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Earth climate is changing! For geoscientists who 

probe the sedimentary and ice paleoclimate archives, 
this will be old news. Since the onset of major glaci-
ations in the Northern Hemisphere about three mil-
lion years ago, Earth climate has gradually cooled 
and at the same time oscillated from cold (glacial) to 
warm (interglacial) intervals. We live in one of those 
warm intervals, the Holocene, during which the cli-
mate has remained relatively constant for about 10 ky. 
The Holocene followed the Last Glacial Maximum, a 
time 20 ka when half of North America and most of 
Northern Europe were covered by ice sheets several 
km thick and sea level had fallen by more than 120 m.  

Over at least a few 100 ky cycles, long cold gla-
cials have alternated with short warm interglacials, 
perhaps in response to varying incoming solar radia-
tion caused by the 100 ky eccentricity cycle in 
Earth’s orbit. Because the current interglacial has 
already been about as long as the previous one, an 
expectation exists that another ice age might be im-
minent in the absence of human intervention. How-
ever, eccentricity also exhibits a 413 ky orbital varia-
tion, so the interglacial centered at 400 ka known as 
marine isotope stage (MIS) 11 is probably a better 
analogue for our current status than are any other 
recent interglacials. Indeed, the Earth orbital parame-
ters characteristic of interglacial MIS 11 are repeated 
almost identically during the Holocene. Both inter-
glacials correspond to times when the eccentricity of 
the Earth orbit was at its minimum so that the ampli-
tude of the precessional cycle was damped.  

The interval including MIS 11 and MIS 9, often re-
ferred to as Mid-Brunhes, has often been considered 
an unusually warm time interval in the last 1.0 My. 
Reviews of the literature by Burckle (1993), Hodell 
(1993), Howard and Prell (1994), Howard (1997), 
Poore et al. (1999), and Droxler and Farrell (2000 

and references therein) indicate that unusual climatic 
conditions occurred during the Mid-Brunhes. Rela-
tive to MIS 5 and the Holocene (MIS 1), MIS 11 and 
MIS 9 display prolonged and perhaps intense warmth, 
generally higher sea level stands, unusual penetration 
of warm surface waters pole-ward and unusually 
large sea floor carbonate accumulation in the South-
ern Oceans.  Moreover, MIS 11 stands alone as a 
unique interglacial interval: it has been recognized as 
an unusually strong and probably the longest late 
Pleistocene interglacial MIS; it exhibited warm inter-
glacial climatic conditions for an interval of at least 
30 ky, a duration twice as long as the most recent 
interglacial stages; it occurred after a gradual cooling 
of Earth’s climate over a 2.5 My-long period; and it 
is characterized by a return to climatic conditions that 
were probably only observed prior to 2.2 Ma based 
upon high resolution oxygen isotope records (Figure 
1; Mix et al., 1995).  

Moreover, MIS 11 is characterized by the highest-
amplitude deglacial warming in the past 5 My. MIS 
11 most likely witnessed sea levels 13 to 20 meters 
above current sea levels, which would imply that, at 
minimum, the Greenland and West Antarctic ice 
sheets had melted. So far only Scherer et al. (1998) 
have suggested a collapse of the West Antarctic ice 
sheet at that time. The combination of increased sea 
surface temperatures at low latitudes and flooding, 
after a long exposure interval, of former late Pliocene 
and early Pleistocene coastal deposits and isolated 
carbonate bank tops probably triggered the estab-
lishment of modern barrier reefs and atolls during 
MIS 11. It is not fortuitous, therefore, that MIS 11 
also stands out as a pulse of carbonate dissolution in 
carbonate records from sub-thermoclinal to abyssal 
depths at low and mid latitudes in the global oceans 
and some marginal seas (Droxler et al., 1997; Droxler 
and Farrell, 2000). The terrestrial record also sug-
gests that MIS 11 represents in most instances the 
longest, and perhaps warmest, interglacial stage in 
the past 500 ky, based upon pollen records from lakes 
and the magnetic susceptibility of loess and interbed-
ded soils from the Loess Plateau of China (Kukla et 
al.1988). 

Finally, in contrast with most other Quaternary in-
terglacials, MIS 11 has not yet been successfully ex-
plained and modeled solely within the context of Mi-
lankovitch forcing mechanisms. Indeed, current com-



puter models are not capable of reproducing this un-
usually strong interglacial as recorded in many oce-
anic and continental paleoclimatic records (Imbrie 
and Imbrie, 1980; Berger and Wefer, this volume and 
references therein). The reason is clear: due to the 
extremely low eccentricity of Earth’s orbit during 
most of the MIS 11 interval, the overall depressed 
summer insolation within the range of 60 to 70 de-
grees north latitude was too low as an external forc-
ing to reproduce the highest-amplitude deglacial 
warming and the best-developed, long lasting, and 
strongest late Quaternary interglacial interval. 

Among late Quaternary interglacial intervals, MIS 
11 is obviously a unique and exceptionally long in-
terglacial that can be used as a window into future 
climate conditions. In this regard, one of the most 
puzzling and challenging questions that faces us in 
climatology, particularly in the context of the recent 
anthropogenic increase of atmospheric greenhouse 
gases, concerns the unusual climatic conditions char-
acteristic of MIS 11. Will such conditions be dupli-
cated in the Earth’s future climate during the next 10 
to 20 ky? Before attempting to answer this question, 
and because of the uniqueness of MIS 11, it is impor-
tant to place MIS 11 in the context of the climate on 
Earth in the past 5 My.  
 
1. GLACIAL MIS 12 TO INTERGLACIAL MIS 11 
TRANSITION: A MAJOR STEP IN THE LAST 3.0 

My CLIMATE RECORD 
 

During the roughly 2 My’s-long early Pliocene in-
terval, climate on Earth was warmer and more stable 
than during the late Miocene and the following late 
Pliocene and Quaternary. The warm climate condi-
tions ended with the onset of widespread Northern 
Hemisphere glaciation at about 3.0-2.7 Ma (Willis et 
al., 1999 and reference therein), ending more than 
200 million years without widespread bipolar glacia-
tion. Cooling continued through the late Pliocene and 
Quaternary. Although the Earth climate has been in a 
glacial mode since the beginning of the late Pliocene, 
the Northern Hemisphere ice sheets, located at rela-
tively lower latitudes than the Antarctic ice sheets 
centered on the southern pole, have remained unsta-
ble, and waxed and waned numerous times. The 
Earth climate, therefore, has fluctuated on a cyclic 
basis from mostly cold to shorter relatively warm 
intervals (glacial to interglacial stages), first at high 
frequency and low amplitude and then at lower fre-
quency but much higher amplitudes 

Because the range of water temperature variations 
at abyssal depths is expected to have remained mini-
mum during the Quaternary and late Pliocene (al-
though with some changes; Schrag et al. (1996)), 
oxygen isotopes measured from benthic foraminifers 

are thought to be the most reliable record of ice vol-
ume variations. For instance, the benthic oxygen iso-
tope record at ODP Site 849 from the eastern equato-
rial Pacific Ocean in 3839 m of water depth (Figure 
1; Mix et al., 1995) has been used as a reliable proxy 
for ice volume and, therefore, climate and sea level 
changes for the last 5 My. Figure 1 clearly illustrates 
two characteristics of the Earth climate evolution 
since the onset of glaciations in the Northern Hemi-
sphere: (1) the gradual cooling of the Earth climate in 
the past 3.0 My and (2) the Earth climate cyclic fluc-
tuations, first at about 41ky per cycle linked to the 
variations of the tilt of the Earth axis (or obliquity) 
and then at a lower frequency of about 100ky per 
cycle (or orbital eccentricity). 

Although the passage from the 41 to 100 ky cli-
mate cycles has been referred to as the Mid Pleisto-
cene Revolution, this transition is often considered to 
have stretched from 1.2 to 0.6 Ma (or Croll Interval, 
Berger and Jansen, 1994) and, therefore, may not 
have been abrupt enough to deserve such a name. 
Instead, as Jansen et al. (1986) already partially dem-
onstrated, it is important to focus on the unusually 
high amplitude transition from MIS 12 to MIS 11, 
perhaps the largest change observed in the glacial 
records. 

After visually observing several 5 My-long δ18O 
records as the one at ODP Site 849, as shown in Fig-
ure 1, it is clear that the most significant change in 
the climate record in the past 3 My occurred at the 
transition from MIS 12 to MIS 11. This transition 
seems to mark the end of the gradual cooling of the 
Earth climate, clearly illustrated by the 0.6-0.8 per 
mil δ18O increase of the glacial and interglacial MIS 
values at Site 849 since 3.0 Ma for about 2.5 My 
(Figure 1). During that interval, only a few MIS in-
terglacial and glacial values stand outside in the 
overall trend of gradual climate cooling (schemati-
cally shown by the gray box in Figure 1). δ18O values 
for a few interglacial stages, such the ones during 
MIS 31 and 37, were unusually lighter. Moreover 
glacial δ18O values during MIS 16 were the heaviest 
values recorded since the onset of Northern Hemi-
sphere glaciations and clearly fall outside of the 
overall trend of the gradually increasing glacial MIS 
values. Those exceptionally heavy glacial MIS 16 
values were duplicated one more time during glacial 
MIS 12. The unusually light δ18O values of intergla-
cial MIS 11 stick out among the interglacial values of 
the numerous preceding interglacial stages since 2 
Ma. Moreover, those light values of MIS 11 were 
probably either as light as, or often lighter than, the 
values recorded for the most recent interglacial stages 
MIS 9, 5e, and 1. In summary, the transition from 
glacial MIS 12 (the heaviest glacial values with MIS 
16) to interglacial MIS 11, characterized by some of  



 
 
Figure 1. The benthic oxygen isotope record at ODP Site 849 from the eastern equatorial Pacific Ocean in 3839 m of water depth 
(Mix et al., 1995) can be used as a reliable proxy for ice volume and, therefore, climate and sea level changes for the last 5 My. 
Since the onset of major glaciations in the Northern Hemisphere about 3.0 to 2.7 Ma, the Earth climate evolution displays three 
main characteristics: (1) the gradual cooling of the Earth climate in the past 3.0 My, (2) the Earth climate cyclic fluctuations first 
at about 41 ky per cycle linked to the variations of the tilt of the Earth axis (or obliquity) and then at lower frequency of about 
100 ky per cycle (or orbital eccentricity), and (3) the transition from glacial MIS 12 (the heaviest glacial values with MIS 16) to 
interglacial MIS 11, characterized by the first lightest values in the late Quaternary, therefore a unique glacial to interglacial tran-
sition due to its extreme amplitude.  
 
the lightest values in the late Quaternary, is unique by 
its extreme amplitude. The uniqueness of the step at 
the transition from glacial MIS 12 to interglacial MIS 
11, clearly illustrated at Site 849 (Figure 1), shows up 
even better in a stack of six tropical high resolution 
δ18O records from the Atlantic and eastern Pacific 
oceans for the last 850 ky recently published by 
Karner et al. (2002). 

As the introduction continues, we will discuss, 
comment on, and link the sixteen contributions that 
make up this monograph. The contributions, all fo-
cused on MIS 11, have been grouped in four parts: 

• uniqueness or interchangeable ice ages; 

• unexceptionally warm ocean temperatures at high 
and mid latitudes; 
• carbonate bloom at low latitudes and carbonate 
bust in the deep sea 
• continental records: longer and wetter, not neces-
sarily warmer 

 
2. UNIQUENESS OR INTERCHANGEABLE 

ICE AGES 
 

Milankovitch theory has long labored under the 
spectral specter. Older than the radiocarbon horizon 
of about 50 ka, available data typically were not good 
enough to date individual ice-age events with suffi-



cient precision to learn their relation to the insolation 
forcing. Instead, an age marker many cycles old was 
chosen (the Brunhes/Matuyama boundary), and depth 
in sediment converted to interpolated age. Then pa-
leoclimatic proxies such as foraminiferal-shell oxy-
gen-isotopic ratios dated by this procedure were ana-
lyzed using a Fourier transform or other spectral 
technique to identify the dominant periodicities. 
Near-correspondence between the four largest peaks 
in the power spectrum from such analyses (near 19 ka, 
23 ka, 41 ka and 100 ka) and four prominent peaks in 
the forcing function then demonstrated Milankovitch 
control of ice-age cycles (Hays et al., 1976). 

Even multi-millennial dating errors are not espe-
cially consequential in such an analysis, serving to 
broaden or slightly shift the peaks in the power spec-
trum but not to obscure the peak structure. One can 
even improve the record a little by accepting the 
Milankovitch control based on the power-spectrum 
peak-matching, and then adjusting the ages to 
sharpen the peaks. Despite the success of such analy-
ses, it appears that some members of the broad com-
munity harbor doubts about spectral solutions, and 
many members of the community dislike orbital tun-
ing. Even though the tuning-after-peak-matching 
approach is not truly circular, it seems to strike many 
people as too loose a spiral. This is evident in the 
great flurry of excitement that greeted the Devils 
Hole record apparently showing a climate change 
leading insolation at termination II (Winograd et al., 
1992; Broecker, 1992; the Winograd et al. paper has 
been cited over 175 times). 

One objection to spectral approaches has been the 
apparent mismatch between the weak eccentricity 
forcing at 100 ka and 400 ka, versus the strong re-
sponse at 100 ka but weak response at 400 ka. As 
discussed in the papers in this section, however, the 
400 ka cycle is making itself felt in interesting ways. 
Possibly the biggest problem with the original spec-
tral approach is the use of all the data to obtain one 
answer. As the papers in this book so clearly demon-
strate, the different ice ages are not interchangeable. 
Rather, each event is unique, and this uniqueness 
contains a wealth of information that must be ex-
tracted if we are to truly understand the climate sys-
tem. Of course, the spectral scientists recognized this, 
and have been among the leaders in pushing for al-
ternatives. Nonetheless, the idea of interchangeable 
ice ages was so seductive that it may have slowed 
research somewhat, and it is important to advance the 
focus on uniqueness that underlies this book. 

The difficulty remains that characterizing the 
uniqueness of ice ages requires exquisitely good data 
and analyses, both for age and for climatic variable 
recorded. Alley et al (2002) recently reviewed the 
still-vigorous debates centered on the timing of 

northern and southern temperature changes versus 
insolation at termination I, well within the radiocar-
bon window. They also advanced a traditional inter-
pretation with northern insolation driving ice-age 
cycles, for the same data that Broecker and Hender-
son (1998) and Henderson and Slowey (2000) inter-
preted to indicate that northern insolation was not 
driving ice-age cycles.  This serves to illustrate the 
difficulty of obtaining unambiguous answers. The 
wonderfully dated Devils Hole record has not over-
thrown Milankovitch theory probably because Devils 
Hole provides a record of groundwater isotopic com-
position, and the link from there to even regional 
temperature is indirect (Grootes, 1993). The ice-age 
data problem--obtaining records with good enough 
calibration, sufficiently accurate and precise dating, 
and sufficient time resolution to characterize the 
uniqueness of different ice-age cycles--will not be 
solved quickly, easily, or cheaply. Fortunately, pro-
gress is being made, as shown by much recent re-
search including the papers in this book, and in par-
ticular by the four papers that follow on external and 
internal climate forcing. 

First, A. Berger and Loutre’s contribution to part I 
of this monograph, as also expressed in other recent 
papers by Berger and Loutre (2002) and Loutre and 
Berger (2003), builds on their distinguished work on 
insolation forcing and climatic response through a 
careful summary of the unique character of the inso-
lation forcing of each interglacial. They use calcu-
lated forcing and climate-model results to argue that 
MIS 5 is not an especially good analog for MIS 1 (the 
Holocene), but that MIS 11 comes close. The 400 ka 
eccentricity underlies the MIS 1- MIS 11 match; with 
eccentricity at a low level now as during MIS 11, 
precessional forcing is weak. From the MIS 1-MIS 
11 analogy, Berger and Loutre suggest that the ongo-
ing MIS 1 interglaciation is likely to be warm, espe-
cially sensitive to greenhouse-gas forcing, and prone 
to high sea level from melting of ice sheets; implica-
tions for research agendas focused on MIS 1 are ob-
vious. 

Raynaud et al. provide further insights to the criti-
cal Vostok ice-core records. The Vostok core com-
prises meteoric ice formed from snowfall and lacus-
trine ice frozen on the base of the glacier from the 
lake beneath, both containing climate records. The 
key ice from MIS 11 lies close to the base of the me-
teoric ice column and has been quite near the bed of 
the glacier before the lacustrine ice grew. The authors, 
mindful of the possibility of ice-flow or other distur-
bance, carefully consider the fidelity of the record. 
MIS 11 ice is present, but ice from the very warmest 
part may be missing. Model results driven by the 
available data indicate that details of the timing of 
insolation versus carbon-dioxide changes may have 



been critical in determining the length and character 
of the MIS 11 interglaciation, and by implication, of 
the ongoing interglaciation. However, the recon-
structed conditions for MIS 11 do not readily remove 
a significant part of their model Antarctic ice sheet 
unless accumulation rates were rather low at that time. 

W.H. Berger and Wefer, drawing on long experi-
ence in the field, give an overview of important ice-
age problems, and in particular why MIS 11 climate 
as recorded in many archives appears more anoma-
lous than does its forcing. The answer again empha-
sizes the uniqueness of each stage; MIS 11 may have 
been so warm because MIS 12 was so cold. MIS 12 
in turn may have been so cold because processes in-
ternal to the climate system including ice-sheet feed-
backs became especially prominent at that time. 

Finally, Karner and Marra use high-precision ar-
gon-argon dating of volcanic horizons intercalated 
with sea-level high-stand deposits to directly con-
strain the timing of MIS 11. Their result is consistent 
with the SPECMAP time scale, and confirms the 
W.H. Berger and Wefer argument that MIS 11 does 
represent a relatively large response to a relatively 
small forcing. The close coupling of model and data, 
of forcing and response, shown in these papers and 
others in this book certainly points the way to im-
proved understanding. Better data will always help. 
We can hope that scientists will vigorously pursue 
work similar to that of Karner and Marra, and that 
additional Antarctic ice coring, perhaps at Dome 
Concordia or elsewhere, will show an even better 
MIS 11 sequence. Until then, it is clear that MIS 11 
has much to teach us about MIS 1, and perhaps even 
more to teach us about the earth system as a whole. 

 
3. UNEXCEPTIONALLY WARM OCEAN TEM  
PERATURES AT HIGH AND MID LATITUDE 

 
Solving a series of unanswered basic questions is 

still needed to improve our understanding of MIS 11 
by developing and interpreting marine records at high 
and middle latitudes in both hemispheres. Were sea 
levels higher in MIS 11 than during the Holocene? If 
so, which components of the cryosphere were re-
sponsible for the required loss of ice volume? Was 
the ocean warmer than in succeeding interglacial 
stages, including the Holocene? Was pCO2 at a 
maximum? Was MIS 11 an appropriate analog for 
the Holocene, as elapsed so far, and for the next few 
millennia of climate if the system were left to its own 
devices? 

The papers in part II of the monograph address 
these questions from three different perspectives: the 
deep-sea record of ocean temperature, inferred ice 
volumes from oxygen isotopes, and ice-sheet dynam-
ics from deposition of ice-rafted debris; marine de-

posits in Great Britain indicating higher-than-
Holocene sea level during MIS 11; and the geological 
record of the West Antarctic Ice Sheet (WAIS). Be-
cause it is marine-based, the WAIS is considered 
vulnerable to warmings of the adjacent Southern 
Ocean and sea-level rise. Thus it is considered a 
prime suspect in past highstands, and a prime poten-
tial victim of anthropogenic global warming. Scherer 
reviews the evidence for the persistence (or lack 
thereof) of the West Antarctic Ice Sheet (WAIS). He 
presents direct evidence that West Antarctica was 
deglaciated at least once in the late Pleistocene, and 
suggests the most recent deglaciation occurred during 
MIS 11. Scherer also points out that new geologic 
evidence suggests at least one earlier WAIS collapse 
event during mid-Pleistocene MIS 21 or MIS 31 
(Figure 1). In a more recent publication, Scherer et al. 
(2002) demonstrate quite convincingly that sustained 
sea-ice free conditions existed in the Antarctic near-
shore zone during interglacial MIS 31 and not during 
MIS 21. 

Highstand deposits in Great Britain suggest that 
MIS 11 sea levels were about 13 meters higher than 
present, as presented by Bowen. Equal or even higher 
sea levels (plus 20 m relative to modern) have been 
suggested either at low latitudes (Hearty et al., 1999; 
Poore and Dowsett, 2001; Lundberg and McFarlane, 
2002; Ortlieb et al., this volume) or high latitudes 
(Brigham-Grette, 1999). A highstand of that ampli-
tude during MIS 11 would of course require the melt-
ing of more ice than the WAIS, and imply a detect-
able isotopic response in the ocean. So how does MIS 
11 find expression in the deep-sea record? The sug-
gested MIS 11 highstand requires a relatively de-
pleted oxygen isotopic composition for the ocean, 
and McManus et al., Bauch and Erlenkeuser, and 
Hodell et al. (this volume) all highlight a key paradox 
in our thinking about MIS 11. Oceanic records show 
oxygen isotopic values similar to (if not more en-
riched than) the Holocene. Thus, if higher-than-
Holocene sea levels indeed occurred, the ocean had 
to be cooler. The plot thickens when isotope records 
are temperature-corrected using Mg/Ca in foraminif-
eral calcite, providing a means of removing tempera-
ture of calcification (Lea et al., 2000; and this vol-
ume). The delta water estimates arrived at this way 
say the oxygen isotope composition of the ocean was 
more enriched, not less, during MIS 11. 

The oceans are also giving a mixed message in an-
swer to the question of whether or not MIS 11 was 
warmer than the Holocene and other Pleistocene in-
terglacials at high latitudes. All three “ocean” papers 
in part II of the monograph suggest that ocean tem-
peratures (deep and surface) were similar to the 
Holocene at high latitudes. Prior to the publication of 
this monograph, isotopic and planktic faunal data sets 



from high-accumulation rate marine sequences in the 
North and South Atlantic (Oppo et al., 1998; 
McManus et al., 1999; Bauch et al., 2000; Hodell et 
al., 2000; Kunz-Pirrung et al., 2002) indicate that 
MIS 11 was not warmer, but even slightly cooler than 
the Holocene. Bauch et al. (2000) show that the spe-
cies assemblage of planktic foraminifers suggests that 
sea surface temperatures in the Nordic Seas remained 
as cold during MIS 11 as during the current intergla-
cial, implying relatively little advection of warm At-
lantic surface waters towards the Nordic Seas. In a 
recent publication Helmke and Bauch (in press) again 
demonstrate that planktic foraminiferal δ18O from the 
Northeast Atlantic and the western Nordic seas also 
indicate that significantly colder SST prevailed dur-
ing MIS 11 than during MIS 9, 5e, and 1. Hodell et al. 
(2000) argue also that sea surface temperatures in the 
high latitudes of the South Atlantic Ocean were not 
substantially warmer during MIS 11 than other inter-
glacials of the last half million years. Even within the 
Southern Ocean there are regional differences in the 
SST expression of MIS 11, with the Southern Indian 
Ocean showing MIS 11 SSTs greater than Holocene 
(Howard, 1997), and the South Atlantic (Hodell et al., 
this volume) and the Southwest Pacific (King and 
Howard, 2000).  

Hodell et al. examine the question of pCO2 levels 
during MIS 11 and argue on the basis of carbonate 
dissolution changes in the deep basins of the South 
Atlantic, that atmospheric pCO2 levels were similar 
to pre-industrial Holocene concentrations. The long-
est and detailed air-bubble CO2 record, the Vostok 
ice core, gives an ambiguous signal in the MIS 11 
interval due to ice disturbance (Raynaud et al., this 
volume). European coring initiatives at Dome Con-
cordia may recover well-preserved ice from stages 11, 
12, and possibly older. The Hodell et al. result, if 
borne out, places doubt (from the ocean’s perspec-
tive) on MIS 11 as a “super-interglacial.” Hodell et al. 
also point out that carbonate dissolution and carbon 
isotopic variations seem to follow a long-term cycle 
through the entire Brunhes Chron, implying that the 
climate system and geochemical cycle of the ocean-
atmosphere system were in a different mode in stages 
13-11 than the latest Pleistocene, and suggest caution 
in thinking of MIS 11 as a climatic analog for the 
elapsed Holocene and future climate. 

Another difference between MIS 11 and the Holo-
cene, as Hodell et al. stress, is that MIS 11 followed 
an extreme glacial episode in MIS 12. They suggest 
an orbital mechanism for the extreme conditions of 
MIS 12, in the relative dominance of the inter-
hemispherically “in-phase” obliquity cycle, given the 
low precession amplitude. Understanding the forcing 
of the MIS 13-11 requires fixing the phasing of these 
mid-Pleistocene cycles. That is a challenge—because 

of their stratigraphic distance from radiometrically-
dated tie points (e.g., MIS 5.5 and Brunhes-
Matuyama magnetic reversal) with the exception of 
Karner and Marra’s high-precision argon-argon dat-
ing of volcanic horizons at the MIS 12 to MIS 11 
transition in Italy (this volume), and the difficulty of 
tuning the relatively stable isotope values of MIS 11 
to the low-amplitude orbital signal. 

The one feature of MIS 11 that all these papers 
agree on is its duration—it is clearly the longest in-
terglacial of the Pleistocene. Peak interglacial warmth, 
low accumulation of ice-rafted debris (also in a re-
cent paper by Kanfoush et al., 2002), and low ice 
volume all apparently lasted at least 30,000 years, 
considerably longer than the true interglacial units 
MIS 5e, MIS 7c or the elapsed part of the Holocene. 
McManus et al. (this volume) point out that, although 
the current orbital geometry puts Northern Hemi-
sphere summer insolation at a minimum (the condi-
tion for ice growth in classical Milankovitch theory), 
this forcing is relatively weak, as it was during MIS 
11. This weak forcing, they suggest, caused the 
cryosphere to “skip” a precessional beat in MIS 11, 
and could do so in the future. From this perspective 
we can expect another ~20,000 years of interglacial 
conditions, independent of any anthropogenic forcing. 

 
4. CARBONATE BLOOM AT LOW LATI-
TUDES AND CARBONATE BUST IN THE 

DEEP SEA 
 

High-latitude data from northern and southern 
oceans remain equivocal about the relative warmth of 
MIS 11 versus the Holocene. By contrast, at low lati-
tudes the Western Equatorial Pacific (Lea et. al, 2000, 
and this volume), the Eastern Pacific coastal systems 
within the 30 degrees latitudinal belt (Ortlieb et al., 
this volume), and the Northeast Pacific (Herbert et. al, 
2001) show SST during MIS 11 at a maximum. The 
Mg/Ca data set generated by Lea et al. (2000 and this 
volume) from ODP site 806 in the western equatorial 
Pacific clearly shows that SST during MIS 11 were 
the warmest for the last 450 ky, above 30 degree C or 
one degree warmer than the typical 29 degree C for 
the four most recent interglacial stages. In addition, 
MIS 11 appears to have had the longest duration of 
SST higher or equal to 29 degree C of any of the in-
terglacial stages of the last 450 ky. A warm tropical 
Pacific-wide interval is supported by studies of a se-
ries of uplifted terraces including fauna that indicate 
significantly warmer air temperature than today in the 
costal areas of Baja California, Peru, and northern 
Chile (Ortlieb et al., this volume). Moreover, those 
authors who based their analyses on the terraces as-
signed to MIS 11 suggest that this interglacial lasted 
probably for 40 ky or more, much longer than any  



 
Figure 2. Model for a mid Brunhes (most likely MIS 11) establishment of the Belize Barrier Reef, based upon a comparison 
between the geometry of late Neogene sedimentary bodies on a line drawing of a dip seismic line across the Belize Barrier Reef 
margin (Ferro et al., 1999) and a benthic δ18O record for the last 6 My used as a proxy for sea level fluctuations (Pisias et al., 
1995). A paleo-coastal siliciclastic prograding complex was deposited during a late Pliocene and Pleistocene interval of gradual 
sea-level lowering and underlies a thin reefal carbonate sequence, probably late Quaternary in age that was initially established 
during the unique and unusually high amplitude sea-level transgression across the glacial MIS 12 to interglacial MIS 11 transition. 
The progradations underlying the late Quaternary reefal carbonate are clearly connected by a series of reflectors (letters D to A) 
to a more recent lowstand shelf-edge delta and slope fan complex deposited in front of the barrier reef itself (Ferro et al., 1999; 
their figures 16 and 17). 



late Quaternary interglacial warm intervals, and that 
sea level was significantly higher than at present. 

Based upon analyses of ODP Site 820 offshore the 
Central Great Barrier Reef, Peerdeman et al. (1993) 
estimated that SST gradually increased by some 4 
degree C from about 400 ka to 275 ka. A similar SST 
increase was observed by Isern et al. (1996), in an-
other isotope record from a Coral Sea core, who sug-
gested the development of the modern West Pacific 
Warm Pool at that time. Kroon et al. (2000) pub-
lished a Quaternary planktic isotope record from 
ODP Site 1006 in Santaren Channel (the channel 
adjacent to the central western margin of Great Ba-
hama Bank) and compared it with ODP Site 806 from 
the low latitude western Pacific (Figure 6 in Kroon et 
al., 2000). At both sites, the lightest δ18O values in 
the past 1.4 My occurred during the late Quaternary 
interglacial stages, in particular at MIS 11, 9, 5, and 1, 
and contrast with the consistently heaviest δ18O val-
ues in the early and mid Pleistocene interglacial 
stages. The step-like δ18O decrease, displayed be-
tween MIS 13 and MIS 11 at Site 1008, usually cor-
responds to a more gradual planktic δ18O decrease in 
the western Pacific. The authors in the different stud-
ies interpreted those results as SST increase, probably 
linked to the strengthening and/or initiation of the 
warm pools in the western Pacific and Atlantic 
oceans at low latitudes. As a consequence, this SST 
increase could have triggered the mid Brunhes estab-
lishment of the Great Barrier Reef along the edge of 
the Queensland shelf (Peerdeman et al. 1993). 

In the following paragraphs, we will develop the 
concept suggested by Droxler et al. (1997) and Drox-
ler and Farrell (2000) that the high amplitude sea 
level transgression across the glacial MIS 12 to inter-
glacial MIS 11 transition, associated with unusual 
warm SST at low latitudes, might have triggered the 
synchronous and global establishment of modern 
barrier reefs and the re-flooding of isolated carbonate 
platform tops. 

Modern coral barrier reefs extend on the edge of 
some low latitude siliciclastic shelves as continuous 
or discontinuous, elongated and distinct morphologi-
cal features over distances ranging from 10’s to 100’s 
kilometers, and as much as a couple of 1,000 kilome-
ters in the case of the Great Barrier Reef in northeast 
Australia. Variable conditions of temperature, salinity, 
water qualities within the upper part of the water col-
umn in terms of light, nutrient, and clay concentra-
tions, and finally sea level fluctuations coupled with 
the occurrence of adequate substratum have favored 
their establishment, influenced their evolution 
through time, and in some cases contributed to their 
demise. Contrary to our intuitive thoughts that mod-
ern barrier reefs were long-lived (several million of 
years), results of several recent research programs 

have demonstrated that barrier reefs such as the Aus-
tralian Great Barrier Reef (Peerdeman et al. 1993, 
International Consortium for Great Barrier Reef 
Drilling, 2001; Webster and Davies, in press), the 
Florida Keys (Cunningham et al. 1998; Multer et al., 
2002 ), and some reefs in Southeast Asia correspond 
in reality only to late Pleistocene thin deposits cover-
ing siliciclastic paleo-coastal sediments, mid Brunhes 
in age, and probably slightly younger than 500,000 
years. Results of recent drilling that penetrated 
through Ribbon Reef 5 indicate that the central Great 
Barrier Reef is younger than the Brunhes-Matuyama 
boundary time. The best age estimate based upon Sr 
isotope stratigraphy for the onset of reef growth on 
the outer barrier system is ca. 600 ± 280 ka (Interna-
tional Consortium for Great Barrier Reef Drilling, 
2001). New dates and analysis of cores along the 
Florida Keys allow a more detailed interpretation of 
the Pleistocene shelf edge of the Florida Platform as 
found in various facies of the Key Largo Limestone 
beneath the Florida Keys (Multer et al., 2002). In this 
study, a three-phase evolution of the Quaternary units 
(Q1-Q5) of the Key Largo Limestone is presented: 
(1) In the first phase, Q1 and Q2 deep-water quartz-
rich environment evolved into a shallow carbonate 
phase. (2) Subsequently, a Q3 (presumably corre-
sponding to oxygen-isotope MIS 9) flourishing reef 
and productive high-platform sediment phase devel-
oped. (3) Finally, a Q4 and Q5 (corresponding to 
oxygen-isotope MIS 7 and 5) stabilization phase oc-
curred with reefs and leeward productive lagoons, 
followed by lower sea levels presenting a sequence of 
younger (isotope sub stages 5c, 5a) shelf-margin 
wedges, sediment veneers and outlier reefs. In this 
study, it is assumed that each late Quaternary inter-
glacial stage is represented by a coralgal package 
separated by exposure horizons. Because sea level 
during MIS 7 might have been lower (although a 
recent paper by Lea et al., 2002 is pointing to the 
contrary) than during MIS 11, MIS 9, MIS 5, and 
MIS 1, MIS 7 might not be represented in the studied 
boreholes along the Florida Keys. In this scenario, 
the first Q-3 flourishing reef could well be MIS 11 in 
age. 

The Belize Barrier Reef is the largest barrier reef in 
the Caribbean and, though an order of magnitude 
smaller than the Great Barrier Reef, the Belize Bar-
rier Reef is considered as one of the largest barrier 
reefs in the world. Though different aspects of the 
Belize Barrier reefs have been studied in the past 
twenty five years, the origin of the barrier has re-
mained unclear. Results of our research along the 
Belize margin (Ferro et al., 1999) point out that, as 
for other modern barrier reefs offshore Northeast 
Australia, South Florida, and Southeast Asia, the Be-
lize Barrier Reef appears to represent, as shown in 



 
 
Figure 3. Segment of a high resolution single channel seismic dip line displaying the lower slope of the central Belize Barrier 
Reef offshore Carrie Bow and South Water Cayes. The lower panel displays a blow up of the seismic line shown in the upper 
panel. A wedge-like seismic unit B, consisting of a series of five (?) smaller wedges, overlies a seismic unit A characterized by 
subparallel seismic reflectors. A 37.6 m-long piston core MD02-2532, retrieved from a water depth of 333 m at 3 km in front of 
the central Belize Barrier Reef (Droxler et al., 2002), is located on the seismic line (upper panel). The core penetrated the distal 
part of the seismic sedimentary wedge unit B and the upper part of an underlying seismic unit A. Nannostratigraphy along the 
core demonstrates that the five subunits in the upper 24 m of the core, interpreted to consist of distal barrier reef down slope de-
posits, are slightly younger than the last appearance of Pseudoemiliania lacunosa (460 ka; Luc Beaufort, pers. com. See Figure 4 
for more details). Note the similarities between the slope morphologies and their evolution offshore the Belize barrier Reef (this 
figure) and along the western margin of Great Bahama Bank (Figure 5). 

 
Figure 2, young (late Pleistocene) and thin carbon-

ate sedimentary deposits covering a series of prograd-
ing siliciclastic paleo-coastlines (deltas and possibly 
beach ridges). These progradations are clearly con-
nected by a series of reflectors (D to A in Figure 2) to 
a more recent lowstand shelf-edge delta and slope fan 
complex deposited in front of the barrier reef itself 
(Ferro et al., 1999; their figures 16 and 17). 

As we recently reported (Droxler et al., 2002), a 
spectacular 37.6 m-long piston core MD02-2532 was 
retrieved from a water depth of 333 m at 3 km in 
front of the central Belize Barrier Reef during a June 
2002 transit from Panama to Cancun on the R/V 
Marion Dufresne. The core penetrated the distal part 
of a seismic wedge, made up of five distinctive sub-
units, and the upper part of an underlying seismic 
unit characterized by sub-parallel seismic reflectors 



 
 

Figure 4. Early interpretation of shipboard color reflectance and magnetic susceptibility data sets, in addition to visual core de-
scription and smear slide observations, seem to identify in the upper 24 m of the core five distinct light subunits characterized by 
low magnetic susceptibility separated by four darker subunits characterized by high magnetic susceptibility. In contrast the lower 
13 meters of the core are characterized by calcareous oozes rich in angular quartz and lithogenic grains, and a magnetic suscepti-
bility signature clearly distinct from the upper 24 m of the core. The oldest of the five (?) stacked wedges, observed on the slope 
front of the Belize Barrier Reef (see Figure 3), is estimated to be slightly younger than 0.46 Ma based upon nannostratigraphy. 
The five subunits in the upper 24 m of the core are interpreted to consist of distal barrier reef deposits and, based upon three 
nannofossil biostratigraphic markers, correspond to late Quaternary interglacial marine isotope stages 11, 9, 7, 5, and 1. Those 
five subunits overlie an early Brunhes mixed siliciclastic-carbonate unit representing a deep open continental shelf during a time, 
when the Belize Barrier Reef is thought not to have existed. Large and overwhelming siliciclastic input, related to the systematic 
late Pliocene-Early Pleistocene fall of the ocean base level since the onset of the Northern Hemisphere glaciations, had probably 
inhibited the establishment of coralgal reefs at that time. These observations support the model (see Figure 2) that the Belize 
Barrier Reef is not older than late Quaternary and was initially established during the unique and unusually high amplitude sea-
level transgression at the glacial MIS 12 to interglacial MIS 11 transition. 
 

 (Figure 3). The age of the oldest sediment at the 
bottom of the core ranges, based upon nannofossil 
assemblage, between 720 and 450 kyr (Luc Beaufort, 
pers. com.). Early interpretation of shipboard color 

reflectance and magnetic susceptibility data sets, in 
addition to visual core description and smear slide 
observations, seems to identify, in the upper 24 m of 
the core, five distinct light sub-units characterized by 



low magnetic susceptibility separated by four darker 
subunits characterized by high magnetic susceptibil-
ity (Figure 4). In contrast, the lower 13 m of the core 
are characterized by calcareous oozes rich in angular 
quartz and lithogenic grains, and a magnetic suscep-
tibility signature clearly distinct from the upper 24 m 
of the core. Nannostratigraphy analyses at 1.5 m 
sample intervals along the core established that the 
five subunits in the upper 24 m of the core, inter-
preted to consist of distal barrier reef down slope 
deposits, are slightly younger than the last appear-
ance of Pseudoemiliania lacunosa (460 ka; Luc 
Beaufort, pers. com.). The other two younger nan-
nostratigraphy markers, the first appearance of Emil-
iania huxleyi and the beginning of its Acme zone, are 
in agreement with our interpretation that those sub-
units probably correspond to late Quaternary inter-
glacial MIS 11, 9, 7, 5, and 1 (Figure 4). Those sub-
units overlie an early Brunhes mixed siliciclastic-
carbonate unit interpreted to represent a deep open 
continental shelf when the Belize barrier reef as it is 
known today was not yet established. 

According to our model, these extraordinary find-
ings can be explained by the unique, global, and sys-
tematic flooding of early Pleistocene lowstand tropi-
cal paleo fluvial plains during the sea level transgres-
sion leading to interglacial MIS 11. This exception-
ally high amplitude (more than 120 m) sea level 
transgression is the first such transgression since the 
onset of the main Northern Hemisphere glaciations 
3.0-2.7 Ma. Moreover, this mid-Brunhes high ampli-
tude sea level transgression and the MIS 11 high-sea-
level interval dramatically contrast with the late Plio-
cene and early Pleistocene overall lowering of the 
marine base level tied to the establishment and the 
expansion of the Northern Hemisphere major conti-
nental ice sheets (Figure 2). 

The same sea level transgression at the glacial MIS 
12 to interglacial MIS 11 transition also flooded the 
top of Great Bahama Bank following a long interval 
of exposure linked to the late Pliocene and early 
Pleistocene sea level regression. About five stacked 
highstand sedimentary wedges, imaged on high reso-
lution seismic lines from the western margin of Great 
Bahamas Bank (Figure 5), were penetrated by drill-
ing at ODP Sites 1008 and 1009 (Leg 166, Eberli, 
Swart, and Shipboard Party, 1997). In those two sites, 
the last appearance of Pseudoemiliania lacunosa, 
occurring just beneath the series of five stacked 
wedges, clearly demonstrates that the oldest of these 
wedges is younger than 460 ky and the five highstand 
wedges most likely correspond to the last five late 
Quaternary transgressions and highstands linked to 
interglacial MIS 11, 9, 7, 5, and 1. Moreover, the 
flooding of the top of Great Bahama Bank is ex-
pected to have dramatically increased the neritic car-

bonate production and, as a result of sediment off-
bank transport, the periplatform sediment accumula-
tion on the adjacent slopes should have increased as 
well. It is not too much of a surprise, therefore, that 
the sedimentation rates at ODP Sites 1008 and 1009 
increased by more than a factor two during the time 
equivalent to interglacial MIS 11 (Figure 5).  

 
This finding, therefore, suggests a synchronous and 
global establishment of modern barrier reefs and re-
flooding of isolated carbonate platform tops during 
the mid-Brunhes sea level transgression. Such a turn-
on of the neritic carbonate production is expected to 
have had major consequences on the atmospheric 
CO2 concentration and the overall ocean carbonate 
system. As demonstrated by Berger (1982) and also 
by Opdyke and Walker (1992) in their “coral reef 
hypothesis,” the buildup and storage of neritic car-
bonate in large volume on barrier reefs, carbonate 
platform tops, and continental shelves are expected to 
produce some excess of CO2 in the upper part of the 
water column. This excess of CO2 is then partially 
released to the atmosphere increasing the greenhouse 
conditions, then transported into deep waters, and 
subsequently used up by sea floor dissolution of pe-
lagic carbonate. This series of processes would result 
during a sea level transgression and highstand in a net 
transfer of carbonate from abyssal and bathyal depths 
to shallow water environments included in the photic 
zone. It is not fortuitous, therefore, that the synchro-
nous and global establishment of modern barrier reefs 
and re-flooding of isolated carbonate platform tops 
during the mid-Brunhes seem to correspond to the 
zenith of a poor CaCO3 preservation interval, cen-
tered around MIS 11. This interval is marked by a 
clear dissolution pulse from subthermoclinal to abys-
sal depths at low latitudes in the Pacific, Atlantic, and 
Indian oceans (Zeigler et al., this volume) as well as 
low values of carbonate preservation in the Southern 
ocean in spite of the high accumulation of pelagic 
carbonates at these high latitudes (Howard and Prell, 
1994; Hodell et al., this volume and references 
therein). 
Zeigler et al. (this volume) demonstrate that intergla-
cial MIS 11 in the Caribbean represents a 30 to 40 
kyr-long interval unique in the past 450 kyr, charac-
terized by unusually intense carbonate dissolution. 
This MIS 11 interval of intense dissolution at 
subthermoclinal water depths on the northern 
Nicaragua Rise matches in time with an interval of 
intense dissolution that is clearly observed at abyssal 
water depths in the Colombian and Venezuelan 
Basins. The MIS 11 carbonate dissolution episode, 
often referred to as the mid-Brunhes optimum 
dissolution interval, has been also well documented 
at abyssal depths at low and mid-latitudes in the Pa-
cific, Atlantic, and Indian Oceans as well as in the 



Indian Oceans as well as in the high latitudes of the 
South Atlantic Ocean (Hodell et al., this volume and 
references therein). Moreover, the mid-Brunhes MIS 
11 maximum dissolution interval is well established 
at intermediate water depths not only in the Carib-
bean, but also in the Bahamas, Maldives, and on the 
Queensland Plateau (Coral Sea). Zeigler et al. (this 
volume) conclude that the carbonate crash observed 
in Pedro Channel during MIS 11 is likely part of a 

global dissolution interval observed from subthermo-
clinal to abyssal depths that was triggered by the pro-
duction and storage of a large volume of neritic car-
bonate sediments at a time of higher late Quaternary 
sea level and warmer SST at low latitudes. This un-
usual episode of deep sea dissolution would, there-
fore, represent a clear example of basin-to-shelf car-
bonate fractionation. 

 
Figure 5. The oldest of the five (?) stacked highstand wedges, observed on a seismic dip line across the western margin of Great 
Bahamas Bank, is estimated to be slightly younger than 0.46 Ma. This age is based upon the last appearance of Pseudoemiliania 
lacunosa occurring in the sedimentary unit just beneath the series of wedges at ODP Sites 1008 and 1009. The deposition of the 
wedge like upper unit was most likely triggered by the re-flooding of the Great Bahama Bank top during the glacial MIS 12 to 
interglacial MIS 11 sea level transgression that followed the long term sea level regression during the late Pliocene and early 
Pleistocene (see Figure 1). The bank top re-flooding initiated large neritic carbonate sediment production and offbank transport 
recorded in the sharp increase (by at least a factor two) of the sedimentation rates observed at ODP sites 1008 and 1009. Data 
from ODP Leg 166, Eberli, Swart, and Shipboard Party (1997). 
 

This model could be ultimately tested by observing 
the atmospheric CO2 concentration during MIS 11 
trapped in ice core. If the systematic carbonate disso-
lution observed from subthermoclinal to abyssal 
depths during MIS 11 was caused by CO2 release 
from massive coral-reef growth, an anomalous high 
in the atmospheric CO2 during MIS 11 is expected to 
be observed in the Vostok ice core. If one assumes 
that the Vostok core has encapsulated accurately the 
complete MIS 11 interglacial at the bottom of the 
drilled ice sheet, the CO2 concentrations for this 
warm interval are not unusually high. On the contrary 
those concentrations are similar to the ones observed 
during the Holocene and MIS 7.5 interglacials and 
even lower than interglacial MIS 5.5 and 9.3 (Petit et 
al., 1999). However, according to Raynaud et al. (this 
volume) the deuterium and gas signals at the bottom 
of the Vostok ice core might have been compromised 
due to “smoothing” processes that might have  

 
occurred as a result of the proximity of disturbed 
layers found below the 3310 m level in the ice sec-
tion. The ultimate test for clear basin-to-shelf carbon-
ate fractionation during MIS 11 will remain on hold 
until an uncompromised ice core section will be re-
covered, hopefully in a not too distant future from 
Dome Concordia. 

 
5. CONTINENTAL CLIMATE RECORDS: 

LONGER AND WETTER, NOT NECESSARILY 
WARMER 

 
Making the ocean-to-land stratigraphic and chrono-

logical connections in interpreting late Quaternary 
climatic records has often been and will remain a 
major challenge. It is important to stress that the 
clearest and most detailed climatic record on land and 
its detailed correlations with the marine records 
comes from the ice record at Vostok (Petit et al., 



1999). In the past several years, the puzzling dis-
agreement between the low number of interglacials in 
formerly glaciated Europe and their high number in 
the continuous marine and continental sediments lo-
cated in the periglacial zone has been apparently re-
solved (Kukla, this volume and references therein). A 
set of questions, relatively similar to the ones asked 
in studies within the marine environments, has re-
ceived only partial answers in the numerous conti-
nental environmental studies published in the past 
two decades (summarized by Kukla, this volume) or 
more recent studies such as Rousseau’s general re-
view (this volume) and two other papers in this 
monograph dealing with more specific areas such as 
Lake Baikal (Siberia) by Karabanov et al. and the 
Chinese Loess by Vidic et al. In each study, scientists 
often attempted to find answers to the following set 
of questions: How different environmental conditions 
were on land during the equivalent MIS 11 in a wide 
range of latitudes and longitudes and as a comparison 
with the most recent continental interglacial stages? 
Did the continental interglacial stage last, as its ma-
rine counterpart MIS 11, considerably longer than the 
most recent late Quaternary interglacials? Were the 
terrestrial equivalents of MIS 11 systematically 
warmer than any of those late Quaternary intergla-
cials and how variable was the climate in those conti-
nental records? 

It is relatively safe to conclude, based upon studies 
of continental climate records, that the interglacial 
conditions in continental environments during MIS 
11 lasted considerably longer than during the true 
interglacial units MIS 5e, MIS 7c or the elapsed part 
of the Holocene, and the atmospheric moisture levels 
were generally higher in many of the studied locali-
ties. On the other hand, the overall temperature con-
ditions during the interval equivalent to MIS 11 were 
not identical in the different terrestrial studies. At 
some continental localities, indeed the interglacial 
interval equivalent to MIS 11 was warmer than the 
Holocene (Rousseau, this volume; Karabanov et al., 
this volume), whereas, at other localities, the esti-
mated temperatures were only similar or even cooler 
than to the Holocene (Vidic et al, this volume and 
Kukla, this volume). As in most studied Chinese 
loess/paleo-soil sections, Vidic et al. (this volume) 
make the argument that, although the continental 
section (S4), equivalent to MIS-11, corresponds to a 
well-developed soil that formed under warm and hu-
mid conditions, it is the underlying soil S5 section 
(more in particular S5-1) correlating with MIS 13 
that has undergone the most intense pedogenesis and 
may have recorded, therefore, an unusually warm 
and/or long interglacial interval. The long interglacial 
continental interval equivalent to MIS 11 ended 
abruptly in many instances and corresponded to irre-

versible changes in the climate of continental Asia 
(Karabanov et al., this volume). 
 

6. SUMMARY AND FUTURE RESEARCH 
 

Based on the conclusions of the sixteen papers pre-
sented in this monograph, in addition to research re-
cently published, and the results of an earlier interna-
tional workshop on the same topic (Droxler et al., 
1999), it is obvious that considerable uncertainties 
remain in our documentation and understanding of 
MIS 11. Although the current orbital geometry puts 
Northern Hemisphere summer insolation at a mini-
mum (the condition for ice growth in classical Mi-
lankovitch theory) this forcing is relatively weak, as 
it was during MIS 11. This weak forcing probably 
caused the cryosphere to “skip” a precessional beat in 
MIS 11, and the same phenomenon could well occur 
in the future. From this perspective we can expect at 
least another ~15 to 20 ky of interglacial conditions, 
independent of any anthropogenic forcing. One 
would then be able to forecast an increase of sea sur-
face temperatures (SST) and atmospheric moisture on 
continents at low latitudes while SST might remain 
close to the modern at mid and high latitudes.  

Future research programs on MIS 11 will need to 
focus on the following areas: (1) the spatial and tem-
poral distribution of the warming as well as its mag-
nitude during MIS 11 in marine and terrestrial envi-
ronments; (2) the amplitude and frequency of millen-
nial- and submillennial-scale climate variability, es-
pecially during the first half of MIS 11; (3) the his-
tory of sea level change and, as a direct consequence, 
the fate and extent of the Greenland Ice Sheet, and 
the West and East Antarctic Ice Sheets during MIS 
11; (4) the recovery of complete MIS 11 ice core 
records;  (5) testing the model of a synchronous es-
tablishment of modern barrier reefs and atolls; and 
(6) the related increase of neritic and pelagic carbon-
ate production at low and high latitudes, respectively, 
and their impact on the marine and atmospheric car-
bon reservoirs during MIS 11, in particular the sea 
floor preservation of pelagic carbonates.  

Addressing these research objectives will require 
detailed studies yielding information on submillen-
nial-scale changes and correlations. The required 
detail can only be obtained in deposits that accumu-
lated at rates in excess of ~10 cm/kyr. Aside from 
areas where overlying sediments have been removed 
or greatly compacted, sequences with such high ac-
cumulation rates are out of reach of conventional 
piston coring and require sampling using in some 
instances giant piston coring techniques, and more 
likely using the advanced piston coring or extended 
core barrel techniques of the Integrated Ocean Drill-
ing Program (IODP). By adding Mission Specific 



Platforms (MSP) to its riser and non-riser drilling 
ships, IODP has opened new opportunities to recover 
in the near future late Quaternary sedimentary ar-
chives that include the interglacial interval equivalent 
to the open water MIS 11 in relatively shallow water 
environments, such as the inner continental shelves, 
and modern barrier reefs and coastlines. Drilling pro-
grams such as the Global Lake Drilling Program (or 
GLAD) and the drilling program on Lake Baikal (i.e. 
Karabanov et al., this volume) have opened new op-
portunities to recover continuous mid Brunhes conti-
nental sedimentary sequences. 

New drilling programs will need to be proposed to 
acquire sedimentary sequences in the open ocean 
with high accumulation rates, in addition to sedimen-
tary sequences along inner shelves, coastlines, and on 
land in a wide range of environments, latitudes, and 
elevations, to document and understand environ-
mental conditions and variability during MIS 11 and 
other late Quaternary interglacial stages. Such new 
research initiatives would contribute significantly to 
high priority national and international global change 
research efforts. International participation and inter-
disciplinary communication will be indispensable to 
tie marine data sets to high resolution sequences re-
covered from ice cores and terrestrial environments. 
Such collaboration should be emphasized in any 
development of future research programs focusing on 
MIS 11. As a last word, it is our wish that the present 
monograph, dedicated to interglacial MIS 11, finds 
its place as a useful resource in the education of a 
new generation of paleo-climatologists and oceanog-
raphers and opens a window into Earth warm future 
climate. 
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