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Abstract:

Firn densification modeling plays an important role in several types of glaciology 
and ice dynamics studies. However, some processes that affect firn densification 
rates have not yet been thoroughly described. Prior studies of firn densification 
processes have widely focused on the effects of temperature and accumulation; the 
impact of regional ice stress on these processes has been largely overlooked. Using 
standard methods of seismic refraction on the Taku Glacier in Southeast Alaska, we 
have created firn density profiles for areas of both low and high strain. Through 
comparison of these profiles, we are able to analyze the effects of strain on firn 
densification rates for a particular glacial setting. 

Introduction:

The Taku glacier is one of the very few advancing glaciers on the Juneau Icefield, 
and it is a tidewater glacier (meaning that it terminates in contact with the ocean). 
The basin that it’s created is over-deepened, and the lowest extent of the basin that 
is occupied by the glacier is 600 meters below sea level. This means that if the 
glacier were to begin retreating, buoyancy issues at the terminus could cause rapid 
calving of the glacier, which could have large effects on the entire icefield. Thus, 
understanding this glacier is necessary for understanding the health of the icefield 
system. These factors make the Taku Glacier a focal point for glacial science.

The focus of this study is on the firn of the glacier. Firn is generally defined as 
glacial snow that has survived at least one entire melt season. However, it is more 
commonly known as the intermediate stage in the transition of snow into glacial 
ice, when bulk density falls within the range of 0.40 to 0.83 grams per cubic 
centimeter, but there is still pore space in the material. Firn is represented by 
stages 3 and 4 in Figure 2, and the process depicted is referred to as firn 
densification. Several factors play a role in the rate at which firn densifies.

Purpose:

It’s been hypothesized that strain effects densification rates at particular locations 
on a glacier, and this concept was first addressed by Christianson in his study of ice 
streams in Greenland in 2013, who noted that strain could likely effect firn density, 
but did not formally analyze the hypothesis. The purpose of this study was to 
address this issue in a formal scientific manner. It should noted that Greenland is a 
different glacial setting than the temperate setting on which our study focuses, and 
that Greenland glaciers typically have less significant melting and refreezing 
processes. Strain is basically a measurement of deformation represented as a 
unitless ratio.

Methods:

Sound waves refract as they travel through layers of increasing 
density, and waves refract back to the surface after the refraction 
angle meets the critical angle, as depicted in Figure 3. These 
refracted waves are produced by a sound made at the “Shot point,” 
and the refracted waves are received by geophones that are laid out 
in a line and buried about 2 feet below the surface of the glacier. It 
should be noted that the refracted waves are actually the second 
wave arrival at each geophone, after the “groundroll,” which is the 
sound wave that travels directly along the surface of the glacier from 
the shot (also depicted in Figure 3). Groundroll must later be 
compensated for.

Methods – Field and Equipment:

Figure 1: Image from the Google Earth Engine depicting the 
location of the Taku Glacier relative to the city of Juneau and 
the Juneau Icefield.

Figure 2: Generalized stages of the 
firn densification processes.

Methods – Lab:

Results:

Conclusions:

It is likely that firn densification rates are influenced by regional strain, and strain should be more largely considered in firn modeling. There are 
limitations to our data set, and some data keeps our results from being entirely conclusive. Additionally, only five seismic lines were analyzed, 
meaning our data set was relatively small. It is also important to note that ice lenses could invalidate the inversion technique. Regardless, our 
results promote further study of this topic. Studies in different glacial environments would provide valuable comparisons. Quantitative 
correlation to known strain values could provide further insight to the exact relationship between firn densification rates and local strain as well.

Figure 4: The style of geophone 
used for this study. Geophones 
are the receptors of the sound 
waves produced by the shot.

Figure 5: Two geophones were 
connected at each node in the 
line at 20 meter intervals.

Figure 6: Image of one seismic 
line. Five lines were measured 
in total, two in areas known to 
have relatively low strain and 
two in areas of relatively high 
strain. Each line was 500 
meters in length.

Figure 7: The sledge hammer was used for our shots (by hitting it on a metal 
pipe and plate which rested on the surface of the glacier), shown in the image in 
the upper left. When the hammer struck the pipe, the switch connected to the 
hammer would trigger the timer in the geode, which is the yellow box in the 
bottom image. Also connected to the geode was the seismic line with all of the 
geophones, and the geode timer would also track the arrival of sound waves at 
each geophone. The geode was also connected to our laptop which would then 
collect and store the raw seismic data files. The last image, in the upper right 
shows our field station setup. Shots were taken at one meter intervals, starting 
at the first geophone in the line and moving to 20 meters away from the first 
geophone. The shot locations for the line in the first image (upper left) are 
marked by the flags.

Figure 3: Diagram depicting the subsurface geometry of seismic refraction.

Figure 9: Strain map for the Taku Glacier. 
Arrows are ice velocity vectors. Blue and red 
shaded areas both represent areas of high strain. 
Seismic line location are also marked on the 
map.

Figure 8: Example of raw seismic data file.

•Direct arrival picked manually to 
compensate for groundroll
•20 files to pick for each seismic 
line
•Stacked data from each shot 
location for each line – necessary 
to create firn density profiles
•Firn density profiles were created using the inversion technique to convert 
first from direct arrival to seismic velocity (WHB integration technique), and 
then from seismic velocity to density (using the empirical relationship 
developed by Kohnen in 1972)

Figure 10: Ideal comparison of two profiles. 
Density increases faster with depth in the high 
strain area, essentially indicating that firn of the 
same age has much different densities between 
these two locations. This comparison supports 
the hypothesis made by Christianson in 2013.

Figure 11: All generated profiles (inversion 
technique failed for one low strain line). The 
expected pattern is present, but less clear. 
This uncertainty in our resulting firn 
density profiles implies that other factors 
(i.e. meltwater), may play a larger role in 
firn densification rates than localized strain.


