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Surges or flood waves made up of ice and water resulting from the release of ice
jams can be destructive to life and property and are also one of the more
complicated problems in river ice engineering. The mechanisms for the release
of ice jams as well as the interaction between the ice mechanics and unsteady
flow after the ice jams have released are not completely understood. It is the aim
of this paper to present qualitative observations of mechanisms that can lead to
ice jam releases and both quantitative data and qualitative observations on ice
runs and breaking fronts to provide insight into the physical processes involved.

1. Introduction
With the onset of warm weather in the spring or during a mid-winter warm spell, frozen rivers can
experience a dynamic break-up caused by the rapid increase in discharge that can fracture a
competent ice cover. This process is of concern to many northern communities, flood forecasting
agencies and hydroelectric companies as jamming of the ice can occur producing increased water
levels leading to possible flooding or a reduction in hydroelectric revenue. After storing large
amounts of water, these ice jams can release suddenly and produce “ice runs”, flood waves, or
surges of water and ice that travel rapidly and create new ice jams further downstream. Thus,
determining the processes involved that lead to their release and their travel afterward are important.
There are two types of ice runs, “unimpeded” (those with open water downstream) and “impeded”
(those with an intact ice cover downstream). The latter produces a “break-up” front that can be
further characterised as a “rubble front” or a “sheet front” depending on the channel and ice
characteristics.
2. Arrest of ice jams
Before the release of ice jams is discussed, it is beneficial to briefly review what causes the ice to
jam in the first place. Ice jams are normally held in place by an intact downstream ice cover as
well as geomorphic features of the river. Geomorphic features include narrows, sharp channel
bends, gravel bars that promote grounding and transitions from shallow to deep sections. Deep
reaches reduce water velocities that reduce the downstream forces. A transition to deeper water
is often found in river deltas that flow into lakes. The lake ice is usually thicker and stronger than
river ice promoting ice jamming in deltas even further.
3. Release of ice jams
The release of ice jams is a result of weakening of the downstream ice cover and/or the result of
increased downstream forces. Usually it is a combination of the two. The weakening of the
downstream solid ice cover often manifests itself as open leads. The formation and enlargement
of open leads can be classified into thermal and mechanical. Thermal formation first becomes
visible as slowly emerging darker areas on the ice surface indicating water seeping through
thinning ice. The ice thins as a result of solar radiation, atmospheric heating and heat from the
water flowing underneath. The source of the latter heat can be from solar heat gains from open
water reaches upstream of the ice jam, leads, tributaries, open water near banks, outfalls as well
as frictional heat from the water flowing under the ice cover. Although the study of thermal lead
formation needs more work, studies do exist, Andres (1988). There has also been work done on
the temperature decay and heat balances downstream of ice fronts, Parkinson (1982), Calkins
(1983), Marsh and Prowse (1987). These studies showed that the warm water arriving at ice
fronts can travel several hundred metres to tens of kilometres under the ice causing it to thin and
create open leads. This paper however will concentrate more on mechanical lead formation as
not much work has been done in this area. More detailed work on the many factors that
determine the release of an ice jam can be found in Beltaos (1997). These included variables like
water surface width, channel curvature, freeze-up stage, and ice competence.

3.1. Mechanical lead formation
Several mechanical processes may also be responsible for the formation of leads downstream of
the toe of an ice jam. Since it is difficult to directly observe what is happening under the ice jam,
these processes are largely speculative. However, these qualitative assessments are based on
surface observations as well as some reasonable deductions on what is going on underneath the
ice jam.
During the life of an ice jam, it
is likely that large ice blocks are
carried underneath the ice jam
toe by high velocity currents.
Large-scale turbulence may be
sufficient to entrain the large
blocks to great depth allowing
their passage underneath an ice
jam. After being rapidly
released from under the ice jam
toe, into a somewhat slower and
less turbulent flow downstream
of an ice jam, these blocks may
accelerate vertically upwards
due to buoyancy and impact the
solid ice surface, possibly
cracking and weakening the
cover (Figure 1a). This process
would be assisted by local ice
melt and thinning, as described
in the previous section.

a)

b)

Also, large blocks of ice, resting
or sliding underneath a solid ice
cover may have sufficient
buoyancy to induce bending
moments in the solid ice sheet
causing further weakening
(Figure 1b).

Figure 1. a) Formation of buoyant impact fractures
downstream of the ice jam toe. b) Formation of buoyant uplift
fractures downstream of the ice jam toe.
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b)

c)

Figure 2. a) Dislodgement of first ice block due to buoyant impact and uplift fractures. b)
formation of surface impact fractures. c) stress and fracture of the cover due to hydrodynamic
forces.
Once fractures in the ice are sufficient to produce separate ice blocks, these ice blocks can be
dislodged by water velocity or by impact by ice blocks from underneath causing the start of an
open lead (Figure 2a).
It is likely that the transport of large ice floes under the jam toe would be in the vicinity of the
thalweg where the velocity and freedom of their motion is the greatest. This is supported by the
observation that lead formation often appears over the thalweg of the channel.
Once a small lead develops, other forces come into play. Impinging surface velocities on the
downstream edge of the lead may carry large ice flows and impact the solid ice producing shocks
and possible fracturing of the ice (Figure 2b).
The impinging water on the leading ice edge of a lead will produce two effects. One, the velocity
stagnation pressure will create a localized increase in the water level of a possible sufficient
magnitude to allow water to flow on top of the ice. Two, the impinging velocity will produce a
downward force due to hydrodynamic forces producing bending stress in the cover and allowing
even more water to flow on top of the ice (Figure 2c). The weight of the water on the ice and the
hydrodynamic down force compound together creating bending moments in the cover that are in

the opposite direction as the buoyant ice block forces had been acting on the cover previously.
This successive change in the direction of the bending moment may produce further cracking and
even possible failure of the cover.
Lead development can form hundreds of metres downstream of ice jam toes. Figure 3 shows the
development of a lead at the location of a transverse crack in the ice about 800 metres
downstream of the toe of an ice jam. The development occurred rapidly suggesting that
mechanical rather than thermal effects were dominant. The jam was 26 kilometres long
suggesting that any positive water temperatures would have been attenuated by the jam. If
frictional heat near the ice jam toe were responsible, then one would expect the lead to develop
just downstream of the toe rather than 800 metres downstream. This suggests that this lead was
caused by mechanical effects and was perhaps initiated by the sliding ice blocks underneath the
ice sheet hitting the lateral crack discontinuity.
It is uncertain whether thermal or mechanical processes dominate lead formation. It is likely that
both play a role. Whether one is dominant over the other may depend on the particular
circumstances. More research needs to be done in this area. Regardless what causes leads to
form, it is not certain how big they need to get before the ice jam releases. This appears to vary
from case to case and depends what other resistive forces may be holding the ice jam in place
such as bank shear and grounding.

Figure 3a. Ice blocks in a lead that developed 800 metres downstream of an ice jam at a lateral
crack in the ice. Mode of enlargement appears to be the result of surface impact by these ice
floes on the downstream ice sheet. Photo taken on May 6, 1997, 20:49

3.2.
Increasing
discharge
or
downstream forces
In some cases the release of an ice jam
may not be due to any weakening of the
downstream ice sheet or the formation of
open leads at all but simply due to
increased downstream forces due to an
increased discharge. There can be several
causes of increased discharge. A relatively
gradual increase can be caused by
snowmelt or rain fall in the catchment. A
more rapid increase can be caused by
surges due to ice jams being released
upstream or surges from ice runs entering
the stream from major tributaries.
The increased discharge overcomes the
strength of the cover in three ways. One,
the shear under the jam and solid ice cover
downstream of the jam increases with the
square of the velocity thereby increasing
the downstream forces and stresses. Two,
although wide channel jam theory states
that the toe of the ice jam is supported by
the internal friction at the sides, it is likely
that a portion of the jam toe is supported
Figure 3b. Enlargement of the same lead as in
by the solid ice downstream and/or by
“a” 13 minutes later. Mode of enlargement
grounding. Therefore, if the increased
appears
to be the result of hydrodynamic forces
discharge increases the forces on the jam,
submerging the downstream ice sheet and
the thickness will increase but may also
causing
significant overflow. Photo taken on
transfer more forces to the downstream
cover causing possible failure. Three, the May 6, 1997, 20:02 of the Yukon River about 60
km downstream of Dawson City, Yukon.
increased discharge produces higher stages
downstream, increasing the top width of
the channel and allowing greater lateral movement of the cover that can cause further stresses
and failure. The increase in water level can also cause grounding to be removed if the pack can’t
thicken in time or at the same rate as the water level increase.
Once the resistive forces of the ice sheet are overcome one of two things may happen. One, large
cracks may propagate downstream generating sheet flow allowing the rubble to be set into
motion or two, the arrested rubble front may resume its movement, breaking up the solid ice
sheet at a sharply defined front.

4. Ice Runs
Ice runs can be classified into unimpeded and impeded types. The former has open water
downstream of the released jam while the latter has a solid ice cover.
4.1. Unimpeded ice runs
Unimpeded ice runs occur in a situation where the ice jam releases as a result of the dislodgement of
an ice sheet of a short length. Often, this occurs at a sharp bend or a constriction as shown in Figure
4. The ice that existed downstream moved out for a considerable distance downstream prior to or
during the jam formation. This type of “non-sequential” break-up is quite common. The basis of its
occurrence is the concept of “break-up initiating discharge” (Beltaos, 1997) that is defined as the
discharge that induces forces on an ice sheet that are sufficient enough to overcome the resistive
forces at the banks or the strength of the ice cover itself. In the non-sequential break-up, the value of
the break-up initiating discharge varies along the river channel and is dependent on channel
geomorphic features, ice thickness and ice strength. Therefore, a river could have a less resistant
reach break-up downstream of a more resistant one for the same discharge. Also, major tributaries
can provide sources of discharge and thermal input that can initiate break-up downstream of their
confluence with the river leaving the upstream ice intact.

Figure 4. Photograph of a 1995 ice jam release on the Porcupine River. An example of the release
of an ice jam due to the dislodgement of an ice sheet of a limited length and the beginning of an
unimpeded ice run. The river width is approximately 400 m.
Regardless of how the situation arises, these events have important implications to flood
forecasting. When ice jams release, the unimpeded ice runs can travel long distances and often
arrive at the location of a downstream jam. Ice runs have a well defined peak water level and are
still referred to as surges in the literature (Gerard et al. 1990) although in the strict sense they may
not always be the dynamic forerunner which has long ago attenuated. These flood waves can travel
as kinematic or diffusive waves and provide the increased discharge that can increase the water

level at the new jam location that can cause flooding. Furthermore, the ice that arrives with the
surge can also contribute to the lengthening and/or thickening of the downstream jam, thereby,
causing a flooding situation. It is therefore important to know how the ice disperses in an
unimpeded ice run as it travels downstream (Figure 5) since its arrival rate at the downstream jam
plays a role in determining maximum water levels.

Figure 5. Unimpeded ice run on the Porcupine River, May 15, 1993. The river width is
approximately 500 m.
The unimpeded ice run is much simpler to study than the impeded case. Since there is no
downstream ice cover to offer resistance, it is very unlikely the ice run will stall, or as to how the
resistive force of the downstream ice sheet will slow down (impede) the ice run. One also does not
have to account for the incorporation of new broken ice into the moving accumulation. The ice
pieces in an unimpeded ice run disperse and decrease in concentration as they move downstream.
Ice pieces can get stranded as well as melt, making the volume of ice vary with time, thus creating
additional challenges for modelling efforts. These losses can be significant. Prowse (1986)
calculated 81% stranding and melt loss from a 480 km reach of the Liard River. This phenomenon
can occur for both impeded and unimpeded ice runs.
Jasek (1996,1999,2003) presented a detailed illustration of unimpeded ice run surge data that
was collected on the Porcupine and Yukon Rivers in the Yukon Territory. The studies found for
the unimpeded case that shortly after an ice jam is released, the peak ice concentration was ahead

of the peak water level. Given enough travel distance however, the crest eventually overtook the
peak ice concentration.
A conceptual model was developed based on aerial observations, ground observations, and gauge
records; in the early stages of the unimpeded ice run, the ice travels as “moving multi-layered
rubble” (MMLR). The MMLR wants to spread out thinner due to buoyancy but cannot in the
transverse direction since it is confined by the banks. It follows then that confining stress and
resulting bank shear is present as in a stationary jam, although the bank shear may be diminished
from the static case since a dynamic friction angle is typically smaller than a static one. The
amount the friction angle decrease at the bank at the moment of jam release is not known and is
in need of further study. It was apparent that as long as the MMLR was present, the peak water
level remained at the upstream end of the MMLR. After the MMLR traveled about 3 ice jam
lengths the ice pieces dispersed enough that no more MMLR remained and the peak water level
traveled with the peak ice concentration for some distance.
In the early stages of the unimpeded ice run, there are indications that the dynamic forerunner
and the extra frictional forces resulting from the moving ice behind the surge may be closely
coupled. This coupling would only be possible while there was confining stress present or while
there was still a 100% surface ice concentration or a MMLR. In this case the transition point at
the downstream end of the MMLR could be thought of as a slowly failing but moving earth dam.
This would essentially be releasing new water that was freed to move dynamically downstream
of the main ice run. This release of water would feed the downstream dynamic forerunner but at
a reduced rate from a situation where the entire jam was assumed to be made up of water only.
As the water and ice continued to travel, the maximum ice concentration peak slowly started to
fall behind the crest. Aerial observations indicated a reason why this may be occurring. It was
observed that ice pieces tended to be drawn to the outside of channel bends causing them to rub
against the banks. This friction may have been enough to slow them down below the mean
velocity of the crest causing the peak ice concentration to travel slightly slower. Furthermore,
since the particles of ice were drawn to the outside of the channel bends, their path of travel may
have been longer than the mean path of travel for the entire channel. However, when the particles
rub against the banks and slow down they also take away some momentum from the moving
water. This would tend to keep the water level crest traveling with the peak ice concentration.
More work needs to be done in this area to assess which effects dominate the celerity of the
water and ice components. Various field-measured values of the water and ice celerities were
presented in Jasek (1999, 2003).
An important aspect of the unimpeded ice run is the fact that the majority of the discharge can
arrive prior to the first pieces of ice. In one case on the Porcupine River, 80% of the discharge
arrived before the ice concentration started to increase. This has important implications for flood
forecasting that are based on aerial observations.
It appears that the results of these field observations and measurements do not agree with
laboratory studies by Joliffe and Gerard (1982) and Wong et al. (1985), who concluded that the
rubble in the jam release had little effect on the surge that propagated downstream. Their
experiments used floating polyethylene beads to simulate ice rubble. The ice jam was created

using a gate that retained the beads as well as a high water level behind it. The gate was suddenly
lifted which released the model ice and water. The downstream surge height and celerity were
recorded. The results showed little difference from simulations without the beads and also from
theoretical results from Henderson and Gerard (1981) that neglects the effect of the ice. The
laboratory results also showed that the ice pieces were left behind the peak water level produced
by the surge. This is in contrast to what was documented on the Yukon and Porcupine Rivers and
may suggest that perhaps that the ice effects were not or cannot be correctly scaled in the above
experiments. The fact that the experimental ice jams were relatively short and held in place by a
gate may have not produced the same frictional effects of a long equilibrium jam. More work
needs to be done in this area to resolve the differences between the field data and the laboratory
experiments.
4.2. Impeded ice run surges and breaking fronts
The impeded ice run occurs when a jam releases upstream of a lengthy intact ice cover. The
possible reasons for the release are many, some of which were elaborated on in the previous
sections. More details can be found on pre-break-up cracking in Beltaos (1990) and on the onset of
break-up in Beltaos (1997). The impeded ice run case is significantly different than the unimpeded
one. In the former, the volume of the 100% ice concentration portion is increasing and in the latter it
is decreasing, i.e. in the impeded case new ice is broken up and being incorporated into the moving
pack, while in the unimpeded case the ice blocks near the front of the ice run are free to accelerate
away from the moving pack. In both cases stranding and melting losses can be significant.
In an impeded ice run the transition point between the moving fragmented ice and the stationary
downstream solid ice sheet is termed the “breaking front”. The breaking front can be either sharply
defined as in the case of the
“rubble front” shown in
Figure 6 and 8a or be a long
transition zone comprised of
moving ice sheets (sheet
front) that increase in size in
the downstream direction
such as depicted in Figure 7
and 8b. These two types of
fronts have also been
observed by Prowse (1986)
on the Liard River, NWT as
well as by the author on the
Hay River, NWT and the
Yukon
and
Porcupine
Rivers in the Yukon.
Figure 6. Breaking front comprised of rapidly fragmenting ice
(rubble front) impinging on the downstream intact ice cover, Liard
River, Northwest Territories. Note flooding of ice prior to
fragmentation (Prowse, 1986).

a)

Figure 7. Breaking fronts
comprised of large moving ice sheet
fragments (sheet front) on the
Yukon River, about 60 km
downstream of Dawson City,
Yukon Territory, May 6, 1997 a)
time 20:44:30 and b) time 20:52:00.

b)

Same Location

a)

b)

Figure 8. Two types of breaking fronts have been noted in the field: a) rubble fronts, and b) sheet
fronts. The two are very different in physical behaviour and occur under a different set of
circumstances.

Although the writer has described the distinction between a rubble front and a sheet front, this is not
the first time that such a distinction has been made. Ferrick and Mulherin (1989) provided a similar
description characterising a “support-dominated” and “strength dominated” break-up each
corresponding to the sheet front and rubble front respectively described in this paper.
Ferrick et al.1992 described a generalized analysis by allowing the breaking front celerity to vary as
a function of bank resistance. The speed of the breaking front effected the degree of ice convergence
behind it, which distinguished between the two types of breaking fronts. Ferrick et al. (1993)
developed a kinematic model of river ice motion during break-up by applying ice continuity
equations in a control volume across the breaking front. The study was able to demonstrate that a
breaking front that travels with less ice ridging and pile-up can travel much faster than one that
creates a lot of rubble at the front. This supports the observed differences in break-up front celerities
between sheet fronts and rubble fronts documented in this paper.
Figure 8 illustrates a further distinction between the two types of breaking fronts. In the case of the
rubble front, the fragmenting ice sheet is either pushed down underneath or into the advancing
rubble. In the case of a sheet front, the solid ice is broken up and may ride up onto the rubble.
However, under high breaking front celerities, there may be very little rubble underneath the large
ice pieces comprising the sheet front. Although, in the case of slower moving sheet fronts, the
rubble has not been observed directly underneath the ice sheets as depicted in Figure 11b; there is
some evidence to suggest that this sometimes does occur, at times rubble is seen to surface in open
leads downstream of sheet fronts.
With the exception of the Ferrick et al. papers, the type of break-up front which occurs for a given
set of conditions has not been studied in detail although one can give intuitive reasons why one may
be dominant over the other for a particular set of circumstances.
4.2.1. Rubble fronts
Rubble fronts tend to form in situations where the ice sheet is confined. This does not allow large
sheets of ice to be set into motion. Such conditions occur in a river with steep banks and few gravel
bars. This situation also arises where a river enters a lake since the lake level controls the
downstream water level, thereby not allowing the cover to lift to provide more space for a sheet
front to form. This has often been observed on the Hay River as it enters Great Slave Lake in the
NWT, (Personal observations, Jasek 1989 to 1994). Rubble fronts would also tend to form in
situations where the ice is relatively weak or thin and the surge approaches rapidly. In this situation
the ice is confined and easily broken into smaller pieces by the advancing rubble. It may therefore
be useful to look at some “characteristic length” based on ice strength and thickness to assess if a
break-up front will be a sheet front or a rubble front. More work needs to be done in this area.
A good description of a rubble front is provided by Beltaos (1995): “When rubble arrives at the
edge of a stationary sheet ice cover, there is typically a great deal of pushing and shoving, twisting
and grinding of the ice blocks as they try to move under or over the sheet ice. The latter is also
breaking into blocks, which are incorporated into the rubble. In this fashion, the rubble may keep on
ploughing through the intact ice, or it may eventually stop and become a part of a new jam. The

conditions responsible for these outcomes are not well understood. The moving rubble front forms a
sharp transition between the rubble and the intact ice…”, as illustrated in Fig. 9 and 11a. “The
breaking front may extend straight across the river in a line perpendicular to the flow direction or it
may be V-shaped and pointing downstream.”
Personal communication with Terry Prowse (2001) with regards to the rubble front he photographed
on the Liard River (Figure 6), indicated that it was not always as depicted in this photograph. This
front was part of a larger scale phenomenon that involved the fracturing of the solid cover and
motion of large ice sheets. Often a new rubble front would develop where a moving ice sheet was
impinging on another. The overall break-up front was also observed from a helicopter and was not
always a well-defined rubble front. It appeared to be alternating between a rubble front and a sheet
front. The 5 m/s break-up celerity was determined over an 18 km long reach.
4.2.2. Sheet fronts
Sheet fronts on the other hand usually form in reaches where there are sufficient open water areas
that allow the solid ice sheet to move and crack into large pieces. They are too large to be tipped
over and be incorporated into the rubble. Once the large ice pieces are in motion they grind, abrade
each other and crack as they travel downstream forming smaller and smaller pieces. This happens in
rivers where the stage has increased significantly before the break-up front has arrived, allowing a
large amount of open water space along the banks and submerged gravel bars for this process to
take place. However, as shown in the next section, sheet fronts have also been observed to pass
through short constrictions without converting to a rubble front. In such cases, the celerity of the
sheet front slows and the ridging and grinding away of the ice sheets increases considerably.
As shown in Figure 7 and 8b, a sheet front comprises a long transition zone of moving ice sheets
decreasing in size in the upstream direction. Once the ice pieces get smaller (of the order of a few
thicknesses) they are small enough to tip, consolidate, and thicken the ice run. They start to look
more like rubble ice rather than ice sheets. By this time however, these smaller pieces are far
upstream of the breaking front. Water velocities underneath this rubble may be sufficient to
transport them downstream under the consolidating cover. There may therefore indeed be
significant rubble accumulations underneath the large ice sheets that comprise the sheet front. These
smaller ice pieces may even travel downstream of the sheet front providing buoyant uplift forces on
the solid ice sheet that can weaken the cover ahead of the breaking front. However, sheet fronts, as
we will see, can travel at very high velocities. At times they have been seen to travel at much faster
rates than the transporting water and ice velocities. In those cases there may be very little rubble
underneath sheet fronts.
Ferrick and Mulherin (1989) described support-dominated break-up (or a sheet front in this paper)
where “a failure of the supports of an ice cover produces a sudden bank-to-bank release of the ice.
This support-dominated break-up travels rapidly downstream at a speed greater than the flow
velocity…. The high speed of the breaking front relative to that of the ice plates prevents ice
participation in the break-up downstream. The sizes of the moving plates are reduced with time due
to collisions.” They further numerically illustrate that under the right conditions, such a front can
cause the flood wave to increase or at least sustain itself due to the water being released from
storage.

Figure 9 shows water level and ice observations obtained from Gerard and Jasek (1990) for a
particular point along the Hay River in the NWT during the 1989 break-up. The figure shows that
the water level started to rise rapidly about two hours before the break-up front arrived. During this
time there were some local movements of ice floes along the right bank. After the water level had
risen by about two metres (about two hours after it had started to rise) the entire ice sheet in the river
started to move. Large sheet flow was documented for almost one hour after this first large-scale ice
sheet motion was initiated. This observation indicates that sheet fronts can be quite lengthy, which
earns them the distinction from rubble fronts. This sheet flow was followed by a long run of rubble
ice that was documented for nearly 3 hours. Noteworthy is that the peak water level occurred in the
rubble portion of the ice run.
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Figure 9. Water level and ice observations of a sheet front on the Hay River near Paradise Gardens
on May 2, 1989. Gerard and Jasek (1990).
5. Celerity of breaking fronts
On May 6, 1997 some detailed aerial observations of a sheet front were documented on the
Yukon River about 60 kilometres downstream of Dawson City, Yukon. About 2 minutes of
video footage and about 20 minutes of still photographs were obtained of the break-up front
progression. The photographs were spaced at 30-second intervals using a timer function on a
wristwatch. Four of these photographs are shown in Figures 3 and 7. The break-up front was
being followed by an ice run of about 18 kilometres of 100% surface concentration.
Figure 10 depicts the information gleaned from the photographs and the video footage. The large
open water lead (black) was the result of a gravel bar that was likely left high and dry during
freeze-up. After the water rose prior to break-up, it was inundated by water.
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Figure 10. Break-up front documented on May 6, 1997 on the Yukon River by videotape and
still photographs showed a variation of break-up front celerity that appeared to scale on the river
width. Some photos used to generate the above are shown in Figures 3 and 7.

A total of 6 observations are summarized in Figure 10 ranging from 3 to 4 minutes apart while
the front was moving. The last two observations were 10 minutes apart and showed no change as
the break-up front had stalled. They are therefore depicted as a single drawing. A point for each
of the selected observations was chosen that represented the boundary between stationary and
moving ice. This was taken to be the location of the break-up front. The observation of the
break-up front started at 20:41 as it was traveling through a relatively wider portion of the
channel but approaching a constriction. The break-up front traveled at approximately 3.3 m/s
through this reach.
As the front was going through the constriction (Time: 20:44 to 20:47) it slowed considerably to
only 0.7 m/s. At this point, the ice pieces behind the front were likely consolidating, raising the
water level, storing the kinetic energy into potential energy.
As the break-up front cleared the constriction (time: 20:47) a 2-km-long longitudinal crack in
the ice developed in the downstream direction. Additional transverse cracks developed seconds
later forming large ice sheets. These ice sheets began to move, effectively putting the break-up
front almost 2 km downstream in a matter of a 4 minutes (at time 20:51). This translated to a
break-up front velocity of 7.7 m/s. Apparently the energy that was being stored in the
constriction had been unleashed. This is not to say that the ice pieces themselves traveled at 7.7
m/s, only the break-up front did so. The extra space that was provided by the open lead and
wider channel allowed rapid progression of the sheet front.
At time 20:51 the break-up front was approaching another constriction as well as a channel bend.
This offered more resistance and the break-up front slowed to only 0.9 m/s between time 20:51
and 20:54.
Observations continued until 21:04 showing no further movement indicating that the break-up
front had stalled. The small lead downstream of the break-up front did continue to enlarge
rapidly throughout the 10-minute stalled period. The lead was about half the river width by the
time the aircraft had to head back to the airport at 21:04.
This detailed observation of a sheet front shows that the celerity of the break-up front is highly
variable and appears dependent on the width variation of a river and the amount of “free space”
that is available for the large ice sheets to be set into motion.
The celerity of this particular break-up front agrees well with Gerard et al. (1984) for the same
but more expansive reach of the 600 m wide Yukon River. During that observation the break-up
front traveled about 300 kilometres at an average rate of about 5.2 m/s. However, there was not
enough detailed qualitative description of the break-up front itself to assess if it was a rubble
front or a sheet front. Given the detailed observations of the Yukon River in 1997 it is likely that
the sustained advance of the break-up front described in 1984 was likely a sheet front rather than
a rubble front. There is further suggestion that this may be the case, as it is not known what
conditions combine to enable such a sustained advance of a rubble front. One could surmise that
rubble fronts would have higher energy losses due to ice fracture and bank friction. On the other
hand, a sheet front may be able to explain such an advance, as the energy requirement would
likely be less.

In contrast, Beltaos (1990) observed a breaking front in the Thames River that moved at an average
rate of 1.1 m/s alternating between advances and brief stoppages. In that case the break-up front was
a well-defined rubble front with a “V” formation pointing downstream. The Thames River is about
100 metres wide with a fairly mild slope compared to the Yukon River. It also has little open water
room near the banks so the ice is more confined.
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Figure 11. a) Locations of a break-up front and water level crest for a reach of the Hay River
break-up impeded ice run on May 2, 1989, in the NWT. b) Break-up front and water level crest
celerities obtained from a).

Gerard and Jasek (1990) documented a surge that was the result of a release of a jam that was
responsible for the break-up of a 75 kilometre long reach of the Hay River on May 2, 1989. This
river is much steeper and less confined than the Thames but its width is comparable, ranging from
100 to 150 metres in this reach. In this case a significantly long sheet front was documented (Figure
9). Sheet fronts were also noted at break-up locations downstream of this point but their lengths
were not recorded. A rubble front did eventually form but only just before the front stalled near the
mouth of the Hay River as it enters Great Slave Lake. In this area the Hay River has a much gentler
slope. The ice sheet is also confined due to the fixed lake level. It thus appears that channel slope
and the degree of confinement may be an indication if a break-up front is a rubble front or a sheet
front.
In Gerard and Jasek (1990) the time of the breaking front on the Hay River was taken as the first
sustained movement of the ice at each location. In all cases the movement at each observation point,
once started continued for many hours until backwater from the downstream re-jamming at the
mouth at Great Slave Lake stopped the ice run. Also measured was the water level elevation at
several locations enabling the tracking of the peak water level or crest. The break-up front and the
surge-peak locations along the Hay River for different times are plotted in Figure 11a. The data
shows that the break-up front moved further and further ahead of the crest as the ice run travelled
downstream. Figure 11b shows the mean celerities for the break-up front and surge crest. The
difference between these is significant. For the same reach (between km 1069 and 1089) the celerity
of the breaking front was 4.4 m/s while the surge crest travelled at 1.2 m/s, a factor of 3.7. The
break-up front did eventually slow down allowing the surge peak to catch up. However, it did not
do so until it reached the thicker, stronger and more confined ice near the mouth at Great Slave
Lake.
Ferrick et al. (1993) measured a more dramatic difference between the break-up front celerity and
the ice velocity. The study involved setting up two video cameras spaced 1600 m apart
longitudinally on the Connecticut River near Windsor, Vermont. The initiation of ice motion at the
two sites was registered only 2 seconds apart indicating a break-up front celerity of 800 m/s, but the
ice velocity only accelerated to about 0.05 m/s within the same time period, a factor of 16,000. In
such a case, the break-up front celerity is approaching the speed of sound through ice which can be
2000 m/s for deteriorated ice to 3700 m/s for competent ice (Ferrick et al. 1993). Due to the highenergy requirements, this extremely high celerity is only possible over short reaches and is a result
of the initiation of motion of large intact ice sheets. Eventually, ice ridging starts and slows the
break-up front to more typical values. The ice sheet can also start driving and ridging up the bank on
the outside of a river bend transferring the energy to the bank rather than sustaining the high celerity
downstream.
6. Conclusion and Discussion
Qualitative descriptions of some mechanisms that lead ice jam release were described.
Specifically, various types of mechanical lead formation were outlined. These consisted of
“buoyant impact fractures”, “buoyant uplift fractures”, “ice block dislodgment”, “surface impact
fractures”, and “hydrodynamic induced fractures”.

Qualitative observations as well as quantitative data on ice runs, surges and breaking fronts were
also presented. Unimpeded ice runs were described based on field measurements and visual
observations. The main feature of the unimpeded ice run was that the peak ice concentration
initially traveled along and slightly ahead of peak water level for a considerable distance. It
appeared to slow down the flood wave as long as the ice concentration was high enough to travel
along with the flow as a MMLR. This was in contrast to laboratory experiments performed by
other investigations, indicating that more work needs to be done in this area. The question
remains; does the presence of the ice have an effect on the speed and height of a flood wave
generated by the release of an ice jam?
Impeded ice runs or breaking fronts were also described and further divided into two types;
rubble fronts and sheet fronts. Rubble fronts tended to form in reaches where the ice sheet was
confined as well as in rivers with gentler slopes. Rubble fronts consisted of a well-defined line or
“V-shape” between the downstream stationary ice sheet and the rubble that was pulverizing the
ice sheet, which was being incorporated into the front. Rubble fronts were documented to travel
for shorter sustained distances than sheet fronts. Sheet fronts were common on steeper and larger
rivers that were less confined and where the ice sheets started to move as a whole and break-up
into smaller pieces gradually as they moved downstream. One detailed observation of a sheet
front indicated that the break-up front celerity increased as the river got wider and then decreased
as it narrowed. It is the sheet front that may be able to explain the mechanism of long persistent
advances (100s of kilometers) of break-up fronts on northern rivers. In rubble fronts, the
dynamic component tends to attenuate, allowing such fronts to travel for only 10s of kilometers.
More work needs to be done in this area, possibly using numerical tools to determine how a
break-up front can travel faster than the water velocity for long distances. Under the right
conditions, is the water being released from storage as the break-up front passes enough to
sustain its rapid advance for a considerable distance?
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