relation with sea-level highstands when Cl- from seawater
becomes available.
Csoma et al. (2006) pointed out that closely investigating the mineralogy, fluid inclusion, and
stable isotope of such carbonate deposits, the difference between precipitations under vadose
or mixing zones conditions (brackish) are decipherable.
This presentation is an attempt to summarize past and ongoing studies aiming to link the
presence of certain cave minerals with present and past sea-level stands.
References
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Tracking sea levels with corals and molluscs:
ESR dating MIS 5 highstands on San Salvador Island, Bahamas

A.E. Deely1, B.A.B. Blackwell2, J.E. Mylroie3, J.I.B. Blickstein1, J.L. Carew4, R.L. Davis5, A.R. Skinner2
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Sea level curves are best developed on tectonically stable coastlines, but require accurate
dates for the units, which define the sea level heights. On San Salvador, eolianites with
associated ooids and terrestrial molluscs preserve transgressive and regressive phases
associated with Quaternary high seastands. Fringing reefs mark the highstands, but there was
no deposition on the platform during the lowstands. At 11 locations around San Salvador,
terrestrial molluscs (Cerion) from the transgressive or regressive dunes, and lagoonal bivalves
(Codakia) and corals from the highstand deposits in the Quaternary Grotto Beach Formation
were dated by ESR (electron spin resonance). Volumetrically averaged sedimentary dose
rates were calculated from NAA analyses of U, Th, and K in associated sediment. These
range from as low as 296 ± 36 µGy/y in the reefs to as high as 745 ± 58 µGy/y in the dunes.
Time-averaged cosmic dose rates were calculated by assuming geologically rapid changes in
water depths or sedimentary covers as determined from geologic contexts (see Deely et al.,
2011 for details). To check for temporally mixed mollusc samples, multiple random grab
samples were analyzed from each locality where sufficient shells were available.
Ages for the Cockburn Town Member's regressive phase ranged from 49 ± 6 to 75 ± 8 ka,
correlating with MIS 3-4, which sets a minimum age limit for the deposits associated with the
underlying high seastand deposits, as do molluscs from the regressive phase directly above
the reef, which date at 79-81 ± 8 ka. These ages confirm that the regressive phase dunes do
indeed postdate the MIS 5 high seastand deposits.
At Moon Rock Pond, Codakia were collected at 1 m above modern sea level. Codakia live
buried in lagoonal sediment 20-50 cm deep at 1-5 m water depths. Ages for these molluscs
that showed that MIS 5 sealevels approached or exceeded modern levels at 82 ± 10 ka, 102106 ± 10 ka, and 114 ± 11 ka (see Fig. 1). In situ corals from the Cockburn Town Reef
averaged from 127 ± 6 to 138 ± 10 ka, correlating well with MIS 5e. Ages from the Reef’s
rubble zones hint that some coral reefs grew as early as MIS 7, but were likely reworked
during MIS 5. Therefore, the coral and Codakia ages strongly suggest that MIS 5a, 5c, and 5e
deposits all occur on San Salvador, and moreover, that all three highstands probably equaled
or exceeded modern sea level. Figure 1 shows the sea level curve for San Salvador with these
new data.
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Fig. 1. A preliminary sea level curve for San Salvador. The San Salvador sea level curve was built using the
sample’s ESR ages, their current elevations and the water depth at which the fossil species likely lived. Peaks 1
(MIS 1) and 5e (MIS 5e) agree well with other published curves. Peaks 5a and 5c (MIS 5a and 5c) agree very
well in timing and sea level height with MIS 5a and 5c peaks reported by Shackleton (2000). Peaks 7.1 and 7.5
agree with ages reported for coral growth on Great Bahama Bank (Henderson et al., 2006; other curves after
Blackwell et al., 2007).
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MIS-5 sea level record archived in extended interglacial
periplatform sequences: Ashmore Trough (Gulf of Papua)
and Inner Sea (Maldives Archipelago)
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Periplatform oozes are referred to sediments accumulating on slopes and basin floors adjacent
to carbonate platforms, barrier reefs, atolls, and shelves. These particular oozes consist of a
carbonate mixture produced in two distinct pelagic and neritic sources. (1) pelagic carbonate
(mostly calcite) grains such as planktic foraminifera and coccoliths (with the exception of
aragonite pteropods) are raining down from the upper part of the water column. As a result,
high-resolution age models can be developed in periplatform oozes based upon planktic
and/or benthic stable isotope stratigraphies, anchored by absolute dating and/or
biostratigraphic events. (2) Part of the shallow water (neritic) carbonate grains, aragonite and
magnesian calcite, do not permanently accumulate in the neritic production areas but are
instead either exported tens to hundreds of kilometers offshore through the water column as
low density currents for the fines neritic grains or entrained down the slope in turbiditic
gravity flows for the full range of grain sizes.
Periplatform ooze sequences, in particular the ones devoid of turbiditic deposits, are
excellent continuous records for sea level fluctuations, faithfully archiving successions of
flooding and exposure of the neritic carbonate factory, when the neritic carbonate
production is turned either on or off, respectively. If the bathymetry of the neritic carbonate
factory is well established for a given time interval, it is expected that the absolute level of
the ocean can be estimated in analyzing the carbonate mineralogical variations in
periplatform ooze sequence, in particular the occurrence or absence of bank derived fine
aragonite and magnesian calcite.
In the Gulf of Papua (GoP) as in the central part of the Maldives Archipelago, the depth of
50 m below modern sea level (bmsl) is a critical one because it corresponds to the average
depths of the GoP atoll and northern Great Barrier Reef (GBR) lagoons, as well as the
Maldives atoll lagoons (40-60 m). During an interval of sea level rise when 50 bmsl is
reached, flooding of extensive surface area in the shallow carbonate system occurs and high
neritic carbonate production and large export are initiated (turn-on mode); vice versa during
an interval of sea level fall when 50 bmsl is passed, large area in the shallow carbonate system
is exposed, as a result the neritic carbonate production dramatically decreased and its export
ceases (turn-off mode). For instance, during last deglaciation, the onset of bank derived
aragonite in the Ashmore Trough periplatform oozes, solidly dated at 11 ka by a series of
AMS radiocarbon dates, clearly corresponds to the timing of the lagoon re-flooding of GBR
and Ashmore/Boot, Portlock Atolls, when sea level reached 50 bmsl.
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The 37 m-long periplatform sequence recovered in core MD05-2949 retrieved in Ashmore
Trough at 657 m of water depth between Ashmore/Boot Atolls and the northern GBR
extremity correspond to the last 150 ky or last full glacial cycle (see Fig. 1). In core MD-49,
maximum aragonite accumulation rates or MARs (up to ~35 g/cm2*kyr) typically occur
during sea level transgressions and highstands (MIS 5.5/5e and MIS1), as well as during
relatively small amplitude sea level rises during the late interglacial MIS 5 (MIS 5.3/5c and
5.1/5a). Aragonite MAR peaks and sub-peaks also correlate to negative excursions in the
oxygen isotope record. The lowest aragonite MARs (< 1 g/cm2*kyr) or absence of aragonite
occur during MIS 6, 4, 3, and 2, as well as during relatively small amplitude sea level falls
during the late interglacial MIS 5 (MIS 5.4/5d and 5.2/5b). These observations demonstrate
that, once the threshold of ~50 bmsl is reached during a transgression, the area of neritic
carbonate production and related export to the adjacent slopes in Ashmore Trough
dramatically increased, corresponding to a turn-on mode or re-flooding, MIS-5e, MIS-5c,
MIS-5a, and MIS-1. When the threshold of ~50 bmsl is passed during an interval of sea level
fall, the neritic carbonate production and export practically stopped, corresponding to a turnoff mode or exposure, MIS-6, MIS-5d, MIS-5b, MIS-4, MIS-3, and MIS-2.
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Fig. 1. MD05-2949 periplatform ooze sequence in Ashmore Trough (Gulf of Papua). The downcore variations
of bank derived fine aragonite accumulation in Ashmore Trough is clearly driven by changes in sea level
above or below a 50 m below modern sea level threshold, corresponding to the average depths
of the GoP atoll and northern Great Barrier Reef (GBR) lagoon floor.

Preliminary analyses of a 12 m-thick periplatform sequence in core M74-4-1144, retrieved at
500 m of water depth on top of a muddy drift, during the 2007 NEOMA expedition on the
R/V Meteor, in the Maldives Inner Sea, reveal even higher frequency sea level oscillations
during late Pleistocene highstands, and in particular during MIS-5, than in core MD-49 from
Ashmore Trough. Based on a calibration curve, it can be demonstrated that Sr counts become
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a valuable proxy for bank-derived fine aragonite content usually measured by X ray
Diffraction (XRD). As an explanation, large cations, such as Sr, are preferentially substituted
for Ca in orthorhombic aragonite, whereas small cations such as Mg are preferentially
substituted for Ca in rhombohedral calcite. Sr counts were determined along core 74-4-1144
using an X-ray Fluorescence (XRF) Core Scanner, at 1 cm spaced intervals. The observed Sr
count cyclic downcore variations can be correlated to the marine and ice sheet oxygen isotope
records and sea level fluctuations at Milankovitch frequencies in addition to millennial
frequencies during interglacial stages. Downcore variations of Sr counts in core 74-4-1144
mimic well the Lisiecki and Raymo (2005) stack benthic O istope record (LR2005) down to
the end of Marine Isotope Stage (MIS) 11. Planktic O isotope records at 10 to 5 cm spaced
intervals are currently being produced in core M74-4-1144 as an assurance that the cyclic
downcore variations of Sr counts are in phase with the LR2005 O isotope stack.
Moreover, core 74-4-1144 was scanned for Sr counts at even higher resolution (0.5 cm) for
the full MIS 5 interval. Variations of Sr counts at sub-Milankovitch millennial frequencies,
since the MIS 5e/d transition, appear to correlate well with the North GRIP Greenland O
isotope ice record and the Red Sea high frequency sea level record. Preliminary interpretation
of those ultra high resolution Sr analyses during the end of interglacial MIS 5, therefore,
suggest that sea level fluctuations, between 20 to 60 m below modern sea level, frequently
exposed and flooded at millennial time scale the Maldives atoll lagoon floors and were
faithfully recorded in the muddy periplatform drift in the Maldives Inner Sea.
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The timing of sea level and atmospheric carbon dioxide change
at the MIS 5 - 4 boundary
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We have re-analyzed the Hulu Cave oxygen isotope record at much higher oxygen isotope
and dating resolution. In addition, we have improved the precision of the Hulu Cave dates
using multi-collector inductively-coupled plasma mass spectroscopy. We have combined this
record with published and new oxygen isotope records from Dongge Cave to produce a
continuous, high resolution Chinese cave oxygen isotope record for the last 140,000 years. By
correlating events observed in China with changes in atmospheric methane concentration, we
have assigned cave-based ages to the Antarctic atmospheric gas records, including
atmospheric carbon dioxide.
We have also compiled our best estimate of sea level history for the past 135,000 years. This
curve draws from the coral record, the Red Sea foraminifera oxygen isotope record, and the
deep sea oxygen isotope record. The timing of this curve is based upon direct U/Th dating of
corals and upon correlations to the above-referenced Chinese cave record. Although there are
clearly discrepancies in sea level data, which we cannot resolve, our compilation is consistent
with many independent constraints on sea level history.
The tightest constraints on the timing of the sea level drop at the MIS 5 – MIS 4 boundary
come largely from the dating of 3 fossil corals from Barbados. On the basis of these dates and
our cave-based dates for the carbon dioxide record, sea level drops over several thousand
years immediately before a much more rapid drop in atmospheric carbon dioxide. The sea
level drop correlates with a lowering in Northern Hemisphere summer insolation. Thus, it
appears that insolation change caused the sea level drop. The subsequent glacial conditions
likely resulted in changes in the oceanic carbon cycle, which caused carbon dioxide levels to
drop. These low carbon dioxide values may have been important in maintaining glacial
conditions during MIS 4.
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Coastal springs in Florida (USA): Sentinels for sea level change

J.R. Garey, D. Menning, H. Rubelmann
Department of Cell Biology, Microbiology, and Molecular Biology, University of South Florida, Tampa, FL
33620 USA (garey@usf.edu)

Coastal karst regions are often characterized by numerous inland, near-shore and off-shore
springs that discharge freshwater from their underlying aquifers. These springs allow SCUBA
divers direct access to the marine-influenced coastal aquifer. Coastal springs allow the
transport of nutrients from the aquifer to the marine environment but also provide a path for
salt water intrusion into the aquifer and are sensitive to both sea level change and aquifer use.
We are carrying out long-term monitoring of several coastal karst features in the eastern Gulf
of Mexico. Jewfish Sink is an example of a former submarine spring that ceased flow when
inland aquifer use expanded in the 1960s and is now an anerobic marine basin. Double
Keyhole Spring is an example of a near-shore spring that discharges water from the Floridan
Aquifer directly to a marine estuary, while Isabella Spring is located 1 km inland and
although tidally influenced, remains predominantly a freshwater spring. We are investigating
long and short term fluctuations of the geochemistry, hydrology and biodiversity of these
systems in order to predict the effect that increased domestic, industrial and agricultural water
use has on coastal ecosystems as well as the effect that sea level change could have on the
Floridan Aquifer. Each of these sites is distinct in terms of geochemistry, hydrology, and
biodiversity.
Jewfish sink has no net flow of aquifer water, and is highly stratified with distinct microbial
communities in the upper oxic zone and the deeper anoxic zone. The microbial communities
and the geochemistry within these two zones vary between summer and winter. In Double
Keyhole and Isabella springs, aquifer discharge volume is directly related to tidal fluctuations.
Estuarine water intrusion events can be seen as increases in water temperature, dissolved
oxygen and pH and occur irregularly during approximately half of the daily tidal cycle at high
tide. Increased salinity correlates with low tide and increased water outflow, suggesting a
mixing of the Surficial and Floridan Aquifers. This is supported by hydrology and water
chemistry measurements within and near Double Keyhole Spring. Sulfate, alkalinity, and pH
change significantly over time within Double Keyhole Spring indicating seasonal variation.
Molecular fragment analysis of microbial prokaryote and microbial eukaryote environmental
DNA indicate significant differences in community structure between Double Keyhole and
Isabella springs and seasonal variations at both locations. The community structure within
Double Keyhole correlates best to water chemistry of samples collected during normal aquifer
discharge, suggesting that community structure changes during intrusion events. Community
structure and water chemistry in the water column are dependent on the direction of water
flow within the springs.
These sites can serve as a model to predict the affects that sea level change will have on the
geochemistry, microbial community structure and hydrology of these very sensitive
ecosystems.
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The geological imprint of sea-level and climate changes during
the last interglacial period (LIG, sensu lato, ~130 to 80 ka)
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The record of sea-level changes based on field observations and geochronological data during
MIS 5 has been the focus studies by Hearty and colleagues over the past 3 decades. Although
considered by some to be “renegade science”, a few of these works may have helped to
evolve our views of the events of MIS 5, along with stimulating much discussion and
controversy. This presentation offers a synthesis of many of the key geological observations
and relative sea level indicators (or RSLIs) during the LIG (Fig. 1).

Fig. 1. A model of SL fluctuations for MIS 5e
(after Hearty et al., 2007).

A conspicuous feature on many relatively stable coastlines of the world is a broad morphological
or constructional terrace, and in warmer latitudes, a reef terrace lying between +2.0 and +4.0 m
attributed to the early half of MIS 5e. The RLSI#2 feature is considered the most reliable SL
benchmark of MIS 5e. After several thousand years of relative stability, the broad terrace briefly
became emergent (RSLI#3), and was subject to pedogenesis and erosion. The subaerial exposure
of the terrace may have either been the result of a drop of RSL (a Younger Dryas type event?), a
minor positive hydro-isostatic effect, or both. Subsequently, instability and shifting sea levels are
manifest in the geomorphological and sedimentary imprint of late MIS 5e. Incised bioerosional
notches, rubble benches, and coralgal veneers record this instability during a rise and fall of RSL
to between +6 and +9 m (RSLI#4/5). Numerous workers have derived similar geologic records of
SL changes during MIS 5e from a variety of intermediate and far field sites around the globe.
It is also apparent that the transition from late MIS 5e to MIS 5d (RSLI#6) was a tumultuous period
in the oceans and along the coastlines. Near the close of MIS 5e, massive boulders were transported
over exposed 20 m cliffs and some laterally over 500 m in North Eleuthera, Bahamas (Fig. 2). At
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approximately the same time, fenestrae-filled, oolitic chevron ridges several km-long were
emplaced across the lowlands of the east-facing Bahamas. On older built-up coastlines, the same
fenestrae-filled oolite bears evidence of wave runup (or rain-induced fenestrae?) up to elevations of
+40 m. The mechanism for deposition of the giant boulders and the chevrons of North Eleuthera has
been widely cited as the work of tsunami. However, if the boulders are genetically and temporally
related to chevrons and runup features, as I suggest they are, it is more likely they were all formed
contemporaneously by intense storms during a period of higher sea levels. This conclusion is based
primarily on the complex internal sedimentary structure of the chevron ridges, which is not
indicative of a multi-hour set of tsunami waves. As SL fell at the close of MIS 5e in the Bahamas,
massive accumulations of dune sand reflect high-energy wave and wind conditions intersecting and
transporting a large reservoir of oolitic shelf sediments onto land.

Fig. 2. One of several “megaboulders” deposited
on 20 m high cliffs in North Eleuthera late
in MIS 5e (Hearty, 1997).
Fig. 2 less is known about events related to MIS 5c and 5a, most likely because sea level
Much
remained mostly below present during these times, and physical traces on the shoreline are few.
However, in Bermuda, after soil development on the LIG marine and eolian complex, a post-MIS
5e bioclastic eolianite blanketed the island landscape, preserving delicate avian trackways, trunks
and fronds of standing palms (Fig. 3). The timing and nature of the preservation suggests the
landscape was rapidly buried when SL was several meters below present during only one or two
intense late summer hurricanes during MIS 5c.
Fig. 3. Hollow molds of standing palmettos and frond formed
during storms in mid MIS 5 (Hearty & Olson, 2011).

Over two decades ago, our studies of MIS 5a in the
Mediterranean and Bermuda revealed geological evidence of
RSL near the present datum for sufficient duration to leave a
distinct geological and biological imprint around 80 ka.
These findings also stimulated vigorous discussion primarily
due to the lack of supportive evidence offered by the deepsea δ18O record. (Digression: In addition to analytical
uncertainties and averaging large numbers of tests, typical
δ18O ratios are the iterative sum of the variable effects on the
sample including ice volume, salinity, temperature,
diagenesis, and vital effects, with further external effects of
physical mixing and bioturbation. It is expected that state-ofthe art mass spectrometric techniques on single forams may
offer some promise in identifying very brief eustatic events).
Nonetheless, other experts, including many at this workshop, have pursued the MIS 5a SL
question over the years and have corroborated a near-present highstand at that time.
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Our understanding of the events and changes during the LIG is being advanced through
greater numbers of rigorous field investigations, developments in dating technology, and earth
and ice modeling. Field geology on the shoreline offers the most direct physical connection
with the SL record, yet the imprint of SL on the landscape is also subject to a variety of postdepositional effects. Further research on the magnitude, speed, and direction of these effects is
needed to provide more accurate estimates of ice and ocean volume during past glacialinterglacial cycles.
Although the LIG may not be the quintessential analogue for our present interglacial and
greenhouse world, it offers a strong suggestion that increased climate warming is linked to the
instability of grounded and marine-based ice sheets, with Greenland and West Antarctica
being the most likely contributors to rapid SL rise.
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The timing and rate of sea-level change at the last interglacial
from marine sediment records
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Marine sediments have the significant advantage as a recorder of sea level that they form
continuously, so offer potential to provide high-resolution times-series of change. Although
there is no direct record of sea level in such sediments, in some settings it can be
demonstrated that oxygen isotopes provide a good proxy for sea level, either via the absence
or correction of temperature effects, or due to the importance of sea-level control on local
evaporation (Rohling et al., 1998). For the last 40 kyr or so, such δ18O records can be dated
with reasonable precision with 14C to provide information about the rate and timing of sealevel change (Bard et al., 1989).
For earlier times, including the MIS6 to MIS4 period that is the focus of this workshop, such
14
C chronology is impossible and dating of marine sediments becomes more problematic. In
my presentation, I will review various approaches to chronology of marine δ18O records for
the MIS 6 to MIS 4 period and compare the timing constraints that can be achieved. Orbital
tuning of marine records is frequently used to provide a long-term chronology for marine
δ18O (Martinson et al., 1987), but by necessity such tuning precludes the testing of
relationships between orbital change and sea-level change. In any case, such tuning does not
provide the precision in its resulting age models required to assess the relationship between
sea-level change and other components of the climate system, including possible forcings.
There are, however, three approaches relying on U-series geochemistry that provide
independent age constraints on marine δ18O records in this time interval.
In unusual sedimentary settings, where carbonates are produced locally in the absence of
significant detrital input, sediments can be directly dating using the 238U-234U-230Th
chronometer. It should be stressed that such chronology cannot usually be applied to marine
sediments due to the insoluble nature of 230Th But where it can be achieved, dating of such
carbonates (Slowey et al., 1996) provides an assessment for the MIS5e sea-level highstand
(127-120 kyr) that is in close agreement with coral assessments, and a date for Termination 2
somewhat earlier than suggested by tuned chronologies (Henderson & Slowey, 2000).
The insolubility of 230Th means that, in other settings, it is removed to the seafloor quickly
and can be used to provide information about sedimentation rate (Henderson & Anderson,
2003). Such 230Th data cannot provide an absolute chronology for sea-level change, but it can
be used to assess the rate of change at important episodes of sea-level change. This approach
has the potential to constrain the rates of change, for instance, as sea level rises above modern
values at the onset of MIS 5e.
Finally, direct 238U-234U-230Th dating of stalagmites can be used as tie-points to peg marine
δ18O records. The very high age precision that can be achieved using such stalagmite records
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is a significant advantage to this approach, although uncertainty in the match of the records to
marine δ18O records may be less precise. Two studies to apply this approach have placed the
midpoint of Termination 2 at 133 kyr (Cheng et al., 2006) and 136 kyr (Drysdale et al., 2009),
again rather earlier than tuned records suggest.
Taken together, the various marine records of sea-level change at MIS 5 suggest that
Termination 2 occurred at close to 135 kyr, in agreement with the timing assessed from coral
dating at Tahiti (Thomas et al., 2009), and with implications for the mechanisms forcing this
sea-level change. Such dating of marine sediments also has potential to provide improved rate
information about the sea-level changes during this critical period of sea- level history, and
therefore to help inform us about possible future sea-level scenarios.
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Sea-level oscillations during the Last Interglacial highstand (MIS 5e):
Evidence from New Providence Platform, Bahamas
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Introduction
Sea level has changed throughout Earth’s history with variable frequency and amplitude (Haq
et al., 1987; Lisiecki and Raymo, 2005). Changes of several meters are reported within the
last interglacial sea-level highstand 125,000 years ago during marine isotope stage (MIS) 5e
when sea level was approximately 6 m higher than present. Increasing evidence suggests that
sea level during MIS 5e was not a single rise and fall but instead oscillated (Thompson and
Goldstein, 2005; Reid, 2010; Thompson et al., 2011). Exposure horizons and lithologic
changes in cores and outcrops combined with age dating in the Exuma Cays and New
Providence, Bahamas (Fig. 1), provide sedimentologic and stratigraphic evidence of
variations in sea level during MIS 5e.

Fig. 1. Location of the Exuma
Cays and the island of New
Providence on the New Providence
Platform, Bahamas. Image modified from Google Earth, 2009.

Sedimentologic indicators for sea-level position
The Exuma Cays are a 170 km long and 5-10 km wide chain of carbonate islands composed
primarily of Holocene (<6,000 ybp), MIS 5e (~125,000 ybp), and older strata. Fourteen cores
from +1 m to a maximum depth of -23 m were drilled in the Exuma Cays spanning ~100 km
northwest to southeast in 2009 and 2011 (Fig. 2). These cores document successions of
subtidal, reef, beach, and eolian environments that can be used to document relative sea levels
during the Pleistocene. Short cores and outcrop work from New Providence Island also
provide evidence for MIS 5e sea-level oscillations.
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Three criteria are used to document the position of sea level during MIS 5e: 1) The elevation of
the transition from beach to eolian dunes, 2) The elevation of reefs plus an assumed water depth
of 2-5 m, and 3) Exposure horizons (calcretes, caliche crusts) within subtidal environments.

Fig. 2. Locations of cores drilled along the Exumas windward margin. The maximum depth drilled is
approximately 23 meters. Background image from Harris and Ellis, 2009.

1. Beaches and Eolian Dunes
Carbonate eolian dunes form adjacent to the beach and start cementing quickly after
deposition. Unlike siliciclastic dunes, carbonate eolian dunes do not migrate. Therefore, one
ridge of eolian dunes implies one sea-level position in a carbonate coastal system (Fig. 3). At
two locations within the Exuma Cays Land and Sea Park, there are five parallel north-south
trending eolian dune ridges that were deposited during MIS 5e (Fig. 4). In addition, the
subsurface position of the beach to dune transition in cores WW1-3 deepens from west to
east, indicating downstepping toward Exuma Sound. Cores BI1 and OB1 also feature the
same deepening base levels as WW1-3 (Fig. 2). If one ridge forms at one sea-level position,
the series of parallel ridges combined with downstepping base levels are interpreted as
downstepping pulses in sea level at the
end of MIS 5e. On New Providence,
three low-relief beach ridges prograde
toward the modern shoreline. Using
the lowest occurrence of keystone
vugs as a sea level proxy, the beach
ridges downstep from 7.6 to 7.0 to 5.1
m above present sea level over a
lateral area of ~3 km (Garrett and
Gould, 1984; Reid, 2010).
Fig. 3. Carbonate eolian dunes form adjacent
to the beach (i.e., Cambridge Cay) and tidal
deltas (i.e., Shroud Cay). They do not migrate
and form a single dune ridge during one sealevel position. Today, carbonate dunes are
actively forming on many of the Exuma Cays.
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Fig. 4. Parallel Pleistocene MIS 5e eolian dune ridges are documented at two locations in the Exuma Cays:
A) Warderick Wells and surrounding cays, and B) Little Halls Pond, Solider Cay, and O’Brien’s Cay. These
parallel ridges are interpreted to represent different pulses of sea level during MIS 5e ~125,000 years ago.

Background images A): Quickbird, DigitalGlobe, 2005-2006; B): Google Earth, 2009.

2. Reefs
The presence of certain corals (i.e., Acropora palmata, Acropora cervicornis, etc.) in core is a
good indicator of past sea level as these species only grow in shallow waters (typically less
than 5 m in the Exumas). Pleistocene shallow-water reefs are present at +1.5 m above present
sea level on Rocky Dundas in the north-central Exumas as well as on Darby Island southern
Exumas, indicating that sea level was higher than today when the reef was alive. Halley et al.
(1991) documented a +1.5 m reef terrace on the leeward side of Norman’s Pond Cay. U-series
ages of unrecrystallized corals range from 117 ± 5 to 119 ± 4 ka (Halley et al., 1991). In the
central Exumas, Bitter Guana Cay features shallow-water reef facies, including Acropora
palmata, at approximately 1.8-2.8 m below present sea level. Pleistocene reefs at or above
present day sea level indicate a sea-level highstand.
3. Exposure Horizons within Subtidal Deposits
A unit of subtidal deposits interpreted to be MIS 5e is present in most of the cores drilled in
the Exumas. Their depth ranges from 0 to -15 m below present sea level. The presence of an
exposure horizon separating subtidal facies in core indicates a drop in sea level during MIS 5e
(Cores BI1, Darby 1, Darby 2, Darby 3). On New Providence, subtidal burrowed and bedded
grainstones in short cores feature a cm-scale calcrete 20-30 cm below the top of MIS 5e
deposits. These calcretes within shallow subtidal deposits require a lowering of sea level
during MIS 5e to form.
Interpretation and implications
Evidence from the Exumas indicates that sea level during MIS 5e was not a single rise and
fall but in fact oscillated. Figure 5 illustrates a possible scenario for a MIS 5e sea-level curve
in the Bahamas compared to Thompson and Goldstein (2005). Control points from core
Darby 3 indicates older MIS 5e subtidal deposits, followed by an exposure (calcretes and
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paleosol), with a shallow-water reef on top, indicating two highstands with an exposure in
between. The presence of parallel eolian dune ridges combined with downstepping base levels
of eolian deposits in cores WW 1-3 and BI1-OB1 are interpreted to represent pulsed
downstepping of sea level at the end of MIS 5e.

Fig. 5. A) MIS 5e sea level from Thompson and Goldstein, 2005. B) MIS 5e sea level interpreted from the facies
successions in the Exumas and New Providence, Bahamas. Blue dots indicate control points in core and outcrop
from this study; Halley et al. (1991) and Aurell et al. (1995). The older peak is interpreted from Exumas subtidal
deposits (i.e., Darby 3) and down-stepping beach ridges on New Providence Island. The younger peak is
interpreted from Exumas reefs at sea level to +1.5 m above sea level (i.e., Darby 3, Rocky Dundas; Halley et al.,
1991) and New Providence down-stepping beach ridges. The drop between the two peaks is evidenced by the
exposure (calcretes and paleosol) in Darby 3 (and other cores) in between the older subtidal unit and younger
reef unit as well as a distinct calcrete and paleosol horizon on New Providence. The parallel eolian dune ridges
in the Exumas and corresponding downstepping base levels suggest downstepping pulses of sea level at the end
of MIS 5e.

The lowest occurrence of the transition from beach to eolian dune in core is approximately
-12 m below present sea level (Core WW1). The highest reefs are at +1.5 m above present sea
level (Norman’s Pond Cay, Halley et al., 1991) plus an assumed water depth of 2-5 m.
Preliminary amino acid racemization (AAR) inferred dates from cores combined with Useries ages from Halley et al. (1991) indicate that both the eolianites and reefs were deposited
during the last highstand, MIS 5e. On New Providence, beach deposits in outcrop at Clifton
Pier are +6-7 m above present day sea level (Aurell et al., 1995) and prograding beach ridges
downstep from +7.6 to 5.1 m (Garrett and Gould, 1984; Reid, 2010). Combining the lowest
occurrence of beach to eolian dunes in the Exumas with the beach deposits on New
Providence, the maximum oscillation during MIS 5e is approximately 18 m.
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Comparing sea surface temperatures between the present interglacial (MIS 1) and the Last Interglacial complex (MIS 5e-a)
at the Iberian region: implications for hydrological
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At Mediterranean latitudes few detailed terrestrial and marine records are available to infer
the climate history simultaneously over the present interglacial (marine isotope stage –MIS-1
or Holocene) and the last interglacial complex (from MIS 5e –Eemian– to MIS 5a)
(Shackleton, 2001; Tzedakis et al., 2004; Drysdale et al., 2009; Wainer et al., 2011). Analyses
of biomarkers and isotope ratios in sediments recovered from the Iberian margin, have
allowed providing a number of those few records. Sea surface temperature profiles based on
alkenone measurements (SST-Uk’37) have been generated from these cores at centennial scale
(Martrat, 2007; Martrat et al., 2007). According to these profiles, temperatures were warmer
than at present during the early Holocene and have been robustly tending to drop towards
cooler climate conditions over the last millennia (i.e., -2ºC or -4ºC decrease down to the coretop sample, depending on core locations). The last interglacial complex recorded temperatures
substantially warmer than at present (up to 5ºC warmer). A progressive cooling, sometimes
gradually, others abruptly, is also observed during MIS 5e and the subsequent stadials
alternated with interstadials (MIS 5d-a). Hence, the recorded warm and cool events, exhibit
persistently repeated saw-tooth morphology. The oscillations always commenced with an
abrupt warming in just a few centuries (for example, up to 10ºC in 2,800 years or 6ºC in 800
years), followed by a gradual cooling over several hundred or several thousand years and
ending in a final, rapid cooling phase (i.e., a fall of -4ºC over 700 years).
Most sea surface temperature changes occurred in line with variations in the oxygen isotope
ratios worked out on the calcite shells of microscopic foraminifera from the same core strata.
The ratios measured remained above present values (i.e., heavier than 0.5 or 1.3 per mil,
depending on site) except for the last interglacial, i.e., MIS 5e or Eemian. However, this
isotopic signal is not purely temperature; i.e., seasonality of precipitation at the core site or
proximity of the water vapour source, among others, affect this ratio. Additionally, oxygen
isotopes are not strictly a pure record of sea level change or volume of ice stored on the
continents; they are a combination of a glacioeustatic reservoir component, a nonglacioeustatic component due to local water variability linked to circulation changes, and a
component due to water temperature. Apparently, sea level has remained stable on the
Balearic basin over the past 2,800 years (Tuccimei et al., 2010). Data are mainly available for
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the last deglaciation and are sparser for preceding periods (Cuttler et al., 2003; Dorale et al.,
2010). Using instrumental measurements at the Iberian core locations as a reference, it
appears unquestionable that present SSTs have already been registered and surpassed during
several events within MIS 5e-a (Martrat, 2007; Martrat et al., 2007). Thus, it may well be that
specific periods within the last interglacial complex were at least as ice-free as the present.
Temperatures also varied coherently with the vegetation of southern Europe (Tzedakis et al.,
2004). Results suggest that, while acting as a preconditioner for the speed rate of subsequent
oscillation, the ice volume itself did not trigger climate transitions. For example, low ice
volume would switch on strong positive feedback mechanisms to accelerate warming, once
external forcing leads the climate elements to reach a threshold; it is then when the flip from
one condition to another becomes possible. New ongoing isotope analyses by using Iberian
stalagmites are shedding a great deal of light on this broad correspondence between marine
and terrestrial climatostratigraphic stages, giving clues about hydrological mechanisms as yet
to be explored.
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On the north-western coast of Guam, Mariana Islands (13º48´ N, 144º45´ E), we examined
the past-interglacial (MIS 5e) Tarague Limestone (U/Th, Randall and Siegrist, 1996), and
the Holocene Merizo Limestone (14C, Tracey et al., 1964). Sea-level proxies found in this
area were these fossil coral reefs and their associated sea-level notches and flank margin
caves. We deduced the ages of the notches from their position with regard to the adjacent
dated fossil reefs. Speleothems were dated (U/Th disequilibrium method) to estimate the
minimum age of the flank margin caves. The elevation of each of the proxies was also
measured.
We estimated denudation of the Tarague Limestone platform in order to establish the
approximate original top elevation of the MIS 5e coral reefs. For this purpose, pedestals
(tropical Karrentische) developed under Plio-Pleistocene boulders fallen from the nearby
>100-m cliff were used to estimate the minimum denudation following subaerial exposure of
the reef subsequent to the end of MIS 5e sea-level highstand (Fig. 1). Our denudation estimate
is at least 5 m, a minimum value as the timing of the placement of the covering boulder
cannot be determined, except for the fact that it must be less than the age of the reef
(~120 ka). Tectonic movements estimated by previous researchers (Randall and Siegrist,
1996) combined with our observations were also taken into consideration. The average uplift
rate was estimated to be between ~0.1 and ~0.2 mm/yr.
All of the flank margin caves were found in the MIS 5e Tarague Limestone (Fig. 1) between
4 and 7 m above the modern sea-level, most of them clustering around 7 m. Their position
within the MIS 5e reef implies their formation after the last interglacial (MIS 5e), while the
ages of the speleothems contained within them (18 – 36 ka) constrain their minimum age of
formation. Considering the uplift rate that would bring these caves to their current elevation,
and known timing and elevation of the sea-level stands in the Pacific, which would allow for
the establishment of a fresh-water lens at the proper elevation to create the caves, these caves
could have only been formed either during the MIS 5c (~85 ka) or MIS 5a (~100 ka) sea-level
highstands (Fig. 1). If formed during MIS 3 (~50 ka) as it might be inferred by the less-than40 ka age of the speleothems, the long-term uplift rate would have to have been above 1
mm/yr, which is not consistent with other observations of tectonic uplift rate. Some authors
place the MIS 5a highstand above that of MIS 5c (e.g., Shackleton, 2000), which coupled
with the greater age of MIS 5c versus 5a, would allow the uplift rate to place cave genesis
within either event.
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Fig. 1: A sketch of the cross section for the field site in NW Guam (not to scale).
A sea-level curve, depicted in the upper left corner, illustrates the sea-level
stands thought to be responsible for the sea-level proxies observed.

The notch adjacent to the mid-Holocene fossil coral reef, both found up to 4 m above the
modern sea level (Fig. 1), must have developed at the same time as the reef, i.e., during the +2
m mid-Holocene sea level highstand (4.75 – 2.75 BP) caused by the glacio-hydro-isostatic
adjustment to the rapid reloading of the Pacific Basin when the ice sheets collapsed at the end
of the past glaciation (e.g., Dickinson, 2000). Along with the reef, the notch would have been
subsequently tectonically uplifted ~2 m as well. One of the flank margin caves that has the
same elevation (4 m) could have also been formed during this sea-level stand, but no
speleothem dates are available to constrain this interpretation.
Just as we find a mid-Holocene sea-level notch standing slightly above the modern one, we
also find a double notch also above the MIS 5e coral reef (Fig. 1). That might imply that the
MIS 5e interglacial had a post-glacial sea-level oscillation similar to the one that followed the
on-going Holocene interglacial; however, episodic tectonic movement could not be excluded.
The Tarague Limestone examples demonstrate that flank margin cave genesis is rapid enough
to record even transient sea-level highstands, such as MIS 5a and MIS 5c. Small flank
margin caves found in the Holocene Merizo Limestone indicate that the time window for
speleogenesis can be as little as ~1000 years.
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Submerged caves of the tectonically stable east coast of the Yucatan Peninsula, Mexico,
contain valuable archives for sea level reconstruction in the form of dripstone calcite
speleothems deposited in a sub-aerial environment (Smart et al., 2006). Under contemporary
conditions, dripstone growth has ceased in response to either submergence by rising sea levels
(Richards et al., 1994) or, changes in effective recharge and paleoclimate (Gascoyne et al.,
1983). Continuous phases of speleothem growth can thus be used to accurately constrain
maximum elevation of relative sea levels.
Here we present nine precise MC-ICPMS 230Th/234U dated dripstone speleothem records from
submerged caves of the Yucatan Peninsula, Mexico. Carbonates of the Yucatan Peninsula are
produced in similar environments to those of the Bahamas, where initial 230Th/232Th is known
to be elevated (Beck et al., 2001; Hoffmann et al., 2010). Age calculations must therefore
take into account this effect and a value of 5.2 ± 0.8 derived from modern dripwaters in the
Bahamas has been employed to correct for non authigenic 230Th. Samples of 80-120 mg were
however typically taken from clean, macrocrystalline carbonate, thus correction for detrital
Th yields minimal change in the final ages.
The Yucatan speleothems were deposited between 117.2 ± 1.4 to 61.1 ± 0.4 ka at elevations
of +1.6 to -15 m rsl (Fig. 1). Elevations were determined using a freshwater calibrated digital
depth gauge and are corrected for subsidence at a rate of 0.1 cm ka-1 based on lithological
units identified in wells (Emery and Uchipi, 1972). Samples taken from the base of a
stalagmite indicate that following the MIS 5e highstand, relative sea levels were below -4.9 m
by 117.2 ± 1.4 / 116.0 ± 1.6 / 115.2 ± 1.6 ka; the differences in absolute ages being explained
by sampling from slightly different growth layers. Based on 230Th/234U ages of coral terraces,
a rapid rise in sea level at the end of MIS 5e to +6.0 m rsl has been suggested for the Yucatan
(Blanchon et al., 2009). The +6 m rsl peak ended after 117.7 ± 1.0 ka, which is in agreement
within error to our data, but suggesting a rapid fall at the close of MIS 5e.
The initiation of speleothem growth is later at lower elevations. Yucatan speleothem ages
indicate that relative sea levels had dropped to below -11 m by 108.6 ± 1.0 ka. Sea levels
remained below -11 m until at least 106.5 ± 0.7 ka, after which sea levels are constrained to
below -9.9 m rsl. Speleothem growth commenced at 82.3 ± 4.1 ka at -14.6 m rsl until 61.1 ±
0.4 ka. Unfortunately, the precision is reduced for the basal age of this sample due to high Th
content. Speleothem growth in the Bahamas further constrains relative sea level to below
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-18.1 m after 79.4 ± 1.8 ka, reducing to below -20.3 m by 68.4 ± 6.6/6.2 ka (Richards, 1995).
The progressive decline in depth of speleothem growth between ~120 and ~80 ka in the
Yucatan indicates sea level remained significantly below the present during the highstands of
substages MIS 5c and 5a. These results are in agreement with uplifted coral reefs of
Barbados (Potter et al., 2004) and Haiti (Dodge et al., 1983), but contrast to amino-acid
racemization dating of aeolianites from Eleuthera (Hearty and Kaufman, 2000) which indicate
MIS 5a sea levels were close to or above the present elevation. Our results are thus in
agreement with the north-south gradient in MIS 5a sea levels recognized across the western
North Atlantic region due to glacio-isostatic effects (Potter and Lambeck, 2004).

Fig. 1. Ages of Yucatan speleothems (this study, •) and Bahamas speleothems (Richards 1995, ∇). Errors 2σ.
Horizontal bars indicate periods of continuous growth. Arrows highlight increasing depth of speleothem growth.
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Sea-level history during the last interglacial complex
on San Nicolas Island, California: Implications for glacial
isostatic adjustment processes, paleozoogeography, and tectonics

D.R. Muhs1, K.R. Simmons1, R.R. Schumann1, L.T. Groves2, J.X. Mitrovica3, D. Laurel4
1

U.S. Geological Survey, MS 980, Box 25046, Federal Center, Denver, Colorado 80225, USA
Section of Malacology, Natural History Museum of Los Angeles County, 900 Exposition Blvd., Los Angeles,
California 90007, USA
3
Department of Earth and Planetary Sciences, Harvard University, 20 Oxford Street, Cambridge, Massachusetts
02138, USA
4
ATA Services, Inc., 165 South Union Blvd., Suite 350, Lakewood, Colorado 80228, USA
2

San Nicolas Island, California (Fig. 1) has one of the best records of fossiliferous Quaternary
marine terraces in North America, with at least fourteen terraces rising to an elevation of ~270
m above present-day sea level. In our studies of the lowest terraces, we identified platforms
at 38-36 m (terrace 2a), 33-28 m (terrace 2b), and 13-8 m (terrace 1). Uranium-series dating
of solitary corals from these terraces yields three clusters of ages: ~120 ka on terrace 2a
(marine isotope stage [MIS] 5.5), ~120 and ~100 ka on terrace 2b (MIS 5.5 and 5.3), and ~80
ka (MIS 5.1) on terrace 1. We conclude that corals on terrace 2b that date to ~120 ka were
reworked from a formerly broader terrace 2a during the ~100 ka sea stand. Fossil faunas
differ on the three terraces. Isolated fragments of terrace 2a have a fauna similar to that of
modern waters surrounding San Nicolas Island. A mix of extralimital southern and
extralimital northern species are found on terrace 2b, and extralimital northern species are on
terrace 1. On terrace 2b, with its mixed faunas, extralimital southern species, indicating
warmer-than-present waters, are interpreted to be from the ~120 ka high sea stand, reworked
from terrace 2a. The extralimital northern species on terrace 2b, indicating cooler-thanpresent waters, are interpreted to be from the ~100 ka sea stand. The abundant extralimital
northern species on terrace 1 indicate cooler-than-present waters at ~80 ka.

Fig. 1. Map of San Nicolas Island,
California, showing marine terrace
inner edges, seaward extent of
marine terrace deposits and fossil
localities. Complete references for
terrace mapping are given in Muhs
et al., 2012.
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Using the highest elevation of the ~120 ka platform of terrace 2a, and assuming a paleo-sea level
of +6 m based on previous studies, San Nicolas Island has experienced late Quaternary uplift rates
of ~0.25 to 0.27 m/ka. These uplift rates, along with shoreline angle elevations and ages of
terrace 2b (~100 ka) and terrace 1 (~80 ka) yield relative (local) paleo-sea level elevations of +2
to +6 m for the ~100 ka sea stand and -11 to -12 m for the ~80 ka sea stand (Fig. 2). These
estimates are significantly higher than those reported for the ~100 ka and ~80 ka sea stands on
New Guinea and Barbados. Numerical models of the glacial isostatic adjustment (GIA)
process presented here demonstrate that these differences in the high stands are expected,
given the variable geographic distances between the sites and the former Laurentide and
Cordilleran ice sheets. Moreover, the numerical results show that the absolute and differential
elevations of the observed high stands provide a potentially important constraint on ice
volumes during this time interval and on Earth structure.

Fig. 2. Sea level records of the last interglacial-glacial cycle from three locations: San Nicolas Island, Florida
Keys and Barbados. San Nicolas Island data from this study; references for other areas are given in Muhs et
al., 2012. Shaded areas with bold numbers represent relatively warm periods of the oxygen isotope record.
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Flank margin caves as high resolution sea-level indicators
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Flank margin caves, because they form in the discharging margin of the fresh-water lens, have been
well established as indicators of sea level, with a resolution sufficient to discriminate between separate
glacioeustatic sea-level events (e.g., Carew and Mylroie, 1995). To differentiate between smaller
transient sea-level events, such as MIS 5e, 5c, and 5a, or within MIS 5e alone, would require a rapid
dissolutional response from the carbonate rock and the fresh-water lens hosted by that rock. The
Bahama Islands provide an excellent laboratory to test the minimum time window necessary to create
the macroscopic dissolution signature of a flank margin cave. The stability of the islands removes
non-isostatic tectonic noise, the well-documented depositional history constrains the time window,
and when using small islands on small banks the spatial constraints are excellent.
Cave diving and submarine work in the Bahamas show that dissolutional caves below modern
sea level are restricted to certain horizons that are not facies controlled. Glacioeustatic
stillstand events are likely responsible, as these cave development horizons correlate with
glacioeustatic maxima and minima. The absence of caves between these horizons indicates
that during rapid sea-level change between stillstands, the fresh-water lens is not in any single
position long enough to produce accessible caves.
On both San Salvador and New Providence Islands, flank margin caves that are subaerial today
can be found in subtidal deposits of the Cockburn Town Member of the Grotto Beach
Formation, which was deposited during MIS 5e. As the caves are developed in MIS 5e
carbonate rocks, the assumption might be that they developed during MIS 5c or MIS 5a,
indicating that these sea-level events reached slightly above modern levels. However, evidence
from these caves (e.g., Altar Cave, San Salvador; Primeval Forest caves, New Providence)
demonstrates they are syndepositional, which means the caves formed as the carbonate rocks
they are located in were being deposited (Mylroie et al., 2008). In all cases, these Cockburn
Town Member flank margin caves are found in prograding strand plains. As these stand plains
prograded seaward, depositing beach and back beach dune sediments over subtidal facies, the
fresh-water lens migrated with them. When progradation stalled, dissolution at the lens margin
produced small flank margin caves; their
size dependent in part on the time delay in
progradation (Fig. 1).
Fig. 1. Syndepositional cave development in a MIS 5e
prograding strandplain. A) During the MIS 5e highstand, a fresh-water lens formed in the back beach
environment, and flank margin cave development
initiated. B) As strandplain development ensued, the
fresh-water lens margin followed, initiating new flank
margin cave speleogenesis and abandoning caves
now inland from the lens margin; cave spacing is a
function of progradation pauses and rates.
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When progradation resumed, the lens again followed, and the existing caves were abandoned
and new ones formed at the new lens margin position. These flank margin caves, when their
thin roofs have collapsed, are responsible for the numerous banana holes found throughout the
Bahamas today (Infante et al., 2011). The presence of these caves in the strand plains
indicates that the caves can form in short time windows of a few thousand years or less,
providing a measure of the minimum time for speleogenesis.
Many flank margin caves in the Bahamas display phreatic chambers that contain subaerial
speleothems (flowstone, stalactites, stalagmites). In some cases these speleothems have been
cut by a secondary phreatic dissolution event (e.g., Hunts Cave, New Providence Island, Fig. 2).
Some of these caves are in rocks younger than MIS 9 (~330 ka), and the only glacioeustatic
event that could create phreatic surfaces up to 6 m above modern sea level is therefore MIS 5e
(MIS 7 was not high enough above
modern sea level). To have a vadose event
(subaerial speleoethems) cut by a second
phreatic event requires that MIS 5e have a
dip or transient decline (Carew and
Mylroie, 1999) before returning to a +6 m
elevation. MIS 5c and MIS 5a are possible
candidates if an elevation of up to +6 m is
accepted. It is also possible that a vadose
process known as condensation corrosion
is responsible, but thermodynamic
modeling indicates that it will not function
in the subtropics or tropics.
Fig. 2. Caves where phreatic dissolution has cut
both wall rock and vadose speleothems. A) Hunts
Cave, New Providence Island. B) Lirio Cave, Isla
de Mona, Puerto Rico (jack knife in circle for
scale). C) Alexandria Cave, South Australia
(width of image 1.5 m).

On Isla de Mona, Puerto Rico, abundant flank
margin caves exist in the Mio-Pliocene Lirio
Limestone. One cave, Cueva de Agua Los Ingleses,
at +6 m elevation, contains a complete infill of MIS
5e reef rubble (as dated by U/Th). The cave has
enlarged by dissolving away some of the reef rubble
(Fig. 3). In order for this situation to exist, the cave
had to have been formed on the early stages of MIS
5e (or earlier), been breached by outside marine
erosion, and then filled with the reef rubble.

Fig. 3. Cueva de Los Ingleses, Isla de Mona, Puerto Rico.
A) Vertical contact between the Mio-Pliocene Lirio Limestone
and a MIS 5e reef rubble infill. Both units are cut by later
phreatic dissolutional surfaces. B) Same units as in (A), this
time showing a horizontal contact. The white ovals in the MIS
5e limestone are Acropora palmata trunk fragments. Corals
date by U/Th to 125 ka. Jack knife in circles for scale.
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The freshwater lens then re-occupied the rubble-filled chambers, and dissolution re-initiated.
Both the Mio-Pliocene cave wall rock and the MIS 5e reef rubble were then cut by phreatic
dissolution surfaces. Filling of the cave by reef rubble and the subsequent dissolution had to
be accomplished within MIS 5e.
Data from flank margin caves on carbonate islands indicates rapid dissolution will occur any time
the fresh-water lens (and hence sea level) is held stable for a duration from hundreds to a few
thousand years. As a result, these caves are capable of recording transient sea level excursions,
such as a mid-MIS 5e sea-level fall, and the transient pauses of stand plain progradation.
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Quantitative description and coastal mapping of flank margin
caves on Mallorca Island, Spain
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The development of flank margin caves on carbonate islands and coasts provides a record of
sea-level position at the time of cave genesis. Flank margin cave genesis occurs along the
fresh-water lens margin under the flank of the enclosing landmass; therefore, subsequent
erosional retreat of the coastal carbonates has the potential to remove the caves and their
information about sea level. A detailed study of cave abundance and position was conducted
in southeastern Mallorca along coastal cliffs at Cala Pi and Cala Figuera to determine if
differential coastal retreat produced a similarly differential flank margin cave record. Caves
were mapped along cliffs exposed to the open Mediterranean Sea, and within protected inlets
(called Calas on Mallorca). The Calas displayed moderate coastal retreat caused by marine
erosion, while exposed coasts displayed a prominent storm bench with large talus blocks,
suggesting a greater degree of cliff retreat. Flank margin caves form without entrances, as
individual chambers or collections of chambers. While the vast majority of the observed
caves were made accessible by erosional retreat of the sea cliff, one flank margin cave was
entered from a small collapse entrance on the plateau top, and was otherwise completely
intact. This cave indicates that flank margin cave development did occur inland of the coast
line. Most caves on the sea cliffs display the dissolutional surfaces, morphology, and
speleothems indicating that they are dissolutional caves and not relict sea caves. Flank
margin caves were found at a variety of elevations from sea level to cliff tops at +35 m.
There was no qualitative difference in flank margin cave development or abundance between
protected and exposed coastlines (Fig. 1). While this result suggests that coastal erosion in
both environments has not been great enough to remove the cave signatures, the flank margin
cave located on the plateau top (Fig. 2) demonstrates that cave development extended a
greater interior distance than previously
expected. A remaining question is the
timing of Cala formation versus cave
development.

Fig. 1. Map of Cala Pi, showing flank
margin cave development (gray areas).
The cave abundance within the inlet,
compared to the open Mediterranean,
is about the same. The expanded section
shows an example of cave detail.
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The existence of flank margin caves along the walls of the Calas inland to where the Calas
become dry canyons suggests the Calas formed first, and subsequent marine invasion by sealevel highstands allowed flank margin caves to form in the Cala walls, as had been reported
from similar features on Barbados (called gullies there). Alternatively, flank margin cave
development along these sections of coast could have been extensive, and extended inland
sufficiently that subsequent incision of the Calas exposed the caves as part of a pervasive
collection of voids.

Fig. 2. Map of Cala Figuera, showing the location of Cueva Sorpresa in an inland position,
away from the sea cliff that has intersected most of the flank margin caves.

The carbonate exposures at Cala Pi and Cala Figuera show numerous slump structures in the
Messinian carbonates that overlie the Tortonian platform carbonates. The deformation caused
by these soft-sediment slumps gradually decreases upward, and the higher Messinian beds are
free of deformation. The formation of the slumps is modeled in Fig. 3. The MessinianTortonian boundary was a subaerial exposure surface, and when the Tortonian carbonates
were exposed, a fresh-water lens would have occupied the Tortonian carbonates and created
flank margin caves. At Cala Figuera, the top of the Tortonian bench is between 1 to 4 m
above current sea level, with Messinian carbonates extending up to 20 m elevation or higher.
After the Messinian units transgressed over the Tortonian platform, the sediment loading
collapsed the Tortonian flank margin caves and allowed for sediment slumping to occur. As
the cave accommodation space was filled, the slumping decreased until no signature of the
collapse was left when the higher Messinian units were deposited. The large number of
slump structures requires significant isolated void development (connected voids would result
in more accommodation space than is observable in the field), which can be explained by the
flank margin cave model. During the Tortonian platform subaerial exposure, flank margin
caves formed with thin roofs that were susceptible to loading-induced collapse. The slump
structures may have a large aerial footprint making them easier to locate in the field and in
core than the actual cave. These slump structures are proxies for paleo sea-level determination
when the relict caves are not easily observed.
43

NSF Workshop
Sea-level changes into the MIS 5: from observations to prediction
Palma de Mallorca, April 10-14, 2012

Fig. 3. A model for the formation of the slump structures seen on the southeastern Mallorca coastline.
A) The subaerial exposure of the Tortonian platform allows a fresh-water lens to create flank margin caves.
B) Marine transgression removes the lens and Messinian carbonates are deposited. C) Sediment loading
results in cave collapse, and sediment transport into the underlying void. D) As void accommodation
space is filled, the sediment slumping ceases.

The use of flank margin caves as an indicator of sea-level position requires that they be
observable in the field on carbonate islands and coasts. The Mallorca project helps
demonstrate that flank margin caves persist spatially and temporally and can be identified in
the rock record.
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We have attempted to date two deep submerged speleothems (POG-1, -53.0 m – see Fig. 1; POG2, -35.6 m) from a coastal cave near Šolta, Croatia, to supplement the previous work from this
coast (Surić et al., 2005, 2009). Both samples are heavily encrusted with marine overgrowths and
were sampled in situ. POG-2 has a few large (>1.5 cm diameter) lithophagus holes without shells
and has a mono-crystalline calcite core. We suspected it might have an open-system U-Th
signature and this has been confirmed by recent results. However, POG-1 is composed of dense
macro-crystalline calcite with well-preserved growth layers. While numerous MC-ICPMS U-Th
determinations indicate that there are finite ages of ~ 310 ka at the top and base of the sample and
potentially very rapid growth, there are also sections that altered and indicate stratigraphic
reversals, making interpretation difficult.
A

B

Fig. 1. A. POG-1, Šolta, Croatia at depth of -53 m below mean sea level (depth gauge reading corrected for sea
water density). B: 3 x 2 cm from POG-1 section illustrating dense, brown calcite core with well-preserved
growth layers. Typical powdered sub-sample size illustrated. Unfortunately, high-resolution MC ICPMS ages
from top, middle, and base of the sample are inverted and indicate post-depositional alteration.
Acknowledgements. Our thanks to the cave divers Michael Kühn and Markus Schafheutle for samples and
underwater photographs.
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Constraining sea level change at the end of marine isotope stage 5
using high-resolution sub-samples of a Bahamas flowstone
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Global ice volume represents a fundamental target for Quaternary scientists. While most of their
attention has been devoted to the rates of sea level change associated with the melting of continental
ice sheets during the penultimate and last deglaciations, an important test of our understanding of
the Earth's climate system is the timing, rate and amplitude of some of the largest increases in
global ice volume during the last interglacial-glacial cycle. Prominent among these shifts is that at
the end marine of isotope stage 5, when eustatic sea level fell by perhaps 60 m. Estimates of the
rates of ice volume change between 85 and 65 ka vary by orders of magnitude depending on (1) the
choice of data used to provide sea level constraint and (2) interpolation methods adopted. Here, we
explore this wide range in estimates and provide additional constraint from speleothems (flowstone
sequences) from submerged caves of the Bahamas.
Speleothems formed under vadose conditions (i.e. above the water table and distinct from
'phreatic' forms) are well-recognized as robust constraints on maximum possible sea-level
elevations. Under ideal conditions, calcite formations are extremely well-preserved and can
be accurately dated using U-Th methods. The initiation or cessation of growth can be the
most important information because it can constrains rates of sea level change when
combined with additional data from coral reef terraces, phreatic overgrowths on speleothems
or indirect, proxy evidence from oxygen isotopes. Flowstones from the Bahamas are among
the most useful samples in this regard because they present the longest and most continuous
records (a function of preservation potential in addition to hydrological routing) and also
earliest growth post-emergence. However, accurate and high-precision estimates of the
beginning of flowstone growth is challenging because of the slow growth rate exhibited.
We revisit, here, earlier estimates based on speleothems from the Bahamas (Richards et al.,
1994; Lundberg and Ford, 1994) and make corrections for non Bulk Earth initial Th
contamination based on isochron analysis of alternative stalagmites from the same settings
and recent high resolution analysis (see Richards and Dorale, 2003).
To maximise chronological constraint from the Sagittarius Blue Hole speleothem sequence,
Grand Bahama, we have attempted to match sampling resolution with maximum achievable
precision (using a ThermoFinnigan Neptune MC-ICPMS). We demonstrate the potential for
using laser-ablation and micromilling techniques (Hoffmann et al., 2009), but settled here on
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using a reduced resolution milling strategy that sampled sufficient material (20-30 mg) to
achieve precisions equivalent to a 2-sigma uncertainty of ± 600 a at ~80 ka.
We present 11 new U-Th ages for 6 contiguous layers sub-sampled from the first 2-3 mm of
growth after the marine isotope stage 5 hiatus. We attempt 3-dimensional isochron methods to
estimate the initial 230Th/232Th ratio and compare this with the elevated values obtained from
stalagmites from the same cave (Beck et al., 2001; Hoffmann et al., 2010). We also analyze the
U-Th isotopic signature of the material (goethite, lepidocrocite?) deposited on the hiatus during
high sea levels and consider whether this is equivalent to that found within the body of calcite.
We explore the range of possible estimates (78-83 ka) based on corrected U-Th ages and
extrapolation methods and compare them with alternative data from corals for the same
period (e.g., Bard et al, 1990; Cutler et al, 2003; Thompson and Goldstein, 2006).
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In the footsteps of Dorothea Bate: Coastal caves of Mediterranean
islands and dwarf mammalian fauna
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Dwarf elephants and dwarf deer are now extinct, but between 800,000 and 3,000 years ago
they lived on islands throughout the Mediterranean, Indonesia and off the coasts of Siberia
and California. They are remarkable examples of rapid evolution during a period of
fluctuating climate and sea level change. As sea levels rose and fell in the Mediterranean, the
size of the islands and their distance from the mainland altered dramatically, accompanied by
shifts in resource availability and type, and opportunities for dispersal. Indeed, at times of
low sea level, land bridges may have been formed.
Here, we present efforts to provide chronological constraint on the fossil record (dwarf
elephants and deer) preserved in coastal caves and karst settings of the Mediterranean and
make preliminary correlations with climate change. We have revisited numerous sites on the
Sicily, Crete, and Cyprus, following in the footsteps of pioneering verterbrate paleontologists.
Not least, among these researchers, was Dorothea Bate, who was instrumental in presenting
fossil evidence for the endemic extinct, goat-like ruminant Myotragus balearicus found in
many locations of Mallorca (Bate, 1914).
A variety of state-of-the-art dating techniques have been employed on cave calcites,
sediments and shells to estimate the age of burial, including MC-ICPMS U-Th, opticallystimulated luminescence (OSL) and amino-amino acid racemization geochronology. Fossil
teeth from museum archives have also been sectioned for electron-spin resonance dating. Use
of multiple dating techniques presents an opportunity for independent verification and
potentially more robust geochronological constraint.
We present here preliminary efforts to constrain the age of two dwarf elephant taxa currently
recognised for Sicily and Malta: ‘small-sized’ Palaeoloxodon falconeri (Busk, 1867) and
‘large-sized’ P. mnaidriensis (Leith-Adams, 1874). P. melitensis (Falconer, in Busk, 1867)
has fallen out of common usage as it was mistakenly characterised as a ‘medium-sized’ dwarf
taxon (Vaufrey, 1929), for which, based on material from Sicily, there was thought be little
evidence (Palombo and Ferretti, 2005). The types of all three species are from Malta, and the
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synonymy of Maltese with Sicilian dwarf elephants is based on geological and
biogeographical argument (bathymetrical reconstruction suggests they were interconnected at
eustatic low-stands in the Middle to Late Pleistocene, and their fossil faunas are broadly
similar). We focus here on U-Th and OSL results from two caves settings in Sicily; Spinagallo
Cave, near Siracusa (Ambrosetti, 1968) and San Teodoro cave on the northern coast (Bonfiglio
et al., 2008).
We also describe preliminary attempts to constrain cervid evolution on Crete using material
from Kutri Cave (Bate, 1905) and also Mammuthus creticus (Bate, 1907) from cemented cave
fill on coastline of Akrotiri, near Chania. The latter finds are close to the limit of U-Th
methodology and provide an excellent test of our ability to constrain middle Pleistocene
mammalian evolution.

Fig. 1. Cervid remains in typical red earth of Kutri Cave, western Crete underlying dense flowstone
layer with MC-ICPMS U-Th age range 20.9 ± 0.3 to 71 ± 6 ka (2σ). Scale bars 2 cm.
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Sea level change during Marine Isotope Stage 5: eustatic data
from the southern Tyrrhenian coasts of Italy (Campania Region)
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Studies reconstructing Quaternary sea level history are based on several methodological approaches,
with the main methods relying on the following criteria:
i) oxygen isotope ratios of oceanic foraminifera are used to infer continental ice volume
estimates and thus sea level history;
ii) local sea level curves are predicted on the basis of glacio-hydro-isostatic models;
iii) field data are collected by surveying the geological sea level indicators on tectonically
stable areas in order to reconstruct the eustatic sea level fluctuations in terms of number, age, vertical
amount, and duration. Such reconstructions are more reliable whenever the stable areas include
various geomorphological settings allowing different types of sea level markers to be correlated.
The Campania sector of the southern Apennines Tyrrhenian belt has a favorable geological
context for Late Quaternary sea level history studies. It is characterized by alternating sheltered
and high-energy environments belonging to submerged or uplifted rocky coasts interrupted by the
prograding coastal plain. The tectonic setting of the region is quite undifferentiated. With the
exception of the Campanian Plain coastal graben, which has been subsiding since the Pleistocene,
the pattern of the vertical displacement affecting this area is that of a largely stable region during
the Late Quaternary. The headlands (Sorrento Peninsula and Cilento) bounding the periTyrrhenian tectonic depressions have been stable to slightly uplifting (average rate of 0.1-0.01
mm/y) during the last 130 ka; in this time span the Sele Plain/Salerno gulf graben underwent a
mean uplift trend of 0.1 mm/y while the northernmost Garigliano coastal plain was stable. The
estimated tectonic rates are based on the MIS 5.5 shorelines displacement, which does not exceed
2 to 4 meters. Thus, they are affected by the same order of the uncertainty relative to the eustatic
sea level position during the MIS 5.5 highstand.
In recent decades, several studies on the geological record of the MIS 5 sea level have been
carried out at the University of Naples Federico II. These studies survey and date the southern
Apennine Tyrrhenian coast strandlines and their associated continental deposits; the latter
provides good chronological constraints for the sea level markers. U-series dating on
carbonate concretions (speleothems and carbonates formed in supersaturated marine waters)
and on marine biological constructions associated with the shorelines has been performed at
the University of Roma Tre laboratory. The resulting framework consists of a detailed paleoshoreline reconstruction of the Campania region (dating back to the Last Interglacial) and a
rich elevation/age data set in relation to the MIS 5 sea level fluctuations, by which several
relative sea level (RSL) curves are reconstructed.
Based on our data set, we argue that, with the exception of the slight post-Eutyrrhenian offset
(affecting the southern Campania coasts), the shapes of the different RSL curves, i.e., number,
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amplitude, and elevation of the MIS 5.5 to MIS 5.1 sea level highstands are comparable. This
suggests that the obtained curves reflect the eustatic behavior of the sea level during the MIS
5. In particular, the curves point to the existence of a double high sea-level stand during the
MIS 5.5 (also documented from other locations worldwide), and to a fluctuating sea level
position around the present day datum during MIS 5.3 and MIS 5.1. These sea level positions
are consistent with field data from other stable coasts of the western Mediterranean Sea, such
as Sardinia and the Balearic islands.
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Middle-Holocene highstand in southeast Tunisia
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It has been suggested by a number of workers that the tectonically stable coast of the Gulf of
Gabès (SE Tunisia) could provide evidence for a mid Holocene relative sea-level (RSL)
highstand. Evidence for the subsequent relative sea-level fall is, however, not found or are, as
some authors suggest, absent. In this work we present new data for RSL observations from
the El Grine site using morphological, biological and sedimentary indicators. These indicators
provide evidence for a RSL fall and hence complete the Holocene RSL history of this coast.
The glacial isostatic adjustment (GIA) analysis suggests that Mediterranean RSL curves
depart from eustasy mainly due to the effects of melt-water loading which causes widespread
subsidence and reaches its largest amplitude in the centre of the Mediterranean. Because GIA
predictions depend critically on assumptions on the rheology of the mantle and the history of
ice melting since the Last Glacial Maximum, we investigated the sensitivity of southeast
Tunisia coast for this model input. First, we employ different viscosity profiles in the range of
90 km for the thickness of lithosphere, 0.4 x 1021 Pa.s for upper mantle and 4 x 1021 Pa.s for
lower mantle and secondly we employ two different late-Pleistocene ice-sheet chronologies.
Finally we evaluate the SE Tunisia coast regarding its potential sensitivity to the melting
history of Antarctic ice sheet. We find that the GIA pattern of this region makes it sensitive to
Antarctic-derived meltwater and identify a rapid injection of Antarctic melt-water prior to
6000 years BP.

52

NSF Workshop
Sea-level changes into the MIS 5: from observations to prediction
Palma de Mallorca, April 10-14, 2012

Sea-level variations and glacial isostatic adjustment in the
Mediterranean: limitations of current modeling approaches
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The glacial isostatic adjustment (GIA) problem can be thought of as a multi-parameter
optimization problem. GIA models internal variables are calibrated to “best fit” a global set of
Relative Sea Level (RSL) observations normally relative to the last 21,000 years, sometimes
also using constraints from present geodetic observations. The two basic unknowns of the
GIA problem, which are simultaneously adapted to match the available observations, are the
rheological profile of the Earth mantle down to the core-mantle boundary and the details of
the chronology of melting of the late-Pleistocene ice sheets. The global nature of the GIA
problem is often overlooked, and model parameters of existing (and sometimes competing)
GIA models are modified according to local RSL evidence, thus deteriorating the agreement
with the global data set. Tendency to over-fitting and to underestimating the errors in both
GIA predictions and RSL observations is often the cause of confusion and erroneous
interpretation of the results. Keeping an eye to the global scenario, and describing the main
physical ingredients of the GIA problem, I will discuss how GIA models can be useful for the
interpretation of the past sea level variations in the Mediterranean Sea. In particular, three
basic problems will be addressed: i) do currently available GIA models allow for a
unequivocal definition of the so-called Clark’s zones in the Mediterranean? ii) what RSL
curves from different parts of the Mediterranean are telling us on the history of the latePleistocene ice sheets? and iii) is it possible to constrain the extent and volume of the remote
ice sheets from RSL observations in the Mediterranean?
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Is there a need for reinterpretation of the relative sea-level change
on the Eastern Adriatic coast (Croatia)?
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Rocky coasts with low tidal range, diverse coastal biocenosis, repeatedly submerged karstified
bedrock (with caves and speleothems within them), as well as an early establishment of the
civilization with numerous facilities from the Roman Age, provide exceptional potential for the
reconstruction of sea-level changes along the Eastern Adriatic. Yet the reconstruction appears to be
difficult and delicate due to the complex tectonics of Adria (Apulian) microplate, located between
converging African and Eurasian plates. Eastern Adriatic coast and islands, excluding Istria, belong
to the External Dinarides – fold-and-thrust belt (part of Alpine orogenic system) considered as the
detached and backthrust upper crust of the Adria, highly deformed during subduction towards NE
(Korbar, 2009). Such structural fabric, i.e. tectonically active region, is not suitable for the eustatic
sea-level reconstruction; on the contrary, global sea-level curve, together with the related glaciohydro-isostatic models, is used in order to reconstruct tectonics.
North Adriatic is generally known as a subsiding region although that usually relates only to
the northernmost part, which includes Gulf of Venice, Gulf of Trieste and western Istrian
coast. But, following the common division of the Adriatic Sea (Northern, Central and
Southern), northern part encompasses much wider region, including Kvarner area, which
might have had completely different tectonic history according to recent research (Surić et al.,
2009). In this study, two submerged stalagmites (-14.5 m and -18 m) from Krk Island
displayed several growth phases and associated hiati. According to U-Th ages of spelean
calcite, and mineral assemblage characteristic for marine regression phases found within the
growth hiati, it appears that these speleothems recorded high sea-level double peak within
MIS 5a as recorded on the uplifted island of Barbados at ~84 and ~77 ka BP (e.g., Potter and
Lambeck, 2003; Radtke and Schellmann, 2005). Considering present speleothems' depth, sea
level should have been higher than -18.8 m from ~90 ka to ~82 ka and from ~77 ka to ~64 ka,
and higher than -14.5 m between ~87 to ~82 ka, but compare to the global eustatic sea level
curve (Lambeck and Chappell, 2001) with much lower sea level during the MIS 5a double
peak, apparently the speleothems were uplifted for approximately 13-18 m during the last
~75-85 ka. Therefore, we can assume a long term regional tectonic uplift with an average rate
of ~0.15 to 0.25 mm/a during that period with episodical subsidence events generated
probably by collision of Adria microplate with European continent. Complex tectonic activity
of this area with upward trend was also revealed by recent GPS measurements (Altiner et al.,
2006). In light of this interpretation, several local Late Pleistocene-Holocene sea-level
indicators (inland marine deposits, marine terraces, tidal notches) to which 0.6 mm/a
subsidence rate was ascribed earlier, could be reinterpreted.
However, aforementioned interpretation relies on one (Lambeck and Chappell, 2001) of several
predicted global sea-level curves. Additionally, it is well-known that MIS 5a highstands positions
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recorded worldwide range from –30 m to +10 m relative to the present sea level (Coyne et al.,
2007), due to the different isostatic response of the Earth (Potter and Lambeck 2003). Western
Mediterranean i.e. Mallorca, with MIS 5a sea level ~1 m higher than present (Dorale et al., 2010)
share similar glacio-hydro-isostatic properties regarding GIA with North Adriatic, and it is not
implausible that the same value of MIS 5a eustatic sea-level should be taken into consideration
when reconstructing complex tectonics of NE Adriatic.
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A relative sea-level history for MIS 5 from the coral terraces
of Barbados, and a question regarding GIA modeling.
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Although sea-level records from the fossil coral terraces of Barbados provided some of the first
estimates of sea-level change during MIS 5, it is now widely recognized that U-Th coral geochronology
is significantly impacted by open-system processes, leading to a degradation of resolution and accuracy
in coral-derived sea-level reconstructions. Using techniques designed to minimize open-system
artifacts, and a combination of new and existing data, I will outline the relative sea-level history of MIS
5 at Barbados, with particular attention to MIS 5a and 5c, and the address the possibility of sea level
variability within these highstands.
Interpreting relative sea-level records for MIS 5 in terms of ice-sheet volume requires the use of
glacial-hydro-isostatic models to account for the impact of whole-earth deformation in response
to changing ocean and ice-sheet loads. A comparison of GIA-predicted relative sea-level trends
with relative sea-level data from U-Th dating of Last Interglacial coral terraces in Western
Australia and the Caribbean reveals significant discrepancies, suggesting that some models may
exaggerate the potential impact of the glacial peripheral bulge on Caribbean relative sea-level
records.

!
!
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Constraining Quaternary sea level changes using U-Th ages
of phreatic overgrowths on speleothems from coastal caves:
A critical review
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Along the coast of Mallorca in the Western Mediterranean, the interaction between freshwater
and seawater produces a geochemical environment that allows caves and speleothems to
develop in a quite special manner when compared to caves formed in more common inland
settings. Most of the littoral caves are well-decorated with vadose speleothems that formed
during early Quaternary time when caves were air-filled chambers. Throughout the Middle
and Late Pleistocene, the caves were repeatedly flooded due to glacio-eustatic sea level
oscillations. The water level of each flooding event left a clear mark as a distinct Phreatic
Overgrowth on Speleothem (POS, encrustation of calcite or aragonite over existing
speleothems or along cave walls; Ginés et al., 1981a; Vesica et al., 2000; Fornós et al., 2002).
Several well-defined carbonate overgrowth horizons below, at, and above the present-day sea
level (corresponding to modern and older sea-level high and low stands) have been
recognized and dated (Fig. 1), giving precise constraints on sea level changes during the Late
Pleistocene and the Holocene and providing a unique tentative curve of marine oscillations.

Fig. 1. Schematic cross-section through a coastal cave in Mallorca showing multiple levels of Phreatic
Overgrowths on Speleothems (POS; after Tuccimei et al., 2012).
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Before illustrating the main findings of POS studies at Mallorca, it is worth remembering the
works dedicated to beach rocks containing senegalese faunas, carried out by Butzer and
Cuerda (1962), Butzer (1975), Cuerda (1975), Hillaire-Marcel et al. (1996), and others. A
good review of these investigations is available in Ginés (2000) where all the information is
summarized in the eustatic curve reported in Fig. 2. Several transgressive episodes are
indicated in correspondence of marine isotope stage (MIS) 5, the older associated with the
Eutyrrhenian and the younger with the Neotyrrhenian.

Fig. 2. Sea level changes curve resulting from the studies of malacological fauna contained
in fossil beach rocks at Mallorca (based on Butzer and Cuerda, 1962; Butzer, 1975; Cuerda, 1975).

The correlation between fossil beach rocks and alignments of POS was first envisaged by Ginés
and Ginés (1972, 1974). These authors proposed an altimetric correlation between
Mediterranean Sea highstands, as inferred from the study of fossil beach rocks, and horizons of
carbonate encrustation in Cova de sa Bassa Blanca (Alcúdia). Since that time a great deal of
work has focused on POS and U-Th dating to define sea level changes in Mallorca (Ginés et al.,
1981a, b; Hennig et al., 1981; Ginés and Ginés, 1986, 1987, 1989, 1993a, b, 1995; Tuccimei et
al., 1997, 1998, Ginés et al., 1999, Ginés 2000, Vesica et al., 2000; Tuccimei et al., 2006, 2010,
2012; Dorale et al., 2010). Other dating methods, such as electron spin resonance (Grün, 1986)
and radiocarbon (Tuccimei et al., 2011) have been also used to date POS, but have proven less
reliable and precise than U-Th dating of appropriate carbonate material.
Many sites in Mallorca are known to host caves with POS, most of them are located along the
eastern and southern coast of the island. Vesica et al. (2000) applied X-ray diffractometry,
isotope geochemistry, and alpha-spectrometry U-Th dating to study POS above modern sea
level to infer new data on paleoclimate and sea level changes. Several highstands of the
western Mediterranean sea around the Balearic Islands were recognized for MIS 9 or older
stages, 7, 5e, 5c, and 5a, even if some ages could be attributed to either MIS 5e or 5c because
of the large uncertainties of the alpha-counting method. Oxygen and carbon isotopic ratios
from speleothems suggested a relatively higher seawater component in the cave pools during
warm climatic episodes, also recorded by U contents of POS. This relatively higher seawater
proportion during the high stands is possibly due to a decrease of the freshwater component as
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a result of reduced rainfall. With reference to mineralogical and isotopic investigation, Csoma
et al. (2006) studied Pleistocene speleothems of Mallorca and the implications for
palaeoclimate and carbonate diagenesis in the coastal mixing zone.
The use of U-Th ages of coeval POS (age data from Vesica et al., 2000) located at progressively
slightly lower elevation southward, with the support of stratigraphic, geomorphologic and tectonic
evidence, suggested a very minor tectonic tilting of eastern Mallorca, with a progressive lowering
of the areas located to the south. This also illustrated the potential of well-dated coeval POS to
quantify tectonic activity (Fornós et al., 2002).
Another step forward in the study of sea level changes at Mallorca was the application of MCICP-MS and TIMS U-Th dating to POS presently located below modern sea level, which
record past low stands. The availability of these low-stand data, due to the underwater
explorations developed by an active team of Mallorcan speleo-divers, allowed for unique
insight into sea level changes curve of Last interglacial (Fig. 3, Tuccimei et al., 2006). Three
high stands were identified at +1.5-3 m (from 138 to 129 ka), at +2.5 m (from 122 to 110 ka)
and at +1-2 m (from 84 to 82 ka), divided by very fast sea level falls, emphasizing that marine
level fluctuations larger than 18 meters in amplitude occurred within short time spans (lower
than 5 ka). Six low stands contribute to complete the curve (as for example, an intriguing low
stand during MIS 5e), but these data deserve replication because it is not possible to exclude
the possibility that brackish water may have geochemically altered submerged speleothems.

Figure 3 - Sea level changes curve of Last interglacial at Mallorca (after Tuccimei et al., 2006, modified).

The Western Mediterranean is probably a good location to study eustatic sea level changes
because it is moderately distant from former margins of major ice sheets. Dorale et al. (2010)
and Tuccimei et al. (2012) emphasized this feature of the region in their work on POS from
Mallorca. Dorale et al (2010) corroborated that western Mediterranean relative sea level was
~ 1 m above modern sea level ~81 ka ago during MIS 5a, challenging the prevailing view of
sea level history for this marine stage. Although these findings seemingly conflict with the
eustatic sea-level curve of far-field sites, they corroborate an alternative view that MIS 5a was
at least as ice-free as the present.
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Tuccimei et al. (2011) investigated the elevation difference (~1.7 m) between coeval POS
formed during MIS 5e in Mallorca and NW Sardinia (Capo Caccia area) and the minor
deviation from the eustatic sea level trend during the Holocene using the numerical code
SELEN. The modeling shows that the hydro-isostatic component of relative sea level in
Sardinia, located closer to the center of the Mediterranean basin, is enhanced with respect to
Mallorca with a modeled relative offset of 60 cm, so partially reconciling the elevation
difference of POS. However, data from late Holocene speleothem overgrowths forming at
present-day sea level in Mallorca (Tuccimei et al., 2010) seemingly conflict with the
predicted present-day rate of relative sea level change due to glacial isostatic adjustment
(Mitrovica and Milne, 2002), indicating that isostatic effects have been somewhat
overestimated for this region. Finally, minor tectonic adjustments cannot be ruled out in
explaining some low-amplitude local variations.
Last but not least, Tuccimei et al (2010) concluded that internally consistent MC-ICPMS UTh ages of calcite and aragonite encrustations over existing speleothems, collected from the
modern water table in coastal caves of Mallorca, indicate that phreatic carbonate deposition
occurred between ~ 2.8 and at least 0.6 ka BP. This finding represents an important constraint
on relative sea level change for Mallorca, and suggests that indeed, isostatic adjustment
effects have been overestimated for this area of the western Mediterranean Sea.
Interesting results with worldwide appeal come from POS studies in the Western
Mediterranean, but more work remains to refine our present understanding of eustatic sea
level changes. Of particular interest are better constraints on low sea stands and extending the
dataset to new caves. Robust evidences are expected to prove that submerged POS can be
readily dated using U-series method, verifying their closed-system condition. Our present
experience shows that the inner portions of compact growth bands are good candidates for
that.
Finally, studies of sea level changes using POS should be extended to other sites where
conditions permit (Tuccimei et al., 2010). The presence of POS seems to be restricted to some
very specific geochemical environments, always related to coastal karst characterized by
small tidal range fluctuations. The occurrence of present-day POS includes the bulky
overgrowths of the Minamidaito caves of Nansei islands, Japan (Pacific Ocean) described by
Urushibara-Yoshino (2003), and tiny calcite coatings of Freshwater Cave of Christmas Island,
Australia (Indian Ocean) reported by Grimes (2001). New sites, like the above-mentioned,
hold promise for adding valuable knowledge to our understanding of Quaternary sea level
fluctuations.
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Reconstruction of sea-level changes during MIS5 in the Mediterranean coasts of Spain has been
undertaken after a detailed field analyses were carried out in a great variety of locations. Field
observation, detailed mapping and sedimentary facies analyses, have resulted to be a high
precision tool when comparing with the accuracy of the geochronological methods applied.
The Mediterranean coasts of Spain, from Almería to Alicante and Balearic Islands, show a high
diversity of tectonic and sedimentary settings, what allow discriminating the most suitable
settings to analyze different scale sea-level changes. In this sense, the sedimentary environment
that has shown the greater capacity to record the smaller sea-level changes has resulted to be the
prograding beach-barrier systems. These highly dynamic systems evolve rapidly being thus able
to record every small change whether in sea level or in environmental agents.
Generally speaking, and depending on the geodynamic and sedimentary environment settings,
field analyses show that MIS 5 in the Spanish Mediterranean coasts records at least four
positive sea-level fluctuations of suborbital scale: three different highstands during MIS5e
and, in most surveyed areas another highstand, located at 0.5 to 1.5 m below present elevation
of MIS 5e, depending of tectonic trend, that must probably represent MIS 5a although a MIS
5c age can not be discarded. Unfortunately, these field observations cannot be supported by
precise U-series ages on biogenic carbonates due to some U-mobility and daughter-Th
enrichment processes, thus partly open systems (e.g., corals), or to the fact that their
U-content relates to a (±early) diagenetic uptake phase, until cementation of the embedding
deposits secures some closure of the radioactive system (mollusk shells). In this sense, the
timing of MIS5e is set roughly between 135 and 116 ka, whereas the the fourth highstand
yielded ages ranging between 75 and 95 ka.
Different scaled sea level changes occurred within MIS 5e were probably triggered by diverse driving
mechanisms. At millennial scale, vertical sea-level fluctuations of a few meters relate to changes in
ice/ocean volume and related isostatic recovery processes, whereas minor oscillations occurring at
centennial/decadal scale could have been triggered by changes in atmospheric or oceanographic
circulation patterns.
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The subsequent MIS 5/4 transition is marked by rapid changes in precipitation and runoff as
pointed out by the sedimentary facies.
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