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Abstract. The primary sources of nutrients in the Arctic are river runoff and remineralization processes. However,
the local characteristics of coastal ecosystem functioning are strongly influenced by the supply of nutrients from
glacial meltwater, particularly in regions where glacier-fed streams interact with the bedrock. In this study, we
tested the hypothesis that rocks which form the bedrock of glacial streams, such as sandstones, siltstones, shales
and carbonates, can serve as significant sources of nutrient elements (notably nitrogen and silicon) for coastal
ecosystems. Laboratory experiments involving the exposure of representative rock samples to distilled water for
up to 30 days demonstrated a measurable increase in nutrient concentrations. The observed leaching rates for
nitrate nitrogen and dissolved silicon reached up to 7.9 micromoles per square meter per day and 30.7 micromoles
per square meter per day, respectively, in the most reactive samples (these were sandstone from Stepovogo bay
and siltstone from Blagopolychia bay). The results indicate that the release of nutrient elements from glacial
bedrock, particularly during periods of enhanced meltwater runoff, can contribute significantly to the balance
of nutrients and primary productivity of Arctic coastal ecosystems.
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Introduction

Novaya Zemlya is an archipelago located in the Russian sector of the Arctic between
the Barents Sea and the Kara Sea. Due to the changing climate, significant changes have
been taking place in the ecosystem of the Arctic seas in recent years: the area of long- term
ice has been significantly reduced [1, 2], the ice age and thickness of the seasonal ice
cover have been decreasing [3], and the influence of Atlantic water mass inflows has been
increasing [4, 5]. According to [6], the retreat of outlet glaciers to the Novaya Zemlya
archipelago has significantly accelerated in the last two decades, with a reduction in glacier
area of 1,000 km? since the end of the 20th century, and a reduction in ice volume of
380 km?®. Thus, it is evident that Novaya Zemlya serves as an indicator of climate changes
in the Arctic. Climate change is leading to a fundamental restructuring of the hydrological
and, consequently, biogeochemical conditions of Arctic ecosystems [7-9]. Glaciers play
a particularly important role in global biogeochemical processes. As a result of physical
and chemical weathering, they release significant amounts of dissolved substances and
solid particles into coastal zones [10, 11]. According to existing studies [12—16], glacier
retreat increases the concentrations of biogenic compounds, as well as organic matter, in
rivers fed by glacial meltwater [17]. Parallel investigations in Tempelfjorden Bay (Svalbard
Archipelago) [18] have shown that carbonate rocks composing the shoreline represent
a significant source of not only nutrient elements but also heavy metals to the aquatic
ecosystem. Research in northern Sweden (Karkevagge area) has demonstrated that
metamorphic rocks, particularly crystalline schists, serve as a source of inorganic nitrogen
for regional water bodies, including the rivers and lakes of Lapland [12].

During field investigations in the biohydrochemistry laboratory, IORAS, of streams
in the bays studied, elevated concentrations of nitrate nitrogen and dissolved silica were
detected compared to the average values for the Kara Sea. The mean nitrate concentrations
in the streams during each study period significantly exceeded the mean values observed
in the surface waters of the Kara Sea (0.5—-1 pumol); a similar excess was also recorded
for dissolved silica concentrations (the mean value for the Kara Sea is about 8 pmol).
The data were previously published in the articles [19-21]. The averaged results for each
bay are presented in Table A.1.

There is a lack of data on the lithology of Novaya Zemlya bays in the global scientific
literature. The inaccessibility of the archipelago has so far prevented shedding light on
the lithological structure, composition, and age of the archipelago’s rocks. The absence
of lithological data made it impossible to explain the peculiarities of the biogeochemical
structure of the archipelago's bays. This became possible within the framework of
the comprehensive program “Ecosystems of the Siberian Arctic Seas”, which was launched
in 2007 under the guidance of Academician M.V. Flint [22, 23].

The aim of this study is to describe the lithological and chemical features of rock
samples forming the shores of the Novaya Zemlya Archipelago. Using experimental
investigations of field material, we seek to determine the influence of the composition
of the bedrock on the qualitative and quantitative characteristics of the fluxes of nutrient
elements (nitrate nitrogen, dissolved silica). The patterns observed are used to explain
the high concentrations of nutrient elements in Novaya Zemlya streams.

Material and methods

As shown in Figure 1, the study area is located in Novaya Zemlya.
The coastal zone of the Novaya Zemlya Archipelago and the surfaces of small islands
represent a terraced plain, bounded by a coastal escarpment. As one moves inland from
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Fig. 1. Location of the study area on Novaya Zemlya Archipelago

Puc. 1. Mecrononoxenue paiioHa uccienoBanus Ha apxunenare Hosas 3emis

Fig. 2. A typical landscape on Novaya Zemlya. Photo by Gennady V. Borisenko

Puc. 2. Tunmunstii nanamadt Hosoit 3emmu. @oto ['B. bopucenko
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the coast, the coastal plain transforms into a denudation plateau characterized by absolute
elevations ranging from 200 to 500 meters above sea level.

The general topography of Novaya Zemlya is defined by the presence of a mountain
ridge, which is divided by transverse through valleys into separate tectonic blocks. Most
of the elevated relief elements are completely devoid of vegetation and represent a typical
Arctic desert. The vegetation of the Arctic tundra is mainly localized in the coastal zone
and river valleys [24].

A typical landscape of Novaya Zemlya is shown in Fig. 2. The ground is mostly
covered by tundra vegetation—mosses, lichens, with patches of bare rock and gravel.
Watercourses are usually fed by melting snow and ice, and their banks are often muddy,
lined with stones and sparse vegetation.

In the coastal zone and marine inlets, the surface layer is mainly composed of sandy
deposits underlain at a depth of 12-20 meters by clayey rocks. Granulometric analysis
shows a predominance of fine and very fine sand fractions.

The primary material for this study consisted of a collection of rock samples
obtained during expeditionary work in the water areas of three bays of the Novaya Zemlya
Archipelago: Blagopoluchiya, Stepovogo and Abrosimova. The geological material was
collected as part of the Kara Sea Expedition led by Academician M.V. Flint, within
the research project “Ecosystems of the Russian Arctic” (research ongoing since 2007).

Field investigations were carried out in 2019-2020 during the RV Akademik Mstislav
Keldysh expedition through specialized shore landings in the study area. The expedition
included single-day routes to glacial formations for the purpose of collecting geological
samples at predetermined coordinates.

The research methodology included the preparation of an experimental setup using
a rock sample placed in a hermetically sealed vessel with a volume of 3.3 liters, filled with
distilled water. During the experiment, the system temperature was kept constant at 4 °C as
this temperature is typical of the natural conditions observed in Novaya Zemlya during the
summer period. The measurements were performed according to the following scheme:
regular monitoring of dissolved silicon and nitrate nitrogen concentrations was carried out
at intervals of 3.5-7 days (0.5 weeks). At each sampling point, changes in the volume of
the aqueous medium were recorded, and the accuracy of measurements was controlled,
including corrections for losses during sampling. The addition of mercury chloride
was necessary to preserve the samples and to prevent the influence of microbiological
processes on the parameters studied. We are aware that HgCl, may also affect certain
chemical reactions, for example, by interacting with specific components of the sample.
The duration of the experiment was 30 days (5 weeks) from the start of sample exposure
to the final measurement. All the procedures were conducted in accordance with standard
hydrochemical analysis methods adopted in the laboratory.

The determination of nitrate nitrogen was performed no later than 12 hours after
sampling. The colorimetric method for determining the mass concentration of nitrate
nitrogen is based on the reduction of nitrates to nitrites in cadmium columns. Analyses were
carried out onboard the research vessel laboratory within 12 hours of sample collection.
For calibration, standard solutions (SS) with a nitrate ion concentration of 1 mg/cm® were
used. The measurement wavelength was 543 nm.

The determination of dissolved inorganic silicon (silicates) was carried out in
accordance with [25]. For calibration, State Standard Samples (GSO 8212-2002) with
a silicate ion concentration of 1 g/cm® were used. The measurement wavelength was 810 nm.
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For analysis, an X-ray fluorescence spectrometer PW 2400 (Philips Analytical, 1997)
and SuperQ software (PANalytical, 2009) are used, as well as approved methodologies
and state standard reference materials. Samples are dried, ground to a powder, pressed into
pellets or subjected to induction fusion to obtain glass beads. The pellets/glass samples
are analyzed in the spectrometer according to the manufacturer's recommendations
and approved methodologies. The mass fractions of elements are determined based
on the intensity of radiation. Calibration is performed using state standard reference
materials. Data processing is carried out using SuperQ, and the results are expressed as
mass percentages of oxides or elements. The value of 9.9 ppm is the detection limit for
trace elements. The leading XRF expert is Anton Igorevich Yakushev, a certified expert
in XRF and a research fellow at the Laboratory of Mineral Matter Analysis.

The determination of total nitrogen and carbon in the rock samples studied was
performed using a modern CHNS-O analyzer ECS 4024, based on the Dumas method.
The instrument possesses broad analytical capabilities, allowing the determination of
CHNS-O concentrations in the range from 200 ppm to 100 % for sample masses from
10 pg to 100 mg. High measurement accuracy is ensured at less than 0.2 % relative to
the certified standard, with an error not exceeding 0.1 % of the certified standard. The TCD
detector is characterized by a low detection limit in the range of 1-5 pg. The elemental
analysis standard of acetanilide had the following parameters: ®(C) 71.09 %, o(H) 6.71 %,
®(0) 11.84 %, ®(N) 10.36 %. The combustion temperature was 960 °C.

The surface area of the rock samples was measured manually using ImagelJ software.
The measurement procedure involved outlining the sample boundaries on digital images
and calculating the enclosed area in square millimeters, following established protocols
for image-based morphometric analysis [26].

Results and discussion

The geological structure of the eastern coast of Novaya Zemlya includes rocks
ranging from Late Cambrian in the northeast to Early Permian in the central and southern
parts. It is characterized by the presence of the following main stratigraphic units [27-30].

In this analysis, four groups of rocks were identified: Carbonate, Sandstone, Shale, and
Siltstone. Carbonate rocks are characterized by very high contents of calcium (CaO = 39 %)
and strontium (Sr = 693 ppm), while having low concentrations of silica (SiO,= 25 %),
alumina (ALO, = 0.8 %), and iron oxide (Fe,O, = 2 %). Sandstones display moderate levels
of silica (SiO, = 30 %), alumina (ALO, = 3.7 %), and iron oxide (Fe,O, = 3.4 %), along with
comparatively high barium (Ba = 118 ppm) and zinc (Zn = 112 ppm). Shales and siltstones
are rich in alumina (ALO, = 13 %), iron oxide (Fe,0, = 6 %), potassium oxide (K,O up
to 3 %), and silica (SiO, = 67-68 %), but contain very little calcium (CaO < 0.5 %) and
strontium (Sr = 60—68 ppm). In general, the main distinctions between these groups lie in
the proportions of calcium, strontium, and silica, as well as the presence of clay-related
components, which are most pronounced in shales and siltstones.

A complete summary of the major and trace element composition of all samples
analyzed by X-ray fluorescence analysis (XRF), is provided in Appendix Tables A.2—A.7.

Blagopoluchiya Bay
A diverse assemblage of rocks was identified in Blagopoluchiya Bay. The area is
dominated by polymictic (quartz, potassium-sodium feldspar, illite, plagioclase) siltstones
and sandstones, which exhibit a variety of grain sizes — from fine- to coarse-grained —
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and complex cleavage structures, including intergranular and aggregate types, with
features such as slumping folds, wavy and parallel cleavage, and micromullions. Several
sandstones and siltstones display significant carbonate content, either within the matrix
or as replacement features, and some contain fragments of carbonate rocks and fossil
remains. Layers of siliceous-clayey shale are also present, with certain varieties containing
ferruginous concretions. Additionally, thin interlayers of clayey siltstone and occurrences
of stylolite-like structures were observed. The presence of conformal and clayey cement, as
well as evidence of secondary processes such as carbonatization and the filling of cracks
with fine-crystalline quartz, further underscore the complex diagenetic history of these
sedimentary formations. Overall, the lithology of Blagopoluchiya Bay reflects a dynamic
depositional environment with significant mineralogical and textural heterogeneity.

The rock samples were collected from Devonian and Carboniferous deposits.
The samples were presumably collected from the boundary and/or deposits of the
Rogachevskaya and Milinskaya formations of the Lower Carboniferous C rg+ml (C t+s)
from the limbs of the Ukromnaya Anticline (see Fig. 3).

E auxiliary fault assumed
E branch fault assumed
S geological abutment assumed

*the positions of faults and geological
abutment are taken from

the State Geological Map

of the Russian Federation

M 1:1 000 000 (third generation)

Fig. 3. Sampling locations and structural types of rocks in Blagopoluchiya Bay (see details below
in Table 1)

Puc. 3. Mecra orbopa 1npo0 1 CTpyKTypHbIC THIIBI ITIOPOA B 3aiuBe biaromonyuus (moxpoGHOCTH
cM. B Tabnuue 1)
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Table 1

Descriptions of rock samples of Novaya Zemlya bays in thin sections

Tabruya 1

Onucanust 06[)33[103 TFOPHBIX MOPOJ UCC/IEAYEMBIX 32 IUBOB B TOHKHUX ].I.[.]'Ill(l)ﬂX

Sample / .

P Onucanue Description
Ob6pazen

BL-01  [AneBposUT NOIMMUKTOBBIN [JIMHUCTBIN Polymictic clayey cleavage siltstone
KJIMBaOKHPOBAaHHBIH (CKiTanka omoi3anust, |(slumping fold, interaggregate cleavage
MeXarperarHslii Kiuax arperarsoro tumna |of the aggregate type, coarsely wavy, rare
rpyOOBOIHUCTHII penkuii B neHTpanbHOH |in the central part, penetrating planetary
YacTH, Ha KPBUIbSIX IPOHUKAOIIUN on the wings with superimposed gradual
IUTAHETAPHBIIA C HATIOKCHHBIM cleavage of flatness); nicols //
MOCTEIICHHBIM KIIMBaXXEM IJIOHYATOCTH),

HUKomm //

BL-02 |[lecuaHuk MOJTMMHUKTOBBIN TOHKO-MeKo- |Polymictic fine to close-grained carbonated
3epHUCTHIH KapOOHATH3UPOBAHHKIN cO CTHU- [sandstone with rare stylolitelike
JIOTUTOTIOOOHBIM PEIKMM MEX3EepHOBBIM |intergranular cleavage, with thin interlayers
KJIMBa)KEM, C TOHKHMH MPOCIOIMH of clayey siltstone; nicols x
QJICBPOJIMTOB IIIMHUCTBIX, HUKOJIH X

BL-03 |KapGonarmsupoBaHHas mopona, Bo3MoxkHo |Carbonated rock, possibly after clayey-
10 NIMHUCTO-KPEMHHUCTOMY CIIAHILY, siliceous shale; nicols x; the second type
HUKOJIU X; BTOpast pa3HOBUAHOCTD — is clay-siliceous shale (not shown in
DIIMHUCTO-KPEMHHUCTBIH caHer (Ha the figure)

PHUCYHKE HE IPE/ICTABIICH)

BL-04 |[lecuanumk mONMMMUKTOBBIH pasHOo3epHH-  |Polymictic inequigranular sandstone with
CThIi ¢ 007J0MKaMK KapOOHATHBIX MOPO U |fragments of carbonate rocks and remains
OCTaTKOB OPTaHW3MOB, HUKOJIH // of organisms; nicols //

BL-05 |[lecuanuk mOJMMHUKTOBEIN TOHKO3epHUC-  |Polymictic fine-grained silty sandstone
THIH aJIeBPUTOBBIH C KOH(DOPMHBIM U with conformal cement and clayey cement
[JTMHUCTBIM [ICMEHTOM C TPCHIMHAMH, with cracks filled with fine-crystalline
BBITIOIHCHHBIMI MEJIKOKPHCTAIUINICCKUM | quartz with superimposed carbonatization
KBApLEM C HATIOKCHHON KaPGOVHaTH%aHerH (intergranular cleavage is sparse, coarse,
(xymBax MEK3EPHOBOI PEKUH IPYOBI |pra ching): nicols x
BETBSILIUICS), HUKOJU X

BL-06 |Kpemuucro-rmuHuCTbIH crnanen, Hukoin // |Siliceous-clayey shale; nicols //

BL-07  |KapbonarHas nopona 3amerenust, Hukom /| Carbonate replacement rock; nicols //

BL-08  |KpeMHHCTO-IJIMHHUCTBIH ClIaHell Siliceous-clayey shale with
C 0XKCIIC3HCHHBIMH KOHKPCLHSMH, ferruginous concretions; nicols //

HUKOJH //

BL-09 |AneBpoIUT MOTUMUKTOBBII Polymictic cleavage siltstone
KITMBAXUPOBAHHBIN (MEX3epHOBOH (intergranular cleavage is penetrating,
KITMBaX MPOHUKAIOIINN JacThIN frequent, parallel, micromullions); nicols //
HapajuIelibHbIi, MUKPOMYJUTHOHBI),

HUKOJH //
BL-10  ([lecuanuk monuMUKTOBBIH aneBpuToBblii  |Polymictic silty cleavage sandstone

KITMBAXHUPOBAHHBIN (MEX3epHOBOH
KITUBaX IPYOOBOJHUCTBIN 4aCThIi
W3BUJIACTHIA COTIPSHKEHHBIN ), HUKOMH //

Arctic and Antarctic Research. 2025;71(4):445-468
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End of table 1
Oxonuanue maon. 1

%aég gizl/l Onucanue Description

BL-11  [AneBposuT NOTMMUKTOBBII KIUBAKU- Polymictic cleavage siltstone
POBaHHBI (MEX3EPHOBOM KIIHMBAXK (intergranular cleavage penetrating
HpOHI/IKa}OH.lI/II\/'I BOJIHUCTBIN wavy conjugate); nicols //
CONPSDKEHHBIH ), HUKOMN //

BL-12  |AneBponuT MOMMMUKTOBBII KiuBaxkupo-  |Polymictic cleavage siltstone
BAaHHBIH (MEKX3EPHOBOI KINBaXK (intergranular cleavage penetrating in
IPOHUKAOIINH YaCThIi frequent parallel); nicols //
napaIeNbHbIH), HUKOIH //

3C-01  |ITecyaHMK NMOJIUMHUKTOBBIH MEIIKO-TOH- Polymictic fine-to close-grained
KO3€PHUCTHIH ¢ KOHPOPMHBIM LIEMEH- sandstone with conformal cement with
TOM C XJIOPHTOM H KaJIbLIUTOM 3aMe- chlorite and replacement calcite,
ILIEHHS CIIOEBATHIN, HUKOIH // layered, nicols //

3C-02  |AneBpOIMT HOJIUMHUKTOBBIH INIMHUCTBIN Polymictic clayey siltstone with chlorite
C XJIOPUTOM M KaJIbLIUTOM 3aMElLICHHs and replacement calcite, cleavage
KIIMBXXHPOBAHHbII (MEK3CPHOBOM (intergranular cleavage of the aggregate
KIIMBX arperaTHoro THIIA, IPOHHUKAT0- type, penetrating, sinuous, sharp), nicols //
LU, U3BUINACTBIH, PE3KHUI), HUKOJH //

3C-03  |IlecuaHuK MOJMMHKTOBBII MEJIKO-TOH- Polymictic fine- to close-grained
KO3EPHUCTHIH ¢ KOH(QOPMHEIM LIEMEH- sandstone with conformal cement with
TOM C XJIOPHTOM M KaJILIIMTOM 3aMeNIe- chlorite and replacement calcite,
HHSI CIIOEBATBIM, HUKOJH X layered, nicols x

3A-01 |[lecyaHWK MOMUMHKTOBEINA cpenHe-Men-  (Medium-fine-grained polymictic
KO3EPHUCTHIN ¢ KOH(QOPMHBIM IIEMEH- sandstone with conformal cement with
TOM C XJIOPUTOM CJIO€BAThIN, HUKOJIU X chlorite, layered, nicols x

3A-02  |TlecuaHuK MOJMMHKTOBBII TOHKO-MEI- Fine-to-close-grained polymictic
KO3EPHUCTHIN ¢ KOHQOPMHBIM IIEMEH- sandstone with conformal cement with
TOM C XJIOPUTOM U KaJIbLIUTOM 3ame- chlorite and replacement calcite,
IIEHUS CJIOEBAThIH, HUKOIM X layered, nicols x

3A-03  |[lecyaHUK MOJIMMUKTOBBIM TOHKO-MEII- Fine-to-close-grained polymictic
KO3EPHUCTHIH ¢ KOH(QOPMHBIM LEMEH- sandstone with conformal cement
TOM C XJIOPUTOM U KaJbIIUTOM 3aMe- with conformal cement with chlorite
LICHHUSI CIIOCBATHIN, HUKOJIM X and replacement calcite, layered, nicols x

Stepovogo Bay

The rock samples were collected from the deposits of the middle submember of
the Belushskaya Formation, Lower Permian (P bl2, P1u). The samples are represented
by sandstones with interlayers of siltstones (see Fig. 4). The sandstones are polymictic
(quartz, potassium-sodium feldspar, illite, plagioclase, fragments of effusive rocks and clay
shales), fine- to very fine-grained, aleuritic, and clayey, with conformal cement containing
chlorite and replacement calcite, and are layered. The siltstones are polymictic, clayey, with
chlorite and replacement calcite. All varieties are cleaved to varying degrees. The cleavage
is predominantly intergranular and aggregate-type; in siltstones, it is penetrative, sinuous,
and sharp (see Fig. 4, sample 3C-02), while in sandstones it is coarsely wavy, frequent,
and sinuous. Such deformation textures of clastic rocks develop under low- and medium-
temperature conditions (up to 300-350 °C) [31].
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Fig. 4. Sampling location and structural types of rocks in Stepovogo Bay, see details in Table 1

Puc. 4. Mecto otOopa mpod u CTPYKTypHBIE TUTIBI TOPOJ B OyxTe CTEIOBOro, MOAPOOHOCTH CM. B Ta-
onuie 1

Abrosimova Bay

The rock samples were collected from the deposits of the Belushskaya Formation,
Lower Permian (P bl, P,u), and are represented by sandstones with interlayers of siltstones
(see Fig. 5). The sandstones are polymictic (quartz, potassium-sodium feldspar, illite,
plagioclase, fragments of effusive rocks and clay shales), ranging from fine- to medium-
grained, with conformal cement containing chlorite and replacement calcite, and exhibit
bedding. The conformal nature of the boundaries is often traced by fine-grained clayey
and carbonaceous material. Overall, these rocks are similar to those of Stepovogo Bay,
but differ mainly in grain size.

auxiliary fault confidence
eological abutment

, gonﬂ ence

*the positions of faults and

geological abutment are taken

i from the State Geological Map

{ of the Russian Federation
M 1:1 000 000 (third generation)

Fig. 5. Sampling location and structural types of rocks in Abrosimova Bay, see details in Table 1

Puc. 5. Mecto otdopa mpo0 U CTPYKTypHBIC THIIBI TIOpOX B OyxTe AOpocuMoBa (OAPOOHOCTH
cM. B Tabmme 1)
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An unsupervised clustering algorithm implemented in Python was used to identify
relationships between different rock samples, based on their elemental composition data.
Prior to analysis, the data for each sample were normalized using the StandardScaler
function. Hierarchical clustering was performed using Ward’s method with the Euclidean
distance metric, and the results were visualized as dendrograms. This approach made it
possible to evaluate the relationships between the samples and to partially confirm the
geological boundaries between them, although some uncertainty remains due to the inherent
imprecision of these boundaries. In particular, in the dendrogram, sample BL-06 appears
as a distinctly separate group alongside the 3A and 3C samples, further supporting the
similarity between the 3C and 3A series (see Figs. 6, 7).
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Fig. 6. Dendrogram of samples from Blagopoluchiya Bay; the clustering based on chemical
composition corresponds to the age of the samples. Rock types outlined in red indicate those with
the highest nutrient element release activity (see below)
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Fig. 7. Dendrogram of samples from Stepovogo Bay and Abrosimova; the clustering based on chemical
composition corresponds to the type of the samples. Rock types outlined in red indicate those with
the highest nutrient element release activity (see below)
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Overall, the clustering generally reflects the grouping of the rocks to particular groups
(such as sandstones, siltstones, and shales). However, in some cases, this clustering is
disrupted, which can be attributed to the fact that rock types are, in general, quite similar in
their chemical composition. Additionally, some of the samples are located at the boundaries
between different geological ages, which may also contribute to the observed uncertainty
in their classification.

C/N Ratio

In this study, the total nitrogen and carbon contents in the rock samples were analyzed
(see Fig. 8).

The carbon-to-nitrogen (C/N) ratio is an important indicator in geochemical and
ecological studies as it provides insights into the sources and potential reactivity of
organic matter within rocks and sediments. In particular, the C/N ratio helps distinguish
between organic carbon, which can serve as a nutrient source for microorganisms, and
inorganic (carbonate) carbon, which is generally not bio-available. At moderate C/N ratios,
where the carbon is not predominantly associated with carbonates, the presence of organic
carbon indicates the potential for microbial activity and nutrient cycling within the rock
or sediment. Organic carbon, when accessible, supports the growth and metabolism of
microbial communities, influencing biogeochemical processes such as mineral weathering,
nutrient release, and the overall productivity of the ecosystem. Therefore, analyzing
C/N ratios allows the evaluation of the nutrient potential of the rocks and their capacity
to support microbial life [32, 33].

Analysis of the content distribution showed that for nitrogen (N) concentrations of
0.02—-0.06 %, the carbon content (C) varies from 0 to 2.44 %; for N concentrations of
0.00-0.01 %, the C content is 5.74—12.26 %. Thus, the observed values can be explained
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Fig. 8. Scatterplot of nitrogen versus carbon content in the rock samples
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by the incorporation of carbon into the crystal lattice of carbonate minerals. In sample
BL-01, the CaO content is 0.23 %, while those of Al,O, and SiO, are high (10.84 and
71.34 %, respectively); carbon may also be incorporated into the mineral lattice.

Analysis of the nitrogen and carbon content data reveals notable differences among
the samples studied. The shale samples BL-12 and BL-09 exhibit relatively elevated
nitrogen contents (0.11 % and 0.07 %, respectively) and C/N ratios of 22.93 and 13.47.
These values suggest the presence of organic matter that could serve as a nutrient source
for microorganisms, as the C/N ratios fall within the range commonly associated with
organic carbon of mixed origin [32, 34]. The moderate carbon content in these shales
(BL-12: 2.44 % C, BL-09: 0.97 % C) further supports the potential for microbial activity.

In contrast, the carbonate samples BL-07 and BL-03 show a different pattern. BL-03
contains a high amount of carbon (5.74 %) but has undetectable nitrogen, resulting in
a C/N ratio of zero. BL-07 also demonstrates high carbon content (11.84%) with extremely
low nitrogen (0.02 %), yielding an anomalously high C/N ratio (640.55). These features
are typical of carbonate rocks, where carbon is primarily present in inorganic (carbonate)
form, which is not available as a nutrient for microorganisms [35]. The lack of nitrogen
indicates a scarcity of organic matter in these samples.

The polymictic sandstone samples 3A-01 and 3A-03 display moderate nitrogen
values (0.03 % and 0.12 %, respectively) and carbon contents (0.40 % and 1.33 %), with
C/N ratios of 12.42 and 11.51. These ratios indicate the presence of organic matter that
could potentially be bioavailable, supporting a moderate nutrient status for microbial
communities in these rocks.

The plot (Fig. 8) presents the relationship between nitrogen and carbon content
(in amount percent) for different rock samples, with the groups highlighted by colored
contours. Most of the samples are clustered at low nitrogen concentrations (below 0.1 %)
and show a wide range of carbon contents. The group delineated by the black contour (D,kl)
displays high carbon but very low nitrogen content, characteristic of carbonate rocks, which
typically contain inorganic carbon and minimal organic nitrogen. In contrast, the red and
green contours (P bl and C,_kg) enclose samples with low to moderate carbon and higher
nitrogen values, suggesting a greater presence of organic matter, likely associated with
siltstones and sandstones. Notably, samples BL-06 and BL-08 (connected by the blue
line, C,rg + ml) are distinct, exhibiting the highest nitrogen concentrations among all
samples, which may reflect a significant contribution of organic-rich material or unique
lithological characteristics. Overall, the plot highlights pronounced differences in carbon
and nitrogen content among the lithological groups, corresponding to variations in their
potential for nutrient release.

In summary, the shale samples (BL-12 and BL-09) and polymictic sandstones
(3A-01, 3A-03) contain organic carbon and nitrogen in proportions favorable for microbial
utilization, while the carbonate rocks (BL-07, BL-03) are dominated by inorganic carbon
and lack significant nitrogen, making them much less favorable as nutrient sources for
microorganisms.

See the results in Table A.8.

Experimental studies of the nutrient signal from rocks
A series of hydrochemical analyzes was conducted as part of the experimental
investigation of the nutrient activity of the rocks studied. The experimental procedures
are detailed in Materials and methods.
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Fig. 9. Dynamics of dissolved nitrate nitrogen concentration in water for samples from the Novaya
Zemlya bays: BL — Blagopoluchiya Bay series, 3C — Stepovoy Bay series, 3A — Abrosimova
Bay series
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Fig. 10. Dynamics of dissolved silicon concentration in water for samples from the Novaya Zemlya
bays: BL — Blagopoluchiya Bay series, 3C — Stepovoy Bay series, 3A — Abrosimova Bay series
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Changes in the concentrations of nutrient elements in water are shown in the
following graphs. Since the samples differed in size, the data obtained were normalized
to the premeasured area of the samples (see Materials and Methods). The graphs of nitrate
nitrogen (umol m2) and dissolved silicon (umol m™) are presented in Figs. 9 and 10.

In general, samples in the BL series (Blagopoluchiya Bay) demonstrate higher
concentrations and rates compared to the 3C (Stepovogo Bay) series. The 3C group shows
a general trend toward low concentrations and slow growth. Notably, the highest nitrate
nitrogen activity is observed in siltstone and carbonate rock samples. For dissolved silicon,
the highest release rates are also observed in siltstone and siliceous-clayey shale samples.

At the end of the experiment, it was found that samples BL-01, BL-05, and BL-12 were
covered with ochreous films of iron(IIl) oxide, and native mercury was detected in the columns
during nitrate analysis. This may be related to the addition of mercury chloride at the beginning
of the experiment to reduce microbiological activity. The addition of mercury chloride most
likely led to the formation of hydrochloric acid solution and a series of chemical reactions,
such as the decomposition of calcite upon the appearance of hydrochloric acid solution during
the dissolution of mercury chloride in water; a decrease in pH and the oxidation of Fe* to
Fe** at an alkaline barrier formed as an alkaline film on the surface of calcite crystals. As
a result, samples BL-01, BL-05, and BL-12, which contain ferrous iron, became covered with
ochreous films. The reduction of mercury to its native state was promoted by the reduction
of organic matter, the content of which is apparently highest in samples BL-06 and BL-08.

Table 2
Mean output rates of nutrient elements from rock samples
Tabnuya 2

CpeaHue CKOPOCTH BBIHOCA OMOT€HHBIX 3JIEMEHTOB U3 00Pa310B rOPHbBIX MOPOJI
Sample Mean Rats.a Mean Rate Per Mean Rat§ per Mean Ratei
Name Group per Day (Si), Day (NO,"), Day (Si), per Day (NO,"),

umol'm?-day! | pmol'm2-day! mg-m*-day! mg-m2-day!

3A-03 | Sandstone 30.65 4.61 0.86 0.29
3A-01 | Sandstone 22.10 1.00 0.62 0.06
BL-09 | Siltstone 18.62 7.89 0.52 0.49
BL-12 | Siltstone 17.81 11.02 0.50 0.68
3C-03 | Sandstone 16.64 0.65 0.47 0.04
BL-06 Shale 11.44 1.27 0.32 0.08
3C-02 Siltstone 9.95 1.20 0.28 0.07
BL-05 | Sandstone 8.19 0.00 0.23 0.00
BL-10 | Sandstone 7.66 291 0.22 0.18
3C-01 | Sandstone 7.58 0.34 0.21 0.02
BL-07 | Carbonate 5.87 1.94 0.16 0.12
BL-11 Siltstone 5.82 1.40 0.16 0.09
3A-02 | Sandstone 3.81 0.74 0.11 0.05
BL-03 | Carbonate 2.89 0.08 0.08 0.00
BL-08 Shale 2.89 2.19 0.08 0.14
BL-04 | Sandstone 2.65 1.89 0.07 0.12
BL-02 | Sandstone 1.58 1.82 0.04 0.11
BL-01 Siltstone 0.00 0.74 0.00 0.05
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Table 2 presents the mean production rates of nutrient elements — specifically
silicon (Si) and nitrate (NO,”) — from various rock samples grouped by lithology (sandstone,
shale, carbonate). For each sample, the mean daily Si and NOs™ release rates are reported
in units of micromoles per square meter per day (umol-m=-d™").

The three samples with the highest mean rates of Si output are 3A-03 (Sandstone)
with 30.65 pmol'm=2-d™!, 3A-01 (Sandstone) with 22.10 umol-m-d"!, and BL-09 (Siltstone)
with 18.62 pmol-m-d". For nitrate (NO,"), the highest mean output rates were observed in
BL-12 (Siltstone) with 11.02 umol-m=-d~', BL-09 (Siltstone) with 7.89 umol-m=2-d!, and
3A-03 (Sandstone) with 4.61 umol-m2-d"'. These samples show the highest nitrate release
rates among all the rock samples analyzed.

The influence of nitrogen in rocks on local element cycles can be quite significant.
It has been established that elevated nitrogen content in aquatic and soil environments is
associated with the weathering of primary rocks. According to available data, the average
nitrogen content in terrestrial rocks is 1.27 + 1 mg N per kilogram [36]. The total
nitrogen stock in sedimentary rocks is estimated at 7.5-10%° grams [37]. During rock
weathering, nitrogen is released, increasing its availability to living organisms and affecting
biogeochemical cycles.

Nitrogen is generally not measured in rocks due to the widely held assumption that
nitrogen concentrations are insignificant and due to the lack of a universally accepted
standard method for analyzing the form and concentration of nitrogen in mineral fractions
of rocks and soils. As a result, the nitrogen biogeochemical cycle is rarely considered in
a geological context. Nitrogen is present in kerogen (a stable organic substance in rocks),
ammonium or nitrate salts. Sedimentary rocks, for example, serve as a long-term reservoir
for about 20 % of global nitrogen, but their weathering rates and nitrogen content vary
by orders of magnitude [38, 39].

Geological nitrogen has been shown to contribute to the saturation of nitrogen in
ecosystems (more nitrogen than is required by biota), leading to elevated concentrations
of nitrates in surface and groundwater [40, 41]. Geological nitrogen may be a significant
source of nitrate for both groundwater and surface water [42, 41, 43]. The main source
of nitrogen in silicate rocks is believed to be from sedimentary rocks [44]. Ammonium
content in metamorphic micas in France ranges from 120 to 500 mg/kg in muscovite and
from 300 to 1500 mg/kg in biotite [45].

A 30-day laboratory experiment showed that the weathering of local rocks in the West
Fork of the Gallatin River watershed, Montana, releases significant amounts of nitrate,
matching elevated levels of nitrate in area streams. Isotopic analysis suggests that mineral
dissolution in rocks and soils is a key natural source of stream nitrogen in this region [46].

In comparison with previous studies, the current results demonstrate comparable
values. For example, in the study [19], the flux of nutrient elements was estimated at
0.04-0.18 mg m> day' for nitrate nitrogen and 0.16-0.24 mg m~ day' for silicon. None
of the Novaya Zemlya rock samples in this study exhibited higher nutrient output rates
than those reported for Svalbard rocks, which reached up to 0.64 mg m day ' for NO,~
and approximately 2 mg m~ day' for Si.

Rocks 3A-01, 3A-03, BL-09 demonstrate a high level of nutrient element release due
to several key features of their composition and structure. Firstly, their polymictic nature
means they are composed of a wide variety of minerals and rock fragments, which broadens
the spectrum of nutrient elements (such as Ca, Mg, Fe, and others) available for release.
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Secondly, the presence of easily soluble cements—specifically chlorite and calcite—
facilitates the rapid mobilization of these elements when the rocks undergo weathering or
interact with water. Chlorite provides iron and magnesium (and sometimes manganese),
while calcite is a source of calcium, all of which are essential nutrients.

In addition, the fine- to medium-grained texture of the sandstones and the fine-grained
nature of the siltstone result in a high specific surface area, which accelerates chemical
weathering and the release of elements. The layered structure and pronounced cleavage
(particularly in the siltstone) enhance the permeability and porosity of these rocks, allowing
water to circulate more freely and extract soluble components more efficiently. Features like
micromullions further increase the contact surface, promoting even more intensive leaching.

Overall, the combination of diverse mineral composition, easily dissolvable biogenic
minerals, high porosity and permeability, and a well-developed surface area explains why
these rocks exhibit such high levels of nutrients release.

Sample BL-12 is a polymictic cleaved siltstone, with various stages of micromullion
formation along cleavage zones. The polymictic composition includes quartz, feldspars,
and micas, which release silicon during weathering. Cleavage and micromullions increase
the contact area of rock with water, accelerating leaching. Micromullions form channels for
fluid migration, transporting dissolved Si and N. Diagenetic processes, such as secondary
cementation by carbonates or silica, contribute to the accumulation of nitrogen-containing
compounds, which are released during weathering.

Organic matter present in shales and siltstones releases nitrogen in the form of
ammonia or nitrates during decomposition. The high microporosity of clay matrices and
cleavage fractures creates reservoirs for the accumulation of elements, which are rapidly
released during hydrolysis. The geochemistry of iron, associated with redox conditions,
activates nitrification/denitrification processes for nitrogen and the dissolution of silica.

The concentrations of nutrients in watercourses are influenced not only by the
underlying bedrock of the catchment, but also by soil characteristics. However, little
is known about the soils of Novaya Zemlya along the eastern coast. The soils of
Blagopoluchiya Bay exhibit typical features of the High Arctic tundra, such as low fertility,
weak profile development, predominance of mineral horizons, and a close relationship
with microrelief and moisture conditions [47]. In contrast, the soils of Stepovoy and
Abrosimov Bays are richer and contain higher amounts of organic carbon, which may result
in higher levels of biological activity. The soils of the southern section are represented by
lithosols, while those of the northern section are predominantly petrozems. In the soils of
the southern section, the occurrence of rough-humus (AO) horizons is greater than that
of gray-humus (AY) and humic-dark humus (AH) horizons [48]. Gray-humus horizons
are found in both the northern and southern sections with similar frequency and exhibit
a moderately developed, weakly fine-crumb or granular structure due to the high content
of organic carbon (Corg: 5-7 %). This, in turn, can promote the mobilization of stored
carbon and nitrogen. However, the underlying bedrock plays a major role in the formation
of elevated concentrations of nutrients under conditions of poorly developed soil cover,
as observed in Blagopoluchiya Bay.

Overall, the results of our study are consistent with the findings of [19]; the leaching
rates we obtained are of the same order—on average, 5 micromoles of nitrogen and 10
of dissolved silicon (samples from Blagopoluchiya Bay were used). In [19], rocks from
Svalbard were also studied, and their leaching rates were found to be three times higher
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than those of the rocks from our study. Some differences may be attributed to the different
experimental conditions—in the study 19, the experiments were conducted at a temperature
of 20 °C, whereas in our study the temperature was 4 °C.

Conclusion

Climate change in the Arctic is accelerating, leading to increased temperatures,
reduction in sea ice extent, and the rapid retreat of glaciers [1, 3, 6]. These processes are
expected to result in greater glacial meltwater discharge and, consequently, increased fluxes
of dissolved and particulate materials into adjacent marine and freshwater systems [11, 5].

Our study demonstrates that the bedrock of Novaya Zemlya can act as a significant
source of nutrients, particularly nitrogen and silicon, which have the potential to alter the
hydrochemical profiles of the surrounding water bodies. Experimental results indicate
that certain rock types — especially those with polymictic composition and reactive
mineral cements — exhibit enhanced release rates of nutrient elements under simulated
weathering conditions.

Analysis of the nitrogen and carbon content in the samples studied reveals substantial
variability. The highest nitrogen concentrations were observed in siltstone and polymictic
sandstone samples (0.03—0.12 % N). These rocks also display moderate C/N ratios (11-13)
and carbon contents ranging from 0.40 % to 1.33 %. Such values indicate the presence of
bioavailable organic matter, which can serve as a nutrient source for microbial communities
and promote biogeochemical cycling.

Sand- and siltstones demonstrate a high level of nutrient element release due to
several key features of their composition and structure. Their polymictic nature means
they are composed of a diverse assortment of minerals and rock fragments, broadening
the spectrum of nutrient elements (such as Ca, Mg, Fe) available for release. Additionally,
the presence of easily soluble cements—particularly chlorite and calcite—facilitates
the rapid mobilization of these elements during weathering. Chlorite supplies iron and
magnesium (and sometimes manganese), while calcite is a source of calcium, all of which
are essential for ecosystem productivity.

The results of the experimental leaching tests further support these findings. Among
all the samples analyzed, siltstones exhibit the highest mean output rates of nitrates.
Specifically, the mean daily release rates for nitrate reach up to 8 pmol m= day'.

It is important to note that the contribution of nutrients from bedrock to the coastal
waters of the Arctic remains largely unquantified. However, such nutrient inputs can play
a critical role in supporting primary production, particularly during the summer months
when surface waters often experience a deficit of essential nutrients. In summary, projected
climate-driven increases in glacier melt and runoff, combined with the nutrient-releasing
potential of Novaya Zemlya rocks, are likely to significantly impact the biogeochemical
characteristics of adjacent aquatic systems in the future.
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Pacuupennslii pegepar

B crarse NPEeACTABICHBI PE3YJIbTAThI UCCIICNOBAHUS TCOXUMUYCCKUX 0co0eHHOCTEl TOPHBIX ITOPOJ apXuIiejiara
Hogas 3emns u ux BKiaga B (1]0pMI/Ip0BaHI/Ie MUATATEJIbHOTO pEeKUMa HpHGpe)KHLIX APKTUYECKUX SKOCUCTEM.
B YCJIOBUAX YCKOPEHHOTO TasiHUSA JIEAHUKOB, BLI3BAHHOTO KITMMATUYCCKUMU U3MEHCHUAMU, BCE Oonbliiee 3Ha-
YECHUEC ano6peTaeT POJab TAJIBIX BOJ, BBILICIAYUBAIOIIUX OWOTreHHBIE YIEMEHTBI U3 KOPCHHBIX I1OPOA. ABTOpI)I
TIPOBEPSAIOT THITOTE3Y O TOM, YTO OCAJOUHBIC ITOPOJIBI (HeC‘IaHI/IKI/I, AJICBPOJIMTLI, CJIAHIBI 1 Kap60HaTBI), (i]OpMI/I-
pyrouue 6epera JIEAHUKOBBIX IMOTOKOB, MOT'YT CIIYKUTb UCTOYHUKOM a30Ta U KPEMHUS JUUIA HpI/Iﬁpe)KHLIX BOI.

B xone nonesbix padot B 2019-2020 rr. B 3anuBax brarononyuns, CrenoBoro u AGpocuMoBa ObLTH COOpaHbI
00pas3LIbl I0POJI, OTHOCSIIMXCS K JICBOHCKUM, KapOOHOBBIM U IIEPMCKUM OTIOKCHHSM. B 11ab0paTopHbIX YCIOBH-
ax (temneparypa 4 °C, IMCTHILIHPOBaHHAS Bojia, 30 IHEI) OLICHNBANACH CKOPOCTh BRIMBIBAHUS HUTPATHOTO a30Ta
U pacTBOPEHHOTO KpeMHusi. HanGobiine ckopocTH BhIHOCA 3a()MKCHPOBAHBI JUTSl AIICBPOIUTOB H [IECYAHIKOB:
10 7,9 MkMOIb M 2+cyT ! 110 @30Ty 1 30,7 MKMOJIB*M > CyT™! 110 KDEMHHIO.

AHanu3 571eMEHTHOTO COCTaBa (METOIOM PEHTIEHO(ITYOPECIEHTHOH CIIEKTPOMETPHN) U COREPKaHMs 00IIero
a3oTa u ymepona (merogom Jlioma) mokasai, 4To HamOonee akTHBHBIC B IUTaHE BBICBOOOKICHHS OHOTEHOB
IOPOJIbI XaPAKTEPU3YIOTCS:

— MOJMMMHUKTOBBIM COCTaBOM (pa3HOOOpa3ye MIHHEPAIOB — KBapLl, TIOJEBbIE IIIATHI, CITIOABI, 0010MKH 3 dy-
3MBOB H CITAHIIEB);

— HAIMYHEM JIETKOPACTBOPHMBIX IIEMEHTHPYIONINX MHHEPATIOB (XJIOPHT, KaIbIUT);

— BBICOKOH y€TbHOH ITOBEPXHOCTBIO U PA3BUTOH TPEIIHHOBATOCTHIO (KITHBAX, MUKPOMYJLIHOHBI), CIIOCOOCTBY-
I0IIeH HHTEHCHBHOMY BBIIIENAYNBAHHIO;

— YMEpeHHBIM CojiepkaHieM opranmdeckoro Bemectsa ¢ C/N-otnomenuem 11-23, ykaspBarommm Ha O¥o-
JOCTYITHOCTB a30Ta.

YCTaHOBJICHO, YTO KOHLICHTPALlMA HUTPATOB U KPEMHUS B PYyUbAX Hogoii 3emiu TIPEBBILIAIOT (1)0}{013516 3Ha4c-
HUS 111 aKBaTOpUN Kapcxor 0 MOp#L, 4TO MOATBEPKAACT 3HAYUMOCTD JIMTOTCHHOI'O MCTOYHUKA MUTATCIbHBIX
9IEeMEHTOB. B YCIIOBUSX CHa60pa3BI/ITOr0 TNOYBEHHOTO IMOKPOBa (OCO6€HHO B 3aJIMBC Enarononqu) HMMCHHO
KOPCHHBIC TTOPOJBI UT'PAIOT KITHOUEBYIO POJIb B q)OpMI/IpOBaHI/II/I TUAPOXUMHUECKOI'0 COCTaBa PEYHOI0 CTOKA.

[TomyueHHbIe JaHHBIE CBUAETENBCTBYIOT O TOM, UTO B YCIOBUAX YCHICHNS JITHUKOBOTO CTOKA M3-3a MOTETLICHNS
KIIMaTa BEIHOC G1oreHoB 13 mopo HoBoit 3eMiti MoKeT CyIIiecTBEHHO BIMATH Ha IEPBUYHYIO MPOTYKTUBHOCTD
NPHOPEKHBIX APKTHIECKUX IKOCHCTEM, 0COOCHHO B JIETHHI MEPHOJ, KOT/Ia TOBEPXHOCTHBIE BOJbI HCTIBITBIBAIOT
Je(UIUT MUTATETbHBIX BEMIECTB.

Arctic and Antarctic Research. 2025;71(4):445-468 465



I’ B. bopucenko, E.B. Paxumosa, E.B. Konmosckas, @.A. Obpesuukos, A.FO. Mupownuros
HexoTopble acneKkTbl reOXMMHH MUTATEIbHBIX 2JieMeHTOB nopox HoBoii 3emiiu

Kurouessle ci1oBa: Hosas 3emis, Kapckoe Mope, ropHbIE TOPOZIBI, OHOTEHHBIE SNEMEHTHI, CTOK PYUbs

Jlast uutupoBanus: Borisenko G.V., Rakhimova E.V., Koltovskaya E.V., Obrezchikov F.A., Miroshnikov A.Yu.
Some aspects of the nutrient geochemistry of Novaya Zemlya rocks. IIpobnemsr Apxmuxu u Anmapxmuxu.
2025;71(4):445-468. https://doi.org/10.30758/0555-2648-2025-71-4-445-468

Moctynuia 23.08.2025 Iocae nepepadorku 13.10.2025 Hpunsita 21.10.2025

Appendix A. Chemical Data Tables
Table A.1

Summary of nitrate (NO,") and dissolved silicon (Si)
concentrations in streams of the Novaya Zemlya bays (all concentrations in pM)
Tabnuya A.1

Caonuple jannbie 10 KoHuenTpauusm Hurparos (NO,") u pacTBopennoro kpemuus (Si)
B pyubsix 3a;1uBoB HoBoii 3emuin (Bce KOHIEHTPaUuu NpUBeJeHbl B MKM)

Bay Year NO, R(ilﬁf;’ Mean Si Ra?fl\e/i)Mean Sampling Date

Blagopoluchia 2007 1.12-8.82,2.93 28-36, 32.6 13-15.09

2013 3-4.48,3.7 642,29 13-16.09

2014 3-8,5.25 7-27,14.4 29-31.08

2016 0.6-10.8, 6.5 2.9-36.74,27.5 31.07-02.08

2017 1-11, 5.46 2-46, 26 25-26.09

2018 0.14-11.2,3.27 10-46, 19.3 09-11.09

2020 2.5-5.19,3.5 1.6-6.93,3.1 07-10.09
Abrosimova 2014 1.4-11.4,6.13 6.76-14.05, 10.8 06.09

2015 12.7-13.7,12.5 16-37.8,24.2 03.10

2016 5-16,9.5 12-41,26.5 15.08

2019 2.2-8.7,4.9 16-28,21.6 24.07
Stepovogo 2013 0-9,3.4 15-80, 40 19.09

2014 1.75-38, 6.63 1.75-38,24 04.09

2015 2-10, 8.81 6.72-39, 22 02.10

2019 3-5.4,4.12 23.4-33.5,28 26.07

Table 4.2
Major oxide composition (%) of rock samples from Blagopoluchiya Bay
Tabnuya A.2
Copep:xanue 0CHOBHBIX 0KcHI0B (%) B oOpa3uax ropubix nopoa u3 3ajausa biaronmonyuus

Sample| SiO, | TiO, | ALO, | Fe,O, | MnO | MgO | CaO |Na,0 | K.O | PO, | SO, | LOI
BL-01 | 71.34| 0.63 | 10.84 | 5.53 [0.010| 1.67 | 0.23 | 2.22 | 1.44 | 0.08 | 1.51 | 4.36
BL-02 | 17.54| 0.27 | 3.61 | 447 [0.146 | 4.75 |36.60 | 0.88 | 0.34 | 0.11 | 1.70 |29.49
BL-03 | 48.25| 0.06 | 0.87 | 3.19 [0.076 | 2.24 |23.63 | 0.09 | 0.04 | 0.06 | 0.39 |20.95
BL-04 | 29.56| 0.26 | 2.28 | 2.69 [0.099 | 3.54 |34.01| 0.76 | 0.12 | 0.10 | 0.44 | 26.05
BL-05| 0.27 | 0.02 | 0.29 | 0.24 | 0.035| 0.57 |54.48| 0.06 | 0.03 | 0.04 | 0.02 |43.90
BL-06 | 74.21| 0.77 | 11.58 | 2.84 [0.014 | 0.58 | 0.47 | 1.86 | 2.10 | 0.04 | 0.18 | 5.17
BL-07 | 1.35 | 0.07 | 0.72 | 0.80 [0.083 | 0.33 |53.76| 0.09 | 0.05 | 0.04 | 0.02 |42.65
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Oxonyanue maobnuyvl A.2

Sample

SiO

2

TiO

2

ALO,

Fe,O

MnO

3

MgO

CaO

Na,O

K0

P,0

SO

3

LOI

BL-08
BL-09
BL-10
BL-11
BL-12

62.61
65.01
72.65
63.65
68.06

0.94
1.00
0.61
1.03
0.90

14.19
16.53
8.54

15.36
13.17

9.15
5.14
6.08
6.56
5.54

0.213
0.030
0.112
0.030
0.032

2.48
2.06
2.35
3.30
3.06

0.53
0.17
3.12
0.14
0.24

1.17
0.80
0.68
0.91
0.87

2.57
4.20
1.32
3.55
2.92

U3 3aj1uBa Bﬂarononqu{

0.10
0.07
0.11
0.08
0.12

0.03
0.02
0.04
0.02
0.05

5.79
4.76
4.18
5.15
4.83

KoHueHTpauuu MUKpo3/1eMeHTOB (Ppm) B 00pa3uax ropHbIX NOpoJ

Table A.3

Trace element concentrations (ppm) in rock samples from Blagopoluchiya Bay
Tabruya A.3

Sample

Cr

\

Co

Ni

Cu

Zn

Rb

Sr

Zr

Ba

Cl

BL-01
BL-02
BL-03
BL-04
BL-05
BL-06
BL-07
BL-08
BL-09
BL-10
BL-11
BL-12

106
42
12
33
9.9

164
9.9

148

127
71
115
119

117
42
12
29
9.9
286
9.9
240
263
119
216
182

21
9.9
9.9
9.9
9.9
9.9
9.9
9.9
11
21
13
9.9

32
30
11
9.9
9.9
30
9.9
59
54
43
56
54

24
9.9
9.9
9.9
9.9
17
9.9
25
15
16
18
9.9

34
18
27
19
25
19
21
61
23
386
28
28

56

17

9.9
9.9
9.9
89

9.9
109
160
50
146
110

159
348
1054
466
349
69
332
49
34
43
35
43

205
27
9.9
35
9.9
181
9.9
195

222
183

205

202

264
61
24
34
27
342
19
538
462
348
593
591

Major oxide composition (%) of rock samples from Stepovogo Bay

87
209
9.9
119

70
9.9
195
9.9
43
9.9

81

56

Table A.4

Tabnuya A.4

Conep:xanue 0CHOBHBIX OKcH/10B (%) B 00pa3niax ropHbIX nopoa us3 3aausa Crenooro

Sample

Sio,

TiO,

ALO,

Fe O

MnO

3

MgO

CaO

Na O

K0

PO

S0,

LOI

3C-01
3C-02
3C-03

61.06
59.39
58.85

0.86
0.90
1.03

14.77
15.86
15.95

6.97
7.60
8.03

0.107
0.090
0.098

4.34
4.49
4.90

1.64
0.95
0.54

3.19
2.81
2.88

1.32
1.90
1.96

0.191
0.193
0.181

0.08
0.19
0.02

Trace element concentrations (ppm) in rock samples from Stepovogo Bay
Tabnuya A.5

KoHueHTpauuu MHKpPO3JIeMeHTOB (Ppm) B 06pa3ax ropHbIX Nopoa u3 3aauBa CTenoBoro

5.21
5.34
5.27

Table A.5

Sample| Cr \Y Ni Cu Zn Rb Sr Zr Ba Pb As Cl
3C-01 | 301 172 | 104 58 104 37 165 179 | 415 18 15 50
3C-02 | 239 | 187 | 108 78 139 53 124 | 186 | 702 18 9 54
3C-03 | 291 198 | 106 89 120 49 111 195 | 632 15 49 92
Arctic and Antarctic Research. 2025;71(4):445-468 467
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Table A.6

Major oxide composition (%) of rock samples from Abrosimova Bay

Tabnuya A.6

Copnep:xaHne 0CHOBHBIX OKcHI0B (%) B 00pa3ax ropHbIX MOPOJ U3 32/1HBAa AGPOCHMOBA

Sample| SiO,

TiO, [ ALO,

Fe O,

MnO

MgO

CaO

Na,O

K0

PO, [ so, [ Lol

3A-01 | 68.73
3A-02 | 67.33
3A-03 | 58.16

0.69 | 12.45
0.76 | 12.47
1.02 | 15.90

6.11
6.44
9.07

0.060
0.074
0.121

3.74
3.71
4.56

0.57
1.17
0.31

3.10
3.06
2.44

0.98
0.98
2.07

3
0.157 {<0.01 | 3.23
0.174 | 0.01 | 3.61
0.203 | <0.01 | 5.88

Table A.7

Trace element concentrations (ppm) in rock samples from Abrosimova Bay

Tabruya A.7

KonueHnTpanuu MHKp03/1eMeHTOB (Ppm) B 00pa3uax ropHbIX NOPOJ U3 32, 1MBa AOPOCUMOBA

Sample| Cr \Y Ni Cu Zn Rb Sr Zr Ba Pb As Cl
3A-01 | 287 | 154 | 87 35 85 28 122 | 148 | 241 11 4.9 78
3A-02 | 356 | 173 | 91 35 86 30 143 | 153 | 270 10 8 65
3A-03 | 282 | 209 | 116 | 124 | 148 | 53 92 | 201 | 498 | 28 4.9 52
Table A.8
Nitrogen and Carbon Content in Samples
Tabruya A.8
Coziep:kaHue a30Ta U yriiepoia B o0pa3uax
Sample name mg N Amount% N C/N Ratio mg C Amount% C
BL-01 0 0 0.00 5.336 12.26
BL-02 0.006 0.02 400.15 2.515 6.06
BL-03 0 0 0.00 3.004 5.74
BL-04 0 0 0.00 2.843 6.87
BL-05 0.033 0.07 2.16 0.071 0.15
BL-06 0.073 0.17 12.09 0.881 2.09
BL-07 0.008 0.02 640.55 5.391 11.84
BL-08 0.121 0.18 6.66 0.807 1.22
BL-09 0.038 0.07 13.47 0.513 0.97
BL-10 0.021 0.04 10.65 0.220 0.48
BL-11 0.039 0.07 11.93 0.463 0.79
BL-12 0.054 0.11 22.93 1.244 2.44
3C-01 0.032 0.06 23.03 0.726 1.32
3C-02 0.045 0.08 15.61 0.706 1.21
3C-03 0.043 0.08 15.97 0.684 1.20
3A-01 0.016 0.03 12.42 0.194 0.40
3A-02 0.022 0.03 11.97 0.259 0.39
3A-03 0.058 0.12 11.51 0.670 1.33
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