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Sammanfattning 
 
Smältvattens beteende i ett glaciärsystem 
Nils Ceder & Love Tingdal 
 
En glaciär består av många olika lager med olika egenskaper. Var lager uppstår 
under ett kalenderår likt trädringar och de lager de består av. En glaciär har två olika 
zoner. Den första benämns som ackumulationszonen, där tillförseln av snö 
överskrider förlusten av snö. Den andra, ablationszonen, är den zon där förlusten av 
snö överstiger tillförseln av snö. Dessa två zoner skiljs åt av jämviktslinjen, där 
tillförseln av snö är lika med förlusten av snö. Islinser, som skapas av sommarens 
smältvatten, skiljer oftast de horisontella lagrena inom glaciären åt. Under 
vinterhalvåret ansamlas snö på glaciärytan och smälter delvis under sommaren av 
värme från solen. En del av detta smältvatten penetrerar islinserna och den 
underliggande snön, medan en del av det åter smälter under vintern. När säsongerna 
ändras kompakteras snön och blir delvis vattenmättad. Kompaktion leder till att 
passager inom isen separeras till enskilda luftbubblor, vilket också ökar densiteten; 
en specifik volym får högre massa på grund av ett ökat tryck. Snö som kompakteras 
övergår till firn, vilket har högre massa i förhållande till volymen än vad snö har. 
Fortsatt kompaktion leder till att firnen övergår till en glaciäris.  

Syftet med denna studie är att bestämma vilken effekt islinser har på perkolerande 
smältvatten och om skillnader i densitet hos snö har liknande påverkan. För att 
uppnå detta syfte simulerades en glaciär i ett frysrum, med hjälp av en låda som 
packades med några lager snö. Mängden lager representerade samma antal år i en 
naturlig glaciär. Experimentet utfördes två gånger, en gång utan islinser men med 
varierande densitet och en gång med islinser men med liknande densitet. Det översta 
lagret färgades rött för att kunna undersöka det sjunkande smältvattnet exakt. För att 
ge upphov till smältan användes fem infraröda lampor för att representera solens 
strålar längs ytan.  
 
Nyckelord: smältvatten, perkolation, islins, glaciär 
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(www.geo.uu.se) 
 
Hela publikationen finns tillgänglig på www.diva-portal.org 

 

  



Abstract 
 
The Behavior of Meltwater Within a Glacial System 
Nils Ceder & Love Tingdal 
 
A glacier contains of many different layers of different properties. Each layer is 
formed during a calendar year similar to tree rings and their layers. A glacier has two 
different zones, the first one referred to as accumulation zone, where the addition of 
snow exceeds the loss of snow. The second, the ablation zone, is the zone where 
the loss of snow exceeds the addition of snow. These two zones are divided by the 
equilibrium line, where the addition of snow equals the loss of snow. Lenses of ice, 
caused by the summer melt, usually divide the horizontal layers within the glacier 
from one another. During the winter, snow will accumulate on top of the glacier and 
during the upcoming summer, the same snow will partly melt due to solar radiation. 
Some of this meltwater will penetrate the ice lenses and the layers of snow beneath, 
while some of it will refreeze as the winter once again returns. As the seasons 
change, freshly fallen snow will be compacted and somewhat water saturated. 
Compaction will lead to air passages being sealed off into separate air bubbles, 
which also leads to a change in density; a fixed volume gets heavier due to ongoing 
compaction. Snow that gets compacted turns into firn which has a larger mass per 
volume than snow does. Further compaction leads to glacier ice.  

The purpose of this study is to determine what effect the ice lenses has on the 
permeating meltwater and whether differences in snow density have similar effects. 
To achieve this purpose, a glacier was simulated inside a freezing room, with the 
help of a box that was packed with a few layers of snow. The amount of layers 
represented the same amount of years for a natural glacier. The experiment was 
performed twice, once without ice lenses but with varying densities and once with ice 
lenses but with similar densities. The very top layer was dyed red to track the 
descending meltwater accurately. To cause the melting, five infrared lamps were 
used to simulate solar radiation on the very top.  
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Introduction 

Changes in glaciers are very important indicators of climate change. Scientists argue 
that since the industrialization of mankind, glacial ice has been steadily retreating due 
to emissions leading to changes in atmospheric composition (NSIDC, 2017). 
Knowledge about the behavior of meltwater within glaciers is crucial for the 
understanding of glacier movement as well as the mass balance within them. 
Meltwater lowers the friction between the glacier bed and underlying bedrock, which 
speeds up the movement. The presence of the meltwater may affect the velocity of 
this process, which makes it all the more important to fully understand the mechanics 
of our planet's large ice masses. Any meltwater may also add to the mass of ice 
within the glacier once it refreezes.  

Purpose 

Through an experimental method measure the lateral spread of glacial meltwater 
caused by the presence of ice lenses between layers, compared to the lateral spread 
derived from varying densities. 

Background 

Percolation of melt water within glaciers is an important aspect of the behavior of a 
glacier. This is something that occurs most of the year, but as it occurs below the 
surface it is difficult to measure and account for. In order to better understand the 
dynamics of a glacial system and the factors relevant in this project, a few terms 
need to be defined. 

Accumulation - any sort of snowfall or addition of ice to the glacier, including any 
snow transported by winds, as well as avalanches. The upper part of a glacier is 
usually referred to as the accumulation zone. The supply of snow and ice exceeds 
the melting in this zone.  

Ablation - any loss of snow or ice from the glacier, including melting leading to 
runoff, evaporation from the glacier surface and also any ice that calves at the glacier 
front. The lower part of a glacier is usually referred to as the ablation zone. The loss 
of ice and snow exceeds the supply in this zone.  

Net mass balance - this is a term coined to describe the balance between 
accumulation and ablation of a glacier. It can be divided into two subcategories, 
negative and positive mass balance. When a glacier has a negative mass balance, it 
will indicate that it over time loses more mass than what is being supplied, which will 
lead to a retreat of the glacier. On the other hand, when a glacier has a positive mass 
balance it indicates that the mass being supplied is over time higher than the loss of 
mass, leading to an advance of the glacier.  

Equilibrium line - this is the part of the glacier where accumulation and ablation is 
equal, meaning the glacier is in equilibrium. The accumulation and ablation is equal. 
This line is mobile depending on the mass balance, negative mass balance usually 
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equals a equilibrium line at a higher elevation, whereas a positive mass balance 
equals a lower one. As the mass balance of a glacier may change, so does the 
location of the equilibrium line. 

Snow - fresh snow usually has a density between 50-200 kg/m3 and will, if given 
time and the right environment, transform into ice through a reduction of the volume 
of air-filled pores as well as an increase in bulk density (Benn & Evans, 2013, 32).  

Firn - once snow has made it through a melting season the transformation into ice 
begins. Firn is a stage between fresh snow and glacier ice, meaning any air within 
the snow has been trapped within separate bubbles. This is a compacted mass of 
snow and will therefore have a higher density, between 400-830 kg/m3 (Benn & 
Evans, 2013, 32). 

Glacial ice - through continued compaction, firn turns into glacial ice. In a process 
called pore close-off, any interconnecting air- and water filled cavities are sealed into 
separate pores. With increasing depth, the pores will decrease in size even further, 
leading to an increase in ice density. The density of glacial ice is between 830-923 
kg/m3 (Cuffey & Paterson, 2010, 12). 

There are three main processes that causes meltwater to form, and all of these 
derive from an increase in temperature. The first is heat generated by solar radiation 
which results in supraglacial meltwater at the surface of the glacier. Heat can also 
derive from friction between bedrock and the bottom ice layer or between layers 
which results in subglacial meltwater at the ice bed and englacial meltwater within the 
body of ice. Geothermal heat derives from the earth’s crust and may melt the bottom 
of the glacier increasing the subglacial melting. In the typical glacier with neutral 
mass balance the supraglacial melting annually results in a reduction of the surface 
by meters, whereas the englacial and subglacial melts millimeters of glacial ice 
(Bennett & Glasser, 2009, 82).  

A fourth and fifth process that cause meltwater to form may also be added to the 
list, but these does not contribute to meltwater in the same quantity. The fourth is 
caused by turbulent heat fluxes from the atmosphere which heats the surface and 
accelerates the supraglacial melting. It is a common process but does not cause 
meltwater in abundance (Pierrehumbert, 2017). The fifth process is rarer and more 
complicated to measure compared to the previous processes mentioned. The 
meltwater forms within the glacier or between the bedrock and the ice due to high 
pressure, meaning that this occurs in vast glaciers which is a requirement the other 
processes do not need to achieve. As pressure increases so does the freezing point 
of the ice, similar to how our planet’s core is solid due to the high pressure it 
experiences. In a scenario where we have a body of ice with normal pressure (1 atm) 
the melting point of it is 0o C, but when we increase the pressure with layers of ice on 
top, the molecules need more energy (heat) to transform into liquid form (from ice to 
water), meaning that it may still be frozen at 1o C. Assuming that this is the case for a 
large glacier, when ablation in any way occurs, the mass of the glacier decrease 
along with the pressure it is exposed to. This depressurization lowers the melting 
point which can form meltwater that is referred to as water films. Water films are 
mostly formed between a hard solid ground, such as a bedrock, and the ice. Water 
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films cannot transport a significant amount of water; instead it may refreeze and enter 
adjacent channels (Benn & Evans, 2013, 72).  

The presence of running meltwater in a glacier is usually connected to an increase 
of ablation and movement of the glacier itself. The water spreads in a glacier and 
increases the temperature of the ice causing it to melt. According to Bennett and 
Glasser (2009), every gram of meltwater that refreezes will raise the temperature of 
160g of ice with 1°C. This is caused by the latent heat released through freezing. 
Increased water in the englacial system can cause an accelerated movement as the 
water lowers the friction between the layers and also on the ice bed (Benn & Evans, 
2013, 62). The water may also cause ice rivers to form within the ice. The flows of 
water cause frictional heat in contact with ice, which heats up the water itself as well 
as the surrounding ice (Benn & Evans, 2013, 60). These rivers can also form 
between the ground and the ice where it transports sediments and “erode” the 
surrounding ice. But when looking from a different perspective, meltwater can also in 
a way stabilize the glacier in some cases. During the winter, the temperature of the 
glacier decreases causing contractions within the glacial system. These contractions 
cause cracks to form which propagate through the layers. The meltwater formed 
during the spring finds these cracks and runs down through them, in some cases 
filling them with water. When summer arrives and the ice expands, sealing off these 
cracks, the trapped water forms ice columns as it freezes. The columns are referred 
to as ice glands and may stabilize the movement of the glacier by forming a nearly 
vertical wedge through the horizontal layers (Martini, Brookfield & Sadura, 2001, 52-
54). 

When a mass resist a liquid flow it is measured by permeability and hydraulic 
conductivity. It is determined by porosity and gravity. A highly porous and well-
connected material usually has high permeability, ergo a fluid can easily penetrate it 
(Benn & Evans, 2013, 59). Most glacier ice consist of closely packed ice grains which 
in turn create a network of small cavities, making it possible for small amounts of 
meltwater to percolate through it. These cavities can be in the shape of veins, water 
lenses and tubes and are only a few millimeters in diameter, meaning that the 
quantity of water has to be miniscule in order for it to percolate through. In nature, 
however, the amount of meltwater far exceeds the amount able to percolate through 
the glacier ice cavities. This means that glacier ice can, in most cases, be regarded 
as impermeable (Cuffey & Paterson, 2010, 176). While ice lenses shouldn’t be 
defined as glacier ice due to the formation process behind it, the permeability, or lack 
thereof, of the ice lenses may result in the meltwater being trapped and therefore 
pooling on top of the lenses in lateral spreading. 

According to Humphrey, Harper & Pfeffer, (2012) meltwater descends vertically 
forming pipes as it percolates through a layer of snow. When an ice lens or grain-size 
transition, such as a transition between snow and firn, occurs the water stops 
descending and travels horizontally along with the alteration of the material until it 
finds another passage or breaches the underlying layer due to an increase in energy. 
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Method 

Trial experiment 

The snow that was to be used as main material was wet and freshly fallen when 
collected. It was gathered a couple of meters from Geocentrum’s vicinity to the 
laboratory on February the 21st during an ongoing snowfall. The practical experiment 
was performed in a freezing room with a temperature of -20oC. The method used is 
experimental and has therefore not been tested before. Before starting the original 
experiments, a trial experiment was initiated by the use of a smaller box. No 
measurements were taken, merely observations and analysis of the technique used 
in the method. A number of factors had to be taken in consideration. How much 
pressure was needed to achieve the desired density? How was the hot air gun going 
to be used to create the best ice lenses possible? How should the red dye be added 
to the top layer and what is a proper distance between the surface and the infrared 
lamps? 

Main experiment 

In the main experiments a box made of polyvinyl chloride sheets was used, from now 
on referred to as the glacier simulator. It was 0.5 m along one side and 0.575 m 
along the other, and a height of 0.8 m with a total volume of 0.23 m3. On the 
simulators lid five infrared lamps of 100 watt were attached to generate the desired 
heat which later on would give rise to meltwater. The sidewalls of the simulator were 
detachable to enable scraping through the body of snow and measuring it properly. 
In order to prepare the snow for packing, it was crushed in beforehand by the use of 
a rubber hammer. To scrape through the mass of snow, mainly spatulas and 
sediment scrapes was used. Two experiments were part of the main experiment, with 
the purpose of finding out how glacial meltwater behaves when it encounters 
differences within a glacier. 

Experiment 1 

The first experiment begun on the 28th of March. This time the experiment entailed 
different densities, but lacking ice lenses.  

The glacier simulator was moved into the freezer and after a few minutes, a thick 
layer of snow was added to it. Any compacted pieces were crushed through the use 
of a plywood sheet. The same plywood sheet was then laid down on top of the snow 
in order to compact it with an added mass of 150 kg on top of the snow which area 
was ≈ 0.29 m2. After compaction, the thickness of the bottom layer was 0.185m. The 
density of this layer was determined to be 435 kg/m3.  

The second layer had to be crushed outside of the simulator. The snow was 
placed in a separate plastic container and crushed with a hammer. When there were 
no bigger pieces of snow left, it was deposited into the glacier simulator. At this point, 
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the same method of compaction was used, by placing the plywood sheet on top. For 
this layer, a mass of about 75 kg was used on the same area as the previous layer. 
After compaction, the thickness of the second layer ended up at 0.10 m. The density 
of the second layer was determined to be 386 kg/m3.  

A third layer was processed in the same way as the second layer and then added 
to the box. For this layer, no compaction occurred. The thickness ended up at 0.21 
m. The density of the third layer was determined to be 317 kg/m3.  

As a final step to the first experiment, a fine mist of red dyed water was spread out 
evenly across the surface of the third layer. When the surface had a satisfactory hue 
of red the melting began by placing the lid with mounted infrared lamps on top of the 
box. After a waiting time of one hour, when a significant amount of meltwater was 
estimated present in the simulator, the lamps were switched off. Before the 
measurements took place, another waiting time of 20 hours was held. This melting 
and refreezing process all occurred within the freezing room. The following day the 
walls of the simulator was detached and the excavation begun. Observations showed 
that the meltwater had percolated about 2 cm. The excavation was canceled and 
instead led to a second attempt of further melting, this time outside of the freezer in 
normal room temperature of 20 oC. 

The infrared lamps were switched on for 90 minutes, after which the lamps were 
removed and the simulator was 
once again placed in the freezer. 

The next day, the walls of the 
simulator was detached. With the 
help of a scrape for sedimentary 
rocks and a spatula the body of 
snow was excavated. A core of 
frozen meltwater, coloured red, 
became visible after carving 
about 15 cm into the snow mass. 
Measurements of percolation 
and lateral spread were taken 
together with general 
observations throughout the 
entire carving process until the 
snowpack entirely examined. 
The result was documented with 
photographs taken during the 
entire carving process.  

Experiment 2 

The second experiment started April 2nd, and unlike the first experiment, the 
densities here was similar and each layer was divided by an ice lens.  

Figure 1: Experiment 1 after removal of the walls 
showing the thickness of the layers. 
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As a start, the empty simulator was once again placed into the freezer. The packing 
started by crushing the larger pieces of snow with the plywood sheet followed by 
compaction using the same sheet. The first layer was thereafter measured to 0.185 
m. No compaction occurred but a measurement of the density was done which 
proved to be 455 kg/m3. The next step was to create an ice lens on top of this layer. 
This was done by the use of a hot air gun that caused local melting at the surface 
throughout the area. Extra focus was pointed towards the edges. As the snow 
melted, the thickness decreased somewhat, making the finished layer 0.160 m thick. 

The second layer was created in the very same way as the first, only differing in 
thickness and method of crushing the snow. The snow was crushed with a hammer 
in a different box and placed in the simulator. It was measured to 0.12 m with a 
density of 427 kg/m3. After creating the ice lens, this layer also collapsed a little bit, 
making it 0.10 m in total. The same method was used for the third layer. The final 
height of this layer was 0.21 m with a density of 431 kg/m3. 

As a finish, a final and fourth layer was added and the top layer which made the 
layer 0.08 m thick. No ice lens was 
created on top, instead the dyed 
water was sprayed, with extra focus 
on the middle part of the area. As 
soon as the dyed water was frozen, 
the simulator was brought out of the 
freezer into room temperature. The 
lid with attached lamps was placed 
on top and the lamps turned on for 
60 minutes 20 cm above the 
surface. The simulator was once 
again returned to the freezer to 
refreeze. 

When the wait was over the 
following day, the walls of the 
simulator were detached and 
carving with spatulas was begun. The body of snow was carved horizontally from the 
side and the red ice masses were carved around when encountered. Like in the 
previous experiment the red parts was visible around 15 cm in. At this point the 
measurements of percolation and lateral spread was noted and documented by 
photographs until the entire snowpack was examined thoroughly. 
  

Figure 2: Experiment 2 after removal of the walls 
showing the thickness of the layers. 
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Result 

The densities of the layers of snow were calculated by using a hollow cylinder. By 
measuring the radius and the height of the cylinder, the volume was given through 
the use of the formula: 

V = r2 * h * π 
 
With a radius (r) of 2.5 cm and a height (h) of 17 cm the calculation gave us a volume 
(V) of 334 cm3, in SI units 334*10-6 m3.  

Once the formula was known, the cylinder was used to take samples from each of 
the layers. These were then weighed on a scale and the mass (m) was used to 
calculate the corresponding densities. Density (ρ) was calculated through the 
formula: 

𝜌𝜌 = 𝑚𝑚/𝑉𝑉 
 

Table 1: Properties of the different layers. Mass specifies the mass of snow within the 
cylinder during density measurements. 

 
 

Experiment 1 
 
 

Experiment 2 
 
 

Mass (kg) Density 
(kg/m3) 

Thickness 
(m) 

Mass (kg) Density 
(kg/m3) 

Thickness 
(m) 

Layer 
 

0.106 317 0.21 0.144 431 0.14 
Layer 

 
0.129 386 0.10 0.143 427 0.09 

Layer 
 

0.145 435 0.185 0.152 455 0.17 

Experiment 1 
After removing the walls of the box it 
became apparent that the red dye had 
percolated into the layers below (figure 1). 
Large concentrations of dye were found 
along the walls, which was reasonable due 
to the walls being heated from the outside 
during the melting phase. For this reason, 
the columns of dye along the walls were 
neglected in favor of any coloring through 
the middle of the snow mass. After 
removing roughly 0.15 m of snow from the 
side, a pillar of red ice became visible. 
Further removal of snow revealed several 
other pillars of red ice, visible in figure 3 and 
it shows that the meltwater reached through 
all three layers of snow.  

What can be observed in figure 3 is that 
the percolating meltwater reached the very 
bottom of the simulator, percolating a total 

Figure 3: Frozen meltwater reaching the 
bottom of the simulator in experiment 1. 
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distance of 0.485m. The transitions in densities can be observed easily in figure 4 as 
there is a clear lateral spread in these regions, 
which marks these alterations. The main result 
of the first experiment is the actual presence of 
lateral spread which is revealed between each 
layer and the lack of them in areas where no 
density alterations occur. These largest were 
measured to be about 5 cm in the horizontal 
direction. The two shown in figure 4 are 
interconnected and share the same place of 
origin. More areas of lateral spread was found, 
originating from other areas in the body of 
snow along these two alterations in densities, 
but these were deemed to be poor examples 
of the result. 

Experiment 2 
Much like experiment 1, once the walls were 
removed the red dye was visible along the walls of the snow mass (figure 2). This 
time however, the extent of the colouring was much smaller than in the first 
experiment. 

With the box removed, the ice lenses were visible to the naked eye and scraping 
was initiated along the ice lens boundaries. 
With continued scraping no colouring became 

Figure 4: Lateral spread between 
density alterations of experiment 1. 

 

Figure 5: The majority of visible meltwater in 
experiment 2. 

 

Figure 6: Frozen meltwater reaching the 
bottom of the simulator. 
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visible below the middle ice lens which was placed at the height (from the bottom) of 
0.26 m, meaning that the bottom 0.26 m was entirely unaffected by percolation. The 
majority of the color can be observed in figure 5 and is located above the top ice lens 
at 0.40m with some visible pillars below this point. Figure 6, is a picture taken when 
the very top of the snow mass was removed, leaving only the top ice lens and the 
powder snow above. When scraping from below a major lateral spread was revealed 
above and within the first ice lens. The pillars that were found were few and they did 
not reach very far. The lateral spread of his layer was measured to over 20 cm and 
was found along the entire melting area. Since the color was spread mainly in the 
middle of the surface, most of the dye was visible below this area and it was clear 
that the lateral spread originated from the very middle of the dyed surface. 

Discussion 

General discussion 

Since the bags of snow had begun to thaw during collection, they contained some 
water that had created clast-like snow pieces during the storage in the freezer. 
Because of this we were forced to break up the snow pieces using a piece of 
upended plywood which was later used to compact the entire snowpack in the first 
two layers in the first experiment. Once the bottom layer was in place we needed to 
determine the density of it, both in order to be able to define it as firn as well as be 
able to make sure that the densities between the different layers varied. When 
adding the second layer the snow had to be processed in a separate container, 
otherwise the bottom layer would be disturbed. When adding the third layer no 
compaction occurred in order to, as realistically as possible, imitate freshly fallen 
snow. For the second experiment, we wanted it to differ only through the ice lenses, 
meaning we wanted the two different experiments be as similar as possible, 
regarding the thickness of the individual layers. Upon creating the ice lenses, we 
realized that we had to make them a bit thicker along the edges of the glacier 
simulator to be able to see the ice lenses clearly. As the hot air gun melted the 
surface of each layer, the height of them declined, leading to a minor difference in 
each layer’s thickness compared to the first experiment. Much like in the first 
experiment, the first, bottom, layer was processed in the actual simulator, while the 
other layers had to be processed in a separate container and then dumped on top. 
To keep the experiments as similar as possible, we also replicated the distance from 
the top layer to the infrared lamps, meaning we added a bit of snow on top in order 
for the distance to be at about 0,2 m which also compensated the loss of height 
during the creation of the ice lenses. Regarding the amount of percolation during the 
second experiment, it was likely due to the fact that the coloring was mostly in the 
center of the snow mass, but it may also be explained by the somewhat briefer 
melting time. The reason behind the shorter melting time was because of our 
observations during the melting. In comparison to the first experiment, it seemed like 
the snowpack was melting at a higher rate which made us suspect that the whole 90 
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minutes might do more harm than good. The outer walls of the glacier simulator 
started thawing sooner and crept down to the bottom which led us to believe that if 
the heat was maintained, we would end up without a result. In hindsight we realize 
that our observations were interpreted inaccurately, meaning we should have let the 
whole 90 minutes pass.  

In experiment 1, the glacier simulator was placed in the freezer due to the fact that 
in natural conditions, the snow and firn packs are not likely heated from the sides but 
only heated from the top by solar radiation and turbulent heat fluxes. After removing 
the walls of the glacier simulator to initiate the carving, a realization struck. The 
retained temperature within the glacier negated the effects of the melting up top, 
which led to an obvious lack of percolation. This was something that had not become 
apparent after the trial, so another attempt had to be done, this time outside of the 
freezer. This meant that heating occurred from all sides of the simulator, not really 
representing natural conditions. For the experiments sake, we had to go through with 
this change and we had to keep this difference in mind when interpreting the results. 
The simulator was given a second session to melt outside the freezer followed with 
time to settle within the freezer in order to stop the melting process. In the next step 
the walls were removed and we began scraping away the snow to reveal percolated 
water.  

The experiments were supposed to simulate how meltwater behaves in a real 
glacier. Since the experiment was performed in a lab, the available resources were 
somewhat limited. The experiment merely contained supraglacial melting (melting at 
the top of the simulator) derived from heat added by infrared lamps which purpose 
was to represent the solar radiation a glacier is exposed to. Geothermal heat and 
friction generated heat was therefore not a factor in either experiment. The amount of 
pressure that could be achieved could only create firn, not glacial ice. This is due to 
the fact that we used our body weight to achieve the compaction of the snowpack. 

Once the first experiment was initiated, the dyed meltwater was able to penetrate 
the top layer, but when it reached the boundary between the top and middle layer, 
the meltwater began spreading laterally within the top layer, just above the boundary 
to the middle layer, which is presented in the result. With an increased amount of 
meltwater it was able to penetrate through the boundary and keep percolating 
through the middle layer. The same principle applies to the boundary between the 
middle and bottom layer, where the meltwater again spread laterally, followed by 
penetration of the boundary and percolation through the bottom layer eventually 
reaching the very bottom of the simulator. The lack of lateral spread within the layers, 
where no transition in grain-size is present, is interesting. Based on our study, this 
proves that the water descends vertically up until a grain-size or density alteration 
occurs, which also was the case for Harper, J. T. et.al (2012) in similar conditions. 
Since the dyed water reached the very bottom at the first experiment the melting time 
was more than enough. This was one of the contributing reasons that led to the 
decision of the second experiment’s briefer melting time of 60 minutes compared to 
the first experiment’s 90 minutes. 
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The result of the second experiment was not expected. We mentioned earlier that the 
thin top layer of 0.07 m was mainly created to match the distance between top layer 
and the bottom layer (0.20 m). The first boundary (between the third and fourth layer) 
was fashioned with a very thin ice lens. The expectation was that, with regard to the 
very thin layer and following ice lens, the water would penetrate it easily and even 
proceed to penetrate the next layer and lens as well. What is shown in the result is 
the penetration of the first lens followed by formation of ice glands frozen solid as 
they percolated through the underlying layer, meaning that the meltwater did not 
reach an expected depth. This is proof that ice lenses are important for lateral spread 
of meltwater. Another theory is that the ice lens was either thicker than expected or 
that the amount of meltwater formed was smaller than expected. The density of this 
layer was also somewhat higher compared to the top layer in the first experiment.  

The behavior of the percolation through the homogeneous snow beds was 
surprisingly similar in both experiments regardless of the density. The only major 
differences occurred along the bed boundaries where density differences are 
compared to ice lenses. The second experiment, that entailed ice lenses but no 
significant differences in density, behaved in one manner, whereas the first 
experiment that entailed different densities but no lenses, behaved in another. As the 
result presents, the meltwater barely penetrated the first ice lens. This is due to the 
lower concentrations of air filled pores within an ice lens and the density of it. The 
result shows that in order to penetrate the lenses, it is required larger amounts of 
thermal energy carried by meltwater. As the amount of meltwater was somewhat 
smaller in the second experiment, because of the shorter melting time, so was the 
energy brought to the lens of ice which actually required more energy to be 
penetrated. When interpreting the results, firn requires significantly lower energy to 
be breached. In the background it is stated that ice, that forms these kind of lenses, 
are nearly impermeable. The only way for the meltwater to penetrate it is to find a 
way that isn’t blocked by ice, or carry the amount of energy needed to melt the actual 
lens. As the second experiment entailed a lower amount of meltwater compared to 
the first experiment, the energy was not enough to penetrate a surface requiring a 
higher amount of energy. 

When comparing the two experiments, it becomes obvious that the ice lenses 
affect the lateral spread of the percolating water to a much larger degree than the 
density differences within the snowpack. In our experiments this could be explained 
by the heating time, which does not represent the heating occurring in nature. When 
melting begins on a naturally occurring glacier, the melting is more or less constant 
over a longer period of time, unlike the experiment where melting only lasted for an 
hour. If given enough time, the meltwater would likely penetrate the ice lenses, but 
due to the logistics of experimental methods, prolonged melting was not considered a 
favorable option. Since the melting along the walls was discarded this conclusion has 
been proven somewhat incorrect when analyzing the results. 
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Error sources 

When performing this experiment there were numerous of possible error sources. 
Some have already been discussed in the under the previous subheading but further 
discussion follows here. The following may be reasons that would affect the final 
result of the experiment and was kept in mind when interpreting the results. 

Initially, the experiment itself might not have been a valid simulation of a glacier. 
Firstly, a reason may be that a real glacier has a larger scale whereas this 
experiment contained of an artificial glacier in miniature affected by a small volume of 
snow in comparison. Many factors had to be discarded due to this reason but one of 
the purposes of this study was to perform an experimental method to examine the 
utility of experimental methods when studying glaciers. 

A second possible error would be the fixed temperature of the room where the 
melting occurred. The temperature was fixed on 20 oC which is a temperature 20 
degrees higher than the melting point of ice. In nature, the melting does not occur in 
these temperatures, and not around the edges of a box. When using infrared lamps 
the change in temperature occurs at a high rate, whereas it changes at a slower rate 
in nature. When returning it to the freezer a quick unnatural decrease of temperature 
by 40 degrees occurred, which may have caused the meltwater to freeze faster than 
in natural conditions. 

Furthermore, the densities of the snow was created by pressuring it to a specific 
density in the first experiment and it was unchanged throughout a single layer. The 
same goes for the layers on top but with decreased density. These obvious changes 
differ from the nature where it gradually changes as the pressure above the snow 
increases gradually depending on depth. 

A minor possible cause of error sources is the materials properties. Since the 
snow was freshly fallen and was collected from the ground, not from a glacier, 
contaminations such as grass and soil may have been present in the experiment. It 
was also water saturated when collected which was refrozen as it was placed in the 
freezer. This created larger lumps which had to be broken down, and there is a 
possibility that some larger pieces remained as the melting started. This may have 
changed the behavior of the percolating meltwater. 

When observing Table 1 in the results one can note that the densities of 
experiment two were high compared to the first experiment. This was a baffling result 
which raises a lot of questions, but the answers remain unknown. Speculations and 
theories behind this unexpected result is all that can be done. Another aspect of this, 
is that there were no added pressure in the second experiment which makes this 
result even more unlikely. When speculating about this particular result is that the 
snow that was used wasn’t crushed thoroughly. When executing the crushing the 
same method and was used (upended plywood sheet and rubber hammer) which 
should give the same result. There is also a possibility that the snow that was used 
for the second experiment carried more water than the snow of the first experiment 
when collected, which would explain why the density of it was higher. It was 
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mentioned earlier that the percolation depth of the second experiment was lower than 
expected. It is possible that the high density may have contributed to this result. 

In the background it is stated that fresh snow has a density of 50-200 kg/m3. The 
top layer in both experiment 1 and 2 was supposed to represent freshly fallen with a 
density between that span. Our top layer, in the first case, landed at about 300 kg/m3 
and the other above 400 kg/m3 and neither of these top layers are therefore, 
according to our reference, classified as snow. The most plausible reason for this 
error is that the snow was wet when collected, making its pores somewhat filled with 
water, making the density greater than 200 kg/m3. When the same snow was later on 
refrozen and crushed, the size of freshly fallen snow could not be achieved properly. 

Conclusion 

When comparing the two experiments to one another and analyzing the results in the 
discussion mainly two things became clear. Firstly, the transitions in densities 
between layers of snow can cause lateral spread although not in the same extent as 
when an ice lens is present. Secondly, the presence of an ice lens cause a large 
amount of lateral spread, but it is also very difficult for meltwater to penetrate its 
thickness due to the heat capacity of ice. As stated in the background, an ice lens 
can hardly be classified as glacial ice, but the permeability of the ice lens in 
experiment 2 resembles the permeability of glacial ice due to the fact that there was 
no water that percolated through the top ice lens. While we expected the meltwater to 
penetrate through the top lens, the only visible coloring was along the upper 
boundary of the ice lens due to the lateral spread.  
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