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Abstract 

Since the rapid rate of the global warming at the onset of Bølling became evident, its cause 

has been under debate. It coincides closely in time with a strong global transgression called 

meltwater pulse 1a (mwp-1a). One attempt of solution says that an mwp-1a of Antarctic 

origin could cause an increase in North Atlantic Deep Water (NADW) formation, and thus 

give rise to the Bølling interstadial. However, others have disputed that Antarctic meltwater 

would have that effect, and furthermore, the start of Bølling is not even associated with an 

increase in NADW. A controversial hypothesis says that some Laurentian meltwater came 

from a jökulhlaup (sub-glacial outburst flood), but no study yet has shown unequivocally 

that sufficient amounts of water could be stored under the ice. Furthermore, according to all 

available data a meltwater pulse from the Laurentian ice gives rise to strong cooling, not 

warming. Nevertheless, megafloods appear instrumental in accumulating the Mississippi 

Fan, created entirely during the Quaternary period, and dramatic climate changes are 

characteristic of our period. This paper presents an hypothetical chain of events, building 

on the published literature and simple calculations to see if the order of magnitude is 
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reasonable. The hypothesis is that a jökulhlaup from a Laurentian captured ice shelf (CIS) 

flowed out through the Mississippi, boosted the Gulf Stream, reinvigorated the North 

Atlantic circulation, and as a result triggered the Bølling warm phase.  

Introduction 

Ice core records indicate that the temperature rose very quickly during deglaciation, and 

most abruptly at the onset of the Bølling warm phase around 14 600 BP (Fig. 1; unless 

otherwise noted all times are in calendar years). Studies of reef crest corals show that the 

world sea level rose dramatically on several occasions during deglaciation (Fairbanks 1989, 

Blanchon and Shaw 1995), and most dramatically in meltwater pulse 1a (mwp-1a). It now 

appears clear that mwp-1a was synchronous with the onset of Bølling (Kienast et al. 2003). 

Weaver et al. (2003) concluded that an hypothetical mwp-1a of Antarctic origin could 

cause an increase in North Atlantic Deep Water (NADW) formation, and thus give rise to 

the Bølling interstadial. However, Seidov et al. (2005) disputed that Antarctic meltwater 

would have that effect on NADW, and furthermore, McManus et al. (2004) concluded that 

NADW had in fact not increased. Instead, they suggested that the warming led to the 

melting, and that they happened in that order. Then again, this does not explain the 

warming, nor does the warming provide enough energy for the rapid melting.  

Throughout the ice age the temperature was able to rise more abruptly than it fell, in 

what is known as Dansgaard-Oeschger (D/O) events. The enigma of what causes the 

sudden warming applies to D/O events as well as for the start of Bølling and Holocene.  

On the other hand, evidence abounds for a connection between large freshwater 
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discharges to the North Atlantic, and cooling. The inter-Allerød 400-year cold spell around 

13 100 BP has been correlated with the catastrophic drainage of Glacial Lake Iroquois 

through the Hudson River Channel (Donnelly et al. 2005). Another cold anomaly was 

triggered when glacial Lake Candona was drained towards Gulf St. Lawrence (Broecker et 

al. 1989, Donnelly et al. 2005). Drainage of Lake Agassiz to the Mackenzie River caused a 

short-duration cooling early in Holocene (Fisher et al. 2002), and the final drainage of Lake 

Agassiz through Hudson Strait has been connected with the 8200 BP cold event (Clark et 

al. 2004). All of these are consistent with model results showing that meltwater pulses to 

the North Atlantic are capable of causing sudden cooling (e.g. Ganapolski and Rahmstorf 

2001), but never warming.  

In spite of this evidence, since meltwater pulses from the Antarctic can apparently be 

ruled out as explanation, the Laurentian ice sheet remains the only potential source of mwp-

1a. The solution of the enigma might therefore be to find a mediatory process that can 

convert a freshwater pulse to a warm climatic event. A few recent research results are of 

special interest since they in combination might explain what caused mwp-1a and Bølling, 

and by extension also other events. 

The first is described in Erlingsson (2006), who successfully tested the captured ice shelf 

(CIS) hypothesis (Erlingsson 1994a, 1994b) on Lake Vostok in the East Antarctic. Recently 

Alley et al. (2005) reinvented the hypothesis while providing additional arguments based 

on the heat budget. Applying the CIS hypothesis to the Laurentian ice sheet provides a 

source of the water for the required continental-scale jökulhlaup.  

The second result is Aharon (2006), who showed that mwp-1a was associated with a 
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large hyperpycnal flow to the Gulf of Mexico, and that this turbidity current preceded the 

dilution peak of the surface waters. In fact, there may have been two or even three closely 

spaced turbidity currents. 

The final one is McManus et al. (2004), who showed that the onset of Bølling was 

associated with a sudden and strong increase in the meridional overturning circulation 

(MOC), without any change in NADW (Fig. 2). They studied a proxy in a core from the 

Bermuda rise, and found a large increase in sedimentation rate simultaneous with the onset 

of the MOC. The Bermuda rise is of course located downstream from the Gulf of Mexico in 

terms of surface currents and the MOC. Heinrich event 1 (H1), preceding Bølling during 

Oldest Dryas, was marked by a virtual shut down of NADW-formation by icebergs and 

freshwater dilution (incidentally Alley et al. 2005 hypothesized that H1 was caused by a 

jökulhlaup from a CIS in Hudson Bay).  

Hypothesis 

The following hypothetical scenario for the Bølling warming is presented. A large 

captured lake existed under a CIS stretching from Hudson Bay and almost down to the 

Great Lakes (Fig. 3). A jökulhlaup released a very large amount of water in a rather short 

time towards the Gulf of Mexico. It provided a burst of water to the Gulf, the volume of 

which was significant in relation to the yearly volume of the contemporary Gulf Stream. 

The duration was less than the residence time of the Loop Current. 

The flood entered the Gulf of Mexico as a turbidity current. When it had shed the 

sediments it got mixed and rose, but not all the way to the surface. Instead it created a new 
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intermediate layer. The rapid increase of volume in the Gulf of Mexico forced out warm 

and saline surface water before the newly arrived cold fresh water reached the threshold (it 

is argued that this was a transient situation that did not follow the rules of steady-state 

circulation). 

The effect was a strengthened Gulf Stream, without a correspondingly large dilution or 

cooling of the waters leaving the Florida Strait. This caused the observed increase in 

sedimentation at Bermuda, according to the hypothesis, and the Bølling warm phase. 

Evaluation 

As a way of testing if the hypothesis is consistent with the geological reality, a number of 

aspects from the ice to the ocean are analyzed below. The goal is to carry out an order of 

magnitude check of many parameters, leaving detailed assessments of individual details for 

future students of the subject. 

Jökulhlaup 

A jökulhlaup from a captured lake like the one in Figure 3 may have had a volume of 

1014 m3. By analysis of topographical data and rectified images (in Google Earth, using 3X 

vertical exaggeration), a potential site for a jökulhlaup has been identified, in Yankton and 

adjacent Clay counties, in the south-eastern corner of South Dakota, USA. In Yankton, 

there is no sign of an end moraine in the data, but the morphology associated with the sub-

glacial environment almost seamlessly meets the extra-glacial valley of the Missouri river. 

From that region the river valley has a wide floodplain (it abruptly increases from about 3 

km to 15 km). It is hypothesized that a massive jökulhlaup entered the Missouri valley. 
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Incidentally, this could be in agreement with the local Lakota tradition of The Great Flood 

(Erdoes and Ortiz, 1985), if the water monster Unktehi (that allegedly dammed the 

Missouri) is interpreted as referring to the ice lobe.  

Jökulhlaup flows may also have occurred further east, closer to Pipestone in Minnesota, 

thus flooding a large part of the terrain between the two lobes, as indicated by the same 

morphology analysis. Lakota tradition says that Pipestone was flooded, and it seems 

possible that it was the case, based on signs of flow through the end moraine on both sides 

of Pipestone. This may have continued as a sheet flow past Sioux Falls to Clay County, 

where it joined the Missouri. 

Note again that these are interpretations based on remote sensing data, and they have not 

been verified against field data. The flow might have reached several million cubic meters 

per second, based on measurements of channel geometry.  

The maximal paleoflow was calculated at various points down to the coastline: At 

Omaha, Saint Louis, and Memphis (using Manning’s number 0.028, measured width of the 

floodplain, depth from floodplain to surrounding terrain, and slope of the floodplain). In 

each case it was found feasible that the river valley could have been created by a flow of 

1.4·106 m3·s-1 ± 10%. Geological data was not consulted, so rather than using the bed level 

at the time, the level of the present floodplain was used. It is therefore possible that still 

larger flows may have travelled down the river.  

It can be noted that in the lower part of Mississippi, from Memphis and down, the 

floodplain for the great flood will have had a width in the order of 100 km. A later flood 

has eroded the eastern (left) part of that plain. Furthermore, the flood apparently did not 
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follow the present course of Mississippi through the narrow pass at Thebes, Illinois, but 

went WSW from Cape Girardeau, Missouri. In NE Arkansas it covered an area up to 150 

km wide, except for an elongated ridge that formed an island. Without studying the 

floodplain geology it is impossible to estimate the maximal paleoflow. 

When jökulhlaups occur today the water carries a large amount of icebergs. This must 

reasonably have happened also in the proposed paleo-jökulhlaups. The depth of flow will 

have limited the size of icebergs that could be transported. Many will surely have become 

stranded, and created potholes when melting. Once in the Missouri river valley (or 

Mississippi) these features will long since have been hidden, but they may be possible to 

find in geological or seismic sections. At Cape Girardeau, where the Mississippi enters the 

wide floodplain with low depth and flow velocity, the circumstances may have been such 

that many icebergs stranded, creating an ice dam. Whatever the case may be, the point is 

this: Much of the ice may have been left behind on the way to the sea, only to arrive as 0ºC 

meltwater. This matters for the heat budget of the sea, since 0ºC water is heavy and may 

sink as a turbidity current, whereas an iceberg would float on the surface and cool the 

surface waters, thus potentially having an opposite effect. 

The following calculations are based on an hypothetical flow of 106 m3·s-1 during 3 

years. It is in the lower end of the possible discharge range, and therefore perhaps more 

representative of the average than of the initial value. As mentioned, there is reason to 

suspect that the peak discharge was several times larger. 

Paleoflow 

We may convert published estimates for flow rate to flow volume, since the jökulhlaup 



 8 

duration was much shorter than the residence time of the Gulf of Mexico. However, a 

complication is that most flow rates are based on data from above the thermocline. The 

volume in the Gulf was at this time about 2.2 · 1015 m3, but mixing did not necessarily 

involve the whole water mass. 

Multiplying 33 years with 0.1·106 m3·s-1—0.23·106 m3·s-1, the estimated flow rate of 

Emiliani et al. (1978), yields total fresh water volumes that are 104% and 240%, 

respectively, of the hypothetical jökulhlaup volume. However, two factors may make the 

estimated volume an underestimate. First, the assumption of Emiliani et al. (1978) that the 

relationship between peak flow and mean annual runoff was the same then as now is 

obviously invalid if a jökulhlaup was involved. Secondly, when calculating the residence 

time they assumed that “[n]o export of deep water is possible because formation of such 

water is inhibited by the permanent thermocline.” However, they apparently overlooked the 

possibility that intermediate water, composed of mixed turbidity current water and deep 

water, is exported to the Caribbean Sea through the Yucatan Channel, and is replaced by 

the import of new deep water the same way. This water exchange seems an inevitable result 

of the turbidity currents, since the mixing during mwp-1a did not reach the surface 

according to Aharon (2006). In fact, it might be this intermediate layer that Haddad and 

Droxler (1996) detected in the Caribbean Sea. Taking this into account, the !18O data 

comfortably allow for a jökulhlaup of 1014 m3. 

The discharge estimate of Aharon (2006) is similarly irrelevant in the light of a CIS 

jökulhlaup hypothesis. At best, we can adopt it to an order of magnitude by making some 

changes. Assume first that all the water was derived from the captured lake, and that the 
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!18O value of –25‰ reported by Remenda et al. (1994) is representative for the subglacial 

water. This would lower the discharge estimate to 0.11·106 m3·s-1, which obviously is 

unrealistically low since some of the flow would have been from rain and snowmelt, thus 

raising the !18O. If accumulated over a period of 33 years, the residence time in the Gulf of 

Mexico assumed by Emiliani et al. (1978), this amounts to 1.1 · 1014 m3, which is nearly the 

same as the volume of the presumed jökulhlaup. Note that the temporal resolution of the 

core data of Aharon (2006) does not allow us to determine if a major part of the freshwater 

entered during a fraction of the 33 year period, or evenly distributed over the whole time 

interval. Furthermore, just as with the estimate of Emiliani et al. (1978), the possibility of a 

venting to the Caribbean Sea in the lower part of the thermocline makes the estimate very 

much a minimum, rather than a central estimate. In conclusion, the !18O data are clearly 

consistent with a jökulhlaup of 1014 m3. 

Turbidity current 

The required suspended sediment concentration can be calculated to less than 5% by 

weight. Given a sediment density of 2600 kg·m-3, a water volume of 1014 m3, and an 

average porosity of 40% for the turbidite deposit (based on core 615 in O’Connor et al. 

1985), the volume of the resulting deposit calculates to 3.3·1012 m3. Beyond doubt the last 

lobe of the Mississippi Fan contains significantly more sand and silt than required to drive 

the hypothetical jökulhlaup down to the sea floor as a turbidity current. In total, the 8 

sequences of the Pleistocene fan contain enough sediment for about a hundred such 

jökulhlaups (cf. Fig. 4). 

As regards the discharge rate into the Gulf deep waters, the capacity of the canyon can 
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be crudely estimated as follows, using an equation for the turbidity current head velocity 

from Huppert and Simpson (1980). The equation gives the head height, while the turbidity 

current body is about half as high. A depth of 2000 m is used, a sea salinity of 35‰, and a 

temperature of 4 ºC for both water masses. Assuming an effective canyon width of 1.3 km, 

a flow of 106 m3·s-1 with 5% sediment concentration yields a body height of 200 m, and a 

propagation velocity of 3.7 m·s-1. This would easily fit in the canyon, and furthermore, both 

larger and faster turbidity currents are known from the recent past (Posamentier and 

Walker, 2006). Assuming that the average velocity was 2 m·s-1, and that 80% of the flow is 

outside the channel (above and beside; see e.g. Posamentier and Kolla, 2003), also the mid-

fan channel could have accommodated a flow of 106 m3·s-1.  

The source of the sediment could include erosion under the ice lobe, and erosion of loess 

and flood plain deposits outside the ice margin. In conclusion, the hypothetical turbidity 

current from the jökulhlaup is perfectly within the realm of known processes. 

Oceanographic consequences 

Having seen that a meltwater pulse of 1014 m3 with a flow rate of 106 m3·s-1 is possible, 

the question is what would happen with the water in the Gulf of Mexico, and what would 

the implications be for the Gulf Stream and, by extension, the climate. The series of 

interactions that are inferred are as follows (see Fig. 5b): (1) The turbidity current reaches 

the basin floor. (2) The sand is deposited, and the fresh water starts rising. (3) Under 

mixing, the water rises to its equilibrium depth, which is in the thermocline. (4) The new 

intermediate water may flow south through the Yucatan Channel (4a), and new salt deep 

water may be added the same way (4b). (5) The addition of water raises the sea surface 
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elevation. (6) This leads to an increased outflow through the Florida Strait (again, this is a 

transient effect, and the ultimate equilibrium is not believed to be relevant in this case).  

The dashed lines in Figure 5a suggest a potential stratification in the Loop Current 

during the jökulhlaup. This is a proxy based on modern stratification—the pycnocline 

during the ice age was arguably somewhat shallower (relative the contemporary water 

surface). Due to the shallow depth of the Florida Strait (ca 600 m), surface water will 

dominate the outflow. The character of the Gulf Stream water could therefore have 

remained rather stable, but its volume would have increased, so that the net effect might 

have been an increase in the energy flux to the North Atlantic. 

The addition of 106 m3·s-1 during 3 years might seem like a small change compared to 

the normal strength of the Gulf Stream during the LGM, 20·106 m3·s-1 (Lynch-Stieglitz et 

al. 1999). However, the MOC had been completely shut down during H1 (McManus et al. 

2004), why even a small increase represented a significant change. Furthermore, the peak 

discharge might have been an order of magnitude larger, as argued above. Also, when the 

MOC was shut down during H1 more heat stayed in the Gulf, thus increasing the surface 

water temperature there by >3 ºC (Flower et al. 2004), why 106 m3·s-1 represented a greater 

heat flux than during LGM. Finally, there may have been several closely spaced such 

jökulhlaups within a few centuries, since there are 2 or 3 peaks in the !18O (Aharon 2006). 

In contrast, in order to boost the NADW the Gulf Stream first and foremost needs to 

have a high salinity. Even though the main dilution of the surface waters in the Gulf 

happened after the main meltwater pulse, a slight dilution is probably inevitable, and such a 

signal appears in core EN32-PC6 (at the arrow in Fig. 6). Since the formation of NADW is 
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very sensitive to dilution of the water, no increase in NADW is to be expected. This is 

consistent with observations, indicating a strong increase in MOC but no change in NADW 

formation (McManus et al. 2004). 

Atmospheric gases 

This hypothetical chain of events seems to provide a plausible explanation for the 

sudden warming of Bølling. It might also suggest an explanation for the methane curve. 

Simultaneously with the two most prominent rises in temperature in Greenland, the 

methane concentration suddenly rose (Fig. 6). The D/O events appear to show the same 

pattern of simultaneous rise in temperature and methane (Chappellaz et al. 1993). The 

methane may have come from methane hydrate, which exists under the frozen tundra and 

on shelf slopes.  

Methane hydrate is only stable under high pressure (tens of atmospheres) and low 

temperatures (Dickens and Quinby-Hunt 1994). It may thus become unstable so that 

methane is released due to a pressure decrease or a temperature increase. Underwater 

methane hydrate would tend to become more stable as the sea level was rising. It has 

therefore been suggested that the methane increase is due to release from under the thawing 

permafrost. 

However, another possibility is that the methane was released from the seabed by 

physical action. The shelf slope by the Mississippi Canyon contains methane hydrate, 

which makes canyon erosion a feasible mechanism for methane release. The methane 

hydrate there is believed to form where natural gas seeps out from petroleum reservoirs. 

The most straightforward hypothesis is therefore perhaps that the methane came from 
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natural gas that leaked out when the erosion of the Mississippi Canyon penetrated a 

reservoir. If so, then the main canyon erosion events can be predicted to have occurred at 

14.6 kBP and 11.5 kBP, with possible incipient erosion at 15.5 kBP (Fig. 6).  

At the onset of Bølling also the CO2 level goes up in the GRIP core. An hypothetical 

scenario can be sketched as follows: An oil field was penetrated by the jökulhlaup when 

creating the Mississippi Canyon. Large amounts of natural gas—consisting largely of 

methane—bubbled up. Being lighter than air it ascended violently, creating atmospheric 

turbulence that built up electric charges. When they discharged in the form of lightening 

and thunder, oil on the sea surface was ignited. This scenario is consistent with the methane 

and carbon dioxide data, as well as with the release of isotopically old carbon (something 

that is implied by a bend in the 14C calibration curve of Reimer et al. 2004). 

Incidentally, the geology of the outer Louisiana shelf at the upper part of the canyon 

contains a significant amount of tabular salt intrusions (Diegel et al. 1995). If salt was 

dissolved when canyons were eroded it would have increased the salinity and density of the 

inflowing water. Note that it would not have affected the isotopic composition of the 

seawater, why the mixed water would have appeared diluted in the !18O data regardless of 

what salinity it actually had. Although an analysis of 3D seismic data covering the most 

recent canyon found no indication of erosional contact with salt, it can not be ruled out 

entirely as a potentially contributing factor. 

Other climate events 

So far the focus has been on the process that caused mwp-1a and the onset of Bølling. 

Having identified a chain of events that may have happened on more than one occasion, it 
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may be discussed what other events in the geologic record could have been partly or 

entirely caused by this process. 

The onset of Bølling coincided with a withdrawal of the southern Laurentian ice margin 

as shown in Figure 8b, which represents changes during time interval " in Figure 6. The 

withdrawal may represent dead ice ablation following a jökulhlaup. A similar withdrawal 

event happened during time interval # (Fig. 8a), although the methane concentration rose 

much less, and there is no real net effect in the temperature (Fig. 6). Still, also event # 

might have been a jökulhlaup. The lack of a clear temperature signal could be an effect of 

the small volume, and perhaps that the tendencies to create warming and cooling cancelled 

out. 

Figure 8c reflects the event when an ice lobe in Lake Superior temporarily dammed 

Lake Agassiz thus causing a drainage event to the Mississippi, and then melted off in 

timeframe $ in Figure 6. This coincides with a sudden rise in methane (Fig. 6) and in sea 

level (Fig. 1). Neither event # nor $ led to a rapid start of MOC (Fig. 2); during # MOC 

remained off, and when $ happened the MOC was already recuperating after having been 

only partially shut off during Younger Dryas by a process similar to the one that provoked 

H1. However, McManus et al. (2004) caution that the resolution is inadequate, so also 

Younger Dryas might have been caused by a complete shutdown of MOC followed by a 

rapid restart.  

Neither event # nor $ gave rise to strong hyperpycnal flows according to the data of 

Aharon (2006). However, it is possible that such a flow occurred, but that the mixing 

stayed at a too low level for detection (the deepest core is from 529 m below the present sea 
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level), especially if the inflowing water picked up salt on the slope. Therefore it can not be 

ruled out that the sudden warming at the start of Holocene at least partially was influenced 

by turbidity currents to the Gulf of Mexico, although there may as yet be no evidence for it. 

Returning to Bølling, it was followed by Older Dryas, which coincided with the peak of 

the meltwater dilution of the surface waters of the Gulf (letter c in Fig. 6). In this case the 

cause and effect appears straightforward: meltwater to the surface leads to cooling. During 

Allerød the methane level remains high, while both Greenland temperature and !18O in the 

Gulf decrease stepwise. It seems possible that the period was marked by recurring turbidity 

currents that left little impact neither on the surface !18O nor on the North Atlantic 

temperature, but that they eroded the canyon thus releasing methane, and that they 

contributed to the development of the Mississippi Fan. The source may have been marginal 

lake drainages. 

The D/O events are marked by the same sudden increase in temperature and methane, 

followed by a slow return. Thus, both the ice cores on Greenland, and the geology of the 

Mississippi Fan hint that this process may have been repeated many times, and may hav e 

been one of the main factors in provoking sudden climate change during the Quaternary. 

While it has been proposed that sudden cooling may be caused by a jökulhlaup from a CIS 

through Hudson Strait (Alley et al. 2005), it may thus be that sudden warming can be 

caused by a jökulhlaup from a CIS through the Mississippi. 

If these speculations regarding other hypothetical jökulhlaups and turbidity currents are 

correct, it follows that what made mwp-1a appear in cores near the surface was the size of 

it. The other events would have mixed out in the lower half of the thermocline, i.e. at 600 to 
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1200 m below the present sea level. The study of Haddad and Droxler (1996) possibly 

found this water. If so, a comparison of their record with the size of the Laurentian ice sheet 

ought to show a correlation between the intermediate water type and the position of the 

southern ice margin. Having said this, it is obvious that many other factors, including the 

wind and the sea level, also affect the outcome in complex webs of cause and effect. 

It should be noted that this hypothesis does not necessarily affect the estimate of the 

maximal volume of the Laurentian ice sheet. The lowest sea level, -125 m, occurred 22–19 

kBP (Yokoyama et al. 2000), but by the onset of mwp-1a the sea level had already risen 

some 30 m. The difference between a grounded traditional inland ice, and the profile with a 

large captured ice shelf present, could be equivalent to a sea level change of as little as 10 

to 15 m. Perhaps counter-intuitively, a CIS does not require a thin floating ice since—as the 

Lake Vostok case shows—the air temperature largely governs the thickness. Thus, even if 

the CIS during the LGM was diminished to small lakes like those now found under the 

Antarctic, and the ice volume was as large as that suggested by Peltier (2004), it may still 

be possible that an extensive CIS could have been formed by the onset of Bølling and give 

rise to the jökulhlaup suggested above.  

Glaciology and glacial geology 

The ice surface elevation of grounded ice is determined by the plastic yield stress. The 

thickness will be the difference between the ground surface and the ice surface. The 

thickness of a floating ice in equilibrium, on the other hand, is determined mainly by the 

heat exchange, since its base must be at the pressure melting point. Where the floating ice 

runs aground the surface elevation must increase for a seal to be created. One might suspect 
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that this would require compressive flow, but in Lake Vostok the flow is extending over an 

uphill bed slope instead. Perhaps there are several combinations of circumstances that each 

would work for creating a hydrostatic seal. 

Intuitively it may be suspected that a floating ice must be thin, since it has no bed 

friction. However, it seems that there is in fact a continuum, with any thickness being 

possible from a few hundred meters, to more than the thickness of a full-grown inland ice 

sheet (cf. Lake Vostok). This raises interesting questions about the mass balance, and its 

relation (or lack thereof) with the ice margin. 

For the areas south and west of Hudson Bay the CIS hypothesis offers a new potential 

explanation to geological observations. For instance, the presence of a large number of 

widely varying striae directions could more easily be explained by a floating ice, moving 

hither and dither as a result of varying threshold events. There are sure to be many ways to 

test this hypothesis through geological fieldwork (although computer modelling may be 

required as a first step to know what to look for). 

Conclusion 

A hypothesis has been presented for how a megaflood from the Laurentian inland ice 

could have been responsible for the Bølling warming through a chain of events, many of 

which seem to have support in geological data. Furthermore, the evaluation suggests that 

this may not have been an exception, but a defining criterion of the Pleistocene climate. 

Having said this, it must be added that the hypothesis has only been evaluated 

preliminarily; it has yet to be tested properly. 
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It seems likely that a jökulhlaup from a captured lake under the Laurentian ice sheet 

entered the Gulf of Mexico as a turbidity current, thus forcing out warm surface water into 

the Gulf Stream, which restarted the MOC in the North Atlantic, which in turn caused the 

Bølling warm phase. The trigger for the jökulhlaup could be any combination of internal 

glacial dynamics and climate forcing. Although the discharge rate of the jökuhlhlaup may 

have been less than the Gulf Stream during LGM, it had a strong effect since it appeared at 

a time when the MOC was turned off (having been shut down by H1) and the Gulf surface 

waters were warm. It may be added that it would make no difference for the end result if 

the water instead came from the drainage of marginal Lake Agassiz, as long as the 

discharge and sediment concentration were large enough. 

The Gulf Coast contains vast petroleum reserves. It is arguably very likely that gas and 

oil was released when the Mississippi Canyon was formed. This might be the source of the 

increased atmospheric methane concentration recorded in the Greenland ice core at the start 

of Bølling and Holocene.  

This chain of events may have acted in a similar way at the end of each major 

Laurentian glaciation, and possibly also at D/O events. Geological data suggests that it has 

been repeated at least eight, possibly a hundred times, all in the Pleistocene. It may play a 

decisive role in bringing about the sudden climate changes that are so characteristic of the 

Quaternary period, as well as in creating the Mississippi Fan. 

Noting that the Laurentian CIS jökulhlaups discussed in this paper may explain sudden 

warming, and that the Laurentian CIS jökulhlaups discussed by Alley et al. (2005) may 

explain the sudden cooling of Heinrich events, it follows that the existence and behaviour 
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of a Laurentian captured ice shelf may be crucial for question of the Quaternary climate. 

Dr Ulf Erlingsson, Lindorm, Inc., 601 Plover Avenue, Miami Springs, FL 33166, USA 
E-mail: ulf@erlingsson.com 
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Appendix: Literature review 

This appendix is supplied as an aid to those readers who may not be familiar with results 

from the various fields that are involved. Hopefully it will also be useful for understanding 

what considerations the hypothesis is based on. 

Climate changes 

The dramatic climate warming around 14.7 ka BP must be considered together with the 

normal climatic fluctuations during the ice age. Although the Holocene climate seems to 

fluctuate with a period of ~1,500 years (Denton and Karlén 1973, Bond et al. 1997), the 

variations during the last ice age were much larger (Bond et al. 1997, Ganapolski and 

Rahmstorf 2001) as shown by analyses of !18O in ice cores from Greenland (GRIP 

Members 1993, Chappellaz et al. 1993). The pattern of D/O events is a sudden warming 

followed by a gradual return to full glacial conditions. These interstadials seem to become 

rare towards the pleniglacial. 

During the ice age there were also phases of extreme cold associated with Heinrich 

events, when ice-rifted material from the Hudson Strait Ice Stream reached far southeast in 

the North Atlantic Ocean (Heinrich 1988, Bond et al. 1992). They occur more seldom (5–

10 ka) and with less regularity than D/O events, during phases that already are cold. The 
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temperature on Greenland did not fall much from its already cold state, but on the European 

Atlantic coast these stadials brought severe cooling. 

Ganapolski and Rahmstorf (2001) suggested oceanographic explanations for both these 

types of events. During glaciations, North Atlantic Deep Water (NADW) is normally 

formed south of Iceland, whereas it forms north of Iceland during interglacial periods. They 

concluded that there was a latch effect in the glacial system, and that the normal cold phase 

suddenly could shift to warm interstadial D/O conditions. The cause could be, they wrote, a 

small decrease in freshwater influx (104 m3 s-1) or an increase in evaporation (5ºC higher 

temperature), each leading to an increase in salinity.  

Conversely, Heinrich events were found to represent unstable shutdowns of the NADW 

formation, caused by a large influx of freshwater or icebergs (>105 m3 s-1). In the model, 

both the Heinrich and D/O circulation patterns spontaneously returned to the normal glacial 

conditions within centuries after the forcing mechanism was gone. 

Gulf of Mexico meltwater pulses 

Leventer et al. (1982) presented !18O data from foraminifera in the anoxic Orca Basin. 

They identified two strong negative !18O excursions (b and c in Fig. 6), indicating two 

peaks in meltwater dilution of the surface waters of the Gulf. Negative anomalies in foram 

!18O are thought to reflect warmer water (0.23‰ !18O per °C), or a dilution of the seawater 

with fresh water. In this case the dilution explanation was preferred (Emiliani et al. 1978, 

Leventer et al. 1982, Keigwin et al. 1991). 

Mg/Ca thermometry data from Orca Basin cores (Flower et al. 2004) indicate that the 

sea surface temperature in northern Gulf of Mexico increased steeply by >3ºC from about 
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17.2 to 15.5 kBP. This accounts for almost half of the !18O change from the maximum to 

the negative peak b in Figure 6, which leaves peak c as the main negative peak. Keigwin et 

al. (1991) compared this core to cores from all over the North Atlantic, and identified also 

two positive excursions (a and d), interpreted to represent high-latitude meltwater pulses. 

The !18O of fresh water mainly reflects the temperature when the precipitation fell (‰ 

!18O = 0.695T – 13.6). Jökulhlaup waters will therefore have strong negative !18O values. 

Kennett and Shackleton (1975) assumed an isotropic composition of –30‰ for Laurentide 

meltwater (equivalent to –24°C) and calculated that surface seawater (–10 m) was diluted 

by over 8%. They also concluded that the water between –100 and –200 m was diluted by 

over 4%. Emiliani et al. (1975) assumed an isotropic composition of –15‰ (equivalent to –

2°C) and consequently calculated twice the dilution, based on a 2.4‰ change in !18O over 

the secular trend. 

Laurentian jökulhlaups 

It has long been the dominating opinion that drumlins, Rogen moraines and similar 

streamlined morphology in the glacial sediments have been formed directly by the ice at its 

base. However, it has been proposed (Shaw 1983, Shaw et al. 1996) that at least some of 

them were caused by jökulhlaups. Shaw et al. (1996) estimated that 8.4 · 1013 m3 was 

discharged in one event at Livingston Lake (Fig. 3). The water was deflected south to the 

Mississippi via the Missouri, but also north to the Mackenzie River. Geological evidence 

indicates that the sub-glacial flow started as sheet flow but later became canalized. 

Others have suggested that at least some drumlins were created not by a jökulhlaup, but 
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by an ice stream (Clark and Stokes 2001). Some ice streams were immediately followed by 

a jökulhlaup, while others (such as the M’Clintock Channel ice stream) simply froze in 

their movement. They all contributed to a rapid decrease of the inland ice sheet volume, 

though, and their duration was on the order of a few centuries. 

Bedrock erosion by very large subglacial flows has also been inferred in the southern 

parts of the Laurentian ice sheet, in eastern Alberta, directly downstream from the 

Livingston Lake event. The water apparently followed the foot of the Rocky Mountains 

towards the southern ice margin. The maximal flow has been estimated by Beaney and 

Shaw (2000) to 1–10 Sv  (1 sverdrup = 106 m3 s-1; not to be confused with the SI unit 

sievert), and the timing to no later than the onset of deglaciation. 

An event with the same maximal discharge has been identified in Georgian Bay, 

Ontario, resulting in erosion and polishing of the crystalline bedrock (Kor et al. 1991). 

Recently, a number of tunnel valleys leading to Lake Ontario have been mapped (Brennand 

et al. 2003). They were interpreted as caused by jökulhlaups followed by stagnation, thus 

explaining also the surrounding dead ice morphology. 

The hydrograph of modern Icelandic jökulhlaups rise either exponentially over a matter 

of weeks, or linearly over a matter of hours or days (Roberts 2005). The larger the 

jökulhlaup, the more likely the hydrograph is to rise rapidly, a behaviour thought to 

correspond to sheet flow from the front. Large ice blocks frequently get entrained in the 

flow, eroding the front of the ice lobe. 

Caribbean Sea oceanography 

The Gulf Stream flows through the Caribbean Sea, and enters the Gulf of Mexico as the 
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Loop Current (Fig. 4). The deep-water characteristics are determined by the threshold level 

to the Atlantic, which is at ca –1600 m (Fig. 5). Atlantic water (mostly upper NADW) 

enters the Caribbean Sea at that level, creating virtually homogenous conditions down to 

the largest depths. Since the threshold in the Yucatan Channel is at –2040 m, the Gulf of 

Mexico receives the same deep water (there are also some local effects in the Gulf due to 

the presence of salt leaks).  

Haddad and Droxler (1996) concluded that the CaCO3 dissolution pattern in the 

Bahamas inter island deep channels and on the Nicaragua rise shifts between ice ages and 

interglacial periods. In the Bahamas they observed preservation in interglacial periods, and 

dissolution during ice ages. In the Caribbean Sea they observed the exact reverse pattern at 

depths below –1200 m. However, in the interval –1000 to –1200 m the situation sometimes 

resembled the Bahamas record, and sometimes the Caribbean >1200 m record.  

Gulf Stream 

The flow of the Gulf Stream in the Florida Strait is today about 30 Sv, while it during 

the Late Glacial Maximum (LGM) can been estimated to about 20 Sv (Lynch-Stieglitz et 

al. 1999, McManus et al. 2004). The average temperature is 19.37 ºC (Shoosmith et al. 

2005), equivalent to the temperature at about 200 to 250 m depth.  

In the Yucatan Channel the surface current has been estimated to 24 ± 4.6 Sv at present 

(Ochoa et al. 2001). The modern day net flow in the Yucatan Channel is to the north at 

levels down to the 6°C isotherm at ca 800 m depth (Candela et al. 2003), corresponding to 

the conditions at the threshold in the Florida Strait east of Miami (-730 m). Below that level 

the flows are weak and the net flow is negligible, the variability being dominated by 
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passing eddies (Abascal et al. 2003) or compensation for the variability in the Loop Current 

(Bunge et al. 2003).  

Mississippi palaeoflow 

A palaeoflow calculation was made by Emiliani et al. (1978). They estimated that the 

average flow in the Mississippi River during the peak of deglaciation was 0.1–0.23 Sv, 

based on a residence time of 33 years for the Gulf of Mexico surface waters, and a dilution 

of the “entire water column” of 5–10%. This implies turbidity currents to the basin floor, 

although they did not explicitly say so. They further assumed that the peak discharge had 

the same relation to the annual maximum discharge as it has at present in the Mississippi 

River, and estimated the peak to 0.2–0.5 Sv.  

Aharon (2006) concluded that the flow from 14.7-14.2 kBP was hyperpycnal (i.e. 

turbidity currents), and had a discharge of 0.28-0.33 Sv. The estimate is based on certain 

assumptions that are invalid if a jökulhlaup was involved, most importantly that the flow 

was in static equilibrium with the Loop Current.  

Tarasov and Peltier (2005) modelled the meltwater from the Laurentian ice sheet, and 

estimated that the peak flow to the Gulf of Mexico during mwp-1a was 0.165 ± 0.025 Sv. 

The model did not allow for a CIS or jökulhlaups. 

Turbidity currents 

Turbidity currents can be generated not only by submarine screes, but also by river 

discharge if the fresh water is sufficiently sediment laden (Mulder and Syvitski 1995). The 

ability to keep sediment in suspension down the continental rise and over the basin floor is 
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a function of velocity, and the velocity is a function of sediment concentration, creating a 

positive feedback loop that increases its ability to erode a canyon. When the flow reaches 

the basin floor it can follow a leveed channel for hundreds of kilometres. The channel is 

often meandering within a channel complex delimited by its own levees, so that it perhaps 

may be conceptually likened to a flood plain. 

Finer fractions are shed since the flow is higher and wider than the channel. Eventually, 

when the levee height is insufficient to confine the basal sand-rich part of the flow, the flow 

is spread out forming a frontal splay or lobe (Posamentier and Walker, 2006). 

The Mississippi Canyon 

During the end of the ice age the Mississippi River attached directly to a canyon, which 

continues out in the Mississippi Fan (Bouma et al. 1985). They estimated the eroded 

volume to 1.5 – 2 · 1012 m3. At the lower end of the canyon, sediment cores brought up 

well-sorted gravel from the base of the deposits (O’Connell et al. 1985). Since the modern 

Mississippi is incapable of transporting that fraction, the find reveals that exceedingly 

extreme flows occurred when the canyon was active (Kolla and Perlmutter, 1993). 

Furthermore, the Mississippi is incapable of producing hyperpycnal flows at present 

(Mulder and Syvitski 1995). 

The present canyon was likely cut during the last glaciation and filled during the most 

recent deglaciation. The erosion reached a depth of ca 1.1 km, and the width at the base was 

about 1 km. Modern 3D seismic data reveals that it likely is filled in with Holocene mass 

transport deposits, leaving only a ca 200 m deep and 11 km wide channel on the present-

day slope (H. Posamentier, pers. comm. 2006; Fig. 7a, b). 
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The Mississippi Fan 

The fan covers an area of over 3 · 1011 m2, and has a volume of at least 2.9 · 1014 m3. It 

consists of 8 different stages, each with its own canyon and fan lobe (Bouma et al. 1985). 

All 8 stages are Pleistocene in age. The last two are from the Wisconsin glaciation.  

On the middle fanlobe (Fig. 7d) the channel is 2-4 km wide, and 25-45 m deep (Bouma 

et al. 1985). Turbidity currents follow the channel over the submarine fan as long as the 

heavy sand-carrying core fits entirely within the levees (Posamentier and Kolla 2003). The 

deposition of the sand (fine sand and silt) takes place in fanlobes of the lower fan, after the 

turbidity current first sheds much of the finer fractions.  

O’Connell et al. (1985) described sediment core 615, from the latest fanlobe some 600 

km from the shelf break. The last of the two Wisconsin sequences consisted of 220 m 

dominated by sand (ca 41%), while the previous one consisted of 255 m of which an 

estimated 64% was sand. The sand appeared in up to 10 m thick beds, and was interleaved 

with silts, silty muds (or silt-laminated muds), and clays and muds. This fanlobe has an area 

in the order of 3 · 1010 m2.  
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Figure captions 

Figure 1. Temperature proxy from the GRIP ice core (GRIP Members 1993; time scale 

ss09) covering the last two ice age terminations. The solid line is the !18O from 15 to 6 cal 

kBP (bottom abscissa, left ordinate), dashed line is !18O from 144 to 130 cal kBP in the 

same core (top abscissa, left ordinate), representing the transition from Saale to Eem. The 

dash-dot line is an inferred sea level curve from the last deglaciation (bottom abscissa, right 

ordinate; from Blanchon and Shaw, 1995). The first sudden rise represents mwp-1a. 

 

Figure 2. Sketch of the North Atlantic currents. Deep water (NADW) is formed north of 

Iceland in Holocene, by sinking of cold and saline water. The meridional overturning 

circulation (MOC) was shut down during Heinrich event 1 and increased suddenly at the 

start of Bølling, but in contrast NADW did not increase (McManus et al. 2004). 

 

Figure 3. The Wisconsin glaciation. Solid line marks the glaciation limit. Bold solid arrows 

mark identified jökulhlaups (LL=Livingston Lake, A=Alberta, GB=Georgian Bay). Dashed 

arrow marks the extramarginal continuation through the Missouri and the Mississippi 

Rivers, and the Mississippi Canyon and Fan. The starting point of this line, in Yankton 

County of SE South Dakota, might even be the location of a jökulhlaup. The dotted line 

outlines the hypothetical captured lake. The map reflects a –70 m sea level without isostatic 

adjustment. 
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Figure 4. The Gulf of Mexico and northern Caribbean Sea at LGM, ca 20 kBP. The 

present-day course of the Gulf Stream is shown, with the characteristic Loop Current in the 

Gulf of Mexico. White dots outline the Mississippi Fan. The black arrow shows the path of 

the Mississippi River and the last channel on the Mississippi Fan. A: location of sediment 

core EN32-PC6, B: location of oceanographic station 681463, F: Florida Strait, H: 

Hispaniola, Y: Yucatan Channel. 

 

Figure 5. Key oceanographic factors of the Gulf of Mexico. (a) Water stratification at 

location B in Fig. 4. S: salinity, T: temperature, %: density. Solid lines are modern 

measurements from the month of May in the Loop Current (NODC accession number 

7500019), dashed lines are hypothetical profiles explained in the section “Evaluation”. The 

dotted line W is the ice age water level. (b) Length section along the Gulf Stream (white 

arrows) from the entrance to the Caribbean Sea (CS) at Hispaniola (H), further through the 

Yucatan Channel (Y) to the Gulf of Mexico (GOM) with its loop current, and out through 

the Florida Strait (F). Numbered arrows are discussed in the section “Evaluation”.  

 

Figure 6. Temperature proxy and methane content (Chappellaz et al. 1993) in the GRIP ice 

core, compared to !18O data for Globigerinoides ruber in the Orca Basin (core EN32-PC6; 

for location see A in Fig. 4), from Leventer et al. (1982, Figs. 1, 3). The age model of the 

core is based on Keigwin et al. (1991), although the point at 16.9 kBP has been moved to 

16.1 kBP with hinge points at 19.2 and 13.2 kBP, to compensate for assumed increased 

sedimentation rate when the meltwater flow drastically increased (the line with dots above 
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the diagram illustrates the move). The arrow marks a 28 cm thick non-laminated layer that 

Leventer et al. (1982, p. 13) interpreted as having been “rapidly redeposited from shallow 

depths during a period of intense melt-water discharge.” With this age model it is 

synchronous with mwp-1a. Keigwin et al. (1991) defined the four peaks a through d. The 

intervals # through $ mark periods when ice lobes melted away (see Fig. 8). OD=Oldest 

Dryas (with Heinrich event 1), B=Bølling, O=Older Dryas, A=Allerød, YD=Younger 

Dryas, H=Holocene. 

 

Figure 7. Virtual photos of the Mississippi Fan. (a) View from the south with sea level at -

120 m. M: Latest canyon.  S: Salt nappe cut through by an older canyon. (b) View from 

above the latest canyon. (c) View down the upper fan. (d) View down the middle fan. The 

latest channel complex can be seen veering off to the left. The images were created from 

ETOPO-2 elevation data in the software Terragen with 20 times vertical exaggeration. 

 

Figure 8. Deglaciation events during the Wisconsin ice age. The bold line marks the ice 

margin at the end of each time interval. Arrows mark meltwater routes. Data from Dyke et 

al. (2003). The calendar year conversion is done using Reimer et al. (2004). (a) 16.1 – 

15.35 kBP (13.5 – 13 14C kBP). (b) 14.7 – 13.85 kBP (12.5 – 12 14C kBP). (c) 11.4 – 10.85 

kBP (10 – 9.6 14C kBP). The time intervals are illustrated in Fig. 6, #, ", and $, 

respectively. 
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Fig. 1 

 

 

 

Fig. 2 
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Fig. 3 
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Fig. 5 
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Fig. 7 
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