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WHY WE CARE?

⅓ of Earth’s population is living within 100 km of sea coasts; 
low-lying coastal areas are very vulnerable to even small 
sea-level rise and storm surge 

- beach & coastal erosion; 

- flooding

© NOAA

© NOAA

https://www.e-education.psu.edu/geog438w/node/289

3 m1 m 6 m

© NOAA

Tampa



WHY WE CARE?

RCP 2.6 = CO2 emissions are zero by 2100; CH4 = half of 2020 
RCP 8.5 = CO2 emissions continue to rise through 21st century 

depending on the model, sea-level rise by 2100 is in the range 
of 0.5 to 1.2 m (at present TºC & ppm CO2) (Horton et al. 2020)

RCP = Representative Concentration Pathway (Horton et al. 2020)



Dutton et al. 2015

LESSONS FROM THE PAST

sea-level reconstructions based on oxygen isotopes  
contain uncertainties in the range of ±10 m or larger

modern δ18O

warmer-than-modern climate: 

during mid-Pliocene Warm Period (MPWP) proxy data 
suggest that atmospheric CO2 levels were similar to today 
(between 350 and 450 ppmv) and that global mean 
temperature was elevated by as much as 2-3ºC with 
respect to pre-industrial; 

Last interglacial (MIS 5e) 1-1.5ºC & similar CO2 levels.

Milankovitch suggested that the glacial/deglacial 
cycles were triggered by small changes in the Earth’s  
obliquity and precession, which caused changes in the 
intensity of solar radiation reaching at 65°N  in summer. 

- eccentricity has a very weak impact on insolation; 

- there is a direct relationship between climate 
(temperature, CO2 concentration) and sea-level 
changes; 

- global ice volume varied at ~41,000 yrs between 2.58 
and 0.78 Ma and 100,000 yrs thereafter.



strengths:  
- fossil coral reefs capture the position of sea level directly  

and with absolute dating (U-series); 
- widespread nature of reefs throughout the warm regions  

of the world;

PALEO-SEA-LEVEL INDICATORS: 
CORALS
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level curves using novel approaches. The first is a sea-level record
derived from a core taken on the Cocos Ridge by Lea et al. (2002). In
this effort, the temperature component of the oxygen isotope record
was removed by determining paleotemperature independently
fromMg/Ca values in planktonic foraminifera. The second record is
from Red Sea cores taken by Rohling et al. (2009, 2010). This study
capitalizes on the submarine geomorphology and ocean-water
exchange dynamics of the southern Red Sea opening to the Gulf of
Aden. Sidall et al. (2004) showhowthis unusual set of circumstances
results in the Red Sea oxygen isotope record being dominated by sea
level rather than by temperature. The Cocos Ridge chronology is
generated by a combination of radiocarbon ages and correlation to
the SPECMAP timescale, whereas the Red Sea cores use the EPICA
Dome C 3, or EDC3 chronology (Parrenin et al., 2007; Rohling et al.,
2010). As a consequence, there are some differences between the
two chronologies, although both show a similar timing for MIS 7.1,
5.5, and 5.1 (Fig. 13.

To a first approximation, the Florida reef record agrees reason-
ably well with the oxygen isotope records (Fig. 13). All three records
are similar for the Holocene and for a sea level below present
during MIS 5.1 atw80 ka. The Florida reef record shows a relatively
long LIG (MIS 5.5) sea level above present compared to either of the
oxygen isotope records. In fact, the Cocos Ridge core does not even
indicate a sea level above present at any time during MIS 5.5.
Whereas the Red Sea core shows a LIG (MIS 5.5) sea level above
present, it does not show a penultimate interglacial (MIS 7.1) sea
level above present but the Cocos Ridge core does, in agreement
with the Florida reef record.

We can also compare the Florida reef record with paleo-sea-
level estimates made from emergent reefs and other marine
deposits of LIG age elsewhere. In making these comparisons, we
emphasize localities found in far-field and intermediate-field
regions (as defined by Lambeck and Nakada, 1992; Stirling et al.,
1995, 1998; Potter and Lambeck, 2003), where GIA processes
would have been of minimal or lesser importance.We also limit our
comparisons to those localities that are tectonically stable and
distant from active hot spots. Martin et al. (1988) report U-series
ages of corals that date to the LIG frommarine deposits in southern
Brazil. They estimate a LIG paleo-sea level on the order of w8 m

above present from these deposits. In the Seychelles Islands of the
western Indian Ocean, Israelson and Wohlfarth (1999) report
U-series ages of corals from reefs that date to the LIG. The marine
limestones that host these corals are reported to occur almost as
high as w10 m, consistent with previous measurements of w8 to
w9 m above present sea level reported by Veeh (1966) and
Montaggioni and Hoang (1988). Australia has a rich record of the
LIG and is situated in both a far-field region with respect to GIA
processes, and is distant from plate boundaries. Nevertheless, as
Murray-Wallace and Belperio (1991) and Murray-Wallace (2002)
point out, despite the perception of Australia’s tectonic stability,
there are many places on the Australian coast where local Quater-
nary uplift seems to have occurred. LIG reefs in western Australia
have elevations ranging from w6 m in the Houtman Abrolhos
Islands (Zhu et al., 1993) to w3 at Rottnest Island, Leander Point,
Burney Point, and Cape Range (Stirling et al., 1995, 1998), to
w7e9 m at Cape Cuvier (Stirling et al., 1998). Stirling et al. (1998)
interpret the higher elevations at Cape Cuvier to reflect localized
tectonic uplift. On the eastern coast of Australia, Marshall and Thom
(1976) report U-series-dated LIG corals in marine deposits up to
w5 m in northern New South Wales. In southern Australia, coral-
bearing marine deposits are not present, but the LIG shoreline has
been identified and correlated with amino acid ratios and lumi-
nescence dating. Murray-Wallace and Belperio (1991) and Murray-
Wallace (2002) report that LIG deposits there indicate a sea-level
high stand of w2 m above present, except where local uplift has
occurred. At present, it is not clear why the Australian records
(other than the Houtman Abrolhos Islands and northern New South
Wales) show generally lower LIG sea levels than other far-field
locations, such as the Seychelles Islands and Brazil.

6.3. Cause of higher sea level during the LIG

Sea level higher than present during the LIG has three potential
sources: EAIS, WAIS and GIS. Although it could in principle
contribute as much as w52 m of global sea-level equivalent (Lythe
et al., 2001), the EAIS is thought to be relatively stable (Huybrechts
and de Wolde, 1999). Using estimates of ice-volume made by
Bamber et al. (2001), Greenland could in principle contribute as
much as w7.3 m of global sea-level equivalent. The potential sea-
level contribution of the GIS ice sheet in the LIG is constrained by
cores from central Greenland that show there is LIG ice, as old as
w123 ka, near the base (North Greenland Ice Core Project
Members, 2004). Thus, the LIG contribution of the GIS to global
sea level must be something less than 7.3 m. Several models,
reviewed by Alley et al. (2010), have been generated to estimate this
contribution. Based on this assessment, the estimates of
w3.5e4.5 m, made by Lhomme et al. (2005), are thought to provide
the best estimate at present. WAIS has long been considered to be
a potentially unstable ice sheet, with early estimates of w5-m
contributions to global sea-level rise (Mercer, 1978). Recent esti-
mates, however, indicate a more modest contribution of w3.3 m of
global sea-level equivalent (Bamber et al., 2009).

Precise elevations of the Key Largo Limestone and the correla-
tive Miami Limestone provide new evidence of the magnitude of
LIG sea-level rise and its implications for polar ice-sheet history.
Our estimates of 6.6e8.3 m above present for LIG sea level are in
good agreement with the “global” estimate given by Kopp et al.
(2009) and are consistent with elevations of far-field reef or
marine deposits in Brazil and the Seychelles Islands. Thus, an
estimate of a 3.5e4.5 m sea-level contribution from Greenland
during the LIG (Lhomme et al., 2005) requires that at least 2 me5m
of sea-level equivalent during the LIG must have been derived from
WAIS. If the estimate of w3.3 m of current ice-volume equivalent
forWAIS (Bamber et al., 2009) is correct, our data and those of Kopp

Fig. 13. Comparison of three sea-level records for the past w260 ka. Solid blue circles
are paleo-sea-level estimates from Florida reef data, based on measured elevations and
assumptions about reef-top depths as discussed in text (data from this study; Ludwig
et al., 1996; Toscano and Lundberg, 1998, 1999; Multer et al., 2002; Toscano and
Macintyre, 2003). Red curve is the isotopically derived sea level curve from Red Sea
cores reported by Rohling et al. (2009, 2010). Cyan curve is isotopically derived sea-
level curve with temperature component removed using Mg/Ca ratios from deep-sea
core taken on the Cocos Ridge (data from Lea et al., 2002). Gray bands show possible
correlations between records.

D.R. Muhs et al. / Quaternary Science Reviews 30 (2011) 570e590586

Muhs et al. 2011

weaknesses: 
- uncertainties of water depth above 

the reef;
- in-situ vs reworked; 
- lags between the timing of sea level 

change and the timing of reef 
growth (1000’s yrs); 

- uncertainties on age estimates due 
to coral diagenesis; 

- reef reconstructions from tectonically 
active areas also contain significant 
uncertainties related to the rates and 
consistency of tectonic movements 



coastal karst basins: contain sea-level indicators in caves (above/below psl*) and sinkholes; 

PALEO-SEA-LEVEL INDICATORS: CAVE DEPOSITS

* present sea level
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are preserved in coastal karst basins (CKBs, 
described in the following section).

Before proceeding further, it should be noted 
that geologic sampling in many CKBs can only be 
accomplished by individuals with specialized 
training in technical cave diving. The American 
Academy of Underwater Sciences (AAUS) does 
outline minimal procedures for cave diving, but 
prudent divers expand considerably on these 
 protocols and seek extensive individual training 
and  experience before scientific objectives are 
ever attempted in underwater caves. Even after 
such training, most scientists still consult regional 
experts to guarantee team safety, ensure minimal 
damage and impact to caves, and ensure the inher-
ent aesthetic beauty of these sensitive environ-
ments remains preserved.

6.2 COASTAL KARST BASINS: 
ENVIRONMENTS AND SUCCESSION

Before cave and sinkhole sea-level indicators can 
be evaluated in the temporal dimension, we must 
first establish how different subterranean karst 
environments are spatially related. Some research-
ers have inferred sea-level information from 
inland karst landscapes, but inland groundwater-
level changes are more complex and governed by 
regional geology and climate (Florea et al., 2007; 

Gulley et  al., 2013). In contrast, coastal karst is 
narrowly defined as the landward limit of marine 
tidal influences on the coastal aquifer in modern 
or ancient settings (Guilcher, 1988), and this zone 
is where the vast majority of sea-level research 
occurs. With the exception of flank margin caves 
(Section  6.3), sea-level indicators from inside 
caves and sinkholes form in very specific and pre-
dictable subterranean environments.

Recently, the term “coastal karst basins” (CKBs) 
was introduced by van Hengstum et al. (2011) to 
collectively refer to the myriad of geomorphologi-
cal features in coastal carbonate terrains that 
formed from the long-term dissolution and modi-
fication (speleogenesis) of limestone (Fig.  6.1). 
CKBs include caves and sinkholes that may be 
positioned in the present vadose (unsaturated) 
zone, the phreatic (saturated) zone, or both. This 
term is purely a geomorphologic descriptor for 
all the karst basins that can potentially preserve 
sea-level proxies, as opposed to using many 
 different terms that relate to a physical process 
(e.g.,  phreatic cave), a physical subaerial entrance 
(cave vs. sinkhole), or geographically-specific 
labels (e.g., cenotes, blueholes).

In order to use karst sea-level proxies, research-
ers must also understand the hydrography and 
stratification of coastal aquifers. The subsurface 
beneath coastal carbonate platforms can be 
broadly divided into the vadose zone above the 
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Fig. 6.1. Coastal karst basins (CKBs) provide accommodation space for unique environments, sedimentation patterns, and 
ecosystems that are distinct from all other coastal environments. All four environmental categories can be observed with 
increasing distance from the coastline, and sea-level rise causes predictable environmental succession in CKBs (top right 
corner). The distinctive environmental change that occurs during sea-level oscillations is preserved in the geologic record 
through speleothems and sediments in CKBs. Green: microfossil remains; red: sea-level indicators; blue: groundwater 
hydrography and flow; black: common sedimentary processes. For color details, please see Plate 15.

van Hengstum et al. 2015



242 ANTONIOLI AND OLIVERIO

FIG. 2. Longitudinal section of the 048-m stalagmite. The holes bored by the date mussels are all sealed by the earliest layers produced by the
encrusting organisms.

Several speleothems have been located and sampled between average thickness of 1.5 cm. The formerly subaerial core of
the speleothem contains many fossil specimens of the date27 and 48 m pwd in the cave complex ‘‘Scaletta-Punta

Iacco,’’ which probably originated in the middle Pleistocene. mussel Lithophaga lithophaga (L.). This mussel was among
the first marine colonizers of the speleothem, as shown byDepths were measured with a digital gauge ({0.1 m); correc-

tions were made for water density, but not for sea tide which encrusting organic material that covers the holes that had
been bored by the mussels.has a range of 0.2 m.

The dated mussel came from a stalagmite 42 cm long The modern benthic community settled on the spel-
eothem consists exclusively of animals, due to the total(Fig. 2). Organic material encrusting this speleothem has an

AID QR 1803 / a601$$$$62 04-03-96 12:02:49 qras AP: QR

Antonioli & Oliverio 1996

cave deposits: biological (e.g., borings), mineralogical  
(sediments, speleothems), archeological;  

speleothems: 
1) ordinary vadose speleothems drowned by sea-level rise; 
2) submerged speleothems coated by biogenic encrustations; 
3) phreatic overgrowths on speleothems

PALEO-SEA-LEVEL INDICATORS: CAVE DEPOSITS

Late Quaternary Sea Level History: a Speleothem Perspective 9 
 
Figure 5.  
Speleothem ASI from Argentarola 
Cave (Italy). For details see the text 
(photo courtesy F. Antonioli). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To date, the most detailed studies on stalagmites that show sequences of sub-
aerial precipitated calcite (i.e., times of low sea-level stands) and marine biogenic 
overgrowths (serpulid colonies; corresponding to periods of highstands) were 
carried out by Bard et al. (2002) and Antonioli et al. (2004). Their work is based on a 
number of speleothems recovered from Argentarola Cave (Italy) from depths 
between -3.5 and -21.7 m below present sea-level. Particularly important was 
stalagmite ASI (Figure 5), which displayed five marine and four terrestrial calcite 
layers that allowed the authors to generate the history of sea-level changes over the 
past 215-ka. From the very same cave, using two additional submerged speleothems, 
Dutton et al. (2009a) documented three sea-level highstands between 245 and 190 ka 
(MIS 7). 

Similar studies (some combining submerged speleothems with archeological 
markers) have been undertaken on the western Mediterranean (Ginés et al., 1975), 
Tyrrhenian Sea (Antonioli et al., 2001), Ionian Sea (Scicchitano et al., 2008; Dutton et 
al., 2009a, b), and on the eastern seaboard of the Adriatic Sea (Surić et al., 2005, 2009). 

(1)

(2)© F. Antonioli

biogenic: 
encrustations 
borings
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the location becomes air-filled. It may take dec-
ades or millennia before the prerequisite climatic, 
land surface, and cave hydrogeological conditions 
for speleothems to resume growth, during which 
time local sea level may have fallen several deci-
meters or even meters. Dating the initiation of 
growth after a hiatus is challenging, particularly 

in slower-growing flowstones. Ideally, where 
researchers can take advantage of the sub-millim-
eter resolution afforded by MC-ICPMS methods 
(see Chapter 26), extrapolation to an initiation age 
can be closely estimated. Researchers should also 
be  cautious of initial Th contamination when 
sampling close to hiatuses and consider isochron 
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Fig. 6.5. Speleothem sea-level indicators. (a–c) Recent phreatic overgrowths on speleothems (POS) from Mallorcan littoral 
cave environments. (d, e) Pleistocene POS in Mallorca indicative of prior sea-level highstands. (f) POS developed on a 
stalactite where thickest point represents mean tide level. (g) Stalagmite ASI from Argenterola Cave (Italy), indicating two 
cycles of drowning by sea-level rise when the cave became a submarine environment suitable for encrusting marine 
 invertebrates (Bard et al., 2002); Source: Photograph by Fabrizio Antonioli. Reproduced with permission. (h) Stalagmite 
K14 from U Vode Pit (Croatia) depicting a classic growth hiatus from a drowning event Source: Suric ́et al., 2009. Reproduced 
with permission of Elsevier. (i) Stalactite P-23 from Tilhovac Bay Cave (Croatia) depicting biologic encrustations as cave 
flooded by Holocene sea-level rise Source: Suric ́et al., 2005. Reproduced with permission of Elsevier. (j) Stalagmite ASN 
from Argentarola Cave (Italy) depicting typical vadose environment calcite precipitation, calcite  dissolution from a halo-
cline in an anchialine environment during MIS 7.3, and biologic encrustations developed in a  subsequent submarine 
environment (Dutton et al., 2009). Source: Photograph by and reproduced with permission of Fabrizio Antonioli. MIS: 
Marine Isotope Stage. For color details, please see Plate 16.
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groundwater, such as halite, gypsum, hematite, 
goethite, lepidocrocite (Onac et  al., 2001; 
Antonioli et  al., 2004; Surić et  al., 2009). These 
secondary features provide visual clues for detect-
ing growth hiatuses in speleothems, which in turn 
can be used to decipher the sea-level history at a 
specific elevation in a CKB.

A limitation of using speleothem growth cessa-
tion as a sea-level indicator is that other climatic and 
hydrologic factors can stop speleothem growth. 
Examples of these factors include prolonged 
drought, permafrost/ice cover, or percolation of 
water into a cave that is undersaturated with respect 
to bicarbonate. Detailed petrographic study can help 
resolve the mechanism responsible for the growth 
hiatus, which can include changes in fabric, miner-
alogy, or sharp color changes from thin layers (mil-
limeter to sub-millimeter) of detrital impurities.

Dating the initiation and cessation of speleo-
them growth and thereby delimiting the hiatus 

can be achieved by subsampling and dating 
the carbonate above and below the growth hiatus 
(Li et al., 1989; Lundberg and Ford, 1994; Hodge 
et al., 2008; Surić et al., 2009). The age below the 
hiatus will provide a maximum age estimate for 
when this location in the CKB was air-filled when 
sea level was positioned below the speleothem 
elevation, followed by a time gap from when sea 
level flooded the CKB with groundwater or seawa-
ter and the speleothem drowned (Fig. 6.5). When 
dating such material, numerous subsamples 
below the surface should be analyzed because the 
outermost material is most likely altered from 
being submerged for multiple millennia. The age 
after the hiatus marks speleothem re-growth dur-
ing a subsequent sea-level fall (Li et  al., 1989; 
Richards et  al., 1994; Moseley et  al., 2013), but 
this age must be considered a minimum age 
 constraint for any sea-level fall because speleo-
thems may not immediately resume growth after 
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• precise sea-level index points (elevation, absolute age, indicative meaning, geographic positioning) 
• indicative of tidal range

PHREATIC OVERGROWTHS ON SPELEOTHEMS (POS)

photos: BP Onac
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Supplementary Figure 5:  Conceptual figure where the growth period of POS (~5000 years) represents stability of sea 

level.  At 128 ka there is no growth on the stalactite because sea level is below it.  At ~127 ka sea level has risen to 2.5 

mapsl and partially engulfed the stalactite.  At sea level and within tidal range, the POS begins to grow on the stalactite.  

As long as sea level remains at this elevation relative to the stalactite, the POS can continue to grow outward.  Our 

conceptual model is based on samples PI-D1v and DI-D3v.  The POS continues to grow larger until sea level drops 

below the stalactite. Continuous growth of POS at sea level has also been demonstrated to last from 2800 yr bp to 

present by Tuccimei et al. (ref. 16).  This illustrates the usefulness of POS in sea level studies.  The photograph shows 

POSs presently growing on soda straw stalactites at sea level.

tidal range

POS starts growing
POS stops growing

Polyak et al., 2018
photos: A. Merino



Coves d’art & Petites highest POS on the island

PLIOCENE SEA-LEVEL IN MALLORCA

Artà

Petites

Ginés et al., 2012



PLIOCENE SEA-LEVEL IN MALLORCA

Dumitru et al. 2019
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The elevations and U-Pb ages of the Pliocene 
POS from Artà Cave, imply full deglaciation of 
Greenland and West Antarctic ice sheets and 
varying contributions from the East Antarctic  
Ice Sheet

PLIOCENE SEA-LEVEL IN MALLORCA

FINDINGS & PREDICTIONS
Pliocene is a particularly suitable period to test 
the sensitivity and stability of the Earth’s major 
ice sheets in an environment relevant to future 
global change

Between 5 and 3.3 Ma proxy data show that the 
Antarctic margin experienced warmer ocean 
temperatures —> high sea level in Mallorca; 
fluctuations in ice extent paced by obliquity 

Precession-paced Antarctic ice volume changes 
begun to dominate after the M2 glaciation and 
were in-phase with high-latitude SH insolation.

obliquity

precession
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Greenland + Antarctica

Antarctica

Greenland

Mallorca POS

POS indicate that sea level was as high as present by 127 ka

The western Mediterranean Sea level high stand overlap with  
the NH summer insolation peak and occurred ~6-7 kyr after  
the SH, fact confirming an early Antarctic contribution to ESL

Polyak et al. 2018



MARINE ISOTOPE STAGE (MIS) 5e

The different responses by region and latitude occurred because 
maximum obliquity occurred earlier than precession at the time of MIS 
5e and because the obliquity effect is largest in high latitudes.  

The low- and mid-latitude response is dominated by precession, which 
lags obliquity over this interval and is manifested most strongly on large 
landmasses (NH).

MIS 5e high sea level peak may be consistent with Milankovitch forcing, 
but the insolation from obliquity and precession have been sometimes 
out of phase (within the same hemisphere) and explaining other high 
sea level stands (e.g., MIS 5a) needs to consider other factors (e.g., ice 
sheet dynamics, atmospheric dust, concentration of CO2, etc.).

 ;5E32576

 WKH ILUVW SKDVH RI LFH JURZWK RFFXUUHG LQ WKH
 KLJK AUFWLF ( 1 ).

 7R REWDLQ IXUWKHU LQVLJKW LQWR IDFWRUV
 UHVSRQVLEOH IRU WKH VHD-OHYHO ULVH, ZH H[DP-
 LQHG WKH VLPXODWHG WHPSHUDWXUH ILHOGV RYHU
 WKH LQWHUYDO RI 110,000 WR 140,000 \HDUV DJR
 DW WKUHH NH\ ORFDWLRQV. 7ZR RI WKH VLWHV DUH
 IURP KLJK ODWLWXGHV, ZLWK RQH IURP AUFWLF
 CDQDGD DQG WKH RWKHU IURP WKH BDUHQWV 6HD.
 FRU WKH ODVW JODFLDO PD[LPXP, LFH VKHHWV
 PD\ KDYH EHHQ JURXQGHG RQ WKH H[WHQVLYH
 FRQWLQHQWDO VKHOYHV RI WKH BDUHQWV DQG .DUD
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 0.04-

 0.06
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 7LPH (.D)

 FLJ. 2. (A) 2EOLTXLW\ DQG (B) SUHFHVVLRQ LQGLFHV IRU

 WKH ODVW 150,000 \HDUV, DV FRPSXWHG E\ BHUJHU
 DQG /RXWUH (9). 9HUWLFDO GDVKHG OLQHV DUH FRLQFL-
 GHQW ZLWK 130,000 \HDUV DJR; KRUL]RQWDO GDVKHG
 OLQHV DUH SUHVHQW RUELWDO YDOXHV.

 4 M 136 .D-

 ---- 132

 ---130 2 '' 'a' +--128
 - aa --a-126

 - .-------------- B

 0 -2

 P -4

 ; 4 124 .D
 .----.- 122

 F/ Ba .........-120
 E - ---118
 R 2 --Y116

 0

 -2

 .4

 90 70 50 30 10 -1 0 -30 -50 -70 -90

 /DWLWXGH (GHJUHHV)

 FLJ. 3. 6LPXODWHG ]RQDO DYHUDJH WHPSHUDWXUH GLI-
 IHUHQFHV (ODQG) IURP SUHVHQW IRU 12 LQWHUYDOV EUDFN-
 HWLQJ WKH ODVW LQWHUJODFLDO.

 VHDV (12). 7KH WKLUG ORFDWLRQ LV IURP PLG-
 ODWLWXGH 1RUWK APHULFD, QHDU WKH VRXWKHP
 ERXQGDU\ RI WKH /DXUHQWLGH IFH 6KHHW. 5H-
 VXOWV (FLJ. 4) LQGLFDWH D WRWDO WURXJK-WR-SHDN
 ZDUPLQJ RI 30 WR 4?C, ZLWK ZDUPLQJ IRU WKH
 BDUHQWV 6HD VLWH SHDNLQJ 130,000 \HDUV DJR
 DQG OHDGLQJ WKH RWKHU WZR VLWHV E\ 4000
 \HDUV. AOWKRXJK LW LV DW WKH VDPH ODWLWXGH DV
 WKH BDUHQWV 6HD VLWH, SHDN ZDUPLQJ DW WKH
 CDQDGLDQ AUFWLF VLWH RFFXUUHG 4000 \HDUV
 ODWHU. 7KLV UHVSRQVH UHIOHFWV WKH JUHDWHU LP-
 SRUWDQFH RI WKH SUHFHVVLRQ-FRQWUROOHG FRQ-
 WLQHQWDOLW\ HIIHFW RQ WKH CDQDGLDQ VLWH.
 HRZHYHU, DOO VLWHV ZHUH ZDUPHU WKDQ WKH\
 DUH QRZ E\ 130,000 \HDUV DJR. AOWKRXJK ZH
 KDYH QR LQIRUPDWLRQ RQ WKH UHJLRQDO SDW-
 WHPV RI GHJODFLDWLRQ IRU WKH SHQXOWLPDWH
 LQWHUJODFLDO, VHYHUDO OLQHV RI HYLGHQFH (13)
 IRU WKH PRVW UHFHQW GHJODFLDWLRQ LQGLFDWH
 LQLWLDO PHOWLQJ LQ WKH KLJKHVW ODWLWXGHV. 7KLV
 HYLGHQFH LV LQ DFFRUG ZLWK VRPH RI RXU
 UHVXOWV.

 :H VXJJHVW WKDW WKH PDJQLWXGH RI VLPX-
 ODWHG WHPSHUDWXUH FKDQJHV PD\ KDYH EHHQ
 VXIILFLHQW WR WULJJHU GHJODFLDWLRQ E\ DERXW
 134,000 \HDUV DJR. IQFUHDVLQJ C22 OHYHOV
 (14) ZRXOG DXJPHQW VXFK PHOWLQJ WUHQGV.
 :H IXUWKHU VXJJHVW WKDW, EHFDXVH VLPXODWHG
 WHPSHUDWXUHV IRU DOO 1RUWKHP HHPLVSKHUH
 ODQG DUHDV ZHUH ZDUPHU WKDQ DW SUHVHQW E\
 130,000 \HDUV DJR, WKH UHVXOWV DUH FRQVLVWHQW
 ZLWK QHDU-WRWDO PHOWLQJ DQG KLJK VHD OHYHO
 E\ WKDW WLPH. IW PLJKW EH DUJXHG WKDW WKH
 VLPXODWHG WHPSHUDWXUH FKDQJHV ZRXOG EH
 PXWHG E\ D KLJKHU DOEHGR RI VQRZ DQG LFH LQ
 KLJK ODWLWXGHV. HRZHYHU, LFH FRUH UHFRUGV
 (15) LQGLFDWH WKDW DWPRVSKHULF GXVW OHYHOV
 ZHUH VXEVWDQWLDO GXULQJ WKH SHQXOWLPDWH DQG
 ODVW JODFLDO PD[LPD, DQG GXVW VLJQLILFDQWO\
 UHGXFHV WKH DOEHGR RI VQRZ (16). EYHQWXDO-
 O\, D FOLPDWH PRGHO PXVW EH FRXSOHG ZLWK DQ
 LFH VKHHW PRGHO WR GHWHUPLQH ZKHWKHU WKH
 UHVSRQVHV ZH VLPXODWH DUH VXIILFLHQW WR WULJ-
 JHU GHJODFLDWLRQ RI D GXVW-FRYHUHG LFH VKHHW.

 7KH FRUDO UHHI VHD-OHYHO UHFRUGV (3, 4) DUH
 DW YDULDQFH ZLWK WKH UHFRUG RI IPEULH DQG
 FROOHDJXHV (2) RI WKH 8180 RI JOREDO LFH
 YROXPH, ZKLFK GRHV QRW LQGLFDWH VHD OHYHOV

 6.0 BB I5-1, 120?:
 75'1 122.Z

 4.0---- 451, 90-:

 &20 2.0

 -.1 0 . .. .. . . .. ........ -2.0 -*

 100 110 120 130 140 150
 7LPH (.D)

 FLJ. 4. 7LPH VHULHV RI PRGHO-VLPXODWHG -XO\ WHP-
 SHUDWXUH IRU WKUHH VLWHV UHSUHVHQWDWLYH RI KLJK-ODW-
 LWXGH DQG ORZ-ODWLWXGH LFH VKHHWV. 7KH YHUWLFDO

 GDVKHG OLQH LV FRLQFLGHQW ZLWK 130,000 \HDUV DJR;
 WKH KRUL]RQWDO GDVKHG OLQH LV WKH SUHVHQW VLPXODWHG

 WHPSHUDWXUH. 7, WHPSHUDWXUH.

 DV KLJK DV WKRVH DW SUHVHQW XQWLO 124,000
 \HDUV DJR. 6RPH RI WKH GLIIHUHQFHV PD\ UH-
 IOHFW VWLSXODWLRQ RI WKH PLGSRLQW RI WKH SHQ-
 XOWLPDWH GHJODFLDWLRQ 128,000 \HDUV DJR (2).
 II WKLV QXPEHU ZHUH QRZ VKLIWHG WR DERXW
 134,000 \HDUV DJR, PXFK RI WKH GLVFUHSDQF\
 ZRXOG GLVDSSHDU. BXW WKH GXUDWLRQ RI WKH
 HYHQW ZRXOG VWLOO EH VKRUWHU LQ WKH GHHS-VHD
 UHFRUG WKDQ LQ WKH FRUDO UHHI UHFRUG. IW LV
 SRVVLEOH WKDW ELRWXUEDWLRQ DQG FRPSRVLWLQJ
 RI UHFRUGV IURP GLIIHUHQW GHHS-VHD FRUHV PD\
 KDYH UHVXOWHG LQ DQ DSSDUHQW VKRUWHQLQJ RI
 WKH OHQJWK RI WKH ODVW LQWHUJODFLDO ZLWK UH-
 VSHFW WR WKH FRUDO UHHI UHFRUG. FLQDOO\, WKH
 WLPH VFDOH RI IPEULH DQG FR-ZRUNHUV (2) LV
 EDVHG RQ VSHFLI\LQJ D FRQVWDQW SKDVH RIIVHW
 EHWZHHQ RUELWDO IRUFLQJ DQG 8180. BHFDXVH
 WKH DPSOLWXGH RI SUHFHVVLRQ YDULHV VLJQLIL-
 FDQWO\ RYHU WLPH (FLJ. 2), LW PD\ EH QHFHV-
 VDU\ WR UHWXQH WKH 8180 UHFRUG DV D IXQFWLRQ
 RI ERWK DPSOLWXGH DQG SKDVH RI RUELWDO IRUF-
 LQJ. AOWKRXJK WKHVH LGHDV UHTXLUH WHVWLQJ,
 WKH\ LQGLFDWH WKDW QR IXQGDPHQWDO SUREOHPV
 QHFHVVDULO\ H[LVW LQ WKH LQWHUSUHWDWLRQ RI WKH
 GHHS-VHD 8180 UHFRUG.

 DHVSLWH UHPDLQLQJ TXHVWLRQV, RXU UHVXOWV
 LQGLFDWH WKDW HDUO\ VHD-OHYHO SHDNV 130,000
 WR 132,000 \HDUV DJR PD\ EH HQWLUHO\ FRQ-
 VLVWHQW ZLWK 0LODQNRYLWFK IRUFLQJ. 7KH UH-
 VXOWV DOVR LQGLFDWH WKDW WKH ZDUPLQJ VLJQD-
 WXUHV IURP REOLTXLW\ DQG SUHFHVVLRQ FDQ
 VRPHWLPHV EH RXW RI SKDVH HYHQ LQ WKH VDPH
 KHPLVSKHUH. 7KHVH UHVXOWV LQGLFDWH WKDW, DO-
 WKRXJK 0LODQNRYLWFK IRUFLQJ PD\ VWLOO EH
 WKH GRPLQDQW IDFWRU LQ GULYLQJ 3OHLVWRFHQH
 FOLPDWH, D IXOOHU XQGHUVWDQGLQJ RI WKH RUELW-
 DO-FOLPDWH FRQQHFWLRQ UHTXLUHV H[DPLQDWLRQ
 RI ILHOGV RWKHU WKDQ MXVW LQVRODWLRQ YDOXHV DW
 6501.
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MARINE ISOTOPE STAGE (MIS) 5a

The 100-kyr cycle of glaciation model assumes gradual buildup and more 
rapid ice melt;  

new evidence, however, suggests both process may happen very rapid 
indicating 100-kyr cycle applies rather poorly to ice growth/decay, but 
better to CO2, CH4, and Tº recorded in polar ice and some sea proxies.

Dorale et al. 2010

The ~81 ka timing of the Mallorca MIS 5a high stand (~1 m) closely matches 
the June 60°N insolation peak at ~84 ka, a pattern that is consistent with the 
Milankovitch model. 
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 WKH ILUVW SKDVH RI LFH JURZWK RFFXUUHG LQ WKH
 KLJK AUFWLF ( 1 ).

 7R REWDLQ IXUWKHU LQVLJKW LQWR IDFWRUV
 UHVSRQVLEOH IRU WKH VHD-OHYHO ULVH, ZH H[DP-
 LQHG WKH VLPXODWHG WHPSHUDWXUH ILHOGV RYHU
 WKH LQWHUYDO RI 110,000 WR 140,000 \HDUV DJR
 DW WKUHH NH\ ORFDWLRQV. 7ZR RI WKH VLWHV DUH
 IURP KLJK ODWLWXGHV, ZLWK RQH IURP AUFWLF
 CDQDGD DQG WKH RWKHU IURP WKH BDUHQWV 6HD.
 FRU WKH ODVW JODFLDO PD[LPXP, LFH VKHHWV
 PD\ KDYH EHHQ JURXQGHG RQ WKH H[WHQVLYH
 FRQWLQHQWDO VKHOYHV RI WKH BDUHQWV DQG .DUD
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 24.0

 23.0 -

 22.0

 21.0

 -0.06B ' , B

 -0.04-
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 0.00

 0.02 ...........
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 0.06
 0 50 100 150

 7LPH (.D)

 FLJ. 2. (A) 2EOLTXLW\ DQG (B) SUHFHVVLRQ LQGLFHV IRU

 WKH ODVW 150,000 \HDUV, DV FRPSXWHG E\ BHUJHU
 DQG /RXWUH (9). 9HUWLFDO GDVKHG OLQHV DUH FRLQFL-
 GHQW ZLWK 130,000 \HDUV DJR; KRUL]RQWDO GDVKHG
 OLQHV DUH SUHVHQW RUELWDO YDOXHV.

 4 M 136 .D-

 ---- 132

 ---130 2 '' 'a' +--128
 - aa --a-126

 - .-------------- B

 0 -2

 P -4

 ; 4 124 .D
 .----.- 122

 F/ Ba .........-120
 E - ---118
 R 2 --Y116

 0

 -2

 .4

 90 70 50 30 10 -1 0 -30 -50 -70 -90

 /DWLWXGH (GHJUHHV)

 FLJ. 3. 6LPXODWHG ]RQDO DYHUDJH WHPSHUDWXUH GLI-
 IHUHQFHV (ODQG) IURP SUHVHQW IRU 12 LQWHUYDOV EUDFN-
 HWLQJ WKH ODVW LQWHUJODFLDO.

 VHDV (12). 7KH WKLUG ORFDWLRQ LV IURP PLG-
 ODWLWXGH 1RUWK APHULFD, QHDU WKH VRXWKHP
 ERXQGDU\ RI WKH /DXUHQWLGH IFH 6KHHW. 5H-
 VXOWV (FLJ. 4) LQGLFDWH D WRWDO WURXJK-WR-SHDN
 ZDUPLQJ RI 30 WR 4?C, ZLWK ZDUPLQJ IRU WKH
 BDUHQWV 6HD VLWH SHDNLQJ 130,000 \HDUV DJR
 DQG OHDGLQJ WKH RWKHU WZR VLWHV E\ 4000
 \HDUV. AOWKRXJK LW LV DW WKH VDPH ODWLWXGH DV
 WKH BDUHQWV 6HD VLWH, SHDN ZDUPLQJ DW WKH
 CDQDGLDQ AUFWLF VLWH RFFXUUHG 4000 \HDUV
 ODWHU. 7KLV UHVSRQVH UHIOHFWV WKH JUHDWHU LP-
 SRUWDQFH RI WKH SUHFHVVLRQ-FRQWUROOHG FRQ-
 WLQHQWDOLW\ HIIHFW RQ WKH CDQDGLDQ VLWH.
 HRZHYHU, DOO VLWHV ZHUH ZDUPHU WKDQ WKH\
 DUH QRZ E\ 130,000 \HDUV DJR. AOWKRXJK ZH
 KDYH QR LQIRUPDWLRQ RQ WKH UHJLRQDO SDW-
 WHPV RI GHJODFLDWLRQ IRU WKH SHQXOWLPDWH
 LQWHUJODFLDO, VHYHUDO OLQHV RI HYLGHQFH (13)
 IRU WKH PRVW UHFHQW GHJODFLDWLRQ LQGLFDWH
 LQLWLDO PHOWLQJ LQ WKH KLJKHVW ODWLWXGHV. 7KLV
 HYLGHQFH LV LQ DFFRUG ZLWK VRPH RI RXU
 UHVXOWV.

 :H VXJJHVW WKDW WKH PDJQLWXGH RI VLPX-
 ODWHG WHPSHUDWXUH FKDQJHV PD\ KDYH EHHQ
 VXIILFLHQW WR WULJJHU GHJODFLDWLRQ E\ DERXW
 134,000 \HDUV DJR. IQFUHDVLQJ C22 OHYHOV
 (14) ZRXOG DXJPHQW VXFK PHOWLQJ WUHQGV.
 :H IXUWKHU VXJJHVW WKDW, EHFDXVH VLPXODWHG
 WHPSHUDWXUHV IRU DOO 1RUWKHP HHPLVSKHUH
 ODQG DUHDV ZHUH ZDUPHU WKDQ DW SUHVHQW E\
 130,000 \HDUV DJR, WKH UHVXOWV DUH FRQVLVWHQW
 ZLWK QHDU-WRWDO PHOWLQJ DQG KLJK VHD OHYHO
 E\ WKDW WLPH. IW PLJKW EH DUJXHG WKDW WKH
 VLPXODWHG WHPSHUDWXUH FKDQJHV ZRXOG EH
 PXWHG E\ D KLJKHU DOEHGR RI VQRZ DQG LFH LQ
 KLJK ODWLWXGHV. HRZHYHU, LFH FRUH UHFRUGV
 (15) LQGLFDWH WKDW DWPRVSKHULF GXVW OHYHOV
 ZHUH VXEVWDQWLDO GXULQJ WKH SHQXOWLPDWH DQG
 ODVW JODFLDO PD[LPD, DQG GXVW VLJQLILFDQWO\
 UHGXFHV WKH DOEHGR RI VQRZ (16). EYHQWXDO-
 O\, D FOLPDWH PRGHO PXVW EH FRXSOHG ZLWK DQ
 LFH VKHHW PRGHO WR GHWHUPLQH ZKHWKHU WKH
 UHVSRQVHV ZH VLPXODWH DUH VXIILFLHQW WR WULJ-
 JHU GHJODFLDWLRQ RI D GXVW-FRYHUHG LFH VKHHW.

 7KH FRUDO UHHI VHD-OHYHO UHFRUGV (3, 4) DUH
 DW YDULDQFH ZLWK WKH UHFRUG RI IPEULH DQG
 FROOHDJXHV (2) RI WKH 8180 RI JOREDO LFH
 YROXPH, ZKLFK GRHV QRW LQGLFDWH VHD OHYHOV

 6.0 BB I5-1, 120?:
 75'1 122.Z

 4.0---- 451, 90-:

 &20 2.0

 -.1 0 . .. .. . . .. ........ -2.0 -*

 100 110 120 130 140 150
 7LPH (.D)

 FLJ. 4. 7LPH VHULHV RI PRGHO-VLPXODWHG -XO\ WHP-
 SHUDWXUH IRU WKUHH VLWHV UHSUHVHQWDWLYH RI KLJK-ODW-
 LWXGH DQG ORZ-ODWLWXGH LFH VKHHWV. 7KH YHUWLFDO

 GDVKHG OLQH LV FRLQFLGHQW ZLWK 130,000 \HDUV DJR;
 WKH KRUL]RQWDO GDVKHG OLQH LV WKH SUHVHQW VLPXODWHG

 WHPSHUDWXUH. 7, WHPSHUDWXUH.

 DV KLJK DV WKRVH DW SUHVHQW XQWLO 124,000
 \HDUV DJR. 6RPH RI WKH GLIIHUHQFHV PD\ UH-
 IOHFW VWLSXODWLRQ RI WKH PLGSRLQW RI WKH SHQ-
 XOWLPDWH GHJODFLDWLRQ 128,000 \HDUV DJR (2).
 II WKLV QXPEHU ZHUH QRZ VKLIWHG WR DERXW
 134,000 \HDUV DJR, PXFK RI WKH GLVFUHSDQF\
 ZRXOG GLVDSSHDU. BXW WKH GXUDWLRQ RI WKH
 HYHQW ZRXOG VWLOO EH VKRUWHU LQ WKH GHHS-VHD
 UHFRUG WKDQ LQ WKH FRUDO UHHI UHFRUG. IW LV
 SRVVLEOH WKDW ELRWXUEDWLRQ DQG FRPSRVLWLQJ
 RI UHFRUGV IURP GLIIHUHQW GHHS-VHD FRUHV PD\
 KDYH UHVXOWHG LQ DQ DSSDUHQW VKRUWHQLQJ RI
 WKH OHQJWK RI WKH ODVW LQWHUJODFLDO ZLWK UH-
 VSHFW WR WKH FRUDO UHHI UHFRUG. FLQDOO\, WKH
 WLPH VFDOH RI IPEULH DQG FR-ZRUNHUV (2) LV
 EDVHG RQ VSHFLI\LQJ D FRQVWDQW SKDVH RIIVHW
 EHWZHHQ RUELWDO IRUFLQJ DQG 8180. BHFDXVH
 WKH DPSOLWXGH RI SUHFHVVLRQ YDULHV VLJQLIL-
 FDQWO\ RYHU WLPH (FLJ. 2), LW PD\ EH QHFHV-
 VDU\ WR UHWXQH WKH 8180 UHFRUG DV D IXQFWLRQ
 RI ERWK DPSOLWXGH DQG SKDVH RI RUELWDO IRUF-
 LQJ. AOWKRXJK WKHVH LGHDV UHTXLUH WHVWLQJ,
 WKH\ LQGLFDWH WKDW QR IXQGDPHQWDO SUREOHPV
 QHFHVVDULO\ H[LVW LQ WKH LQWHUSUHWDWLRQ RI WKH
 GHHS-VHD 8180 UHFRUG.

 DHVSLWH UHPDLQLQJ TXHVWLRQV, RXU UHVXOWV
 LQGLFDWH WKDW HDUO\ VHD-OHYHO SHDNV 130,000
 WR 132,000 \HDUV DJR PD\ EH HQWLUHO\ FRQ-
 VLVWHQW ZLWK 0LODQNRYLWFK IRUFLQJ. 7KH UH-
 VXOWV DOVR LQGLFDWH WKDW WKH ZDUPLQJ VLJQD-
 WXUHV IURP REOLTXLW\ DQG SUHFHVVLRQ FDQ
 VRPHWLPHV EH RXW RI SKDVH HYHQ LQ WKH VDPH
 KHPLVSKHUH. 7KHVH UHVXOWV LQGLFDWH WKDW, DO-
 WKRXJK 0LODQNRYLWFK IRUFLQJ PD\ VWLOO EH
 WKH GRPLQDQW IDFWRU LQ GULYLQJ 3OHLVWRFHQH
 FOLPDWH, D IXOOHU XQGHUVWDQGLQJ RI WKH RUELW-
 DO-FOLPDWH FRQQHFWLRQ UHTXLUHV H[DPLQDWLRQ
 RI ILHOGV RWKHU WKDQ MXVW LQVRODWLRQ YDOXHV DW
 6501.

 5EFE5E1CE6 A1D 127E6

 1. 0. 0LODQNRYLWFK, LQ HDQGEXFK GHU .OLPDWRORJLH, :.
 .ESSHQ DQG 5. GHLJHU, EGV. (GHEUXGHU BRUQWUDHJHU,
 BHUOLQ, 1930), SS. 1-176.

 2. -. D. HD\V, -. IPEULH, 1. -. 6KDFNOHWRQ, 6FLHQFH
 194, 1121 (1976); -. IPEULH HW DO., LQ 0LODQNRYLWFK
 DQG COLPDWH, A. BHUJHU HW DO., EGV. (5HLGHO, DRU-
 GUHFKW, 1HWKHUODQGV, 1984), SS. 269-305; -. IPE-
 ULH, A. 0FLQW\UH, A. 0L[, LQ COLPDWH DQG GHR-
 VFLHQFHV: A CKDOOHQJH IRU 6FLHQFH DQG 6RFLHW\ LQ
 WKH 21VW CHQWXU\, A. BHUJHU, -.-C. DXSOHVV\, 6. H.
 6FKQHLGHU, EGV. (5HLGHO, HLQJKDP, 0A, 1989), SS.
 121-164.

 3. C. D. GDOOXS, 5. /. EGZDUGV, 5. G. -RKQVRQ, 6FLHQFH
 263, 796 (1994).

 4. -. H. CKHQ, H. A. CXUUDQ, B. :KLWH, G. -. :DVHUEXUJ,
 GHRO. 6RF. AP. BXOO. 103, 82 (1991).

 5. I. -. :LQRJUDG HW DO., 6FLHQFH 258, 255 (1992).
 6. -. A. IPEULH, A. C. 0L[, D. G. 0DUWLQVRQ, 1DWXUH 363,

 531 (1993); 7. -. CURZOH\, 3DOHRFHDQRJUDSK\ 9, 1
 (1994).

 7. G. 5. 1RUWK, -. G. 0HQJHO, D. A. 6KRUW, -. GHRSK\V.
 5HV. 88, 6576 (1983).

 8. 7. -. CURZOH\, D. A. 6KRUW, -. G. 0HQJHO, G. 5. 1RUWK,
 6FLHQFH 231, 579 (1986); :. 7. H\GH, 7. -. CURZOH\,
 ..-<. .LP, G. 5. 1RUWK, -. COLP. 2, 864 (1989); :. 7.
 H\GH, ..-<. .LP, 7. -. CURZOH\, G. 5. 1RUWK, -. GHR-
 SK\V. 5HV. 95, 18653 (1990); 7. -. CURZOH\, 6. ..
 BDXP, :. 7. H\GH, LELG. 96, 9217 (1991); ..-<. .LP
 DQG 7. -. CURZOH\, GHRSK\V. 5HV. /HWW. 21, 681
 (1994).

 9. A. /. BHUJHU DQG 0. F. /RXWUH, 4XDW. 6FL. 5HY. 10,
 297 (1991).
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Obliquity 

Precession 

13081

Berger & Loutre, 1991 



FUTURE WORK

Additional precise chronologies for various archives to better test  
Milankovitch hypothesis

Additional locations (e.g., Croatia, Cuba, Japan, Mexico, 
Sardinia, etc.) 

234U —> 230Th ingrowth in speleothems, 0-500 kyr; 

U-Pb for older speleothems 

In-between known ages, we must interpolate using plausible 
scheme (generally unprovable)

for POS:
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