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Anchor ice often forms on the beds of rivers when air temperatures fall below
0C. The transport of sediment by released anchor ice referred to as anchor ice
rafting has been observed numerous times on ice-affected rivers. Field
measurements on the Laramie River in Wyoming showed that this mechanism
plays a significant role in transporting sand, gravel and cobble sized fluvial
sediments (Kempema and Ettema 2011). Those observations also showed that
anchor ice rafting is the mechanism that transports the largest sized sediment
downstream. Recently, anchor ice rafting events were observed on both the
North Saskatchewan River and Peace River in Alberta. The quantities of anchor
ice released from the bed on the Peace River were so large that a majority of the
observed ice floes were actually released anchor ice rather than frazil pans.
Images and videos of these two events show that on the North Saskatchewan
River predominantly gravel sized particles were rafted but on the Peace River
the rafted sediments contained significant quantities of sand, gravel and cobble
sized particles. In the Peace River anchor ice rafting was estimated to transport
significantly less sediment than suspended load transport, however, it is the only
mechanism capable of moving larger cobbles downstream and should be
considered when estimating the an annual sediment budget.

1.

Introduction and Background

Anchor ice may form where open turbulent water is exposed to freezing air temperatures. Once
the water supercools, frazil particles are generated and then rapidly mixed throughout the water
column by the turbulence. These sticky “active” frazil ice particles can adhere to the riverbed to
form anchor ice (Qu and Doering 2007). Once these initial frazil crystals attach to the bed,
anchor ice begins to grow through continued frazil accumulation on the anchor ice mass and in
situ ice growth of each individual crystal (Qu and Doering 2007). Heat and mass exchange
between the frazil ice crystals and the supercooled water drive the in situ ice growth (Kempema
and Ettema 2011). Anchor ice formation is often initiated overnight during supercooling events
and in the morning incoming solar radiation warms the water to above the freezing point
(Kempema and Ettema 2011). This causes the anchor ice to be released from the bed and any
sediment that is frozen to the ice or trapped within the pores is carried to the surface where it is
then rafted downstream. Anchor ice can also be released in cold water, this occurs when the ice
sheet grows to a sufficient size that buoyancy forces lift it off the bed. It is also possible for
anchor ice to be released as a result of shear force from the flow acting against the formation;
this can dislodge the sheet from the bed and its natural buoyancy causes it to rise. Moreover, the
most probable cause of anchor ice release observed on the Peace River is a result of the zerodegree isotherm moving downstream. This causes the water temperature to rise above freezing as
the isotherm moves downstream causing the bonds between the anchor ice and the bed material
to weaken and ultimately results in release of the anchor ice formation.
There have been a few fields studies of anchor ice rafting in rivers (e.g. Kempema and Ettema
2011; Tremblay et al. 2014). Kempema and Ettema (2011) observed coarse fluvial sediment
being rafted downstream with the largest ice-rafted cobble weighing 9.5 kg. Tremblay et al.
(2014) observed cobbles weighing between 80 and 735 g being rafted downstream a distance of
0.5 to 4 m. The average sediment concentration of 32 samples of anchor ice was found to be 22 ±
25 kg/m3 in the study on the Laramie River by Kempema and Ettema (2011). A study conducted
by Kempema et al. (2001) showed anchor ice forming in the shallow nearshore zone of Lake
Michigan. Anchor ice released in the mornings and rafted entrained sediment offshore under the
influence of prevailing winds (Kempema et al. 2001). These anchor ice rafting events were
estimated to remove approximately 0.85 m3 of sand, in the shallow nearshore zone, per meter of
coastline per year (Kempema et al. 2001). These studies provide valuable information on the
type and size of materials that are capable of being transported by anchor ice, but they did not
quantify how important anchor ice rafting is in terms of the annual sediment transport budget.
Observations from anchor ice rafting events on the Peace River and the North Saskatchewan
River in the 2014-2015 winter season are discussed in this paper. The sediment mass fluxes for
each event on the Peace River are estimated using measured sediment concentrations found in
anchor ice samples. Qualitative information for the event observed on the North Saskatchewan
River is also presented. Anchor ice rafting sediment mass fluxes from the Peace River are then

compared to theoretical bed and suspended load mass fluxes to quantify the importance of
anchor ice rafting as a mode of sediment transport. In a related paper Jasek et al. (2015) discuss
how waves produced by the release of anchor ice effects ice cover stability on the Peace River.
2.

Study Sites and Environmental Conditions

Anchor ice rafting events were observed on the Peace River on three separate occasions. The
three events occurred on November 16, 2014, December 19, 2014, and January 14, 2015. An
anchor ice rafting event was also observed on the North Saskatchewan River (NSR) on
November 26, 2014. Qualitative observations on the North Saskatchewan River are presented but
no quantitative results are discussed due to a lack of data. However, a quantitative analysis of the
events on the Peace River is presented since the required data was readily available for the reach
extending from Peace Canyon Dam (km 20.4 downstream of W.A.C. Bennett Dam) to Fort
Vermilion (km 831.5).
A Comprehensive River Ice Simulation software package (CRISSP) has input measured air
temperatures at seven locations along the reach, input discharge from Peace Canyon Dam (i.e.
the upstream boundary condition) and downstream inflows from two major tributaries. The air
temperature data was found to have minimal variance across the measurement locations, and the
interpolated air temperature for each river station is therefore reasonably accurate. The discharge
data is measured at the Peace Canyon Dam and the two largest tributaries, Pine River and Smoky
River. The discharge from these two tributaries is typically unknown until the Water Survey of
Canada gauging station data is processed. However, these tributaries only account for roughly 5
to 10% of the total flow over the winter season.
A map of the Peace River is shown in Figure 1. A significant portion of the Peace River
downstream of the W.A.C. Bennett Dam remains open during the winter, with the leading edge
of the ice cover historically never developing upstream of km 90. This allows for frazil ice
generation to occur throughout the winter and anchor ice release events are frequently observed.
The leading edge of the ice cover on the Peace River in the 2014-2015 season never progressed
upstream of km 189; a significant portion of the reach was open for the entire season, which
allowed for multiple anchor ice release events. Figure 2 shows the historical trend for the
location of the leading edge of the ice cover on the Peace River with observations for 2014-2015
highlighted. In Table 1 the CRISSP predicted air and water temperature, flow, and velocity at the
time of anchor ice rafting observations are tabulated to provide an indication of the
environmental conditions.

3.

Observations

3.1

Peace River

Photographs of the anchor ice release events were taken at the Town of Peace River (km 356.9)
and the Dunvegan Bridge (km 295.6) on November 16 and December 19, respectively. On
November 16th, anchor ice rafting was observed near the Town of Peace River at the Highway 2
Bridge. The image in Figure 3 shows anchor ice pans rafting sediment as they pass beneath the
bridge. On December 19, 2014 a boat expedition was conducted on the Peace River from the
Dunvegan Bridge (km 295.6) to the Fairview water intake (309 Km) that enabled close
observations of released anchor ice pans. Figure 4 shows an image of sediment laden anchor ice
pans observed while rafting near the Dunvegan Bridge during this expedition. It is evident from
these two images that the large majority of pans originated from anchor ice in both cases. Large
amounts of sediment was observed in the pans and approximately 90% and 70% of the pans
appear to be rafting sediment November 16 and December 19, respectively. In Figure 5 a time
series of the CRISSP predicted water temperatures for the entire day is plotted for the two
events. Also plotted in Figure 5 is a time series of measured water temperatures for the North
Saskatchewan River event. In Figure 6 time series of the air temperature for the entire day for all
events are plotted. The air temperatures shown for these release events were below freezing
throughout the day. All events on the Peace River showed a slight increase in air temperature
until midday.
Figure 7 shows a released anchor ice pan rafting a large cobble with approximately 45 smaller
gravel size rocks at 2:46 pm on December 19th. The anchor ice pans observed on December 19th
contained mainly fine sediment with some gravel intermixed. Some cobbles were also observed
rafting downstream that were larger than ~10 cm in diameter. Water and air temperature when
the photograph was taken were 0.005 and -9.24 °C, respectively.
Another anchor ice release event was observed on January 14, 2015 at km 260.9 on the Peace
River. Photographs taken during this event show that the surface ice pans were comprised
entirely of released anchor ice containing rafted sediment. Figure 8 shows an image taken at 1:26
pm at km 260 that is used to calculate the surface ice concentration for this anchor ice rafting
event. The release event observed on January 14 showed rising water temperatures throughout
the day that were above the freezing point, as shown in Figure 9. Figure 6 shows that the air
temperatures were above the freezing for the majority of the day on January 14.
3.2

North Saskatchewan River

An anchor ice rafting event was observed on the North Saskatchewan River on November 27,
2014. The air temperatures for the event on the North Saskatchewan River decreased throughout
the day, as seen in Figure 6Error! Reference source not found.. Water temperature data for the

North Saskatchewan River was only recorded while deploying the FrazilCam and averaged to 0.01°C between 8:15 and 10:15 am, see Figure 5. The air temperatures shown for the North
Saskatchewan River are similar to those observed during the release events on November 16 and
December 19 in the Peace River.
Anchor ice pans rafting sediment were observed while wading into the NSR. Figure 10 shows
one of the released anchor ice pans observed, in stark contrast to the fresh, white frazil slush that
surrounds it. Figure 11 shows anchor ice forming on the bed of the NSR in the same location the
day before the release event was observed. During this event anchor ice pans accounted for only
a very small percentage of the observed pans whereas on the Peace River, they were seen to
comprise about 70-100% of the pans. The released anchor ice pan appeared to contain less fine
sediment and cobbles than the pans observed on the Peace River.
4.

Analysis

Sediment transport in rivers occurs predominately via bed and suspended load sediment
transport. In this section estimates of the bed and suspended load transport are compared to
estimated sediment mass flux rafted by anchor ice during the three events on the Peace River.
Bed load transport is calculated for an unregulated 2-year flood event on the Peace River using
two empirical formulas developed by Bagnold (1977) and Meyer-Peter and Müller (1948). This
event was chosen to show the relatively small flux of bed material even during peak flow events.
An approximate estimate of suspended sediment transport was made using computed baseline
values provided by Knight Piesold (2011).
4.1

Observed Anchor Ice Rafting Mass Flux

Anchor ice samples from the Peace River taken on February 12th and 13th were analyzed for
sediment concentrations and values of 29 and 13 kg/m3, respectively were measured. Both
samples were removed from the water by hand at km 163.6 near the WSC gauging station
07FD010. It was observed that dirty water suspended within the pores drained out when the
sample was removed from the water which indicates that the concentrations obtained from these
samples may be underestimated. Kempema and Ettema (2011) conducted a study of anchor ice
rafting on the Laramie River in which they took 32 samples and found an average sediment
concentration of 22 ± 25 kg/m3. The samples analyzed from the Peace River fall within this
range.
The sediment mass flux was computed by multiplying the surface ice volume flux by the
sediment concentration. The CRISSP predictions from km 396.7 and km 295.8 were used for the
events observed on November 16 and December 19 to calculate sediment mass flux,
respectively. The majority of the ice floes observed during these events were formed by released
anchor ice. There is large uncertainty in CRISSP model predictions of surface ice concentration

or ice flow rates when there are large quantities of released anchor ice floes in the water as a
result of warm water travelling downstream. The surface ice volume fluxes predicted by CRISSP
for these two events were 13.2 and 20.7 m3/s and this corresponds to predicted surface ice
concentrations of 9% and 21% for November 16 and December 19, respectively. A visual
examination of the images presented in Figures 3 and 4 indicates that the actual surface ice
concentration was likely significantly higher than 9% on November 16 and that the predicted
value of 21% on December 19 is reasonable. More accurate estimates of surface concentration
can be obtained from photographs such as the one presented in Figure 8, taken from high on the
river bank and encompassing the entire width of the river.
For the event on January 14, 2015 CRISSP predicted that no ice pans formed but fortunately the
image in Figure 8 could be used to estimate the ice volume flux. A river width of 400 m was
used to find the surface ice mass flux for the January release event; this is comparable to the
width of the river at the Dunvegan Bridge for a similar flow rate (Kellerhals et al. 1972). The
image in Figure 8 was analyzed using MATLAB and a surface ice concentration of 15.7% was
computed. The average pan depth was assumed to be 0.3 meters at the time of the photograph
based on observations of average pan thicknesses of 0.2 to 0.4 meters during the boating
expedition on December 19th. The porosity was assumed to be 0.67 which is the value used in the
CRISSP model. The CRISSP model predicts an average velocity in the channel of 1.2 m/s at the
time of the photograph. Although the velocity at the surface would likely be slightly greater than
this, for the purposes of estimating a mass flux an average velocity is adequate. The estimated
surface ice volume flux for this event is 15 m3/s, which is comparable to estimated volume flux
rates of 13.2 and 20.7 m3/s for the other two events.
The sediment mass flux estimated for the January 14, 2015 rafting event ranged from 184 to 410
kg/s, based on the sediment concentrations of the two samples obtained on the Peace River in
February 2015. The estimated sediment mass fluxes for the events on November 16 and
December 19 ranged from 155 to 345 kg/s and from 189 to 421 kg/s, respectively. The sediment
mass flux range for each event is tabulated in Table 2.
4.2

Empirical Transport Relations

4.2.1 Bagnold (1980) Bed Load Transport
Bagnold (1977) proposed that the bed load transport rate is dependent on the power supply of the
fluid flow or rate of energy input per unit width. This bed load transport rate assumes that the
excess density of a particle in water is 1650 kg/m3. The total power supply per unit width (kg/ms) is defined as,

  Q S w

[1]

where ρ is the density of the fluid (kg/m3); Q is the flow rate (m3/s); S is the dimensionless slope;
and w is the width of the channel (m) (Bagnold 1977). However, to mobilize material on the bed
the stream power must be above a threshold value. The displacement of bed material en masse is
commonly referred to as the “critical stage” and occurs when the shear stress acting on the bed
exceeds a critical value (Yalin 1977). Bagnold (1980) proposed an approximate formula for
calculating the threshold value of unit stream power. The threshold value of unit stream power
(kg/m-s) is given by,
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[2]

where D50 is the grain size for which 50% of a sediment sample is finer than (m); d is the flow
depth (m); Θ0 is the Shields’ threshold criterion, here a constant value of 0.04 was assumed for
steady-state turbulent flow and; ρ and ρs are the density of water and bed load material (kg/m3),
respectively. It was assumed that the density of the bed load material was equal to the density of
quartz (2650 kg/m3). If the unit stream power, from Equation [1], is greater than the threshold
value, from Equation [2], bed load transport is likely to occur. The specific bed load transport
rate, ib, is then computed as follows,
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where 𝑖𝑏∗ , (𝜔 − 𝜔0 )∗ , 𝑑∗ , and 𝐷50∗ are reference values chosen by Bagnold (1980) to create an
independent system of units so that the transport rate can be found for any system. The reference
values used by Bagnold (1980) are as follows:
𝑖𝑏∗ = 0.1 𝑘𝑔⁄𝑚𝑠 , (𝜔 − 𝜔0 )∗ = 0.5 𝑘𝑔⁄𝑚𝑠 , 𝑑∗ = 0.1 𝑚, and 𝐷50∗ = 0.0011 𝑚
The bed load mass flux (kg/s) is computed by multiplying the width of the channel by the
specific bed load transport rate, from Equation [3].
4.2.2 Meyer-Peter and Müller (1948) Bed Load Transport
The bed load transport equation developed by Meyer-Peter and Müller (1948) uses two reducing
multipliers QB/Q and KB/KG to account for the fact that only a portion of the total discharge
occurs at the bed of the river, and for the resistance of the bed that reduces the shear stress
available for transport (Church and Gomez 1989). It was assumed here that both are unity, which
would correspond to a wide channel with a smooth bed. Meyer-Peter and Müller (1948) express
the sediment transport rate (kg/m-s) as,
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where s is the specific gravity of the bed load material; g is the acceleration due to gravity (9.81
m/s2); (KB/KG) is the form resistance that reduces the shear stress available; and (QB/Q) is the
portion of total discharge that acts on the bed.
4.2.3 Knight Piesold (2012) Suspended Load Transport
Knight Piesold (2012) did an extensive assessment of the fluvial geomorphology and sediment
transport on the Peace River as part of an Environmental Impact Statement for the construction
of the Site C dam. This report described baseline conditions for sediment transport at the Smoky
River confluence near the Town of Peace River. A total suspended load of 38,000,000
tonnes/year was predicted (Knight Piesold 2012), which translates to a constant suspended
sediment load of 1204 kg/s assuming a mean flow of 1600 m3/s.

4.3

Comparison of Sediment Transport Mechanisms

A 2-year unregulated flood event was used to compare the amount of sediment transported as
bed load to that transported by anchor ice rafting. Kellerhals et al. (1972) provides a flood
frequency analysis for the Peace River at the Town of Peace River and the 2-year unregulated
flood corresponds to a flow rate of 8,919 m3/s. Kellerhals et al. (1972) also provides a slope,
width and average flow depth at the Town of Peace River for a 2-year unregulated flood event of
0.00035 m/m, 566 m, and 5.73 m, respectively. A D50 of 1.6 cm was used from a sample taken
by Shaw and Kellerhals (1982) approximately 17 km upstream. The bed load mass flux for a 2year unregulated flow found using the equations by Bagnold (1977) and Meyer-Peter and Müller
(1948) was 26.7 and 6.2 kg/s, respectively. The average suspended load mass flux from Knight
Piesold (2012) was 1204 kg/s assuming a mean flow of 1600 m3/s. Bed load transport was
predicted to be negligible for a mean flow of 1600 m3/s using both the Bagnold (1977) and
Meyer-Peter and Müller (1948) equations.
These estimates show that bed load transport is a relatively minor component of the total
sediment transport even for an unregulated 2-year flood event. They also show that suspended
load transport is the dominant process in the Peace River. Estimates of the sediment mass fluxes
due to rafting of sediments during anchor ice events ranged from 155 to 421 kg/s; Table 2 lists
the sediment mass flux computed for each anchor ice release event. Therefore, the instantaneous
sediment mass flux during an anchor ice release event may be 15% - 40% of the average
suspended sediment mass flux. However, the total mass of sediment transported in any given
year by rafting will also depend on the frequency and duration of these events. The average total
mass of suspended sediment transported in a year is 38  109 kg (Knight Piesold 2012). If, for

example, there were 10 anchor ice release events, each one day in duration, during the year the
total mass of sediment transported by rafting is estimated to range from 134106 to 429106 kg
which corresponds to only 0.35% - 1.1% of the total suspended sediment transported. These
percentages vary in proportion to the number of anchor ice events per year and if there were 30
events these would increase to 1.1% - 3.3 %. Note that anchor ice rafting is the only mechanism
that is capable of transporting large cobbles.

5.

Conclusion

Anchor ice rafting events were observed on three separate occasions on the Peace River and once
on the North Saskatchewan River. Two anchor ice samples were analyzed for sediment
concentration and are used to compute the sediment mass flux of the Peace River events. The
three events on the Peace River were estimated to transport between 155 and 421 kg/s of
sediment ranging in size from fine sand to cobbles. This result was compared to estimates of the
bed and suspended load transport on the Peace River. Bed load transport had the smallest
estimated mass flux and was shown to be negligible in the annual sediment budget even for the
2-year unregulated flood. The suspended sediment load was estimated to be 1204 kg/s at the
mean annual flow of 1600 m3/s; more than twice the instantaneous sediment mass flux during an
anchor ice release event. Anchor ice rafting was estimated to account for 0.3% to 3.3% of the
total sediment transported in the Peace River but there are large uncertainties in virtually every
variable used to compute these estimates (e.g. frequency and duration of release events). It is also
noteworthy that the sediment mass fluxes calculated for the anchor ice rafting events omitted any
rafted gravels or cobbles and their inclusion could result in significantly larger mass fluxes.
These uncertainties can only be reduced by conducting additional field studies of this
phenomenon.
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Figures

Figure 1. Map of the Peace River with kilometers along the river from the W.A.C. Bennett Dam
marked.
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Figure 2. Location of the leading edge of the ice cover on the Peace River.

Figure 3. Digital image of an anchor ice rafting event taken from the Highway 2 Bridge at the
Town of Peace River AB at km 396.7 on Nov. 16, 2014 at 2:27 pm.

Figure 4. Digital image an anchor ice rafting event on the Peace River just downstream of the
Dunvegan Bridge near km 295.8 on Dec. 19, 2014 at 1:45 pm.

0

Water Temperature (°C)

-0.002
-0.004
-0.006
-0.008
Nov 16, 2014 (Peace River)
-0.01

Nov 27, 2014 (NSR)
Dec 19, 2014 (Peace River)

-0.012
-0.014
0:00

2:00

4:00

6:00

8:00

10:00 12:00 14:00 16:00 18:00 20:00 22:00

0:00

Time
Figure 5. Time series of CRISSP predicted water temperatures for three anchor ice release events
with water temperatures below freezing.
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Figure 6. Time series of air temperatures for all anchor ice rafting events. The events on the
Peace River were predicted by CRISSP whereas the event on the NSR was recorded by a nearby
weather station.

Figure 7. Digital image taken on the Peace River of an anchor ice pan rafting large cobbles and
fine sediment near km 295.8 on Dec. 19, 2014 at 2:46 pm.

Figure 8. Digital image of an anchor ice rafting event on the Peace River at km 260 on Jan. 14,
2015 at 1:26 pm.
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Figure 9. Time series of CRISSP predicted water temperature for the anchor ice release event on
Jan. 14, 2015.

Figure 10. Digital image of an anchor ice pan just released from the bed on the North
Saskatchewan River in Edmonton AB on Nov. 27, 2014 at 10:12 am.

Figure 11. Digital image of anchor ice forming around large cobbles on the North Saskatchewan
River bed on Nov. 26, 2014 at 8:45 am.

Tables
Table 1. Environmental conditions during the anchor ice rafting events.

NSR

Peace River

Location

Date

Air
Water
Temperature Temperature
(°C)
(°C)

Flow
(m3/s)

Velocity
(m/s)

Town of
Peace River
(km 396.7)

November
16, 2014

-8.8

-0.004

1548

1.1

Dunvegan
Bridge
(km 295.8)

December
19, 2014

-9.5

-0.003

1297

1.1

km 260.9

January
14, 2015

3.1

0.9

1338

1.2

Emily
Murphy
Park

November
27, 2014

-11.4

-0.01

103

0.52

Table 2. Computed instantaneous sediment mass flux for each anchor ice rafting event on the
Peace River.
Date

Sediment mass flux (kg/s) for
a sampled concentration of 13
kg/m3

Sediment mass flux (kg/s) for
a sampled concentration of 29
kg/m3

November 16, 2014
December 19, 2014
January 14, 2015

155
189
184

345
421
410

