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ABSTRACT. Three first-year ice ridges have been examined with respect to geometry and 
morphology in landfast ice of Shokal'skogo Strait (Severnaya Zemlya Archipelago) in May 
2018. Two of the studied ice ridges were located on the edge of the ridged field and were 
part of it, because their keels extended for a long distance deep into this field. Ice ridges 
characteristics are discussed in the paper. These studies were conducted using hot water 
thermal drilling with computer recording of the penetration rate. Boreholes were drilled 
along the cross-section of the ridge crest at 0.25 m intervals. Cross-sectional profiles of 
ice ridges are illustrated. The maximal sail height varied from 2.9 up to 3.2 m, the maximal 
keel depth varied from 8.5 up to 9.6 m. The average keel depth to sail height ratio varied 
from 2.8 to 3.3, and the thickness of the consolidated layer was 2.5-3.5 m. The porosity 
of the non-consolidated part of the keel was about 23-27%. The distributions of porosity 
versus depth for all ice ridges are presented. 
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INTRODuCTION

Studies of morphometric characteristics 
of ridged features as the thickest areas 
of ice cover, unlike similar studies of the 
morphometry of non-deformed ice, do 
not have a rich history, and the amount of 
currently available observational data cannot 
be considered sufficient (Sudom & Timco 
2013). Active studies of ice ridges on the shelf 
of freezing seas of Russia are conducted, since 
their morphometric characteristics, primarily 
the thickness of the ice ridge consolidated 
layer (CL), should be taken into account at 
the designing stage in the assessment of 
possible loads on the structures. And the 
information about these characteristics is 
still being supplemented. However, there 
are very few studies on the morphometry 
of deformed and ridged ice in the Laptev 

and East-Siberian Seas, and for Shokal'skogo 
Strait, in particular, such information is not 
available. Under the conditions of changing 
climate, reduction of ice area in the Arctic 
Ocean and decreasing ice thickness, any 
information on the internal structure of 
modern ice ridges is of undoubted value. 

SITE AND ExPERIMENTAL METHODS

This paper presents the information on 
morphometric characteristics and the 
internal structure of three ice ridges in 
landfast ice of Shokal'skogo Strait in the 
Severnaya Zemlya Archipelago obtained 
between April, 13 and May, 31, 2018 (Fig. 1). 
The working team was accommodated at the 
“Ice base “Cape Baranov” station belonging 
to the Arctic and Antarctic Research Institute 
(AARI).
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Investigation of the structure of ice ridges 
was carried out by means of hot water 
thermal drilling unit of AARI comprising 
heater, thermal drill and equipment for 
penetration rate recording on a logger. The 
power was supplied by a 4 kW generator. 
A general view of hot water ice drilling 
unit is presented in Fig.  2. An example of 
recording the penetration rate of ice ridge 
drilling and reconstruction of its structure is 
presented in Fig. 3. Drilling was carried out 
along the profile up to reaching level ice. A 
few boreholes were drilled on the level ice.

The ice ridge geometry and internal 
structure are retrieved by processing 

the thermodrilling records (Morev et al. 
2000; Mironov et al. 2003; Kharitonov & 
Morev 2011). The drilling rate depends 
on the power supply, ice porosity and ice 
temperature. The location of voids, hard 
and porous ice along the drilling hole is 
identified by the thermodrill penetration 
rate. The obligatory condition for this 
identification to be valid is drilling at 
constant thermal capacity or recording 
the changes of capacity during drilling. 
Within the segments of porous ice and, 
especially, the voids filled by snow, shuga 
or air, the penetration rate of thermodrill 
sharply increases. In addition, the distance 
from snow (ice) surface to the sea level 

Fig. 1. Map of the area of work. The ‘plus’ sign indicates the position of the three 
ridges

Fig. 2. General view of hot water ice drilling unit UVBL-2. The picture shows the 
operation of two drilling stations. In 2018, drilling of ice ridges was conducted using 

one station
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is measured. The thermodrilling data 
processing gives such characteristics as 
the above-water and under-water parts 
of the ice cover, the boundaries of the ice 
ridge CL, the boundaries of the voids and 
the boundaries of ice layers of various 
porosities. 

RESuLTS AND DISCuSSION

During the period from 13.04.18 to 31.05.18, 
three ice ridges were examined in detail. 

Their main morphometric characteristics 
are demonstrated in Table  1. The three 
investigated ridges are labeled in Fig. 4.

On each ice ridge the thermal drilling of 
boreholes along the profile perpendicularly 
cutting the ice ridge crest was carried out. 
To the right of ice ridge 1 there was a first-
year ice floe with a thickness of 1.2 m. On 
the photo, the drilling profile of ice ridge 1 
was made along the line connecting the 
right edge of the snow inflation to the right 

Fig. 3. Example of thermal drilling record. A strip is drawn under the diagram 
schematically showing ice ridge structure at the drilling point. White colour shows 

areas along the borehole corresponding to hard ice; grey colour, areas corresponding 
to porous ice or drill transition from ice into void; and black colour, voids. Dotted lines 

show boundaries of these areas

Fig. 4. Photo of investigated ice ridges (by Andrey Paramzin). The labels correspond to 
the ridge’ ID. Lines show location of the profiles
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Table 1. Basic characteristics of investigated ice ridges (by records of hot water 
thermal drilling)

Ice ridge

1 2 3

Number of boreholes 267 81 93

Average/maximum ice thickness [m] 7.39/11.22 8.07/10.60 7.64/12.07

Average/maximum sail height [m] 1.82*/3.18 1.61/2.88 1.27/2.87

Average/maximum keel depth [m] 6.62/9.04 7.43/8.49 6.56/9.59

Average position of the upper 
boundary of CL [m]

–0.11 –0.19 –0.54

Average position of the lower 
boundary of CL [m]

–2.62 –3.70 –3.48

Minimum/average/maximum CL 
thickness [m]

1.3/2.5/4.0 2.0/3.5/4.2 1.7/2.9/4.3

Minimum/average/maximum level 
ice thickness nearby ice ridge [m]

1.20**
1.97***/3.03***

/2.40
1.70***/2.58***

/2.94

Number of measurements of the 
ice block thickness

54 10 25

Average thickness of ice blocks in 
the ice ridge sail [m]

0.29* & 0.19**** 0.27 0.20* & 0.35****

Sail slope angle [degree] 38.5-52.6* 30.7-84.4 22.7-44.3*

Keel slope angle [degree] 25.0 76.6 38.6-63.6

Average ice ridge porosity 0.17 0.17 0.13

Average porosity of the 
unconsolidated part of the keel

0.27 0.25 0.23

Ratio of the maximum keel to 
maximum sail

2.8 3.0 3.3

Average ratio of the CL thickness 
to total ice thickness

0.34 0.43 0.38

Ratio of the average CL thickness 
to average level ice thickness

2.09 - -

Average/maximum snow 
thickness on the ice ridge [m]

0.41/1.56 0.78/1.60 0.48/1.54

* Main ice ridge crest.
** Four boreholes were drilled on the level ice 1.20 m thick.
*** Due to a large size of the rafted ice field, the location of level ice was not reached. 
The measurements correspond to rafted ice thickness.
**** Second ice ridge crest.
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of the ridge and the place where the two 
ice explorers are. The distance between the 
leftmost borehole on the profile and the ice 
ridge crest was 50 m. Drilling profile of ice 
ridge  2 was approximately parallel to the 
drilling profile of ice ridge 1. Ridged ice was 
to the right of the crest of ice ridge 2 and 
to the left – rafted ice with a thickness of 
2-3 m (2.4 m on average). Drilling profile of 
ice ridge 3 was perpendicular to the drilling 
profile of ice ridge 2. 

Boreholes were spaced at 0.25  m. At the 
edges of the profiles, where ice ridge 
consolidation reached 100  %, drilling was 
performed at a spacing of 0.5-1  m. At 
each point, snow cover thickness and ice 
surface elevation above sea level were 
measured. Besides, 3D-model of upper 
surface of ice was obtained by processing 

of materials of aerial photography survey. 
Visual examination of the lower surface 
of ice ridge  1 was also performed using 
a remotely operated underwater vehicle 
(ROV) “Gnom” and a sonar (Borodkin et al. 
2018). As a result of sonar data processing, 
it turned out that the crest of the keel of ice 
ridge 1 is dislocated aside and extends on 
significant distance perpendicularly to the 
crest of the sail (Fig. 5). It is a coincidence 
that the drilling profile runs just along the 
crest of the keel. Unfortunately, apparently 
due to an error in the sonar settings the 
scales are misrepresented to a large degree. 

Figs. 6-8 show the profiles of the 
investigated ice ridges.
 
Average thickness of ice blocks in the main 
sail crest of ice ridge 1 was 0.29 m (located 

GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY  03  (12)  2019

Fig. 5.Relief of the lower ice ridge 1 surface. The crest of the ice ridge sail is shown 
on the diagram in green and cut off along the excess contour of 2 m. The secant line 
(straight line in the diagram) run perpendicular to the sail crest of ice ridge 1. Keel 

draft along the drilling profile is shown below
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Fig. 6. Resulting cross-sectional profile of thermodrilling of ice ridge 1

Fig. 7. Resulting cross-sectional profile of thermodrilling of ice ridge 2

Fig. 8. Resulting cross-sectional profile of thermodrilling of ice ridge 3
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at the distance 0 m in Fig. 6), and in the 
second sail crest (located at the distance of 
–31 m in Fig. 6) – 0.19 m. That means that 
the main crest of ice ridge  1 is the result 
of secondary ridging. One of the signs of 
the secondary ice ridges is a formation of 
two or several above-water parts of them, 
located most often at an angle to each 
other markedly differing in the thickness of 
the ice fragments (Tyshko and Kharitonov 
2011). The crest with a higher sail in the ice 
ridge 1 was formed later, at the final stage 
of ridging. Ice ridge  2 has the extremely 
large angles of sail and keel slope (84° and 
77°) from the side of rafted ice. Apparently, 
the keel left slope edge has a fairly loose 
structure as at a distance of –0.25…0.5 м. 
There was almost no ice blocks detected 
while drilling below the CL. Ice ridge 2 was 
covered with a thick snow layer. Judging by 
the block thickness in its sail (0.27  м), the 
ridge 2 was formed approximately during 
the same period of time as the main crest 
of ice ridge 1. Two crests of the sail of ice 
ridge 3 are also formed from ice of various 
thickness: the average blocks thickness of 
the highest pile of ice ridge sail (see Fig. 8) 
was 0.20  m (a mode of distribution was 
0.11  m), of the more flat pile – 0.35  m (a 
mode of distribution was 0.32  m). Hence, 
the ice ridge  3 was formed in two stages 
as the two other ridges. There is also a 
noticeable submerging of the ice ridge 3. 
In case of ice ridges  1 and 2 it was not 
succeed to extend the drilling profile in 
both directions up to reaching level ice. 
There was an impression that we are on 
the edge of ridged field of great length. 
Decisions were made to proceed to the 
next objects. 

Recently, the focus of scientists studying 
ridged features shifted towards the little-
known, but rather interesting problem of 
CL thickness distribution within a ridged 
feature. Information for resolving this 
problem is also provided by our study. 
Average thickness of the CL of ice ridge 1 
is 2.5  m; the maximum one is 4.0  m; the 
minimum one is 1.3  m. The CL is well 
developed and non-uniform in its thickness. 
Unlike the first ice ridge, on ice ridge 2, 
the thickness of the CL ranges within 
2.0...4.2 m; the CL is thick in the right part 

of the profile, slightly thinner under the sail, 
which can be associated with screening by 
the sail and a barrier for penetration of cold 
to the ice ridge keel. The CL of ice ridge 3 
is slightly thinner (1.7…4.3 m) than that of 
ice ridges 1 and 2. However, it is immersed 
significantly; the average location of the 
upper CL boundary is at the depth of 
–0.5 m, at some points up to –1 m. The CL 
thickness of ice ridges of the Shokal'skogo 
Strait is noticeably higher than that, for 
example, near the Spitsbergen archipelago 
and the Fram Strait. Their CL thickness is 
1.0…2.8  m on average (Bonnemaire et al. 
2003; Høyland 2002, 2007; Bonath et al. 
2018). In the paper (Strub-Klein and Sudom 
2012), the average CL thickness of 117 ice 
ridges equals 1.6 m. Mironov and Porubaev 
(2005, 2012) give the average CL thickness 
in the range of 1…3.6  m. Undisturbed 
level ice is located near the ice ridge 1 and 
the ratio of the average CL thickness to 
level ice thickness is 2.1. For the ice ridges 
investigated by Bonath et al. (2018), this 
ratio is 1.4…3, predominantly 2…3. It is 
suggested in ISO19906 (2010) that the CL 
thickness can be assumed to be two times 
the level ice thickness. Nevertheless, from 
the author’ experience of studying 229 ice 
ridges, this ratio is 1.6 on average. 

Thickness of the CL does not definitely 
correlate with the porosity of the 
unconsolidated portion of the keel and with 
the snow cover thickness; however, there is 
a significant reverse correlation with snow/
ice elevation above sea level (correlation 
coefficients –0.32, –0.72 and –0.31 for the 
investigated ice ridges). Therefore, it can be 
stated that the CL of the studied ice ridges 
was determined, to a larger extent, by the 
access of cold to the unconsolidated keel. 
In most cases, in the portion of the keel 
covered by the sail or a thick snow cover 
the CL is slightly thinner. Høyland and Løset 
observed a similar pattern (1999).

In the central part of the ice ridge  3, the 
CL has a few voids. Judging by the fact 
that the CL thickness is rather large in 
the neighboring boreholes, there should 
not be sharp differences in the location 
of CL boundaries between neighboring 
points. Despite of this, in Fig.  8, the small 
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CL thickness in this zone is designated 
approximately. This is, most likely, due to 
the screening by the sail and preventing 
cold penetration to the ice ridge keel.

Taking the selected criterion for 
determination of voids (Mironov et al. 2003) 
into account, the penetration rate record at 
every point of drilling can be realised as the 
staircase curve, where zero corresponds 
to ice, and one corresponds to voids. 
All depths are considered in sequence 
from the maximum ice ridge sail height 
to the maximum ice ridge keel depth. 
For all boreholes where the depth under 
consideration is not beyond the freeboard 
or the keel lower boundary, values of the 
staircase curves (0 or 1) are averaged. As 
a result, the depth-wise distribution of 
porosity is obtained. 

Fig.  9 shows such distribution for the 
studied ice ridges. In Fig.9c, the porosity 
below –9 m is cut off at 0.6. The cause of 
this very high porosity values is the low 
number of observation for this depth. As 
may be noticed from Fig. 9 and, especially 
from Figs. 9b and 9c, the freeboard porosity 
increases within the layer separating the 
sail from the CL. It is located at the depth 
of –0.13…0.18 m (Fig. 9b) and of 0…0.8 m 

(Fig. 9c). But it is rather a virtual layer in the 
average ice ridge. As these are averaged 
curves, it means that there are the voids 
above the CL in 15-40  % of boreholes. 
The CL is noted for an abrupt decrease 
in porosity in the area of water level. The 
longer the ice ridge was subjected to 
cold, the greater its CL thickness is and the 
smaller the variation in the position of its 
lower boundary is. The porosity curve in the 
area of the CL lower boundary becomes 
flatter. The averaged keel porosity below 
the CL increases with depth. It was noted in 
(Grishchenko 1988) that in fresh (i. е. at the 
stage before the CL formation) Arctic ice 
ridges, the porosity at the sea level was by 
0.1-0.2 lower than in the ridge top and keel 
parts. The author connected this peculiarity 
of porosity distribution by vertical with 
the action of the gravity and surfacing 
forces, contributing to concentration 
and subsequent compacting of small ice 
fragments in the sea level area. Surkov 
(2001(a, b)) showed that the keel porosity 
in ice ridges of the Sea of Okhotsk and 
the Baltic Sea below the CL increases with 
depth from 0.27 to 0.4-0.5 (in the lower 
keel part) by the linear law. The linear 
dependence of porosity is also noted in 
(Pavlov et al. 2016). 

Fig. 9. Depth-wise distribution of the porosity of ice ridges investigated in the 
Shokal'skogo Strait (Severnaya Zemlya Archipelago) in 2018 (according to the hot 

water thermal drilling data)
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The porosity curve increase of ice ridge  1 
with depth has discontinuity at the depth of 
6.7 m. As core drilling at a distance of 49 m 
and subsequent study of ice salinity and 
texture and also the analysis of penetration 
rate records showed that there was a 
large block of two-year ice at a distance of 
–47…–50 m (Fig.6) at a depth below 6.7 m. 
The number of the distributions used for 
averaging is not so considerable at a depth 
below 6.7 m; therefore, the presence of the 
large ice block leads to a decrease in the 
average porosity at that depth. 

From literary sources it is known that 
averaged porosity of the unconsolidated 
portion of the keel can vary from 0.2 
(Strub-Klein and Sudom 2012; Ervik et al. 
2018) to 0.3 (Beketsky and Truskov 1995; 
Høyland 2007), reaching in some cases up 
to 0.5 (Bonath et al. 2018). As can be seen 
from the graphs in Figs.  9b and 9c, the 
porosity in the unconsolidated portion of 
the keel of ice ridge 2 and 3 is depth-wise 
distributed differently. However, averaged 
porosities of the unconsolidated portion of 
the keel of ice ridge 2 and 3 are practically 
equal (see Table 1). That is, ice in the keels 
redistributed. Porosity in the ice ridge  2 
quickly reaches high values with depth. 
Porosity below the CL in the ice ridge  3 
varies only slightly, but in the lower part of 
the keel its values increase. 

CONCLuSIONS 

The accomplished studies enabled to 
receive new data on the ice cover of 
the Shokal'skogo Strait. The following 
conclusions can be drawn:

– ratios “maximum keel / maximum sail” of 
the investigated ice ridges were equal to 

2.8, 3.0 and 3.3;
– CL thickness of the studied ice ridges 
varied in the range of 1.3...4.0  m; average 
values of the CL thickness were 2.5...3.5 m; 
the formation of CL was owing, to a lesser 
extent, to the packing density of broken ice 
in the keel and, to a greater extent, to the 
access of cold to the unconsolidated keel;

– ratio “average CL thickness  /  average 
thickness of level ice”, retrieved for one 
investigated ice ridge, was equal to 2.1;

– consolidation degree of the investigated 
ice ridges was about 34-43 %;

– unusual structure of the ice ridge is found, 
in which the crest of the ice ridge keel is 
dislocated aside and extends on significant 
distance perpendicularly to the crest of the 
sail;

– average porosity of the unconsolidated 
part of the keel increases with the keel 
depth.
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