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Abstract A set of digital maps including geology, Quaternary sediments, landscapes, engineering-geological,
vegetation, geocryological and the series of regional
sources have been selected to characterize the Russian
Arctic coast. Based on this data, new maps of engineering geocryological zoning and zoning of the coast
with respect to the intensity of exogenous geological
processes and risk of technogenic impacts have been
generated at the scales of 1:4,000,000–1:8,000,000. These
maps are a tool to assess the impact of industry on the
Arctic coast of the country.

Introduction
The Arctic coast is characterized by a diversity of geological-geomorphological structures, which are expected
to respond diﬀerently to changes in the natural environment and in anthropogenic impacts. The prediction
of the dynamics of the coast is one of the major targets
of the coastal engineering project program supported by
the Russian Federal Committee on construction. This
program has both a fundamental scientiﬁc signiﬁcance
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and the applied socio-economic aim of predicting the
development of Arctic coasts, which are vulnerable to
changes in natural conditions and are of importance
since the coastal zone is the region inhabited by northern
populations. At present, oil ﬁelds are prospected and
developed and permanent and temporary berths are
constructed in this region. The latter necessitates the
development of natural conservation measures in
the coastal zone of the Arctic seas, based on data on the
dynamics and development of seacoasts.
Industrial impacts on the Arctic coastal zone will
inevitably increase as oil and gas ﬁelds are developed on
the Arctic shelf and coast and as oil and gas terminals
and pipelines are constructed. First of all, these impacts
will be manifested as thermal and mechanical changes in
frozen rocks in the coastal zone.
Geo information system (GIS) technology (using
digital maps of territories and water areas with corresponding digital databases on geomorphology, landscapes, lithology, soil properties, geocryological
conditions, coastal bathymetry, etc.) is one of the most
eﬀective methods for assessing the state of the Arctic
environment and for accumulating available data
(Melnikov and Minkin 1998; Rachold et al. 2002, 2003).
A synthesis of information from databases and a
reconstruction of thematic digital maps make it possible
to reﬂect the present-day state, trend, and dynamics of
coastal processes.
To assess larger-scale regularities and patterns in the
spatial distribution of geo-environmental parameters in
the coastal zone of the Russian Arctic region, it is
optimal to use a set of GIS maps, constructed at scales
of 1:4,000,000–1:8,000,000, in order to reﬂect in detail
the features to be mapped. The set should include maps
of landscapes, Quaternary sediments, and engineering
geocryological zoning, as well as specialized zoning
maps of the coast with respect to an intensity of exogenous geological processes and a risk of technogenic
impact. These maps are in turn the basis for describing
the coastal zone at scales of 1:1,000,000–1:2,500,000 in
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more detail and for dividing this zone into quasi-uniform segments.

Research area and methods
The area characterized in this work includes the 200-kmwide band along the entire Russian Arctic coast from the
Norwegian boundary in the west to the Bering Strait in
the east. Norwegian scientists study the Norwegian
Arctic coast within the scope of the INTAS project 012332.
Methods included collection of the majority of
available hard copies of cartographic materials and their
digital formats and transformation of these materials
into a uniform digital graphic format to be used by
diﬀerently oriented specialists in various organizations.
As the uniform graphic basis, we have used the digital
map of the coast and of the hydrographic network north
of 60°N in the Lambert Azimuthal projection with the
axial meridian 100°E (major axis 6,370,997 m). This
projection makes it convenient to observe the entire
Russian coastal zone.
As a software system, we have used the GEODRAW/
GEOGRAPH GIS package, which makes it possible to
perform a quick vectorization of thematic layers of
digital maps, to correct and edit vector layers, to
transform half-tone images (aerial and satellite-borne
photographs, sheets of diﬀerent maps, etc.), and to adjust them to the working projection (GeoGraph 1996).
The package makes it possible to rapidly move data to
other GIS programs (ArcInfo, MapInfo, etc.).
The main technological stages for constructing digital
maps are as follows:
– Adjustment of half-tone images of remote observations and source maps of diﬀerent scales and orientation to the working cartographic projection. While
processing the images and maps, the graphics of nondigital sources were corrected because they were
drawn up without computer and had many mistakes.
The diﬀerent geologic sources are reinterpreted
according to modern geological hypotheses.
– Vectorization (manual or automatic) of source maps
and retrieval or deﬁnition of thematic layers: landscapes, geological complexes, types of vegetation,
geomorphological structures where natural and technogenic processes are observed, etc.
– Importation of digital layers of available digital maps.
– Combination of thematic layers of the same content
but obtained from diﬀerent sources in common digital
envelopes. In addition to graphical superposition, the
boundaries and contours are corrected at this stage
according to the reliability of a speciﬁc source and to
some accepted scientiﬁc paradigm (for example,
marine or glacial origin of sediments, syngenesis or
epigenesis of ground ice, etc.).
– Joint editing of adjacent thematic layers (for example,
of the maps of landscapes and Quaternary sediments)

in order to superpose boundaries of mapped zones in
case the information presented by diﬀerent layers is
correlated.
– Editing of thematic layers (digital maps of diﬀerent
content) according remotely sensed data (for example,
according to satellite images).
– Improvement and adjustment of digital maps to
landscape, geological, geocryological, and other databases and generation of corresponding map legends.
– Compilation of electronic and hard copies of thematic
layers, using information and the graphical possibilities of the GIS programs (Fig. 1).
At all listed stages, except for the ﬁrst two, the work
is performed in an iteration regime. This means that
contradictions between diﬀerent information elements
that appear at each subsequent stage cause one to re-edit
the maps, digital layers, databases, etc., constructed at
previous stages. The maps presented in this work were
constructed using 4–5 iteration cycles.
The ﬁrst iteration procedures were performed in
1999–2001 during the construction of the circumpolar
Arctic vegetation map within the scope of the CAVM
international program (Walker et al. 2002). The CAVM
researchers began using the main hard and electronic
copies of the source maps to characterize the coastal
zone of the Russian Arctic regions (Fig. 1). The available detailed maps and data for diﬀerent regions were
used also.

Landscape and surface geology maps
The digital landscape and surface geology maps are the
graphical and data basis for the majority of diﬀerent
derived geological, environmental, etc. maps. The reliability of landscape and surface geology maps is improved by the mutual conﬁrmation of numerous source
maps. The main source maps are the following:
– A bedrock geology map at a scale of 1:5,000,000
(Nalivkin 1966) contains the most important information on the composition and age of hard rocks and
makes it possible to distinguish regions with karstsusceptible rock. This is of special interest for areas
without a thick cover of non-consolidated Quaternary
sediments.
– The map of the Quaternary (surface) geology at a
scale of 1:2,500,000 (Ganeshin and Adamenko 1976)
shows a detailed stratigraphy of non-consolidated
surface soils. It is of prime importance that this map
characterizes in detail the genesis of the sedimentary
cover in the mountain regions. However, it is diﬃcult
to characterize the northeastern regions of European
Russia and Western Siberia with the help of this map
since it represents most of the Quaternary sediments
as glacial (rather than marine) formations in these
regions, which causes many conﬂicts.
– A landscape map of the USSR at a scale of
1:2,500,000 (Gudilin 1980) characterizes morphology,

83
Fig. 1 Common processing of
diﬀerent source images and
maps: a landscape and surface
geology maps as the main
source of the Arctic sea coastal
zone segmentation on the base
of on-shore data, b processing
of satellite images (AVHRR),
c source landscape map
(Gudilin1980), d digital
landscape layer, e source
surface geology map (Ganeshin
and Adamenko1976), and
f digital surface geology layer

–

–
–
–

–

landscape zonality, and lithology in a complicated
fashion but has the same disadvantages as the previous map.
The Engineering-geological map of the USSR at scale
1:2,500,000 (Churinov 1972) generalizes geological
and surface geological information and displays
lithology, petrography and properties of soils and
rocks. The data are rather old.
The vegetation map of the USSR at a scale of
1:4,000,000 (Belov et al. 1990) helps to reﬁne climatic
zone boundaries.
The geocryological map of the USSR at a scale of
1:2,500,000 (Ershov and Kondratjeva 1991) supplies
all kinds of geocryological data.
General digital information on landscapes and permafrost with respect to a geosystem approach is presented in a landscape map of Russian permafrost at a
scale of 1:4,000,000 (Melnikov 1999) and the CircumArctic map of permafrost and ground ice conditions
(Brown et al. 1999).
The series of regional maps at scales of 1:1,000,000–
1:2,500,000 speciﬁes information for the northern
European regions (Map of geomorphological and
neotectonic zonation 1983), Western Siberia (Melnikov et al. 1991; Sergeev 1972), and Yakutia (Melnikov
1988).

Thus, the digital map of Quaternary sediments synthesizes many global and regional maps constructed by
diﬀerent researchers at various scales and coordinated
based on recently published and our own data on
landscape, geological and geocryological conditions in
diﬀerent parts of the Russian Arctic regions (Fig. 2). As
the authors of the article follow the geosystem approach,
the map of Quaternary sediments showed itself to be the
most useful graphical basis for drawing up landscape
polygons and generating diﬀerent thematic layers.
The map of surface geology reﬂects more than one
hundred simple and complicated stratigraphic-genetic
Quaternary sediment complexes. Recent biogenic sediments (peat) have not been indicated on the map of
Quaternary sediments since they often occur in the form
of a vast continuous thin cover in the northern regions.
This map also shows outcrops of bedrock or areas where
this rock occurs close to the surface. Diﬀerent colors and
tints of one color are used to show the genesis and age of
the surface rocks, respectively. The legend to this map is
given in the form of a simple list of all types of
encountered Quaternary sediments (from younger to
older sediments) grouped according to their genesis
(Drozdov et al. 2003; Drozdov and Korostelev 2003).
The landscape map displays the longitude and altitude zonality, morphology, lithology, and vegetation. It
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Fig. 2 Sketch of the surface
geology map of the Russian
Arctic

is used as the general map, i.e. the source and the contour base for resultant maps. The landscape structure
was detailed according to the hierarchic principle of
geological systems based on the taxonomy of natural
complexes developed by Russian scientists (Melnikov
et al. 1991). This map shows the largest landscape units:
provinces, sub-provinces, regions, and landscapes
(landscape groups). The boundaries of the regions and
landscapes have been drawn using our digital map of
Quaternary sediments. Data on the lithology of the
surface rocks are shown within landscapes based on
results of our ﬁeldwork performed in diﬀerent Russian
Arctic regions.
Lines of diﬀering thickness show the boundaries between diﬀerent-rank taxonomic units on the digital
landscape map. Special letters indicate the types of
landscape provinces and sub-provinces. The color reﬂects the diversity of landscapes encountered on the
Arctic coast. The lithology of the surface rocks
(including that of biogenic formations) within diﬀerent
types of landscapes is characterized by text indices
(Fig. 3).

Zoning of the Russian Arctic coast
From the viewpoint of geology, geomorphology, and
geocryology, the Arctic coast is a complicated and dynamic transient cryogenic zone composed of soils and
hard rocks of platform regions and mountain structures.
The coast is mostly located in the zone of permafrost. In
the eastern sector (behind the Urals), the rocks are almost always solidly frozen. Saline cooled sediments with
brines (cryopegs) and negative temperatures are often
encountered in the European north.
Geo information system of the Russian Arctic coasts
also have a hierarchic structure. The main taxa on the

map of engineering geocryological zoning of the Arctic
coast correspond to the main genetic types of the coastal
zone (abrasion, accumulative, and stable areas) according to the morphogenetic classiﬁcation of Eurasian
coasts developed within the scope of this project (Nikiforov et al. 2004).
The speciﬁcity of the industrial impact is complicated
by the diversity of this impact and by the complex
thermal-mechanical eﬀect on frozen rocks superposed
on the unstable and dynamic geocryological conditions
of the coast. The latter should be considered independently for:
– Abrasion coasts composed of hard rocks.
– Abrasion coasts composed of dispersed continuous
permafrost.
– Accumulative coasts (including shoal, beach, and laida—Holocene marine terrace) composed of dispersed
discontinuous isolated permafrost.
The zoning of the Arctic coast is methodologically
based on the generalization of the main coastal types,
distinguished according to morphogenetic classiﬁcation,
and their correlation with present-day engineering geocryological conditions on the Arctic coast and with the
detailed segmentation of the Arctic coast using data
obtained from the digital landscape map (Rivkin et al.
2003).
The map of Arctic coastal zoning has been compiled
in the form of a narrow band extended along the
coastline. The real width of this band depends on the
present-day geomorphological, geocryological, and
landscape conditions, exogenous geological processes,
and the geological evolution of the coast itself and the
adjacent area inﬂuence the coast. So the real width of
this band ranges from several hundred meters at the
rocky Kola Peninsula to several tens of kilometers at the
Laptev Sea coast, composed of icy Quaternary sedi-
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Fig. 3 Sketch of the landscape
map of the Russian Arctic

ments where the annual recession reaches 20 m and
more. In both cases, this band is derived from the
1:8,000,000 scale map. Therefore, some conventional
coastal zone width is shown that makes it possible to
display the main natural conditions characterizing the
coast.
Industrial impacts on frozen rocks of the Arctic coast
have been estimated based on an analysis of the engineering-geocryological conditions and exogenous processes in the coastal zone and on their natural dynamics.
Taking into account changes in the trend and dynamics
of exogenous processes, we have assessed the risk of
industrial impact on the Arctic coast. It is of importance
to take into account the speciﬁcity of the industrial impact, including both thermal (of diﬀerent sign) and
mechanical eﬀects on frozen rocks. The method for
assessing consequences of the industrial impact is based
on the assessment of changes in the dynamics of exogenous geological processes caused by the construction of
structures and the exploitation of engineering facilities.

Results and conclusions
The engineering-geocryological zoning of the Russian
Arctic coast, based on an analysis of geotechnical and
geocryological conditions in the areas adjacent to the
coastal band (Rivkin et al. 2003), was performed using
the morphogenetic classiﬁcation of coasts. Engineeringgeocryological conditions and the map legend were
analyzed using a matrix table (Table 1), which makes it

possible to relate diﬀerent types of coasts to the rock and
soil varieties composing these coasts. Since the zoning
was performed for the small-scale map (1:8,000,000), the
morphogenetic subtypes of coasts were combined in
three main groups: abrasion (thermoabrasion in the
areas with permafrost), accumulative, and stable coasts
(Table 1). Since most of the coast is composed of scattered frozen rocks and since their transformation under
the action of the sea and exogenous geological processes
depends substantially on the ice content of these rocks,
the latter have been diﬀerentiated with respect to their
ice content (rocks with low, high, and very high ice
content). We have distinguished 26 engineering-geological regions. The matrix table is, in fact, the main element of the legend to the map of engineering and
geocryological zones of the Arctic coast at a scale of
1:8,000,000 (Fig. 4). The distribution of thermoabrasion
and abrasion, accumulative, and stable coasts is 56, 20,
and 24%, respectively. Permafrost distribution is indicated on the map by hatching (Table 2). The engineering-geological regions, distinguished from one another
by the complex of natural conditions, are represented as
a colored and not-to-scale band extended along the
coastline. All information shown within this band corresponds only to the coast.
Based on an analysis of the eﬀect of exogenous geological processes on the coast, we have combined the
destructive coastal processes into six groups with respect
to their intensity within the distinguished 26 regions:
groups of low, insigniﬁcant, medium, considerable, high,
and very high intensity (Table 3). This information is
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Table 1 Engineering-geological units of the Arctic coasts (legend to Figs. 4, 5, 6)
Coasts

Rocks and sediments comprising the coast
Rocks

Unfrozen
ground

Frozen grounds
Low ice
content

Abrasion
Abrasion
Thermal abrasion
Coastal ice
Thermal-denudation
Abrasion-accumulative
Accumulative
Lagoon
Laidaa
Deltas
Stable
Fault, ﬁord
a

Ice content
(medium ice
content)

No. of the engineering-geological units
1
2
3

Combination of rocks and
grounds
High ice
content

Unfrozen
ground

Ice

Low ice content
frozen ground

4
5

10

6
11

7
12

8
13

17
20

15
18
21

16
19
22

23

24

9
14

25

Broad tundra lowland along the Arctic coastline, which is periodically ﬂooded during high tides

Fig. 4 Engineering-geological
map of the Arctic coast, base
scale 1:8,000,000.
1–26engineering-geological
units (see Table 1),
27–36permafrost conditions
(see Table 2)

Table 2 Permafrost conditions (legend to Figs. 4, 5, 6)

26
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Table 3 Intensity of destructive
coastal processes (legend to
Fig. 5)

Fig. 5 Map illustrating the
intensity of destructive coastal
processes, base scale
1:8,000,000. 1–6 intensity of
destructive coastal processes
(see Table 3), for other legends
(engineering-geological units
and permafrost conditions) see
Tables 1 and 2

presented as a map of destructive coastal process
intensity (Fig. 5).
While carrying out such analysis it is necessary to
take into account that there can be some confusion between actual impacts, which should be characterized by
certain features, e.g., coast recession, and coastal vulnerability, that is, the measure of the cost sensitivity to
various kinds of possible disturbances and future problems.
On this basis, we have assessed the industrial
impact on the Arctic coast (Fig. 6). Impact assessment
Fig. 6 Map illustrating
estimates of industrial impact
on the Arctic coast, base scale
1:8,000,000. 1–4 estimates of
industrial impact (see Table 4),
for other legends (engineeringgeological units and permafrost
conditions) see Tables 1 and 2

has been performed diﬀerently for each engineeringgeocryological region distinguished on the coast, taking
into account technological features of construction
and engineering facilities: aerial construction; highways
and airdromes; underground (with positive and negative
pipe temperatures) and surface pipelines; and quarries.
The total assessment has been performed for the
most hazardous manifestation of the eﬀect, assuming
that the eﬀect of the most destructive technogenic
factor will be larger than that of the remaining factors
(Table 4).
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Table 4 Industrial impact assessment (legend to Fig. 6)
No. in the
legend

Degree of danger

Possible impact on exogenous geological processes as a result of industrial inﬂuence

1
2

Non-hazardous
Slightly hazardous

3

Hazardous

4

Very hazardous

Present exogenous geological processes are not intensiﬁed; new processes are not initiated
Initiation or intensiﬁcation of exogenous geological processes are hardly probable; changes
in geocryological and/or surface conditions are reversible; conditions close to initial are
recovered after the termination of industrial impact
Initiation or intensiﬁcation of exogenous geological processes are probable; processes develop
intensely but from back
Present processes are intensiﬁed; new exogenous geological processes are initiated; processes are
accelerated and cause irreversible changes in the natural environment

Based on the map of the engineering-geocryological
zones, we have constructed an industrial impact risk
assessment map for the Russian Arctic coast at a scale of
1:8,000,000, where each coastal region is shown
according to the above gradations in the form of a
narrow colored band extended along the coastline.
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