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During the breakup of river ice covers, a greater potential for erosion occurs due 
to rising discharge and moving ice, and the highly dynamic waves that form upon 
ice-jam release.  Concentrations of suspended sediment can increase sharply due 
to the greater erosive capacity during ice breakup, with the peak flow occurring 
after peak sediment concentrations.  This indicates that the bulk of the sediment 
load is delivered on the rising limb of the flow hydrograph, with constraints on 
the amount of sediment supply.  Large spikes in sediment concentrations 
occasionally occur due to the passage of waves resulting from release of an 
upstream ice jam and the ensuing ice runs.  Projected increases due to climatic 
change in the number of midwinter breakups and the magnitude of spring flows 
under a warming climate may result in a considerable increase in future 
suspended-sediment concentrations and loads during periods of ice breakup.  Yet 
sediment monitoring programs often overlook the higher suspended-sediment 
concentrations and loading that occurs due to the inherent difficulties in data 
collection during the breakup period.  An increase in suspended-sediment 
concentrations during breakup is of interest due to their effect on aquatic 
ecosystems in terms of both species’ life cycle and habitat, and on water quality 
due to the sorption of particulate contaminants onto sediment particles.  Datasets 
of suspended sediment measurements during the breakup period, including data 
collected on the Saint John River (SJR) and the Athabasca River, are reviewed 
and compared in this paper, and additional comparisons made with sporadic 
suspended sediment measurements made elsewhere as reported in the technical 
literature.  The possible effects of river characteristics on seasonal sediment 
supply are discussed, and the implications of increased sediment supply are 
reviewed based on seasonal comparisons.  The paper also reviews the 
environmental significance of increased sediment supply, both on water quality 
and ecosystem functionality.      



1. Introduction 

Ice formation, growth, and breakup affect the flow dynamics of a river or stream and thus its 
potential for erosion and transport of sediment.  During freeze-up, anchor-ice release can remove 
material from the bed of a river or stream.  As an ice sheet forms, the resistance to flow created by 
the ice cover modifies the velocity profile such as to alter flow conveyance and sediment transport.   
In general, flow velocity under an ice sheet is reduced and the erosion and transport of sediment 
decrease during the winter months.  However, if the ice cover is uneven (such as a reconsolidated 
ice cover after midwinter jamming) or flow is channelized by slush deposits under a solid ice sheet, 
significant erosion and transport of sediment can occur.  Nonetheless, it is the breakup period, 
characterized by increased water levels and flows, which is generally more important with respect 
to erosion and sediment transport. 
 
"Mechanical” breakup is the result of increased precipitation and (or) snowmelt runoff that 
increases the flow discharge and water level in a river and stream, and that also brings particles of 
fine sediment from the land surface to the watercourse.  Once rising water levels detach the ice 
cover from the banks, the downstream movement of broken segments of sheet ice (due primarily 
to tractive forces of flowing water on the undersurface of the cover and the downslope component 
of the weight of ice fragments) causes the large fragments of ice sheet to push against the river 
banks and other ice and break down into smaller pieces.  “Thermal” breakup occurs when spring 
flows are unable to dislodge the winter ice before it loses a large part of its mechanical strength 
and thickness.  Thermal events have limited potential for sediment transport, relative to the more 
dynamic mechanical events; therefore, reference to breakup will, in the following text, refer to 
mechanical events unless otherwise specified.   The scarping of ice against the river banks and the 
release of sediment during the thawing of the river bank increase sediment concentrations in the 
river or stream.  The potential for increases in sediment concentrations is thus greater during the 
dynamic transient period of ice breakup than the rather less eventful midwinter and summer low-
flow periods. 
 
Breakup processes can generate significant contributions to the annual sediment load.  Sediment 
loads can have important implications with respect to the infilling of reservoirs, channel 
morphology, soil development, and biogeochemical cycling of pollutants and nutrients.  During 
dynamic breakup, direct gouging and abrasion of the river banks and bed by moving ice can release 
sediment into the channel and lead to destruction of riparian infrastructure.  The effects of ice jams 
on flow conveyance and direction can increase or lessen flow velocity and tractive force thereby 
leading to sediment removal or deposition, with potential localized detrimental effects with respect 
to the functioning of water intakes and the conservancy of aquatic habitat.  Bed scour under an ice 
jam can have important implications with respect to pipeline and bridge pier design, as these 
structures can be damaged or destroyed if undermined. 
 
Javes (ice-jam-release waves) exemplify the extreme power and erosive capacity of breakup in 
their heights, celerity, and high speeds of accompanying ice runs (Beltaos 2013).  As the leading 
edge of a jave travels faster than the main body of released water, a sharp rise in suspended-
sediment concentrations occurs before the arrival of the ice run.   Jave-related sediment pulses are 
short-lived but they exhibit extremely high concentrations of suspended sediment that contribute 
sizeable sediment loads and a potential threat to aquatic life.  Therefore, the potential for javes and 



their associated sediment pulses require consideration during the estimation of sediment loads in 
northern rivers.  
 
The purpose of this paper is to provide a review of the effects of river-ice breakup on suspended-
sediment concentrations and their implications to water quality and aquatic life.  Relevant 
scientific and technical background literature is reviewed in the following section.  The paper then 
presents a summary of datasets obtained during the breakup period by several researchers, 
including detailed   measurements in the International Saint John River (Maine, USA and NB, 
Canada) and the Athabasca River (Alberta, Canada).  Implications to water quality and aquatic life 
are discussed.   
 

2. Sediment Erosion and Transport  

2.1   Bank and Bed Erosion Potential 

Gatto (1993) identifies several bank erosion mechanisms that can contribute to increases in 
suspended sediment during the breakup period.  The amount of bank erosion depends upon the 
magnitude of the forces acting on the sediment particles in a river bank and the mechanical 
properties of the soils, such as sediment structure, size distribution, bulk density, and mineral 
content, and upon the protection provided by vegetation (Gatto 1993).  Turcotte et al. (2011) 
reviews the potential effects of river-ice processes on sediment supply.  A sediment erosion and 
transport mechanism that cannot be quantified at present is gouging of the river bed and banks 
(Beltaos 2018). 
 
The capacity of the flow to erode channel boundaries and transport sediment is related to bed shear 
(Yalin 1977).  The average bed shear stress, τb, is customarily expressed as:                                                               
 

𝜏 =  𝛾 𝑅  𝑆  [1] 
 
where γ = unit weight of water = 9810 N/m3; Rb = bed-controlled hydraulic radius  average water 
depth under open-water flow conditions; and Sf = friction slope.  Taking into account the Manning 
resistance equation, it can be further shown that: 
 

𝜏 =  𝛾 𝑛 /  𝑆 /  𝑈 /   [2] 
 
where nb = the Manning’s resistance coefficient for the channel bed and U = average flow velocity 
in m/s.  Equation 2 is particularly helpful during ice runs because the surface velocity can be 
estimated by timing moving ice floes and the result multiplied by ~0.9 to obtain average flow 
velocity.  Noting the small exponent of the friction slope in Eq. 2, reasonable estimates of   the 
shear stress can be obtained by substituting the water surface slope in its place.    Bed shear stress 
can be especially high during the passage of javes because both U and Sf are considerably greater 
than their pre-jave values.  Beltaos et al. (2018) estimates a bed shear stress of approximately 120 
Pa during the passage of a major jave on the lower Athabasca River, a value that was corroborated 
by more detailed analysis of jave characteristics (Beltaos 2018).  By comparison, the highest 
known discharge in the same reach, which occurred under open-water conditions, generated an 
estimated bed shear stress of only 35 Pa.     



Erosional capacity has also been expressed in terms of unit stream power, which is defined as the 
product U.  The concept of a critical value of unit stream power is adopted by Annandale (1995), 
which presents an erodibility index method that can be used to compute the hydraulic conditions 
under which erosion will be initiated in a wide range of materials. 

2.2. Sediment Transport 

Many sediment transport formulae exist but some are for bed load, some are for suspended load, 
and some are for total load.  No formula applies to all flow and sediment conditions.  Different 
formulae yield different results, and thus the accuracy of results depends upon how well the 
formula applies to a river’s flow and sediment regime. 
 
In-stream sediment transport depends on the sediment supply and the sediment transport capacity 
(Turcotte et al. 2011).   If the sediment supply is limited, the actual sediment loads will be less that 
the sediment transport capacity of the stream.  The concentration of suspended sediment is 
generally several orders of magnitude below the channel’s capacity for sediment transport 
(Knighton 1998).  Therefore, the dominant control on suspended-sediment concentration is the 
rate of supply.  Considerable scatter is evident when the concentration of suspended sediment is 
plotted against discharge.  Temporal changes in suspended-sediment concentrations with 
hydroclimatic conditions may create a hysteresis loop because the rate of fine sediment supplied 
to the flow is greater during the rising limb of the hydrograph compared to the falling limb (Robert 
2003).  Sediment deposited and stored on the channel bed between storms is entrained by the 
increasing velocities during the rising limb, leaving less sediment supplied to the flow during the 
falling limb (Knighton 1998). 
 
Lawson et al. (1986) notes seasonal change on the Tanana River near Fairbanks, Alaska, in the 
ratio of suspended sediment load to bed load with the ratio becoming less during the winter 
(February-March 1984) compared to the summer.  Measured values of suspended-sediment 
concentrations (SSCs) during the period of ice cover were 51 mg/L to 152 mg/L, considerably 
higher than the winter pre-breakup SSCs reported by Prowse (1993) and Beltaos and Burrell 
(2016b).  Possible reasons for this are finer bed and bank material, and increased velocities in 
slush-confined channels under the solid ice cover.  This shows that suspended sediment 
concentration is dependent upon local conditions. 
 
The suspended load transport per unit width is computed by integration over the flow depth of 
suspended-sediment concentration times the local mean longitudinal flow velocity.  Integration of 
this load across the entire channel width results in the total suspended load, which often dominates 
total sediment flux, and is thus a major contributor to sediment influx to lakes and oceans and to 
deposition onto flood plains.   
 
The main controlling hydraulic parameters for the suspended load are the particle fall velocity and 
the sediment diffusion coefficient (van Rijn 1984).  Initiation of sediment suspension begins when 
the turbulent eddies have dominant vertical velocity components that exceed the particle fall 
velocity.  The maximum value of the vertical turbulence intensity is of the same order as the bed-
shear velocity (van Rijn 1984).  The particle fall velocity is a function primarily of the kinetic fluid 
viscosity, sediment specific gravity, and the representative particle diameter of suspended 
sediment.  Different equations for particle fall velocity have been proposed for different ranges of 



sediment size.  The sediment diffusion coefficient governs the concentration profile of suspended 
sediment (Tsujimoto 2014). 
 
Sediments transported as bed load and as suspended load have different particle size distributions, 
with suspended-sediment particles usually being considerably smaller than the bed-load particles.  
A change in land use, for example from forest to agricultural (or logging), can substantially modify 
sediment transport modes and intensities in river systems by increasing fine sediment supply 
(Turcotte and Morse 2017).  In gravel-bed rivers, bed load will be a major portion of total sediment 
load.  Basically, it is possible to compute the suspended-load capacity based upon the type of bed 
material and the flow conditions.   
 
Ferrick and Weyrick (1993) states that shear stresses determine the transport by water flow of bed 
and suspended sediment.  A numerical model was used to evaluate the effects of various 
parameters on shear stresses during ice motion.  The amplitude of increase in suspended-sediment- 
transport capacity increased with ice velocity and acceleration, and decreased with relative ice 
roughness (Ferrick and Weyrick 1993).  Higher initial energy gradients led to smaller increases in 
sediment transport capacities than in flow velocity and discharge (Ferrick and Weyrick 1993).  
 

3. Suspended-sediment Concentrations during the Breakup Period  

Suspended sediment is the particulate material, mainly silt and sand, that moves along the stream 
in the water column, usually kept in suspension by flux of turbulence generated at flow boundaries.  
The grain size affects the vertical distribution of sediment in the flow with finer material such as 
silt being more uniformly distributed than coarser material such as sands.  A portion of the 
suspended sediment in a river (such as clays) may be so fine that the particles do not rely on 
turbulence but are kept in suspension by thermal molecular agitation (Brownian motion), and are 
referred to as wash load as it washes through the system (Hicklin 2009).   The discharge of 
suspended-sediment is typically expressed in kg/s and can be determined at any one river transect 
by multiplying the velocity-weighted average concentration of suspended sediment with the flow 
discharge.  In this section of the paper, measurements of suspended-sediment concentrations and 
characteristics during the pre-breakup and breakup periods are discussed based on a review of 
literature.   
 
Prowse (1993) reports measurements and analyses of suspended-sediment concentration during 
the 1987 pre-breakup and breakup periods on the Liard River near its confluence with the 
Mackenzie River.  All sampling was done 300-500 m from the left bank in an approximately 700-
m wide reach used by the Water Survey of Canada to monitor discharge and sediment of the lower 
Liard River (hydrometric station No. 10ED002, Liard River near the Mouth, drainage area = 275 
000 km2).   Up until April 26, suspended-sediment concentrations remained below 10 mg/L, but 
then began to steadily rise as breakup occurred upstream and along tributaries.  Measurements 
made May 1 from a helicopter during the ice fracturing and fragmenting period revealed a sediment 
concentration of 70 mg/L.  The general rise in the suspended-sediment concentration prior to 
breakup at the sampling site is probably attributable to a rise in velocities and discharge and 
additional sediment contributions from upstream tributaries, including some more southern rivers 
which break up earlier (Prowse 1993).  Ice cleared the reach on May 2 and a local small jam 
occurred downstream increasing water levels in the sampling reach.  A sample on May 4 revealed 



that the sediment concentration had risen to approximately 120 mg/L.  Prowse (1993) reports the 
highest measured SSC during the 1987 breakup of approximately 1067 mg/L occurred on May 6 
during release of jammed ice remaining on the lower Liard.  This value far exceeded normal 
sediment concentrations for open-water conditions with equivalent discharge, and was closer to 
annual peak-sediment concentrations recorded at 2 to 5 times greater discharge.  Upstream ice-
induced erosion is most likely responsible for the rapid increase during the May 4-6 breakup period 
(Prowse 1993).  Higher sediment concentrations could be produced by more dynamic breakup 
events than the moderate 1987 event, which was characterized by a nonuniform downstream 
breakup progression, typical of a thermal breakup. 
 
Milburn and Prowse (2000) presents data from a 1993 sampling program on the Liard River and 
further discusses the results of suspended-sediment sampling conducted in 1987.  During both the 
1987 and 1993 data gathering, samplers were lowered through holes during pre-breakup and from 
a helicopter positioned over leads during active breakup.  The 1987 breakup stage and the 1993 
breakup stage were just below and above the maximum open-water stage, respectively, and are 
more representative of average than extreme breakup severity.  In both years, suspended-sediment 
concentrations (SSCs) remained below 10 mg/L two weeks before breakup but then rose by an 
order of magnitude prior to breakup.  Milburn and Prowse (2000) suggest this increase in pre-
breakup suspended sediment could be due to resuspension of fine-grained sediment deposited 
during the low-flow winter period.  As reported by Prowse (1993) and Milburn and Prowse (1996), 
SSCs in 1987 rose more as breakup progressed reaching a maximum of 1067 mg/L with a 
concurrent mean daily discharge of 2550 m3/s.  The 1987 high suspended-sediment concentrations 
could be related to an upstream release of an ice jam.  In 1993, SSCs rose to 291 mg/L (at 2280 
m3/s) just before breakup and peaked at 331 mg/L (at 2480 m3/s) during the final ice run (Milburn 
and Prowse 2000). 
 
The average proportions of clay, silt, and fine sands in the five samples collected in 1987 just 
before and at breakup are 18, 66, and 16%, respectively; much finer than that measured during the 
open-water period (Milburn and Prowse 2000).  The high percentage of very fine material in these 
samples supports remobilization of over-winter accumulated sediment material as a source of pre- 
and early breakup suspended sediment.  If particle-size analysis had continued later during 
breakup, it is expected that later samples would show a shift toward higher percentages of fine 
sand fractions because of increased erosive action (Milburn and Prowse 2000). 
 
Sui et al. (2000) reports that measured sediment concentration in the Hequ Reach of the Yellow 
River, China, increases with flow discharge and during ice breakup, and that the grain-size 
distribution of sediment can show seasonal variations.  The suspended load carried by the flow 
during the winter is coarser than that during formation of ice jams and the breakup period, as the 
supply of finer sediment from land sources is reduced and some finer sediment is entrained in ice, 
therefore making the coarser material of the riverbed the predominant source of sediment (Sui et 
al. 2000).  
 
Toniolo et al. (2013) reports on field measurements carried out during the spring breakup of 2011 
on seven pristine streams located in the National Petroleum Reserve in Alaska.  Estimates of the 
Shield’s parameter indicates finer sediments could be moved in suspension but that coarse sand 
would move as bedload.   The highest SSC of 186.55 mg/L reported in the paper occurred on June 



2 on the Fish River, and the corresponding suspended sediment load was estimated to be nearly 
14.9 kg/s.  Suspended-sediment concentrations more than 125 mg/L are also reported for the 
Seebee Creek and Prince Creek.  In general, changes in suspended-sediment concentrations can be 
associated with variations in discharge and with moving ice.  
 
Moore et al. (2013) presents hourly and daily-averaged values of concentration of suspended 
sediment on the Nelson River, Manitoba, estimated from acoustic data during hydropeaking 
operations at the Limestone Generating Station.  Daily-averaged suspended-sediment 
concentrations increase from around 7 mg/L to 130 mg/L during the breakup period.  Suspended-
sediment concentration is observed at breakup to reach 10 times suspended-sediment 
concentrations under a stable ice cover (Moore et al. 2013).  Hourly average peak values of SSC 
were much higher, attaining ~550 mg/L on one occasion (Fig. 1).  
   

 
Fig. 1. Concentration estimated from acoustic data at 2.24 m from the bed at a Nelson River site 
located 50 km downstream of the Limestone Generating Station.  Reproduced from Moore et al. 

(2013), with authors’ permission. 
 
Environment Canada and the New Brunswick Department of the Environment (NBDOE) 
undertook a joint five-year study (1993-1997) of ice breakup and jamming along the Saint John 
River (SJR) from the Dickey area in Maine, United States, to St. Leonard, New Brunswick, 
Canada.  Sediment-related aspects of the study, including methodology and findings, have been 
presented in Beltaos and Burrell (2016a, 2016b).  The main findings are summarized in the next 
two paragraphs.   
 
The temporal and spatial variation of the suspended-sediment concentrations was investigated by 
acquiring and analyzing suspended-sediment samples at four bridges along the Saint John River 



from Dickey, Maine, USA to Saint-Leonard, New Brunswick, Canada (Beltaos and Burrell 2016a, 
2016b).  Using the bridges as platforms, samples were acquired by dipping standard 750 mL glass 
bottles into the river or inserting them in a P72 point-integrating fish-type sampler.  During typical 
freeze-up conditions, measured SSCs along the Saint John River ranged from 0 to ~2mg/L (Beltaos 
and Burrell 2016b).  Concentrations increased on occasion, when the freeze-up process was 
interrupted by small runoff from minor rain-on-snow events, decreasing again as the flow reduced.  
Similar values of suspended-sediment concentration (~0 to 2 mg/L) were also found during steady-
flow conditions in the winter, right up to late March and even in the first half of April (Beltaos and 
Burrell 2016b).  Peak runoff-induced sediment concentrations during the breakup events 1993 to 
1997 inclusive ranged from ~35 to 150 mg/L (Fig. 2), much greater than under open-water 
conditions (Beltaos and Burrell 2016b).  As described in Section 4, much higher SSCs were 
measured during brief sediment “pulses” accompanying the passage of waves generated by 
releases of ice jams.  The suspended-sediment concentrations gradually decrease as river flow 
decreases and water levels subside.  However, suspended-sediment concentrations were found to 
decrease to pre-event values much faster than does discharge with peak discharge lagging 1-3 days 
later than peak suspended-sediment concentration, thereby indicating a limit on available sediment 
supply during the breakup event (Beltaos and Burrell 2016b).  The suspended-sediment loads 
associated with breakup events can be the greatest fraction of the total annual loads (Beltaos and 
Burrell, 2016b). 
 

 
Fig. 2. Daily mean values of runoff-generated SSC versus daily mean discharge during the spring 
freshet. Saint John River at Clair, 1993 to 1997. Time increases in the direction indicated by the 

arrows. From Beltaos and Burrell (2016b),  Crown copyright, published by Elsevier. 
 



Using a laboratory Malvern laser particle-size analyzer unit, many dip samples obtained during 
the 1993 breakup along the Saint John River were analyzed to determine primary particle sizes 
during the actual breakup event.  Each sample was first hand shaken and analyzed and then 
sonicated to destroy any flocs that might have been present and analyzed again (Beltaos and Burrell 
1996a).  Results indicate that primary sediment particles in suspension are orders of magnitude 
finer (D50 ~ 10 μm on average) than the riverbed material suggesting that the bulk of the suspended 
sediment does not originate from the bed of the river.  The strongly looped appearance of C vs Q 
graphs (Fig. 2) supports this finding.   To investigate whether flocculation occurs in the river 
environment, a field Malvern unit was deployed at two bridge sites (Edmundston, St. Leonard) on 
August 24, 1993 (flow ~ 75 m3/s) and at four bridge sites (Dickey, Clair, Edmundston, and St. 
Leonard) in May 1997 (flow ~1500 m3/s).   During the August 1993 measurements, D10, D50, and 
D90 showed little lateral variability with average values of ~4, 14, and 35 μm, respectively, while 
the May 1997 results indicated greater variability along and across the channel (D50 ~ 11 to 29 
μm).  Comparison with corresponding sonicated samples indicated significant flocculation at the 
higher-flow condition (Fig. 3).  The presence of moving ice precluded deployment of the field 
Malvern unit during breakup conditions.  Based on indirect evidence, Beltaos and Burrell (2016a) 
suggested that flocculation may be even more intense at breakup.     

 
Fig. 3. Comparing in situ sediment size to primary particle size: ninetieth percentile. From 

Beltaos and Burrell (2016b),  Crown copyright, published by Elsevier. 
 
Skolasińska and Novak (2017) analyzed data collected at the Sieradz gauging station (hydrometric 
basin area = 8 156 km2) in Central Poland during the period of 1961–1980 and found that changes 
in suspended-sediment concentration on the Warta River occurred during periods of river ice.  
Suspended-sediment concentrations increased during freeze-up and increased rapidly when the ice 
cover broke, during which ice movement caused lateral erosion of the river banks (Skolasińska 



and Novak 2017).  From the data presented in the paper, the suspended-sediment concentration 
seems to have exceeded 70 mg/L during the breakup period. 
 
Vandermause (2018) investigated the role played by dynamic ice breakup events in bank erosion 
of the Susitna River (Alaska, USA).  Extensive field measurements and observations indicated that 
most of the bank erosion, 54 to 61 percent by sub-reach, occurs or is initiated during dynamic 
breakup of the winter ice cover.  High-water discharge in combination with ice floes and ice rubble 
are dominant erosion factors.  Vegetated bars and terrace margins were the most susceptible to 
erosion, caused by impacting ice floes.  Less susceptible were banks adjoining flood-plain surfaces 
and partly protected by vegetation root mats and by shear walls of ice rubble.  Bank erosion 
occurred less in predominantly single-channel reaches than in predominantly multi-channel 
reaches.   
 

4. Javes and Sediment Pulses 

The dynamic ice-jam-release waves called javes are known to occur on many northern rivers (see 
Beltaos 2008), and to cause practical problems such as bed scour and bank erosion (Beltaos 2013).  
Some examples of jave observations are given herein.  Kowalczyk and Hicks (2003) provides 
observations and data on a jave that occurred April 26, 2002 on the Athabasca River.  Upon jam 
release, the water level just downstream was observed to rise 4.4 m in just 15 minutes as the jave 
passed and jave celerity in the reach was estimated to be 4.05 m/s, decreasing as it moved 
downstream (Kowalczyk and Hicks 2003).  The peak ice concentration was observed to lag the 
crest of the wave as it travelled downstream (Kowalczyk and Hicks 2003).  Beltaos and Burrell 
(2005) reports on field observations and measurements of three javes on different New Brunswick 
rivers.  The passage of the jave created upon the release on April 13, 2002 of an ice jam in the 
Saint John River (toe 7.8 km upstream of Clair) was evident at an installed surge meter 900 m 
downstream of the toe and at two downstream hydrometric stations (Fort Kent and Edmundston).  
An inspection of the data revealed the celerities of the leading edge, peak stage, and trailing edge 
of the jave differed (Beltaos and Burrell 2005).  Between the surge meter and the Fort Kent gauge 
(distance of 8.2 km) the celerity of the leading edge and the celerity of the jave peak were 5.5 m/s 
and 2.5 m/s, respectively (Beltaos and Burrell 2005).  For the stretch of river from Fort Kent to 
Edmundston, the celerities of the leading edge, peak, and trailing edge were 3.5 m/s, 2.1 m/s, and 
1.7 m/s, respectively (Beltaos and Burrell 2005).  A review of historic records of several ice-jam 
release events on the Athabasca River at Fort McMurray, Alberta, indicates that release waves in 
excess of 3 m and propagation speeds in excess of 4 to 5 m/s were common (Hutchinson and Hicks 
2007).  Factors affecting jave propagation speeds were the interaction of water and ice within the 
jam, the size of the wave upon release, the distance travelled, channel geometry, downstream ice 
conditions, and the temporally jamming and re-release of released ice (Hutchinson and Hicks 
2007).  Nafziger et al. (2016) and Beltaos et al. (2018) contain detailed documentations of several 
large javes in the Hay and Athabasca Rivers. 
 
During breakup, sediment pulses can occur as brief but sharply peaking concentrations of 
suspended sediment.  A pulse was most likely responsible for the SSC value of 1067 mg/L that 
was measured in the Liard River on May 6, 1987, which was an order of magnitude higher than 
previously measured values (Prowse 1993).  Sediment pulses can be deleterious to aquatic life and 
contribute significantly to annual sediment loads (Beltaos and Burrell 2016b). 



Beltaos (2016) presents comprehensive datasets on the height and duration of suspended-sediment 
pulses occurring during five breakup events (1993-1997) on the Saint John River.  He observed 
that a temporal association exists between sediment pulses and the ice runs that accompany various 
javes (Fig. 4).  The pulses are caused by the amplified erosive capacity of the flow during the 
passage of javes while as many as three pulses per site have been observed during a breakup event.  
At a given location, the sediment pulse begins after, and ends before, the jave does.  Depending 
on the intensity of the ice run that ensues upon ice-jam release, the peak of the pulse may coincide 
with the peak of the jave (moderate runs) or occur before it (heavy runs).  It has been postulated 
that the latter outcome results from near-shore grounding of ice rubble, which shields the river 
banks from further erosion. 
 
 

 
Fig. 4. Pulse propagation and dispersion, Saint John River, April 22 and 23, 1996. The Clair 

bridge is located ~34 river km upstream of the Edmundston bridge.  The variation of surface ice 
concentration (SIC) at Clair is also shown.  From Beltaos (2016), Crown copyright,  

published by Elsevier. 
 

 
Javes produce much higher concentrations than would be expected from the gradual river response 
to runoff, ranging from 4.2 to 6.5 times the runoff-generated peaks in the Saint John River, and 
attaining values of ~1000 mg/L or 1 g/L (Beltaos 2016).  For the Athabasca River above Fort 
McMurray, known for highly dynamic breakups, Beltaos (2018) estimated that jave-induced SSCs 
could exceed ~10 g/L. 
 



The occurrence of sediment pulses during javes can be explained by increased sediment supply 
and flow velocity upon release of an ice jam.  Water levels upstream of ice jams rise, exposing 
more of the sources of sediment, such as river banks and flood plains to flowing water.  When the 
jams release, upstream water levels drop quickly and water re-entering the channel potentially 
carries with its considerable sediment.  Downstream of the former jam location, water levels rise, 
exposing still-dry bank zones; at the same time, transient but very high flow velocities and shear 
stresses cause bed and bank erosion as the jave passes.   
 
Peak sediment concentrations and net loads delivered by pulses depend on a variety of factors 
related to jave intensity and sediment availability.  The data for the Saint John River at Clair as 
reported in Beltaos (2016) reveal that pre-pulse and peak pulse SSCs increase with “carrier” 
discharge, i.e. the runoff-generated discharge in the river, which prevails before or after jave 
events.  However, the amount of scatter associated with peak values suggests that additional factors 
such as jam location and channel morphology also need to be taken into account.     
 

5. Environmental Implications  

5.1 Geomorphic Considerations 

The presence of a floating ice cover modifies the magnitude and distribution of flow velocities 
and, thus, the boundary and internal shear stresses that affect transport of bed and suspended 
sediment.  Significant scour can occur especially at the toe of an ice jam, where the downward 
protrusion of ice deflects flow towards the bed and increases velocity though a restricted flow area 
under the jammed ice.   In rivers and streams with mobile bed material, channel geometry and the 
bed regime can change corresponding to changes in erosive force and sedimentation.   
 
Schumm (1963) classifies sediment moving in river channel as bedload, suspended load, and 
mixed load.  In suspended-load dominated systems (suspended sediment 85% - 100% of total 
sediment load), floods deposit finer, more cohesive sediments on the flood plain and stream banks, 
and the channel becomes narrow and deeper and tends to meander.  Streambed erosion 
predominates over channel widening (Schumm 1963).  Bedload-dominated channels (bedload 
sediment 35% - 70% of total sediment load) display stream deposition as gravel bars and islands, 
in a relatively wide, steep channel.  Erosion occurs mainly from channel widening (Schumm 1963).  
Mixed-load dominated channels experience both modes of sedimentation.  The observed 
properties of the stream channel (channel pattern) can be used to infer sediment transport and 
depositional processes (Burge et al. 2014).  The characteristics of suspended load, mixed load, and 
bedload dominated channels were expanded upon by Church (2006).  The type of system (bedload, 
suspended load, or mixed load) can be delineated based on the Shields shear stress and the 
Reynolds number. 
 
Sediment supply and deposition, including during the ice-breakup period, should be considered 
when determining the functioning and operational life of a dam and reservoir.  Dam construction 
alters the natural equilibrium between sediment dynamics and morphology along a river, including 
downstream impacts on river morphology and ecology due to a disruption in sediment continuity 
(Schleiss et al. 2016).  Some degree of sediment inflow and deposition occurs in all reservoirs 
formed by dams (Strand and Pemberton 1982, Schleiss et al. 2016).  Sedimentation can reduce the 
longevity, usefulness, and sustainable operations of both storage reservoirs and run-of-the-river 



projects (Palmieri et al. 2003, Annandale et al. 2016).  Generally, coarser sediments deposit in the 
upper ends of reservoirs while finer suspended sediments may flow though the outlet works or 
deposit in the reservoir nearer the dam (Strand and Pemberton 1982, Schleiss et al. 2016).  Factors 
affecting sediment deposition in reservoirs include the supply of sediment from upstream and the 
shoreline of the reservoir, sediment characteristics, reservoir dimensions and shape (that affects 
the flow-velocity distribution), and the outflow or sluicing of sediment at a dam’s outlet works.   
Trap efficiency, the ratio of the quantity of deposited sediment to the total sediment inflow, is 
affected by the sediment particle fall velocity (dependent upon particle size and shape and upon 
water viscosity and chemistry) and the rate of flow through the reservoir (subject to reservoir 
storage and rate of outflow) (Stand and Pemberton 1982).     

5.2 Water Quality Considerations 

Ice breakup has important implications with respect to the transport of contaminants (Scrimgeour 
et al. 1994).  Many water-quality contaminants travel as sorbed constituents on suspended 
sediment particles, and thus water quality can be related to suspended-sediment transport.  
 
Moore and Landrigan (1999) states that ice jams must be considered as important agents affecting 
sediment metal concentrations in rivers.  Following a large ice jam and associated flooding in 
February 1996 on the Blackfoot and Clark Fork Rivers of western Montana, large amounts of fine-
grained sediment were mobilized, such that metal concentrations in sediment downstream from a 
reservoir containing large amounts of contaminated sediment were enriched in metals while open 
reaches above the reservoir were diluted (Moore and Landrigan 1999).  
 
To examine the transport of trace metals, 13 pairs of simultaneous water samples were obtained 
by dip sampling during the breakup event of 1997 at three bridge sites (Clair, Edmundston and St. 
Leonard) across the Saint John River, New Brunswick (Beltaos and Burrell 2016a).  One sample 
of each set was analyzed by Environment Canada's National Laboratory for Environmental Testing 
(NLET) in Burlington, Ontario for dissolved concentrations of 17 metals while the other sample 
was analyzed for total concentrations.  The 17 metals were aluminum (Al), barium (Ba), beryllium 
(Be), cadmium (Cd), chromium (Cr), cobalt (Co), copper (Cu), iron (Fe), lead (Pb), lithium (Li), 
manganese (Mn), molybdenum (Mo), nickel (Ni), silver (Ag), strontium (Sr), vanadium (V), and 
zinc (Zn). Measured breakup concentrations of aluminum, iron, and copper exceeded measured 
open-water values; potentially by an order of magnitude, however, the highest open-water values 
of zinc (to 0.12 mg/L) exceeded breakup values (Beltaos and Burrell 2016a). 
 
Beltaos and Burrell (2016a) states that a strong metal association with suspended sediment is 
evinced as total metal concentration tends to increase with suspended-sediment concentration.  For 
the data obtained on the study stretch of the Saint John River, total metal concentration (unfiltered 
sample), CT, could be determined from a linear relationship: 
 

𝐶 = 𝑠 𝐶 +  𝐶   [3] 
 

  in which  s = particulate metal concentration, expressed as mass of metal per unit mass of 
suspended sediment, 

Cs = suspended-sediment concentration, and  
Cw = dissolved metal concentration (filtered sample). 



As CW is usually a small part of CT, the total metal content is largely governed by the value of the 
SSC, implying that metal concentrations are highest when suspended-sediment concentrations are 
highest, which for the study stretch of the Saint John River, is the breakup period (Beltaos and 
Burrell 2016a; Beltaos and Burrell 2000; Beltaos et al. 1994). The particulate metal concentration, 
s, may be decreasing, increasing, or trendless with respect to discharge (Miller and Orbock Miller 
2007).  For the SJR data, an increasing value of s with increasing discharge was the general case 
for copper (Cu) and zinc (Zn) while a decreasing value of s with discharge was found for several 
other metals (Al, Ba, Cd, Co, Cr, Fe, Li, Mn, Ni, Pb, Sr, and V).  Despite the variability of s with 
discharge, it is still possible to use for practical purposes an appropriate value of s and an average 
value of CW to estimate total metal concentration (Beltaos and Burrell 2016a). 
 
The variability of the particulate trace metal concentration is caused by many physical and 
chemical factors, including the surface area of sediment per unit mass and the sorption distribution 
coefficient.  The surface area of the sediment particles per unit mass, Am, is one of the most 
important parameters because it reflects the area for sorption and relates to relevant chemical 
processes (Horowitz 1991).  Assuming thin platelets and using an average median size (D50) of 
about 11 μm for the primary sediment particles at the metal-sampling sites on the Saint John River, 
Beltaos and Burrell (2016a) estimated the surface area of the sediment particles per unit mass, Am, 
≈ 7 m2/g.  The sorption distribution coefficient is the particulate metal concentration (mass of metal 
per unit mass of suspended sediment) divided by the dissolved metal concentration.  Beltaos and 
Burrell (2016a) reports values of the sorption distribution coefficient as 5.2, 4.1, 5.0, 4.2, 5.4, 5.6, 
4.4, 4.5, 2.7, 5.1, and 4.4 for AL, Ba, Cr, Cu, Fe, Mn, Ni, Pb, Sr, V and Zn, respectively, which 
are in approximate agreement with values obtained elsewhere, and compiled by Allison and 
Allison (2005). 
 
Aquatic life will be more readily affected by dissolved, rather than metal particulate.  However, 
particulate metal concentrations become relevant when considering long-term retention and 
accumulation in the aquatic environment.  Metals on sediment that deposits on the channel bed 
can become dissolved into the water column over time.  Such concerns are more effectively 
quantified by the load of a substance than by the concentration.  

5.3 Ecological Considerations 

Newcombe and MacDonald (1991) reports that regression analysis indicates that SSC alone is a 
relatively poor indicator of effects on aquatic life.  Aquatic biota responds to both the concentration 
of suspended sediments and duration of exposure, much as they do for other environmental 
contaminants (Newcombe and MacDonald 1991).  The severity of the effects of suspended 
sediment also depends upon taxonomic group, life stage, life history, and particle size of suspended 
sediment.  There may be an abrupt threshold concentration of suspended sediment above which ill 
effects in ultrasensitive species and in species during certain life stages can occur (Newcombe and 
Jensen 1996).  In most cases, elevated suspended sediments cause sublethal effects, as some 
species can tolerate very high levels of suspended solids within a short period of time.  However, 
elevated suspended-sediment concentrations can lead to stress that reduces physiological stress 
and health effects that increases vulnerability to other environmental stressors, such as water 
pollutants. 
  



Considerable evidence exists to indicate that changes in the abundance and composition of 
invertebrate communities are associated with increases in suspended solids and turbidity (Kerr 
1995).  Sediment can also directly affect invertebrates by clogging the filter mechanisms of bottom 
feeders or harming by abrasion the gills impairing respiration (Newcombe and MacDonald 1991).  
Excess deposition of sediment in coarse substrates will cover and inundate the gravels thereby 
eliminating the habitat where many invertebrates live (Kerr 1995, Sorenson et al. 1977, Gammon 
1970).   
 
Fish gills are easily damaged by fine sediment, and if irritated over sufficient time, mucus formed 
to protect the gill can impede respiration by reducing water circulation over the gills (Berg 1982).  
Physical damage and clogging of the gills will result in fish mortality if at high levels over a 
prolonged period.  Sediment mineralogy and the presence of innate or adsorbed toxicants may 
affect fish at the tissue and cellular level (Newcombe and Jensen 1996).  The effects of suspended 
sediments on fish is also influenced by water temperatures as dissolved oxygen is higher and fish 
exhibit reduced activity (and metabolic rate) at cooler temperatures (Kerr 1995).  
 
Suspended solids have significant effects on community dynamics when they interfere with light 
transmission because of turbidity (Sorensen et al. 1977).  Fish, particularly salmon, are sight 
feeders (Kerr 1995).  Turbidity decreases the ability of fish to find food and this, over time, may 
affect their health and rate of growth.  Turbid water results in a stress response in salmonids. 
 
In flowing waters, the deposition of suspended sediments onto the substrate usually occurs when 
velocity is too low to transport sediments (Kerr 1995).  The intrusion of fine sediments into a 
gravel streambed (Glasbergen 2013) depends upon the initial concentration of suspended 
sediment, the roughness and particle size distribution of the bed material, and flow characteristics 
(discharge, water depth, velocity, shear stress).  Deposition and the infilling of gravel bed material 
by finer sediment can reduce survival of fish eggs by reducing clean water flow and oxygen from 
reaching the eggs, and by preventing newly hatched fish from migrating through the gravel and 
emerging as fry (Kerr 1995).  Generally, stable discharges and low sediment discharge are more 
favourable to the survival of salmonids in the early stages of life than sudden changes in flow and 
sediment discharge.  Small amounts of fines in salmonid redds can diminish survivability and 
emergence of fish from eggs.  
 
The Canadian Water Quality Guidelines for the Protection of Aquatic Life provide target limits 
for total particulate matter in freshwater, estuarine, and marine environments with respect to 
suspended sediments, turbidity, deposited bedload sediments, and streambed substrate (CCME 
2002).  In clear stream systems, small induced exceedances in suspended-sediment concentration 
above a 25 mg/L change from background levels for short-term exposure (e.g., 24 h) can cause 
behavioural and low sublethal effects on fish, all of which are reversible (CCME 2002).  During 
high flows, an increase of 25 mg/L when sediment levels are between 25 mg/L and 250 mg/L or 
by 10% or more when sediment levels exceed 250 mg/L is considered detrimental to aquatic life.  
Information in technical literature as cited in this paper shows that such increases can occur during 
breakup.  For longer term exposure (e.g., 30 d or more), an increase in average SSCs by more than 
5 mg/L over background levels is identified as of concern (CCME 2002).    
 



Exposure to certain chemical substances represents a potentially significant hazard to the health of 
the organisms.  Sediment quality guidelines contain information regarding the relationships 
between the chemical concentrations associated with sediment and adverse biological effects 
resulting from exposure to these chemicals (CCME 2002). 
 
In addition to aquatic fauna, the geomorphologic processes associated with ice breakup (see 
subsection 5.1) also affects vegetation, as evinced by trim lines of vegetation along rivers prone to 
ice runs, and trees falling into a river from undermining of the bank.  In some cases, ice scour can 
contribute to the dissemination and available habitat of plant species.  For example, the population 
of Furbish’s lousewort (Pedicularis furbishiae), an endangered herbaceous perennial plant that 
occurs on the intermittently flooded of a 140-km long stretch of Saint John River in northern Maine 
and northwestern New Brunswick, is dependent on the presence of appropriate host plants, moist 
soils, and pollinators, and on habitat created by periodic ice scour, providing the occurrence of ice-
related scour is not too frequent or rare (U.S. Fish and Wildlife Service 2018).  In addition, ice-
jam-related flooding can be critical to the ecosystem vitality of northern river-delta environments, 
such as Peace-Athabasca Delta in northern Canada, particularly if perched ponds and lakes are too 
high to be affected by the open-water flow system (Prowse and Lalonde 1996).  
 

6. Concluding Remarks 

Sources of suspended sediment during breakup include particulate material deposited by wind on 
the ice cover prior to breakup, sediment carried by runoff from land surfaces, material removed 
from the banks by freeze-thaw cycles and ground-ice processes, and bed and bank soils abraded 
by moving ice.   Compared to midwinter periods under a stable ice cover, forces acting to dislodge 
material from a river bank during the pre-breakup and breakup periods not only increase but a 
greater portion of the bank may be exposed to these forces due to rising water levels. 

 
Research studies show that many northern rivers exhibit low background suspended-sediment 
concentrations prior to breakup, but suspended-sediment concentrations increase by an order of 
magnitude prior to and during breakup.  Suspended-sediment concentrations during javes can be 
even greater and far exceed those of open-water events.   Therefore, to estimate the total annual 
load in a river, it may be necessary to consider the amount of suspended sediment during the 
breakup period.  This is important as river form and function (both geomorphologic and ecological) 
depend upon sediment erosion and deposition.   
 
In many rivers, such as the Saint John River, the rate of sediment supply rather than the flow 
capacity affects the amount of sediment transport.  The hysteresis loop in the sediment rating curve 
of suspended-sediment concentrations versus discharge (Fig. 2) is an indication of limits to 
sediment supply.  The relationship between suspended-sediment loads and flow discharge can also 
vary depending upon the type of hydroclimatic event and its intensity. 
 
Existing sediment monitoring programs normally do not capture the increased suspended-sediment 
concentrations and loads that occur briefly during the ice breakup event.  Yet scientific studies 
have shown that suspended-sediment loads during the breakup period may be a major portion of 
the annual sediment load on some rivers.  A more accurate estimate of sediment loads on a river 
may be obtainable from more frequent measurements of suspended sediment during the breakup 



period, but large-scale collection of sediment data during breakup is likely to be difficult and 
costly.  Furthermore, capturing sediment pulses could be problematic.  In any case, the collected 
data may be site-specific.  Further research could lead to improved prediction of suspended-
sediment concentrations and loads during breakup (including for sediment pulses) if related to 
breakup conditions and underlying hydro-climatic variables.  Affordable instrumentation and data-
interpretation software could also be developed and applied.  In the meantime, where there are 
practical applications such as estimation of reservoir infilling rates or environmental or operational 
concerns related to elevated sediment loads, a pragmatic approach might be to apply a reasonable 
multiplication factor to the best estimate of annual sediment loads for the non-breakup portion of 
the year. 
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