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Key climate archives

Many different climate archives exist on Earth. 
Each archive has its strength and weaknesses.  
Using them all together enables us to better understand past climate 
changes in terms of timing, extend, causes and consequences.  

• ice cores (lecture #2)

• marine sediment cores

• corals

• speleothems

• tree rings

• pollen

• …



Marine sediment cores

[http://www.hpu.edu/CNCS/Faculty_Staff/CV/DavidFieldCV.html]

www.oceanusmag.whoi.edu

• 1: Japan Sea (color alternation)
2: Japan Sea (laminated sediments)
3: East China Sea (deep sea sediments)
4: Arabian Sea (calcareous ooze)
5: Arabian Sea (calcareous ooze)
6: Sulu Sea (calcareous ooze)
7: Southern Ocean (diatom ooze)

• These cores were recovered during cruises by the R/V Hakuho-Maru, Ocean Research 
Institute, University of Tokyo

http://www.hpu.edu/CNCS/Faculty_Staff/CV/DavidFieldCV.html%5D


Formation of marine sediments

Climate resolution

www.atm.dal.ca/~lohmann/clch/Lecture9.ppt

www.atmo.dal.ca/~lohmann/clch/Lecture9.ppt



Formation of marine sediments

• 70% of Earth‘s surface is covered by oceans

• yearly sediment production: approx. 6-11 billion tons (=1012kg)

• sediment contains both biogenic and terrigenous material

• biogenic material:
• planktic organism = live near the sea surface

• benthic organism = live near the sea floor

• biogenic material may be used as a proxy for

• water temperatures (surface waters, deep sea waters)

• salinity

• dissolved oxygen, trace substances, etc.

• terrigenous material
• is transported from land surfaces to the oceans by the wind

• can be used as a proxy for aridity and/or changes in wind strength/wind directions
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Formation of marine sediments

Bradley, Abb. 6.5

Coccolithophors  
(Phytoplankton)

Foraminifers 
(Zooplankton)



Drilling of marine sediment cores

https://www.iodp.org/iodp/expeditions/page-2



The International Ocean Discovery Programme (IOPD)

http://iodp.tamu.edu/index.html



Drill sites of international drilling programs
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Storage of marine sediment cores

https://www.marum.de/en/Research/IODP-Bremen-Core-Repository.html#section1019

IODP BCR Reefer in MARUM I building

• University of Bremen hosts one of tree international IODP repositories
• the other two are in College Station, Texas, and Kochi Core Center (KCC), Japan

• BCR presently contains more than 158 km of deep-sea cores from 90 expeditions in around 250,000 boxes
• around 200 scientists visit the repository annually, working on the cores in sampling meetings 
• as many as 50,000 samples per year are removed from the cores by guests and by the repository staff



Examples of marine sediment analyses

[from: Ruddiman, 2008]
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40kyrs cycle

100kyrs cycle

Marine isotope stages (MIS)

LGM SST reconstructions

dust & other inorganic materialplankton assemblages



Example: The Lisiecki & Raymo benthic 𝛅18O stack

A Pliocene-Pleistocene stack of 57 globally distributed

benthic D18O records

Lorraine E. Lisiecki
Department of Geological Sciences, Brown University, Providence, Rhode Island, USA

Maureen E. Raymo
Department of Earth Sciences, Boston University, Boston, Massachusetts, USA

Received 8 July 2004; revised 9 November 2004; accepted 23 November 2004; published 18 January 2005.

[1] We present a 5.3-Myr stack (the ‘‘LR04’’ stack) of benthic d18O records from 57 globally distributed sites
aligned by an automated graphic correlation algorithm. This is the first benthic d18O stack composed of more
than three records to extend beyond 850 ka, and we use its improved signal quality to identify 24 new marine
isotope stages in the early Pliocene. We also present a new LR04 age model for the Pliocene-Pleistocene derived
from tuning the d18O stack to a simple ice model based on 21 June insolation at 65!N. Stacked sedimentation
rates provide additional age model constraints to prevent overtuning. Despite a conservative tuning strategy, the
LR04 benthic stack exhibits significant coherency with insolation in the obliquity band throughout the entire
5.3 Myr and in the precession band for more than half of the record. The LR04 stack contains significantly
more variance in benthic d18O than previously published stacks of the late Pleistocene as the result of higher-
resolution records, a better alignment technique, and a greater percentage of records from the Atlantic. Finally,
the relative phases of the stack’s 41- and 23-kyr components suggest that the precession component of d18O
from 2.7–1.6 Ma is primarily a deep-water temperature signal and that the phase of d18O precession response
changed suddenly at 1.6 Ma.

Citation: Lisiecki, L. E., and M. E. Raymo (2005), A Pliocene-Pleistocene stack of 57 globally distributed benthic d18O records,
Paleoceanography, 20, PA1003, doi:10.1029/2004PA001071.

1. Introduction

[2] Alley [2003] recently called for a paleoceano-
graphic ‘‘type section’’ to which all paleoceanographic
measurements could be compared, in the same way that
researchers have used data gathered by the Second
Greenland Ice Sheet Project (GISP2) and Greenland Ice
Core Project (GRIP) in studies of the last glacial cycle.
A type section which provides a common timescale and
reference of comparison for all paleoceanographic
records would improve communication within the commu-
nity and elucidate subtle differences among the ever-
growing number of paleoceanographic records. Here we
present a new 5.3-Myr benthic d18O stack (the ‘‘LR04’’
stack), which we propose would make an excellent paleo-
ceanographic type section for the Pliocene-Pleistocene.
[3] Alley [2003] describes the ideal type section as high in

resolution, multiply replicated by different laboratories,
containing multiple paleoclimate proxies, and spanning as
much time as possible. The LR04 stack contains over
38,000 individual d18O measurements from 57 sites, sam-
pled at many different laboratories. Because this stack
incorporates information from so many sites, it has a
higher signal-to-noise ratio than any previous d18O record
and more accurately reflects changes in global climate.

The stack’s resolution of orbital-scale (23-kyr) features in
the Pleistocene is comparable to that of millennial-scale
(1.5-kyr) features in the GISP2 d18O record [Grootes et al.,
1993], with 10–20 samples per cycle. The stack spans the
entire Pliocene-Pleistocene with error bars averaging only
0.1%. We also use the LR04 stack to develop a conser-
vatively tuned d18O timescale, which minimizes deviations
in globally averaged sedimentation rates. Although the
LR04 stack contains only one paleoceanographic param-
eter, any paleoclimate proxy taken from a marine core
with reliable d18O data can easily be aligned to the LR04
stack through the use of automated graphic correlation
software [e.g., Lisiecki and Lisiecki, 2002]. The LR04 stack
and supplemental results are archived at the National Geo-
physical Data Center (http://www.ngdc.noaa.gov/paleo/
paleocean.html).
[4] In the following section we provide background infor-

mation on d18O and previously published stacks. Section 3
describes the d18O data used in the LR04 stack. Section 4
contains a detailed description of the stack’s construction
and demonstrates the effectiveness of our graphic correlation
and stacking techniques in reducing the noise level of
d18O-like signals. Section 5 describes the creation of the
orbitally tuned LR04 age model, which is additionally con-
strained by two measures of global sedimentation rate. In
section 6 we present specific d18O estimates with error bars
and define 24 new marine isotope stages (MIS) in the early
Pliocene. We also compare the LR04 stack to four previously
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Example: The Lisiecki & Raymo benthic 𝛅18O stack

peaks. Graphic correlation inherently requires some judg-
ment to determine which features correspond to one another
and to distinguish noise from isotopic features. Automated
correlation algorithms provide the most objective correla-
tion techniques because alignment criteria are explicit and
applied consistently. However, each alignment must also be
evaluated by eye because stratigraphic disturbances result-
ing from hiatuses, coring gaps, and duplicated sections can
produce errors in the automated correlation.
[10] We align 57 benthic d18O records using an automated

graphic correlation program [Lisiecki and Lisiecki, 2002],
which considers all possible alignments to find the best
global fit and penalizes alignments based on extreme
sedimentation rates and sudden sedimentation rate changes.
Alignments are performed using normalized d18O records to
maximize the algorithm’s accuracy. Each alignment is
evaluated by eye and adjusted, if necessary, by changing
the sedimentation rate penalties or adding tie points until a
good alignment is achieved which agrees reasonably well
with previously published age estimates (e.g., those derived
from paleomagnetic reversals or biostratigraphic data). In
general, we keep sedimentation rate penalties small
because little is known about how linear sedimentation rates
(LSR) vary with time. This allows the LSR at individual
sites to vary a great deal and preserves as much coherent
d18O variation as possible. With our alignments and age
model, the average standard deviation (s) in a site’s LSR is
1.8 cm/kyr. As a percentage of each site’s mean LSR, s
averages 41% and ranges from 24% at Site GeoB1041 to
164% at ODP Site 927 from 5.0–2.6 Ma.
[11] Graphic correlation allows the stack’s construction to

be largely independent of its assigned timescale and, con-

sequently, any specific forcing model for d18O. However,
stacking with graphic correlation does involve two assump-
tions: that each site records the same global d18O signal with
little phase difference and that the alignment procedure is
not overly sensitive to noise. In support of the first assump-
tion, each site does appear to record the same d18O signal;
the average correlation between the LR04 stack and indi-
vidual records (after alignment) is 0.88. Also, phase differ-
ences in d18O between sites should be minimal because the
average mixing time of the deep ocean is only !1 kyr.
Glacial ventilation rates are uncertain, but benthic-plank-
tonic age differences at the last glacial maximum yield
deep-water age estimates of 1.1 kyr in the deep Atlantic
[Keigwin and Schlegel, 2002] and 2 kyr in the deep Pacific
[Broecker et al., 2004]. Graphic correlation actually corrects
for any potential mixing lags between sites to produce an
estimate of the d18O signal as if it had been recorded with
the same phase everywhere.
[12] The assumption that alignments are insensitive to

noise is a concern because sedimentation rates at individual
sites are only loosely constrained in order to maximize the
amplitude of isotopic features. Therefore we perform a
series of simple experiments to test the ability of our
alignment technique to reduce noise without artificially
increasing signal amplitude. In the experiments, we con-
struct test stacks from twenty noisy copies of a single
isotope record. The noisy copies are created by the
addition of white noise with standard deviations of 2 kyr
and 0.2% to the ages and d18O values of the initial signal.
We also add white noise (s = 0.15%) to the d18O values
of each alignment target before applying our graphic
correlation and stacking algorithms. Figure 3 shows test

Figure 1. Location of the cores used in this study. Benthic d18O data are taken from Deep-Sea Drilling
Project (DSDP) and Ocean Drilling Program (ODP) sites (crosses), GeoB sites (diamonds), and others
(circles).
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Example: The Lisiecki & Raymo benthic 𝛅18O stack

[Lisiecki & Raymo, 2005]
Figure 2. Graphically aligned benthic d18O data, plotted with their original variance but offset
vertically. Data are from Sites 502 [deMenocal et al., 1992], 552 [Shackleton and Hall, 1984], 607
[Ruddiman et al., 1989; Raymo et al., 1989; Raymo et al., 1992; this study], 610 [Raymo et al., 1992],
658 [Tiedemann, 1991], 659 [Tiedemann et al., 1994], 662 (this study), 664 [Raymo et al., 1997], 665
[Curry and Miller, 1989], 677 [Shackleton et al., 1990], 704 [Hodell and Venz, 1992], 722 [Clemens et
al., 1996], 758 [Chen et al., 1995], 806 [Berger et al., 1993], 846 [Mix et al., 1995a; Shackleton et al.,
1995a], 849 [Mix et al., 1995b], 925 [Bickert et al., 1997; Billups et al., 1998; Franz, 1999], 927 [Bickert
et al., 1997; Franz, 1999], 928 [Franz, 1999], 929 [Bickert et al., 1997; Billups et al., 1998; Franz,
1999], 980 [Oppo et al., 1998; McManus et al., 1999; Flower et al., 2000], 981 [Mc Intyre et al., 1999;
Raymo et al., 2004], 982 [Venz et al., 1999; Venz and Hodell, 2002; this study], 983 [Mc Intyre et al.,
1999; Raymo et al., 2004], 984 [Raymo et al., 2004], 999 [Haug and Tiedemann, 1998], 1012 and 1020
[Herbert et al., 2001; Z. Liu, personal communication, 2002], 1085 (D. Andreasen, personal
communication, 2002), 1087 [Pierre et al., 2001], 1088 [Hodell et al., 2003], 1089 [Hodell et al.,
2001], 1090 [Venz and Hodell, 2002], 1092 [Andersson et al., 2002], 1123 [Hall et al., 2001; Harris,
2002], 1143 [Tian et al., 2002], 1146 (S. Clemens, personal communication, 2002), 1148 [Jian et
al., 2003], GeoB 1032, 1041, 1101 [Bickert and Wefer, 1996], GeoB 1113 [Sarnthein et al., 1994], GeoB
1117, 1211, 1214 [Bickert and Wefer, 1996], GeoB 1312 [Hale and Pflaumann, 1999], GeoB 1505 [Zabel
et al., 1999], MD95-2042 [Shackleton et al., 2000], PC72 [Murray et al., 2000], RC13-110 [Mix et al.,
1991; Imbrie et al., 1992], RC13-229 [Oppo et al., 1990], V19-28 [Ninkovitch and Shackleton, 1975],
V19-30 [Shackleton and Pisias, 1985], V21-146 [Hovan et al., 1991].
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Figure 2. Graphically aligned benthic d18O data, plotted with their original variance but offset
vertically. Data are from Sites 502 [deMenocal et al., 1992], 552 [Shackleton and Hall, 1984], 607
[Ruddiman et al., 1989; Raymo et al., 1989; Raymo et al., 1992; this study], 610 [Raymo et al., 1992],
658 [Tiedemann, 1991], 659 [Tiedemann et al., 1994], 662 (this study), 664 [Raymo et al., 1997], 665
[Curry and Miller, 1989], 677 [Shackleton et al., 1990], 704 [Hodell and Venz, 1992], 722 [Clemens et
al., 1996], 758 [Chen et al., 1995], 806 [Berger et al., 1993], 846 [Mix et al., 1995a; Shackleton et al.,
1995a], 849 [Mix et al., 1995b], 925 [Bickert et al., 1997; Billups et al., 1998; Franz, 1999], 927 [Bickert
et al., 1997; Franz, 1999], 928 [Franz, 1999], 929 [Bickert et al., 1997; Billups et al., 1998; Franz,
1999], 980 [Oppo et al., 1998; McManus et al., 1999; Flower et al., 2000], 981 [Mc Intyre et al., 1999;
Raymo et al., 2004], 982 [Venz et al., 1999; Venz and Hodell, 2002; this study], 983 [Mc Intyre et al.,
1999; Raymo et al., 2004], 984 [Raymo et al., 2004], 999 [Haug and Tiedemann, 1998], 1012 and 1020
[Herbert et al., 2001; Z. Liu, personal communication, 2002], 1085 (D. Andreasen, personal
communication, 2002), 1087 [Pierre et al., 2001], 1088 [Hodell et al., 2003], 1089 [Hodell et al.,
2001], 1090 [Venz and Hodell, 2002], 1092 [Andersson et al., 2002], 1123 [Hall et al., 2001; Harris,
2002], 1143 [Tian et al., 2002], 1146 (S. Clemens, personal communication, 2002), 1148 [Jian et
al., 2003], GeoB 1032, 1041, 1101 [Bickert and Wefer, 1996], GeoB 1113 [Sarnthein et al., 1994], GeoB
1117, 1211, 1214 [Bickert and Wefer, 1996], GeoB 1312 [Hale and Pflaumann, 1999], GeoB 1505 [Zabel
et al., 1999], MD95-2042 [Shackleton et al., 2000], PC72 [Murray et al., 2000], RC13-110 [Mix et al.,
1991; Imbrie et al., 1992], RC13-229 [Oppo et al., 1990], V19-28 [Ninkovitch and Shackleton, 1975],
V19-30 [Shackleton and Pisias, 1985], V21-146 [Hovan et al., 1991].
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Example: The Lisiecki & Raymo benthic 𝛅18O stack

[Lisiecki & Raymo, 2005]

concentration of data used in the LR04 stack is at least twice
as high as in any previous stack or individual d18O record
spanning that interval. The stack’s resolution is comparable
to previous stacks but is less than half that of the highest-
resolution records.
[17] The LR04 stack is simply the average of the aligned

benthic d18O records. We do not adjust the mean or variance
of the records, except to make species offset corrections. We
choose not to adjust the isotope curves based on their
modern bottom water temperatures because the temperature
differences between sites may have changed dramatically
over the last 5.3 Myr. We also do not weight the records
based on their spatial distribution. The majority of records
are from the Atlantic Ocean, and the number of sites in the
stack varies with time, changing the relative weighting of
different regions. However, we observe that regional differ-
ences in benthic d18O are typically less than 0.3% (less than

0.15% after 0.6 Ma), and we are currently developing a
detailed description of regional d18O variability.

5. Age Model

[18] Because the LR04 stack is constructed by graphic
correlation, its stratigraphic features are essentially inde-
pendent of any timescale. Below we describe the con-
struction of an age model which takes advantage of the
high signal-to-noise ratio of the stack and analysis of the
sedimentation rates at 57 sites. However, almost any age
model could be applied to the LR04 stack. This flexibility
allows the stack to be adapted to alternate models of d18O
response or to improvements in age estimates.
[19] We construct the LR04 age model by aligning our

benthic d18O stack to a simple model of ice volume while
considering the average (stacked) sedimentation rate of

Figure 4. The LR04 benthic d18O stack constructed by the graphic correlation of 57 globally distributed
benthic d18O records. The stack is plotted using the LR04 age model described in section 5 and with new
MIS labels for the early Pliocene (section 6.2). Note that the scale of the vertical axis changes across
panels.
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Corals

• main interest for paleoclimatological studies:  
Hermatypic corals (reef-building corals)

• exist mainly between 30°N - 30°S, with an 
average SST of 20°C

• if SST are below 18°C, the coral reefs grow only 
very slowly or even die (at colder temperatures)

• typical coral analyses:  
growth rates, isotopes, trace elements, …

• coral records may cover the last 100,000 
years (or even older periods)

• often, corals just grow during warm climates

• corals are a very promising climate archive 
for the reconstruction of tropical SST
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Growth of corals
• coral growth varies with the season of the year

• growth rate depends on SST and available nutrients

• higher (lower) density for warmer (colder) SST 

• density variations allow the identification of annual layers

http://www.ncdc.noaa.gov/paleo/slides/



Analyses example: δ18O measurements on corals
• Depletion/enrichment of 18O in calcium-carbonate (CaCO3) can be measured on corals, too

• two different effects can influence 18O in CaCO3

• temperature-related fractionation (determined by SST changes)

• changes of the 18O content of the ocean water  
(e.g., by large amounts of tropical rainfall in shallow, coastal waters)

• as corals mainly exist in tropical regions, the El Niño/Southern Oscillation phenomenon is often 
dominating the coral 18O records

• δ18O analyses on corals enable a reconstruction of past El Niño events

http://www.ncdc.noaa.gov/paleo/slides/



δ18O measurements on corals: El Niño reconstructions

https://usclivar.org/research-highlights/coral-reconstructions-central-tropical-pacific-climate-suggest-25-increase

[Grothe et al., 2020]

variability based on paleoclimate archives provide quantitative estimates of ENSO properties in the
preindustrial era, resolving ENSO properties under a variety of natural climate forcing scenarios (Carré
et al., 2014; Cobb et al., 2013; Conroy et al., 2008; Koutavas & Joanides, 2012; Moy et al., 2002; Rodbell
et al., 1999; White et al., 2018). As such, they serve as much‐needed baselines for natural ENSO
variability, as well as out‐of‐sample tests for climate model simulations of ENSO's response to past
external climate forcing.

One of the most relevant tests of ENSO's sensitivity to external forcing comes from the Holocene (the last
10,000 years), when a suite of modeling studies (Clement et al., 2000; Liu et al., 2000, 2014; Otto‐Bliesner
et al., 2003; Timmermann et al., 2007; Zheng et al., 2008) suggest that a decrease in the amplitude of the sea-
sonal insolation cycle from the early to late Holocene led to a progressive intensification of ENSO variability.
However, while some reconstructions of Holocene ENSO supported this framework (Conroy et al., 2008;
Moy et al., 2002; Rodbell et al., 1999; White et al., 2018), several recent studies do not show any significant
reduction in ENSO variance during the early Holocene (Carré et al., 2014; Cobb et al., 2013; Koutavas &
Joanides, 2012). A review of available Holocene paleo‐ENSO reconstructions from across the tropical
Pacific suggests that ENSO may have been somewhat reduced 3,000–5,000 years before present (kyr BP;
Emile‐Geay et al., 2016), although the limited nature of the paleo‐ENSO datasets available at the time pre-
cluded any robust statistical analyses. Indeed, both models and data underscore the high level of intrinsic
ENSO variability, raising the bar for the detection of forced changes in ENSO, whether natural
or anthropogenic.

Fossil coral records from the central tropical Pacific provide high‐fidelity paleo‐ENSO reconstructions owing
to their location in the heart of the ENSO region, their monthly resolution, and their demonstrated sensitiv-
ity to ENSO‐related changes in sea surface temperature (SST; Cobb et al., 2003; McGregor, Fischer, et al.,
2013). Indeed, coral oxygen isotopic (δ18O) records from Palmyra (6°N, 162°W), Fanning (4°N, 160°W),
and Kiritimati (Christmas) Island (2°N, 157°W) closely track variations in the NIÑO3.4 SST index (see
Figure S9), a key ENSO metric, as warm, rainy conditions during El Niño events drive coral δ18O lower
and vice versa during cool, dry La Niña conditions (Cobb et al., 2013). In this study, we present 16 new
monthly resolved fossil coral δ18O sequences from Kiritimati Island whose U/Th dates span from 2.5 to
5.2 kyr BP, as well as an updated modern coral spliced record from both Kiritimati and Palmyra Islands,
now spanning from 1938–2016 CE and 1886–2007 CE, respectively. The modern spliced records, which
are the basis for subsequent analyses of ENSO variance changes, are created from overlapping oxygen isoto-
pic records from living corals drilled on the reef (see supporting information S1), which at Kiritimati Island
show good reproducibility across multiple cores and demonstrate that local changes in SST are the primary
driver of coral δ18O departures (Figure 2). The new fossil sequences range from 7 to 26 years in length, for a

Figure 1. Map of tropical Pacific temperature and precipitation anomalies at the peak of the 2015/2016 El Niño event. Sea
surface temperature (color shading; Reynolds et al., 2002) and precipitation (contours; Xie & Arkin, 1997) anomalies
during the November‐December‐January average. Contour spacing is 2 mm/day, and the thick solid line represents the 0
anomaly, which separates positive (solid lines) and negative (dashed lines) anomalies. Green dot denotes the location of
Kiritimati (Christmas) Island (2°N, 157°W); blue dot denotes the location of Fanning Island (4°N, 160°W); and red dot
denotes the location of Palmyra Island (6°N, 162°W).
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Speleothems



Speleothem formation

• The following conditions must exit for the formation of speleothems:

• The water entering the cave must contain CO2 to dissolve CaCO3

• The soil above the cave should contain CaCO3 which can be dissolved by water

• The ceiling of the cave needs some fissures for water flowing into the cave

• The growth rate of the speleothems is determined by several factors

• amount and rate of dripping water

• CO2 concentration of the drip water and within the cave

• CaCO3 concentration of the drip water

• cave temperature



Speleothem locations

[Comas-Bru et al., ClimPast, 2019]

Cave sites included in the SISAL database

L. Comas-Bru et al.: Evaluating model outputs using integrated global speleothem records 1563

Figure 1. Spatio-temporal distribution of SISALv1b database. (a) Spatial distribution of speleothem records. Filled circles are sites used in
this study (SISALv1 in blue; SISALv1b in green). Triangles are SISAL sites that do not pass the screening described in Sect. 2.3 and/or do
not cover the time periods used here (modern, MH and LGM). The background carbonate lithology is that of the World Karst Aquifer Map-
ping (WOKAM) project (Chen et al., 2017). (b) Temporal distribution of speleothem records according to regions. The non-overlapping bins
span 1000 years and start in 1950 CE. Regions have been defined as follows: Oceania (�60�<lat<0�; 90�<long<180�); Asia (0�<lat<60�;
60�<long<130�); Middle East (7.6�<lat<50�; 26�<long<59�); Africa (�45�<lat<36.1�; �30�<long<60�; with records in the Mid-
dle East region removed); Europe (36.7�<lat<75�; �30�<long<30�; plus Gibraltar and Siberian sites); South America (�60�<lat<8�;
�150�<long< � 30�); North and Central America (8.1�<lat<60�; �150�<long< � 50�).

Figure 2. Distribution of the number of single caves with speleothem growth through time. (a) Number of single caves with growth over
the last 500 000 yr BP (where present is 1950 CE) in 1000-year bins (solid line), bootstrapped estimate of uncertainty (shading between 5 %
and 95 % percentiles) and fitted exponential distribution (darker solid line). Horizontal bars denote previous interglacials. (b, c) Same as
(a) but with the fitted exponential distribution subtracted to highlight anomalies from the expected number of caves over the last 300 kyr BP.
Horizontal bars indicate periods with significantly greater (dark grey) or fewer (light grey) numbers of caves with speleothem growth than
expected. Green indicates the full global dataset; blue and red indicate temperate and tropical subdivisions respectively.

www.clim-past.net/15/1557/2019/ Clim. Past, 15, 1557–1579, 2019



Speleothem coverage

[Comas-Bru et al., ESSD, 2020]Temporal coverage of speleothems in the SISAL database

L. Comas-Bru et al.: SISALv2: a comprehensive speleothem isotope database with multiple age–depth models 2597

Figure 7. Global and regional temporal coverage of entities in the SISALv2. (a) Last 2000 years, with a bin size of 10 years; (b) last
21 000 years, with a bin size of 500 years; (c) the period between 115 000 and 130 000 years BP, with a bin size of 1000 years. BP refers to
“before present”, where present is 1950 CE. Regions defined as in Table 7.

Table 6. Percentage of entities uploaded to the different versions of the SISAL database with respect to the number of records identified
by the SISAL working group as of November 2019. The number of identified records includes potentially superseded speleothem records.
Regions are defined as: Oceania (�60� < Lat < 0�; 90� < Long < 180�), Asia (0� < Lat < 60�; 60� < Long < 130�), Middle East (7.6� <

Lat < 50�; 26� < Long < 59�), Africa (�45� < Lat < 36.1�; �30� < Long < 60�; with records in the Middle East region removed), Europe
(36.7� < Lat < 75�; �30� < Long < 30�; plus Gibraltar and Siberian sites), South America (S. Am.; �60� < Lat < 8�; �150� < Long <

�30�), North and Central America (N./C. Am.; 8.1� < Lat < 60�; �150� < Long < �50�).

Region Version 1 Version 1b Version 2
Entities Sites Entities Sites Entities Sites

Oceania 47.7 36.7 56.8 51.0 80.2 69.4

Asia 36.2 28.8 41.1 33.3 64.8 48.5

Middle East 21.2 31.1 28.8 35.6 42.3 48.9

Africa 63.2 62.5 63.2 62.5 73.7 87.5

Europe 48.0 51.9 54.6 58.7 75.3 77.9

S. Am. 30.6 39.5 40.8 50.0 77.6 73.7

N./C. Am. 35.7 36.7 51.8 56.7 70.5 73.3

https://doi.org/10.5194/essd-12-2579-2020 Earth Syst. Sci. Data, 12, 2579–2606, 2020



Speleothems

Bradley, Fig. 7.33

Dating:

• thorium analyses  
(230Th/234U)

• alternative dating via 
thermal ionization mass 
spectroscopy (TIMS)

Age:

• up to 400,000-500,000 
years

Analyses:

• Growth rate, δ18O, 
δ13C, …



Speleothems: Factors impacting the 𝛅18O record

[figure by: Laia Comas-Bru, Reading University, UK]



Speleothems: The Asian monsoon record
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The Asian monsoon over the past 
640,000 years and ice age terminations
Hai Cheng1,2, R. Lawrence Edwards2, Ashish Sinha3, Christoph Spötl4, Liang Yi5, Shitao Chen6, Megan Kelly2, Gayatri Kathayat1, 
Xianfeng Wang7, Xianglei Li1, Xinggong Kong6, Yongjin Wang6, Youfeng Ning1 & Haiwei Zhang1

The seasonal cycle of solar heating over Asia gives rise to the Asian 
monsoon (AM), a vast system of overturning atmospheric circulation 
that transports heat and moisture during boreal summer across the 
Indian Ocean and the tropical western Pacific into the Indian subcon-
tinent and southeastern Asia, and as far as northern China and Japan1 
(Extended Data Fig. 1). Cave climate records have been important in 
characterizing AM changes and their causes. Such records demonstrate 
large and, in many cases, abrupt changes in monsoon intensity, inferred 
to have affected large swaths of Asia1–4. A hallmark of these records is 
the precision with which age can be determined with modern U–Th 
dating methods5, thus allowing direct comparison with the orbital 
cycles without requiring orbital tuning1–4. This approach, however, has 
been hindered by limited temporal coverage. Here we report a record 
from China, which, together with previously published data, covers 
the complete U–Th dating range from 640,000 years (640 kyr) ago to 
the present. Previous Chinese cave studies have demonstrated a close 
correspondence between changes in the AM and shifts in Northern 
Hemisphere summer insolation (NHSI) on orbital timescales3,6 and a 
close relationship between the AM and climate in the North Atlantic 
region on millennial scales1–4,7,8. The latter has been used to correlate 
monsoon records with records from the North Atlantic region1–4,8. Of 
note are Heinrich stadials (HSs) or ice rafted debris (IRD) events of 
North Atlantic origin, some of which coincide with Weak Monsoon 
Intervals (WMIs) in China4,8. This correlation has been used to transfer 
the cave chronology to the marine oxygen isotope record, a strategy that 
has been important in establishing the timing of ice age terminations4 
and which we apply here.

Our new δ 18O data from Sanbao Cave, China, allow us to establish 
the timing of Terminations (T) V through to VII in addition to the pre-
viously determined timing of terminations back to T-IV (ref. 4) First, 
this allows us to test ideas about the 100-kyr pacing of late Pleistocene 
ice age cycles9 and the degree to which termination timing is consistent 
with obliquity and/or precession forcing10–16. Second, after removing 
the component of the AM that correlates with insolation, we examine 

the residual suborbital variation8 over the full record. We show that 
some aspects of millennial-scale variability relate to orbital geometry. 
Third, the full record now crosses the Mid-Brunhes Event (MBE), when 
the character of CO2 and ice volume cycles changed17–20. We assess the 
degree to which these changes affected the AM. Fourth, we estimate the 
timing and duration of maximal AM strength over the Marine Isotope 
Stage (MIS) 11, a period of time which can be used as an analogue to 
the Holocene and future climate because of similar orbital geometry21.

Samples and results
Sanbao Cave is on the northern slope of Mt Shennongjia in central China 
(110° 26′  E, 31° 40′  N, elevation 1,900 metres above sea level). Mean 
annual temperature is 8 °C, and mean annual precipitation is 1,950 mm, 
80% of which occurs during the summer (June to August). Four new 
stalagmites were collected ∼ 1,500 m from the cave entrance. Samples 
were dated by a recently improved 230Th dating technique5, yielding 
precise age control (for example, ±1.5 kyr at the time of T-V) (Extended 
Data Figs 2, 3 and Supplementary Table 1). New δ 18O measurements 
have a temporal resolution of between 200 and 70 years (average  
of ∼ 120 years) (Extended Data Fig. 4 and Supplementary Table 1). The 
replication test (Extended Data Figs 2, 4) and other lines of reasoning1–4 
suggest that speleothem δ 18O variability results from changes in the δ 
18O of precipitation.

The climate interpretation of changes in the cave δ 18O records from 
China remains a subject of intense debate1. However, most studies sup-
port one or both of the ideas presented in the original studies. Yuan 
et al.22 invoked Rayleigh fractionation to show that changes in the frac-
tion of water vapour rained out between tropical sources and the cave 
site could account for the observed variability in the cave records. Most 
modelling studies (Liu et al.23 and references therein) support this idea, 
although most refer to the process as ‘upstream depletion’. Cheng et al.4 
proposed that changes in the fraction of low δ 18O monsoon rainfall in 
annual totals could also explain the record. Recent theoretical24 and 
empirical25 studies support this idea, with the latter showing that both 

Oxygen isotope records from Chinese caves characterize changes in both the Asian monsoon and global climate. Here, 
using our new speleothem data, we extend the Chinese record to cover the full uranium/thorium dating range, that is, the 
past 640,000 years. The record’s length and temporal precision allow us to test the idea that insolation changes caused by 
the Earth’s precession drove the terminations of each of the last seven ice ages as well as the millennia-long intervals of 
reduced monsoon rainfall associated with each of the terminations. On the basis of our record’s timing, the terminations 
are separated by four or five precession cycles, supporting the idea that the ‘100,000-year’ ice age cycle is an average of 
discrete numbers of precession cycles. Furthermore, the suborbital component of monsoon rainfall variability exhibits 
power in both the precession and obliquity bands, and is nearly in anti-phase with summer boreal insolation. These 
observations indicate that insolation, in part, sets the pace of the occurrence of millennial-scale events, including those 
associated with terminations and ‘unfinished terminations’.

1Institute of Global Environmental Change, Xi’an Jiaotong University, Xi’an 710049, China. 2Department of Earth Sciences, University of Minnesota, Minneapolis, Minnesota 55455, USA. 
3Department of Earth Sciences, California State University, Dominguez Hills, Carson, California 90747, USA. 4Institut für Geologie, Universität Innsbruck, A-6020 Innsbruck, Austria. 5State Key 
Laboratory of Marine Geology, Tongji University, Shanghai 200092, China. 6College of Geography Science, Nanjing Normal University, Nanjing 210023, China. 7Earth Observatory of Singapore, 
Nanyang Technological University, 639798 Singapore.
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dating methods5, thus allowing direct comparison with the orbital 
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correspondence between changes in the AM and shifts in Northern 
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region on millennial scales1–4,7,8. The latter has been used to correlate 
monsoon records with records from the North Atlantic region1–4,8. Of 
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Intervals (WMIs) in China4,8. This correlation has been used to transfer 
the cave chronology to the marine oxygen isotope record, a strategy that 
has been important in establishing the timing of ice age terminations4 
and which we apply here.

Our new δ 18O data from Sanbao Cave, China, allow us to establish 
the timing of Terminations (T) V through to VII in addition to the pre-
viously determined timing of terminations back to T-IV (ref. 4) First, 
this allows us to test ideas about the 100-kyr pacing of late Pleistocene 
ice age cycles9 and the degree to which termination timing is consistent 
with obliquity and/or precession forcing10–16. Second, after removing 
the component of the AM that correlates with insolation, we examine 

the residual suborbital variation8 over the full record. We show that 
some aspects of millennial-scale variability relate to orbital geometry. 
Third, the full record now crosses the Mid-Brunhes Event (MBE), when 
the character of CO2 and ice volume cycles changed17–20. We assess the 
degree to which these changes affected the AM. Fourth, we estimate the 
timing and duration of maximal AM strength over the Marine Isotope 
Stage (MIS) 11, a period of time which can be used as an analogue to 
the Holocene and future climate because of similar orbital geometry21.
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Sanbao Cave is on the northern slope of Mt Shennongjia in central China 
(110° 26′  E, 31° 40′  N, elevation 1,900 metres above sea level). Mean 
annual temperature is 8 °C, and mean annual precipitation is 1,950 mm, 
80% of which occurs during the summer (June to August). Four new 
stalagmites were collected ∼ 1,500 m from the cave entrance. Samples 
were dated by a recently improved 230Th dating technique5, yielding 
precise age control (for example, ±1.5 kyr at the time of T-V) (Extended 
Data Figs 2, 3 and Supplementary Table 1). New δ 18O measurements 
have a temporal resolution of between 200 and 70 years (average  
of ∼ 120 years) (Extended Data Fig. 4 and Supplementary Table 1). The 
replication test (Extended Data Figs 2, 4) and other lines of reasoning1–4 
suggest that speleothem δ 18O variability results from changes in the δ 
18O of precipitation.

The climate interpretation of changes in the cave δ 18O records from 
China remains a subject of intense debate1. However, most studies sup-
port one or both of the ideas presented in the original studies. Yuan 
et al.22 invoked Rayleigh fractionation to show that changes in the frac-
tion of water vapour rained out between tropical sources and the cave 
site could account for the observed variability in the cave records. Most 
modelling studies (Liu et al.23 and references therein) support this idea, 
although most refer to the process as ‘upstream depletion’. Cheng et al.4 
proposed that changes in the fraction of low δ 18O monsoon rainfall in 
annual totals could also explain the record. Recent theoretical24 and 
empirical25 studies support this idea, with the latter showing that both 
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Speleothems: The Asian monsoon record

[Cheng et al., Nature, 2016]
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processes can affect Chinese cave δ 18O. For both, lower δ 18O implies 
higher spatially integrated monsoon rainfall between the tropical mon-
soon sources and the cave site and/or higher summer monsoon rainfall 
in the cave region. Thus, in this study, we use the terms ‘strong mon-
soon’ and ‘weak monsoon’ to refer to low and high cave δ 18O, respec-
tively, consistent with results from theoretical and empirical studies.

Our new records span from 640 to 330 kyr bp (before present, where 
present =  ad 1950), which together with previous records (from 384 kyr bp  
to present), allow the construction of a composite AM δ 18O record, 
covering the past 640 kyr (Extended Data Fig. 4). The record is char-
acterized by millennial-scale variations superimposed on a quasi-sine-
wave-like orbital-scale variability that broadly tracks 21 July NHSI3,6 
(Fig. 1). Removal of orbital-scale variations yields a record of the 
suborbital variability of the AM (the ∆ δ 18O record)8 (Extended Data  
Figs 5, 6). Detrending methods (for example, choice of insolation curve) 
could introduce artefacts in the ∆ δ 18O record, for which we tested by 
removing the orbital component of the record using insolation curves 
from a range of times encompassing the boreal summer months. 
Similar ∆ δ 18O power spectra independent of detrending curve suggest 
that this artefact is not significant. Detrending methods and sensitivity 
tests are described in the legends of Extended Data Figs 5, 6 and in  
Methods.

Timing and character of terminations
The gradual build-up and rapid termination of ice ages with an ∼ 100-kyr 
cycle are a well-known feature of the past ∼ 650 kyr (ref. 9). Although both 
glacial cycles and changes in eccentricity share common spectral power, 
the latter generates negligible change in insolation, thus presenting an 
enduring climate puzzle—the so-called ‘100-kyr problem’9. A number  

of hypotheses have been put forth to address this problem. One hypoth-
esis explains the 100-kyr cycle as an average of 4 to 5 discrete preces-
sion cycles, with missed beats in between10,11. Another invokes 2 to 3  
obliquity cycles12,13, again with missed beats. Yet another invokes a 
combination of both obliquity and precession14–16. Others call for inter-
actions involving internal oscillations in the Earth system26,27.

Cheng et al.4 have shown that each of the last four terminations 
is characterized by one or two WMIs, which coincide with HSs 
observed in North Atlantic marine cores7,8. Abrupt WMI endings are 
 synchronous with abrupt increases in atmospheric CH4 in Antarctic 
ice cores4. Using these cave–marine and cave–ice core correlations, 
Cheng et al.4 placed the events observed in marine and ice cores on 
a cave  chronology and made the following observations: the WMIs  
correlated with a good portion of each marine termination; the WMIs 
and the marine terminations took place at a time of rising NHSI; and 
most of the CO2 rise associated with each termination took place dur-
ing the WMIs (Extended Data Fig. 7). On the basis of these observa-
tions, Cheng et al.4 suggested that for each termination, the rise in 
insolation triggered the initial melting of the ice sheets. The North 
Atlantic cold anomaly that resulted from input of ice and meltwater 
rearranged oceanic and atmospheric circulation, causing the WMIs 
and resulting in the rise in atmospheric CO2. The latter, along with a 
continuing rise in insolation drove the termination4,28.

The unparalleled length and temporal precision of our cave record 
allow us to extend the aforementioned approach to robustly test ideas 
about the classic ‘100-kyr problem’. Our data indicate that glacial ter-
minations T-VII to T-V were also associated with WMIs (Fig. 2). The 
T-V WMI occurred between ∼ 430.5 ±  1.5 and ∼ 426 ±  2 kyr bp. The 
T-VI WMI, centred at 532.3 ±  3.5 kyr bp, has a duration of ∼ 4.5 kyr, 
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Figure 1 | Asian monsoon variations in the context of the Earth’s 
orbital parameters. a–c, Changes in obliquity (a), eccentricity (b) and 
precession45 (c). d, The composite AM δ 18O record (green; this study) and 
21 July insolation at 65° N (ref. 45; pink). e, Termination pacing and duration. 
Vertical bars mark the timing of WMIs correlated to glacial terminations 

(grey) and two similar events (MIS 4/3 and 5.2/5.1 transitions) (yellow). 
The timing of T-IIIa-WMI in this study differs from the one described in 
ref. 4, although we consider the latter a plausible alternative (see main text 
and Extended Data Fig. 9). f, The composite sea level17. The timings of 
MBE, MIS 11, 7.3, 7.4, 15.1 and 15.2 are also depicted.
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Pollen analyses

https://paleonerdish.wordpress.com/2013/08/19/pollen-analysis-and-the-science-of-climate-change/

M. Chevalier et al.: Pollen-based climate reconstruction techniques for late Quaternary studies 
Earth Science Reviews, 2020

https://paleonerdish.wordpress.com/2013/08/19/pollen-analysis-and-the-science-of-climate-change/


Pollen analyses

• every year, about ~109 kg pollen and spores are emitted to the atmosphere

• a pollen compilation often represents the existing vegetation very well

• pollen can be classified very well due to their characteristic shape and colour

• pollen are stable on long time scales(!)

• pollen samples can be found both in lake sediments as well as in other terrestrial archives

• the majority of pollen samples stems from the Holocene and/or the last glacial

• The vegetation composition at one location often relies on a very few number of 
climate parameters (hours of sunshine, temperature, precipitation)

• key issues for paleoclimate pollen analyses:

• How fast does a vegetation pattern adapt to local climate changes?

• Does it always adapt in the same manner?



Pollen diagrams

http://www.geus.dk/departments/quaternary-marine-geol/research-themes/env-cli-pollen-uk.htm

http://www.geus.dk/departments/quaternary-marine-geol/research-themes/env-cli-pollen-uk.htm


Calibration of Pollen Studies

Bradley, Fig. 9.11



Tree Rings

https://www.sciencenews.org/article/tree-story-book-explores-what-tree-rings-can-tell-us-about-past



Tree Rings

• Variations of tree ring width and density are 
an indicator of (local) climate change

• the use of tree rings to reconstruct climate 
change is called dendroclimatology
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Dendroclimatology

• The width of the annual tree rings is in general a complex function that depends on the 
tree species, tree age, available nutrients (in the soil and in the tree), sun shine hours, 
amount of precipitation, temperature, wind conditions, relative humidity, etc.)



The Imprint of Climate Changes in Tree Rings

Bradley, Fig. 10.4



Dendroclimatology

• The width of the annual tree rings is in general a complex function that depends on the 
tree species, tree age, available nutrients (in the soil and in the tree), sun shine hours, 
amount of precipitation, temperature, wind conditions, relative humidity, etc.)

• at suitable sites (and for suitable tree species) the function can be reduced to 1-2 
influencing parameters, only

• Dating methods: 14C, cross dating using several different trees

• Analyses: Density variations, 18O



Climate reconstructions using tree ring records

• a modern calibration (=relation between tree ring record and climate variable, e.g. 
temperature) is used to convert past tree ring variations into climate changes

• similar to other methods, one has to assume a priori that the the modern 
calibration curve can be applied for past times 
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Climate reconstructions using tree ring records

Bradley, Fig. 10.22, 10.28

• tree ring records can be a 
good proxy for regional 
climate changes during 
the last centuries

• many records show 
substantial warming in the 
20th century
• however, the latest warming 

is missing in some of the 
tree records



Further climate archives
• lake sediment cores 

• loess archives

• snow-line reconstructions 
and glacier movements

• lake level changes

• ….

The loess/palaeosol sequence at Potou, Central Loess Plateau, China. The darkest of the bands 

seen in the sequence is the palaeosol complex S5. Search for the intrepid field-workers just above 

S4 for scale!  http://www.aber.ac.uk/~qecwww/loessprog.html

v. Grafenstein et al., Science, 1999

or with only weak external triggering (4 ).
Here we present a detailed quantitative esti-
mation of !18OP in mid-Europe (from Am-
mersee, Germany) for the time period from
15,000 to 5000 years before the present, in-
cluding the youngest of these DOEs. The new
record, in which each analysis comprises
"11 years, permits comparison of European
and Greenland climate during this period
based on the same proxy and with almost
identical temporal resolution and precision.

The Ammersee is a hard-water lake 20 km
long and 81 m deep and is situated about 50 km
southwest of Munich. The modern isotope hy-
drology of the lake is such that the oxygen
isotopic composition of lake water (!18OL) is
simply linked to the oxygen isotopic composi-
tion of precipitation (!18OP) (5). Even extreme
hydrological shifts, such as a 50% decrease or
increase in the input into the lake or in evapo-
ration from the lake’s surface, would change
the observed offset between !18OL and !18OP

(0.75‰) only by #0.38‰. The !18O of ostra-
cod shells from the profundal Ammersee can be
used as direct tracer for !18OL. Water temper-
atures below 50-m water depth were probably
close to 4°C throughout the lake’s history. The
temperature-dependent fractionation between
calcite and water ("$0.25 ‰/K) can therefore
be considered as constant. Vital offsets for !18O
of the used species are known (6). A 200-year
record of !18OP from ostracods from this lake is
well correlated with 200 years of mean air
temperatures from the Hohenpei%enberg obser-
vatory in the watershed of the Ammersee. The
inferred temporal !18OP-temperature gradient
for this period is 0.58 ‰/°C (5), almost identi-
cal to the interannual temperature sensitivity of
!18OP in Europe as derived from three decades
of direct measurements (0.6 ‰/°C) (7).

!18O records of lake marls (8, 9) and of

benthic ostracods (10–12) in Europe, includ-
ing littoral and sublittoral cores from the
Ammersee (13, 14 ), have provided qualita-
tive evidence for contemporaneous variations
in !18OP of Greenland and Europe during the
Late Glacial. However, extracting !18OP from
such records has been impeded by secondary
hydrological, water-temperature, and archive-
specific effects and by their low temporal
resolution (usually considerably more than
100 years per sample).

We analyzed data from two new cores
from the Ammersee collected at 70-m water
depth (AS96-1 and AS93-1). Together with
the record from core AS92-5 (15), these new
data provide an almost continuous !18OL

record for the period from 15,500 to 5500 yr
B.P. (Fig. 1) at a temporal resolution of "11
years. We infer !18OP from !18OL by correct-
ing for the observed present-day difference of
$0.75‰, assuming that variations of the
drainage-basin water balance (precipitation
minus evapotranspiration) and of the long-
term humidity have only negligible effect.

Within the sample resolution, the three
major isotope shifts in AS96-1 match the
major lithological changes. These changes
are also seen in the shallow-water cores, and
we thus used them to correlate the record
with the regional pollen assemblage zones.
The youngest part of the Ammersee !18OP

record (AS92-5, 8500 to 5000 cal. yr B.P.)
has been correlated to the GRIP !18Oice

record with four 14C measurements of macro
remains (15 ). The new records also repro-
duce in great detail the GRIP !18O variations,
if we account for the different offsets of the
depth scales and the generally lower sedi-
mentation rates at sites AS93-1 and AS96-1
(Fig. 1). The clearly visible common features
(the rapid transitions as well as the N-shaped

early-Holocene event and the 8.2-ky event; sol-
id lines in Fig. 1) and one 14C date (11,580 #
100 14C-yr B.P., at 1167.25-cm core depth)
were used as tie points for an initial age model.
This corrects for the major changes of accumu-
lation rates, expected as a result of observed
lithological changes. Linear interpolation of the
sample ages between these tie points is suffi-
cient to achieve agreement within "100 years
of even very small !18O shifts (dashed lines in
Fig. 1). Wiggle matching only was used to
provide a final match, likely compensating
moderate variations of sedimentation rates
within the lithological units.

We tested this age model (GRIP-AS) by
developing a second independent chronology
for the AS96-1 record. The low-!18O events in
the Ammersee record were matched to the Late
Glacial cold phases as determined by lithologi-
cal and palynological signals in a varved record
from Lake Meerfelder Maar (MFM), situated
about 500 km northwest of Ammersee (16).
The Laacher See Tephra (12,880 yr B.P.) was
used as an additional control point. The result-
ing depth-age functions (Fig. 2) confirm the
reliability of our age model. Age differences
between GRIP-AS and MFM-AS only exceed
150 years close to the base and top of the MFM
chronology, where significant climate events
are rare.

The Ammersee and GRIP !18OP records
were transformed into contemporaneous 10-
year averages. Adjusting the records to the re-
spective modern !18OP values and expanding
the European scale by the slope (1.5) of the
linear regression (R2 & 0.85) illustrates (i) that
the correlation on centennial times scales might
be even higher and (ii) that the records on
millennial scale systematically deviate from the
overall linear correlation (Fig. 3). The high
similarity of short-term climate events, despite

Fig. 1. (Top graphs) Oxygen-
isotope values of calcite
shells of Candona sp. ( juve-
niles of Fabaeformiscandona
levanderi and Fabaeformis-
candona tricicatricosa) from
sediment cores AS92-5 (green)
(15), AS93-1 (blue), and
AS96-1 (red); see (33) for
further sampling details and
isotope measurements. As-
terisks and tilted labels in-
dicate available 14C dates;
black bars denote the possi-
ble range of respective cal-
endar years. (Lower graph)
!18O ice record from Sum-
mit Greenland (GRIP) in a
10-year resolution based on
the age model ss08c. Solid
and dashed lines point to
correlative events in both
records.

R E P O R T S
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Nam Co lake, Tibetan Plateau

PMIP Global Lake Status For The Mid-Holocene And Last Glacial Maximum
[https://pmip2.lsce.ipsl.fr/synth/lakestatus.shtml]

https://pmip2.lsce.ipsl.fr/synth/lakestatus.shtml
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Slides available at:
https://paleodyn.uni-bremen.de/study/climate2023_24.html

https://paleodyn.uni-bremen.de/study/climate2023_24.html

