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Freeze-up of the Peace River in northern Alberta can be very dynamic. During
cold weather the ice cover can advance rapidly upstream and then consolidate
back downstream, resulting in surges of ice and water that form freeze-up ice
jams. These produce water levels and ice thicknesses greater than those of the
initial freeze-up accumulation.
On January 30, 2004 after an ice advance at a very high rate of nearly 40 km per
day due to temperatures below –40 oC, a significant consolidation broke up the
ice cover for a distance of 73 km in the vicinity of Dunvegan. Water levels,
channel bathymetry, areas of grounding, and ice thicknesses were measured at
the toe of the consolidation after the event to provide a framework for assessing
the conditions that contributed to the stoppage of the consolidation. Several
gauges in the vicinity of the toe recorded the water levels during and following
the event.
This paper describes the meteorological and hydraulic conditions leading up to
the event, describes the event, summarizes the results of the field study, and
postulates upon the cause of the event. This information is placed into the
context of a conceptual model that describes how ice fractures at the toe of an
ice surge and the subsequent mechanisms that might determine when and how
the surge of ice is stopped.

1. Introduction
BC Hydro and Alberta Environment manage the flows in the Peace River to minimize ice-related
flood risks at salient locations along the river, while maximizing hydropower production at the
G.M. Shrum (W.A.C. Bennett Dam) and Peace Canyon Hydroelectric facilities. Work is ongoing
to improve ice management practices as well as to help predict the ice regime that may result if
additional regulation occurs at Dunvegan. Secondary consolidation – the collapse and stage-up
of the ice cover after it has apparently stabilized at a location – is an important process that
contributes to high ice-related water levels. Improving the understanding of the causes of
secondary consolidations, and especially defining the mechanisms by which the associated
surges of ice are stopped, is crucial in developing defensible criteria upon which to establish flow
controls so that the ice-related flood risks can be reduced at salient locations along the river.
In January 2004, a secondary consolidation event occurred in the vicinity of Dunvegan, Alberta.
This caused the collapse of about 73 km of river ice into a reach of about 40 km and produced a
2.16 m stage increase at Dunvegan, on top of an existing base freeze-up stage increase of 5.76 m.
The toe of the consolidation movement came to rest in a location with access to the river from
the ground, so extensive measurements of the ice thicknesses, water levels, areas of grounded
ice, and river channel bathymetry could be undertaken in a timely manner. This paper describes
the consolidation event and the results of the field survey. This information is placed into the
context of a conceptual model that has been developed to describe both how ice fractures at the
toe of an ice surge and the mechanisms that might determine when and how the surge is stopped.
2. Analytical Model of Consolidation Stoppage
The downstream propagation of an ice surge (and its subsequent stoppage) is essentially a
problem of incipient breakup. As long as conditions at the leading edge of the solid ice cover are
severe enough to cause the ice cover to become unstable, the surge of ice will continue
downstream. If not, the surge will be stopped. The breakup of an ice cover is a complex process
that requires consideration of longitudinal and vertical driving forces on the ice cover from ice
and water, the characteristics (strength and thickness) of the ice cover, and the channel
(hydraulic) characteristics at the point of impending breakup.
Beltaos (1990) has considered the stability of the ice cover from the perspective of the
longitudinal water-related driving forces (increasing discharge, shear stress, etc.) that are
required to break up the ice cover, within the context of increasing water levels and surface
width and deteriorating ice strengths (internal strength and thickness). His approach identifies the
shear stress increase (as related to changing stage and discharge) that would be required to
dislodge a solid ice sheet located within a given geomorphic and hydraulic context. Beltaos and
Andres (2005) demonstrate the applicability of this concept in identifying the conditions
required to cause the mobilization of an ice cover downstream of a consolidation that occurred
on the Peace River in 2001 (Andres, et al., 2003).
Another concept that can describe the breakup of an ice cover (even without its general
mobilization) follows from Parmerter and Coon’s (1972) analysis of the development of
pressure ridges. In this approach, the ice cover breaks by the sequential advance of the breaking

front as surging ice floes arriving at the leading edge of the ice cover are subducted under the
intact ice, the ice cover (treated as a stiff plate on an elastic foundation) is lifted due to the
buoyancy of the subducted ice, and the ice sheet fractures some distance downstream of its
leading edge in response to the upward force and the attendant moment produced in the ice sheet.
The process by which the ice surge moves downstream can be visualized in five steps. Beginning
with (1) an intact ice sheet, (2) the arriving ice floes are subducted under the leading edge and
accumulate for a period of time until the accumulation produces a vertical force great enough to
break the ice cover, (3) the ice cover fractures along the transverse direction more or less across
the ice sheet at some distance downstream of the leading edge of the ice cover, (4) the toe of the
accumulation moves downstream a distance equal to the point where the ice sheet fractures, and
(5) the subduction process begins anew. If insufficient ice is subducted under the leading edge of
the ice sheet to cause it to fracture, the surge of ice will stop. This limitation can be related to a
number of processes. One limiting condition would be when the flow depth under the ice sheet is
too shallow to allow the subducted ice to thicken enough to produce the required upward force to
fracture the ice cover (shallow flow depths and/or thick strong ice). Another limiting condition
would be if the supply of ice to the leading edge was reduced due to adverse ice conveyance
conditions (sharp bends, islands, etc.) and a jam would form upstream of the leading edge of the
intact ice cover before a sufficient amount of ice could be subducted to fracture the ice sheet.
Since the former case represents the most conservative case (requiring the maximum thickness
and strength of the intact ice sheet to effect a stoppage) and the simplest to formulate from an
analytical perspective, only that situation will be formulated herein.
From the most fundamental perspective, the solid ice sheet can be treated as a semi-infinite stiff
plate on an elastic foundation (Hetenyi, 1946). Assuming the origin to be at its leading edge, and
an upward force applied at the leading edge, the moment M(x) along the ice sheet can be
expressed as:
M ( x) =

Fb

λ

exp(−λx) sin(λx)

[1]

where x = the distance downstream of the leading edge; Fb = the buoyancy force (acting upward)
1/ 4
due to the subducted ice; λ = [k 4EI ] where E is the elastic modulus; I is the moment of
inertia equal to h 3 12 , where h is the solid ice thickness; and k is the foundation modulus,
approximately equal to 9,800 N/m3.

The definition of the buoyancy force could be complicated, but a simplifying assumption would
be that the subducted ice is triangular in shape (Figure 1), thus the force per unit width of the ice
sheet would have the form:
Fb =

(1 − e)( ρ w − ρ i ) gLhs
2

[2]

where L = the length of the subducted ice accumulation; hs = thickness of the subducted ice at the
leading edge of the intact ice; ρw = density of water; ρi is density of ice; g = acceleration of
gravity; and e = porosity of the subducted ice. Furthermore, L is given by:
L=

hs
tan α

[3]

where α = the angle the subducted accumulation makes with the solid ice at the downstream end
of the subduction zone. This angle is unknown, but it would likely be something close to the
friction angle of the ice.
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Definition sketch.

If the ice sheet is treated as a beam of unit width, the flexural stress in the ice sheet can be
calculated by:

σf =

6 M ( x)
h2

[4]

and equations [1], [2], [3], and [4] can be combined to produce a relationship between the
flexural stress in the ice sheet and the parameters describing the characteristics of the subducted
ice and the thickness of the solid ice of the intact ice sheet, as:
3 (1 − e) ( ρ w − ρ i ) g exp(−λx) sin(λx) hs2
σf =
h 2 λ tan α

[5]

If σ f anywhere along the intact ice sheet is greater than the flexural strength of the ice sheet, the
ice cover will fracture and the ice surge will continue to move downstream. Figure 2 shows the
longitudinal stress variation along the ice sheet for a typical set of circumstances. In this case, the
maximum stress of 640 kPa occurs about 6 m downstream of the leading edge. If the flexural

strength is greater than 640 kPa the surge would stop. If not, the ice would break at whatever
point the stress exceeded the flexural strength of the ice sheet, the leading edge would move
downstream, and the ice surge would continue. Assuming that the limiting condition for the
thickness of the subducted ice is the depth of flow under the leading edge of the ice sheet, the
location along the river at which a surge of ice would be stopped would depend only on the local
flow depths (water discharge and local bathymetry), and the structural characteristics of the ice
sheet (thickness, strength, and elastic modulus).
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Figure 2.

Distribution of bending stress along ice sheet in stream wise direction.

Although the above concept is reasonably straightforward, there are a number of parameters that
are not well defined. The flexural strength of the ice is highly variable; its manifestation is
subjected to scale effects, and it could be defined anywhere within the range of 100 to 3000 kPa.
The elastic modulus is a function of the thickness of the ice sheet, and varies with the quality of
the ice. Van Der Vinne and Andres (2003) reported measured typical values for thick ice
covers of 3 GPa. The porosity is probably between 0.4 and 0.6, similar to the value typically
adopted for ice jams. Thus, application of the model in any given circumstance (say during
consolidation events at freeze-up) would require some degree of calibration to (1) better define
the configuration of the subducted ice (essentially embodied in α and e), (2) examine the two
dimensional effects of the subduction pattern, and (3) confirm scale effects on the adopted ice
strength and elastic modulus. This would require measurement of ice conditions in the region of
the toe of a stalled ice surge. Fortunately, one such event occurred on the Peace River in 2004. In
that year, the ice conditions were being monitored, so the background flows, ice thicknesses, ice
front positions, water levels, and surge characteristics were known reasonably accurately.

3. The Consolidation Event
Freeze-up Process
Freeze-up on the Peace River occurs by a systematic upstream advance of the ice cover. Local
accumulation thicknesses are generally a function of the local hydraulic conditions, and
subsequently the local rate of advance is determined by the rate of ice supply and the thickness
of the stable accumulation. In 2003-04, freeze-up at the Town of Peace River (km 396.8 below
the Bennett Dam) occurred on 10 January 2004, at a flow of 1680 m3/sec (Fonstad, 2005). By
23 January the head of the ice cover had advanced to km 341.2, just downstream of the gauge at
Elk Island Park (Figure 3), indicating an average rate of advance of 4.3 km/day. During a period
of cooling (January 23 to Jan 26 ) and extremely cold weather between 26 and 28 January (mean
daily air temperatures ranged between -32 and -42 oC and the flow was more or less constant at
about 1650 m3/s), the ice cover advanced at an average rate of 15.3 km/day to km 249.5, some
46.4 km upstream of Dunvegan. From the gauge records it was evident that the head of the cover
had arrived at the Peace 2 gauge on 26 January, at the Peace 1 gauge on 27 January, and at the
Dunvegan gauge on 28 January. Water level increases associated with the formation of the ice
cover were between 5 and 6 m at all three locations. Based upon the time of arrival of the ice
front at Dunvegan on 28 January and the observed location on 29 January, the rate of advance
was determined to be 39.5 km/day. Observation of the condition of the ice cover on 29 January
indicated that the ice cover between Dunvegan and the head of the ice cover was mostly semiconsolidated. A subsequent observation showed that the ice front had advanced as far upstream
as km 236.6 prior to its collapse.

Figure 3.

Location plan.

Collapse of the Ice Front at Dunvegan

Some time in the afternoon of 30 January the ice cover upstream of Dunvegan collapsed and
ruptured the newly formed ice cover at Dunvegan (Figure 4). The leading edge of the surge
reached Dunvegan at 18:00 hrs, and caused a 2.16 m stage increase to a peak elevation 348.50 m
at 20:30 hrs. The surge continued on downstream until its toe came to rest about 100 metres
upstream of Peace 1 at km 309.2. The surge of water released by the consolidation event reached
Peace 1, located at km 309.3, at 18:45 hrs, and caused a stage increase of 2.09 m to a peak water
level of 343.9 m sometime shortly after 20:30 hrs. The leading edge of the flood wave reached
Peace 2 at 19:27 hrs on 30 January. The stage there increased about 1.64 m to a peak elevation of
340.15 m at 21:57 hrs. Observations after the event indicated that the upstream end of the ice
cover had consolidated to km 269.2 – thus suggesting that about 73 km of ice had consolidated
into 40 km of ice – equivalent to an average increase in thickness of about 80% in the
consolidated reach.
The reasons for the consolidation are not clear; however it is possible to speculate upon what
could have triggered the event. The flows were constant prior to and during the event except for
small 0.1 m fluctuations at Dunvegan due to limited peaking power generation at Peace Canyon.
The likelihood of these fluctuations triggering the consolidation is small but have yet to be
evaluated. Variations in air temperature were another possible contributing factor that could have
triggered the event. In Figure 4 it is evident that there was notable cold weather from 26-28
January with lows in the range of -46 oC and highs of –33 oC. This caused a rapid ice front
advance in a semi-juxtaposed mode. This high advance rate would have continued for at least
two more days after the end of the cold spell, since the ice that had formed during the cold spell
would have still been arriving at the head of the cover. From 28 to 30 January, the air
temperature increased slowly from about –41 oC to about –21 oC. The warmer temperatures
would have reduced the rate at which the cover was gaining strength through interstitial freezing,
while the amount of ice arriving at the front and creating a downstream force would have still
been formidable. The differential in the rate at which driving and resisting forces were being
generated likely caused the thin thermal ice in the semi-juxtaposed cover to fracture. This
released water from storage, creating a self-sustaining surge of ice and water that fractured the
solid cover downstream until it encountered conditions that were sufficient to stop the ice surge
and limit the extent of the secondary consolidation.
Field Measurements
The objectives of the field measurements were (1) to characterize the event in terms of its timing,
water level changes, and surge parameters; and (2) to measure the salient ice characteristics at
the toe that would help to calibrate/verify the surge stoppage concepts that are being proposed.

Water levels were measured at three gauges – Dunvegan, Peace 1, and Peace 2 (Figure 3).
Dunvegan is a permanent WSC-type of gauge, while Peace 1 and Peace 2 are temporary selfcontained gauges/loggers that were installed in the fall and removed in the early summer. The
raw data from these loggers was combined with local barometric pressure data and corrected for
barometric variations, allowing an accuracy of ± 0.01 m in measured water levels. Water level
surveys prior to, during, and after the ice season were used to correct for possible movement of
the units. The sampling interval for all three gauges was 15 minutes.
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Air temperatures, water levels, and gauge heights.

Six rounds of field surveys were conducted over the following dates 4 February, 7-11 February,
20 February, 12-14 March, 15-17 March, and 16-17 June.
1. Ground reconnaissance and thermal ice thickness measurements were carried out on
4 February.
2. Profiles A-A and B-B (Figure 5) were measured on 7 to 11 February, including ice
surface and water level profiles, and ice thickness measured with an underwater camera
attached to a long rod. Although the underwater camera works well for “normal” freezeup ice covers (even those up to 5 to 7 metres thick) the large amount of rubble in the toe
region was somewhat problematical. In this case, a chisel (Figure 6) attached to four
3.5 m graduated lengths of 3.8 cm diameter wooden dowels (coupled together with steel
chain-link fence post) was used to cut through the rubble. After some experience, the
difference between coarse gravel, solid pieces of ice, and the ice/water interface could be
confidently distinguished so that the thickness of the accumulation and the bed level
could be defined reasonably well. The flow of water acting on the head of the chisel
could also be felt through vibrations in the doweling and the current was graded
subjectively as strong, medium, slight, or none. GPS coordinates of the cross section
holes were taken. A single Garmin GPS 12 was used and each point was time-averaged
until the RMS dropped below 5.0 m.
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3. GPS coordinates of various landmarks and ice features were obtained and ER Mapper
was used to geocorrect the oblique photographs taken on 10 February (Figure 7), so that
ice features could be plotted on the bathymetric chart (Figure 8).
4. An elevation survey of some of the high piles of ice on the far upstream bank was carried
out on 20 February.
5. Cross sections X3W, X3, X4, X5, X6, X7, X9, and profile C-C (Figures 7 and 9), as well
as miscellaneous ice thickness measurements and ice elevations were taken on 1214 March. The toe region where ice was significantly piled up (Figure 10) was mapped
and areas of ice piles were subjectively delineated on an aerial photograph. The
consolidation stall-line was also identified from ice features on aerial photographs and
refined by inspection in the field.
6. The area at the toe region was observed from shore on a daily basis on 15-17 March to
confirm areas of grounded ice as the thermal breakup eroded through the toe region.
7. An extensive bathymetric survey was conducted of the area on 16-17 June to provide a
hydraulic framework for the ice measurements.
Thermal Ice Thickness
On 4 February, 16 samples of the undisturbed thermal ice downstream of the toe were measured.
The mean thickness was 0.30 m, with a standard deviation of 0.06 m. The depth of snow over the
ice was about 0.08 m. These measurements were made about five days after the event, and with
temperatures between –20 and –30oC it is certain that the measured thickness was greater than
what it had been during the arrest of the consolidation. Fractured thermal ice in the toe that was
piled up high above the water level also was measured. A mean thickness of 0.22 m, with a
standard deviation of 0.03 m, was determined from 11 samples. Since this ice was out of the
water and under freezing temperatures since the event, it would have been representative of the
thermal thickness at the time of the consolidation.
Bathymetry
The reach (Figures 3, 7, and 8) can be described as initially being relatively straight and of
uniform depth with a small secondary channel along the left bank. The main channel abruptly
becomes shallow along the right bank and in mid-channel; the thalweg quickly goes from centre
to very close to the left bank, and deepens considerably before straightening out again as it
passes an island downstream of the toe location. The secondary channel along the left bank ends,
and a secondary channel along the right bank begins in this reach. The secondary channels could
not be surveyed by neither boat or wading due to their shallow and muddy condition. The large
gravel bar is an important feature in the toe area reach.
Ice Characteristics at the Toe
Figures 5 and 9 show the profiles and cross sections that were measured at the locations
displayed in Figure 7. It is important to note that profiles A-A and B-B were measured 8 to 11
days after the secondary consolidation and cross sections X3W, X3, X5, X7, X9 and profile C-C
were measured 42 to 44 days after the event. The water level during the second survey was about
1.2 to 1.6 m lower than on the first survey. Flows in the Peace River as it enters Alberta were
about 1700 m3/s during the first survey and about 1520 m3/s during second survey. The second
survey was done about 2 to 5 days before the thermal break-up in this reach but before warming
water temperatures reached the area.
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A 14 m long chisel used for probing through ice.

The surface features of subduction zones along profiles A-A and B-B that are shown in Figure 5
indicate that the dominant failure mode of the ice was vertical bending. Subduction occurred at
many points along the longitudinal sections. The subduction zones appeared to be in random
orientation in the upstream and downstream directions. It appears that several long ice sheets,
perhaps several hundred metres in size, subducted under each other, leaving only 20 to 100 m
size remnants of ice intact on the surface. The remainder of the ice generated the rubble ice that
was subducted up to 8 to 11 metres below the surveyed water level.
Figure 8 shows the contour heights of the ice mounds plotted on top of the bed bathymetry. Also
plotted are locations where the ice was grounded and the spatial variability of the strength of the
current. It is evident that there is some correlation between ice pile heights, grounded areas, and
“no current” areas. One could conclude that ice that was piled up 2 to 6 metres above the water
level was grounded and that the ice that was piled up 1 to 2 metres above the water level was
likely grounded. Some grounded areas were even found outside of the areas defined by the 1 to 2
m ice pile criterion. On the basis of this general criterion, Figure 8 shows five major areas of
grounding:

1. Along the upstream edge of the gravel bar near the right bank at bed elevations of 335 to
337 m;
2. Along the shear line along the edge of the gravel bar at a bed elevation of 336.5 m;

Figure 7.

Locations of cross sections and profiles surveyed at the toe of consolidation.

Figure 8

The toe region showing bed contours surveyed Jun 16-17, 2004, ice pile heights, delineated in Feb-Mar, 2004, and the
consolidation stall line. Also shown are the conditions at the bottom of holes along the cross sections and profiles, if ice
was grounded and strength of the current.
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Ice mound at section B-B.

3. At the large mound at the upstream end of the gravel bar between bed elevations 334.5
and 335.5 m;
4. Along the shear line along the edge of the gravel bar at a bed elevation of 333 to 335 m;
and
5. At the mound near the left bank (the most downstream portion of the consolidation) at a
bed elevation of 331.5 and 333 m.
It is interesting to note that, generally, the grounding was more extensive close to the toe area
than upstream of the toe. In essence, the grounding was “staggered” in the downstream direction
to provide water discharge relief through the toe region. It is also evident that even though the
toe grounded fairly extensively, there was an opening along the thalweg between areas 4 and 5
that allowed the water from the surge to continue on after the ice was stopped.
4. Analysis
Water Levels and Discharge
Analysis of the water levels measured at the gauges by the Rising-Limb Analysis Method
(RLAM) developed by Beltaos and Burrell (2005) can be used to estimate the unsteady
discharge during the event. Figure 11 shows recorded water levels at three gauge locations Dunvegan, Peace 1 and Peace 2, located 13.6 km upstream, 0.3 km downstream and 9.1 km
downstream of the toe of the consolidation, respectively. Unfortunately, the maximum depth
capability of the Peace 1 gauge was exceeded by about 0.3 m. However, given the 15-minute
interval between water level measurements, the slope of the rising limb can be estimated

reasonably well if the high watermark is added to the gauge data. The rate of water level rise for
the Peace 1 gauge was about 0.0015 m/s. The maximum rates of rise for the Dunvegan and Peace
2 gauges were 0.00079 m/s and 0.00057 m/s respectively. From the analysis of the Peace 1
gauge data, using CL = 3.8 m/s, CP = 3.8 m/s, and m = 7 (see Beltaos and Burrell (2005) for a
definition of these variables), the maximum discharge that resulted from the consolidation was
estimated to be about 5000 m3/s, or about three times the background flow (Figure 12).
Although CL in Figure 11 was estimated to be 3.4 m/s, in contrast to a value of 3.8 m/s used in
the RLAM, there is enough uncertainty in the Peace 1 gauge heights to discount the lower
estimate. The higher estimate gave a better representation of the measured gauge heights on the
rising limb and thus that value was used in the application of the RLAM. Equal values of CL and
CP suggest that the surge was maintaining its shape and not attenuating – a good possibility when
the water and ice surge are so closely coupled in this region of the secondary consolidation.
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Figure 11.

Water levels at three gauges during the consolidation event.

Of interest is that the Dunvegan wave had a double peak (Figure 11), the second of which did
not develop at the Peace 1 or Peace 2 gauges. The second peak at Dunvegan arrived after the ice
stopped at Peace 1 if it is assumed the maximum stage at Peace 1 coincided with ice stoppage
and occurred shortly after the last reconstructed reading. This may be an indication that the
second peak at Dunvegan was the result of a “stoppage front” that was propagating upstream
from Peace 1 to Dunvegan. It is has been documented in other studies (Gerard and Jasek, 1990)
that the stage increases as the ice run decelerates and stops.
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Observed stage and modeled stages and discharges using RLAM at Peace 1 gauge

Sequence of Stoppage of the Ice Surge
A sequence of the ice run arrest can be described on the basis of the distribution of grounded
areas. Given that the reach upstream of the area of the toe is relatively straight and uniform for
more than 5 km, it can be assumed that the ice was moving more or less at a uniform velocity
between the shear lines that outline the main channel. Since the break-up front itself would likely
have exhibited thicker ice, the first location where this thicker ice would have grounded would
have been at the upstream end of gravel bar (location (1) in Figure 8). This blocked the
secondary channel along the right bank and reduced the width of the moving ice from about
340 m to 290 m. The shear line along the gravel bar (2) formed next, but the moving ice only
advanced about 500 m downstream before stopping. Then, the large mound (3) formed,
decreasing the width of the moving ice from 290 m to 200 m. Substantial thickening to about
11 m started to occur at this time and a new shear line formed at (4), in a deeper part of the
channel. This reduced the width of the moving ice from 200 m to about 150 m near the tip of the
island. Although the grounding up to this time had eliminated a portion of the energy of the
moving ice, the remainder of the energy was concentrated into the deepest portion of the river.
This caused an increase in the thickness of the subducted ice to almost 13 m at the most
downstream extent of the toe area, and produced the final grounding just to the left of the deepest
part of the river (5) before the entire ice surge stopped. The water from the surge moved through
the toe area along a portion of the thalweg that remained unblocked between grounded areas (4)
and (5).

With respect to the assessment of the flexural strength of the thermal ice sheet and the
characteristics of the subducted ice, a number of observations can be made.
•

•

•

•

Interpretation of the ice thickness profiles to assess the toe angle α (relative to the water
surface, see Figure 1) is difficult. Of the two profiles surveyed, profile AA goes through
the best-defined subduction zone, but the thickness of the subducted ice was difficult to
measure. Interpretation of the extent of ridging suggests that the angle was between 30
and 45o. Profile BB suggests a toe angle of at most 10o. However, this profile indicates
that there may have been a substantial amount of frazil deposited along the underside of
the ice, thus biasing the measurement of the angle. Again, interpretation of the ridging
pattern along profile BB indicates that the angle was likely about 30o. An angle of 35o is
a reasonable compromise.
The stoppage of the ice surge appears to have occurred in a sequential manner starting
from the channel margins where the under-ice flow depths were lower and extending
from the banks to the thalweg. It is not clear, however, when the ice actually stopped
moving – at or after the peak flow had occurred – so there is some question about the
actual flow depth. Note that the peak water level was about 344 m, or about 2 m greater
than the water levels before and after the event. However, assuming that peak water
levels and grounding occurred simultaneously, Table 1 summarizes (1) the differential
thickness of the subducted ice at the time the that the ice came to rest and (2) the
calculated flexural stress in the thermal ice sheet downstream of the toe.
Grounding was not complete across the entire cross section. Section X3 in Figure 9
shows a surveyed flow area on 12 March of 780 m2. If the floating cover is lifted from
the surveyed water level to the high water mark, it is apparent that about 1400 m2 of flow
area had developed or was maintained to allow for the flow of water through the
subduction zone. Assuming that maximum subduction was coincidental with the peak
flow of about 5000 m3/s, the maximum velocity within the conveyance area was about
3.5 m/s. It is important to note that this would not necessarily be the erosional velocity of
the subducted frazil matrix (including pieces of solid ice imbedded in the matrix) as this
flow condition was of short duration and there may not have been sufficient time for the
flow area to reach its maximum and stabilize at the so-called critical erosional velocity
of the ice accumulation. Never the less, it provides at least an upper estimate of the
erosional velocity of the frazil matrix.
The calculated values of the stresses in the thermal ice cover in areas S1, S2, and S3
(Table 1) are near the top and slightly over the expected range of the flexural strength of
frazil-based solid ice when trying to account for two dimensional effects by averaging
the depth of subducted ice for each area. The higher stress in S3 may be an indication
that 2 dimensional effects are not entirely accounted for by averaging for that section. In
area 5, where the maximum differential thickness of subducted ice of 10.0 m was
measured, a very high stress of 6400 kPa was calculated if two dimensional effects are
discounted. Table 1 suggests that a lower bound of the global strength of the thermal ice
sheet, within the assumed framework of flow and ice conditions at the toe of a secondary
consolidation, would be around 3150 kPa (average of S2 and S3).

Table 1

Summary of stresses in the thermal ice cover for each of the stoppage sequences
for peak water elevation of 344 m, bottom of downstream ice accumulation at
elevation 342 m, thermal ice thickness of 0.22 m and elastic modulus of 3 GPa
(assuming α = 350 and e = 0.5)

Area

Description

Segment S1
Figure 9, X7
Segment S2
Figure 9, X5

Upstream edge of gravel bar on right bank,
bottom of ice at an elevation of 336 m.
Left flank of gravel bar, bottom of ice at an
elevation of 335.5 m.
Thalweg along left bank at downstream end
of toe area, average bottom of ice at elevation
of 334.5 m.
Grounded ice to elevation 332 m (maximum
grounding evident within the toe region).

Segment S3
Figure 9, X3
Area 5
Figure 8

Differential 1
Thickness, hs
(m)

Stress, σf
(kPa)

6.0

2300

6.5

2700

7.5

3600

10.0

6400

1

The differential thickness accounts for the effects of 2 m of frazil slush on the underside of the
thermal ice sheet downstream of the toe.
Model Application

As mentioned earlier, the model provides for an analysis of the most conservative condition
required for stopping an ice surge – when grounding of the subducted ice is the mechanism by
which the ice surge comes to a stop in the main portion of the channel. Assuming that the
preceding analysis has defined the effective structural characteristics of the ice sheet within the
given context, the model can be most conservatively applied by assuming that complete
grounding (a subduction depth equivalent to the mean flow depth under the intact ice cover) has
occurred, in spite of the likelihood of some flow area within the subduction area. By definition
this would be conservative because complete grounding did not occur in the situation analyzed
herein, and yet the ice surge was stopped, likely due to other energy dissipation mechanisms
such as friction, shearing of ice, etc.
Thus, given that the local flow depth will determine the differential depth of the grounded ice,
from the theory it would be reasonable to assume that the surge is most likely to stop at locations
where the channel the shallowest. Both the channel width and the attendant mean depth of the
Peace River varies considerably within the area of interest. Neill et al. (1995) summarized the
hydraulic characteristics of a sample of eight sections from which a relationship between mean
depth and width can be developed (see Figure 13). The relationship suggests that as the channel
width increases, the mean depth under the ice cover decreases. Thus, it is likely that a surge of
ice would stop in relatively wide sections. Applying the model over the range of widths that are
evident, it is apparent that the required thermal ice thickness to stop the ice surge would be
between 0.14 and 0.23 m, and it would decrease with increasing channel width. These values
need to be refined however, since there are more cross sections available than used by Neill et al.
(1995).
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Relationship between mean depth and top width for a sample of Peace River cross

5. Summary and Conclusions.

This paper has proposed a conceptual model that defines the mechanisms by which a surge of ice
is stopped and forms a jam at the leading edge of a solid ice cover. The basic premise of the
model is that the ice surge will stop when the thickness and flexural strength of the solid ice
sheet is sufficient to prevent fracture when the subducted ice at the leading edge of the solid ice
sheet is at incipient grounding – the condition at which the vertical buoyant force of the
subducted ice is a maximum. This concept would be applicable to secondary consolidations at
freeze-up and to assessing the likelihood of an ice run forming into a jam at breakup.
Application of the model requires that the global flexural strength of the ice sheet, and the
porosity and shape of the subducted ice be specified – hence the need for field measurements to
calibrate/verify the model. An event on the Peace River in 2004 provided such an opportunity
and this paper has summarized the results of those field measurements. Overall, the following
were apparent from the field survey and the subsequent analysis for the situation on the Peace
River:
• Grounding is necessary and a likely precursor to the stoppage of ice surges.

•
•
•

•
•
•

The ice surge is stopped sequentially, with ice first grounding along the channel margins
where the flow depth is low and then extending from the bank towards to the thalweg.
Energy is consumed along the shear lines that develop between areas of moving and
grounded or stopped ice.
The hydraulic conditions and ambient water levels at the toe of the ice stoppage are
complicated by the unsteady flow associated with the ice surge. The peak flow in 2004
was estimated to be almost three times that of the background flow. There is a need to
better understand the relative timing of the flow peak and the stoppage of the ice surge.
A maximum velocity of about 3.5 m/s was estimated in the flow area within the
subduction zone. This could be adopted as an estimate of the upper limit of the erosional
velocity of the frazil matrix.
Water level increases of more that 2 m (about the accumulation thickness, but almost ten
times the thickness of the thermal ice within the accumulation) appear to be insufficient
to dislodge and/or break up the ice cover.
Measurements of the toe conditions were difficult, but they suggest that the toe angle of
the subducted ice would be in the range of 30 to 45o. Adopting a porosity of the
subducted ice of 0.5, and from considerations of the grounding depths and thermal ice
thickness, the global flexural strength of the thermal ice for this case would be about
3100 kPa.

From the theory, a couple of generalizations can be made regarding the conditions that might
contribute to the stoppage of an ice surge – low background flows that would produce lower
water levels than high background flows, wide shallow sections rather than narrow and deep
sections, and thick and strong ice rather than thin and weak ice.
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