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On the basis of scour marks and ice-rafted debris found on the Northwind Ridge,
northwestern Alaskan coast and Chukchi Shelf (and Cap and Borderland), and on the basis
of the earlier ideas presented by De Boer and Nof (2004, DN hereafter), it has been
hypothesized that icebergs created a temporary dam at the mouth of the Bering Strait
(BST). This article describes an examination of this concept in the laboratory.
At the beginning of the Holocene, approximately 11,000 years before present
(11 kyr BP), both oceanic and atmospheric paleo-temperatures increased abruptly. DN
suggested that, with an open BST and no-convection in the North Atlantic, the global wind
ﬁeld would force water to ﬂow from the Arctic to the Paciﬁc (contrary to modern day
conﬁguration). We propose here and in a companion paper that the opening of the BST
and the initiation of this negative ﬂow are responsible for the abrupt increase in
temperature. Further, we propose that the abruptness with which this event occurred,
was due to the breakup of a temporary iceberg dam at the mouth of the BST 11 kyr BP.
(The dam was already 15 m above the BST sill at that time.) This breakup allowed the
freshwater anomalies, capping the convection area in the North Atlantic, to be ﬂushed
(out of the Atlantic) through the Arctic and BS into the North Paciﬁc.
Using a simple laboratory box model, this temporary damming and release of icebergs
is recreated. Results show the stability of the dam to be dependent on the rate of sea-level
rise, which at 1 cm/yr should be sufﬁciently slow to allow a temporary dam to exist for
thousands of years. Sea ice probably fused icebergs together, and through ridging could
have created a 15 m ice wall, which broke up 11 kyr BP. On breaking (of the ice wall),
approximately 3.5 Sv of water would have ﬂushed into the North Paciﬁc, implying a ﬂood
lasting for approximately 3 years. This was followed by a reduced ﬂow of 2.2 Sv lasting
440 years or less (until the low salinity water which prevented convection in the Atlantic
during the Younger Dryas was ﬂushed out and the convection re-started).
& 2008 Elsevier Ltd. All rights reserved.
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1. Introduction
Recently, De Boer and Nof (2004a, b), DN hereafter
suggested that the abruptness in which the detailed GISP
record has changed from the period before the opening of
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the Bering Strait (BST) to the Holocene resulted from a
‘‘temporary’’ blocking of the BST and the breakup of the
associated dam. (Quotation marks are used for ‘‘temporary’’ because, as we shall see, the period may last
thousands of years.) The purpose of the present work is
to put this suggestion on a ﬁrmer ground by conducting
simple laboratory experiments using plastic balls whose
density is the same as ice. We shall show that: (i) both the
icebergs size and BST size are such that the likelihood of a
dam is indeed relatively high, and (ii) scaling arguments
suggest that, without such a dam, the GISP record would
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have been much more gradual and smooth than it actually
is. We should probably state up-front that our work
suffers from the same weakness that most laboratory
experiments on geophysical ﬂows suffer from—it is
virtually impossible to reproduce the small aspect ratio
(depth/length) in the laboratory. Furthermore, our use of
plastic balls instead of ice introduces additional complications as it essentially eliminates ice consolidation.
Consider the jamming of particles at the opening of a
funnel-shaped channel, river or strait. Through interparticle contacts a temporary dam can sometimes be
created as particles attempt to ﬂow through a relatively
narrow opening. Generally, this dam is not very stable and
can be broken when the pressure upstream increases or
the system is perturbed. This type of jamming can be seen
in everything from ‘‘hourglass’’ ﬂow of sand, salt in a
saltshaker, grains in silos and blood ﬂow through arteries
to baggage ﬂow on conveyor belts and transport of bottles
and cans.
Several studies have been conducted into the jamming
of granular ﬂow in two-dimensional vertical funnels (To
et al., 2001; To and Lai, 2002; Hou et al., 2003; Haw,
2004). Most of these focus on the behavior of one-sized
granular particle ﬂow due to gravity through a twodimensional vertical funnel, and how this ﬂow transitions
into a jamming event. These kinds of experiments are a
simpliﬁcation of the more complex situation of sand in an
hourglass or grains in a silo, where the force that breaks
the jam is the weight of the sand or grain particles.
In contrast, we will consider particles of varying sizes
semi-submerged in water, moving horizontally towards a
narrow strait due to advection. Here, the upstream
pressure, due to rising sea level, is the force that will
break the temporary dam. Our focus will be on both the
transition into a damming event, the damming event itself

and its breakup. In these experiments, the particles
represent icebergs and the funnel-shaped strait is the
BST connecting the Arctic Ocean to the Paciﬁc Ocean
(Fig. 1). The hypothesis is that icebergs originating from
broken up continental ice sheets well before the beginning of the Holocene (Hill et al., 2007) blocked the Arctic
side of the BST for through ﬂow (due to a ‘‘temporary’’
damming event). Most of the northwestern part of the
Laurentide ice sheet, at the time covering North America,
broke up and discharged into the Arctic Ocean during the
beginning of the Holocene (Phillips and Grantz, 2001).
Evidence of this discharge has been found in the form of
ice-rafted debris (IRD hereafter). IRD, traced back to the
Canadian Arctic Archipelago, has been found on the
Chukchi Sea, at the mouth of the BST (Dyke and Prest,
1987; Bischof et al., 1996; Bigg and Wadley, 2001).
The BST is relatively narrow and shallow, with a
maximum (central) present day depth of roughly 55 m,
and a width of roughly 85 km. At the mouth of the BST one
ﬁnds the Chukchi Sea with a mean present day depth of
100 m. Modern circulation patterns are shown in Fig. 2,
where water passes through the BST from the Paciﬁc to
the Arctic Ocean. Within the Arctic there are two major
surface circulation patterns, the Beaufort Gyre and the
Transpolar Drift, both of which are labeled in Fig. 2.
The Beaufort Gyre is an anticyclonic gyre located in the
western Arctic at the mouth of the BST, whereas the
Transpolar Drift crosses the Arctic basin from the Kara Sea
to the northern tip of Greenland.
A central claim of this article is that ice jamming led to
more rapid climate change than would otherwise have
occurred. Of course, the laboratory experiments differ
from real ice jamming in many complex ways. The true
behavior would depend on the rheological behavior of sea
ice, consolidation and its interaction with an unknown

Fig. 1. Map of the western Arctic Ocean, showing the major bathymetric features of the Arctic Ocean, with surrounding seas and the Bering Sea. The black
lines indicate the conﬁguration used for the BS in the laboratory box model. Scour marks have been found within the red box (Polyak et al., 2001; Phillips
and Grantz, 1997), and the white line indicates where icebergs were thought to congregate during deglaciation (Phillips and Grantz, 1997). Ice-rafted
debris (IRD) has been found in the yellow box region (Clark and Stokes, 2001; Phillips and Grantz, 2001; Bischof et al., 1996).

ARTICLE IN PRESS
C. Sandal, D. Nof / Deep-Sea Research I 55 (2008) 1105–1117

distribution of iceberg sizes and shapes. Given that sea ice
is not represented in the experiments, and that the size
and frequency distribution of the icebergs is unknown, it
is not a trivial matter to justify the application of the
experiments to the real situation. Nevertheless, we feel
that the experiments do shed light on the actual processes
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in the same fashion that simpliﬁed analytical models shed
light on the processes that they address even though they
typically ignore many processes, and in the same fashion
that complex numerical models teach us some things
even though their sub-grid representation is far from
optimal.
2. Motivation
We are motivated by important time-scale considerations, earlier analytical calculations, and recent observations of icebergs congregating near the BST on the Arctic
side. We will take these issues one-by-one.
2.1. Time-scales issues

Fig. 2. Map showing the surface circulation in the Arctic region. Square
boxes indicate that the denser inﬂowing (Atlantic and Paciﬁc) waters are
submerging under the Polar Surface Water. Reproduced from the Arctic
Monitoring and Assessment Program (IMAP, 1998).

The question that we need to consider ﬁrst is whether
a dam is really necessary to explain the abruptness seen in
the GISP II ice core record (Fig. 3) and in the CEREGE
record (Bard, 2002). The record contain many relatively
fast recoveries from Heinrich events prior to the opening
of the BST but the opening of the BST appears to be a
special case for two reasons. First, its abrupt temperature
rise is larger than those associated with the earlier
Heinrich events and second, the climate stabilized after
the opening 11,000 yr BP. To answer the question of
whether a dam is necessary to explain the record
associated with the opening, we will estimate the time
it would take to drain a freshwater anomaly (capping the
convection region in the Atlantic) through the BST with no
dam present. Here, the ﬂushing time scale (i.e., the time
that it would take to drain the entire upper layer of the

Fig. 3. GISP II ice core record from Greenland and CEREGE alkenone record (adapted from Bard, 2002). Black dotted line at approximately 11 kyr BP shows
the opening of the Bering Strait (BS) due to the breaking of our proposed dam and rising sea levels from the last glacial maximum. According to our
scenario, the building of the dam started 1500 years earlier, around 12,500 yr BP.
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Atlantic and Arctic oceans), which is an ‘‘upper bound’’ on
the fresh water removal, will be used, as opposed to the
much shorter advective time scale used by DN, which is
probably a gross underestimate. Recall that, according to
both Nof and Van Gorder (2002) and DN, with an open BST
and no-convection in the Atlantic, 4 Sv of upper ocean
water will be forced through the BST (by the global
winds), from the Atlantic to the Paciﬁc. With this fully
open BST transport, it would take approximately 230
years to remove the upper 500 m of the Arctic and North
Atlantic (a volume of 3  1016 m3corresponding to an area
of 10,000 km  6,000 km) through the BST.
However, as sea-level rise is approximately 1 cm yr1,
the strait will open slowly and be unable to transport the
full 4 Sv until it is sufﬁciently deep. What is sufﬁciently
deep? Assuming that the maximum speed in the strait is
controlled by the gravity wave speed (i.e., that the strait is
hydraulically controlled) and that the cross-section of the
strait is an inverted triangle with side slopes S of 1:800,
we ﬁnd that the strait maximum central depth h will have
to be at least 19 m (roughly 0.35 of what it is today) in
order to transfer the above no-convection, wind-driven
transport of 4 Sv. With a sea-level rise of 1 cm/yr, it would
take 1900 years to reach this depth.
The above calculation is useful but some ﬂushing
occurs while the sea level is gradually rising to the 19 m
calculated above so the ﬂushing time may be shorter than
the above calculated period of 1900 plus 230 years.
Therefore, a more relevant question to ask is: How long
will it take for the strait to reach a depth at which the
(Atlantic and Arctic) ﬂushing time would be approximately equal to the time that it takes it to reach that
particular depth (due to sea-level rise)? This time can be
computed from the simple relationship
2

V=½h

pﬃﬃﬃﬃﬃﬃ
gh=Sh=a,

where V is the volume of the upper North Atlantic and
Arctic, S the side walls slope at the BST, h the maximum
BST depth at the center, and a is the rate of sea-level rise.
The left-hand side of the above relationship represents the
volume divided by the volume ﬂux through the BST
whereas the right-hand side is just the depth divided by
the rate of sea-level rise. Surprisingly, one ﬁnds that,
fortuitously, the answer to our present question is also
about 2100 years!
At the 2100 years point in time the strait maximum
depth would be about 21 m and, from the hydraulic
control point of view, it could transfer slightly more than
4 Sv. However, since the global wind ﬁeld does not allow a
transport larger than 4 Sv, that state could not be reached—a sea level higher than 21 m above the sill would
simply lose the hydraulic control at the BST (i.e., the speed
will be slower than the gravity wave speed) and still
transport 4 Sv.
Regardless what estimate one wishes to use, the above
periods of thousands of years would not show up as an
abrupt increase in the GISP II ice core or the CEREGE
record. Therefore, since merely opening the BST is not
sufﬁcient to explain the abruptness seen in the paleo
records, another mechanism must clearly be at work. We

propose this other mechanism to be the breakup of a
‘‘temporary’’ dam at the mouth of the BST. Speciﬁcally, we
shall suggest that, relative to the Paciﬁc, the strait
maximum depth was already 15 m deep (about 40 m
below what it is today) when the dam broke 11 kyr BP.
This is consistent with Alley et al. (2005) sea-level
estimate for the period 11 kyr BP showing that, at that
time, the sea level was already 40 m below present levels
(see their lower left panel of Fig. 2), i.e., 15 m above the
present day sill. Recall that signiﬁcant sea-level rise begun
19 kyr BP and ended roughly 8 kyr BP at the present level
of 120 m higher than it was in the beginning of the
process. Our choice of a 15 m dam breakup depth at
11 kyr BP is consistent with the simultaneous abrupt
change shown in (our) Fig. 3. It suggest that the dam
build-up begun 12.5 kyr BP. Had there not been a dam
11 kyr BP, the hydraulically controlled BST would have
transported about 2.2 Sv and the records would have
looked much smoother. [Note that there is no complete
agreement on the exact time that the Younger Dryas
ended (e.g., Alley, 2000) but this has no direct bearing on
our arguments.]
We further speculate that there were several meters of
sea-level difference between the Arctic and the Paciﬁc due
to the dam. (Note that, in contrast to the previous
parameters choices, which can be determined from the
records, this is a true speculation as we have no idea what
the sea-level difference actually was.) With, say, a relative
large difference of 5 m, the depth would be 15 m above the
sill on the Paciﬁc side and 20 on the Arctic side. Under
such conditions, the gravity wave speed (associated with
the breakup of the 5 m ‘‘wall’’) would be about 7 m/s,
which, with a 15 m deep strait, implies a temporary
transport of about 1.3 Sv. This temporary transport will, of
course, be superimposed on the steady 2.2 Sv nonconvective wind-driven transport giving a total of 3.5 Sv.
This combined transport will last merely until the sea
level on the two sides of the strait equalizes which would
take approximately 3 years (reﬂecting the drainage time
of the excess volume, 10,000 km  6000 km  5 m). At this
point in time (i.e., once the sea level reaches an
equilibrium), the relative large transport will be reduced
to the hydraulically controlled, non-convective winddriven transport of 2.2 Sv giving an upper North Atlantic
and Arctic draining time of 440 years. This dam break
ﬂushing period is about a ﬁfth of the no-dam ﬂushing
period (2100 years) and will, therefore, appear as ‘‘abrupt’’
in the GISP and CEREGE records. Note that while the 5 m
sea-level difference speculation is deﬁnitely on the high
side, taking it to be 2.5 m does not change our results
signiﬁcantly.

2.2. Earlier calculations
There are several indications that, during the last
glaciation, convection in the North Atlantic/Greenland Sea
was very variable (Bond et al., 1993; Broecker, 1994;
Blunier et al., 1998; Cacho et al., 1999; Bard et al., 2000;
Boyle, 2000; Laberyrie, 2000; Clark et al., 2002). At this
time, due to lower sea levels and the shallowness of the
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BST (max present day depth of roughly 55 m), the BST was
effectively a land bridge between Russia and North
America (i.e., no water ﬂowed through the strait). Assume
now that de-glaciation commences, melting the large ice
sheets over North America and Europe. This, in turn,
ﬂushes large amounts of fresh water into the surrounding
oceans, freshening the convection site and shutting off
deep-water formation in the Atlantic. With a closed BST,
the system has no efﬁcient way of removing these salinity
anomalies, other than evaporative and dissipative processes whose time scale is very difﬁcult to estimate (DN).
With an open BST, the Americas can be viewed as an
island, which means that the sea level around the
continent is continuous so that the island rule can be
employed (DN). According to the island rule, with no
convection and an open BST, Southern Winds force
approximately 4 Sv of Southern Ocean water into the North
Atlantic. This water then exits the North Atlantic and ﬂows
into the Paciﬁc Ocean through the Arctic and BST. Hence,
these 4 Sv of water would ﬂush the salinity anomalies (over
the convection site) out through the BST. However, due to
the melting and breaking up of continental ice sheets, a
mass of icebergs occupy the Arctic Ocean in the vicinity of
the BST (Hill et al., 2007). As this water attempts to ﬂush
through the BST, these icebergs now ﬂow towards the
strait. Due to their keel size (50–130 m) the icebergs are
unable to pass through the strait, thus congregating around
it, refreezing (creating icebergs larger than 2.5 km in
diameter) and creating a temporary dam. This dam, which
is our focus here, will eventually break due to increasing
global atmospheric temperatures as well as an increased
pressure head on the Arctic side due to rising sea levels.
Once the dam breaks, water and ice ﬂow through to the
Paciﬁc Ocean, removing any low salinity anomalies over
the convection site, which in turn kick starts convection in
the North Atlantic/Greenland Sea.
Warm waters once again move northwards, cooling
and sinking at the convection site and releasing heat to
the atmosphere, and reversing the ﬂow through the BST
back to that of modern day (from the Paciﬁc to the Arctic).
On long time scale (i.e. on the order of thousands to
millions of years), such as the GISP II Greenland ice core
and CEREGE alkenone record (Fig. 3), this increase in
oceanic and atmospheric temperatures is seen as abrupt.
Numerical simulations by Hu and Meehl (2005) and Hu
et al. (2008) further support the analytical solution of DN,
where they show a reversal of the ﬂow through the BST for
sufﬁciently large fresh water ﬂuxes and, hence, reduced
convection at the convection site. The increase in mean
oceanic and atmospheric temperature due to the restart of
convection (after the break of the temporary dam), as
described above, is dealt with in a companion paper using
an analytical coupled ocean–atmosphere model of the
North Atlantic (Sandal and Nof, 2008). We show there that
opening the BST, and restart of convection, can explain the
increase in mean oceanic and atmospheric temperatures
seen in the GISP II Greenland ice core and CEREGE
alkenone record 11 kyr BP. A weakness of the above
scenario is the possibility that the Artic was completely
ice covered. Such a cover could have prevented the
icebergs from moving freely around.
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2.3. Observational issues
During the last glacial maximum (LGM, hereafter) the
Laurentide ice sheet covered most of North America. As
global temperatures increased, this continental ice sheet
started to melt and break up and it is thought that most of
the northwestern part discharged into the Arctic Ocean
(Phillips and Grantz, 2001). Evidence of this discharge has
been found in the form of IRD, which is debris that is
picked up and frozen onto the underside of ice as it moves
across the earth’s surface. It slowly dislodges and sinks to
the sea ﬂoor when the ice is exposed to warmer water.
IRD, traced back to the Canadian Arctic Archipelago, has
been found on the Chukchi Sea, at the mouth of the BST
(Dyke and Prest, 1987; Bischof et al., 1996; Bigg and
Wadley, 2001). This indicates that there were icebergs in
the vicinity of the BST at the time of its opening.
Another indication of ﬂoating icebergs in the vicinity of
the BST are iceberg scours found on the Northwind Ridge
(Phillips and Grantz, 1997; Polyak et al., 2001), located
next to the Chukchi Sea, and the Chukchi shelf (Hill et al.,
2007) on the western side of the Beaufort Sea (Fig. 1).
Iceberg scours are formed when drifting icebergs encounter plateaus or ridges that are too shallow for their
keels to pass over, so they scrape the actual rock leaving
gauges or scars. The iceberg scours found on the Northwind Ridge indicate keel depths ranging from 155 to
700 m, clearly too deep to pass through the BST. New
evidence on the Chukchi Shelf and northwestern Alaskan
margin, suggests a discrete discharging event of icebergs
around the Younger Dryas (11,500 yr BP; Hill et al., 2007).
There is also evidence that icebergs were dynamically
conﬁned to the margins of the Amerasia Basin (Phillips
and Grantz, 1997), located in the western part of the
Canadian Basin close to the BST.

3. Description of experimental apparatus and
procedures
As mentioned earlier, this laboratory experiment
addresses the mechanism of temporary damming of a
narrow channel or strait due to icebergs. A non-rotating
square Plexiglas tank, with a length of 52 cm, width of
33 cm and a height of 31 cm, was used (Fig. 4). The tank
was divided into two chambers representing the Arctic
(left) and Paciﬁc (right) oceans, which were connected by
a narrow opening, the BST. In the Arctic chamber, the
bottom slanted upwards towards the sill, mimicking the
general bathymetric slope of this area. (The slope in
the laboratory was, unaviodably, much greater than that
in nature.) Water ﬂowed into the Arctic chamber at depth,
through a foam ﬁlter to reduce turbulence. Since we were
recreating sea-level rise, we wanted as little ﬂow as
possible in the Arctic chamber. Fresh water was used in all
our experiments.
To simplify the experiment, colored polyethylene balls
of speciﬁc gravity 0.92 were used instead of ice. We used a
mixture of seven different-sized balls (Table 1), where the
three largest sizes were coated with sand to increase their
surface friction and prevent balls slipping past each other.
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Table 2
Width of strait for the six different experiments and the rate of success of
creating a temporary blockage for each experiment
Experiment

Width of strait (cm)

Success rate (%)

1
1RR
2
3
4
5
6
5-Ball group
6-Ball group

8
8
7
6
5
4
8
–
–

68
68
73
86
97
86
75
70
90

Due to problems with results for experiment 1, we only used the 15 ﬁrst
experiments and redid the experiments with the same set-up. We,
therefore, have two experiment 1 set-ups, the second of which we will
call 1RR (Rerun). For this experiment, cylinders with the same diameter
width replaced the largest and fourth largest ball sizes (i.e., the blue balls
become blue cylinders). See text for the deﬁnition of the groups.

Fig. 4. (Top) a side-view schematic of the Plexiglas box used in the
laboratory experiment, and (bottom) a top view schematic. The water
level starts out below sill depth in both chambers, in all of the
experiments.

Table 1
Radii of balls, their colour and the number of each used in the
experiments
Diameter of balls (cm)
0.32
0.64
0.95
1.27
1.59
1.91
2.54

Number of balls
700
57
28
37
40
20
11

Color
White
Green
Yellow
Blue
Red
Green
Blue

Actual iceberg roughness (i.e., ratio of surface irregularities to radius as determined from photographs) can be
estimated to be approximately 0.05, similar to that of the
sand on the three largest balls which increased their
roughness from zero to 0.02–0.031. Due to mechanical
limitations (i.e. the size of the sand that could be used on
the balls) the surface friction was underestimated in these
experiments. At any one time the entire range of ball sizes
was used, which remained a constant throughout all of
the experiments. Five experimental set-ups were conducted where the width of the strait varied from 4 to 8 cm,
increasing by an increment of 1 cm (Table 2). A ﬁnal
experimental set-up was conducted, experiment 6, which
was identical to experiment 1 and 1RR (only half of
experiment 1 could be used, therefore experiment 1 was

rerun and is referred to as 1RR), except that two sizes of
balls (the largest and fourth largest) where replaced by
cylinders of the same diameter. Thirty runs were conducted for each experimental set-up, giving a total of 210
runs.
Each run started with water below sill depth in both
the Arctic and Paciﬁc chamber (Fig. 4). Water ﬂowed into
the Arctic chamber slowly, recreating sea-level rise. As
water reached the sill and started ﬂowing into the Paciﬁc
chamber, the balls moved towards the sill. If the balls align
themselves in a favorable conﬁguration for damming they
would constrict the ﬂow raising the sea level on the Arctic
side. Eventually, when the upstream pressure was high
enough, the temporary dam would break allowing water
and balls to ﬂush abruptly into the Paciﬁc chamber. At this
point the experiment was over.
Several important simpliﬁcations were made in this
laboratory experiment. The ﬁrst was the use of spheres to
represent icebergs, as it is impossible to close all of the
gaps between spheres despite the large range in sizes
used. Hence, spheres would never be able to block the
ﬂow completely; however, they could sufﬁciently constrict the ﬂow such that temporary damming events
occurred. Second was the use of polyethylene plastic, as
opposed to ice, which could not replicate the frictional
effect of two icebergs colliding, nor the shearing, consolidation and refreezing of ice.
Despite these simpliﬁcations, this can still be considered a good representation of the proposed hypothesis.
Icebergs, with their varying shapes and increased frictional effect, will more easily create a dam than plastic
spheres. It is very likely that there will be a wide range of
sizes of icebergs, such as those used in this experiment.
Although the BST is 85 km in width at modern sea levels,
during the opening of the strait its width would have been
closer to 25 km. Since the icebergs congregated in the
vicinity of the BST before its opening, sea ice probably
fused these icebergs together forming larger icebergs. In
combination, these effects would have facilitated temporary damming in the BST, in better accordance with these
experiments.
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4. Results
4.1. Temporary damming and release events
Photographs of a typical damming event and the
subsequent release and ﬂushing event are shown in
Fig. 5. In the damming event (Fig. 5a) one notices the
alignment of balls of different sizes along the sill, where
the smaller balls clog up the holes between the larger
balls. As mentioned earlier, some water can be seen
ﬂowing over the sill since the balls only constrict the ﬂow.
Once the pressure upstream is too high, the dam breaks
ﬂushing water and balls abruptly into the Paciﬁc basin, as
can be seen in Fig. 5b.
Fig. 6 shows the typical change in volume in the Arctic
chamber during one of the experiments. Initially, the
volume in the chamber increases as water enters at depth
raising sea level. At point A the water reaches sill depth
and starts to ﬂow over, moving the balls towards the
strait. A dam constricting ﬂow is created at point B, which
is broken at point C, releasing the mixture of water and
balls into the Paciﬁc chamber. The abruptness with which
this release occurred is similar to that seen in the GISP II
and CEREGE record (see dashed line in Fig. 3) at the
beginning of the Holocene. As mentioned, the records
show other abrupt temperature changes, which could not

Fig. 6. Typical changes in the Arctic volume through a complete
experimental run. This ﬁgure is taken from experiment 4, with a strait
width of 5 cm. At point A the water reaches sill depth, at point B a dam is
created and at point C the dam breaks.

possibly be due to the collapse of a dam, but the change
during the beginning of the Holocene is the most
signiﬁcant one.

4.2. Analysis of the temporary damming event

Fig. 5. Typical photos illustrating (a) the damming effect of the balls
(top) constricting the ﬂow through the strait and (b) the subsequent
release and ﬂushing (bottom) of water and balls. Here the Arctic/Atlantic
chamber is on the left and the Paciﬁc chamber on the right. More balls
than that used in a typical experiment are seen in these pictures.

Table 2 shows the success rate of the balls in creating a
temporary block/dam for different strait widths. As the
width of the strait decreases the successfulness of the balls
in creating a block increases. Calkins and Ashton (1976)
found, experimentally, that, for a mean particle-diameter to
gap-width ratio of at least 0.1, blocking/arching is possible.
Except for the two smallest balls, this ratio is always
satisﬁed in our experiments. How this is satisﬁed in nature
will be discussed in a later section. Grouping the experiments according to how many balls satisfy Calkins and
Ashton’s (1976) ratio, experiments 1, 1RR and 2 fall in the
5-ball group category and experiments 3–5 fall in the 6-ball
group category (Tables 1 and 2).
We ﬁnd a 20% increase in success rate from 5- to 6-ball
group. Exchanging two of the spheres with cylinders, as in
experiment 6, increases the success rate of creating a
blockage by 7%. Examining the actual block itself, one can
see in Fig. 7 that, on average, 3–4 balls create a blockage
with an average horizontal length (i.e., width) varying
from 8 to 6 cm. Decreasing the strait width decreases both
the number of balls as well as the total horizontal length
of the blockage. Again, dividing the experiments into the
5- and 6-ball groups we ﬁnd a decrease in the occurrence
of the three largest balls in the block and a slight increase
in the occurrence of the smaller balls (Fig. 8). Exchanging
two of the spheres with cylinders does not seem to affect
the number of balls in the blockage or its horizontal
length. However, examining the occurrence of speciﬁc ball
sizes in the blockage we ﬁnd that the small blue cylinders
(which replaced the small blue spheres) increase drastically for experiment 6. From Fig. 8 one can see that the
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Fig. 7. Average total number of balls in the dam plotted against the
horizontal length (i.e. width) of the dam (cm). The experiment numbers
are given below/above each data point. Experiment 1 is a mean of
experiments 1 and 1RR (experiment 1RR is the rerun of experiment 1).

Fig. 8. The mean occurrence of balls in the dam (calculated as
number of balls of a certain diameter=total number of balls used)
divided into three groups. In the ﬁrst group (solid line), we show
experiments 1, 1RR (experiment 1RR is the rerun of experiment 1) and
2. In the second group (dashed line), we show experiments 3–5. The
third ‘‘group’’ (dashed–dotted line) shows experiment 6. Interestingly,
balls beyond a certain size become less important than somewhat
smaller balls.

larger balls occur in the blockage more often, where the
second and third largest balls are favored.
After the temporary block in front of the strait (looking
downstream) breaks, allowing water and balls to ﬂow into
the Paciﬁc chamber, there is an abrupt decrease in volume
in the Arctic chamber. This mean change in volume is
plotted in Fig. 9 for each experiment. Experiment 3 is not
included as the data from the side camera was unusable.
In addition, only the ﬁrst 15 from experimental set-up 1
are used, as the remainder is unusable too. As the width of
the strait decreases so does the change in volume due to
the temporary block breaking. Using cylinders, instead of

Fig. 9. The mean non-dimensional blockage number (solid black line)
and the corrected non-dimensional blockage number (dashed black line)
plotted against the mean change in volume in the Arctic chamber as the
dam breaks. As anticipated, for a decreasing strait width, the amount of
water ﬂushing into the Paciﬁc chamber, on the break of the dam,
decreases. Experiment 1 is actually a mean of experiments 1 and 1RR
(experiment 1RR is the rerun of experiment 1).

Fig. 10. Mean time that the blockage lasts for against the mean inﬂux of
water into the Arctic chamber. Since the length of the blockage is an
indicator for the stability of the dam/block, we see that the stability of
the dam is solely dependent on the inﬂux rate of water into the Arctic
chamber, i.e. the rise in sea level. (Experiment 3 is excluded from this
analysis, as the data was unusable. Experiment 1RR is the rerun of
experiment 1.)

spheres, for two of the ball sizes does not have much
affect on the change in volume at the break of the
blockage. In Fig. 10, mean inﬂux rate of water into the
Arctic chamber is plotted against mean blockage time.
Mean blockage time is deﬁned here as the time taken
from the creation of a temporary block until its breakdown. There is an inverse relationship between the two
variables, which is seemingly independent of the strait
width. Hence, the blockage time is dependent only on the
inﬂow rate in this experimental set-up.
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4.3. Non-dimensional blockage number
A non-dimensional blockage number (BL), which
measures the effectiveness of the block, can be introduced
using the relationship
BL ¼

Volume change
,
Influx of water  Blockage time

(2)

where the inﬂux of water is the rate at which water enters
the Arctic basin, blockage time is the amount of time the
balls dam the strait and volume change is the change in
water volume in the Arctic basin at the breakage of the
dam (Fig. 11). Regardless of the shape of the block, BL is
always smaller than unity. This is because using spheres
(rather than squares) to represent the icebergs, means the
ﬂow can only be constricted at the development of a dam,
i.e., the choice of spheres allows a substantial amount of
water to leak between the spheres during the blockage,
which means that
Influx of water  Blockage time4Volume change.

(3)

To account for the ‘‘lost’’ water we calculate the
difference in area between a circle and a square as seen
in Fig. 12a. We will term this the correction factor, d, which
will allow a better data ﬁt. Although the spheres have a
speciﬁc gravity of 0.92, during the temporary damming
events several of the spheres are forced higher up in the
water column than what their density alone would allow.
To compensate for this, we assume that 70% of the crosssectional area of the sphere/square is submersed in water
(Fig. 12b), though this is probably an underestimation.
This gives us
2
A70%
square ¼ 2R  1:7R ¼ 3:4R

A70%
sphere ¼

pR2
1:8p 2
R ,
þ 2pR  0:2R ¼
2
2

(4)

(5)

where R is the radius of the sphere, which is half the
length of the square. To ﬁnd the correction term, d, we
divide (5) by (4) and subtract it from unity:
d¼1

70%
A70%
square =Asquare

1:8p
’ 0:18.
¼1
6:8

Fig. 12. Difference in cross-sectional area between a sphere and a square
with the same radius R for a fully submerged sphere (a) and a partially
submerged sphere (b).

This indicates that 18% of the inﬂowing water during the
temporary dam is not reﬂected in the subsequent volume
ﬂux at the break of the dam. To correct for this, we will
redo the non-dimensional blockage number calculation,
with the added ‘‘missing’’ 18%, such that
BLC ¼

Volume change þ ð0:18  Influx of water  Blockage timeÞ
.
Influx of water  Blockage time

(7)
The mean and corrected non-dimensional blockage
number for each experiment are calculated and plotted
in Fig. 9. Excluding experiment 2, for a decreasing strait
width, the non-dimensional blockage number increases.
This increase will be discussed in more detail in the next
section. Experiment 6 shows little difference compared to
its equivalent, experiments 1 and 1RR.
5. Discussion

(6)
As mentioned, the general scenario is that, once the
BST dam was broken, water and ice was ﬂushed through,
removing the low salinity layer covering the convection
area in the North Atlantic (Sandal and Nof, 2008). This in
turn kick started deep-water formation, releasing heat to
the atmosphere and drawing warm waters northwards.
This would look like an abrupt increase in mean atmospheric and oceanic temperatures in the GISP II Greenland
ice core and CEREGE alkenone record (Fig. 3).
5.1. Success rate for a block

Fig. 11. Diagram illustrating the components of the Non-dimensional
blockage number, BL ¼ DVolume ðcm3 Þ=½Influx ðcm3 =sÞ  DTðsÞ. DT is the
time span from the start of the block (TS) to the end of the block (TE),
DT ¼ TETS. The hatched region [whose slope is greatly exaggerated in
this ﬁgure, but was o(0.01) in the actual experiment] constitutes the
overﬂowing water gushing into the Paciﬁc chamber at TE when the dam
breaks, i.e. the volume change (DVolume) in the Arctic chamber. Inﬂux of
water is the rate at which water enters the Arctic chamber.

For a decreasing strait width, the rate of success for
which a temporary block is created increases, as expected.
Using Calkins and Ashton’s (1976) ratio we ﬁnd that for
experiments 1, 1RR and 2, ﬁve of the ball sizes satisfy this
ratio, whereas six ball sizes satisfy experiments 3–5.
Dividing them into these two groups and looking at the
mean success rate for each of them we ﬁnd a 20% increase
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from the 5- to the 6-ball group, conﬁrming Calkins and
Ashton’s (1976) ratio. Each of the experiments operated
with different inﬂux rates into the Arctic basin, which is
not mirrored in the success rates of the blocks. Hence, the
blockage of the strait is seemingly independent of inﬂux
rate for the range of inﬂux values used in these
experiments (Table 2).
5.2. Statistics of the dam
In general, as the strait width decreases so does the
horizontal length (i.e., width) of the temporary block.
There are two reasons for this: (1) fewer balls are required
to create a block for a narrower strait and (2) as the strait
narrows, the smaller balls have an increasing presence in
the temporary block. For all of the strait widths the
preferred balls in the temporary block are the red (1.59 cm
diameter) and the large green (1.91 cm diameter) ones.
This could be due in part to their large size, compared to
the strait width, as well as the amount of red and large
green balls used in the experiment (Table 1). As expected,
the largest balls (large blue) are more signiﬁcant in
creating temporary blocks for those experiments where
the Calkins and Ashton (1976) ratio is small (Fig. 8), i.e.
experiments 1, 1RR and 2.
5.3. Non-dimensional blockage number
The non-dimensional blockage number plotted in Fig. 9
indicates the efﬁciency of the temporary block in trapping
water on the upstream side. Since we are using spheres,
water will inadvertently leak between the gaps such that
this number can never be unity.
This is partly corrected for by calculating how much of
the inﬂowing water is lost during each blockage and
adding this to the volume ﬂux. As the strait width
decreases the non-dimensional blockage number increases, hence the efﬁciency of the block increases. This
is probably due to the decrease in the number of balls
needed to create a temporary block. With fewer balls,
there are fewer gaps for water to ﬂow through, in effect
increasing the blocks efﬁciency.
5.4. Inﬂux rate versus blockage time
Fig. 10 shows the inverse relationship between inﬂow
of water into the Arctic chamber and blockage time.
Blockage time can here be used as an indicator for the
stability of the temporary block. Hence, the stability of the
block is independent of the width of the strait, and
depends solely on the inﬂow rate of water to the Arctic
chamber.
5.5. Exchanging spheres for cylinders
Exchanging two of the spheres for cylinders of the
same diameters (2.54, 1.27 and 0.5 cm high), as in
experiment 6, changes some of the results, but most
remain the same. With cylinders it is easier to create a
block, as can be seen in a higher success rate compared to

experiments 1 and 1RR. However, the change in volume as
the block breaks, the mean number of balls occurring in the
block, the mean horizontal length of the block, and the
corresponding non-dimensional blockage number are all
similar to experiments 1 and 1RR. Examining the occurrence of different-sized balls in each block, we ﬁnd that
exchanging the small blue spheres for cylinders greatly
increases its presence in the block. Since we do not ﬁnd the
same to be true for the large blue cylinders, this may be a
size versus shape issue. In essence, the small cylinders
beneﬁt more from their shape than the large cylinders.
5.6. Relating the experiment to nature
Experiment 6 comes the closest to the actual BST
scenario. At the opening of the BST its shallowness in
depth would have hindered all icebergs from entering.
Therefore, a natural iceberg dam would have occurred
there. Recall that Hill et al. (2007) found evidence of a
single iceberg discharge event on the northwestern
Alaskan coast during the Younger Dryas (approximately
11 kyr BP). Since the icebergs would probably not freeze
directly to each other due to thermal equilibrium along
their margins, a mélange with sea ice accreting around the
icebergs could be possible. Using Stefan’s Law (Lepparanta, 1993), we can estimate the thickness of this sea ice
over a 200-day period. Assuming no internal heat source,
a known temperature at the top (which will be taken as
the air temperature at the sea surface) and no heat ﬂux
from the ocean, Stefan’s Law can be written as
ri L

dH ki
¼ ðT f  T 0 Þ,
dt
H

(8)

where ri is the density of ice, L is the latent heat of
freezing, ki is thermal conductivity, H is the thickness of
the ice, Tf is the freezing temperature of salt water and T0
is the temperature at the top boundary, i.e., the air
temperature. The analytical solution for (8) given the
boundary condition of H ¼ 0 for t ¼ 0 (i.e., an ice-free
ocean) is
H2 ¼ a2 S; where a2 ¼
and S ¼

Z

2ki
1
’ 10:9 cm0 C1 d ,
ri L

t
0

½T f  T 0 ðtÞ dt.

(9)

For t ¼ 200 days, Tf ¼ 2 1C and T0 ¼ 35 1C, we ﬁnd H
to be 268 cm. This is an overestimation of ice growth, as it
assumes no coupling with the atmosphere and negligible
sea surface motion. Also, this calculation neglects the fact
that the ice in question is multiple-year ice rather than
ﬁrst year. Given our other simpliﬁcations this does not
seem to create a serious limitation.
Current/tidal/wind forcing could be great enough to
force the icebergs together. With sea ice accreting around
the icebergs, this sea ice will ridge once the icebergs
impact and are forced together (Fig. 13). If the horizontal
extent of the sea ice (10–15 m) around the icebergs is large
enough, ridging could force the sea ice to a thickness of
roughly 15 m (Hopkins, 1998; Tuhkuri et al., 1999; Tuhkuri
and Lensu, 2002). In this fashion, sea ice could have fused
icebergs together, creating a vertical wall of ice 15 m or
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where the central depth is 55 m and the width is close to
90 km. There are actually two additional sills (north and
south) slightly shallower than the 55 m but still deeper
than 40 m so there were already ﬂooded 11 kyr BP. These
two sills extend over almost an ocean scale width so that
they probably do not exert a hydraulic control, and, hence,
cannot be used for our calculation.
5.7. Relation to river ice jams

Fig. 13. Schematic side view illustrating the freezing of sea ice between
icebergs (top panel) and the subsequent ridging of sea ice (bottom panel)
as the icebergs are forced together due to the congregation upstream of
the strait. In this manner, icebergs could freeze together through sea ice
with a vertical extent of 15–20 m.

higher. Based on both the sea-level record (see e.g., Fig. 2
in Alley et al., 2005) and the time at which the abrupt
changes are seen (11 kyr BP, Fig. 3), we propose that the
dam broke 11 kyr BP when the Paciﬁc sea level reached
about 15 m above the present sill level (i.e., when it
reached 40 m below today’s sea level). This requires the
initial strait width to be about 25 km, so that the
minimum radius of the fused together icebergs has to be
greater than 2.5 km (according to both the Calkin and
Ashton ratio and our own ﬁndings).
Assuming again that sea level rose at a rate of 1 cm/yr
before the upstream pressure was large enough to break
the temporary dam, gives a blockage time of roughly 1500
years (from 12.5 to 11 kyr BP) because this is the time that
it would take for the sea level to rise the required 15 m.
With an assumed 5 m sea-level difference across the dam,
the gravity wave speed (associated with the break) would
be about 7 m/s, which, with a 15 m deep triangular strait,
implies a temporary transport of about 1.3 Sv (see Section
2.1). This will be superimposed on the hydraulically
controlled BST transport of 2.2 Sv giving a total of 3.5 Sv.
This increased transport will last only until the sea level
on the two sides of the strait equalizes which would take
approximately 3 years (reﬂecting the drainage time of the
excess volume, 10,000 km  6000 km  5 m). At this point
in time (i.e., once the sea level reaches an equilibrium),
the relative large transport of 3.5 Sv will be reduced to the
non-convective wind-driven transport of 2.2 Sv giving an
upper North Atlantic and Arctic draining time of 440
years.
Finally, it should be pointed out that, in our hydraulic
calculation of the BST, we considered its narrowest point

It is tempting to think about our BST jamming problem
as similar to ice jamming in rivers but the two are quite
different. River jamming usually occurs while water is still
ﬂowing underneath the ice (as there is no sill) whereas
ours merely involve ﬂow in-between the icebergs. The
reader is referred to Healy and Hicks (2006, 2007), Ettema
and Muste (2001) and the references given therein for
laboratory studies of ice jams in rivers. These experiments
usually involve large ﬂumes (as much as 30 m long) where
attempts have been made to keep the non-dimensional
numbers, such as the Froude and Reynolds numbers, the
same as they are in the actual rivers. Most of the
theoretical breakthroughs were made in the 1960s where
formulas for ‘‘narrow’’ and ‘‘broad’’ ice jams were developed (see e.g., Healy and Hicks, 2007). While very useful,
these formulas have limited bearing on our problem
where there is no ﬂow underneath the ice.
Despite the obvious differences, it is useful to perform
a scale analysis of the same kind usually done in riverjams studies. With a typical speed of 2 cm/s and a depth of
2 cm, our Froude number (u2/gh) in the laboratory BST is
found to be roughly 2  103, whereas in nature, it is a few
orders of magnitude smaller because of the much greater
depth (25 m). Although unfortunate, this sort of mismatch is typical for laboratory experiments of oceanic and
atmospheric ﬂows. Similarly, assuming laminar friction in
the laboratory, the Reynolds number (uh/n) in the
laboratory is found to be about 400. Taking into account
a typical coastal vertical viscosity of 100 cm2/s, the
analogous oceanic Reynolds number is much smaller,
about 50. One can also speak here about a Reynolds
number based on the balls size instead of the channel
depth, which is about the same for the large balls but an
order of magnitude smaller for the small balls.
The only ratio that is considered critical for our
experiments is the ratio of the spheres size to the width
of the strait. In the laboratory, the ratio is roughly
somewhere in between 1/5 (large spheres) and 1/25
(small spheres). For a 25 km strait, this corresponds to
actual icebergs that are between 1 and 5 km. However,
when the sea level was lower than that corresponding to
the breakup, the strait was much smaller (zero at some
point) so that much smaller icebergs could also cause a
block. In fact, almost any size of icebergs could create a
block at some point.
6. Weaknesses
All scientiﬁc investigations of geophysical phenomena
have their weaknesses and ours is no exception. Both
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global and local numerical models suffer from the
weakness associated with under-represented sub-grid
processes and analytical models suffer from weaknesses
associated with their simpliﬁed structures. Laboratory
experiments of atmospheres and oceans, on the other
hand, uniformly suffer from scales mis-matches as
nature’s scales ratios cannot possibly be correctly reproduced in the laboratory. Our particular experiments suffer
from an additional weakness having to do with using
plastic instead of ice. We shall take these two issues oneby-one.
Regarding the scales issues, assuming that icebergs
during the Younger Dryas behaved like today’s icebergs
near Antarctica, their horizontal size falls into two groups,
one with a scale of 1–200 m and the other with 1–10 km.
The depth of the ﬁrst group is similar to their horizontal
scale whereas the depth of the second group is no more
than a few hundred meters, i.e., it is much smaller than
their horizontal extend. There are much more icebergs
belonging to the ﬁrst group than to the second but more
ice is trapped in the second group than in the ﬁrst one.
Due to the scales ratio, our laboratory spheres mimic the
ﬁrst group but not the second. While this does not seem to
be a real problem, the shelves on the northern side of the
BST are very broad with slopes of roughly 1:1000. This
implies that 25 m deep icebergs could get stranded
upstream, up to 25 km away from the BST, so that they
would never reach and block the strait. Thicker iceberg
would get stranded even farther away. This aspect is not
presented in our laboratory experiments because it is
virtually impossible to conceive of an experiment that will
satisfy these scales ratio. However, given that the BST
width at the breakup was also roughly 25 km (i.e., of the
same scale), this does not seem to be a major problem.
Furthermore, the observations mentioned earlier suggest
scouring near the BST indicating the presence of icebergs
in the vicinity of the strait.
Another potential weakness of our experimental
geometry is that, in reality, fresh water can be ﬂushed
out of the Atlantic in two different ways; one is via the BST
(short route), the other via the MOC and the Southern
Ocean (long route). We do not have the Southern Ocean in
our experiments and this could have been problematic
save that there was no MOC during the Younger Dryas so
that this second route is probably not important for the
problem at hand.
Regarding the plastic-versus-ice issue, there are two
main difﬁculties. First, ice–ice friction and contact
phenomenon cannot be modeled just by considering
surface roughness alone because a soft and a hard surface
with similar surface roughness can still have completely
different behaviors. Second, when an ice dam exists for
many years, it most probably will consolidate into a solid
structure. The failure of this structure is very different
than the failure of an ensemble of discrete blocks
considered here. Namely, as ice consolidation was not
modeled in the experiments, the experiments have
limited bearing on explaining the BST dam collapse. There
is also the question of iceberg lifetime—can icebergs
survive for the period suggested here? It is difﬁcult to
answer this question. Modeling results suggest a lifetime

of about a year (Bigg et al., 1997) but this is for the much
warmer present day climate and does not take into
account that the dam consists of many icebergs fused
together rather than an individual iceberg surrounded by
warm water.

7. Conclusion
We studied the jamming of particles at the opening of
a narrow funnel-shaped channel or strait. Speciﬁcally, the
interest lay in the temporary damming of the BST, due to
icebergs in the Arctic Ocean at the beginning of the
Holocene. We suggest here and in a companion paper
(Sandal and Nof, 2008), that the sudden increase in mean
atmospheric and oceanic temperatures, in the GISP II
Greenland ice core and CEREGE alkenone record (Bard,
2002) at the beginning of the Holocene, can be explained
by the release/break of a temporary iceberg dam at the
mouth of the BST.
Our experiments have shown that a temporary dam
can be created and released; using the previously
speciﬁed ball sizes and strait widths (Fig. 5), almost all
of which satisfy the Calkins and Ashton (1976) ratio. In
addition, the break of this temporary dam produces an
abrupt release of water from the Arctic to the Paciﬁc side
(Fig. 6), comparable with the abruptness found in the GISP
II and CEREGE records at the beginning of the Holocene
11 kyr BP (Fig. 3). Most of the experiments have a
relatively high success rate for creating a temporary dam
(Table 2). Thus, given icebergs in the vicinity of the BST
(Hill et al., 2007) and a sea-level rise of 1 cm/yr, it is
possible that such a dam was created at approximately
12.5 kyr BP and released 1500 years later at around
11 kyr BP.
Experiment 6 illustrates the importance of shape for
the smallest balls (i.e. those closest to the Calkins and
Ashton ratio) (Fig. 8). Using spheres in our experiment not
only makes it harder to create a block, but also allows a
small amount of water to ﬂow through (Figs. 5a and 12).
Since icebergs are far from spherical, they accommodate
damming to a much larger degree than that seen in these
experiments. In addition, the slow increase in sea level
(1 cm/yr) enables the icebergs to fuse to each other
through accreting sea ice, such that they can grow in size
and more easily satisfy the Calkins and Ashton (1976)
ratio. This slow sea-level rise, which the stability of the
dam is dependent on (Fig. 10), enables the dam to
withstand further sea-level rise for thousands years,
before breaking and ﬂushing approximately 4 Sv of water
into the North Paciﬁc.
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