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CONCLUSIONS 

nus, the investigated three layers of stratified 
"-ere formed on the ground surface and are most 

buried snow patches (firn). The buried ice has 
isotope composition similar to that of snow in the 

area. The sediments that host the buried ice 
Ьеаr spore-pollen assemЬlages corresponding 
climates of Late Pleistocene glacials. 

ne presence of buried firn, ice, and ice soil in 
•pper sedimentary section of the Lena-Amga 

means that the upper syngenetic permafrost of 
underwent а more complex evolution than it 

ought Ьefore. Until recently, syngenetic frozen 
iп Central Yakutia was attributed to а cold 

• climate with sharp seasonal temperature 
-.·Ысh produced wedge ice and maintained 

extent of а thick ice complex. However, the 
ed thickness of the ice complex and the exis

several layers of buried snow recrystallized to 
1111: degrees indicates that syngenetic permafrost 
с8еС1 in а relatively wet climate at quite low 

air temperatures, as it commonly occurs in 
.Ьject to glaciation. On the other hand, the 

of fim preservation and burial is evidence of 
rapid sedimentation which may occur only un

ectooic (or rather glacial-tectonic) subsidence. 
Aa:ording to climate and permafrost reconstruc
the greatest portion of syngenetic permafrost in 

Yakutia originated under the influence of а 
ice sheet, most likely the Verkhoyansk one. 
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LANDSCAPE GEOCHEMICAL TRACERS OF CONTAMINAТION 
IN DELTAS OF RIVERS DISCHARGING INTO ТНЕ ARCTIC BASIN 
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Terrestrial ecosystems located in the Yenisei and Pechora delta and estuary zones have been studied for 
radionuclide and heavy metal contamination from remote global and regional sources. Radionuclides and heavy 
metals in soil, water, and plants were determined at different distances from the sea on landscape-geochemical 
transects across riverbanks and delta islands. In the Yenisei delta and estuary zone, !оса\ 137 Cs accumulation was 
found Ьeing associated with operation of the Krasnoyarsk Chemical Comblne. The highest 137 Cs were measured 
at test sites located on islands within the Yenisei delta front, which thus appears to Ье а natural barrier for river
Ьome contaminant fluxes into the Arctic basin. Heavy metals ( Cu and Ni) in mosses and willow (leaves) species 
collected on teпaces and watersheds in the lower Yenisey showed а slowly increasing trend toward the Norilsk 
Combine. The measured 137Cs contamination of the Pechora test sites was within the global background. 
Relatively high Cu and Zn were revealed in Pechora water sampled 3 km downstream ofNaryan-Mar city. These 
patterns тау Ье used for purposive contamination tracing. 

С: p;2ight С 2011 Е.М. Korobova, N.G. Ukraintseva, V.V. Surkov, Е.А. Dombrovskaya, All rights reserved. 
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INTRODUCТION 

The deltas of the Yenisei and the Pechora, two 
large rivers in northern Russia, are of interest for their 
terrigenous input into the Arctic basin. The reported 
study focuses on radionuclide and heavy metal con
tamination of terrestrial ecosystems in the lower 
reaches of the Yenisei and Pechora rivers at different 
distances from global- and regional-scale polluters, 
and on redistribution of this contamination in the 
conjugated landscapes. 

Pollution in the region comes mostly from the 
Norilsk Nickel Comblne (NNC) with its influence 
zone exceeding 150 km [Ermakov and Ukraintseva, 
2005] and from the Krasnoyarsk Chemical Comblne 
(КСС) which has contaminated the Yenisei flood
plain downstream of the Comblne [ Vakulovsky et а!., 
1995; Kuznetsov et а!., 2000; Sukhorukov et а/., 2004]. 
The Pechora catchment belongs to few areas with al
most undisturbed ecosystems and thus may serve for 
а reference standard against which to study natural 
processes in deltas and estuaries oflarge northern riv
ers [ Resolution ... , 2000]. Nevertheless, its territory has 
suffered from atmospheric radionuclide fallout du
ring nuclear tests and from the consequences of the 
Chernobyl accident. According to Nif ontova [ 2000] 
and the Radioactive Contamination Atlas [ 1998], 
137Cs contamination has duplicated after the Cher
nobyl accident (as measured in 1995). 

METHODS 

Landscape geochemical transects across different 
floodplain levels, ancient terraces of the Yenisei and 
Pechora, and the watershed periphery were located at 
different distances from the sea. The sampling sites 
were chosen at places of geochemical contrasts with 
presumaЬly maximum accumulation of river- and air
borne radioactive elements. The soil profiles were 
sampled in increments of 2, 5 and 10 cm down to the 
tаЫе of permafrost or groundwater (30 to 120 cm). 

The sampled plants were dominant species of high 
food and tracer importance (mosses, lichens, grasses, 
sedges, horsetail, willow and alder). The concentra
tion of radionuclides was measured in air-dried sam
ples (as air-dry weight) using а Canberra gamma-ray 
spectrometer (USA), analysts Borisov А.Р. (Ver
nadsky Institute of Geochemistry, Moscow) and Кi
rov S.S. (Radon R&D Company), to an accuracy no 
worse than 5-1 О % ( 137 Cs in soil) and 3 to 35 % (137 Cs 
in plants ). The content of heavy metals in soil and 
plant samples was measured Ьу XFA with the help of 
ORTEC-TEFA and SPARK-1 mass spectrometers, ana
lysts Sorokin S.E. (Dokuchaev Institute of Soil, 
Moscow) and Sizov Е.М. (Vernadsky Institute of 
Geochemistry, Moscow). Samples of water and aque
ous extracts were analyzed at the Dokuchaev Insti
tute of Soil, Moscow (analyst Grishina R.V.) and at 
the Esenin Ryazan' State University, Ьу Atomic Ad
sorption Spectroscopy, AAS (analyst Tobratov S.A.). 
Micrometer- and nanometer-size particles from 
groundwater were extracted on membrane filters fol
lowing the procedure developed at the Vernadsky In
stitute of Geochemistry (Moscow) [Shkinev, 2009]. 
Trace elements in these size fractions were deter
mined Ьу V.К. Karandashev. 

CONCENTRAТIONS 

AND DISTRIBUTION OF 137Cs 

The average concentration of 137Cs in soils and 
plants is on the average within the global background. 
However, it may vary markedly (ТаЫе 1) depending 
on the polluting source, the geomorphology of the 
test sites, the type of soil and fluvial deposits, and the 
plant species. 

In the lowerreaches of the Yenisei, the 137Cs densi
ty is the highest (up to 88 kBq/m2) in the delta front 
near settlement Ust'-Port within the low floodplain 
of the Pashkov Island. The contamination is regional
scale and comes from the Krasnoyarsk Chemical 

ТаЫе 1. 137 Cs in landscape components, air-dry weight ( at time of measurements) 

137 Cs, Bq/kg 
Nurnber Location of landscape transects of test sites Soil 

Plants 

Mosses Willow leaves Horsetail 
Yenisei delta, settlernent Ust'-Port 

High terraces 6 1.3-282 10-137 26-108 12-53 
Right-bank floodplain 5 0.2-117 30;49 21-81 9-15 
Island floodplain 7 0.8-325 10 17-61 19-44 

Pechora Gulf, Bolvansky Саре 
Нigh terraces 

3 16-156 62; 118 67; 142 54-119 

Pechora delta (settlernents Yushino, Во!. Sopka, Iskateli) 5 30-215 31-125 n/d -

High terraces 
Riverbank floodplain 1 10 - 56 -

Island floodplain 5 2.5-20 - 24-51 7-109 

N о t е. Dash is not sarnpled, n/d is not deterrnined. 
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ComЬine. The 137 Cs concentrations are notaЬly lower 
in the Yenisei intradelta (floodplain of the Tysyara Is
land) (20 and 25 kBq/m2) but are likewise above the 
g1оЬа1 background (2.0-2.9 kBq/m2). According to 

estimates, the Tysyara site receives up to 30 % of 
tal river discharge. The high floodplains and ter

races are contaminated to а lesser degree, about the 
Ьа1 fallout (0.4-2.8 kBq/m2). Relatively enhanced 

contamination (twice the background) observed in 
transaccumulative (interhill) depressions may Ье 
produced Ьу 137Cs transport with surface run-off. 

In the lower reaches of the Pechora, the 137 Cs ac
tivity and density (ТаЫе 1) are the highest ( 150 to 
215 Вq/kg) in tundra soils on watersheds and on ter
races of different heights (from 7.6 to 30 m above the 
lov.'-\\'ater river level). The southern terraces are less 
contaminated (settlement Bol. Sopka) than the 
вorthern ones (Bolvansky Саре, settlement Yushino ). 
1Ъе greater contamination in the latter may Ье due to 
heir proximity to nuclear test sites. U nlike the Yeni

lov1er reaches, the activity of radiocesium in flood
soils (2.5-25 Bq/kg) is an order of magnitude 
than on terraces. This is consistent with the ab
of consideraЫe regional radioactive polluters in 

~hora drainage area. Yet, the total contamina-
in floodplain soils ( especially on islands: 2-6 
'm2) is commensurate with or locally higher than 
оп terraces (1.0-2.4 kBq/m2), i.e., contaminants 

aunulate in floodplain areas. 
The 137Cs patterns in soil profiles are of three 

1 types: ( 1) maximum element concentration near 
soil surface; (2) contaminated top organic soil 
Ьuried as а result of solifluction or slumping; (3) 

11taminated horizons repeatedly buried during sea
cycles of flooding and alluvial deposition. The 
patterns are characteristic of soils from, respec

- watershed and terrace (1), hillslope (2), and 
Jplain (3) landscapes. Peat-gley and especially 

- 2 ~ 

а 

у= 1.1818х+ 2.8182 

R2=0.6172 

peat soils in terraces show relatively enhanced 137Cs 
concentrations at the active layer base where soil so
lutions accumulate at the boundary with permafrost 
and are subject to periodic freezing. 

The general trend of 137Cs Ьiosorption Ьу domi
nant plant species is an increase in the series grasses < 
alder, willow (leaves) < lichens < horsetail < mosses 
(green part) < mosses (lower brown part). The tun
dra plants show the highest soil-plant transfer factors 
(TF), as high as transfer from hydromorphic soil in 
the zone of Chernobyl pollution. The species that are 
more active potassium accumulators commonly have 
lower TF for 137Cs [Korobova, 2009]. 

CONCENTRATIONS AND DISTRIВUTION 
OF HEAVY METALS (Cu, Ni, Zn) 

Test sites in the lower reaches of the Yenisei show 
insignificant contamination with heavy metals. Their 
concentrations and distribution depend on the dis
tance from the regional source. For instance, Ni con
centrations increase toward the Norilsk ComЬine in 
mosses (3-5 times) and willow leaves (2-3 times) 
that grow on terraces and in watersheds (Fig. 1 ). The 
distribution of copper has the same patterns. The rea
son is obviously the air transport and the subsequent 
fallout of metals, as well as their secondary redistri
bution with river and surface runoff. The redistribu
tion is evident in relatively higher concentrations of 
elements in fine alluvium and, as well as in the pres
ence of buried contaminated floodplain soils. En
hanced Cu, Ni, and Zn in top and supra-permafrost 
soil horizons of high terraces in the Yenisei delta front 
(Fig. 2) result either from local surface contamina
tion or from natural Ьiological and cryogenic accu -
mulation. Heavy metals, especially Ni and Zn, have 
relatively high concentrations in fine suspended sedi
ment load in floodplain soil groundwater. The highest 
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У111- t. Ni in mosses (а) and willow leaves (Ь) samples from terrace ecosystems in the Yenisei delta. 
points to the Norilsk Nickel Comblne. Capitalized abbreviations stand for names of test sites: ST - Саре Shaitansky; 

ll- settlement Vorontsovo; KR- settlement Karaul; UP - settlement Ust'-Port. 1, 2, 3 are elementary landscape systems: 1 -
nial (lrigh terraces), 2 - transitory (slopes), and accumulative (depressions) (3). Other abbreviations are plant species: Hs -
~ splendens; Sph - Sphagnum sp.; М - mean Sphagnum sp. sample; Sgl - Salix glauca L.; Sh - Salix hastata L.; Sl - Salix 

-;r L; Spul - Salix pulchra Cham.; Sph - Salix phylicifolia L.; Ssp - Salix sp. 
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Fig. 2. Vertical profiles of Cu, Ni, Zn in soils of chemically conjugate tundra systems (settlement Ust'
Port): 
а - eluvial system, Ь - transitory system, с - eluvial-accumulative system. 

Ni percentages (30-80 %) occur in suspended parti
cles larger than 0.45 µm (Fig. 3)1. 

Floodplain soil groundwater bears higher Ni 
concentrations in islands within the delta front (Pa
shkov Island). Therefore, the delta front landscape 
systerns serve as barriers to riverine transport of con
taminants. 
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According to the heavy metal measurements of 
2010 in the Pechora water, contamination is low 
(0.5 µg/l3 Cu and 2.8 µg/l3 Zn on average) in the 
large river arms but increases three- to five-fold in 
small tortuous channels and near delta islands where 
water is slow (up to 1.5-2.0 µg/l3 Cu and 7-15 µg/l3 
Zn). Significant pollution in the river is due to the 
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Fig. З. Heavy metals in soil groundwater (а) and Ni partitioning among fractions of micrometer- and 
nanometer-size particles (µm) extracted Ьу membrane filtration from soil groundwater samples ( Ь). 
Capitalized abbreviations stand for names of test sites: ST - Саре Shaitansky; KR - settlement Karaul; TS - Tysyara Island; 
PSh - Pashkov Island. 1-6, 2-7, etc. are indices oftransects (left) and sampling sites (right). 

1 The fraction <О.45 µm is commonly classified as а natural soil solution. Actually, these are solutions of dispersed soil par
ticles, which is confirmed Ьу membrane filtration. 
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Naryan-Mar city: Zn is as high as 28 µg/P in the river 
water 3 km downstream of Iskateli neighborhood 
( northern outskirts of the city ), which is almost three 
times the maximum permissiЬle concentration 
(МРС) for fisheries waters (10 µg/l3). 

CONCLUSIONS 

Landscape-geochemical studies in the lower rea
ches of the Yenisei and Pechora rivers discharging in
to the Arctic basin have confirmed the possibllity of 
tracing radionuclide and heavy metal contamination 
oflandscape systems due to global- and regional-scale 
sources. Delta front island systems can act as barriers 

riverine transport of contaminants. The observed 
aa=umulation patterns of elements in different com

ooents of chemically conjugated landscape systems 
Ье used for reference in pollution tracing and 

-.itoring. 
ТЬе cooperation of the crew of R/V Akademik 
htrov and the researchers from SevPINRO in 

Ol"giilllization of cruises is greatly appreciated. The 
v.-as carried out as part of the INCO-COPER

.CUS Project EstaЬlish and was supported Ьу the 
Science Department of the Russian Academy 

Sciences, as well as Ьу grants 08-05-00872 and 10-
-... 0027k from the Russian Foundation for Basic 
aearch. 
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BIOGEOCHEMISTRY OF PERMAFROST LANDSCAPES IN WEST SIBERIA: 
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Тhе study concerns with Ьiogeochemistry of landscapes in the Yamal Peninsula, including the trace-ele
meot composition of different soils and abundances of plant nutrients. The sustainabllity of plant-soil systems 
iD pennafrost terrains has been recognized to have two major controls: the Ьiosorption activity of plants and 
rootents of Ьiogenic elements in soils. The former factor stabllizes the material composition of landscapes and 
shol.~ up especially in zonal systems. The other factor controls the rate of revegetation in industrially disturbed 
areas. the azonal soils being best provided with mineral nutrients. 

1Ъе vegetation cover has been universally ac
to Ье the principal control in processes respon

for the sustainaЬility of permafrost landscapes 
lnilюv, 1974; Meltser, 1994; Tsibulsky, 1995; Mos-

kalenko, 1996; Ermokhina, 2009]. Vegetation, and peat 
derived from it, stabllize the thermal regime of soils 
and thus prevent permafrost from degradation. On 
the other hand, vegetation is the most changeaЬle 
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